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Spinal cord stimulation for spinal cord injury patients with paralysis: To
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ABSTRACT

Spinal cord injury (SCI) usually leads to disconnection between traversing neuronal
pathway. The impairment of neural circuitry and its ascending and descending pathway
usually leave severe SCI patients with both motor disability and loss of sensory function.
In addition to poor quality of life, SCI patients not only have disabling respiratory function,
urinary retention, impaired sexual function, autonomic dysregulation but also medical
refractory neuropathic pain in the long term. Some translational studies demonstrated that
spinal networks possess a dynamic state of synaptic connection and excitability that can
be facilitated by epidural spinal cord stimulation. In addition, preliminary human studies
also confirmed that spinal cord stimulation enables stepping or standing in individuals with
paraplegia as well. In this review, we examined the plausible interventional mechanisms
underlying the effects of epidural spinal cord stimulation in animal studies. Following the
success of translational research, chronic paralyzed subjects due to SCI, defined as motor
complete status, regained their voluntary control and function of overground walking and
even stepping for some. These progresses lead us into a new hope to help SCI patients to
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walk and regain their independent life again.
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INTRODUCTION

Zn the United States, it has been estimated to be 1,275,000
paralyzed patients due to severe spinal cord injury (SCI)
and around 25,000 persons from severe SCI in Taiwan [1-3].
This inevitably leads to huge quality of life impact and eco-
nomic burden to the patient, family, and society [4]. So far,
there is no available treatment options for SCI patients with
paralysis to improve their lost motor or sensory function at
chronic stage. In addition, these patients usually have several
coexistent disabilities including impaired respiratory function,
urinary retention, impaired sexual function, autonomic dysreg-
ulation, and medical refractory neuropathic pain [5-8]. There
is increasing experimental animal models of SCI to reveal
the progress of neurological recovery through the advance of
reparative interventions. Based on this, phase 1 clinical trials
are initiated after some treatments have been shown possi-
bility of translatable to patients with mild-to-moderate SCI.
However, it is still lacking about the evidence for the efficacy
of any specialized treatment designed to reanimate or reconnect
the injured spinal cord in human [9,10]. For these clinically
complete SCI patients (zero muscle power and loss of sensory
function), defined as the American Spinal Injury Association
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Impairment Scale A, even intense rehabilitative program does
not lead to voluntary control of movement. Improvement of
ambulatory function is usually found with activity-based
rehabilitation in patients who retain volitional movements of
the legs after SCI [11]. However, Sherwood et al. found that
about 84% of clinically complete SCI patients had surface
EMGs and motor unit activity in response to several infrale-
sional maneuvers. These patients were defined as “motor
discomplete” [12-14]. Given the advance of neuromodulation
for neural circuit and neural plasticity, there are growing trans-
lational and preliminary clinical evidences to show the benefit
of using spinal cord stimulation for motor discomplete SCI
patients with paralysis and uncontrolled neuropathic pain of
lower limbs, what previously thought impossible to improve
spontaneously at chronic stage. In this review, we first showed
that translational evidences to decipher the mechanistic of how
the neuromodulation with epidural spinal stimulation might
work to repair the disconnected spinal cord and followed by
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recent promising clinical reports relating the effectiveness of
spinal cord stimulation for severe SCI with paralyzed lower
limbs.

THERAPEUTIC MECHANISM UNDERLYING
LUMBOSACRAL EPIDURAL SPINAL CORD
STIMULATION FOR PARALYSIS

Therapeutic potential of spinal cord stimulation for para-
lyzed or transected spinal cord has been demonstrated in
several animal studies [15]. Spinal rats (deprived of brain
control), cats, and primates were able to show stepping pattern
only under epidural spinal cord stimulation and this causal rela-
tionship was established based on the dependence of sensory
feedback associated with weight bearing [16-19]. Activation of
spinal synaptic circuit can be confirmed through examination
of the evoked responses recorded through EMG. In addition,
combination with medical treatment 5-Ht agonist (quipazine)
enhanced the improvement of spinal cord stimulation on
numbers of plantar steps and quality of stepping. This sug-
gests that complementary benefit on impaired spinal neural
circuits could be achieved through both epidural spinal cord
stimulation and medical treatment [20]. In order to answer the
question about the role of sensory input from the ipsilateral
or contralateral lesion sides and how sensory input from the
non-deafferented side compensate for the loss of afferent input
over deafferented side, Lavrov et al. elucidated the recovery
of coordinated activity of hindlimbs in rats with complete
spinal cord transection and unilateral deafferentation [21]. The
afferent information arising from the non-deafferented side,
however, eventually could only mediate limited restoration of
hindlimb movements on the deafferented side. Another study
using spinal cord stimulation in swine models of SCI found
that proximity of the stimulating electrode to the dorsal roots
entry zone across individual vertebral segments was a crucial
factor to evoke higher motor responses and further illustrated
the association between anatomy of spinal cord and the effects
of spinal cord stimulation [22]. These researches suggest
that epidural spinal neuromodulation leading to improvement
of stepping is primarily mediated through ipsilateral spinal
ascending inputs that transmit and connect to the regional
locomotor networks. Furthermore, multisource sensory inputs
including proprioception and cutaneous sensory inputs help rat
models of SCI synergistically reintegrate with epidural spinal
cord stimulation to promote postural balance [23].

Recovery of locomotion of lower limbs in the spinal cats
through lumbosacral spinal stimulation or four limbs with
cervical spinal stimulation suggested that neuromodulation
over spinal cord could elicit activation of intrinsically orga-
nized spinal circuits [24,25]. A computational modeling study
also revealed that epidural spinal stimulation engaged spinal
circuits inter-neuronal processing through the recruitment of
myelinated afferent fibers, instead of direct influence on motor
neurons or interneurons [26]. Taken together, these researches
support that epidural spinal cord stimulation-induced stepping
or overground walking first requires synergistic effect from
both multisource sensory input and transsynaptically propaga-
tion to engage motor neurons and generate voluntary motor
movement over legs [21]. These findings are consistent with
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what we saw in rats models or human with severe SCI [27,28].
The mechanistic of functional recovery after SCI has also
been investigated through both physiological and anatomical
methods. Even transection and disconnection of long descend-
ing supraspinal tracts in rodents has been totally irreversible,
Courtine et al. showed that propriospinal relay connections
that bypass one or more injury sites are able to mediate
spontaneous functional recovery and supraspinal control of
stepping [17]. This implicates that strategy toward enhancing
and remodeling the relay neuronal connections might generate
alternative therapeutic efficacy to cross SCI lesions and repair
it [Figure 1] [16].

LUMBOSACRAL EPIDURAL SPINAL CORD
STIMULATION FOR VOLITIONAL MOTOR CONTROL
OF LOWER LIMBS

Herman et al. first demonstrated that, in addition to loco-
motor rehabilitation, spinal cord stimulation over dorsal
epidural and lumbosacral segments regain ability of over-
ground walking on a locomotor-assisted treadmill [29].
Although the subject had suffered incomplete motor SCI at
C5/6 for 3.5 years before included in study, resume of ambu-
lation was not achievable after intense rehabilitation programs.
The combination therapy using epidural spinal cord stimula-
tion with partial weight-bearing therapy further facilitated
walking speed with 2 times more and significant reduction of
effort for overground walking [30].

Harkema et al. reported their breakthrough attempt of using
similar surgical technique by surgically implanted epidural
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Figure 1: Epidural spinal cord stimulation repairs regional impaired neural circuitry
and enhances synaptic connection of damaged spinal cord from both afferent and
efferent inputs
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spinal stimulation electrode over lumbosacral segment (around
T11, T12, and L1) for a 23-year-old male remained paraly-
sis 3.4 years after traffic accident [28]. What is different
from previous works is the enrolled subject with motor com-
plete and sensory incomplete paraplegia. Seven months after
implantation, the patient recovered supraspinal control of
some leg movements, but only during epidural stimulation.
Prestimulation around 9 months physical rehabilitation failed
to reach assisted standing or overground walking [31]. On
the contrary, comparable 10-month design physical programs
as well as activity-coordinated specified stimulation improve
subject’s voluntarily control stepping and standing. This
report implicated that task-specific spinal cord stimulation
could reactivate previously possible dormant spinal circuitry
and enhance neural plasticity [32]. In addition to this report,
a follow-up study enrolled 3 more patients (2 with complete
motor and sensory paralysis). Similar to their finding from
the first subject, neuromodulation through epidural spinal

cord stimulator over lumbosacral area enables the recovery of
intentional movement of lower limbs from all 4 subjects with
complete paralyzed motor function [33]. Furthermore, these
subjects were able to process auditory and visual cues and
demonstrate fine motor output in the lower limbs in response
to these signals. This research established spinal cord stimu-
lation as a fundamentally new intervention to enable motor
activity in individuals diagnosed with chronic and motor com-
plete SCL

At another follow-up investigation, these subjects showed
epidural spinal stimulation inducing EMG activity over
lower limb muscles, only during standing instead of sitting
position [34]. This implied that to reproduce effective EMG
activity in order to execute and achieve full weight-bearing
standing relies on weight-bearing related sensory input and
integration. Furthermore, more coordinated EMG patterns for
standing were only evoked when cathodes over caudal array
region where contacts were close the lumbo-sacral junction of

Table 1: Clinical studies of spinal cord stimulation for spinal cord injury patients, including patients’ characteristics, stimulation

design, specific task-related physical rehabilitations, and outcome

Level of spinal ASIA Implant of spinal Level Specialized rehabilitation and stimulation Level of functional
cord injury grading cord stimulator program recovery
Harkema C7/T1 subluxation B Restore Advanced, T11/T12/L1 7 months local motor training Full weight-bearing
etal. withmotor Medtronic, standing with assistance
complete SCI (1) Medtronic Specify provided only for
5-6-5 balance for 4.25 min
Angeli C7(2),T5(2) A(2), Restore Advanced, T12/L1 6 months local motor training Process of conceptual,
etal. withmotor B (2) Medtronic, auditory and visual
complete SCI Medtronic Specify input to regain relatively
5-6-5 fine voluntary control of
paralysed muscles
Angeli C5 (1), T1 (1), A(2), Restore Advanced, TI12/L1 Using EMG to identify. the extensor and flexor 2 over ground walking,
etal. T4 (2) with motor B (2) Medtronic, muscle groups that were activated by stimulating 2 standing
complete SCI Medtronic Specify each epidural anode and cathode combination at
5-6-5 2 Hz
Spatial maps of motor activation during low
frequency (2 Hz) bipolar electrode stimulation
Several combinations of programs (anode and
cathode combinations at a specific voltage)
for different motion configurations at the same
frequency were given sequentially
Wagner C4(1),C7(2) C(2), Restore Advanced, TI11/T12/L1  Simulated map of motor neuron activation following Regain voluntary
etal. incomplete SCI D (1) Medtronic, EES targeting the L1 and S2 posterior roots control of previously
Medtronic Specify Configuration of spatiotemporal EES for walking ~ Paralyzed muscles
5-6-5 . . . without stimulation
Using an implanted pulse generator with
real-time triggering capabilities for activating
spatiotemporal EES for walking
Grahn T6 complete A Restore Sensor T11/T12/L1 2 weeks of multi-modal rehabilitation Intentionally control
etal. SCI (1) Sure Scan MRI, task-specific muscle
Medtronic Specify activity
5-6-5
Gill T6 complete A Restore Sensor T11/T12/L1  Two-program interleaved EES (left and right) Independent stepping
etal. SCL() Sure Scan MRI, 43 weeks of multimodal rehabilitation including ~ a0d Walking using
I;dgd;ronic Specity standing and step front-wheeled walker

SCI: Spinal cord injury, C: Cervical, T: Thoracic, L: Lumbar, ASIA grading: American Spinal Injury Association grading, EES: Epidural electrical

stimulation
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spinal cord with stimulating parameters configured at frequen-
cies within 25-60 Hz. Taken together, these clinical studies
suggest that individualized stimulation configurations and
design of specific task-related physical rehabilitations are
both important and are shown in Table 1. Furthermore, even
in the lack of connections due to injured spinal cord, spinal
synaptic plasticity and connection within spinal circuitry can
generate effective motor function. The improvement of synap-
tic plasticity and reanimation of disconnected spinal cord after
neuromodulation may explain why some severe SCI patients
only acquire independent standing and trunk stability, while
others achieve stepping and walking over the ground under
continuously epidural spinal stimulation [35].

Grahn et al. aimed to replicate the findings at the Mayo
Clinic [36]. They enrolled a motor complete SCI patient at
level of T6 and found that, within 2 weeks, spinal cord stim-
ulation of subject enabled volitional control of task-specific
muscle activity, voluntary control of rhythmic muscle activ-
ity to produce step-like movements during lying on the side,
independent standing, and intentional control of step-like
movements and rhythmic muscular contraction when assisted
with partial weight bearing support [36]. During a longer fol-
low-up with 1-year additional multimodel rehabilitation, the
same subject improved further to regain stepping on the tread-
mill with minimal support or independently [37]. In accordance
with previous research, their findings confirmed that epidural
spinal cord stimulation along with intense and tailored physi-
cal rehabilitation programs could resume the volitional control
of lower limbs muscular contraction [21,27]. Different from
these studies using continuous epidural spinal stimulation,
Wagner et al. chose a closed-loop and adaptive design of epi-
dural spinal stimulation for SCI patients with permanent motor
deficit or motor complete [38]. Specifically, the spatiotemporal
paradigm first identified electrode configurations that target the
posterior roots that project to spinal cord regions, containing
motor neurons involved in mobilizing the hip, knee, and ankle
joints. 3D kinematics and ground reaction forces were recorded
simultaneously to provide real-time feedback for the delivered
trains of spatially selective stimulation. In accordance with the
sequential movement related to the stepping or rhythmic activi-
ties of legs, previously configured stimulation parameters were
set to match these individually intended movements to trigger
and finish overground walking after a few months of training
and rehabilitation for patients. This study showed that spatio-
temporal epidural spinal stimulation not only more effectively
enabled completely or partially paralyzed individuals to walk
overground but also allowed them to adjust leg movements to
stand and walk over a range of speeds for durations as long as
1 hour.

CONCLUSION

There are growing evidences to show the benefit of using
epidural spinal cord stimulation to excite regional impaired
neural circuitry from SCI and facilitate voluntary control of
lower limbs, which were motor complete without neuro-
modulation. Although we need more clinical evidences to
statistically show the effects of resuming walking capability,
lumbosacral epidural spinal cord stimulation as well as intense
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multimodal physical rehabilitation have opened a window
for those severe SCI patients. In the future, patient-tailored
brain—spinal interface and closed-loop control of injured spinal
cord might provide a new way to restore the communica-
tion of brain and spinal cord and functionality of paralyzed
patients.

Financial support and sponsorship

This review work was funded by the Buddhist Tzu Chi
Medical Foundation (TCMF-MP 108-01-03), Ministry of
Science and Technology, Taiwan (108-2314-B-303-014), Tzu
Chi University, Hualien, Taiwan (TCIRP 107001-04).

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Chen HY, Chen SS, Chiu WT, Lee LS, Hung CI, Hung CL, et al.
A nationwide epidemiological study of spinal cord injury in geriatric
patients in Taiwan. Neuroepidemiology 1997;16:241-7.

2. Schoenfeld AJ, McCriskin B, Hsiao M, Burks R.
epidemiology of spinal cord injury within a closed American population:
The United States military (2000-2009). Spinal Cord 2011;49:874-9.

3. Wu JC, Chen YC, Liu L, Chen TJ, Huang WC, Cheng H, et al. Effects
of age, gender, and socio-economic status on the incidence of spinal cord
injury: An assessment using the eleven-year comprehensive nationwide
database of Taiwan. J Neurotrauma 2012;29:889-97.

4. Ditunno PL, Patrick M, Stineman M, Ditunno JF. Who wants to walk?
Preferences for recovery after SCI: A longitudinal and cross-sectional
study. Spinal Cord 2008;46:500-6.

5. Squair JW, White BA, Bravo GI, Martin Ginis KA, Krassioukov AV. The
Economic Burden of Autonomic Dysreflexia during Hospitalization for
Individuals with Spinal Cord Injury. J Neurotrauma 2016;33:1422-7.

6.  White BA, Dea N, Street JT, Cheng CL, Rivers CS, Attabib N, et al.
The economic burden of urinary tract infection and pressure ulceration in
acute traumatic spinal cord injury admissions: Evidence for comparative
economics and decision analytics from a matched case-control study.
J Neurotrauma 2017;34:2892-900.

7. Gwak YS, Kang J, Unabia GC, Hulsebosch CE. Spatial and temporal
activation of spinal glial cells: Role of gliopathy in central neuropathic

Incidence and

pain following spinal cord injury in rats. Exp Neurol 2012;234:362-72.

8. Druschel C, Ossami Saidy RR, Grittner U, Nowak CP, Meisel A,
Schaser KD, et al. Clinical decision-making on spinal cord
injury-associated pneumonia: A nationwide survey in Germany. Spinal
Cord 2020:1-9.

9.  Dietz V. Ready for human spinal cord repair? Brain 2008;131:2240-2.

10. Ganzer PD, Colachis SC 4" Schwemmer MA, Friedenberg DA,
Dunlap CF, Swiftney CE, et al. Restoring the Sense of Touch Using a
Sensorimotor Demultiplexing Neural Interface. Cell 2020;181:763-73.
el2.

11. Harkema SJ. Plasticity of Interneuronal Networks of the functionally
isolated human spinal cord. Brain Res Rev 2008;57:255-64.

12.  Sherwood AM, Dimitrijevic MR, McKay WB. Evidence of subclinical
brain influence in clinically complete spinal cord injury: Discomplete
SCI. J Neurol Sci 1992;110:90-8.

13. McKay WB, Lim HK, Priecbe MM, Stokic DS, Sherwood AM. Clinical
neurophysiological assessment of residual motor control in post-spinal
cord injury paralysis. Neurorehabil Neural Repair 2004;18:144-53.

14. Dimitrijevic MR, Hsu CY, McKay WB. Neurophysiological assessment
of spinal cord and head injury. J Neurotrauma 1992;9(Suppl 1):S293-300.

15.  Gerasimenko Y, Roy RR, Edgerton VR. Epidural stimulation: Comparison
of the spinal circuits that generate and control locomotion in rats, cats



[Downloaded free from http://www.tcmjmed.com on Thursday, January 7, 2021, IP: 118.163.42.220]

Tsai, et al. / Tzu Chi Medical Journal 2021; 33(1): 29-33

20.

21.

22.

23.

24.

25.

26.

27.

and humans. Exp Neurol 2008;209:417-25.

Courtine G, Song B, Roy RR, Zhong H, Herrmann JE, Ao Y, et al.
Recovery of supraspinal control of stepping via indirect propriospinal
relay connections after spinal cord injury. Nat Med 2008;14:69-74.
Courtine G, Gerasimenko Y, van den Brand R, Yew A, Musienko P,
Zhong H,
into functional states after the loss of brain input. Nat Neurosci
2009;12:1333-42.

Capogrosso M, Milekovic T, Borton D, Wagner F, Moraud EM,
Mignardot JB, et al. A brain-spine interface alleviating gait deficits after
spinal cord injury in primates. Nature 2016;539:284-8.

Martinez M, Delivet-Mongrain H, Leblond H, Rossignol S. Effect of
locomotor training in completely spinalized cats previously submitted to a
spinal hemisection. J Neurosci 2012;32:10961-70.

Ichiyama RM, Gerasimenko Y, Jindrich DL, Zhong H, Roy RR,
Edgerton VR. Dose dependence of the 5-HT agonist quipazine
in facilitating spinal stepping in the rat with epidural stimulation.
Neuroscience Letters 2008;438:281-5.

Lavrov I, Courtine G, Dy CJ, van den Brand R, Fong AJ, Gerasimenko Y,
et al. Facilitation of stepping with epidural stimulation in spinal rats: Role
of sensory input. J Neurosci 2008;28:7774-80.

Cuellar CA, Mendez AA, Islam R, Calvert JS, Grahn PJ, Knudsen B,
et al. The role of functional neuroanatomy of the lumbar spinal cord in
effect of epidural stimulation. Front Neuroanat 2017;11:82.

Lavrov I, Gerasimenko Y, Burdick J, Zhong H, Roy RR, Edgerton VR.
Integrating multiple sensory systems to modulate neural networks
controlling posture. J Neurophysiol 2015;114:3306-14.

Iwahara T, Atsuta Y, Garcia-Rill E, Skinner RD. Spinal
stimulation-induced locomotion in the adult cat. Brain Research Bulletin
1992;28:99-105.

Gerasimenko YP, Lavrov IA, Bogacheva IN, Shcherbakova NA,
Kucher VI, Musienko PE. Formation of locomotor patterns in decerebrate
cats in conditions of epidural stimulation of the spinal cord. Neurosci
Behav Physiol 2005;35:2911-8.

Capogrosso M, Wenger N, Raspopovic S, Musienko P, Beauparlant J,
Bassi Luciani L, et al. A computational model for epidural electrical
stimulation of spinal sensorimotor circuits. J Neurosci 2013;33:19326-40.
Harkema SJ, Hurley SL, Patel UK, Requejo PS, Dobkin BH,
Edgerton VR. Human lumbosacral spinal cord interprets loading during
stepping. J Neurophysiol 1997;77:797-811.

et al. Transformation of nonfunctional spinal circuits

cord

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Harkema S, Gerasimenko Y, Hodes J, Burdick J, Angeli C, Chen Y, et al.
Effect of epidural stimulation of the lumbosacral spinal cord on voluntary
movement, standing, and assisted stepping after motor complete
paraplegia: A case study. Lancet 2011;377:1938-47.

Herman R, He J, D’Luzansky S, Willis W, Dilli S. Spinal cord stimulation
facilitates functional walking in a chronic, incomplete spinal cord injured.
Spinal Cord 2002;40:65-8.

Carhart MR, He J, Herman R, D’Luzansky S, Willis WT. Epidural
spinal-cord stimulation facilitates recovery of functional walking
following incomplete spinal-cord injury. IEEE Trans Neural Syst Rehabil
Eng 2004;12:32-42.

Harkema SJ, Hillyer J, Schmidt-Read M, Ardolino E, Sisto SA,
Behrman AL. Locomotor training: As a treatment of spinal cord injury
and in the progression of neurologic rehabilitation. Arch Phys Med
Rehabil 2012;93:1588-97.

Minassian K, Jilge B, Rattay F, Pinter MM, Binder H, Gerstenbrand F,
et al. Stepping-like movements in humans with complete spinal
cord injury induced by epidural stimulation of the lumbar cord:
Electromyographic study of compound muscle action potentials. Spinal
Cord 2004;42:401-16.

Angeli CA, Edgerton VR, Gerasimenko YP, Harkema SJ. Altering spinal
cord excitability enables voluntary movements after chronic complete
paralysis in humans. Brain 2014;137:1394-409.

Rejc E, Angeli C, Harkema S. Effects of lumbosacral spinal cord epidural
stimulation for standing after chronic complete paralysis in humans.
PLoS One 2015;10:e0133998.

Angeli CA, Boakye M, Morton RA, Vogt J, Benton K, Chen Y, et al.
Recovery of over-ground walking after chronic motor complete spinal
cord injury. N Engl J Med 2018;379:1244-50.

Grahn PJ, Lavrov IA, Sayenko DG, Van Straaten MG, Gill ML,
Strommen JA, et al. Enabling task-specific volitional motor functions via
spinal cord neuromodulation in a human with paraplegia. Mayo Clin Proc
2017;92:544-54.

Gill ML, Grahn PJ, Calvert JS, Linde MB, Lavrov IA, Strommen JA, et al.
Neuromodulation of lumbosacral spinal networks enables independent
stepping after complete paraplegia. Nat Med 2018;24:1677-82.

Wagner FB, Mignardot JB, Le Goff-Mignardot CG, Demesmaeker R,
Komi S, Capogrosso M, et al. Targeted neurotechnology restores walking
in humans with spinal cord injury. Nature 2018;563:65-71.

33



