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ABSTRACT

A systematic review was conducted to determine effects of neuromuscular electrical stimulation on muscle strength and function
in patients with SCI. The review helps in consolidating existing research, identify knowledge gaps, and provide evidence-based
recommendations for integrating NMES into rehabilitation protocols. Two independent reviewers performed data extraction, and
discrepancies were resolved through discussion. The extracted data were then analyzed to evaluate the effects of neuromuscular
electrical stimulation on muscle strength and function in patients with SCI. A systematic review was based on 8 articles that
comprised a total number of n= 279 Spinal cord injuries patients to whom electrical nerve stimulation were given to determine
effects on muscle strength and function. The reviewed studies collectively demonstrate that electrical nerve stimulation (ENS),
including functional electrical stimulation, EMG-ES, rTMS, and epidural electrical stimulation, plays a significant role in improving
muscle strength and function in individuals with SCI. Several randomized controlled trials highlight the benefits of combining FES
with conventional rehabilitation methods. The findings of this systematic review suggest that NMES is an effective intervention for
improving muscle strength and functional outcomes in individuals with SCI.
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INTRODUCTION

Spinal Cord Injury (SCI) is a significant global
health concern, with an estimated number of
250,000 to 500,000 reported new cases annually?.
The primary cause of SCI is trauma caused by
blunt force, with motor vehicle accidents
accounting for 38.2% of cases, followed closely by
falls at 32.3%?. The impact of SCI extends beyond
physical disability, posing a substantial economic
burden. Globally, over $3 billion is spent annually
on managing SCI, with individual costs ranging
from $380,000 to $1,160,000 in the first year alone
and between $46,000 and $202,000 for each
subsequent year®“. Given its high prevalence,
severe consequences, and financial implications,
SCI remains a critical research and healthcare
intervention area.

SCl is associated with a wide range of secondary
complications that significantly impact the health,
independence, and quality of life of affected

individuals®%. These complications often lead to
premature mortality and include pressure ulcers,
spasticity, chronic pain, urinary tract infections,
depression, bowel dysfunction, cardiovascular
complications, renal stones, autonomic
dysreflexia, fractures, fatigue, respiratory issues,
and bladder dysfunction™. Among these,
paralysis or reduced mobility is the most visible
consequence of SCI, contributing to further health
deterioration by limiting physical activity and
increasing the risk of complications such as
muscle atrophy and metabolic disorders®-12,
Managing these secondary complications is a
primary goal of rehabilitation strategies, as
reducing their severity can significantly improve
overall well-being and social participation for
individuals with SCI.

Given the significant challenges associated with
SCI, neuromodulatory approaches have been
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explored to enhance functional recovery and
mitigate secondary complications. Traditional
rehabilitation methods focus on preserving
residual function and preventing further
complications, but they often fail to restore lost
motor abilities’315. In recent years, electrical
stimulation techniques have emerged as
promising interventions for individuals with SCI.
These include epidural spinal cord stimulation
(SCS), intraspinal microstimulation, functional
electrical stimulation (FES), and transcutaneous
spinal cord stimulation (tSCS)*6-18. Among these,
noninvasive techniques such as FES and tSCS
have gained attention due to their safety, ease of
application, and potential to restore motor
function. tSCS, in particular, targets neural
structures similar to invasive SCS while avoiding
surgical risks®. Depending on the stimulation
parameters, tSCS can be categorized into direct
(tsDCS) and pulse (tsPCS), each with distinct
physiological effects®?l. Despite the growing
interest in electrical stimulation techniques, no
standardized neuromodulatory treatment for SCI
exists.

While research suggests that neuromuscular
electrical stimulation (NMES) may enhance
muscle strength and function, the extent of its
effectiveness remains unclear??, A
comprehensive synthesis of available evidence is
necessary to determine the clinical significance of
NMES in SCI rehabilitation. Therefore, a
systematic review is needed to evaluate the
effects of neuromuscular electrical stimulation on
muscle strength and function in patients with SCI.
This review will help consolidate existing
research, identify knowledge gaps, and provide
evidence-based recommendations for integrating
NMES into rehabilitation protocols.

METHODOLOGY

Study Design

A systematic review was conducted following
PRISMA guidelines?® to evaluate the effects of
NMES on muscle strength and function in patients
with SCI. A comprehensive literature search was
performed across PubMed, Scopus, and Web of
Science databases, including randomized
controlled trials and observational studies.

Search Strategy

Studies published in the last 10 years were
searched using a combination of Medical Subject
Headings (MeSH) and free-text terms related to
“SCI,” “neuromuscular electrical stimulation,”
“muscle strength,” and “functional recovery.”

Selection of Studies

Full-text articles published in English within the
last 10 years were included. Studies focusing on
the effects of NMES on muscle strength and
function in patients with SCI were considered.
Randomized controlled trials (RCTs) and
observational studies were included, while review
articles, conference abstracts, and animal studies
were excluded. Two independent reviewers
screened titles and abstracts, followed by a full-
text review to ensure eligibility. Discrepancies
were resolved through discussion or consultation
with a third reviewer.

Data Extraction

Relevant data were extracted from the selected
studies, including study design, sample size,
participant characteristics, intervention details,
outcome measures, and key findings. Initially, 115
studies were identified through database
searches. After removing 20 duplicate records, 95
studies were screened based on titles and
abstracts. Following this, 30 full-text articles were
assessed for eligibility, of which 22 were excluded
due to not meeting the inclusion criteria.
Ultimately, eight studies were included in the
systematic review.

Two independent reviewers performed data
extraction, and any discrepancies were resolved
through discussion. The extracted data were then
analyzed to evaluate the effects of NMES on
muscle strength and function in patients with SCI
(Figure-1).
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Fig.1 PRISMA Flow Diagram
RESULTS

A systematic review was based on eight articles
comprising a total of n= 279 Spinal cord injury
patients to whom electrical nerve stimulation was

given to determine effects on muscle strength and
function. A detailed description of the studies
included in the review is given in Table-1.

Table-1 Description of Studies Included in the Systematic Review

Author Type of Study Sample Size Intervention Methodology Findings
Combined Progressive Resistance
L : PRT + FES-LCE showed
. n=28 (n=23 Training (PRT) and Functional significantly greater
Rosley et al. Randomized completed the Electrical Stimulation-Evoked Leg improvements in lower limb
2022%* Controlled Trial p Cycling Exercise (FES-LCE) vs. p

study)

muscle strength and volume

FES-LCE alone, conducted over 12 compared to FES-LCE alone

weeks
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Krogh et al.
2022%

Randomized Sham-
Controlled Clinical
Trial

N=20 (REAL = 11,
SHAM = 9)

rTMS (20 Hz, 1800 pulses/session)
or sham stimulation delivered over
leg M1, five times per week for 4
weeks before resistance
training/physical therapy. Lower
limb strength and gait function
assessed pre- and post-
intervention

r'TMS may enhance long-term
lower limb muscle strength

recovery in SCI patients. LEMS

improved significantly for rTMS

but not for sham. No short-term
recovery benefits or gait function

improvements were observed

Sun et al.
2023%

Prospective,
Randomized
Controlled Trial

N=20 (10 per
group)

Patients with SCI receiving epidural
electrical stimulation randomized
into two groups: (1) Control
(conventional rehab), (2) EMG-
induced rehab (target muscle
therapy based on conventional
rehab). Follow-up at 2 weeks, 1, 3,
and 6 months. Primary outcome:
Manual Muscle Testing (MMT)
grading. Secondary outcomes:
Barthel Index, EMG values, VAS,
Spinal Cord Independence
Measure, and Ashworth scale.
Safety assessed by adverse events

Study aims to assess EMG-
induced rehabilitation’s

effectiveness in improving muscle

strength, quality of life, and
functional outcomes in SCI

patients after epidural stimulation.

Findings will inform future
rehabilitation methods.

Bayraktaret al.
202427

Randomized
Controlled Trial

N=34
(Experimental: 17,
Control: 17)

Experimental group received
electromyography-triggered
electrical stimulation (EMG-ES) to
abdominal muscles for 4 weeks, 3
times per week, alongside routine
rehabilitation. Control group
received isometric abdominal
exercises instead of EMG-ES.
Primary outcomes: modified
functional reach test (MFRT) and
trunk control test (TCT). Secondary
outcomes: pulmonary function test
(PFT) and abdominal muscle
thickness (via ultrasonography).

Experimental group showed
significantly greater
improvements in sitting balance
(MFRT: +242.8 cm?, TCT: +5.0
points, P < 0.001) and abdominal
muscle thickness (P < 0.001). No
significant differences in
pulmonary function (P > 0.05).
EMG-ES may enhance sitting
balance and abdominal muscle
thickness in complete thoracic
SClI patients.

Moritz et al.
202428

Prospective, single-
arm, multicenter,
open-label, non-

significant risk trial

N= 60 (Chronic
Cervical SCI)

ARCEX Therapy: Non-invasive
electrical stimulation over the
cervical spinal cord combined with
structured rehabilitation. Primary
endpoints: safety and efficacy.
Outcomes measured: strength,
functional performance, fingertip
pinch force, hand prehension,
upper extremity motor/sensory
abilities, and quality of life

72% of participants showed
clinically meaningful
improvements in both strength
and function. Secondary
outcomes included increased
fingertip pinch force, improved
hand prehension and strength,
enhanced upper limb motor and
sensory abilities, and better self-
reported quality of life. No serious
adverse events were reported

Zulbaran-Rojas
t al. 20222°

Phase | double-
blinded randomized
controlled trial

N=16 (COVID-19
ICU patients, 32
lower extremities)

Daily 1-hour electrical stimulation
(E-Stim) on both gastrocnemius
muscles for up to 14 days. Control
group received non-functional E-
Stim. Primary outcomes: ankle
strength (Ankles) via ankle
dynamometer, gastrocnemius
endurance (GNMe) via surface
electromyography (SEMG)

At 3 days, intervention group
showed moderate improvements
in ankle strength and muscle
endurance (p = 0.06). At 9 days,
GNMe was significantly higher (p
= 0.04) with a 6.3% improvement
from baseline (p = 0.029). No
adverse effects reported. No
impact on vital signs or ICU
procedures.

Anderson et al.

2022%

Multi-center, single-
blind randomized
controlled trial

N=51 (FES = 27,
Conventional
Therapy = 24)

40 sessions of FES using the
MyndMove stimulator vs.
conventional therapy targeting
upper extremities over 14 weeks.
Outcomes measured at baseline,
mid-treatment (20th session), post-
treatment (40th session/14 weeks),
and follow-up (24 weeks). Primary
outcome: SCIM 11I-SC score

Both groups showed a clinically
meaningful 2-point increase in
SCIM 1lI-SC, but no statistically
significant difference between
FES and conventional therapy.
COVID-19 interruptions affected
sample size and protocol
adherence in one-third of
participants
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N=50 (13 motor
Tefertiller et al. Prospective case complete, 37
2022% series

scl)

sessions) using functional task-
specific practice (FTP) combined

motor incomplete (WPHF-FES). Primary outcome:

outcomes: UE motor score (UEMS)

Patient UE training program (60

min/session, 5x/week, avg. 72

Significant improvements in CUE-
T (+14.1, p <.0001), UEMS (+4.6,
p <.0001), and MFR (+13.6 cm, p
<.0001). Demonstrated improved
UE strength, function, and trunk
stability. Future studies needed
for comparative effectiveness

with wide-pulse/high-frequency
functional electrical stimulation

Capabilities of Upper Extremity
Test (CUE-T). Secondary

and modified functional reach
(MFR)

Effects of Electric Nerve Stimulation on
Muscle Strength and Function

The reviewed studies collectively demonstrate
that ENS, including FES, EMG-ES, repetitive
transcranial magnetic stimulation (rTMS), and

epidural electrical  stimulation,  significantly
improve muscle strength and function in
individuals with SCI. Several randomized

controlled trials (RCTs) highlight the benefits of
combining FES with conventional rehabilitation
methods. Tefertiller et al. reported significant
improvements in upper extremity (UE) function,
strength, and dynamic trunk stability following a
training program incorporating wide-pulse/high-
frequency FES (WPHF-FES), with notable gains
in Capabilities of Upper Extremity Test (CUE-T),
UE motor score (UEMS), and modified functional
reach (MFR)s1. Similarly, Anderson et al.3° found
that FES therapy led to clinically meaningful,
though not statistically significant, improvements
in self-care abilities, as measured by the Spinal
Cord Independence Measure (SCIM 11I-SC).

In lower extremity rehabilitation, Rosley et al.2*
demonstrated that combining progressive
resistance training (PRT) with FES-evoked leg
cycling exercise (FES-LCE) resulted in
significantly more significant improvements in
lower limb muscle strength and volume compared
to FES-LCE alone. Krogh et al.?> showed that
high-frequency rTMS applied to the leg motor
cortex before resistance training improved lower
extremity motor strength (LEMS), though it had no
immediate effect on gait function. Additionally,
Sun et al? investigated the impact of
electromyography (EMG)-induced rehabilitation
following epidural electrical stimulation, revealing
enhanced muscle strength and functional
recovery, though long-term data are pending.

For trunk and abdominal muscle function,
Bayraktar et al.?” demonstrated that EMG-

triggered electrical stimulation (EMG-ES) applied
to the abdominal muscles significantly improved
sitting balance and abdominal muscle thickness in
individuals with complete thoracic SCI. Moritz et
al.28 further reinforced these findings, reporting
that ARCEX Therapy, a combination of non-
invasive cervical spinal cord stimulation and
structured rehabilitation, led to meaningful
improvements in upper limb motor strength, hand
prehension, and sensory function, with no serious
adverse events. Additionally, Zulbaran-Rojas et
al.?® proved that daily electrical stimulation of the
gastrocnemius muscle in ICU patients improved
ankle strength and endurance over time,
indicating its potential benefits in early SCI
rehabilitation.

Estimation of Risk of Bias

The estimation of risk of bias was performed
based on randomization, blinding, allocation

concealment, attrition bias and reporting bias
based on the author’s judgement (Table-3).

Random Sequence Generation

(Selection Bias)?*

The selection bias random sequence generation
was found low in all included studies.

Allocation Concealment

(Selection Bias)

Allocation concealment was also found low in all
included studies.

Blinding of Outcome Assessment
(Detection Bias)
Detection bias was low in all included studies.

Reporting Bias

Anderson et al.?% was found to have a moderate
risk of bias in reporting bias estimation, Bayraktar
et al.27 were considered unknown reporting bias
as per the author’s judgement.
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Blinding of Participants & Personnel
(Performance Bias)

Two studies that were Moritz et al.28 and Anderson
et al.3° were considered to have a moderate risk
of bias.

DISCUSSION

The findings of this systematic review indicate that
NMES plays a significant role in enhancing
muscle strength and functional outcomes in
individuals with SCI. The reviewed studies

Table-3 Risk of Bias Analysis

consistently demonstrate that NMES, whether
applied as FES, EMG-ES, rTMS, or epidural
electrical  stimulation, provides substantial
benefits in upper and lower limb rehabilitation,
trunk stability, and overall functional recovery.

Effects on Muscle Strength and Functional
Recovery

The results suggest that NMES when combined
with  conventional rehabilitation strategies,
enhances muscle strength and function more
effectively than traditional rehabilitation alone.

Random Allocation Blinding of Blinding of Reporting Bias
Studies Sequence Concealment Participants & Outcome P 9
Generation Personnel Assessment
Rosley et al.
20292 + + + + +
Krigh et al.
502225 + + + + +
Sun et al.
20232 + + + + +
Bayraktar et al. 5
202477 * * * *
Moritz et al.
20247 * * ; * *
Zulbaran-Rojas
et al. 20227 * * * * *
Anderson et al.
2022% * * ; *
Tefertiller et al.
202251 + + + + +
+ low risk of bias
- moderate risk of bias
? unknown risk of bias
Rosley et al.?* found that combining progressive functional  capabilites when FES was

resistance training (PRT) with FES-evoked leg
cycling exercise (FES-LCE) led to more significant
improvements in lower limb muscle strength and
volume compared to FES-LCE alone. Similarly,
Krigh et al?® reported that applying high-
frequency rTMS to the leg motor cortex before
resistance training significantly improved lower
extremity motor strength (LEMS). However,
improvements in gait function were not observed
in the short term.

The effectiveness of NMES in strengthening
upper extremities was evident in studies such as
Anderson et al.3° and Tefertiller et al.3!, both of
which demonstrated notable improvements in
self-care abilities, upper limb strength and

incorporated into rehabilitation protocols. The
findings from Moritz et al.?8 further reinforced this
by showing clinically meaningful gains in hand
prehension, motor abilities, and quality of life
following non-invasive cervical spinal cord
stimulation combined with structured
rehabilitation.

Impact on Trunk Stability and Abdominal
Muscle Function

The role of NMES in improving trunk stability and
abdominal muscle function was highlighted in
studies such as Bayraktar et al.?’, which
demonstrated that EMG-ES applied to abdominal
muscles significantly improved sitting balance and
muscle thickness in individuals with complete
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thoracic SCI. This suggests that NMES may
enhance core stability and reduce postural control
deficits in SCI patients.

Short- and Long-Term Benefits of NMES

The studies included in this review suggest that
NMES has both immediate and long-term
benefits. Sun et al? indicated that
electromyography-induced rehabilitation following
epidural electrical stimulation showed promising
results in improving muscle strength and
functional outcomes. However, longer-term data
are needed to confirm sustained benefits.
Additionally, Zulbaran-Rojas et al.2° demonstrated
that daily NMES application in ICU patients
improved ankle strength and muscle endurance,
highlighting its potential role in preventing muscle
atrophy during prolonged immobilization.

Clinical Implications and Future Directions
Despite  the promising findings, several
challenges remain in integrating NMES into
standard SCI rehabilitation protocols. One major
limitation is the variability in stimulation
parameters, such as frequency, intensity, and
duration, across studies, which makes direct
comparisons difficult. Standardizing NMES
protocols is essential to ensure consistent clinical
outcomes and facilitate broader implementation in
rehabilitation settings.

Another consideration is the accessibility of
NMES  technologies.  While  non-invasive
modalities such as tSCS and EMG-ES offer safer
and more accessible alternatives to invasive
epidural stimulation, their availability and cost-
effectiveness need further evaluation. Future
research should optimize NMES parameters,
explore long-term effects, and conduct larger,
multi-centre trials to validate findings across
diverse SCI populations.

CONCLUSION

The findings of this systematic review suggest that
neuromuscular electrical stimulation NMES is an
effective intervention for improving muscle
strength and functional outcomes in individuals
with SCI. The included studies demonstrated
significant muscle activation, endurance, and
functional mobility improvements, particularly
when NMES was combined with conventional
rehabilitation strategies. While NMES showed

positive effects across various SCI populations,
variability in stimulation protocols, intervention
duration, and outcome measures highlights the
need for standardized approaches to optimize
clinical applications.

Acknowledgments
None.

Author Contributions

Fahmida and Alia Niaz were responsible for conceptualizing
the study, designing the methodology, and overseeing the
research process. Muhammad Asad Ullah and Zaib-un-Nisa
conducted the literature search, data extraction, and analysis.
Saima Tariq contributed to data interpretation and manuscript
drafting, while Muhammad Riaz provided critical revisions and
final approval of the manuscript. All authors have read and
approved the final version of the manuscript.

Ethical Approval
Not Applicable.

Grant Support and Funding Disclosure
None.

Conflict of Interests
None.

REFERENCES

1. Ding W, Hu S, Wang P, Kang H, Peng R, Dong Y, Li F.
SCI: the global incidence, prevalence, and disability from
the global burden of disease study 2019. Spine. 2022 Nov
1;47(21):1532-40.

DOI: https://doi.org/10.1097/BRS.0000000000004417.

2. Hunt C, Moman R, Peterson A, Wilson R, Covington S,
Mustafa R, Murad MH, Hooten WM. Prevalence of
chronic pain after SCI: a systematic review and meta-
analysis. Regional Anesthesia & Pain Medicine. 2021 Apr
1,46(4):328-36.

DOI: https://doi.org/10.1136/rapm-2020-101960.

3. Hu S, Wang P, Dong Y, Li F. Incidence, prevalence and
disability of SCI in China from 1990 to 2019: a systematic
analysis of the Global Burden of Disease Study 2019.
European Spine Journal. 2023 Feb;32(2):590-600.

DOI: https://doi.org/10.1007/s00586-022-07441-2.

4. Tallgvist S, Kauppila AM, Vainionpaa A, Koskinen E,
Bergman P, Anttila H, Hamaldinen H, Tackman A,
Kallinen M, Arokoski J, Hiekkala S. Prevalence of
comorbidities and secondary health conditions among
the Finnish population with SCI. Spinal Cord. 2022
Jul;60(7):618-27.

DOI: https://doi.org/10.1038/s41393-021-00704-7.

5. Zheng R, Guan B, Fan Y, Fu R, Yao L, Wang W, Li G,
Chen L, Zhou H, Feng S. A critical appraisal of clinical
practice guidelines for management of four common
complications after SCI. The Spine Journal. 2023 Jun
1;23(6):888-99.

DOI: https://doi.org/10.1016/].spinee.2022.12.001

6. Nistor-Cseppento CD, Gherle A, Negrut N, Bungau SG,
Sabau AM, Radu AF, Bungau AF, Tit DM, Uivaraseanu
B, Ghitea TC, Uivarosan D. The outcomes of robotic
rehabilitation assisted devices following SCI and the

Page | 141



Fabwida et al. 2025

10.

11.

12.

13.

14.

15.

16.

prevention of secondary associated complications.
Medicina. 2022 Oct 13;58(10):1447.

DOI: https://doi.org/10.3390/medicina58101447.

Balas M, Guttman MP, Badhiwala JH, Lebovic G,
Nathens AB, da Costa L, Zador Z, Spears J, Fehlings
MG, Wilson JR, Witiw CD. Earlier surgery reduces
complications in acute traumatic thoracolumbar SCI:
analysis of a multi-center cohort of 4108 patients. Journal
of neurotrauma. 2022 Feb 1;39(3-4):277-84.

DOI: https://doi.org/10.1089/neu.2020.7525.

Kitpanit N, Ellozy SH, Connolly PH, Agrusa CJ, Lichtman
AD, Schneider DB. Risk factors for SCI and complications
of cerebrospinal fluid drainage in patients undergoing
fenestrated and branched endovascular aneurysm repair.
Journal of vascular surgery. 2021 Feb 1;73(2):399-409.
DOI: https://doi.org/10.1016/}.jvs.2020.05.070.

Raab AM, Mueller G, Elsig S, Gandevia SC, Zwahlen M,
Hopman MT, Hilfiker R. Systematic review of incidence
studies of pneumonia in persons with SCI. Journal of
clinical medicine. 2021 Dec 31;11(1):211.

DOI: https://doi.org/10.3390/jcm11010211.

Chhabra HS, Sharawat R, Vishwakarma G. In-hospital
mortality in people with complete acute traumatic SCI at
a tertiary care center in India—a retrospective analysis.
Spinal cord. 2022 Mar;60(3):210-5.

DOI: https://doi.org/10.1038/s41393-021-00657-X
Debenham MI, Franz CK, Berger MJ. Neuromuscular
consequences of SCI: New mechanistic insights and
clinical considerations. Muscle & Nerve. 2024
Jul;70(1):12-27.

DOI: https://doi.org/10.1002/mus.28070

Hoekstra S, King JA, Fenton J, Kirk N, Willis SA, Phillips
SM, Webborn N, Tolfrey K, Bosch JD, Goosey-Tolfrey
VL. The effect of home-based neuromuscular electrical
stimulation-resistance training and protein
supplementation on lean mass in persons with SCI: A
pilot study. Physiological Reports. 2024
Oct;12(19):e70073.

DOI: https://doi.org/10.14814/phy2.70073.

Friederich AR, Bao X, Triolo RJ, Audu ML. Feedback
control of upright seating with functional neuromuscular
stimulation during a functional task after SCI: a case
study. In2021 43rd Annual International Conference of
the IEEE Engineering in Medicine & Biology Society
(EMBC) 2021 Nov 1 (pp. 5719-5722). IEEE.

DOI:
https://doi.org/10.1109/EMBC46164.2021.9629582.
Balbinot G, Wiest MJ, Li G, Pakosh M, Furlan JC, Kalsi-
Ryan S, Zariffa J. The use of surface EMG in
neurorehabilitation following traumatic SCI: A scoping
review. Clinical Neurophysiology. 2022 Jun 1;138:61-73.
DOI: https://doi.org/10.1016/j.clinph.2022.02.028
Dorrian RM, Berryman CF, Lauto A, Leonard AV.
Electrical stimulation for the treatment of spinal cord
injuries: A review of the cellular and molecular
mechanisms that drive functional improvements.
Frontiers in Cellular Neuroscience. 2023 Feb
3;17:1095259.

DOI: https://doi.org/10.3389/fncel.2023.1095259

Bekhet AH, Jahan AM, Bochkezanian V, Musselman KE,
Elsareih AA, Gorgey AS. Effects of electrical stimulation
training on body composition parameters after SCI: a
systematic review. Archives of Physical Medicine and
Rehabilitation. 2022 Jun 1;103(6):1168-78.

DOI: https://doi.org/10.3389/fncel.2023.1095259

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Guo XJ, Zhao Z, Chang JQ, He LW, Su WN, Feng T,
Zhao C, Xu M, Rao JS. Epidural combined optical and
electrical stimulation induces high-specificity activation of
target muscles in spinal cord injured rats. Frontiers in
Neuroscience. 2023 Nov 10;17:1282558.

DOI: https://doi.org/10.3389/fnins.2023.1282558.

Huber J, Leszczynska K, Wincek A, Szymankiewicz-
Szukata A, Fortuna W, Okurowski S, Tabakow P. The role
of peripheral nerve electrotherapy in functional recovery
of muscle motor units in patients after incomplete SCI.
Applied Sciences. 2021 Oct 19;11(20):9764.

DOI: https://doi.org/10.3390/app11209764

Jiang Y, Li X, Guo S, Wei Z, Xu S, Qin H, Xu J.
Transcutaneous electrical stimulation for neurogenic
bladder after SCI: a systematic review and meta-analysis.
Neuromodulation: Technology at the Neural Interface.
2024 Jun 1;27(4):604-13.

DOI: https://doi.org/10.1016/j.neurom.2023.06.002.

Choi EH, Gattas S, Brown NJ, Hong JD, Limbo JN, Chan
AY, Oh MY. Epidural electrical stimulation for SCI. Neural
Regeneration Research. 2021 Dec 1;16(12):2367-75.
DOI: https://doi.org/10.4103/1673-5374.313017.

Taylor C, McHugh C, Mockler D, Minogue C, Reilly RB,
Fleming N. Transcutaneous spinal cord stimulation and
motor responses in individuals with SCI: A
methodological review. PLoS One. 2021 Nov
18;16(11):e0260166.

DOI: https://doi.org/10.1371/journal.pone.0260166

Flett S, Garcia J, Cowley KC. Spinal electrical stimulation
to improve sympathetic autonomic functions needed for
movement and exercise after SCI: a scoping clinical
review. Journal of Neurophysiology. 2022 Sep
1;128(3):649-70.

DOI: https://doi.org/10.1152/jn.00205.2022

Tugwell P, Tovey D. PRISMA 2020. Journal of Clinical
Epidemiology. 2021 Jun 1;134:A5-6.

Rosley N, Hasnan N, Hamzaid NA, Davis GM, Manaf H.
Effects of a combined progressive resistance training and
functional electrical stimulation-evoked cycling exercise
on lower limb muscle strength of individuals with
incomplete SCI: A randomized controlled study. Turkish
journal of physical medicine and rehabilitation. 2022 Aug
2;69(1):23.

DOI: https://doi.org/10.5606/tftrd.2023.9418

Krogh S, Aagaard P, Jgnsson AB, Figlewski K, Kasch H.
Effects of repetitive transcranial magnetic stimulation on
recovery in lower limb muscle strength and gait function
following SCI: a randomized controlled trial. Spinal Cord.
2022 Feb;60(2):135-41.

DOI: https://doi.org/10.1038/s41393-021-00703-8

Sun XP, Shi JJ, Bao Y, Zhang J, Pan HJ, Li DY, Liang Y,
Xie Q. Safety and effectiveness of electromyography-
induced rehabilitation treatment after epidural electrical
stimulation for SCI: study protocol for a prospective,
randomized, controlled trial. Neural Regeneration
Research. 2023 Apr 1;18(4):819-24.

DOI: https://doi.org/10.4103/1673-5374.353507.
Bayraktar HE, Yalgin E, Sipal MS, Akylz M, Akinci MG,
Delialioglu SU. The effect of electromyography triggered
electrical stimulation to abdominal muscles on sitting
balance, respiratory functions, and abdominal muscle
thickness in complete SCI: a randomized controlled trial.
International Journal of Rehabilitation Research. 2024
Jun 1;47(2):87-96.

DOI: https://doi.org/10.1097/MRR.0000000000000620

Page | 142


https://doi.org/10.1109/EMBC46164.2021.9629582

NMES for Muscle Strength in SCI

28.

29.

30.

31.

Moritz C, Field-Fote EC, Tefertiller C, van Nes |,
Trumbower R, Kalsi-Ryan S, Purcell M, Janssen TW,
Krassioukov A, Morse LR, Zhao KD. Non-invasive spinal
cord electrical stimulation for arm and hand function in
chronic tetraplegia: a safety and efficacy trial. Nature
medicine. 2024 May 20:1-8.

DOI: https://doi.org/10.1038/s41591-024-02940-9.
Zulbaran-Rojas A, Mishra R, Rodriguez N, Bara RO, Lee
M, Bagheri AB, Herlihy JP, Siddique M, Najafi B. Safety
and efficacy of electrical stimulation for lower-extremity
muscle weakness in intensive care unit 2019 Novel
Coronavirus patients: A phase | double-blinded
randomized controlled trial. Frontiers in Medicine. 2022
Dec 6;9:1017371.

DOI: https://doi.org/10.3389/fmed.2022.1017371.
Anderson KD, Borisoff JF, Johnson RD, Stiens SA, Elliott
SL. SCI influences psychogenic as well as physical
components of female sexual ability. Spinal Cord. 2007
May;45(5):349-59.

DOI: https://doi.org/10.1038/sj.sc.3101979

Tefertiller C, Rozwod M, VandeGriend E, Bartelt P,
Sevigny M, Smith AC. Transcutaneous electrical spinal
cord stimulation to promote recovery in chronic SCI.
Frontiers in rehabilitation sciences. 2022 Jan 4,2:740307.
DOI: https://doi.org/10.3389/fresc.2021.740307

Page | 143


https://doi.org/10.3389/fresc.2021.740307

