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Figure 1 Schematic diagram of the three electrical stimulation strategies for SCI treatment. A) OFS electrodes are placed above and below the
injury site to promote neural regeneration; B) EES uses a flexible paddle with multiple-contact electrodes placed in the epidural space below the
injury level to activate lower limb motor circuits; C) ISMS employs micro-needle electrodes inserted into a specific site of the spinal cord to elicit

precise muscle movements
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Figure 2 The milestones in the development of OFS for SCI (all the images are authorized for use). A) 1950s: axonal growth acceleration and
cathodal orientation under DC electric fields (Adapted from ref. [10] with copyright permission from The Company of Biologists. B) 1980s: DC and
OFS applied in animal models of SCI (Adapted from ref. [12] with copyright permission from IEEE). C) 2000s : implantable OFS devices used in
clinical trials (Adapted from ref. [19] with copyright permission from Journal of Neurosurgery Publishing Group). D) 2020s: emergence of modified

OFS approaches such as transcutaneous stimulation (Adapted from ref. [22], Open Access).
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Figure 3 The timeline of key advances in the EES treatment for SCI (all the images are authorized for use). In 1965, gate control theory of pain
was proposed by Melzack et al.® (Adapted from ref. [28] with copyright permission from American Association for the Advancement of Science).
In 1967, EES was used for the first time in clinical analgesia (Adapted from ref. [29] with copyright permission from Wolters Kluwer Health). In

[30].

1978, first epidural electrode leads and stimulators were approved for production under FDA-established standards First clinical application

&

of a fully implantable EES system Yin 1982; EES was reported to improve walking in SCI patients[54] in 2002 (Adapted from ref. [53] with

copyright permission from Springer Nature). Restoration of locomotion in paralyzed rats through a combination of serotonin agonists and EES
in 2009 (Adapted from ref. [54] with copyright permission from Springer Nature). The brain-spine interface was shown to alleviate gait deficits in
primates® in 2016 (Adapted from ref. [55] with copyright permission from Springer Nature). EES enabled independent walking in three paralyzed
individuals® (Adapted from ref. [34] with copyright permission from Springer Nature). EES combined with gene therapy improved motor function
in rats®® in 2022 (Adapted from ref. [56], Open Access). In 2023, a novel brain-spinal cord interface was reported to rapidly identify patients’
motor intentions and naturally control their leg movements®” (Adapted from ref. [37] with copyright permission from Springer Nature).
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Figure 4 The historical progression of the ISMS research for SCI (all the images are authorized for use). A) In the 1970s, ISMS was used to
assess nerve fiber excitability®™® (Adapted from ref. [58] with copyright permission from Springer Nature). B) In the 1990s, studies on
ISMS-induced force fields supported the equilibrium-point hypothesis®® (Adapted from ref. [59] with copyright permission from American

54 was demonstrated in the 2010s(Adapted

Association for the Advancement of Science AAAS). C) Tissue tolerance to implanted microelectrodes
from ref. [64] with copyright permission from Elsevier). D) In the 2020s, safer and more effective minimally-invasive electrodes for ISMS was

developed® (Adaptedfrom ref. [65], Open Access).
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Figure 5 The mechanisms of electrical stimulation in promoting SCI repair (all the images are authorized for use). A) the microscopic mechanism:
the DC electric field enhances axonal regeneration at the injury site. i ) Newly regenerated axons (black arrows) extend around the lesion; ii)
axonal ingrowth (white arrows) and branching (red) into the lesion areal™ (Adapted from ref. [71] with copyright permission from Elsevier). B) the
microscopic mechanism: OFS promotes the migration of spinal neural progenitor cells toward the injury site. i ) Control group; ii) OFS group[75]
(Adapted from ref. [75], Open Access). C) the mesoscopic mechanism: EES can activate the CPG to regulate lower limb motor function, inducing
rhythmic locomotor patterns in the lower limbs of a paralyzed patient, i.e., the reciprocal activity of antagonistic muscles within the same limb
(green waveforms) and certain homologous muscles between the two limbs (light blue waveforms)[gll (Adapted from ref. [91], Open Access). D)
the macroscopic mechanism: EES promotes the restoration of spinal motor function by remodeling macroscopic neural circuits. i ) EES increases

Vsx2::Hoxal0

the number of vGIuT 1-positive excitatory synapses formed between large-diameter afferent neurons and SC neurons in the spinal cord;

Vsx2::Hoxal0

ii) EES increases the density of synaptic projections from reticulospinal fibres onto SC neurons®® (Adapted from ref. [35], Open

Access).
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Recent advances in Electrical stimulation to promote spinal cord injury repair
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Spinal cord injury (SCI) is a severe disorder of the central nervous system. Traditional views hold that SCI repair is extremely challenging;
however, in recent years, spinal cord electrical stimulation therapy has shown great potential in promoting SCI repair. This article systematically
reviews the development history and regulatory mechanisms of three mainstream spinal cord electrical stimulation approaches. Oscillating field
stimulation (OFS) applies a periodically reversing electric field across the injury site to promote axonal regeneration. Epidural electrical stimulation
(EES) activates the sensory-motor circuitry below the level of injury, achieving breakthroughs in restoring walking and improving certain
physiological functions. Intraspinal microstimulation (ISMS) employs microneedle electrodes to stimulate specific intraspinal sites for precise
muscle control. Electrical stimulation facilitates repair through synergistic multi-level mechanisms: at the microscopic level (modulating the
microenvironment, promoting axonal regeneration, and promoting stem cell migration and differentiation), at the mesoscopic level (activating the
central pattern generator), and at the macroscopic level (remodeling neural circuits). Future research on spinal cord electrical stimulation should
focus on personalized parameters, novel biocompatible electrodes, and multidisciplinary combination strategies to advance its clinical application

and ultimately change the common cogpnition that SCl is irreversible.
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