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Purpose: Chronic pain affects more than 80% of individuals with spinal cord injury (SCI), profoundly impairing mobility,
rehabilitation, and quality of life. Conventional pharmacologic and non-pharmacologic treatments often fail to achieve adequate
relief. Spinal cord stimulation (SCS) has emerged as a potential neuromodulatory therapy for neuropathic pain; however, its role in
SCI remains insufficiently defined.

Patients and methods: A systematic review was conducted in accordance with PRISMA 2020 guidelines and registered with
PROSPERO (CRD42024541622). Comprehensive searches of PubMed, Embase, Web of Science, and the Cochrane Library were
performed through April 2024. Eligible studies evaluated SCS for chronic pain in adults with SCI and reported validated pain or
patient-reported outcomes. Screening, eligibility assessment, and data extraction were performed in duplicate. Risk of bias and
certainty of evidence were evaluated using the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
framework and the MethodologicAl STandards for Epidemiological Research (MASTER) tool.

Results: From 1064 records, 10 studies involving 43 participants met inclusion criteria. Most were case reports or small case series,
with one prospective cohort study. All studies reported pain improvement after SCS using heterogenous outcome formats; minor
adverse events were reported in 3 studies, and the remaining 7 studies reported none. The overall certainty of evidence was rated very
low due to small sample sizes, heterogeneity in study design, and methodological limitations. Three ongoing clinical trials evaluating
SCS for pain in SCI were also identified.

Conclusion: Preliminary, very low-certainty evidence indicates that SCS may be a promising option for chronic pain after SCI, with
limited reported complications in the available literature. Higher-quality studies are required to confirm benefit, characterize risks, and
guide patient selection and programming.

Prospero Registration Number: CRD42024541622.
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Introduction

SCI is a life-altering condition that affects over 17,000 individuals annually in the United States alone, with global
estimates between 250,000 and 500,000 new cases each year.! SCI results in varying degrees of functional impairment,
categorized by the American Spinal Injury Association Impairment Scale (AIS), and significantly impacts multiple bodily
systems such as cardiovascular, genitourinary, and neurological functions.”* Chronic pain is a prevalent and debilitating
sequela following SCI, significantly affecting over 80% of patients’ mental health, mobility, rehabilitation potential, and
overall quality of life.*®
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Pain management after SCI is complex, involving a mix of physical, psychological, and emotional elements.” At the
biological level, painful stimuli activate nociceptors, triggering a biochemical cascade that transmits electrical signals to
the brain through synapses in the spinal cord’s dorsal horn.*” In many patients with SCI, direct nervous system damage
results in neuropathic pain, which disrupts normal pain signal processing and further complicates effective treatment.'”

Pain following SCI frequently demonstrates resistance to conventional treatment methods, posing considerable
therapeutic challenges.'' Standard pharmacological interventions include anticonvulsants (eg, pregabalin and gabapen-
tin), antidepressants (eg, amitriptyline and duloxetine), non-steroidal anti-inflammatory drugs (NSAIDs) (e.g., naproxen
and ibuprofen), opioids (eg, tramadol and morphine), and topical treatments (eg, lidocaine and capsaicin).
Complementary non-pharmacologic therapies, such as physical therapy, occupational therapy, transcutaneous electrical
nerve stimulation, acupuncture, and cognitive-behavioral therapy, offer additional pain management support.'? Despite
these treatment options, limited efficacy and significant side-effect profiles have prompted a growing interest in
alternative and interventional approaches.

SCS has emerged as a promising interventional technique for chronic pain management, particularly neuropathic
pain."® By delivering electrical impulses to the dorsal column of the spinal cord, SCS modulates and dampens pain
signals before they reach the brain. Robust clinical research supports the efficacy of SCS, demonstrating significant pain
reduction and improved patient quality of life, with long-term studies indicating sustained benefits.'* Despite strong
evidence supporting the effectiveness of SCS in general adult populations with chronic pain,'>"!7 the specific use of SCS
for managing chronic pain in patients with SCI remains understudied.

However, SCl-related pain may not be directly comparable to other neuropathic pain states typically represented in SCS
trials. SCI frequently involves central neuropathic pain and altered spinal cord circuitry, and dorsal column injury may affect
stimulation targeting and response, limiting generalizability from non-SCI populations.'*'® Prior work has highlighted that
SCl-specific clinical evidence for SCS remains limited and heterogeneous, supporting the need for an SCI-focused review.

To our knowledge, this systematic review is the first to explicitly evaluate the existing literature on spinal cord
stimulation’s role in addressing chronic pain in individuals living with spinal cord injury.

Methods

Overview

This review abides by the organizational standards of the updated Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) 2020 guidelines.'® No a priori protocol was published in a peer-reviewed journal. Registration
with the International Prospective Register of Systematic Reviews (PROSPERO) was approved in February 2024 (ID:
CRD42024541622).

Study Eligibility

Clinical studies on the use of SCS in patients with SCI were included in the initial abstract review. The primary outcome of
interest was the effectiveness of SCS in alleviating pain, assessed via outcome measures such as the Visual Analog Scale
(VAS) and the Numerical Pain Rating Scale (NRS), or other pain-related scores. As a secondary outcome, this review
examined SCS safety in the SCI population, focusing on the reported adverse events (AE). All studies included in this
review were either published in English or available in English translation. Studies were excluded if they were conducted on
non-human subjects or pediatric participants younger than 18 years. Reviews and letters to the editor were also excluded.

Search Strategy

A comprehensive literature search was conducted by an institutional librarian (RM, Acknowledgements) on April 26,
2024, and updated on February 5, 2026, to identify all relevant articles on SCS for the treatment of SCI. A comprehen-
sive review of PubMed, Embase, Web of Science, and Cochrane Central Register of Controlled Trials was searched using

terms such as “spinal cord stimulation”, “spinal cord injury”, and “pain” from database inception to February 2026. The
complete search strategy is outlined in Supplemental File 1. The updated search was followed by computer

deduplication.
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Study Selection

Two independent reviewers (DMG and MS) independently assessed the studies for inclusion based on their relevance to
SCS’s effectiveness in the SCI population. Discrepancies were resolved after discussion with a third reviewer (DSJ).
After identifying relevant studies based on abstracts, the inclusion process involved a thorough evaluation of the full
texts. Outcomes extracted include VAS, NRS, other pain-related outcomes, and safety measured by AE.

Data Extraction and Assessment of Study Quality

Authors (DMG, MS, and WO) independently collected data from full-text articles using a template data extraction sheet,
and in instances where consensus was not reached, a fourth researcher (DSJ) acted as a tiebreaker. Information gathered
included study characteristics, patient demographics, procedural specifics, outcomes, and adverse events. The primary
outcome was the change in the patients’ pain levels. The Methodological Standards for Epidemiological Research Scale
was used to assess the internal validity of the included studies (Supplemental File 2) and identify potential biases that

may influence study results.”® Included studies were also assessed for study quality via the American Medical
Association’s Journal of Ethics’ guidelines for Rating Evidence in Medical Literature,”! the Grading of
Recommendations Assessment, Development and Evaluation (GRADE) Scale was applied to determine the strength of
evidence.*

Analysis and Post Hoc Changes to a Priori Protocol

Substantial differences in study outcome measures and follow-up durations made a meta-analysis — originally outlined in
our a priori study protocol — inappropriate for synthesizing the evidence. Therefore, we present a narrative synthesis,
presenting findings to highlight observed trends and outcomes in a systematic review format.

Results

Literature Search

A total of 1064 search results were identified across four databases: PubMed, Embase, Web of Science, and Cochrane
Central Register of Controlled Trials. A total of 455 duplicate studies were removed, leaving 609 unique records for
screening. After title and abstract screening, 584 studies were excluded. Twenty-five full-text articles were assessed for
eligibility. Manual review of the references of select review articles was also performed by one reviewer (DMG) to
identify potentially missed articles. A total of 10 studies met the inclusion criteria and were included in the final review.
A reference list of all studies that underwent full-text review but were excluded, in addition to the reason for exclusion,
can be found in Supplemental File 3. This selection process is detailed in the PRISMA flow diagram (Figure 1).

Clinicaltrials.gov was also searched for ongoing studies using SCS in the SCI patient population.

Study Characteristics

In total, the 10 included studies described 43 individuals (Table 1) with SCI who were treated with SCS for pain
management.>> > Table 1 provides individual study details organized by level of evidence. The majority of studies were
single-patient case reports (n = 7), with the remainder including one retrospective observational study, one case series,
and one prospective cohort study. The majority of studies were classified as Level IV evidence (n = 8), with one study
each rated as Level III and Level V. The GRADE quality of evidence was “very low” (Table 2).

Patient demographics varied across studies. Ages ranged from mid-20s to late 60s, and, where reported, most
participants were male. The underlying cause of SCI was either traumatic or non-traumatic, with both complete and
incomplete injuries represented. SCS leads were placed at cervical, thoracic, or conus medullaris levels, most commonly
between C3 and T10. Placement of SCS electrodes in relation to the SCI level (caudal, peri-level, or rostral) varied
among studies. Outcome measures typically included the Numerical Rating Scale (NRS), Visual Analog Scale (VAS),
and patient-reported analgesia percentages.

The median follow-up duration was 10.5 months, with a range from 3 months to 36 months. While one study
involved 18 patients, and another study included 16 patients, the remainder described only 1-2 participants per study.
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Figure | PRISMA flow diagram of study identification, screening, eligibility assessment, and inclusion.
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Table | Study Characteristics

Title First Author (Year) Study Design Level of Patient Population (% Treatment SCS Placement Comparison Waveform/ Frequency Pulse Amplitude
Evidence | Female) Group Compared to SCI Group Mode (Hz) Width
(Caudal vs. Rostral) (us)
Spinal cord stimulation (SCS) in Meglio et al (1989)* Retrospective, IV (4) 16 patients with incomplete SCS placement No specifics on SCS None NR 85 200 NR
deafferentation pain observational SCI (mean age: 54.9 years, varied depending on levels
levels vary from C3-C5 to the patient for SCI
L1), eleven of which with between C3 and LI
concomitant cauda equina
lesions
Spinal cord stimulator relieves Hamid et al (2007)24 Case report V(5 54-year-old male patient with SCSatTIO Caudal (n=1) None (single- NR NR NR NR
neuropathic pain in a patient radiation-induced T5 patient case
with radiation-induced transverse myelitis (0%) report)
transverse myelitis
Treatment of chronic pain by Tseng et al (2000)25 Case Series IV (4) Patient |: 67-year-old woman Patient |: SCS at Patient |: Peri-level (n=1) None NR 40-100 (case 100 2.3V
spinal cord stimulation with SCI with pain at C5-C7 C4-Cé Patient 2: No info on SCI dependent) (Case-
Patient 2: 61-year-old male Patient 2: SCS at level (n=1) dependent)
with SCI and R branchial C3-Cé
plexus injury (50%)
Spinal cord stimulation in Noordhof et al (2022)% Case Report IV (4) 57-year-old woman s/p SCSatT5 <3 Rostral (n=1) None (single- NR NR NR NR
patients suffering from chronic microsurgical removal of T7 patient case
pain after surgery for spinal intradural meningioma report)
intradural tumors: A case report (100%)
and literature summary
Neuromodulation and quality of Biktimirov et al (2023)” Prospective 1 (3) 18 SCI patients (age 19-62, SCS with tonic No specifics on SCS 15 SCl patients | Tonic 60-80 200-500 [ NR
life for patient with spasticity cohort study 17%) stimulation at 60-80 | levels (age 18-60,
after spinal cord injury Levels Cl to T12 with AIS A | Hz. Amplitude and 33%) treated
in 77.8% lead location with
selected individually intrathecal
baclofen
Retrograde Epidural Spinal Cord Lee et al (2024)%® Case Report IV (4) 48-year-old female with 9- SCS with retrograde | >3 Rostral (n=1) None (single- NR NR NR NR
Stimulation for the Treatment of year history of conus paddle lead patient case
Intractable Neuropathic Pain medullaris and cauda equina placement at T11 report)
Following Spinal Cord and Cauda injury following LI fracture (via T9-T10 partial
Equina Injuries: A Case Report and previous T12 laminectomies)
and Literature Review laminectomy (100%)
Relief of Neuropathic Pain After Reddy et al (2019)*’ Case Report IV (4) 37-year-old male with SCS with Peri-level (n=1) None (single- NR 60 370 5.5-6.1 mA
Spinal Cord Stimulator idiopathic T4 transverse paresthesia-based patient case
Implantation in a Patient With myelitis and |-year history of | programming and report)
Idiopathic Thoracic Transverse refractory mid-thoracic staggered lead
Myelitis: A Case Report neuropathic pain (T5-T7 placement at T3-5
dermatomes) (0%)
(Continued)
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Table | (Continued).

Title First Author (Year) Study Design Level of Patient Population (% Treatment SCS Placement Comparison Waveform/ Frequency Pulse Amplitude
Evidence | Female) Group Compared to SCI Group Mode (Hz) Width
(Caudal vs. Rostral) (ps)
Spinal cord stimulation for Rosales et al (2022)*° Case Report IV (4) Male between 25-30 years SCS from T8-Tl | <3 Rostral (n=1) None (single- NR NR NR NR
neuropathic pain following old with TI2 AIS B for CRPS type | patient case
traumatic spinal cord injury: a incomplete SCI from multiple | secondary to SCI report)
case report gunshot wounds (GSW) (0%)
Successful spinal cord stimulation Reck and Landmann Case Report IV (4) 53-year-old male with T5 AIS | SCS with bilateral Caudal (n=1) None (single- Burstf 40 (burst) 1000 0.25-0.5
for neuropathic below-level (2017)*' A complete SCI with 2 years TII-LI leads with patient case mA
spinal cord injury pain following of below-level neuropathic burst frequency of report)
complete paraplegia: a case pain of bilateral lower legs 40Hz and intra-
report and feet (0%) burst frequency of
500 Hz (duration
1000 mcs)
High-Level Cervical Spinal Cord Kim et al (ZOIO)32 Case Report IV (4) 53-year-old male with SCI SCS with paresthesia- [ >3 Rostral (n=1) None (single- NR 2-6 280-410 | 0.3-0.5 mA
Stimulation Used to Treat from transverse myelitis based programming patient case
Intractable Pain Arising from secondary to schistosomiasis atCl-3 report)
Transverse Myelitis Caused by complicated by intractable
Schistosomiasis pain below the T3 level and in
the upper extremities (0%)

Notes: Amplitude was variable reported across studies (eg. mA vs V) and was frequently individualized or described qualitatively; where not directly or consistently reportable, amplitude is listed as NR. tNoordhof et al reported

electrode configuration and programming targets (eg. perception/target values), but did not report conventional numeric stimulation parameters (frequency, pulse width, amplitude). 3 Reck & Landmann reported intra-burst frequency
500 Hz. Level of evidence rated per American Medical Association guidelines (Level I-V).
Abbreviations: SCS, spinal cord stimulation; SCI, spinal cord injury; Hz, hertz; ps, microseconds.
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Table 2 GRADE Evidence Summary

Outcomes Limitations Inconsistency/ Heterogeneity Indirectness | Imprecision | Publication Bias | Mean Number of Quality or Certainty
Difference Participants of the Evidence
(95% CI) (Studies) (GRADE 1-4)

Pain at follow-up, assessed Inconsistent and few steps High study design and outcome Potential Optimal Potential Unable to 43 (10 studies) I (very low)

with VAS or NRS (0-10) or taken to provide adequate reporting heterogeneity, limiting indirectness*® information publication bias — assess due to

% analgesia control groups. statistical analysis size not met. small study sizes heterogeneity

Adverse Events Inadequate outcome definition | High reporting heterogeneity, Potential Not detected | Not detected Unable to 10 (3 studies) | (very low)

and capture underreporting possible indirectness* assess

Notes: *Direct evidence consists of research that directly compares the interventions which we are interested in, delivered to the populations in which we are interested, and measures outcomes important to patients. Indirectness may
be present due to variations in SCI level and impairment, as well as differences in SCS placement and technique across studies. Certainty rated as: | = Very Low, 2 = Low, 3 = Moderate, 4 = High.
Abbreviations: GRADE, Grading of Recommendations Assessment, Development and Evaluation; Cl, confidence interval.
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One study disclosed a source of funding, while the others either reported no funding or did not specify (Table 1 and
Supplemental File 4).

Outcome Assessments

All 10 studies revealed some level of pain improvement following the placement of SCS in patients with SCI, although
not all studies reported statistical analysis. All of the included studies reported some degree of pain improvement
following SCS, though reporting formats varied (Table 3). A subset reported pain relief as a percent of analgesia/pain
reduction, while others reported pre-post changes on the NRS or VAS scales, from which percent reduction can be
estimated when baseline and follow-up values were available.

The most common outcome measure was the NRS, which was reported in seven of the 10 studies. Outcome reporting
formats varied: some studies reported percent analgesia/pain reduction, and some used alternative pain indices (eg. MPQ-
derived measures), limiting cross-study comparability. Several studies reported multiple outcome types, including one
that incorporated the McGill Pain Questionnaire.>> The main findings of the pain outcome assessment are summarized in
(Table 3).

All studies that reported NRS outcomes demonstrated reductions in pain scores, with baseline values ranging from 7
to 10 out of 10 and post-treatment scores between 0 and 4 out of 10. In one case report, the NRS decreased from 10/10
pre-SCS implantation to 0/10 post-SCS with sustained relief at the 6-month follow-up.>> A separate case demonstrated a
reduction from 8/10 to 1.5/10 over a 36-month period.

The one prospective cohort study included in the review reported pain reduction across all 18 participants at 12
months but did not provide individual-level numerical scores.?’ In the studies that assessed percent pain relief, reported
outcomes ranged from 50% to 75% improvement.”****° Meglio et al reported that 9 out of 16 patients experienced pain
relief within this range, with follow-up extending up to 40 months.>® Another study described 50-70% long-term pain
relief, while the stimulator was active,”® and one study reported a 70% reduction in NRS pain scores during the trial
period.?’ These findings were based on patient-reported measures and were not accompanied by standardized statistical
comparisons to baseline or control groups.

The studies that relied on qualitative or narrative reporting also described meaningful reductions in pain, with some
authors noting secondary improvements in sleep, function, and overall quality of life. However, these secondary
outcomes were inconsistently reported and were not formally compared to alternative or sham interventions.

Safety Assessment

Three out of the 10 studies (30%) reported adverse events (AE) following SCS as detailed in (Table 3). AEs included
surgical site infection, lead migration, and pressure-related complications, all of which were managed conservatively or
with minor procedural interventions. One case series reported a superficial surgical site infection that was treated
successfully with oral antibiotics.”> The prospective cohort study by Biktimirov et al which included 18 patients,
reported one pressure ulcer in the area of electrode placement.*’

In the retrospective study by Meglio et al, eight minor adverse events and no major adverse events were reported
among 16 patients™ These included pain at the electrode site (n=2), hardware malfunctions such as lead breakage or
receiver failure (n=2), subcutaneous lead ejection (n=1), stimulation-induced muscle spasms or twitching (n=5), and one
case of tonic muscle contractions due to pyramidal tract activation, which led to discontinuation of SCS despite reported
analgesic benefit. Rates of adverse events were not compared to a control group in any of the studies, and no study
conducted a formal statistical analysis of safety outcomes. No serious or life-threatening AEs were reported across the
included studies.

Ongoing Clinical Trials

Three ongoing clinical trials investigating the use of SCS in patients with SCI, where pain is an outcome measure, were
identified. The first trial (NCT04894732) is a randomized, double blind, crossover trial. Adults under the age of 80 years
old with traumatic thoracic SCIs were assigned epidural electrical stimulation “on” or “off” and will undergo crossover
of assignment at 9 months. Pain outcomes in this study include the primary outcome of the Multidimensional Pain
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Table 3 Pain Outcomes and Safety

First Author (Year)

Pain Outcome Assessed

Follow-Up Length of
Time

Analgesic Outcomes

Adverse Effects (AE)

Meglio et al (1989)*

% analgesia

0-40 months (mean 15.9
months)

(9 out of 16 patients had
temporary SCS placement
and no follow-up or
analgesia reduction
assessments)

50-75% analgesia

No major complications. Minor AE: breakage of
subcutaneous wire (n=1), receiver malfunction (n=1),
subcutaneous lead ejection (n=1), increased muscle
spasms (n=2), increased radicular muscle twitch (n=3)

Hamid et al (2007)%*

NRS (0-10)

18 months

With stimulator on: 0—1/10 With stimulator off: 5-6/10

None reported

Tseng et al (2000)°

NRS (0-10), % pain reduction, McGill Pain
Questionnaire

Patient I: 6 months
Patient 2: 2 months

Patient |: NRS: from 10/10 to 0/10; MPQ: from severe to
no pain
Patient 2: 80% initial reduction, recurred 2 months later

Patient 2: | surgical site infection controlled with
antibiotics

Noordhof et al (2022)%

NRS (0-10)

36 months

From 8/10 to 1.5/10

None reported

Biktimirov et al (2023)*

VAS (0-10)

12 months

Before SCS: 4.00 + 2.14

12 mo follow-up: 2.60 £ 1.72 (p<0.05)
Before ITB: 5.43+2.71

12 mo follow-up: 2.21+1.63 (p<0.05)

Pressure ulcer in the area of electrode placement (n=1)

Lee et al (2024)%®

NRS (0-10), % pain reduction, functional
outcome capacity

18 months post-permanent
SCS implantation

Initial NRS pain 7-9/10 reduced to 2-3/10 during trial;
maintained 50-70% pain relief long-term when the
stimulator was active; improved sitting tolerance in
wheelchair and ability to resume daily activities

None reported

Reddy et al (2019)%

NRS, medication use

9-months post-implantation

NRS: 8/10 to 2/10 (70% reduction during trial, and >80%
satisfaction at follow-up) Functional: Medications:
Decreased dosage needed for duloxetine, pregabalin, and
gabapentin.

None reported

Rosales et al (2022)*°

% Pain reduction/NRS

6-months post-implantation

>80% pain reduction during trial (rated at 1/10);
sustained 250% pain relief (from 10/10 to 4/10) at 6
months; decreased spasticity and improved quality of life

None reported

Reck and Landmann (2017)*'

NRS (0-10), pain frequency and intensity

3-months post-implantation

NRS: average 7/10 to 4/10; decreased frequency and
intensity of pain attacks

None reported

Kim et al (2010)*

Korean McGill Pain Questionnaire’s
(KMPQ) Pain Rating Index (PRI) and
Present Pain Inventory (PPI). Functional
disability on the Korean Brief Pain
Inventory.

9-months post-implantation

PRI: 57/75 to 21/75
PPI: 5/5 to 3/5
Functional disability: 62/70 to 43/70

None reported

Notes: Where baseline and follow-up pain intensity values on 0—10 scales (NRS/VAS) were reported, percent reduction was calculated as: (baseline — follow-up) / baseline X 100. Where values were reported as ranges, the midpoint was

used. Percent outcomes were otherwise reported as stated in the source.
Abbreviations: AE, adverse event; NRS, Numerical Rating Scale; VAS, Visual Analog Scale.
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Inventory (MPI)-SCI average activity score, as well as the secondary outcome of change in pain as measured by a 10-
point NRS. The second trial (NCT06847295) is a single-group assignment where patients aged 18—-50 with stable SCI
(C7-T10 AIS A or B) at least 6 months post-injury will undergo epidural electric stimulation and intensive rehabilitation.
Pain perception (Douleur Neuropathique 4 question), pain severity (brief pain inventory), and pain-related disability
(pain disability index) are to be measured as secondary outcomes. The third trial (NCT06939660) explores the use of a
brain—machine interface (BCI)-assisted SCS system and exoskeleton system in a single group assignment of SCI patients
(AIS A, B, or C), aged 14-65 years, with diagnoses at least 6 months prior. Pain intensity will be recorded as a secondary
outcome in this trial. Ongoing clinical trials are summarized in Table 4.

Discussion

Overview of Findings

This systematic review consolidates current evidence on the use of SCS for managing chronic pain in patients with SCI,
covering 10 papers and 43 patients. These studies highlight pain reduction in the majority of patients without major
complications, reinforcing safety and pointing to a potential analgesic effect of SCS in the SCI population. It is important
to note that the evidence base remains limited, with a GRADE rating of “very low” due to heterogeneity and the
predominance of case reports or small case series, as well as the notable absence of randomized controlled trials.
Moreover, the heterogeneity in electrode placement and inconsistent reporting and variability in stimulation parameters
limited cross-study comparability and precluded meta-analysis.

Reporting of stimulation programming was inconsistent across studies (Table 1), with six of ten studies reporting at
least one conventional stimulation parameter (eg. frequency, pulse width, amplitude), and one additional study reporting
programming targets without conventional numeric parameters. Reported frequencies spanned approximately 2—100 Hz
and pulse widths 100-1000 ps, while amplitude reporting varied substantially (mA vs. V vs. qualitative/individualized),
limiting comparability and preventing conclusions about optimal programming.

Clinical Significance

Chronic pain affects more than 80% of individuals with SCI and is often resistant to conventional treatments.*> SCS has
emerged as a promising intervention to address this critical and unmet need for patients by modulating pain signals
before they reach the brain. Sabourin et al prospectively evaluated 114 patients with chronic neuropathic back and limb
pain undergoing SCS and found that even modest reductions in pain were associated with meaningful clinical benefit,
including improved satisfaction, disability, and broader quality-of-life measures.>® This concept is echoed in a 2025
meta-analysis by Ge et al (31 studies; 1820 patients), which found that even modest pain reductions across rehabilitation
interventions were associated with disproportionately positives gains in functional independence, quality of life, and
mental health in patients with SCL>® In our review, all included studies demonstrated some degree of pain improvement
following SCS, with 8 studies reporting a >30% improvement in pain; a commonly accepted threshold for clinical
relevance.’® Consistent with this broader signal, Alamri et al reported over 50% pain relief in 71% of patients with
traumatic SCI and 100% of those with non-traumatic SCI, along with a 49% overall reduction in pain medication
usage.’’

It is also important to note that individuals with SCI may experience pain secondary to spasticity itself, which can
contribute significantly to their overall pain burden, as well as persistent motor deficits.>® SCS may provide benefits
beyond pain relief, including improved motor function, quality of life, and spasticity control,*® as suggested by some of
the included studies.?®*"*° These multi-domain effects (spasticity modulation with concurrent functional and psycholo-
gical gains) are not typically achievable with a single pharmacologic treatment and are seldom matched by most
alternative interventions aimed primarily at analgesia. This aligns with a 2024 systematic review of 64 studies (306
patients), which found that epidural SCS led to significant motor improvements and enhanced muscle activity, with 44%
of patients achieving assisted or independent stepping or standing, and 80% improving in overground walking,
particularly when combined with intensive rehabilitation.*® In one 2023 randomized study, SCI patients treated with
SCS reported reduced spasticity, pain, functional independence, anxiety, and depression, with subsequent improvements
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Table 4 Ongoing Clinical Trials

Patients With Chronic Paralysis Due
to Spinal Cord Injury: A Prospective
Study Evaluating Gait Restoration,
Spasticity Reduction, Pain
Management, and Quality of Life
Improvements Through
Neuromodulation and Intensive

Rehabilitation

(SCI) at least 6 months
post-injury

Classified as ASIA A or
B with inability to stand
or walk

Injury located between

C7and TIO

Rehabilitation Arm

Extremities
2) Late-Stage Gait Recovery Assessed by

the Brain Motor Control Assessment

ClinicalTrials. Title of Study Patient Population Study Experimental Group Placebo Group Primary Outcomes Secondary Outcomes
gov ID Design
NCT04894734 The Feasibility of Epidural Electrical Traumatic, thoracic SCI Randomized EES on EES off I) Change in Multidimensional Pain I) Change in pain as measured by 10-point Numeric Rating Scales
Stimulation (EES) for Improving Pain Chronic pain (ie, Pain Cross-Over Patients will undergo epidural Patients will undergo epidural electrical | Inventory (MPI)-SCI average activity | (NRS)
and Rehabilitation Outcomes in >3 for > 3 months) electrical stimulation (EES) and be stimulation (EES) and be randomized in score 2) Change in Quality of Life (QOL) as measured by the Patient-Reported
Patients with Spinal Cord Injury (SCI) 18-80 years of age randomized in a I:1 allocation to a I:1 allocation to EES off. Both the 2) Motor recovery as measured by EMG Outcomes Measurement Information System (PROMIS) 29
EES on. Both the patient and the patient and the provider will be formally 3) Motor recovery as measured by 3) Change in the number of prescriptions written as measured by Electronic
provider will be formally blinded to | blinded to treatment assi Only d y Health Record abstraction
treatment assignment. Only the the biostatistician and programming 4) Change in the number of opioid prescriptions filled as measured by
biostatistician and programming team will be unblinded to treatment Electronic Health Record abstraction
team will be unblinded to assignments. ES off. Those in the EES off 5) Change in the overall improvement as measured by Guy/Farrar Patient
treatment assignments. category will have their EES turned on Global Impression of Change (PGIC) scale
at the 9-month timepoint. 6) Change in motor recovery as measured by the Total American Spinal Injury
Association (ASIA) motor score
7) Change in motor recovery as measured by the ASIA impairment grades
8) Change in independence of activities of daily living (ADLs) as measured by
the Spinal Cord Independence Measure (SCIM) survey
9) Change in limb movement as measured by the Ashworth spasticity scale -
Baseline, 9 months
Change in bladder control using urodynamics
10) Change in motor recovery as measured by Transcranial Magnetic
Stimulation Motor Evoked Potentials (TMS MEPs)
I'1) Change in sensory recovery as measured by Somatosensory Evoked
Potentials (SSEPs)
NCT06847295 Epidural Electrical Stimulation for 18 to 50 years. Single Group Experimental: Epidural Electrical 1) Late-Stage Gait Recovery Assessed by 1) Berg Balance Scale
Motor and Functional Recovery in Stable spinal cord injury | Assignment Stimulation + Intensive the Fugl-Meyer Assessment for Lower 2) Walking Ability

3) Spasticity Assessed by the Modified Ashworth Scale

4) Pain Perception Assessed by the Douleur Neuropathique 4
Question

5) Pain Severity Assessed by the Brief Pain Inventory

6) Pain-Related Disability A

d by the Pain Disability Index

7) Neurogenic Bladder Function Assessed by the Neurogenic Bladder
Symptom Score

8) Neurogenic Bowel Function Assessed by the Neurogenic Bowel
Dysfunction Score

9) Quality of Life Assessed by the World Health Organization Quality of Life

10) Mood Assessed by the Beck Depression Inventory

(Continued)
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Table 4 (Continued).

Brain-machine Interfaces and
Exoskeletons for Spinal Cord Injury
(BASEGO)

months prior
ASIA Impairment Scale

(AIS) grade A, B, or C

stimulation (SCS) and exoskeleton

(EXS) system

ClinicalTrials. Title of Study Patient Population Study Experimental Group Placebo Group Primary Outcomes Secondary Outcomes

gov ID Design

NCT06939660 Spatiotemporal Spinal Cord 14-65 years of age Single Group Experimental: Brain-machine 1) The content and number of AEs as well 1) Signal Acquisition Normal Rate of BCI
Stimulation Based on Implantable SCI diagnosed 26 Assignment interface (BCl)-assisted spinal cord as their severity according to CTCAEv6.0 | 2) Electrode Impedance of BCI electrodes

3) Effective Channel Count of BCI

4) Electrode Impedance Stability of SCS

5) Position Stability of SCS

6) Battery Fault Rate of SCS

7) Command Trigger Success Rate of BCI-SCS Matching
8) Delay Drift Deviation of BCI-SCS Matching

9) Recognition Accuracy of BCI Brain Signal Decoding
10) Latency of BCI Brain Signal Decoding

I'1) Gait Trigger Delay of SCS-EXS Matching

12) Joint Movement Consistency of SCS-EXS Matching
13) Lower Limb Motor Score (LEMS)

14) Muscle Strength of Lower Limbs

I5) Assisted Standing Time

16) 10-Meter Walk Test (I0MWT)

17) Gait Step Length

18) Gait Joint Range

19) Gait Symmetry

20) Surface Electromyography (SEMG)

21) Nerve Conduction Velocity

22) Urodynamics

23) SF-36 Health Survey

24) SCI-QOL Psychological Adaptation Subscale

25) Cognitive Function by MMSE

26) Cognitive Function by MoCA

27) Pain Intensity

28) Psychosocial Impact of Assistive Devices

Note: Bolded text denotes pain-related outcomes.
Abbreviations: SCS, spinal cord stimulation; SCI, spinal cord injury; NRS, Numerical Rating Scale; MPI, Multidimensional Pain Inventory; AlS, American Spinal Injury Association Impairment Scale.
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in quality of life and social adaptation.”” Accordingly, the potential for spasticity reduction and functional/mental health
improvement should be considered alongside analgesic response when weighing SCS for SCl-related pain. These
findings underscore the growing recognition of SCS not only as a significant tool for pain management, but additionally
as a catalyst for meaningful neurological recovery and reintegration in the SCI population.

Implications for Future Research
Despite promising preliminary findings for the use of SCS for pain management in SCI, there are still many facets left to
explore. Future studies should prioritize standardized reporting and prospective evaluation of stimulation parameters and
lead location to clarify associations with analgesic response and adverse events in order to support eventual parameter
optimization. As SCS technology advances (eg. closed-loop systems enabling real-time neural feedback), prospective
SCl-specific studies are needed to determine whether these approaches improve analgesic consistency and durability.
Future work should prioritize defining patient selection criteria and other predictors of favorable outcomes. Several
studies suggest more favorable outcomes in individuals with incomplete injuries and pain localized below the level of
injury, 263
reported pain relief during the trial phase in a cohort largely composed of ASIA A patients.’” This discrepancy

yet emerging evidence also suggests potential benefit in complete patients. Biktimirov et al, for instance,

underscores the need for prospective studies to clarify which SCI subgroups are most likely to benefit from SCS.
Similarly, the relationship between lead positioning and neurological level of injury remains resolved, as lead location
was highly variable across included studies, consistent with prior literature. Beyond patient- and anatomy-level factors,
technology-specific questions remain.

Emerging evidence suggests the advantages of closed-loop, ECAP-controlled spinal cord stimulation (CL-SCS) over
traditional open-loop systems, offering greater analgesia and neurophysiological consistency. While the EVOKE and
ECAP trials show strong outcomes in the general population, including a strong positive predictive value at ECAP trial
Day 0,*>*! their results’ applicability to SCI patients remains unclear. Although SCI patients were likely excluded from
these trials given their possibly impaired dorsal column function, the promising performance of CL-SCS warrants
targeted research to adapt this technology for the unique challenges of SCI.

To advance the field, future studies must also scrutinize patient selection criteria and address cohort heterogeneity,
avoiding restrictive inclusion criteria that may inadvertently exclude those most likely to benefit. Our review reflects the
evidence’s heterogeneity with a “Very Low” GRADE evidence profile, indicating a very limited degree of confidence in
the estimated effect of SCS on SCI analgesia. Trials should be more robust in their methodologies and recruitment,
considering factors such as injury completeness, central pain syndromes, and psychiatric comorbidities. Along with
further research on closed-loop technologies, research should also investigate advanced programming paradigms used in
broader SCS practice (eg. burst, high-frequency, and cycled strategies) specifically in SCI cohorts, as these modalities
have not been systematically evaluated in the SCI literature. By layering these mechanistic, demographic, and algo-
rithmic refinements onto the strong evidence supporting CL-SCS, the field can move toward precision neuromodulation
tailored to the nuanced needs of the SCI patient.

Strengths and Limitations

This review adhered to PRISMA guidelines and employed a comprehensive, librarian-assisted search strategy. Despite
these methodological strengths, several limitations warrant consideration. The heterogeneity of study designs and
outcome measures precluded a meta-analysis and weakened the overall GRADE strength of evidence. Many included
studies were case reports or small series, limiting generalizability. Additionally, the lack of long-term follow-up data
raises uncertainty about the durability of treatment effects. Incomplete and heterogeneous reporting of stimulation
parameters, along with variability in electrode placement, further complicates interpretation and comparison across
studies.

Safety Considerations
Across the reviewed studies, SCS was generally well tolerated, with no major long-term complications reported. Adverse
events, such as lead migration or infection at the implantation site, were infrequent and typically manageable with
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standard interventions.”>?*?° Of note, during full-text review, the authors identified a case in which an SCS trial was
complicated by a dural puncture that resolved within two days; however, this report appeared only in a conference
abstract and was excluded due to the absence of peer review.’

Importantly, the lack of severe complications in patients with SCI is reassuring, particularly given the elevated
comorbidity risk in this population. Nevertheless, long-term safety remains an area in need of further study. While short-
term outcomes appear promising, data on the long-term durability of SCS devices and their impact on spinal cord
integrity are limited. Furthermore, the potential for overstimulation or device malfunction highlights the need for ongoing
monitoring and follow-up care.

Conclusions

SCS represents a promising intervention for managing chronic pain in SCI patients, with some evidence suggesting its
effectiveness and safety. Discontinuation and time-to-discontinuation were rarely reported, limiting conclusions about
longer-term tolerability. While the current literature is encouraging, it is difficult to make any major conclusions based on
this limited, heterogeneous evidence and small sample sizes available. Further high-quality research is needed to solidify
its role in clinical practice and optimize its application for use in patients with SCI.
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