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Abstract: (1) Background: Spinal cord injury (SCI) represents a major health challenge, often leading
to significant and permanent sensorimotor and autonomic dysfunctions. This study reviews the
evolving role of epidural spinal cord stimulation (eSCS) in treating chronic SCI, focusing on its
efficacy and safety. The objective was to analyze how eSCS contributes to the recovery of neuro-
logical functions in SCI patients. (2) Methods: We utilized the PRISMA guidelines and performed
a comprehensive search across MEDLINE/PubMed, Embase, Web of Science, and IEEE Xplore
databases up until September 2023. We identified studies relevant to eSCS in SCI and extracted assess-
ments of locomotor, cardiovascular, pulmonary, and genitourinary functions. (3) Results: A total of
64 studies encompassing 306 patients were identified. Studies investigated various stimulation
devices, parameters, and rehabilitation methods. Results indicated significant improvements in
motor function: 44% of patients achieved assisted or independent stepping or standing; 87% showed
enhanced muscle activity; 65% experienced faster walking speeds; and 80% improved in overground
walking. Additionally, eSCS led to better autonomic function, evidenced by improvements in bladder
and sexual functions, airway pressures, and bowel movements. Notable adverse effects included
device migration, infections, and post-implant autonomic dysreflexia, although these were infre-
quent. (4) Conclusion: Epidural spinal cord stimulation is emerging as an effective and generally
safe treatment for chronic SCI, particularly when combined with intensive physical rehabilitation.
Future research on standardized stimulation parameters and well-defined therapy regimens will
optimize benefits for specific patient populations.

Keywords: epidural spinal cord stimulation; spinal cord injury; sensorimotor function; auto-
nomic function

1. Introduction

Spinal cord injury (SCI) is a catastrophic complication of trauma which may result
in the loss of sensorimotor and/or autonomic function. With an annual incidence of
18,000 people and an estimated prevalence of 368,000 people in the United States [1],
SCI places a significant burden on the overall health and economy of the country [1,2].
Commonly affecting younger individuals, the total estimated lifetime cost of care for an
injured individual aged 25 ranges from $1.6 million to greater than $5 million [1].

Severity of SCI is graded according to the American Spinal Injury Association (ASIA)
Impairment Scale (AIS): AIS-A is clinically complete motor and sensory SCI patients
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(no muscle power and sensory function); AIS-B is motor complete and sensory incomplete;
AIS-C is motor incomplete with >50% of muscles below the neurological level with a muscle
grade <3; AIS-D is motor incomplete with ≥50% of muscles below the neurological level
with a muscle grade ≥3; and AIS-E is normal [3]. In addition to these sensorimotor deficits
as defined by the ASIA Impairment Scale, SCI may also produce secondary autonomic
complications, including cardiovascular, gastrointestinal, genitourinary, or respiratory
dysfunction [4].

Current treatment for SCI and its associated complications is multidisciplinary and
includes a combination of medical, surgical, and neuro-rehabilitation strategies [5,6].
Despite these approaches, the functional improvement after SCI typically plateaus, necessi-
tating adaptive strategies for activities of daily living [7]. Research into innovative assistive
technologies [8,9], cell replacement therapy [10], implantable polymeric scaffolds [11,12],
and neuroprotective pharmacological agents [13] for SCI has still not resulted in significant
functional recovery and cure. To bridge this gap in SCI treatment, research into the use of
spinal cord stimulation (SCS) to improve locomotor and/or autonomic functions following
SCI has grown in prominence. Unlike neurorehabilitation strategies requiring the patient
to retain some motor ability to benefit (i.e., motor incomplete patients), epidural SCS (eSCS)
has also been demonstrated to restore volitional motor control in motor complete patients.
The benefits of eSCS also extend beyond locomotor functional recovery to cardiovascular,
respiratory, and genitourinary functions.

The mechanisms underlying eSCS for improving functional recovery in SCI have been
hypothesized by computational [14,15] and preclinical studies [16,17], with therapeutic
benefits reported in humans through electromyographic (EMG) studies. Clinical studies
thus far have reported on different locomotor and/or autonomic outcomes in patients
with different AIS grades of spinal injury and with different stimulation parameters, as
adjuncts to different varying neurorehabilitation regimens, and with varying and often
limited results in efficacy and safety. Nevertheless, there is tremendous momentum for
technology to become more readily available to people with SCI.

To support the translation of this neuromodulation strategy into clinical practice,
this review aims to summarize and discuss the current evidence on the efficacy and
safety of eSCS, and the underlying mechanisms, in improving somatic motor control
and autonomic function in individuals with chronic SCI. We also discuss the limitations
of the current evidence and provide recommendations for future research priorities along
with recommendations for the field in general.

2. Epidural Spinal Cord Stimulation
2.1. History and Evolution of eSCS

Central to the development of SCS is the “gate control theory of pain” hypothesized
by Melzack and Wall in 1965. This theory postulated that stimulation of non-noxious
large-diameter myelinated sensory fibers could be used to suppress noxious input from
pain fibers [18]. To translate this theory into clinical practice, Wall and Sweet delivered
electrical impulses to the skin and/or under the skin with a subcutaneous electrode in
eight patients with different intractable pain conditions [19]. Following the improvement
in these pain conditions, Shealy and Mortimer developed the first implantable SCS system,
which Shealy termed “dorsal column stimulation” in 1967. This application was based on
Shealy’s previous hypothesis that pain relief would be optimum by stimulating the dorsal
column of the spinal cord white matter, where the proprioceptive fibers corresponding
to multiple dermatomes are located [20]. As such, the dorsal column stimulator was
implanted subdurally above the dorsal column of the spinal cord in adult cats and was
found to provide significant pain relief through the assessment of prolonged small-fiber
afferent-discharge (PSAD) stimuli.

The effects of eSCS in improving motor function were discovered serendipitously in
the application of SCS to treat intractable back pain in a patient with multiple sclerosis
(MS) [21]. Recovery of some volitional motor control in this patient led to subsequent
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studies using SCS to treat spasticity, which revealed improvements in bladder, bowel, and
voluntary motor functions [22].

The application of eSCS in treating spasticity in SCI was then explored with a focus
on defining the optimum stimulation site. Early studies demonstrated that placement of
stimulation electrodes caudal to the lesion produced significant improvement of spastic-
ity [23,24], which was supported by Dimitrijevic et al. in patients with cervical lesions [25].
The importance of the rostro-caudal placement of SCS electrodes relative to the lesion was
subsequently emphasized in leg spasticity case studies with lumbar SCI [25,26]. The spinal
circuitry target of eSCS for SCI was based on the central pattern generator (CPG) theory,
which was first described by Sherrington in 1906 [27], and supported by preclinical and
human studies [28,29]. Defined as neuronal circuits that produce rhythmic locomotor
patterns when activated, the CPG was first stimulated by Dimitrijevic et al. in humans
using eSCS to produce motor activity [30]. The CPG was stimulated in subsequent stud-
ies, which reported varying degrees of improvement in volitional motor control [31–34].
Figure 1 summarizes the timeline of SCS discovery and research milestones.
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The next development in eSCS for SCI was in 2011, when Harkema et al. [22] combined
eSCS with pre-implantation physical therapy in an AIS-B patient to produce independent
weight-bearing standing for approximately 4 min. This study highlighted the importance
of sensory cues in generating motor control. The role of sensory cues was further refined
by Angeli et al. [35], who employed both task-specific auditory and sensory cues with a
pre-implantation rehabilitation regimen to produce volitional motor control in AIS-A and
AIS-B patients. This evidence of sensory information in improving motor activity with eSCS
has since further been explored with stimulation optimization for different patients [36–41].

The next step in the evolution of SCS for SCI involved the method in which the stimu-
lation was delivered. Wagner et al. [42] used a closed-loop pulse generator that produced
specific stimulation parameters depending on the motor task that was being performed.
This spatiotemporal eSCS system involved first identifying stimulation parameters that
optimally triggered mobilization of the hip, knee, and ankle joints, and the sequential
selection of these parameters to match the individual movements that produce stepping.
This method of SCS delivery contrasted the earlier models based on the methodology for
treating neuropathic pain, which employed continuous non-adaptive stimulation pulses
to the dorsal column. The use of individualized, optimized, and adaptive stimulation
parameters has since then followed recent studies in addition to different forms of neu-
rorehabilitation to generate locomotion [43–53]. Notably, artificial intelligence methods
for optimizing stimulation parameters have been used [44,45]. The choice of adjunct phys-
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ical rehabilitation has also evolved to include the use of exoskeleton-assisted walking
techniques [46,52].

Following the discovery of the importance of sensory cues in combination with eSCS
by Harkema et al. [22], there has been significant progress in the techniques of eSCS.
Five landmark papers have played a pivotal role in advancing our understanding on the use
of eSCS in improving motor activity. Harkema et al. [22] demonstrated full weight bearing
in a motor-complete patient, highlighting the crucial role of sensory cues in enhancing
motor activity with eSCS. This importance was reinforced by Angeli et al. [39], who
achieved overground walking in motor-complete patients, marking a milestone in the
field. Gill et al. [41] emphasized the significance of task-specific training in conjunction
with eSCS and were able to achieve the first independent stepping in an ASIA-A patient.
The introduction of closed-loop eSCS by Wagner et al. [42] highlighted the importance of
precise electrode placement. Within one week, one patient in this study regained stepping
ability, showcasing the efficacy of closed-loop eSCS systems. Finally, Rowald et al. [53]
were able to achieve walking within one day by using updated grids to stimulate dorsal
roots. This study signified the importance of precise neural targeting and provided a rapid
timeline for functional improvement.

2.2. eSCS Implantation Approaches

In epidural spinal cord stimulation, electrodes are implanted on the dorsum of the
dura via a percutaneous or surgical approach. The percutaneous approach uses multi-
contact percutaneous leads, which typically have eight individually programmable contacts.
Percutaneous lead wires are directed into the epidural space under fluoroscopic guidance
using the Seldinger technique with a modified Tuohy cannula [54]. The surgical approach
is conducted via laminotomy using independent multi-column paddle leads, typically with
16 contacts. Both percutaneous and paddle leads can be programmed to provide combi-
nations of mono, bi-, or multipolar stimulation. Once in the optimal anatomic position,
the leads are anchored in deep tissue and connected to a subcutaneous implantable pulse
generator or an externalized pulse generator [55].

2.3. Mechanisms of eSCS in Locomotor Control
2.3.1. Spinal Networks and Reflex Pathways

The importance of the topographical organization of motor circuits of the spinal cord
in locomotion has been demonstrated in eSCS studies. In addition to the supraspinal
tracts, which play a role in the planning, initiation, and modulation of locomotion [56],
complex interneuronal networks within the spinal cord perform important roles in loco-
motion through efficient signal integration and motor coordination [57,58]. The role of
interneuronal networks is evident in ex vivo spinal cord preparations without supraspinal
input where electrical stimulation of the spinal cord generates rhythmic flexor and extensor
movement in motor nerves [59]. In SCI where motor circuits are disrupted, spared pro-
priospinal interneurons enable communication by forming and activating circuits across
the spinal cord lesion [60]. Courtine et al. [61] showed that propriospinal networks can
generate functional recovery and supraspinal control of stepping in rodents with transected
supraspinal tracts.

Spinal reflex pathways are also recruited by eSCS. Prominent reflex pathways include
the monosynaptic (Ia, muscle spindle fibers; Ib, Golgi tendon organ fibers) and polysynaptic
(II) pathways. Recruitment of Ia, Ib, and II afferents by eSCS activates motor neurons via
monosynaptic and/or polysynaptic pathways [15], leading to the activation of extensors
and flexors, respectively [34]. Groups I and II afferent fibers are also responsible for evoking
short- and long-latency muscle responses, respectively. The generation of long-latency
muscles by Group II afferent fibers have been shown to be responsible for generating
stepping patterns in volitional locomotor control [62]. Animal studies also demonstrate
that monosynaptic group I afferent fibers complement locomotion through enhancing
postural stability and stance [63,64].
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2.3.2. Sensory and Proprioceptive Inputs

Sensory and proprioceptive feedback signals during movement also play a role in
the mechanism of spinal cord neuromodulation. Several processes in the gait cycle are
integrated with proprioceptive feedback, which activates motor neurons in the proper
spatiotemporal fashion [65,66]. Electrical stimulation of proprioceptive circuits has been
hypothesized to increase the excitability of spared neuronal networks and decrease their
threshold potentials, preparing them for subsequent supraspinal and/or propriospinal
activation. This, in essence, allows volitional locomotion to be controlled by sensory infor-
mation, which requires an intense physical rehabilitation program to facilitate remodeling
of the supraspinal and propriospinal pathways [16]. Sensory feedback from weight bear-
ing has been shown to enable appropriate stepping patterns after epidural spinal cord
stimulation in supraspinally transected rodents [67,68]. Lavrov et al. [69] demonstrated
the laterality of sensory input from non-deafferented and deafferented models in the re-
covery of coordinated rhythmic hindlimb activity in rats. This led to the conclusion that
eSCS facilitates stepping through ipsilateral afferents that project to locomotor networks.
The group also highlighted the function of proprioceptive and cutaneous sensory inputs
in promoting posture balance in rats following eSCS [70]. Takeoka et al. [71,72] have also
studied the function of proprioceptive neurons using a genetic model for proprioceptive
afferent ablation. The authors demonstrated that eSCS-evoked motor activity was critically
dependent on muscle spindle proprioceptive afferents and proprioceptive neurons within
the dorsal root ganglion.

2.3.3. Central Pattern Generators (CPGs)

CPGs are spinal neuronal circuits that can generate coordinated action potentials for
initiating and maintaining rhythmic activity [27]. The presence of CPGs for locomotion
in animals was shown by Forssberg et al. [73] on paraplegic kittens and adult cats, who
exhibited excitation of the CPGs and consequent locomotion by L-DOPA or supraspinal
electrical stimulation. Coordinated stimulation of CPGs in rats has also been reported
to promote adaptive plasticity in the spinal cord and spinal learning [74]. The evidence
supporting CPGs has been extended to humans, where CPGs present in the lumbar spinal
cord enable rhythmic activation of flexor and extensor muscles during walking following
eSCS [75]. Despite the evolutionary conservation of locomotor function between different
organisms, differences between rodents, larger animals, and humans should be noted in
relation to the mechanism of CPGs. Several aspects of the human gait cycle incorporate
complex sensory–motor behaviors, which may be the result of the spinal CPG recruiting
both supraspinal and propriospinal circuits. Many studies investigating the efficacy of
eSCS in locomotion have employed rehabilitation techniques that provide sensory input to
presumably activate the CPG [76].

2.4. Mechanisms of eSCS in Autonomic Control

eSCS has shown positive effects on the cardiovascular system, including the mainte-
nance of blood pressure and the prevention of autonomic dysreflexia. The propriospinal
system can improve cardiovascular function through blood pressure stabilization with
eSCS. It has been postulated that activation of dorsal root afferents by eSCS in the lum-
bosacral region raises the resting membrane potential of sympathetic networks, which in
turn increases total peripheral resistance with a resultant rise in blood pressure [77,78].
Contrary to this theory, two groups have demonstrated and suggested that eSCS in the
lumbosacral region results in a net inhibitory response, either through inhibition of dor-
sal neuron firing and activation or activation of inhibitory interneurons [79,80]. This net
inhibitory effect provides a possible mechanism for eSCS in ameliorating autonomic dys-
reflexia as this physiological response arises from sympathetic activation and consequent
vasoconstriction of peripheral arteries. Another hypothesized theory for the mechanism
of eSCS in blood pressure stabilization relates to increased sensitivity of the baroreceptor
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response. eSCS may increase the stimulation of aortic arch and carotid sinus baroreceptors
during orthostasis, leading to bradycardia and increased vascular tone [77,81].

The functional importance of eSCS in respiratory neurorehabilitation was discovered
in animal studies following the use of eSCS to activate inspiratory and expiratory muscles
in dogs [82,83] and the phrenic nerve in cats [84]. Like locomotor function, mechanisms
underlying respiratory recovery with eSCS include spinal neural networks and sensory
inputs. Propriospinal networks activated by eSCS play a role in appropriate respiratory
muscle pattern activity through excitation and inhibition of respiratory motor neurons [85].
Reflex mono- and polysynaptic networks are also crucial components of the phrenic
nerve motor system that drive respiratory motor function and the perception of breathing.
Phrenic nerve afferents consist of Groups Ia, Ib, and II fibers, which are first depolarized
by eSCS, exerting excitatory output to the motor circuitry and propriospinal networks to
enable respiratory motor function and adaptation [15,86,87]. These Ia, Ib, and II fibers
utilize afferent feedback in addition to the activated descending inputs, highlighting the
importance of somatosensory input in eSCS-induced respiratory neuromodulation [85].
Additional means of activating respiratory networks include interaction of eSCS with
the cerebrospinal fluid, and the recruitment and depolarization of glial cells to release
glutamate and adenosine [88,89].

The topographical arrangement of neural networks in the lumbosacral region is im-
portant to understand the mechanisms of eSCS on the genitourinary system. The L1–
L2 region contains sympathetic networks that function in bladder storage. Stimulation
of this region activates afferent fibers, triggering a reflex pathway that inhibits bladder
activity during filling [90]. Evidence from preclinical studies also highlights a control
center at the L3–L4 region for the detrusor muscle and external urethral sphincter [91].
Sexual function may also be modulated at the L3–L4 regions in rodents, and L3–L5 in hu-
mans, through stimulation of neurons that mediate the ejaculation reflex [92].
Finally, stimulation of the sacral cord recruits axons from pelvic and pudendal nerves,
which may stimulate or inhibit micturition [93,94]. Spinal transection studies have sug-
gested that activation of the pudendal nerve is independent of descending inputs in
improving bladder storage and voiding [95]. Additionally, sacral nerve stimulation in
individuals with complete or incomplete SCI suggest the importance of spino–bulbo–spinal
pathways in bladder function and continence [96]. Knowledge of these important stimula-
tion areas has led to targeted use of stimulation parameters to elucidate the mechanism of
eSCS in improving bladder storage, filling and voiding, continence, and sexual function.

Hemodynamic instability due to SCI manifests as orthostatic hypotension and syn-
cope, or autonomic dysreflexia with acute sustained systolic blood pressure often exceeding
300 mmHg. The lack of reflex autonomic regulation is secondary to interruption of
supraspinal control of sympathetic ganglia along the thoracolumbar sympathetic chain [97].
In a recent study, Squair et al. [98] demonstrated that animal models of cervical SCI with
eSCS implanted ventrally on the thoracolumbar spine not only activated an autonomic
regulatory response to extreme changes in blood pressure but also activated afferent barore-
ceptor signaling in a synchronized neural network.

Pulmonary function in animal models of SCI improves with eSCS activation of the
diaphragm and inspiratory intercostal muscles approximating spontaneous breathing
[99–102]. Spontaneous breathing is characterized by asynchronous activation of respiratory
muscles and a gradual recruitment of slow to fast motor units [103,104]. In contrast, to
direct electric stimulation of the phrenic nerve, which results in activation of all axons
and creates a synchronous contraction of diaphragm motor units, eSCS results in cen-
tral control of recruited motoneuron pools and asynchronous activation of motor units.
DiMarco and Kowalski [105] demonstrated that eSCS implanted in the upper thoracic
region of dogs with high cervical SCI recruited inspiratory motor units with a pattern
of activation under central control. The generated negative airway pressures and inspi-
ratory capacity resulted in physiologic breathing patterns. While expiration is a passive
process, expiratory muscle paresis or paralysis in patients with SCI results in an inactive
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mucociliary reflex. DiMarco et al. [99–102] demonstrated that eSCS leads implanted in the
thoracolumbar spine (T9–L1) of patients with cervical SCI not only improved the cough
reflex and clearance of bronchial secretions, but also generated expiratory flow rates and
airway pressures that improved inspiratory and total lung capacity.

3. Methods
3.1. Search Strategy

This review was reported according to the PRISMA guidelines [106]. A comprehensive
search of published literature was conducted in MEDLINE/PubMed, Embase, Web of
Science, and IEEE Xplore electronic databases in September 2023 by two reviewers (EM
and JC). The searches were conducted independently and blindly to ensure reliability.
The systematic search included the following terms: (“spinal cord injury” OR “SCI”) AND
(“spinal cord stimulation” OR “SCS” OR “eSCS” OR “epidural stimulation” OR “epidural
electrical stimulation” OR “EES”) as both keywords and Medical Subject Headings (MeSH)
terms. Additionally, references of studies meeting the inclusion criteria were manually
reviewed to supplement the results of the electronic searches.

3.2. Study Selection Criteria

Selection eligibility was governed by the PICOS (Population, Intervention, Compari-
son, Outcome, and Study) design, which yielded the following inclusion criteria: (1) human
subjects older than 18 years of age with a diagnosis of SCI; (2) the use of a surgically
implanted epidural spinal cord stimulator; (3) assessment of motor and/or autonomic
responses; and (4) study design was a case series, case study, cohort study, or randomized
control trial (RCT). Exclusion criteria included: (1) animal studies; (2) alternative types of
electrical spinal cord stimulation; (3) studies primarily assessing chronic pain, spasticity
or other outcomes; (4) studies with insufficient data to be extracted, including reviews,
abstracts, editorials, and proposed research protocol descriptions; and (5) non-English
articles.

3.3. Data Extraction

Two independent reviewers (EM and JC) screened both abstracts and titles and full
texts of results yielded by the search strategy. Standardized data were extracted from eligi-
ble studies according to the following metrics: first author’s name and year of publication,
patient demographics (age and gender), clinical characteristics (level of injury, time since
injury, and ASIA classification), stimulator characteristics (type of device/manufacturer,
number of leads, location of leads, and method of lead placement), stimulation parameters
(frequency, pulse width, amplitude, stimulation time length, and optimization), whether
the subjects enrolled in a rehabilitation program, assessed locomotion and/or autonomic
outcomes, and adverse effects.

3.4. Analysis of Locomotor Outcomes

Studies reporting locomotor outcomes were reviewed in detail to identify non-overlapping
cases/cohorts. Overlapping cases/cohorts were identified by comparing any published sub-
ject ID number across publications or self-reference to a prior article with published case(s).
When multiple articles reported on the same case/cohort, success rate was extracted from the
most recent article. Articles with overlapping cases/cohorts were excluded. Studies reporting
only EMG outcomes were removed. From the remaining studies, a success rate of eSCS in
achieving locomotor outcomes was calculated for each article and a cumulative success rate
was calculated across all included studies. An effect size was not calculated due to the small
sample size and lack of reporting of consistent quantitative outcomes with confidence intervals
for locomotor outcomes in individual studies.
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3.5. Bias Assessment

Two independent reviewers, E.M. and J.C., assessed bias using the Risk Of Bias In
Non-Randomized Studies of Interventions (ROBINS-1) tool by the Cochrane Scientific Com-
mittee for non-randomized studies of effects of interventions. Results of this assessment
are detailed in Supplementary Table S1.

4. Results
4.1. Study Selection

The initial search strategy yielded 1495 relevant articles. A total of 176 duplicates
were excluded, following which 1255 articles were excluded after title, abstract, and full-
text review (due to exclusion criteria). Finally, 64 studies were included in the review.
Figure 2 shows the flowchart of study selection for this review.
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Figure 2. PRISMA flow diagram describing the selection process.

4.2. Study and Participant Characteristics

Characteristics of the studies and participants are detailed in Table 1. Included studies
varied by geographical location, with 46 from the USA, 7 from Austria, 5 from Canada, 3
from Switzerland, 2 from India, and 1 from Russia. Publication year of the included studies
ranged from 1986 [107] to 2023 [108–113], with patient size ranging from 1 to 33.
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The total number of participants in the 64 included studies was 306, although it should
be noted that some participants were subjects in more than one study, as suggested by
authors and patient and clinical characteristics. Sixty-one studies adequately reported
the sex of their participants: 249 were male and 49 were female. Patient age ranged from
18 to 66 years old. The shortest time since SCI was just 15 days [114] and the longest was
37 years [102]. The injury levels of included participants were mainly in the cervical and
thoracic regions, with the highest injury level being C2 [102,108,114,115] and the lowest
being L1 [116]. Of studies that adequately reported the AIS of participants, the majority
were AIS-A (n = 168), followed by AIS-B (n = 72), AIS-C (n = 16), and AIS-D (n = 2); notably,
Monshonkina et al. [116] reported two participants with AIS-A/B and 1 with AIS-B/C.

4.3. Stimulator Parameters, Optimization, and Physical Rehabilitation

Treatment characteristics are summarized in Table 2. There was great variation
between stimulation device, placement, and optimization settings. The most common
stimulator device was the Medtronic® stimulator, which featured in 51 studies; other
devices included Abbott (n = 3), Ardiem Medical (n = 1), Boston Scientific (n = 1), Clin-
ical Technology Corporation (n = 1), Cooner Wire Co. (n = 1), and Neuro–Control Corp
(n = 2). Electrodes applied ranged from 1–16 and were either paddle (n = 41), percutaneous
(n = 21), or unspecified (n = 2) leads. The highest level of lead placement was in the C4/C5
region [117] and the lowest at S2 [39,45–47,53,62,116]. The most common location for lead
placement was at the T11–L1 level. Lead placement location showed some consistency in
terms of outcomes produced, with efficacy reported at the T9–T11 for pulmonary func-
tions, T11–L1 for volitional motor control and cardiovascular functions, and L1–S1 for
genitourinary functions. Frequencies of 0.2–400 Hz, pulse widths of 150–1000 µsec, and
amplitudes of 0.1–40 V/0.1–15 mA were used across the 64 included studies. Optimization
settings for stimulation also varied greatly; strategies included optimizing for paresthesia
and spasticity in the earliest studies, testing a wide range of parameters and selecting the
best responses, optimizing at an individual level with continuous appraisal of stimulation
parameters, spatiotemporal optimization using rehabilitation training, and the use of machine
learning methods.

Physical rehabilitation therapy was described in 29 studies, with 16 studies enrolling
participants in both pre- and post-eSCS neurorehabilitation training, 4 enrolling in only pre-
implantation rehabilitation, and 9 enrolling participants in post-implantation rehabilitation
therapy only.

4.4. Outcomes Measured

Studies reporting locomotor function following eSCS are summarized in Table 3. Spe-
cific motor assessments included assisted/independent standing or stepping (A/I), body
weight support (BWS), electromyography (EMG), gait analysis (GA), general muscle activ-
ity (GMA), increased walking speed (IWS), overground walking (OGW), proprioception,
sense of effort, spasticity, sit-to-stand movements (STS), and treadmill stepping/walking
(TSW). All studies assessed lower limb motor control with the exception of Lu et al. [117],
which evaluated volitional hand motor function (grip and control) in tetraplegic individu-
als. EMG (n = 38) and GMA (n = 32) were the most commonly used locomotor assessment
modalities. Most studies reported an overall improvement in assisted/independent loco-
motion in all participants, including standing, stepping, body weight support, and cycling.
Six studies re-assessed the ASIA grade post intervention, with improved scores seen in four
studies: Angeli et al. [39] and Lu et al. [117] both reported a reclassification from AIS-B to
AIS-C in one participant; Wagner et al. [42] reported a reclassification from AIS-C to AIS-D;
and Kandhari et al. [114] reported a reclassification from A-C in 8 patients, and A-D in two
patients. Four studies [39,42,114,117] reported neurologic assessment of motor strength of
individual muscle groups with Medical Research Council (MRC) 6-point scale pre- and
post-eSCS as part of the motor section of AIS.
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Nineteen articles with non-overlapping cases/cohorts were identified with a total of
78 patients. Table 4 summarizes the outcomes of these non-overlapping cohorts for A/I,
BWS, GMA, IWS, and OGW. Successful self-assisted or independent stepping or standing
was reported in 44% of patients. Four articles [33,42,53,118] reported decreased BWS from
100% to a range of 0–60% during stepping/walking after eSCS implantation. The average
success rate of GMA with eSCS turned on was 87%. Notably, the average success rate of
GMA was markedly decreased by two studies, Barolat et al. [107] and Smith et al. [115], who
reported success rates of 14.3% and 9.1%, respectively; excluding these studies, the success
rate of GMA was 96% in the remainder 14 studies. Increased walking speed was reported
in 65% of patients, and OGW was improved in 80% of patients who could be assessed for
OGW. OGW was examined in four studies, and in these studies, 10 patients were able to
achieve a stage at which OGW could be assessed, of which 8 improved [33,42,53,109].

Table 5 summarizes the autonomic function outcomes following eSCS. Autonomic
outcomes according to body system were cardiovascular (blood pressure, orthostasis, heart
rate, cardiac function, and plethysmography), pulmonary (airway pressures, peak expi-
ratory flow rates, spirometry, and volume of respiratory secretions), and gastrointestinal
and genitourinary (bowel function, bladder incontinence, bladder storage and voiding,
sexual function, and urodynamics). A total of 12 studies assessed cardiovascular function,
6 pulmonary function, and 7 genitourinary function following eSCS. All studies assessing
autonomic function with eSCS reported improvement in outcomes except the following:
Katz et al. [119] reported an insignificant change in urodynamic parameters in 17 patients;
Beck et al. [120] reported worsening of bladder continence with eSCS optimized for motor
function; Herrity et al. [121] reported elevated BP during bladder distension. Additional
outcomes included improved middle cerebral artery (MCA) blood flow [78], body compo-
sition [120,122], sexual function and orgasm [22,45], and quality of life [108,123].

4.5. Methodological Quality

Most studies included in this review (53%) were case reports or small case series:
18 reports of a single case each, 11 case studies with two patients, and 5 case studies with
three patients. Only 14% of the included articles had a sample size greater than or equal to
10 participants. One of the published studies was reported as a consecutive case series [112],
while none were case–control, cohort, or randomized controlled studies. Accordingly, all
studies reported in the literature currently provide Level 4 evidence [124].

Although several of the studies reported results from trials registered on Clinical-
trials.gov [39–41,43,45,102,109], most of the currently published data were from early
feasibility analyses or well-selected cases. Multiple studies reported outcomes with eSCS
turned ON and eSCS turned OFF [42,47,53,78,98,113,125] and patients serving as their own
controls of pre- and post-eSCS implantation. Only a few studies mentioned that there were
other SCI patients who were tested with eSCS without a positive effect but did not de-
scribe the characteristics or outcomes of excluded patients, creating a potential publication
bias [107].

Finally, most articles utilized qualitative assessments as the primary outcomes (Table 3).
Only four articles reported individual muscle group strength of a pre- and post-eSCS on the
AIS [39,42,114,117]. Nevertheless, most studies included EMG as an objective assessment of
muscle conductivity in addition to reported biomechanics and subjective assessment of function.

Using the ROBINS-I tool (Supplementary Table S1), the three pre-intervention domains
(bias due to confounding, selection of patients, and classification of interventions) ranged
from moderate to serious. Of these, a judgement of serious bias was seen in 16/19 studies
for confounding, and 9/19 for both selection of patients and classification of interventions.
For post-intervention domains, most studies had a low risk of bias in deviations from
intended interventions (15/19), bias in due to missing data (18/19), and bias in selection
of reported result (12/19). Notably, all studies (19/19) scored a serious risk of bias in
measurement of outcomes, primarily due to a lack of blinding reporting by studies, as well
as the difficulty of blinding with spinal cord stimulation.
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4.6. Adverse Effects

In addition to risks associated with surgery, commonly expected adverse events of
eSCS include paddle migration [126], infection, seroma, and hematoma [127,128].
Seven articles reported 24 adverse events (Tables 3 and 5) including a lead migration [52];
a hip fracture during training [39]; a metatarsal fracture and a pressure ulcer [47]; a
wound drainage, one case of cellulitis, a device infection, two seromas, two wound de-
hiscence, two cases of ileus, and two wound infections [108]; two cases of post-implant
autonomic dysreflexia [123]; three wound washouts [108]; and discomfort/pain in three
patients [31,36,39]. There were ten reported 30-day post-surgical complications [108,123].
Patients with wound/device infections, wound washout, device migration, or fractures
required inpatient medical or surgical intervention to manage serious adverse events.

5. Discussion
5.1. Efficacy of eSCS in Improving Locomotor Function

Published studies investigating the effect of eSCS on locomotor function have demon-
strated high success rates in patients with SCI. The average success rate of eSCS across
studies for GMA was 89% (CI: 0.924, 0.9331). All studies with BWS outcomes reported
decreased BWS, and two reported zero BWS required for independent stepping/standing
when eSCS was turned on. Most patients for whom eSCS stimulation was reported as
successful were able to perform independent stepping/standing with decreased BWS.
Some studies reported functional improvement outside of the lab including commu-
nity ambulation and improved ability to perform tasks at home. Most patients how-
ever, required significant external assistance with motor function from physical therapists.
This ranged from joint stabilization to pelvis stabilization to manually imposing stepping
movements [118]. Nine studies reported that OGW forces were increased with eSCS turned
on, but recorded forces were sometimes asymmetric with bilateral array turned on and vice
versa. In addition, EMG measures at muscle extremities was consistently increased after
eSCS across studies.

An overwhelming majority of studies did not report individual muscle strength
measures on the well-validated, highly reliable AIS. Two of the studies that included AIS as
an outcome reported patients with muscle strength of zero among patients who were noted
to otherwise stand/step or walk with decreased/minimal support. This may be explained
secondary to the balanced contraction of agonist and antagonist muscles by suprathreshold
motor action potential generated with eSCS.

5.2. Efficacy of eSCS in Improving Autonomic Function

The majority of the articles included in this review present evidence for the efficacy
of eSCS in regulating autonomic dysfunction secondary to SCI. Although earlier studies
demonstrated variable effects of eSCS and several device failures, the technology and surgi-
cal practice have since developed. Katz et al. [119] reported no changes in urodynamics
after eSCS in most of their SCI patients. However, later research indeed demonstrates
that eSCS improves bladder [22,45,121] function and results in reduced residual post-void
volume and more efficient [129] reflexive voiding capacity. An important caveat to eSCS
for bladder function should, however, be considered. Specific stimulation parameters for
bladder function differ from the parameters required for motor control. Beck et al. [120]
demonstrated that bladder function in their patients was worsened when the stimulation
parameters were optimized for motor control. In contrast, stimulation parameters for motor
control appear to improve cardiovascular function [130], and this appears to be mediated
via activation of a sympathetic response [98]. In fact, multiple articles demonstrate the
efficacy of eSCS for blood pressure and heart rate control in both patients with ortho-
static hypotension [78,109,130,131] and autonomic dysreflexia [113,121]. Finally, several
articles [99,100,102,114,123] reported the efficacy of eSCS on respiratory function, includ-
ing improving cough reflex, recruitment of intercostal muscles, airflow dynamics, and
pulmonary function parameters. Although the majority of the articles included in this
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review demonstrate positive effects of eSCS on autonomic function, these results should
be considered with a caveat, as the majority of articles on any specific autonomic function
are published from the same research group. Nevertheless, with the proper stimulation
parameters and localization of the epidural electrodes, eSCS appears to be effective in
improving autonomic function in patients with SCI.

5.3. Efficacy of eSCS in Improving Combined Locomotor and Autonomic Function: AIS Scores

Pre-intervention AIS scores were mostly AIS-A (168/306), which indicated a com-
plete lack of motor and sensory function below the level of injury. The impact of eSCS on
the improvement of voluntary motor, and possibly sensory, functions are highlighted by
reclassifications from AIS-A to AIS-C in 10 patients [39,114,117] and AIS-A to AIS-D in
2 patients [114], highlighting that eSCS can partially restore neurological functions lost due
to SCI. Notably, the transition from complete to incomplete SCI status (e.g., from AIS-A/B
to AIS-C/D) represents a significant improvement in quality of life, as it may correlate
with regained voluntary control over motor functions, enhanced sensory perception, and
reduced dependence on assistive technologies or caregivers. Given the limited treatment op-
tions available for SCI that offer substantial improvements in motor and sensory functions,
the reclassification in AIS status seen with some eSCS patients is significant. The observed
variability in eSCS outcomes, as evidenced by the range of AIS score improvements, em-
phasizes the need for personalized treatment approaches. Understanding the factors that
influence recovery, such as intervention timing post-injury, baseline neurological status,
and specific stimulation parameters, will be crucial for optimizing eSCS protocols.

5.4. Safety of eSCS in SCI

The device safety of eSCS has been optimized over the past two decades as an effective
FDA-approved interventional pain management tool. The International Neuromodula-
tion Society has published a consensus guidance on the safety, risks, and steps to reduce
complications related to eSCS and note that eSCS is a generally safe, minimally invasive
procedure [128]. The most reported device-related complications in this review include ex-
pected device complications such as paddle migration, device infection, and perioperative
surgical complications (seroma, wound infection, wound dehiscence) [128]. There are, how-
ever, some potential differences in the safety profile of eSCS between patients with severe
pain who are fully ambulatory and patient with upper/lower extremity paralysis. Patients
with paralysis attempting to stand or take steps with decreased external support are at a risk
of falls, fractures, hematoma, and hospitalization arising thereof. Moreover, patients with
paralysis secondary to SCI are at a higher risk of osteopenia and osteoporosis [132] and may
be prone to fragility fractures [133] with initial attempts at unassisted standing/stepping.
Although eSCS devices have built-in safety features, stimulation settings and location of the
implanted paddle for motor/autonomic function are, at present, not established, presenting
a potential risk of nerve/muscle damage and treatment failure.

Table 1. Summary of patient characteristics.

Author (Year) Country Subjects (Sex) Age Range Injury Level Years Since Injury ASIA Score

1 Barolat (1986) [107] USA 1 (M) 22 C5 0.75 C

2 Katz (1991) [119] USA 33 (31M, 2F) 24–66 C4–C10 0.58–31.5 A–D

3 Dimitrijevic (1998) [30] Austria 6 (3M, 3F) 18–58 C5–T8 1–5 A

4 Herman (2002) [32] USA 1 (M) 43 C5–C6 3.5 C

5 Cahart (2004) [31] USA 1 (M) 43 C5–C6 3.5 C

6 Jilge (2004) [134] Austria 5 (2M, 3F) 24–34 C4–T10 2–8 4A, 1B

7 Minassian (2004) [34] Austria 10 (7M, 3F) 18–58 C4–T10 2–8 8A, 2B

8 Ganley (2005) [135] USA 2 (M) 43–48 C6–T8 3.5–8 C

9 DiMarco (2006) [99] USA 1 (M) 52 C5–C6 7 C
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Table 1. Cont.

Author (Year) Country Subjects (Sex) Age Range Injury Level Years Since Injury ASIA Score

10 Huang (2006) [33] USA 2 (M) 43–48 C5–T8 3.5–8 C

11 Minassian (2007) [136] Austria 15 – – – A

12 DiMarco (2009) [100] USA 9 (8M, 1F) 23–52 C3–C6 1–34 –

13 Harkema (2011) [22] USA 1 (M) 23 C7–T1 3.4 B

14 Monshonkina (2012) [116] Russia 4 (1M, 3F) 22–58 C5–L1 – 2 A/B, 1B, 1 B/C

15 Minassian (2013) [118] Austria 7 – – – –

16 Angeli (2014) [35] USA 4 (M) 23–32 C6–T6 2.2–4.2 2A, 2B

17 Sayenko (2014) [62] USA 3 (M) 23–32 C7–T4 2.2–4.2 1A, 2B

18 Danner (2015) [137] Austria 10 (7M, 3F) 18–58 C4–T10 2–8 6A, 4B

19 Hoefstoetter (2015) [138] Austria 8 (6M, 2F) 18–33 C5–T6 1–13 6A, 2B

20 Rejc (2015) [36] USA 4 (M) 24–33 C7–T4 2.2–4.2 2A, 2B

21 Lu (2016) [117] USA 2 (M) 18–20 C5–C6 2–2.5 B

22 Grahn (2017) [139] USA 1 (M) 26 T6 3 A

23 Rejc (2017) A [37] USA 1 (M) 32 C7 4.2 B

24 Rejc (2017) B [38] USA 4 (M) 24–33 C7–T4 2.2–4.2 2A, 2B

25 Angeli (2018) [39] USA 4 (3M, 1F) 22–32 C5–T4 2.5–3.3 2A, 2B

26 Aslan (2018) [140] USA 7 (M) – C5–T4 2.0–3.5 4A, 3B

27 DiMarco (2018) [101] USA 1 (M) 50 C4 2 –

28 Formento (2018) [40] Switzerland 3 (M) 28–47 C4–C7 4–6 2C, 1D

29 Gill (2018) [41] USA 1 (M) 26 T6 3 A

30 Harkema (2018) A [78] USA 4 (3M, 1F) 24–35 C4 3.8–8 3A, 1B

31 Harkema (2018) B [131] USA 4 (3M, 1F) 24–35 C4 3.8–8 3A, 1B

32 Herrity (2018) [129] USA 1 (M) (31) C5 –3.3 B

33 Wagner (2018) [42] Switzerland 3 (M) 28–47 C4–C8 4–6 2C, 1D

34 Walter (2018) [125] Canada 1 (M) 32 C5 4 B

35 West (2018) [78] Canada 1 (M) Early 30s C5 – B

36 Calvert (2019) [43] USA 2 (M) 26–37 T3–T6 3–6 A
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Table 2. eSCS treatment characteristics.

Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

1 Barolat (1986) [107] Clinical Technology
Corporation PC 1 T1–T2 75 Hz 250 –

Stimulation parameters optimised for
paraesthesia. Frequencies of 30–100 Hz were

tested
No No

2 Katz (1991) [119] Medtronic Paddle 4 – – – – Parameters optimized for spasticity No No

3 Dimitrijevic (1998) [30] Medtronic – T11–L1 25–50 Hz 200–500 5–9 V
Muscle twitches were tested using 3 cathode

leads, followed by testing frequencies of
1–120 Hz and amplitude 1–10 V

No No

4 Herman (2002) [32] Medtronic PC 4 LS enlarge–ment – – – A variety of electrical parameters were tested
for efficacy in promoting gait

5 Cahart (2004) [31] Medtronic PC 4 T10–T12 40–60 Hz 800
Midpoint between
sensory and motor

thresholds

A wide range of parameters were tested, with
selection of pulse widths > 500 µs and

frequencies of 40–60 Hz
Yes Yes

6 Jilge (2004) [134] Medtronic PC 4 T12–L1 5–60 Hz 210–450 1–10 V

Muscle twitches were elicited using a single
electrode, with the stimulation amplitude

being increased to the point of eliciting brief
muscle contractions

No No

7 Minassian (2004) [34] Medtronic PC 4 T10–L1 2.2–50 Hz – 1–10 V

Optimized for spasticity by applying
strengths of 1–10 V at frequencies 2.2–100 Hz

using different contact combinations of
electrodes

No No

8 Ganley (2005) [135] – PC 4 T10–T12 20–60 Hz 800

Between sensory and
motor thresholds in

S1 and at motor
threshold in S2

Parameters adjusted on an individual basis Yes No

9 DiMarco (2006) [109] Neuro–Control Corp PC 1 T9, T11, L1 53 Hz 150 –200 µs 40 V Pulse width of 150 µs at T9, and 200 µs at
T11 and L1. No No

10 Huang (2006) [33] Medtronic PC 4 T10–L2 20–40 Hz 800 3–8.5 V
Stimulation intensity was set between sensory
threshold and motor threshold but closer to

motor threshold, during gait training sessions

11 Minassian (2007) [136] Medtronic PC 4 T10–L1 2.2–50 Hz 210 1–10 V – No No

12 DiMarco (2009) [100] Neuro–Control Corp PC 1 T9, T11, L1 30–40 Hz 150–200 30–40 V – No No

13 Harkema (2011) [22] Medtronic Paddle 16 L1–S1 5–40 Hz 210 or 450 0.5–10 V

Variable combinations were tested to
optimize standing and stepping. 15 Hz, 8V of

the caudal level (L5–S1) was used for
standing caudal; 30–40 Hz and sensory cues

for manually facilitated stepping

Yes Yes

14 Monshonkina (2012)
[116] Cooner Wire Co. PC 2–4 L2–L4, S2 1–12 Hz – –

Therapeutic mono/bipolar (stimulation
frequency of 1–12 Hz) 2 times for 30 min in

addition to routine pharmacotherapy
Yes No
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Table 2. Cont.

Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

15 Minassian (2013) [118] Medtronic PC 4 Lumbar spinal
cord 2–42 Hz – – – No No

16 Angeli (2014) [35] Medtronic Paddle 16 L1–S1 25–30 – –
Stimulation parameters optimized for each

leg and joint movement, with optimal
frequency set at either 25 or 30 Hz

Yes Yes

17 Sayenko (2014) [62] Medtronic Paddle 16 L1–S2 2 Hz 210 0.5–10 V

Bilateral-evoked potentials from leg muscles
were collected and evaluated by spatial,

temporal, and amplitude characteristics to
optimize location and symmetry of electrode

placement

No No

18 Danner (2015) [137] Medtronic PC 4 T11–L1 2–130 Hz 210 0–10.5 V – No No

19 Hoefstoetter (2015)
[138] Medtronic PC 4 T11–L1 2–130 Hz 210 0–10.5 V – No No

20 Rejc (2015) [36] Medtronic Paddle 16 L1–S1 25–60 Hz – 1.0–9.0 V
For standing, a sub–motor threshold of 25 Hz
was used followed by adjustments to activate

specific motor neuron pools
Yes Yes

21 Lu (2016) [117] Boston Scientific Paddle 16 C4/C5–T1 2–40 Hz 210 0.1–10.0 mA
Different bipolar electrode configurations

were tested to identify electrode pairs with
greatest hand motor responses

No Yes

22 Grahn (2017) [139] Medtronic Paddle 16 Lumbar
enlarge–ment 15–40 Hz 210 0–6

Tested wide–field vs. local–field electrode
configurations using a pre–selected algorithm.

Frequencies used were 25 and 40 Hz (for
volitional control and stepping) and 15 Hz

(for standing)

Yes Yes

23 Rejc (2017) A [37] Medtronic Paddle 16 L1–S1 30–65 Hz – 0.4–3.5 V

The following electrode configurations were
used for the following activities: (1) standing:
combination of 40–60 Hz and 0.6–1V at T1–T2
and T3–T8; (2) stepping: 30–55 Hz and 0.7–3.5

V at T2–T3, T5–T6 and T7–T9; and (3)
voluntary movement: 30–65 Hz and 0.4–2.2 V

at T1–T3

Yes Yes

24 Rejc (2017) B [38] Medtronic Paddle 16 L1–S1 15–60 Hz – 1.2–10 V
Parameters were optimized to generate

continuous EMG patterns for standing after
stand training.

Yes Yes

25 Angeli (2018) [39] Medtronic Paddle 16 L1–S1/S2 5–50 – 1–10 V

Simulation parameters were optimized for
each individual to achieve the best motor

performance task. Both standing and
stepping configurations were modified every

2–4 weeks

Yes Yes
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Table 2. Cont.

Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

26 Aslan (2018) [140] Medtronic Paddle 16 T11–L1 2–35 – 0–10 V

Unique electrode configurations for each
subject were used. For EMG and

cardiovascular response to rostral and caudal
configuration of the electrode, a constant

frequency of 2 Hz was used while amplitude
increased from 0–10 V

No No

27 DiMarco (2018) [101] – PC 2 T9–T11 50 200 40 V – No No

28 Formento (2018) [40] Medtronic Paddle 16 Lumbo–sacral 40 – 3–9 mA
Different frequencies and amplitudes were
tested in random order to characterise the
ability of eSCS to modulate motor output

No No

29 Gill (2018) [41] Medtronic Paddle 16 T11–L1 20–25 210 3.3–6 V
Initial frequency based on prior literature.

Subsequently, parameters and configurations
were modified to enable voluntary control

Yes Yes

30 Harkema (2018) A [77] Medtronic Paddle 16 T11–L1 – 450 –
Configurations were optimized to maintain a

target SBP of 110–120 mmHg or 105–115
mmHg and then adjusted as needed

No No

31 Harkema (2018) B [131] Medtronic Paddle 16 T11–L1 – 450 –
Configurations were optimized to maintain a

target SBP of 110–120 mmHg or 105–115
mmHg and then adjusted as needed

No No

32 Herrity (2018) [129] Medtronic Paddle 16 L1–S1 5–30 450 Increased in steps of
0.1 V

Stimulation parameters were initiated using a
global configuration that satisfied 4 rules,

including the use of a fixed frequency (from
5 Hz) and pulse width (450 µs), with voltage

ramped up slowly (0.1 V increments

Yes Yes

33 Wagner (2018) [42] Medtronic Paddle 16 T11–L1 20–129 – 0.6–8 mA
Configurations were tested as monopolar

pulses in EMG with selected configurations
further tested for joint torque production.

No Yes

34 Walter (2018) [125] Medtronic Paddle 16 T11–L1 25–45 300–450 4–7 V
The frequency and pulse width were pre–set,
but the participant can use the stimulator as

needed
No No

35 West (2018) [78] Medtronic Paddle 16 T11–L1 35 300 3.5 V
A series of tests was conducted over 2 weeks

to determine optimum stimulation
parameters to increase blood pressure

No No

36 Calvert (2019) [43] Medtronic Paddle 16 T11–L1 40 210 0–10 V
Electrode configurations from previous
literature were used to assess volitional

activity
Yes No
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Table 2. Cont.

Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

37 Cheng (2019) [44] Medtronic Paddle 16 L1–S1 25 200 –
The choice of stimulating electrodes was

modified using a machine learning algorithm
to search for optimal stimulation patterns

Yes No

38 Darrow (2019) [45] Abbott Paddle 16 L2–S2 16–400 200–500 2–15 mA

Tested eSCS settings at each visit were chosen
as the best by the participant’s experience

over each month from an objectively
determined setting list provided by a

Bayesian optimization

No No

39 Nightingale (2019) [130] Medtronic Paddle 16 T11–L1 35–40 300–420 3.5–6.0 V
Abdominal settings: 40 Hz, 420 µs, 3.5–6.0 V;

Cardiorespiratory settings: 35 Hz, 300 µs,
3.5–6.0 V;

No No

40 Terson de Paleville
(2019) [122] Medtronic Paddle 16 L1–S1 10–45 – –

Stimulation configurations were specific for
each individual, with specific configurations

selected to enable the specific motor task.
Standing configuration ranged from

10–40 Hz, and stepping 25–45 Hz

Yes Yes

41 DiMarco (2020) [102] – PC 2 T9–T11 50 200 30–40 V
Stimulus parameters were set based on
previous studies, which resulted in near

maximal positive airway pressure generation
No No

42 Gorgey (2020) [46] Medtronic Paddle 16 T12–S2 40 420 6–7 V Parameters were modified based on patient
performance No Yes

43 Penã Pino (2020) [47] Abbott Paddle 16 L2–S2 – – –

Participants were provided with a
programmer and allowed to adjust specific

stimulation settings for specific tasks such as
volitional movements, spasticity control, core

strength, and autonomic functions

No No

44 Beck (2021) [120] Medtronic Paddle 16 T12–L1 – – –
An optimization period of 3 weeks was used
to determine task–specific parameters, which
were adjusted throughout a 12–month period

Yes Yes

45 Calvert (2021) [48] Medtronic Paddle 16 T11–L1 0.2–2 210 0–10 V

Electrode configurations were defined
empirically based on the motor output of
each patient that enabled specific motor

activation

Yes Yes

46 DiMarco (2021) [123] Ardiem Medical PC 2 T9–T11 50 200 20–30 V

Each subject self–selected the number of
stimulations and voltages applied. Typically,
2–3 applications of SCS (20–30 V, 50 Hz, 0.2

pulse width) were applied every 2–7 min and
repeated several times

No No
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Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

47 Gill (2021) [141] Medtronic Paddle 16 20–30 200–450 2.0–4.1 V

Stimulation parameters were adjusted
incrementally during initial sessions of

stimulation–enabled task–specific training,
and refined during BWST training sessions

Yes Yes

48 Herrity (2021) [121] Medtronic Paddle 16 L1–S1 – – – – No Yes

49 Ibánēz (2021) [49] Medtronic Paddle 16 T11–L1 10–40 450–1000 1.8–8.6 mA; 8 V

Parameters were optimized based on
individualized maps of motor pools

activation, previous evidence of lower limb
extension pattern generation, and

topographical organization of the activation
pattern

No No

50 Linde (2021) [50] Medtronic Paddle 16 Lumbo-sacral – – – Stimulation parameters optimized for
movement were determined by participants Yes Yes

51 Mesbah (2021) [51] Medtronic Paddle 16 T12–L2 2 or 30 450 or 1000 Increased from 0.1
V–0.5 V with 0.1 V

Stimulation parameters were further
optimized for individual joint movement No No

52 Squair (2021) [98] Medtronic Paddle 16 T10–L1 120 450 0–7.5 mV
Parameters were optimized to recruit lower

spinal segments and to increased blood
pressure

No No

53 Gorgey (2022) [52] Medtronic PC 8 T11–T12 2–40 150–210 0–10 V

Stimulation parameters were initially set at
2 Hz, 150 µs and 0–10 V. They were

subsequently optimized to 20–30 Hz and 210
µs to ensure target achievements of

functional movements in the supine position

No No

54 Herrity (2022) [142] Medtronic Paddle 16 L1–S1 15–90 300–1000 0–12 mA

Bladder storage and voiding parameters were
optimization tested and refined to build

cohorts for multisystem stimulation.
Parameters were: (1) bladder compliance:
60 Hz, 0–5 mA, 450 µs; and (2) voiding:

30 Hz, 4 mA, 1000 µs

No No

55 Kandhari (2022) A [114] Medtronic PC 8 T1–T5 40 210 0–3.5 V Different stimulation settings were tested
over a period of 2 weeks No No

56 Kandhari (2022) B [143] Medtronic Paddle 16 T11–L1 15–60 210–400 1–6 V

A self–training program was implemented
with sub–threshold stimulation levels at

60 Hz, 1–1.5 V and 270 µs to maintain the
excitability of spinal neural networks

Yes Yes
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Table 2. Cont.

Author (Year) Stimulator Type
Lead

Placement

No.
of

Leads
Lead Levels

Stimulation Parameters

Stimulation Optimization

Rehabilitation

Frequency Pulse Width
(µs) Amplitude Pre–Op Post–Op

57 Rowald (2022) [53] Medtronic Paddle 16 T12–S2 20 or 100 500 0.5 V

Stimulation parameters were optimized
based on responses elicited by eSCS, which
where then optimized for each participant.
These parameters were further fine–tuned
through a stimulation scheduler software.

No Yes

58 Smith (2022) [115] Medtronic Paddle 16 Lumbo-sacral – – –

Individualized maps of motor pools
activation were generated followed by

selection of stimulation parameters based on
guidelines

No No

59 Boakye (2023) [108] Medtronic Paddle 16 T11–L1 2 450 Increased from
0.1–0.5 V with 0.1 V

Initial testing of rostral and caudal electrode
configurations was done to assess activation

sequence of lower extremity muscles.
Re–testing of these configurations allowed

optimization of rostral muscles

No Yes

60 Gorgey (2023) A [109] Medtronic PC 2–8 T10–L2 2–40 250–1000 1–10 mA

Spinal mapping was done daily after
temporary (1 week) and permanent (2 weeks)
implantation, as well after the first 6 months

of the study (4 weeks) to identify optimal
configurations to enable multiple functions

and movements without inducing unwanted
activity

No Yes

61 Gorgey (2023) B [110] Medtronic PC 2–8 Lumbo-sacral
enlarge-ment 2–25 250–1000 1–10 mA

Configurations were tested at 2 Hz at three
pulse widths (250 µs, 500 µs and 1,000 µs) at

current 1–10 mA. For exoskeleton–assisted
walking, configuration was optimized at

25 Hz, 250 µs, and 3 mA

No Yes

62 Gupta (2023) [111] – – 16 Lumbo-sacral 14–90 210–350 – – No No

63 Hoover (2023) [112] Abbott Paddle – – – – – – No Yes

64 Samijema (2023) [113] Medtronic Paddle 16 Lumbo-sacral 17–35 300–500 4–6.8 V – No No

LS: lumbosacral; PC: percutaneous; SBP: systolic blood pressure. PC: percutaneous; SBP: systolic blood pressure.
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Table 3. Assessment and outcomes of locomotor function following eSCS.

Author (Year) A/I BWS EMG GA GMA IWS OGW Prop SoE Spas STS TSW Key Findings Complications

1 Barolat (1986) [107] – – • – • – – – • – – – Voluntary motor control of the left quadriceps and spasm
abolition occurred with eSCS None reported

2 Dimitrijevic (1998) [30] – – • – – – – – – – – – Rhythmic locomotor–like activity and stepping movement was
recruited at frequencies of 25–100 Hz None reported

3 Herman (2002) [32] – • – • • • • – • • – •
Immediate improvement in gait rhythm; speed, endurance, and
metabolic responses gradually converged with/without eSCS at
short distances, although performance with eSCS was superior

at long distances

None reported

4 Cahart (2004) [31] – • • • – • – – • – – •
Reduction in sense of effort for OGW and doubling of walking

speed initially. Walking speeds reached 0.35 m/s, with
increased ambulation distance > 325m after several weeks of

ground training.

High–frequency
stimulation (100 Hz)

produced discomfort.

5 Jilge (2004) [134] – – • – – – – – – – – – eSCS at the lumbosacral region at 5–15 Hz initiates and sustains
lower limb extension None reported

6 Minassian (2004) [34] – – • – – – – – – – – –

Segmental selective recruitment of lower limb muscles, which is
characteristic of posterior root stimulation. A 2.2 Hz stimulation

recruited short–latency compound muscle action potentials,
whilst 5–15 and 25–50 Hz stimulation elicited sustained tonic

extension and rhythmic activity, respectively.

None reported

7 Ganley (2005) [135] – • • • • • • – • – – • eSCS enabled patients to walk faster and further None reported

8 Huang (2006) [33] – • • • • • • – • – – •
eSCS activates neural structures in the dorsal aspect of the

spinal cord and facilitates gait–related muscle recruitment; eSCS
improved walking speed, endurance, and reduced SoE

None recorded

9 Minassian (2007) [136] – – • – – – – – – – – –

5–15 Hz stimulation initiates lower limb extension; 25–50 Hz
elicits alternating lower limb flexion/extension in supine
individuals; and eSCS combined with assisted treadmill

stepping increases excitability of lumbar cord networks and
enhances stepping–like functional motor outputs

None reported

10 Harkema (2011) [22] • • • • • – – • – – – –
15 Hz stimulation was optimized for standing, and 30–40 Hz for

stepping. Recovery of supraspinal control of some leg
movements occurred after 7 months, but only during eSCS

None reported

11 Monshonkina (2012) [116] • • • • – – – – – –

Combination of eSCS with locomotor training led to stepping
patterns characteristic of normal walking and tonic activity of
muscles needed for body balance maintenance. With bipolar

stimulation, thresholds of muscle responses were significantly
lower than thresholds determined with monopolar stimulation.

None reported

12 Minassian (2013) [118] • • • – – – – – – – – –

eSCS produces rhythmic EMG activities without step–related
sensory feedback. eSCS also immediately augmented EMG

activities as generated by passive stepping alone, in addition to
activating muscles that did not respond otherwise.

None reported
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Author (Year) A/I BWS EMG GA GMA IWS OGW Prop SoE Spas STS TSW Key Findings Complications

13 Angeli (2014) [35] – • • • • – – – – – – •
eSCS enables patients with complete paralysis process

conceptual, auditory and visual input to regain relatively fine
voluntary motor control of paralyzed muscles

None reported

14 Sayenko (2014) [62] – • • – • – – – – – – –
eSCS of rostral and caudal areas of the lumbar spinal cord led to
selective topographical recruitment of proximal and distal leg

muscles
None reported

15 Danner (2015) [137] – – • – – – – – – – – –
Rhythmic activity was generated in 7/10 subjects after

stimulation; these rhythms demonstrated flexion and extension
phases similar to those needed for locomotion

None reported

16 Hoefstoetter (2015) [138] – – • – – – – – – – – – Repeated epidural stimulation of the lumbosacral spinal cord
can generate rhythmic burst–like activity at 20–60 Hz None reported

17 Rejc (2015) [36] • • • – • – – – – – – –

2 clinically sensory and motor complete participants could
overground weight–bearing stand without external assistance; 2

clinically motor complete, sensory incomplete achieved hip
extension with minimal assistance; caudal stimulation at higher

frequencies (25–60 Hz) led to improve standing

Discomfort from
abdominal contractions

18 Lu (2016) [117] – – • – • – – – – – – –
Cervical cord neuromodulation improves volitional hand motor

function (grip and control) in individuals with chronic
tetraplegia

None reported

19 Grahn (2017) [139] • • • – • – – – – – – –

eSCS with activity–specific training enabled (1) volitional
control of task–specific muscle activity; (2) volitional control of
rhythmic muscle activity to produce step–like movements while
side–lying; (3) independent standing; and (4) voluntary control
of step–like movements and rhythmic activity while in a vertical

position with body weight partially supported

None noted

20 Rejc (2017) A [37] • • – • – – – – – • –

eSCS with motor training led to ongoing neural adaptations that
enabled a refined, task–specific activation pattern and

movement duration in the absence of stimulation; re–emergence
of muscle activation patterns sufficient for standing with

independent knee and hip extension

None noted

21 Rejc (2017) B [38] • • • • – – – – – • –
Standing improved in all participants after stand training,
however, step training worsened standing ability in 3/4

participants
None noted

22 Angeli (2018) [39] • • • • • • • – – – – •
Intense locomotor treadmill training with body support and
simultaneous eSCS led to independent walking and trunk

stability in patients with complete spinal cord injury

Hip fracture during
training (1); ankle oedema
(1); drainage from surgery

site (1)
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Author (Year) A/I BWS EMG GA GMA IWS OGW Prop SoE Spas STS TSW Key Findings Complications

23 Formento (2018) [40] • • • – • – – • – – – •

Proprioceptive information facilitates walking with eSCS. Thus,
eSCS stimulation parameters that cancel proprioceptive

information (continuous stimulation) prevent the modulation of
reciprocal inhibitory networks involved in locomotion and

reduces or abolishes the conscious perception of leg position

None reported

24 Gill (2018) [41] • • • • • – • • – • – •
Individuals with complete SCI have greater independence

during body weight supported treadmill stepping if
proprioceptive inputs are optimized through body weight

support

None reported

25 Wagner (2018) [42] – • • • • • • • – – • •
eSCS re-established adaptive control of paralyzed muscles

during overground walking within one week; spatiotemporal
stimulation led to volitional control over walking and cycling.

None reported

26 Calvert (2019) [43] – – • – • – – – – – – –
eSCS–evoked motor responses guide intraoperative electrode

placement to enable motor functions. Intentional control of
step–like activity was achieved within first 5 days

None reported

27 Cheng (2019) [44] – – • – – – – – – – – – During standing, eSCS activates an additional neural circuit,
which is critical to, and improves, standing in SCI None reported

28 Darrow (2019) [45] – – • – • – – – – – – –
Immediate restoration of volitional motor control with

significant improvement in surface EMG during volitional
control task with eSCS on

None noted

29 Gorgey (2020) [46] • – • – • • • – – – – –
After 24 sessions (12 weeks) of exoskeleton–assisted walking

with eSCS, swing assistance decreased from 100% to 35%,
accompanied by 573 unassisted steps (50% of total steps)

None noted

30 Penã Pino (2020) [47] – – • – – – – – – – – –

After eSCS, sustained volitional movement was achieved in 4/7
subjects even in the absence of stimulation; volitional power

significantly increased with the ability to cycle without
stimulation

None noted

31 Calvert (2021) [48] – – – – • – – – – – – –
eSCS combined with descending commands activate inhibitory
inter–neuronal circuitry within spinal sensorimotor networks in

SCI
None noted

32 Gill (2021) [141] • • • • • – – • – – – –

During eSCS–enabled BWST stepping, the knee extensors
exhibited an increase in motor activation during trials in which

stepping was passive compared to active or during trials in
which 60% BWS was provided compared to 20% BWS

None noted

33 Ibánēz (2021) [49] • – • – • – – – – – • –

eSCS promotes both orderly (according to neuron size) and
inverse trends of motor neuron recruitment, with the spinal
networks involved in the generation of rhythmic activating

favoring orderly recruitment trends

None noted
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Author (Year) A/I BWS EMG GA GMA IWS OGW Prop SoE Spas STS TSW Key Findings Complications

34 Linde (2021) [50] – – – • • – – – – – – • eSCS (both on and off) combined with rehabilitation improved
independence in stepping None noted

35 Mesbah (2021) [51] – – • – • – – – – – – –

The region and position of lumbosacral enlargement covered by
eSCS electrodes significantly correlates with the number of
joints moved volitionally. All participants achieved lower

extremity volitional motor control post eSCS and prior to any
locomotor training

None noted

36 Gorgey (2022) [52] • • – – – – – – – – – Lumbosacral eSCS restored trunk control and maintained full
standing in a person with complete paraplegia

Complete migration of
left (outside the epidural
space) and right ((from
T11–12 to T12–L1) leads

37 Kandhari (2022) B [143] • • – – • – – – – – – •

AIS scores changed from A–C for 8 patients and A–D for 2
patients after 8 weeks, with 6 patients improving their
functional level of injury by ≥1 segment. Significant

improvement in lower extremity muscles were seen in all
patients. Independence and comfort were seen during walking

post–therapy

None reported

38 Rowald (2022) [53] • • • • • • • • – – • •

Activity–specific eSCS enabled standing, swimming, cycling,
walking and control of trunk movements within 1 day; gait

improvement and volitional motor control also occurred after 1
week post eSCS. Neurorehabilitation mediated the restoration of

these locomotor activities in community settings

None reported

39 Smith (2022) [115] • – • – • – – – – – • –
Measures of spared spinal cord tissue significantly relate to
standing outcomes with eSCS —- 7/11 subjects with spared

spinal cord tissue achieved some knee independence
None reported

40 Boakye (2023) [108] • • • – • • – – – – – •
All participants achieved voluntary movement in the lower

extremities after eSCS. There was a correlation between quality
of life with training, functional improvement, and complications

Ileus (2); seroma (2); pain
with stimulation (2);

dehiscence (2); incision
site erythema (1),

drainage (1), and cellulitis
(1); device infection (1);

neurostimulator
malposition requiring

correction (1); and
electrode malfunction (1)

41 Gorgey (2023) A [109] • – • • • • • – – – • –

eSCS enabled voluntary increased muscle activation and
movement below the level of injury and promoted

independence during exoskeleton–assisted walking. In one
individual, eSCS enabled motor control (below the injury level),

and independent standing and stepping

None reported

42 Gupta (2023) [111] – – – – • – – – – • – –

The patient could perform seated knee extension and hip flexion
2 days post–eSCS implantation. Leg spams and other unwanted

movements were abolished following longer–term (3–4
times/week) stimulation

None reported
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Author (Year) A/I BWS EMG GA GMA IWS OGW Prop SoE Spas STS TSW Key Findings Complications

43 Hoover (2023) [112] – – • – • – – – – – – –

Following eSCS and conscious effort, all participants were able
to pedal without motor assist; eSCS and effort were significantly

correlated with maximum power production and distance
pedaled. No association was found between volitional

movement and patient factors (age, time since injury, and spinal
cord atrophy)

None reported

A/I: assisted/independent standing/stepping; BWS: body weight support; EMG: electromyography; GA: gait analysis; GMA: general muscle activity; IWS: increased walking speed;
OGW: overground walking; Prop: proprioception; SoE: sense of effort; Spas: spasticity; STS: sit–to–stand transition; TSW: treadmill step/walk.

Table 4. Successful locomotor function following eSCS.

# Author (Year) Age Years Since
Injury ASIA Score Level N A/I BWS GMA IWS OGW STS TSW

1 Barolat (1986) [107] 22 0.75 C C5 1 – – 1/7 – – – –

8 Huang (2006) [33] 43–48 3.5–8 C C5–T8 2 – 0.6 2/2 2/2 2/2 – •

11 Monshonkina (2012) [116] 22–58 2A, 1B, 1B/C C5–L1 4 – – 2/4 2/4 – – –

12 Minassian (2013) [118] – 7A/B 7 0/2 0.6 – – – – –

18 Lu (2016) [117] 18–20 2–2.5 B C5–C6 2 – – 2/2 – – – –

25 Wagner (2018) [42] 28–47 4–6 2C, 1D C4–T8 3 – 0 3/3 3/3 2/3 • •

26 Calvert (2019) [43] 26–37 3–6 A T3, T6 2 – – 2/2 – – – –

28 Darrow (2019) [45] 48–52 5–10 A T4, T8 2 – – 2/2 – – – –

29 Gorgey (2020) [46] 26 2 C C5 1 0/1 – 1/1 1/1 • – –

31 Calvert (2021) [48] 26–36 3–6 A T3, T6 2 – – 2/2 – – – –

34 Linde (2021) [50] 26–37 3–6 A T3, T6 2 – – 2/2 – – – •

36 Gorgey (2022) [52] 25 3 A T3 1 1/1 – – – – –

37 Kandhari (2022) [143] 21–51 0.3–2 A T2–T12 10 10/10 – 10/10 – – – •

38 Rowald (2022) [53] 29–41 1–9 2A, 1B T3–T7 3 3/3 0 3/3 3/3 3/3 • •

39 Smith (2022) [115] 21–45 2–9 6A, 5B C2–T1 11 1/11 – 1/11 – – • –

40 Boakye (2023) [108] 19–60 2–17 16A, 9B C2–T5 25 8/25 • 25/25 2/8 – – •

41 Gorgey (2023) A [109] – 6–9 1A, 1B C8, T11 2 1/2 – 2/2 2/2 1/2 • –

42 Gupta (2023) [111] 25 5 T6 1 – – 1/1 – – – –

43 Hoover (2023) [112] 26–58 3–17 6A, 1B T4–T8 7 – – 7/7 – – – –

A/I: self-assisted/independent standing/stepping; BWS: body weight support; GMA: general muscle activity; IWS: increased walking speed; OGW: overground walking.BWS: defined
success as reported % BWS needed with SCS for stepping; GMA: defined success based on subjective report in the article that this was achieved; A/I: defined success based on subjective
report in the article that this was achieved.
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Table 5. Assessment and outcomes of autonomic function following eSCS.

Author (Year)
Cardiovascular Pulmonary GI & Genitourinary

Key Findings Complications
BP Orth HR CF Pleth PAW PEFR SPIR Bowel B/I S&V UD

1 Katz (1991) [120] – – – – – – – – – – – •
Postoperative changes in the lower urinary tract function
were noted in 6 patients. Urodynamic parameters did not

change significantly following implantation in the remaining
17 patients

None reported

2 DiMarco (2006) [100] – – – – – • • – – – – –

Combined T9 + L1 stimulation led to airway pressure and
expiratory flow rates observed with a normal subject: airway

pressure increased to 90 cm H2O (T9), 82 cm H2O (L1) and
132 cm H2O (T9 + L1); peak expiratory flow rate also

increased to 6.4 L/s (T9), 5.0 L/s (L1), and 7.4 L/s (T9 + L1).

None reported

3 DiMarco (2009) [101] – – – – – • • – – – – –

Supramaximal SCS led to increases in both mean maximum
peak airflow rates, from mean 1.86 ± 0.17 L/s at baseline to
8.6 ± 1.8 L/s (mean ± SE), and airway pressure from 22.4 ±
1.18 cm H2O at baseline to 137 ± 30 cm H2O (mean ± SE).

One non–functional
lead (9); breakdown

and infection (1);
temporary

asymptomatic AD (3)

4 Harkema (2011) [22] – – – – – – – – – – • –

eSCS with training led to functional gains in bladder and
sexual function–the patient was able to voluntarily void with
minimal residual volume of urine after previously having no

voluntary bladder contraction.

None reported

5 Aslan (2018) [141] • • • – • – – – – – – –
eSCS applied while supine and standing resulted in increased
arterial BP in individuals with SCI–induced cardiovascular

deficits
None reported

6 DiMarco (2018) [102] – – – – – • • – – – – –

Spontaneous maximum airway pressure increased from 20
cm H2O to 61 and 86 cmH2O for FRC and TLC, respectively
(monopolar stimulation, T9) and to 84 and 103 cmH2O for
FRC and TLC, respectively (bipolar stimulation, T9 + T11);

the subject also experienced greater sense in raising secretions
with eSCS and no longer required other methods of secretion

management

Temporary
asymptomatic AD that

resolved after 5–6
weeks

7 Harkema (2018) A [78] • • • – • – – – – – – –

Dorsal lumbosacral eSCS can effectively and safely activate
mechanisms to elevate BP to normal ranges from a chronic

hypotensive state in humans with severe SCI with
individual–specific cardiovascular eSCS

None reported

8 Harkema (2018) B [132] • • • – • – – – – – – – Orthostatic hypotension resolved with cardiovascular eSCS
and after daily eSCS training without stimulation None reported

9 Herrity (2018) [130] – – – – – – – – – – • • Optimized parameters yielded lowest post–void residual
volume and also improved reflexive voiding efficiency None reported

10 Walter (2018) [126] – – – – – – – – – – – •
eSCS significantly reduced the time needed for bowel

management and modulated detrusor pressure and external
sphincter/pelvic floor muscle tone.

None reported
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Author (Year)
Cardiovascular Pulmonary GI & Genitourinary

Key Findings Complications
BP Orth HR CF Pleth PAW PEFR SPIR Bowel B/I S&V UD

11 West (2018) [79] • • • • – – – – – – –
The stimulation resolved orthostatic hypotension and related
symptoms through action on preventing reduced MCA blood

flow; eSCS also improved cardiac function
None reported

12 Darrow (2019) [45] • • • • – – – – • • • –
eSCS led to restoration of cardiovascular function, orgasm,

volitional urination, and improved surface EMG power
during a volitional control task with eSCS on

None reported

13 Nightingale (2019)
[130] • • – • – – – – – – – –

eSCS parameters optimized to facilitate motor function can
also modulate cardiovascular function (increasing or

maintaining arterial BP at rest or in response to an orthostatic
challenge, respectively)

None reported

14 Terson de Paleville
(2019) [122] • – • – – – – – – – – –

Combined eSCS and task–specific training improves
cardiovascular fitness and body composition (reduces

percentage fat, particularly android fat and android/gynoid
ratio)

None reported

15 DiMarco (2020) [102] – – – – – • • – – – – –

SCS improved both expiratory muscle function (maximum
expiratory pressure and cough restoration) and inspiratory

muscle function (inspiratory capacity and maximum
inspiratory pressure) after 20 weeks following daily

stimulation

None reported

16 Beck (2021) [120] – – – – – – – – – • • •

eSCS optimized for locomotion negatively impacted
neurogenic bladder functionality, leading to increase in

episodes of urinary incontinence with worsening bladder
compliance and pressures. One participant showed increase

in lean body mass

None reported

17 DiMarco (2021) [123] – – – – – • • • • – – – Optimized eSCS parameters for maximum airway pressure
generation improves bowel movements and quality of life None reported

18 Herrity (2021) [121] • – • – • – – – – • •
Bladder storage parameters were significantly improved at

post–training and at follow–up. Elevated BP during bladder
extension, which is characteristic of AD, was however not

attenuated

None reported

19 Kandhari (2022) A [114] – – – – – • – • – – – –
eSCS at T2–T5 improved pulmonary function by increasing
inspired volume, and promoting pulmonary dependence

from mechanical ventilation to pressure support
None reported

20 Squair (2021) [98] • • • – • – – – – – – –

eSCS activates the sympathetic circuitry by increasing
sympathetic nerve activity and normalizing circulating NE

levels. Real–time hemodynamic stabilization during
orthostatic challenges was seen with eSCS, which reduces the

burden of orthostatic hypotension with long–term use

None reported

21 Herrity (2022) [142] • – • – – – – – – • • • eSCS reduces incidences of urinary incontinence and provides
a means for mitigating AD associated with bladder distension None reported

22 Boakye (2023) [108] • – – – – – – – – – – –
All participants achieved SBP regulation within 110–120

mmHg and were able to integrate the eSCS into their daily
lives; no worsening of bladder function was seen

Same as reported for
motor outcomes
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Table 5. Cont.

Author (Year)
Cardiovascular Pulmonary GI & Genitourinary

Key Findings Complications
BP Orth HR CF Pleth PAW PEFR SPIR Bowel B/I S&V UD

23 Gorgey (2023) B [110] • • • – – – – – – – – –
Post eSCS implantation cardiovascular autonomic control was

enhanced during transitions from a supine position to a
45–degree head–up–tilt (orthostatic challenge)

None reported

24 Samijema (2023) [113] • – • – – – – – – – – – Lumbosacral eSCS reduces elevation in BP during bowel
procedures, preventing AD None reported

AD: autonomic dysreflexia; B/I: bladder incontinence; BP: blood pressure; CF: cardiac function; HR: heart rate; Orth: BP regulation during orthostasis; NE: norepinephrine; PAW; airway
pressure; Pleth: plethysmography; PEFR: peak expiratory flow rate; S&V: bladder storage and voiding; SBP: systolic blood pressure; SPIR: spirometry; UD: urodynamics.
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5.5. Limitations and Future Perspectives

Systematic reviews contain two sources of limitations: those inherent to the review
itself (the method) and those inherent to the included articles (the data). Our methodology
aimed to provide a comprehensive review of all articles published on the topic of eSCS
in SCI. One limitation of this approach is the multiple published articles from the same
study groups, which may have led to overestimating the total number of patients who
have undergone eSCS as well as its apparent effect size. To minimize overestimating the
reported impact of eSCS, we excluded articles with overlapping cohorts reporting locomotor
outcomes. This, however, was limited by individual articles identifying overlapping
patients, and may have led to a sampling bias. Further, we manually extracted qualitative
assessments from included articles. This may lead to human error, which we aimed to
minimize by adjudication of included articles by our senior authors.

Our results and conclusions should be understood within the context of this emerging
field and are limited by the small number of research participants and research groups
currently investigating eSCS in patients with SCI. A further limitation is that most articles
were case reports or case series, including a few prospective case series, with no case–
control, cohort, or randomized control trials. Therefore, the results of our review are limited
to only level 4 evidence. However, the majority of published research reported analyses
from currently ongoing well-designed studies, which will provide higher quality evidence
in the future. Another limitation of this review is the lack of reporting of motor function
with the well-validated ASIA scale. Although ASIA grade was typically reported before
eSCS, a detailed assessment of motor strength of individual muscle groups was lacking in
the majority of published articles. The 6-point assessment of motor function is a common
tool that physicians and health professionals across various disciplines are well familiar
with. It is an important outcome of eSCS effect on motor function crucial for future research.

Several gaps in the literature present opportunities for highly impactful future research.
One critical challenge lies in characterizing the specific patient profiles that would derive
the most benefit from eSCS. An essential step forward involves discerning whether eSCS
universally benefits all chronic SCI patients or primarily those with anatomically incomplete
SCI. Presently, clinical practice does not mandate neuroimaging assessments for chronic SCI
patients. We think that it will become imperative to characterize the remaining corticospinal
and other descending and ascending tracts at the injury site in potential eSCS candidates.
Customizing eSCS interventions based on the ASIA classification, particularly for ASIA
B patients who may exhibit improved outcomes due to preserved sensory cues, is of
paramount importance.

The role of physical therapy and neurorehabilitation within the context of eSCS can-
not be overstated. Determining the type, duration, and necessity of physical therapy for
eSCS candidates is pivotal for optimizing outcomes. Access to specialized neurorehabili-
tation both before and after eSCS implantation significantly influences the success of this
treatment, particularly concerning voluntary motor control and independent locomotion.

Optimizing stimulation parameters is crucial for achieving the best possible outcomes
with eSCS. This entails exploring a wide range of frequencies (ranging from 0.2 to 400 Hz),
pulse widths (ranging from 150 to 100 µsec), and amplitudes (ranging from 0.1 to 40 V/0.1
to 15 mA). A comprehensive understanding of the mechanisms underlying eSCS and
its effects on both motor and autonomic function will be invaluable. Furthermore, the
precise placement of electrodes plays a pivotal role in determining the success of the
intervention. Tailoring electrode placement for specific outcomes, such as T9–T11 for
pulmonary functions, T11–L1 for volitional motor control, and L1–S1 for genitourinary
functions, is essential.

Our analysis underscores the predominance of case reports and small case series
in the current literature, signaling a gap in published well-designed prospective studies.
Addressing this limitation necessitates interdisciplinary multi-center research initiatives
that could significantly enhance the evidence base for eSCS as a treatment for SCI.
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5.6. Recommendations

To maximize the effectiveness of epidural spinal cord stimulation as a treatment for
spinal cord injury, we suggest several key recommendations. Firstly, a patient-centric
approach is paramount, tailoring treatment plans and recovery expectations to individ-
ual patients based on their specific SCI characteristics, including ASA grade and injury
level. Prioritizing task-specific training is critical to optimizing outcomes, as is ensuring
precise electrode placement, guided by an understanding of the underlying mechanisms.
Different spinal level placements can yield varied outcomes for treating symptoms and
enhancing overall function. There needs to be a method for parameter optimization given
the wide variation in stimulation parameters. Physical therapy (PT) and intensive neurore-
habilitation play pivotal roles, and despite their time-intensive nature, they should not be
short-changed. Furthermore, there are considerable challenges associated with regaining
advanced movements like walking, so this research should be conducted in major academic
centers. Vigilant monitoring for adverse effects by physicians is essential.

6. Conclusions

Epidural SCS has emerged as a novel method of improving motor, autonomic, and
genitourinary function in patients with paralysis secondary to SCI. Multiple articles report
recovery of function in patients with chronic SCI when appropriate stimulation settings
are established. The included research demonstrates that the field of restoring motor, auto-
nomic, and genitourinary function with eSCS is still in its infancy and carries a tremendous
potential to impact quality of life of patients living with SCI and their caregivers. This
creates an exciting opportunity for future research to investigate the efficacy, mechanisms,
and potential challenges of this intervention. By refining patient selection, tailoring in-
terventions, optimizing stimulation parameters, advancing translational research, and
fostering collaborative, high-quality studies, we can pave the way for a brighter future for
individuals with SCI.
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