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a b s t r a c t 

Background: Traumatic spinal cord injury (SCI) remains a devastating condition, with limited functional re- 
covery despite advancements in clinical management and understanding of its mechanisms. SCI pathophysiology 
involves primary mechanical trauma and secondary neuroimmune and structural changes, leading to neuronal 
death and chronic functional deficits. 
Methods: Through a comprehensive literature review of articles published in the PubMed, MEDLINE, Embase, 
and Cochrane Reviews Library databases, this article provides an update on the current management of traumatic 
SCI with a focus on these emerging therapeutic strategies that hold potential for future advancements in the field. 
Results: Current management strategies include pre-hospital care, acute clinical interventions, surgical decom- 
pression and spine destabilization, and neurorehabilitation. Despite these interventions, SCI patients often fail 
to fully restore lost functions. Emerging therapies focus on neuroprotection, neuroregeneration, and neuromod- 
ulation, leveraging advances in molecular biomarkers, imaging techniques, and cell-based treatments. Neuro- 
protective agents, including the sodium-glutamate antagonist riluzole, aim to keep cells alive through the sec- 
ondary injury phase, while regenerative strategies utilize neurotrophic factors and stem cell transplantation or 
approaches to target inhibitor molecules such as NOGO or RGMa to regenerate new cells, axons, and neural 
circuits. Neuromodulation techniques, such as electrical and magnetic field stimulation, offer promising avenues 
for functional recovery. Combining these novel therapies with traditional neurorehabilitation holds potential for 
improved outcomes. 
Conclusions: While significant strides have been made in understanding the mechanisms underlying SCI and 
in developing novel therapeutic approaches, the challenge and opportunity will be to tailor treatments to fit the 
heterogenous clinical presentation of patients with SCI and to better understand the heterogeneity in clinical 
trajectories. 
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Traumatic spinal cord injury (SCI) remains one of the most devastat-
ng conditions, affecting approximately 27 million people globally, with
n incidence of 930,000 new cases each year according to recent studies
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upportive rehabilitation protocols, functional recovery remains limited
or many patients [ 4 , 5 ]. 

Recent research has shifted towards exploring advanced therapeutic
pproaches aimed at not only mitigating the damage but also promoting
egeneration and functional recovery [ 6 , 7 ]. There is a clear need for con-
inued research and development of novel interventions to improve out-
omes for SCI patients, as current approaches are unfortunately unable
o fully restore lost functions. This paper aims to provide a state-of-the-
rt overview of the current state of SCI treatment and discuss emerging
herapies that hold potential for future advancements in the field. 

athophysiology of SCI 

The pathophysiological process of SCI is divided into primary and
econdary phases. Primary SCI involves the initial mechanical trauma
o the spinal cord, causing immediate vascular and structural damage
 8 , 9 ]. Secondary SCI is further categorized into acute (within 24 hours),
ubacute (2–14 days), and chronic (up to 6 months) stages ( Fig. 1 ) [ 10 ].

In the acute phase, hemorrhage leads to ischemia, necrosis, and
dema, triggering pro-apoptotic signaling and exacerbating neuronal
schemia [ 11–13 ]. Disruption of the blood-spinal cord barrier (BSCB)
esults in the release of free radicals [ 14–16 ], myelin sheath decom-
osition material (myelin-associated glycoprotein [MAG], neurite out-
rowth inhibitor protein [Nogo-A], chondroitin sulfate proteoglycans
CSPGs]) [ 17–19 ], and inflammatory cells that releases TNF- 𝛼, IL-1 𝛽,
nd IL-6 [ 15 ]. 

During the subacute phase, further vascular injury occurs, causing
euronal death due to a toxic microenvironment created by lipid perox-
dation, glutamate excitotoxicity, mitochondrial dysfunction, and ionic
ysregulation [ 20–23 ]. The chronic phase is characterized by impaired
eurovascular remodeling, ECM remodeling, demyelination, Wallerian
egeneration, and glial scar formation [ 24 , 25 ]. Microglia clear damage-
ssociated molecular patterns (DAMPs), forming cystic cavities sur-
ounded by the glial scar [ 24 ]. Cystic cavities coalesce to create bar-
iers that hinder axonal regrowth, neuronal cell migration, and myelin
egeneration, leading to irreversible neural damage [ 6 , 25 , 26 ]. 

ethods 

This review was conducted through a comprehensive literature
eview of English articles published from January 2000 to Octo-
er 1, 2024. Four different databases, PubMed, MEDLINE, Embase,
nd Cochrane Reviews Library, were queried with a combination of
he following search terms: “spinal cord injury, ” “traumatic spinal
ord injury, ” “neuroprotection, ” “anti-inflammatory agents, ” “biolog-
cs, ” “biomarkers, ” “neuroregeneration, ” “neurotrophic factors, ” “stem
ells, ” “stem cell therapy, ” “neuromodulation, ” “brain computer in-
erface, ” “rehabilitation, ” “spinal cord stimulation, ” “exoskeleton, ”
nanoparticles, ” “robot, ” “scaffolds, ” and “advances. ” Studies were se-
ected based on their relevance to SCI pathophysiology, current treat-
ent, emerging therapeutics, and clinical outcomes. 

Given the large volume of published literature on the topic, prior-
ty was given to systematic reviews, meta-analyses, randomized con-
rolled trials, and high-quality observational studies. Key guidelines, ex-
ert consensus treatments, and recent findings from preclinical studies
ere also incorporated for a holistic overview of our review. Addition-
lly, relevant references from identified literature were reviewed for in-
lusion. 

urrent management landscape in SCI management 

anagement of acute SCI 

re-hospital first-line care 

Care of SCI patients begins at the injury scene with rapid recognition
nd appropriate triage to ensure timely and safe treatment. Immediate
2

anagement focuses on securing the airway, breathing, and circulation,
nd immobilizing the spine to prevent further injury while allowing car-
iopulmonary resuscitation [ 27 ]. Immobilization techniques include a
ervical collar for cervical spine injuries and a backboard for thoracic
nd lumbosacral injuries [ 28 ]. However, spinal immobilization carries
ertain risks, such as raised intracranial pressure (ICP) with rigid cervi-
al collars, pressure ulcers, and higher mortality in patients with pene-
rating trauma [ 29–31 ]. 

After initial assessment, resuscitation and immobilization, SCI pa-
ients should be promptly transferred to a hospital with intensive care
acilities for cardiopulmonary and hemodynamic monitoring [ 32 ]. Early
ransfer (within 24 hours) is linked to improved neurological recovery,
educed complication rates, and better long-term outcomes [ 33 , 34 ]. 

ssessment and prognostication of SCI 

Following stabilization and resuscitation, a rapid assessment of trau-
atic SCI patients is essential. Current guidelines recommend the Amer-

can Spinal Injury Association (ASIA) International Standards for Neuro-
ogical Classification of SCI (ISNCSCI) to determine injury level, baseline
eurological status, and prognosis [ 32 , 35 ]. 

The ASIA classification uses a 5-point scale (grades A to E) to classify
ensorimotor impairment [ 36 ]. However, the ASIA score’s prognostic
otential is limited due to varying neurologic improvement of patients
ith the same grade [ 37 , 38 ]. Additionally, the presence of other trau-
atic injuries and varying levels of consciousness can complicate its
se [ 39 , 40 ]. Therefore, a multimodal approach, including neuromoni-
oring, imaging, electrophysiology, and emerging biomarkers, is neces-
ary for accurate SCI prognosis [ 38 , 41 , 42 ]. Moreover, advances in ma-
hine learning approaches, including group-based trajectory modeling
old promise in more accurately defining the clinical trajectory of pa-
ients with SCI [ 43 , 44 ]. 

Radiological evaluation is crucial for assessing injury severity, de-
ecting missed injuries, determining spinal instability, and guiding treat-
ent [ 45 , 46 ]. Computed tomography (CT) is preferred for acute SCI,
aving largely replaced plain x-rays in larger tertiary care settings [ 47 ].

While MRI is the gold standard for SCI diagnosis,[ 48 ]. it is not rou-
inely recommended in the acute phase due to increased time to acquire
he image, limited availability, potential delays in extubation, and pro-
onged hospital stays [ 45 , 46 ]. However, MRI has prognostic value; pa-
ients with a greater degree of injury-spared cord tissue based on imag-
ng findings is predictive clinical improvement while spinal cord hem-
rrhage or significant cord edema (seen as T2 hyperintensity) tend to
ave poorer outcomes [ 49–51 ]. Additionally, MRI can identify coexist-
ng injuries such as epidural hematomas, large disc herniations, ligamen-
ous injuries, and tissue bridges, all of which guide treatment planning
 52 ]. Moreover, emerging evidence suggests that microstructural MRI
echniques can identify “tissue bridges ”, which assist in prognosticating
utcomes after SCI [ 53 , 54 ]. 

ardiopulmonary management 

Cardiopulmonary compromise is common in acute SCI, particularly
n patients with higher AIS grades or higher injury levels due to dam-
ge to the upper cervical spinal cord, sympathetic tracts, the diaphragm,
ntercostal muscles, and abdominal muscles [ 45 ]. Cardiovascular com-
lications include neurogenic shock, bradycardia, and hypotension. A
ystolic blood pressure below 90 mmHg is associated with poorer neu-
ological outcomes due to worsened ischemia and systemic hypoperfu-
ion from trauma-related hemorrhage and neurogenic shock [ 32 , 45 ].
ntravenous crystalloids (either normal saline or Ringer’s lactate) are
he first-line treatment for blood pressure augmentation in acute SCI.
n cases of neurogenic shock, alpha-adrenergic vasopressors like nore-
inephrine, dopamine, and phenylephrine may be used with crystalloids
 55 , 56 ]. 

Maintaining a mean arterial pressure (MAP) above 85 to 90 mm Hg
as been shown to improve ASIA grades in SCI patients [ 57 , 58 ], and ob-
ervational studies have indicated that maintaining this MAP target may
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Fig. 1. Pathophysiology of spinal cord injury (SCI). SCI involves primary mechanical trauma and secondary (acute, subacute, and chronic) phases. Subacute phase 
includes hemorrhage and ischemia; acute phase, neuronal death from toxic microenvironment; chronic phase, impaired neurovascular and extracellular matrix 
remodeling with glial scar formation, hindering axonal regrowth and leading to irreversible damage. 
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orrelate with neurological improvement [ 59–61 ]. This led to the 2013
ANS/CNS recommendation of sustaining MAP ≥ 85 to 90 mm Hg for
 days post-injury [ 62 ]. However, more recent evidence has suggested
hat primarily avoiding hypotension by implementing wider MAP goals
75–95 mm Hg), and over shorter durations of MAP augmentation (3–7
ays) may offer similar benefit, which is reflected by the most recent
O Spine guidelines [ 61 , 63 ]. 

Respiratory complications of SCI include increased risk of respira-
ory infections due to impaired cough and secretion clearance, reduced
orced vital capacity, hypoxemia, predisposition to atelectasis, and im-
aired gas exchange [ 64–66 ]. Initial airway management involves es-
ablishing a definitive airway while maintaining immobilization. The
merican College of Surgeons Advanced Trauma Life Support guide-
 r

3

ines recommend direct laryngoscopy with orotracheal intubation for
rauma patients with known or suspected SCI [ 67 ]. Chronic mechanical
entilation and tracheostomy may be required for patients with persis-
ent respiratory compromise, respiratory infections, respiratory failure
xacerbations [ 66 ]. 

harmacological management 

Methylprednisolone, a synthetic corticosteroid, is the only
idespread pharmacological option that has been studied and em-
loyed for the management of SCI. It purportedly promotes neural cell
urvival by releasing anti-inflammatory cytokines, restoring the BSCB,
educing oxidative stress, and secreting neurotrophic factors [ 68 , 69 ]. 
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Table 1 

The SLIC and TLIC scales 

SLIC TLIC 

Morphologic features Compression fracture 1 Compression fracture 1 
Burst fracture 2 Burst fracture 2 
Distraction 3 Distraction 3 
Rotational and/or 
translational 

4 Rotational and/or 
translational 

4 

Posterior 

discoligamentous 

complex 

Intact 0 Intact 0 
Indeterminate 1 Injury 

suspected/indeterminate 
2 

Disrupted 2 Injured 3 
Neurologic 

involvement 

Intact 0 Intact 0 
Nerve root injury 1 Nerve root 2 
Complete 2 Cord, conus medullaris 
Incomplete 3 Incomplete 3 
Persistent cord 
compression 

+ 1 Complete 2 

Cauda equina 3 
Total score 0–10 0–10 

≤ 3: nonoperative management. 
4: either nonoperative or operative, depending on clinical picture. 
≥ 5: operative management. 
SLIC, subaxial cervical spine injury classification scale; TLIC, thoracolumbar injury classification and severity scale. 
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The initial National Spinal Cord Injury Study (NASCIS) highlighted
evere side effects, but subgroup analyses in NASCIS II showed signif-
cant motor recovery when administered within 8 hours post-SCI [ 70–
2 ]. A subsequent Cochrane review confirmed this, reporting a 4-point
mprovement in ASIA motor score for patients treated within this time-
rame [ 73 ]. However, severe side effects including hyperglycemia, pe-
ipheral edema, increased infection risk, myopathy, and gastritis have
ed to ongoing debate on its use [ 74 ]. 

While the AOSpine 2017 guidelines recommend methylprednisolone
dministration within 8 hours post-injury for acute SCI, the AANS/CNS
pine section has a level 1 recommendation against the use of high-dose
ethylprednisolone for the acute management of SCI patients [ 75 , 76 ].
he conflicting nature of these recommendations further justifies the ne-
essity for additional research to clarify the risks and benefits of methyl-
rednisolone and other steroids in SCI treatment. 

perative management 

urgical decompression. Surgery for acute SCI focuses on spinal decom-
ression, spinal realignment and stabilization, and reducing intraspinal
ressure from edema and hemorrhage. Surgery is recommended for
atients scoring ≥ 5 on the Subaxial Cervical Spine Injury Classifica-
ion (SLIC) and Thoracolumbar Injury Classification and Severity (TLIC)
cales ( Table 1 ) [ 77 , 78 ]. The primary technique is surgical decompres-
ion, which varies based on injury characteristics and includes laminec-
omy/laminotomy, possibly durotomy/duroplasty, and rarely myelo-
omy. 

Local spinal compression with laminectomy usually treats localized
dema from spinal cord compression well, while extensive edema may
equire a combination laminectomy and durotomy/duroplasty [ 79 ].
urotomy involves incising the dura to reduce intraspinal pressure and

mprove perfusion. Perkins et al. [ 80 ] reported neurological recovery in
 small case series of 6 patients following durotomy and decompression.
uroplasty, which uses a dural patch after durotomy to permanently in-
rease the intradural space, provides similar benefits with fewer com-
lications [ 81 ]. Zhu et al. [ 82 ] found that posterior laminectomy and
urotomy with duroplasty improved cerebrospinal fluid (CSF) circula-
ion and AIS scores in severe SCI without radiological abnormalities
SCIWORA). 

Myelotomy, used for hematoma and tissue necrosis removal, has
hown positive outcomes in case reports. Koyanagi et al. reported mo-
or function and sensory improvements in patients with cervical injury
reated by posterior midline myelotomy, with less effect in a patient
4

reated 18 hours post-SCI [ 83 ]. Fox et al. also documented rapid im-
rovement in a patient with central cervical SCI following myelotomy
 84 ]. 

The timing of surgery for SCI significantly affects long-term neuro-
ogical outcomes, as emphasized by the phrase “time is spine ” [ 85 ]. The
ulticenter, international, prospective Surgical Timing in Acute Spinal
ord Injury Study (STASCIS) by Fehlings et al. demonstrated that early
ecompression ( ≤ 24 hours) is associated with an improvement of ≥ 2
IS grades at 6 months [ 86 ]. Early surgical decompression also leads to
horter hospitalization for patients with ASIA grades A and B, reduced
are costs, and earlier engagement in neurorehabilitation [ 32 , 87 ]. How-
ver, guideline recommendations for early decompression for SCI vary
cross SCI types. 

Despite the AANS/CNS and AO Spine/Praxis recommendations for
arly decompression in acute SCI [ 32 , 88 ], there is variability in guide-
ines for central cord syndrome (CCS). CCS is an incomplete cervical
CI without fracture or dislocation, typically in older adults with pre-
xisting cervical stenosis after low-energy trauma, and is characterized
y greater weakness in the upper extremities, variable sensory loss be-
ow the level of lesion, and variable lesion bladder, bowel, and sexual
ysfunction [ 89 , 90 ]. Although there is no consensus on timing for CCS
urgery, emerging data suggest early timing may be beneficial, espe-
ially for patients with ASIA C injury [ 91–93 ]. 

euromonitoring and CSF diversion. Inspired by ICP monitoring in trau-
atic brain injury [ 94 ], studies continue to explore optimization strate-

ies for the use intrathecal pressure probes to monitor intraspinal pres-
ure and the utility of CSF drainage to improve spinal cord perfusion
ressure [ 95–97 ]. Lumbar intrathecal catheters for CSF drainage have
een shown to be safe and capable of identifying changes in intrathe-
al pressure that would be otherwise unrecognized by routine MAP
easurements [ 98 ]. A recent multicenter randomized control trial con-
rmed the safety and efficacy of intraspinal pressure monitoring and
SF diversion [ 99 ]. Future research should aim to identify which pa-
ients are best suited for CSF diversion, determine the optimal goals for
SF drainage, and establish the appropriate timing for initiating CSF
iversion. 

anagement of Chronic SCI 

eurorehabilitation 

Physical therapy post-SCI is critical for improved outcomes. Con-
entional neurorehabilitation options include strengthening, stretching,
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ransferring exercises, modified activities, and assistive devices through
ccupational therapy, along with continued medical and nursing care
 56 ]. These strategies aim to achieve functional independence, optimize
esidual function, and minimize complications associated with chronic
CI [ 56 , 100 ]. 

Activity-based neurorehabilitation techniques, such as assistive
readmill training and overground gait training, promote neurophysi-
logical, release neurotrophic factors, and encourage axonal regenera-
ion [ 101–103 ]. Combining conventional and locomotor regimens has
hown efficacy through neuroprotection and neuroregeneration mech-
nisms [ 104 ]. While early mobilization post-SCI is beneficial, consis-
ent neurorehabilitation is critical to recovery [ 100 ]. Müller et al. [ 105 ]
emonstrated that consistent gastrocnemius EMG activity during as-
isted walking was present in a patient undergoing an 18-month weekly
ocomotor training regimen. A 6-week, moderate-intensity, home-based
rogram with 45-minute upper-body exercise sessions significantly im-
roved perceived physical functioning and quality of life chronic SCI pa-
ients [ 106 ]. A systematic review confirmed the efficacy of body weight
upported treadmill training (BWSTT) in improving functional ambula-
ion in chronic SCI patients [ 107 ]. 

dvances in SCI management 

dvances in SCI prognostication 

euroimaging biomarkers of SCI 

Advances in MRI imaging have enabled detailed tissue microstruc-
ural and functional analyses, providing prognostic indicators for SCI
 Table 2 ). These advanced protocols include T2∗ -weighted imaging
T2WI), diffusion tensor imaging (DTI), magnetization transfer (MT),
yelin water fraction (MWS), magnetic resonance spectroscopy (MRS),

nd functional MRI (fMRI). Poor neurological outcomes are associated
ith several markers on T2WI, including white to gray matter signal hy-
erintensity, high Brain and Spinal Injury Center (BASIC) scores, facet
islocation, intramedullary edema over 36 mm, and ligamentum flavum
njury, narrower mid-sagittal tissue bridges, large injury area volumes,
nd the presence of Wallerian degeneration [ 108–112 ]. 

DTI enables 3D modeling of neural tracts to assess axonal integrity,
nown as tractography [ 113 ]. The primary quantitative metric used
n DTI is factional anisotropy (FA), which measures the degree water
olecule diffusion restriction in a region of interest. Severe SCI is char-

cterized by increased diffusion due to neural tract damage. Axial diffu-
ivity (AD), the rate of water diffusion parallel to white fiber tracts, also
ndicates neuronal tract damage [ 114 ]. FA values correlate significantly
ith baseline and 1-year ASIA scores and the Frankel grade (Pearson

orrelation, R2 = 0.86) following cervical SCI [ 115 , 116 ]. AD also corre-
ates significantly with ASIA motor scores ( R2 = 0.76) and Spinal Cord In-
ependence Measure (SCIMM III) scores ( R2 = 0.77) 1 year postcervical
CI [ 117 ]. Machine learning using FA indices, trained and validated K
earest Neighbor (KNN) and Support Vector Machine (SVM) classifiers,

howed high predictive power in detecting SCI with 95.2% sensitivity
nd 91.2% specificity [ 118 ]. 

Additional MRI-based techniques, such as fMRI, MT, MWF, and MRS,
re being studied to visualize neuronal activity and connectivity, quan-
ify myelin content, and measure molecular biomarkers of neuronal
njury and neurodegeneration, providing further prognostic insights
 119 ]. 

olecular biomarkers of SCI 

CSF biomarkers of acute SCI include inflammatory cytokines (eg, IL-
, IL-8, monocyte chemotactic protein [MCP]-1, and tumor necrosis fac-
or [TNF]- 𝛼), structural proteins (eg, calcium binding protein B [S100-
], glial fibrillary acidic protein [GFAP], high molecular-weight neuro-
lament subunit [pNF-H], myelin basic protein [MBP], spectrin break-
own product [SBDP], and Tau), enzymes (eg, neuron-specific enolase
5

NSE), ubiquitin carboxy-terminal hydrolase-[UCH]-L1, matrix metal-
oproteinases [MMP]), and microRNA [ 120–123 ]. Levels of IL-6, IL-8,
CP-1, Tau, S100- 𝛽, and GFAP sampled at 24 hours post-SCI can ac-

urately predict baseline and 6-month AIS grades [ 120 , 121 ], with low
evels of Tau, GFAP, and S100- 𝛽 correlating with better motor outcomes
 124 ]. Transient increases MBP, SBDP, and UCH-L1 concentrations are
lso observed in acute SCI [ 122 ]. Recent studies identified microRNA-9
nd microRNA-219 as biomarkers of myelin disruption and spinal cord
arenchyma destruction, respectively [ 123 ]. 

Serum biomarkers for acute and chronic SCI have been identified.
levated serum levels of structural neuronal proteins (GFAP, NSE, pNF-
, and neurofilament light chain) are associated with poor motor out-
omes following acute SCI [ 125–128 ]. Biomarkers like pNF-H peak at
 days post-SCI and decrease over 3 months [ 129 ]. The use of insulin
rowth factor 1 (IGF-1) as a serum biomarker of acute SCI has yielded
nconsistent results, with studies reporting the association of high IGF-1
evels with both poorer and better neurological outcomes [ 130 , 131 ].
igh levels of zinc and low levels of copper and selenium are good
rognostic indicators of acute SCI [ 132 , 133 ] In chronic SCI patients,
levated serum levels of IL-6, IL-2 receptor (IL-2R), intercellular adhe-
ion molecule (ICAM)-1, and TNF- 𝛼 are common and may predict com-
lications such as neuropathic pain, pressure ulcers, and urinary tract
nfections [ 134 , 135 ] 

dvances in neuroprotection 

Neuroprotective therapies target the secondary phase of SCI, ad-
ressing excitotoxicity, ionic dysregulation, mitochondrial dysfunc-
ion, lipid peroxidation, inflammation, and cell death ( Table 3 ). Anti-
xcitotoxic agents include NMDA and non-NMDA receptor antagonists. 

Magnesium, which may be PEGylated to enhance bioavailability, is
 noncompetitive NMDA receptor antagonist showed neuroprotective
ffects in preclinical studies but failed in clinical settings [ 136 , 137 ].
on-NMDA receptor antagonists with reported efficacy include rilu-
ole (sodium channel blocker),[ 138 ]. levetiracetam (calcium channel
locker) [ 139 ], and nimodipine (calcium channel blocker) [ 140 ]. The
ISCIS trial evaluated the efficacy of riluzole in patients with cervi-
al SCI and while it did not meet its primary endpoint for efficacy in
he study population, additional sub-group analyses for ASIA C partic-
pants demonstrated significant improvements in motor recovery with
onsiderable benefits in functional and quality-of-life indices particu-
arly among ASIA B & C patients [ 141 ]. Moreover, a biomarker study re-
ealed riluzole reduced axonal degradation, as indicated by serum phos-
horylated neurofilament levels [ 142 ]. Secondary analyses are ongoing,
nd clinicians may consider riluzole for acute SCI patients. Treatments
or mitochondrial dysfunction have explored mitochondrial biogenesis
acetyl-L-carnitine, N -acetylcysteine, and formoterol) [ 143–145 ], inhi-
ition of mitochondrial pore formation (cyclosporin and its derivative
IM811) [ 146 , 147 ], and ATP production (ketogenic diet and mitochon-
rial division inhibitor 1 [Mdivi-1]) [ 148 , 149 ]. 

Anti-inflammatory approaches, balancing between pro-
nflammatory and anti-inflammatory responses, have highlighted
inocycline, micro-RNAs, and therapeutic hypothermia for improving
euronal integrity and neurological outcomes [ 150–152 ]. Targeting
ell death processes such apoptosis, necrosis, necroptosis, ferroptosis,
nd autophagy has also been explored. A noteworthy contributor to
he neuroimmunologic milleu after SCI is the regulatory T cell (Treg
ells). As a key subset of the CD4 + T cells, the Treg role in regulating
strocytes, macrophage/microglia and stem cell responses to neurologic
njury, the development of new therapeutic strategies to target this
ubpopulation represents a critical unmet need in the neuroprotective
rmamentarium against SCI [ 153 ]. Stimulating autophagy (eg, met-
ormin, atorvastatin) and inhibiting autophagy (valproate) have both
hown potential in preventing apoptosis and improving functional
ecovery in rodent models of SCI [ 154–156 ]. 
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Table 2 

Diagnostic and prognostic factors of SCI 

Author Country Type of study No. of patients Injury level Key findings 

T2–weighted MRI Imaging (T2∗ WI) 

Talbott [ 109 ] USA Retrospective case 
series 

60 Cervical SCI The BASIC score, a 5-point ordinal MRI 
score for classifying acute SCI based on 
axial T2∗ WI correlates with neurological 
symptoms at time of hospital admission 
and discharge. 

Martin [ 108 ] Canada Case-cohort 98 (58 cases, 40 
controls) 

Cervical SCI Rostral T2∗ WI strongly correlates with 
focal motor and sensory deficits and is the 
strongest predictor of the mJOA score. 

Martinez-Perez [ 110 ] Canada Retrospective case 
series 

86 Cervical SCI Ligamentum flavum injury, 
intramedullary edema > 36 mm, and face 
dislocation are associated with no 
neurologic improvement. Edema > 36 mm 

and facet dislocation are strong predictors 
of poor outcome. 

Mummaneni [ 111 ] USA Prospective cohort 
study 

60 Cervical SCI The volume of total injury and of injured 
spinal cord motor regions on T2∗ WI are 
significantly and independently associated 
with neurologic outcome at discharge. 

Fischer [ 112 ] Switzerland Retrospective case 
series 

35 Cervical SCI Wallerian degeneration in the dorsal 
column, lateral corticospinal tract, and 
lateral spinothalamic tract on T2∗ WI is 
associated with a higher degree of 
impairment. 

Diffuse tensor imaging (DTI) 

D’souza [ 115 ] India Case-cohort 50 (20 cases, 30 
age- and 
sex-matched 
controls) 

Cervical SCI Mean FA at the level of injury was less 
than in controls, whereas mean MD at the 
level of injury was higher than in 
controls. FA values show a statistically 
significant positive correlation with the 
Frankel grade. 

Diffuse tensor imaging (DTI) 

Shanmuganathan [ 101 ] USA Prospective 
case-cohort 

30 Cervical SCI AD strongly correlates with 1-year SCIM 

III and ISNCSCI scores. AD is a more 
specific parameter for axonal injury than 
radial diffusivity, indicating that axonal 
injury in the cord is the main factor 
affecting patient recovery. 

Shabani [ 100 ] USA Prospective cohort 23 Cervical ( n = 19) and 
Thoracic ( n = 4) 

FA value at the cervical spine significantly 
correlates with ASIA score at the time of 
arrival as well as at 1-year follow-up. In 
the high cervical cord (C1–C2), FA 
correlates with injury severity and 
long-term follow up. This correlation is 
not seen in patients with thoracic SCI. 

CSF biomarkers 

Kwon [ 104 ] Canada Prospective cohort 50 Cervical ( n = 32) and 
Thoracic ( n = 18) 

IL-6, tau, S100 𝛽, and GFAP correlate with 
baseline AIS grades. IL-6, IL-8, MCP-1, 
tau, S100 𝛽, and GFAP levels correlate 
with 6-month neurologic improvement. 
IL-6 and S100 𝛽 levels correlate with AIS A 
to B or C conversion, and 24-hour 
post-injury levels of all 6 biomarkers 
correlate with motor score improvement. 

Dalkilic [ 105 ] Canada Prospective cohort 36 Cervical SCI CSF biomarkers correlate with baseline 
injury grade. IL-6, IL-8, and MCP-1 best 
predict AIS score conversion, while GFAP, 
tau, and S100 𝛽 best predict motor score 
improvement. CSF biomarkers outperform 

MRI in distinguishing injury severity and 
predicting neurological outcomes. 

Tigchelaar [ 107 ] Canada Prospective 
case-cohort 

44 (39 cases, 5 
controls) 

Cervical ( n = 22), 
thoracic ( n = 12), and 
lumbar ( n = 5) 

204 microRNAs are significantly 
associated with injury severity at 24h 
post-injury, with 139 microRNAs 
increasing in expression with increasing 
injury severity, and 65 microRNAs 
decreasing in expression with increasing 
injury severity. 

( continued on next page ) 
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Table 2 ( continued ) 

Author Country Type of study No. of patients Injury level Key findings 

Serum biomarkers 

Segal [ 119 ] USA Case-control 90 (70 cases, 20 
controls) 

Cervical, Thoracic, 
and Lumbar 

IL-6, IL-2R, and ICAM-1 levels are 
significantly elevated in patients with SCI, 
with greatest increase seen in patients 
with pressure ulcers compared to healthy 
controls. 

Davies [ 118 ] Canada Cross-sectional study 91 (56 cases, 35 
controls) 

Cervical and 
Thoracic 

Serum IL-6, TNF-alpha, IL-1RA, and 
anti-GM(1) (IgG) levels are elevated in 
SCI patients, and further elevated in SCI 
subjects with neuropathic pain, UTI, or 
pressure ulcers, compared to healthy 
controls. 

Ahadi [ 110 ] Iran Case-control 35 (26 cases, 9 
controls) 

Cervical ( n = 8), 
Thoracic ( n = 8), and 
Lumbar ( n = 10) 

Serum GFAP, NSE, and pNF-H levels at 
24-48 hours post-injury correlate with 
degree of SCI severity. 

Ferbert [ 115 ] Germany Prospective cohort 23 Cervical ( n = 7), 
Thoracic ( n = 10), 
and Lumbar ( n = 6) 

Serum levels of IGF-1, TGF- 𝛽1, and 
sCD95L are significantly higher in 
patients without neurological 
improvement 12 weeks post-injury. 

Moghaddam [ 111 ] Germany Prospective cohort 115 N/A Serum MMP-8 and MMP-9 levels 
significantly correlate with neurological 
improvement after SCI. 

Singh [ 113 ] India Prospective 
case-control 

40 (28 cases, 12 
controls) 

Thoracic and 
Lumbar 

Plasma pNF-H is positively correlated 
with SCI severity. 

Du [ 112 ] China Prospective cohort 60 Cervical ( n = 15), 
Thoracic ( n = 16), 
and Lumbar ( n = 29) 

Serum NSE and S100 𝛽 levels can reflect 
the degree of spinal cord injury, with 
cutoff values of 29.07 𝜇g/L and 1.67 
𝜇g/L, respectively. 

Serum biomarkers 

Kijima [ 116 ] Japan Prospective cohort 64 Cervical SCI Serum zinc concentrations in the acute 
phase accurately predicts long-term 

functional outcome (R2 = 0·84). 
Tigchelaar [ 107 ] Canada Prospective 

case-cohort 
44 (39 cases, 5 
controls) 

Cervical ( n = 22), 
Thoracic ( n = 12), 
and Lumbar ( n = 5) 

83 microRNAs are significantly associated 
with injury severity at 24 h post-injury, 
with 46 microRNAs increasing in 
expression with increasing injury severity 
and 37 microRNAs decreasing in 
expression with increasing injury severity. 

Seelig [ 117 ] Germany Prospective 
case-control 

62 (52 cases, 10 
controls) 

Thoracic SCI Temporal changes in serum selenium and 
copper levels are strongly associated with 
clinical outcome after TSC. 

AD, axial diffusivity; ASIA, American Spinal Injury Association scale; AIS, ASIA impairment scale; BASIC, the Brain and Spinal Injury Center score; FA, functional 
anisotropy; GFAP, glial fibrillary acidic protein; ISNCSCI, International Standards for Neurological Classification of Spinal Cord Injury; MCP-1, monocyte chemo- 
tactic protein-1; MD, mean diffusivity; mJOA, modified Japanese orthopedic association scale; MMP, matrix metalloproteinase; pNF-H, high molecular-weight 
neurofilament subunit; SCIM III, Spinal Cord Independence Measure; NSE, neuron specific enolase; UTI, urinary tract infection. 
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dvances in neuroregeneration 

Advanced neuroregenerative strategies for SCI focus on molecular
nd cellular approaches, and methods enhancing their delivery to the
njury site. Molecular approaches improve the SCI microenvironment
y stimulating trophic effects and targeting inhibitory components of
euronal survival. 

Neurotrophic factors that stimulate neuroregeneration include brain-
erived growth factor (BDNF) [ 157 ], ciliary neurotrophic factor (CNTF)
 158 ], connective tissue growth factor (CTGF) [ 159 ], neurotrophin 3
NT3) [ 160 ], fibroblast-derived factor (FGF), glial cell-derived neu-
otrophic factor (GDNF) [ 161 ], and nerve growth factor inducible (VGF)
 162 ]. Inhibitory myelin decomposition products include CSPGs, Nogo-
, and MAG. Chondroitinase ABC (ChABC), an enzyme that catabo-

izes CSPGs, reduces glial scar formation, and when combined exoge-
ous NPCs, promotes neuroregeneration by allowing extensive NSPC
istribution at the injury site [ 163 ]. Inhibiting NOGO or downstream
argets (eg, RhoA-ROCK, which is also activated by CSPGs) improves
xonal sprouting and corticospinal tract regeneration [ 164–166 ]. Re-
ent trials, including the Nogo-A Inhibition in acute Spinal Cord In-
ury (NISCI) trial shows promise in targeting these pathways. Addition-
lly, industry-funded trials targeting the repulsive guidance molecule A
RGMa), which is upregulated in SCI, presents additional avenues for
herapeutic intervention [ 167–170 ]. 
7

Pharmacological and gene therapy approaches to neutralize myelin-
ssociated inhibitors fosters a conducive environment for axonal regen-
ration and functional recovery post-SCI [ 171 ]. 

Cell transplantation using stem and neural cells promotes tissue re-
air and regeneration. Mechanisms of neuroregeneration by stem cells in
nimal SCI models include axonal remodeling by embryonic stem cells
ESCs) [ 172 ], synaptogenesis by induced pluripotent stem cells and neu-
al progenitor/stem (NPCs/NSCs) [ 173 , 174 ], neuroprotection by mes-
nchymal stem cells (MSCs) [ 175–177 ], and myelin sheath formation by
ligodendrocyte progenitor cells (OPCs) [ 178 ]. Neurally-derived thera-
ies like astrocyte progenitors, olfactory ensheathing cells (OECs), and
chwann cells, show promise in improving motor and respiratory func-
ion [ 179 ], promoting axonal growth and survival [ 180 ], and providing
eurotrophic support [ 181 ]. 

Delivery of bioactive molecules and cell-based therapies is enhanced
y biomaterials, such as nanoparticles, exosomes, and scaffolds [ 182–
84 ], which also support axonal growth and survival [ 185 ] An emerging
urgical technique, nerve and tendon transfers, supports axonal regen-
ration by providing a favorable microenvironment [ 186 , 187 ]. Animal
CI models have shown that axon growth into and through peripheral
erve grafts is enhanced, especially when combined with exogenous
DNF, ChABC, and GDNF [ 188 , 189 ]. Clinical studies also demonstrate
hat nerve and tendon transfers improve functional restoration in SCI
atients [ 190 ]. 
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Table 3 

Neuroprotective agents studied for SCI treatment 

Agent Injury model Effects 

Anti-excitotoxicity approaches 

Magnesium [ 120 , 121 ] Hemicontusion and 
contusion injuries 

• Lowered forelimb errors compared to control. 
• Reduced secondary damage and improved behavioral recovery. 
• Improved number of perfused microvessels, but did not reduce acute microvessel, motor 

neuron or oligodendrocyte loss, and did not affect functional recovery or spared epicenter 
white matter. 

Riluzole [ 122 ] Clip compression injury • Recovered coordinated hindlimb function and strength. 
• Enhanced residual tissue area at the injury epicenter. 
• Reduced tissue loss in rostrocaudal regions surrounding the epicenter, with overall sparing 

of gray matter and selective sparing of white matter. 
• Increased counts of red nuclei neurons at the injury site 

Levetiracetam [ 123 ] Contusion injury • Improved gross and fine motor functions. 
• Reduced cavity size and increased neuronal and oligodendrocyte survival. 
• Stabilized astrocytes, increasing effective excess glutamate uptake from the extracellular 

space. 

Nimodipine [ 124 ] Clip compression injury • Increased spinal cord blood flow, which is related to improvements in axonal function. 
• Improved motor (MEP) and somatosensory (SSEP) evoked potentials. 

Mitochondrial enhancing approaches 

Acetyl-L-carnitine [ 125 ] Spinal lesion • Maintained mitochondrial length, reduced number of damaged mitochondria, and reversed 
mitochondrial score. 

• Maintained mitochondrial membrane potential and Na+ -K+ -ATPase activity. 
• Reversed downregulation of mitofusin 1 (Mfn1), Mfn2, Bcl-2, and upregulation of 

dynamin-related protein 1 (Drp1), mitochondrial fission 1 (Fis1), Bcl-2-associated X protein 
(Bax) and cytosol cytochrome C. 

• Reduced percentage of apoptotic cells. 

N-acetylcysteine [ 126 ] Upper lumbar contusion • Improved mitochondrial bioenergetics in a dose-dependent manner. 
• Normalized mitochondrial glutathione levels. 
• Improved hindlimb function and increased tissue sparing at the injury site. 

Formoterol [ 127 ] Force-controlled 
impactor-induced 
contusion model 

• Enhanced mitochondrial biogenetics and restored downstream protein expression. 
• Reduced histological damage and lesion volume. 
• Increased white and gray matter sparing in regions rostral and caudal to the injury epicenter. 
• Improved locomotor capability. 

Mdivi–1 [ 130 ] Ischemia-reperfusion 
injury (descending 
thoracic aorta occlusion) 

• Attenuated glutamate induced neuronal injury and apoptosis in spinal cord neurons. 
• Reduced oxidative stress, mitochondrial dysfunction, and preserved activities of antioxidant 

enzymes. 
• Increased expression of large-conductance Ca2 + - and voltage-activated K+ channels. 

Anti-inflammatory approaches 

Minocycline with BMSCs 
[ 132 ] 

• Reduced inflammation factors 
• Upregulated vascular endothelial growth factor and brain-derived neurotrophic factor 

expression. 
• Suppressed caspase-3 activation 

microRNA 155-5p 
deletion [ 133 ] 

Dorsal column crush or 
contusion injury 

• Improved locomotor function. 
• Decreased accumulation of inflammatory macrophages. 
• Enhanced spontaneous axon growth. 

Agents directed at autophagy 

Valproic acid [ 135 ] Weight-drop contusion 
injury 

• Markedly reduced autophagy. 
• Improved the Basso-Beattie-Bresnahan locomotor rating scale. 
• Increased number of ventral horn motoneurons. 
• Reduced myelin sheath damage. 

Atorvastatin [ 136 ] Allen weight-drop 
contusion injury 

• Increased Beclin-1 and light chain 3B gene and protein expressions. 
• Reduced caspase-9 and caspase-3 expression. 
• Improved the Basso, Beattie, and Bresnahan locomotor rating scale. 
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Research into intracellular signaling pathways has revealed the
TEN/mTOR and SOCS3/STAT pathways as promising targets for pro-
oting axonal regeneration following SCI [ 191 ]. PTEN inhibition or
eletion enhances mTOR signaling, promoting axon regrowth, and im-
roving locomotor and respiratory functions [ 192–194 ]. These effects
re enhanced with combined neurorehabilitation, which additionally
romotes neuronal plasticity [ 195 ]. Similarly, SOCS3 deletion amplifies
AK/STAT signaling, driving transcription of regeneration-associated
enes with resultant CST axon sprouting [ 196 ]. Studies show that co-
8

eleting PTEN and SOCS3 leads to synergistic effects, markedly enhanc-
ng axonal regeneration and recovery of locomotor function [ 197–199 ].

Much current effort is also devoted towards temporarily opening the
lood-spinal cord barrier in order to enable delivery of neuroprotective
nd/or neuroregenerative agents. Specifically, low intensity focused ul-
rasound (LIFU) can modulate the permeability of the BSCB through
echanisms such as microbubble cavitation [ 200 ]. This enhanced per-
eability facilitates the targeted delivery of therapeutic agents directly

o the injury site, promoting neuroprotection and regeneration. Animal
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Table 4 

Exoskeletons for rehabilitation following SCI 

Device Assisted functions Limitations 

Upper extremity 

exoskeletons 

ASIBOT (University 
Carlos III of Madrid, 
Spain) [ 237 ] 

• Drinking. 
• Brushing teeth. 
• Washing the face. 

• Ergonomic design in terms of size and appearance 
• Requires improved mobility 

Armeo Spring [ 238 ] • Reaching movements 
• Pronation/supination at the radio-ulnar joint 
• Handgrip strength 

• Limited functional improvements with device 
• Not typically preferred by users over conventional therapy 

Systemic Autonomous 
Majordomo (SAM) [ 239 ] 

• Grasping movements 
• Object handling 

• Experiences of failures during various stages of task 
completion 

• Technical, financial, and human obstacles to uptake 

RiceWrist-S [ 240 ] • Forearm pronation/supination 
• Forearm flexion/extension 
• Radial/ulnar deviation of the wrist 

• Subject fatigue affects device performance. 
• Cumbersome setup and donning process. 

Haptic Master (HM) 
[ 241 ] 

• Eating with a fork and knife 
• Taking money out of a purse 
• Moving a cap 

• Requires a larger workspace requirement. 
• Orthosis restricts fluent movement. 
• Requires therapist intervention to start different activities. 
• Some programming sequences activities not yet possible. 
• Too complex for use outside laboratory conditions. 

Handexos (HX) [ 242 ] • Hand grasps. 
• Precision grips. 

• Mechanical complexity. 
• Low adaptability to different hand sizes. 
• Limited control of the range of motion at the finger joints. 

Adaptative head Motion 
Control for User-friendly 
Support (AMiCUS) [ 243 ] 

• Head motion-controlled robot arm with a gripper to 
perform pick and place tasks, such as stacking cubes. 

• Requires multiple trials for correct head gesture 
recognition. 

• Difficult to use in some tetraplegics due to requirement for 
head gestures. 

• Higher spatial ability required for rotations. 
• Requires additional feedback to achieve precise grasping 

Hand Extension Robot 
Orthosis grip glove 
(HERO) [ 244 ] 

• Hand opening and grasping. 
• Five-finger flexion. 
• Five-finger extension. 
• Thumb abduction, adduction, and opposition. 

• Donning difficulty. 
• Inconsistent assistance in hand movements. 
• Insufficient grip strength for some tasks. 
• Short batter life. 
• Heavy device weight. 

SEM Glove [ 245 ] • Provides additional finger flexion strength to support grasp 
function. 

• Variable usability due to part placed on palmar side. 
• May cause pain on the involved limb after long periods of 

use. 
• Heavy and cumbersome control unit. 
• Requires a longer period for effects on muscle hypertonia. 
• Not water-resistant and does not cover all digits. 

RELab tenoexo [ 246 ] • Four main grasping tasks: palmar pinch, medium wrap, 
parallel extension, and lateral pinch. 

• Ensures functional ROM for fingers, thumb, and wrist 
movement. 

• Long and cumbersome donning process. 
• Variable usability among users. 
• Difficult to execute dextrous grasping tasks. 
• Need complex and heavier design to actuate wrist and 

thumb abduction/adduction. 

FLEXotendon glove III 
[ 247 ] 

• Grasping and manipulating objects • Can be difficult and cumbersome in manipulating small 
objects. 

Lower extremity 

exoskeletons 

ReWalk [ 248 ] • Walking. 
• Sit-to-stand. 
• Stand-to-sit. 
• Up steps and down steps. 
• Gait training. 

• Requires significant training. 
• High energy demands for functional walking may limit 

long-term use. 
• Moderate fatigue after using device. 
• Not simple to wear and adjust. 
• Difficult to achieve proficiency needed for daily use. 

Hybrid assistive limb 
(HAL) [ 249 ] 

• BWSTT to assist in improving walking capabilities, 
including speed, distance, and time 

• Requires several training sessions. 
• Progress in speed decreases over time. 

Locomat [ 250 ] • BWSTT. 
• Skilled walking tasks such as obstacle crossing, walking on 

different surfaces, and various walking activities. 

• Pain and soreness associated with use. 
• Associated with a more intense and strenuous training 

experience. 

( continued on next page ) 

9



E.O. Mensah, J.I. Chalif, B.R. Johnston et al. North American Spine Society Journal (NASSJ) 22 (2025) 100601

Table 4 ( continued ) 

Device Assisted functions Limitations 

Indego [ 251 ] • Standing, walking, and sitting. 
• Overground walking. 
• Sit-to-stand. 
• Stand-to-sit. 
• Walk-to-stand. 
• Stand-to-walk. 

• Requires several training sessions. 
• Requires assistance with use. 
• Device performance affected by type of surface and 

environmental conditions, such as weather. 
• Associated with bruising and skin redness. 
• Donning and doffing difficulties. 

Ekso [ 253 ] • Standing. 
• Voluntary over-ground stepping with weight-bearing and 

alternating gait. 
• Standing balance, weight shifting, walking, turning, 

sit-to-stand, and stand-to-sit. 

• Requires upper extremity supports, such as crutches, 
which impacts performance of functional tasks. 

• Limitations in range of movement beyond walking in a 
straight line. 

• High cost. 
• High weight, which affects assembly and transport. 

Rex [ 254 ] • Sit-to-stand. 
• Walking forward, backward, and sideways. 
• Turning in both directions. 

• Does not have the capability to ascend and descend stairs. 
• Requires improvements in ease of transferring in and out 

of the device. 
• Slower speed compared to other exoskeletons that require 

walking aids like crutches. 

Mobile, patient-adapted, 
robot-assisted gait 
rehabilitation system 

(MOPASS)[ 255 ] 

• Overground walking (walking freely in space), 
• Body weight support (BWS). 
• Falls prevention with built-in walker system. 

• Time-consuming setup and tight leg shells. 
• Issues with wearing comfort. 
• Physically straining for some patients. 

G-Exos [ 256 ] • Gait assistance with ankle movements, especially with 
dorsiflexion, plantarflexion, and ankle stability. 

• Designed to assist one limb, which may cause gait 
compensation for users with conditions affecting both 
limbs 
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odels have demonstrated the efficacy of ultrasound in SCI research.
or instance, studies using rhesus monkeys and rodents have shown that
ontrast-enhanced ultrasound (CEUS) can visualize spinal cord blood
ow (SCBF) and identify perfusion abnormalities following acute SCI
 201 , 202 ]. Additionally, in rodent models, LIFU has been used to suc-
essfully deliver neurotrophic genes, resulting in improved neuronal sur-
ival, reduced injury severity, and better motor function [ 203 ]. 

dvances in neuromodulation 

Neuromodulation techniques offer promising avenues for SCI treat-
ent. These approaches primarily involve electric stimulation, magnetic
eld stimulation, and ultrasound stimulation, sometimes in conjunction
ith brain-computer interfaces (BCIs) to enhance their effectiveness. 

Electric stimulation, including functional electrical stimulation
FES), transcutaneous electrical stimulation (TES) and epidural electri-
al stimulation (EES), has shown significant potential in SCI treatment
 204–206 ]. FES utilizes surface electrical stimuli to activate peripheral
erves, enhancing muscle contractions and improving motor functions
n incomplete SCI patients, especially when combined with exercise
 204 ] EES, on the other hand, involves surgically implanted electrodes
elivering rhythmic currents to the spinal cord, which has been effec-
ive in restoring motor control, improving bladder, bowel, cardiovascu-
ar, respiratory, and sexual functions, and alleviating neuropathic pain
 206 ]. 

Magnetic field stimulation, particularly repetitive transcranial mag-
etic stimulation (rTMS), which involves non-invasive magnetic pulses
hat modulate cortical activity, has demonstrated benefits in motor re-
overy and pain management post-SCI [ 207 , 208 ]. Ultrasound stimula-
ion, particularly LIFU, offers a non-invasive method to modulate neural
ctivity. LIFU can activate spinal neurocircuits, reduce spasticity, and
romote axonal regeneration [ 209 ]. Integrating neuromodulation tech-
iques with BCIs enables real-time feedback and precise control over the
euromodulatory process, directs brain control of the electrical stimula-
ion, and provides a more targeted and responsive treatment approach,
acilitating more precise and volitional movements [ 210 , 211 ]. 

Recent research has explored selective manipulation of the in-
raspinal propriospinal network, which maintains inter-segmental com-
10
unication below the lesion after complete SCI, to restore locomotor
unction without brain-derived inputs [ 212 , 213 ]. Recent studies have
ocumented injury-triggered KCC2 downregulation contributes to the
iminished excitability of the injured spinal cord. Activation of KCC2 ei-
her pharmacologically or via gene therapy could restore the excitability
evels and improve functional recovery in an incomplete SCI [ 213 ]. 

Exploiting the compromised BSCB post-SCI, AAV9 vectors have been
dministered via the tail vein to effectively transduce neurons in lesion-
djacent spinal segments in thoracic crush injury mouse models. Chemo-
enetic actuators were used to modulate propriospinal neuron excitabil-
ty, leading to significant hindlimb stepping improvements [ 212 ]. Fur-
hermore, systemic injection of mutant-AAV9 vectors expressing liver ki-
ase (LK)-B1, promote extensive CST fiber regeneration and enhancing
ocomotor function [ 214 ]. Complementarily, delivery of BDNF mRNA
ith cationic polymers improved motor recovery in contusive SCI
odels [ 215 ], while retrograde AAV-NT3 (neurotrophin-3) and AAV-
READD delivery reinforced propriospino-motor neuron circuit reorga-
ization and activation [ 216 , 217 ]. These findings suggest that combin-
ng genetic, chemogenetic, and neuromodulation approaches can opti-
ize functional recovery post-SCI. 

dvances in neurorehabilitation 

ombined neurorehabilitation with neuromodulation and cell-based 

herapies 

The beneficial effects of neurorehabilitation techniques are well doc-
mented, but their positive impact often plateaus over time [ 218 ]. For
ustained recovery of function, combining neurorehabilitation with neu-
omodulation and cell-based therapies has shown promising results.
eurorehabilitation, when used as alongside eSCS, tSCS, and FES, either
efore, after, on in combination, has demonstrating clinical efficacy in
ocomotor and autonomic functions ( Fig. 2 ) [ 219–229 ]. 

Co-transplantation of NPCs, MSCs, OECs, and Schwann cells with
eurorehabilitation has shown synergistic effects in preclinical studies.
PCs combined with treadmill training have improved functional recov-
ry and reduce neuropathic pain in rat contusion and clip compression
CI models [ 230–232 ]. This effect has been inconsistent with MSC trans-
lantation and exercise training in rats [ 233 , 234 ]. Combinatorial OECs
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Fig. 2. Combined neuromodulation and neurorehabilitation therapy. Neuromodulation when used with neurorehabilitation post-SCI activates sensorimotor circuits, 
facilitating immediate and long-term motor function recovery. This multimodal approach reorganizes spared circuits for functional recovery. Integration with BCIs 
offers precise control and feedback, enhancing volitional movements and adaptive plasticity. 
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nd Schwann cells in rat contusion models with treadmill training has
lso demonstrated synergistic effects for functional recovery [ 235 ]. 

dvances in assistive technologies 

Physical therapy for SCI requires sufficient residual strength, posing
imitations for those with varying degrees of SCI in participating in gait
nd locomotion training. Body weight support devices, either mobile or
eiling-fixed, help by supporting the individual’s weight for overground
nd treadmill walking activities [ 236 ]. 

To further aid functional independence and restoration, external
obotic orthoses, or exoskeletons, have been developed ( Table 4 )
 237–256 ]. Lower extremity exoskeletons improve gait training provid-
ng a seamless user interface, better walking kinematics, reduced energy
osts, less therapist assistance, improved training efficiency, and high
ser acceptance [ 257–260 ]. They also reduce spasticity and pain, im-
rove bowel function, and improves body composition (eg, reducing fat,
ncreasing muscle mass, and bone mineral density) [ 252 , 261 , 262 ]. How-
ver, they are costly, can restrict daily activities, offer variable user ex-
eriences, and show no significant improvement in walking speed over
onventional therapy [ 263–266 ]. Upper extremity exoskeletons assist
11
ith goal-oriented hand movements but face challenges with usability,
ccessibility, and ergonomic design. 

Combining exoskeletons with neuromodulation techniques enhances
unctional recovery in SCI patients. Robotic-driven gait orthosis assisted-
WSTT with 30-Hz tSCS in 4 complete SCI patients, has demonstrated

ncrease in muscle activation, muscular response, and suppression of
lonus [ 267 ]. In another study, combining of tSCS with an EKSO
echnology-assisted overground stepping program enabled a chronically
omplete SCI patient to achieve coordinated stepping movements and
mproved autonomic function [ 253 ]. Additionally, the potential for BCI-
nabled prostheses such as neurally-controlled robotic arms to restore
rasp and reach functions in tetraplegic patients has proven to be effec-
ive and continues to be a field of exciting research and development
 268 , 269 ]. 

onclusion and perspectives 

Traumatic SCI presents significant challenges due to its complex
athophysiology and limited treatment options. Despite advances in
cute management, surgical techniques, and rehabilitation, full func-
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ional recovery remains inadequate for many patients. The challenges
f translating advanced clinical approaches into improved neurological
utcomes are reflected by evolving of clinical practice guidelines that
rovide context-specific validation and updates in the care of patients
ith SCI. These guidelines are developed using rigorous methodologies,

ncluding systematic reviews on best available evidence adhering to AM-
TAR 2 and the use of the Grades of Recommendation, Assessment, De-
elopment, and Evaluation (GRADE) framework [ 63 , 270 ]. Additionally,
uideline Development Groups comprise a diverse group of stakeholder

epresentation, including clinicians involved in the care of patients with
CI, patient advocacy groups, and individuals living with SCI, ensuring
omprehensive perspectives [ 270 ]. 

Recent research into secondary injury mechanisms has led to the
evelopment of neuroprotective therapies targeting excitotoxicity, in-
ammation, and mitochondrial dysfunction, though further validation

n clinical settings is still needed. Advances in molecular and imaging
iomarkers have enhanced the ability to predict outcomes and tailor
reatments, contributing to more personalized and effective care. 

Neuroregenerative strategies, including neurotrophic factors, stem
ell transplantation, and gene therapy have made significant strides, cre-
ting a conducive microenvironment for axonal regeneration and func-
ional recovery. Biomaterials, such as nanoparticles and scaffolds, have
mproved the delivery and efficacy of these regenerative therapies, fa-
ilitating better integration and repair at the injury site. 

Neuromodulation techniques like electrical and magnetic stimula-
ion have demonstrated substantial potential in restoring motor func-
ions and alleviating complications such as pain and spasticity. How-
ver, the effects of these approaches are often limited and variable, re-
uiring research into their functional mechanisms. The integration of
hese techniques with BCIs offers a promising avenue for enhancing the
recision and effectiveness of neuromodulation, enabling more targeted
nd responsive treatments. Emerging therapies combined with tradi-
ional neurorehabilitation approaches, along with assistive technologies
ike exoskeletons, show synergistic benefits for mobility and indepen-
ence. 

While significant progress has been made in preclinical studies of
europrotective and neuroregenerative biologics, continuous research
nd clinical trials are essential to validate and translate these therapies
nto routine clinical practice. Most current therapies are in early-phase
linical trials, with some, such as riluzole and stem cell transplantation,
howing promise for broader adoption within the next decade. Advance-
ents in biomaterials and targeted delivery systems are expected to

ccelerate this timeline, requiring large-scale, multicenter randomized
ontrolled trials to validate safety and efficacy. Through sustained in-
ovation and collaborative efforts between multidisciplinary teams, we
an anticipate the clinical integration of these novel treatments within
he next 5–10 years. 
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