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Abstract In addition to restoration of bladder, bowel, and
motor functions, alleviating the accompanying debilitating
pain is equally important for improving the quality of life
of patients with spinal cord injury (SCI). Currently,
however, the treatment of chronic pain after SCI remains
a largely unmet need. Electrical spinal cord stimulation
(SCS) has been used to manage a variety of chronic pain
conditions that are refractory to pharmacotherapy. Yet, its
efficacy, benefit profiles, and mechanisms of action in SCI
pain remain elusive, due to limited research, methodolog-
ical weaknesses in previous clinical studies, and a lack of
mechanistic exploration of SCS for SCI pain control. We
aim to review recent studies and outline the therapeutic
potential of different SCS paradigms for traumatic SCI
pain. We begin with an overview of its manifestations,
classification, potential underlying etiology, and current

Qian Huang and Wanru Duan have contributed equally to this work.

< Yun Guan
yguanl @jhmi.edu

Department of Anesthesiology and Critical Care Medicine,
School of Medicine, Johns Hopkins University, Baltimore,
MD 21205, USA

Department of Neurosurgery, Xuanwu Hospital, Capital
Medical University, Beijing 100053, China

Department of Orthopedics, Hong Hui Hospital, Affiliated
Hospital of the Medical School, Xi’an Jiaotong University,
Xi’an 710004, China

Department of Neurobiology, Capital Medical University,
Beijing 100069, China

Department of Orthopedics, Luhe Hospital, Capital Medical
University, Beijing 100020, China

Department of Neurological Surgery, School of Medicine,
Johns Hopkins University, Baltimore, MD 21205, USA

challenges for its treatment. The clinical evidence for using
SCS in SCI pain is then reviewed. Finally, future perspec-
tives of pre-clinical research and clinical study of SCS for
SCI pain treatment are discussed.
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Introduction

Patients frequently develop chronic pain after traumatic
spinal cord injury (SCI) as a result of maladaptive
neurophysiological and neurochemical changes in the
somatosensory system [1, 2]. To date, the treatment of
SCI pain remains a largely unmet medical need. Since the
original “gate control” theory of pain was developed in
1965 [3, 4], spinal cord stimulation (SCS) has been used
for over 50 years to manage pathologic pain conditions,
especially those with a neurogenic origin [4-8]. Yet, its
usefulness and mechanisms of action in SCI pain are still
unclear [9, 10]. The purpose of this brief review is to
outline SCI pain and the therapeutic potential of different
electrical SCS paradigms for its treatment. A literature
search was performed in MEDLINE and PubMed on June
1, 2018. No date limits were applied and the search was
limited to the English language. Both preclinical and
clinical sources were included if they were related to SCI
pain and SCS, using key words including pain, SCI,
trauma, SCS, and analgesia. The reference lists of the
sources selected were also examined to identify additional
studies not found in the original search. We used discretion
in this process, with preference for clinical and preclinical
peer-reviewed articles in indexed medical journals.
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SCI Pain and Treatment
Manifestations of SCI Pain

SCI has devastating consequences, including a high
prevalence of chronic pain and altered sensory function.
Multiple classification schemes have been developed to
define SCI pain in humans based on etiology, anatomical
level of injury, or quality of pain. Among them, the
International Spinal Cord Injury Pain Data Set [1, 2, 11]
and the three-tiered framework proposed by the Interna-
tional Association for the Study of Pain provide general
guidelines for the assessment and treatment of SCI pain
[12, 13]. It has been estimated that 30%-80% of SCI
patients experience chronic pain that develops unilaterally
or bilaterally after injury [1, 11, 14, 15]. Strikingly, nearly
one-third of SCI patients suffer severe pain [16, 17].

SCI pain can be broadly divided into nociceptive and
neuropathic categories. Nociceptive pain, including dull
and aching pain, can occur in various body regions and
systems, such as in the musculoskeletal system due to
muscle spasticity and movement, visceral organs of the
abdomen or thorax due to infection or obstruction, and skin
due to ulcers [1, 2, 18]. Neuropathic pain may develop in
over half of SCI patients and can also occur in various
regions [1, 19]. Based on the location of pain from the level
of neurologic injury, neuropathic pain can be further
categorized into above-level, at-level, and below-level pain
[18, 20, 21]. The neuropathic pain component is often
described as stabbing, sharp-electrical, shooting, or burning
spontaneous pain that occurs in a region of sensory
disturbance, and remains the most difficult to treat with
current pharmacotherapy [22]. Severe at-level pain is
common in SCI patients (> 50%) and is located within the
region spanning one dermatome rostral and three der-
matomes caudal to the injury [23]. In addition to the
common sensations of neuropathic pain, at-level pain is
often accompanied by mechanical and thermal hypersen-
sitivity (e.g., allodynia and hyperalgesia). Similar pain
manifestations may also occur in dermatomes rostral and
caudal to the region of at-level pain, which are classified as
above-level and below-level pain, respectively. It has been
reported that ~ 34% of patients develop below-level pain
within 5 years after injury [21], and the symptoms include
both spontaneous and evoked pain. The lower extremities
are the most affected by below-level pain, which develops
more gradually and is associated with less dysesthesia and
allodynia than at-level pain [24, 25].

Etiology

Findings from animal studies and clinical investigations of
the pathogenesis of SCI pain have been extensively
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reviewed [14, 26-30]. Although the details are not yet
completely understood, multiple neurochemical and neu-
rophysiological changes at spinal and supraspinal levels
and in the peripheral nervous system have been suggested
to contribute to SCI pain [29, 31-33]. Increased neuronal
excitability and gliosis in the central nervous system are
frequent consequences of neurological trauma and lead to
the development of persistent pain [34-36].

In animal SCI models, including contusive injuries that
represent certain features of SCI in patients [37-39], it is
well established that dorsal horn neurons above and below
the epicenter develop spontaneous activity and increased
responses to peripheral stimulation [40-42]. These neu-
ronal changes may be due to a variety of causes, such as a
loss of endogenous GABAergic inhibition, upregulation of
ion channels and glutamate receptors in dorsal horn
neurons, and enhanced net descending pain facilitation
from supraspinal structures [28, 43—49]. Downregulation of
K"-CI” co-transporter type 2 (KCC2) has been shown to
disinhibit spinal motor neurons and dorsal horn interneu-
rons, and is associated with spasticity after SCI [50, 51]. A
recent study demonstrated that selective expression of
KCC2 in the inhibitory interneurons around staggered
spinal lesions and applying a KCC2 agonist can promote
functional recovery after SCI [52]. Downregulation of
KCC2 may also contribute to SCI pain, so KCC2 in the
spinal cord may be a promising target for pain treatment
[53]. Activation of glial cells in the central nervous system
also underlies spinal synaptic plasticity, such as the
formation of long-term potentiation in dorsal horn neurons
[35, 54, 55]. Accumulating evidence suggests that glial
cells, such as microglia and astrocytes in the spinal cord,
play an important role in the neuronal hyperexcitability
underlying SCI pain by releasing pro-inflammatory cytoki-
nes and chemokines similar to those in peripheral neuro-
pathic pain [14, 27, 56, 57].

In addition to these central neuronal and non-neuronal
mechanisms, mounting evidence has shown that SCI pain
may also stem from peripheral mechanisms, such as an
increase in the spontaneous activity and excitability of
dorsal root ganglia [27, 29, 33, 58, 59]. Recently,
epigenetic changes, including histone modifications, DNA
methylation, non-coding RNAs, and alteration of chro-
matin modifiers, were also suggested to contribute to SCI
pain [26, 60-62]. Therefore, the etiologies of sensory
dysfunction after SCI are likely multifactorial. The affected
neurological structure and pathology responsible for dif-
ferent categories (e.g., at-level versus below-level pain)
and symptoms (e.g., allodynia versus burning and ongoing
pain) of SCI pain also may differ [14]. Mechanistic studies
in different animal models of SCI will help to identify new
drug targets and signaling pathways for innovative SCI
therapy.
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Current Treatment of SCI Pain

The devastating pain associated with SCI impairs quality of
life, causes significant suffering, and reduces social inter-
actions. Moreover, the lost productivity and cost of
treatment generate a heavy economic burden for patients,
their families, and society [1, 2, 14, 18, 63]. Pain may also
exacerbate other comorbidities of SCI, as well as delaying
wound healing and recovery of motor function. At times, it
can lead to depression and even suicide. Accordingly,
although the key focus of SCI treatment is the recovery of
motor function, improvements in the secondary outcomes,
especially pain, are equally important to patients [63]. Both
pharmacological and non-pharmacological interventions
have been tried for different manifestations of SCI pain.
Unfortunately, SCI pain is often refractory to current
pharmacological therapies, including opioids, antidepres-
sants, and anticonvulsants [30, 64—67]. In addition, long-
term drug treatment often leads to severe dose-limiting
side-effects, such as addiction and abuse.

Neurosurgery and functional neuromodulation therapies
may become important alternative strategies to alleviate
pain symptoms when pharmacotherapies are ineffective or
become intolerable [13, 68, 69]. Ablative neurosurgical
procedures, such as thermal destruction of the dorsal horn
or dorsal root entry zone, can be effective for alleviating
debilitating pain in a subgroup of SCI patients. However,
neurodestructive procedures are invasive and irreversible,
possibly causing additional damage to the spinal cord and
permanent loss of function. In addition, such procedures
benefit only a small group of patients. Some patients report
recurring pain even after these procedures [70, 71]. Since
the discovery by Luigi Galvani in the 18th century that
electricity can modulate nerve activity, various modes of
functional neurostimulation therapies have been developed
for improving the primary and secondary outcomes of SCI,
such as regaining motor function, alleviating spasticity,
triggering cough, assisting breathing, and improving bowel
and bladder control [72]. Neurostimulation techniques have
also been tested for pain control, including transcranial
direct current stimulation, deep brain stimulation, transcra-
nial magnetic stimulation, transcutaneous electrical nerve
stimulation, and SCS [73]. Nevertheless, clinical evidence
remains insufficient to suggest that “electroceuticals” are
highly effective for reducing chronic pain in SCI patients
[10, 72, 74, 75].

SCS Paradigms for Pain Inhibition
Conventional SCS

As functional electrical stimulation, SCS has been used to
treat a variety of peripheral neurogenic and

musculoskeletal pain conditions and to improve the quality
of life in patients [76-78]. Currently, three major stimu-
lation paradigms or waveforms have been used for pain
management. Conventional SCS was the first developed for
pain treatment [79] and was based on the seminal “gate
control” theory of pain proposed by Wall and Melzak in
1965 [4, 80]. Conventional SCS delivers mild electrical
pulses through epidural electrodes to activate dorsal
column fibers at an optimal frequency of 30 Hz-60 Hz
[7, 8, 77]. Stimulation of low-threshold afferent fibers (A -
fibers) in the dorsal column elicits paresthesia (i.e., supra-
sensory threshold). At this intensity, the stimulation
activates spinal inhibitory interneurons and other endoge-
nous inhibitory mechanisms to attenuate nociceptive trans-
mission, so-called “closing the gate” [4, 80]. This remains
the mainstay of SCS pain therapy, with > 40,000 systems
implanted worldwide every year [5, 7, 81, 82]. A large
portion of the analgesic effect produced by conventional
SCS is mediated through the dorsal column. Conventional
SCS produces robust activation in dorsal column nuclei at
an intensity that inhibits neuropathic pain after nerve injury
in rats [77, 83-85]. In addition to the classical pain gating
mechanisms underlying the inhibition by conventional
SCS, other spinal mechanisms may also involve the
activation of nearby descending pain-inhibitory pathways,
inducing inhibitory postsynaptic potentials in dorsal horn
neurons by a synchronized antidromic dorsal column
volley [86], and the facilitation of primary afferent
depolarization, which elicits the presynaptic inhibition of
afferent inputs [87]. Thus, the mechanisms of pain
inhibition by conventional SCS involve spinal, supraspinal,
and, potentially, peripheral mechanisms (Fig. 1).

New SCS Paradigms

The efficacy of conventional SCS for chronic pain has
remained suboptimal during the past several decades. Only
50%-60% of patients respond to initial trial stimulation
(defined as > 50% pain reduction). Further, only a portion
of these selected patients experience pain relief by SCS
[88-91]. Burst SCS (bursts of 5 pulses with an internal
frequency 500 Hz) applied at 40 Hz was developed as an
alternative to conventional SCS [92-94]. Burst SCS can
attenuate pain without eliciting paresthesia and may induce
better neuropathic pain inhibition than conventional SCS
[92-96]. In animal studies, burst SCS was found to be more
efficacious than conventional SCS at attenuating visceral
nociception [97] and improving the hyperalgesia and
physical activity after nerve injury [98]. Nevertheless,
clinical evidence to support the use of burst SCS for
managing chronic intractable pain is still insufficient [95].
High-frequency, paresthesia-free =~ SCS (10,000 Hz)
[83, 99-105] has emerged as another paradigm that has
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Fig. 1 Schematic illustrating hypothetical mechanisms that may
contribute to pain inhibition by spinal cord stimulation (SCS) after
spinal cord injury (SCI). A Conventional tonic SCS activates A
fibers in the dorsal column and induces paresthesia (supra-sensory
threshold). The antidromic action potentials trigger a segmental
inhibitory mechanism via collateral branches. The orthodromic action
potentials may activate supraspinal inhibitory mechanisms. Conven-
tional SCS distal (caudal) to the lesion (epicenter) may attenuate
below-level and at-level pain rather than above-level pain, primarily
by activating segmental mechanisms. The pain inhibition may also
involve supraspinal mechanisms if cord transection is incomplete.
Conventional SCS proximal (rostral) to the lesion may attenuate
above-level and at-level pain by activating supraspinal mechanisms. It

further improved the clinical outcomes for neuropathic
pain. Intriguingly, high-frequency, paresthesia-free SCS
can induce pain relief in patients who do not respond well
to conventional SCS (non-responders), and its ability to
inhibit mechanical hypersensitivity is equal to or greater
than that of conventional SCS [78, 83]. At least one clinical
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remains unclear whether conventional SCS attenuates the increased
excitability of peripheral sensory neurons after SCI. B Burst SCS at
low intensity may not activate dorsal column fibers and induce
paresthesia (subsensory threshold). It may progressively generate a
weak electrical field that affects the superficial dorsal horn and
suppresses sensory information that is integrated and modified at the
central terminals of afferent fibers and at the synaptic junctions of
dorsal horn neurons, prior to their dispatch to supraspinal centers.
Thus, it may attenuate pain without sensory perception. Burst SCS
applied distal to the lesion may attenuate below-level and at-level
pain, whereas application proximal to the lesion may attenuate above-
level and at-level pain, both through unknown local mechanisms.

trial has shown that 10,000 Hz SCS therapy is superior to
conventional SCS in the long-term treatment of back and
leg pain [99]. Currently, details about the neuronal
substrates and cellular and neurochemical mechanisms
that underlie pain inhibition by SCS are only partially
understood, especially as they relate to burst and high-
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frequency SCS [77, 81, 84, 92]. Importantly, the high-
frequency paradigm at the sub-sensory threshold therapeu-
tic intensity may not activate neurons in the dorsal column
nuclei [83], and does not activate or change the conduction
properties of dorsal column fibers in the same experimental
setting, which are in line with findings from recording of
single dorsal column axons during high-frequency SCS in
rats [106]. Like high-frequency SCS, burst SCS does not
increase activity in dorsal column nuclei [97]. Mounting
evidence suggests that the modes of action, such as
inhibition of pain-processing dorsal horn neurons and
activation of endogenous GABAergic inhibition, differ
among conventional, burst, and high-frequency SCS
[78, 92, 97, 107].

SCS in SCI Pain
Conventional SCS

Conventional SCS has been used for several decades in
SCI patients to help them regain motor control below the
level of the lesion, improve bone and muscle health, and
attenuate spasticity [10, 108-110]. Depending on the
parameters and spinal level at which stimulation is applied,
SCS may also have other therapeutic actions, including
regulating the functions of various organ systems
[111-115] and helping to restore cough with cervical SCI
[116, 117].

Conventional SCS was the first paradigm applied to
control pain in SCI patients [8]. The initial reports from
early studies in the 1970s-1990s were encouraging
(Table 1). In the first study, which included seven patients
with traumatic injury-induced SCI from spinal fractures
(5), a gunshot wound (1), and spinal cord contusion (1),
26.7% reported excellent pain relief and 13.3% reported
good pain relief after SCS [118]. In a later study, SCS
produced good pain relief (mean analgesia 68.2%) in 6 of
15 patients with incomplete traumatic SCI [119], and
induced excellent pain inhibition in 6 of 7 paraplegic SCI
patients with a 6-year retrospective follow-up [120]. In
addition, 43.7% of 16 patients who had paraplegic pain
associated with incomplete traumatic SCI reported satis-
factory pain relief [121]. In another study of the clinical
efficacy of SCS, 9 of 11 SCI patients with painful
symptoms benefited from initial trial treatment and pro-
ceeded to permanent implants [122]. In a larger cohort of
127 SCI patients, 65% of whom had traumatic SCI, 35
received SCS treatment [123]. In that study, an analysis
based on the level and severity of injury showed that
conventional SCS may be more effective for reducing pain
in patients with incomplete SCI, as 6 of 24 patients who
showed good pain relief (decrease in pain of at least 50%)
from SCS had incomplete lesions. In contrast, those with

complete SCI responded poorly to conventional SCS.
Accordingly, the authors suggested that patients with
incomplete SCI lesions at low thoracic to upper lumbar
levels may benefit from conventional SCS. This notion was
supported by findings from a later study, which showed
that incomplete SCI at the thoracic level, and paraplegic
pain from spasm or contracture are positive prognostic
factors for conventional SCS treatment [124]. In a study of
pain patients with different etiologies, 55 Hz—60 Hz SCS
was found to successfully control pain in 4 of 10 SCI
patients [125]. Although the common frequencies of SCS
used for pain treatment in these studies ranged from 40 Hz
to 60 Hz, low-frequency (1.6 Hz-8 Hz) SCS was also
shown to effectively inhibit pain in 5 of 12 SCI patients
with lower-extremity pain [126].

In a recent study by Levine et al. [127], cervical SCS
provided meaningful long-term relief of neuropathic pain
in the upper limbs of 15 SCI patients. Permanent SCS leads
were implanted above the level of SCI but at the level
corresponding to the dermatomal distribution of pain in 11
of these patients, based on a decrease in the pain score on a
visual analogue scale. Compared to baseline, patients
treated with cervical SCS showed significant improvements
in average pain scores at 12 months, with the majority
exhibiting pain relief and reduced opioid use. The mech-
anisms of pain relief by this cervical SCS remain unclear,
but modulation of residual spinothalamic tract function
may play a role. Pain after traumatic brachial plexus injury
(BPI) may share certain features of SCI pain. The
pathogenesis of BPI involves central mechanisms and
sensitization of superficial dorsal horn neurons secondary
to traumatic afferent disconnection of the nerve roots. As
with SCI pain, BPI pain is often resistant to pharmacother-
apy. Intriguingly, conventional SCS has been shown to
produce good pain relief, improve the quality of life, and
significantly reduce drug usage in a subgroup of BPI
patients [128].

Nevertheless, other clinical studies have suggested that
the efficacy of conventional SCS for SCI pain may be
suboptimal, and long-term clinical outcomes remain
unclear [10]. In general, patients with SCI are much less
responsive to conventional SCS than those with failed back
surgery pain syndromes or neuropathic pain with a
peripheral origin. For example, the results of SCS in 10
SCI patients with intractable pain were unsatisfactory, in
contrast to the good outcome of nine patients with
intractable post-amputation or post-traumatic neuroma
pain [129]. A review of 27 clinical studies conducted in
2009 found the results of conventional SCS treatment for
SCI pain to be “disappointing”, with only a 30%—-40%
success rate. The authors further concluded that “there is
no significant level of proof to recommend the use of this
technique in this indication” [74]. In a large-scale survey
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of 1100 SCI patients, the improvement in pain scores after
SCS (1.67-1.78) was weaker than that reported for opioids
(3.08-3.47) or even physical therapy (2.87-3.06) [68]. The
long-term outcomes of SCS for SCI pain from the limited
number of studies are not promising. In a study by Cioni
et al. [124] 9 of 25 SCI patients with chronic pain initially
reported at least a 50% reduction in pain after SCS, but the
success rate decreased to below 20% at 3-year follow-up.

The reasons for the discrepancies between different
studies of SCS in SCI pain control are unclear, but it can be
postulated that the efficacy of conventional SCS for
inhibiting SCI pain may depend on the proximity of SCS
to the lesion site and the number of residual fibers and other
neuronal substrates within the injured cord (Fig. 1A). Both
segmental and supraspinal mechanisms are important to the
effectiveness of conventional SCS [7, 77, 84, 130]. Accord-
ingly, conventional SCS-induced pain inhibition requires
the activation of dorsal column structures and intact
afferent pathways for pain transmission from the peripheral
to the central nervous system [77, 84, 131, 132]. However,
injury to the spinal cord and subsequent anatomical and
pathological changes after a spinal cord lesion may disrupt
this anatomical connection and functional integrity
[133, 134], in part because the essential neuronal substrates
and circuits through which conventional SCS attenuates
pain may be damaged or lost. In other words, if the
important “pain gating” mechanisms activated by SCS are
impaired, the ascending pain signal cannot be prevented,
especially when SCS is applied above (rostral) the lesion
epicenter (Fig. 1A). This reasoning may also explain why
conventional SCS induces better pain relief in patients with
an incomplete cord lesion than in those with complete cord
transection [123, 124].

New SCS

SCS technology has undergone continuous development
and refinement since the 1960s, especially in the past two
decades with the development of high-frequency (kilo-
hertz) and burst paradigms. Although the evidence so far
suggests only little-to-moderate success of conventional
SCS for SCI pain control, the new paradigms may provide
an opportunity for SCI pain treatment. A recent case report
described a 53-year-old woman with complete paraplegia
at TS who achieved a reduction in below-level pain with
the application of burst SCS [135]. When applied at T11-
L1, SCS with a burst pattern significantly reduced both the
frequency and intensity of severe pain present in both the
lower legs and feet. The therapeutic effects lasted for at
least 3 months of follow-up. Thus, new paradigms of SCS
might be effective for below-level pain, even in cases of
complete paraplegia [135]. The mechanism of pain inhi-
bition by burst SCS in SCI pain remains unknown

(Fig. 1B). In addition, to our knowledge, no preclinical
or clinical study has examined the efficacy of high-
frequency, paresthesia-free SCS for SCI pain. Therefore,
the utility and selection indications of different SCS
paradigms need further investigation in randomized con-
trolled trials with adequate sample sizes and methodology.

Risks and Complications

SCS is considered to be a safe and reversible pain therapy.
The associated risks and common complications are
generally minor, as suggested by recent reviews of the
clinical literature [136, 137]. The common complications
of SCS include lead migration, lead fracture and malfunc-
tion, implantation and device-related discomfort and pain,
dura damage, infection, and skin erosion. Severe compli-
cations such as neurological injury, large epidural hema-
tomas, paralysis, and motor deficits are not common
[136, 138, 139]. In a recent study that compared 10,000 Hz
high-frequency and conventional SCS, the complication
rates were comparable in the two groups, and no major
neurologic deficit was reported [99]. Because of severe
neurological damage to the spinal cord and functional
impairment after spinal trauma, SCI patients have a higher
risk of the above common complications of SCS compared
to other patient populations. Accordingly, extra caution and
special care should be taken into consideration for surgical
implantation and treatment with SCS in SCI patients.
Nevertheless, no major complications or adverse effects
have been reported in SCI patients after the treatment
[74, 140, 141], supporting its safety and feasibility for pain
control.

Future Perspectives
Preclinical Research

Developing effective functional neuromodulatory therapies
for alleviating pain in SCI patients requires neurophysio-
logical and neurochemical studies in animal models of SCI
pain. SCI neuropathic pain is often referred to as “central
pain”, which differs from pain caused by injuries to the
peripheral nervous system, but our knowledge of the
underlying mechanisms is incomplete [14, 61]. The field of
SCS is expanding rapidly, with new waveform paradigms
that may induce pain inhibition through different mecha-
nisms of action [5, 7, 84]. So far, evidence for the
modulation of pain transmission and pain behavior by
different paradigms of SCS in animal models of SCI is
scarce. Well-designed preclinical studies are essential to
provide a rationale for using SCS in the clinic. Emerging
technologies, such as in vivo high-throughput calcium
imaging of sensory neurons [142, 143], optogenetics
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[144-146], and computational modeling [147, 148] may
help us to gain a better understanding of pain mechanisms
after SCI, as well as the biological basis underlying the
efficacy of pain inhibition by conventional, burst, and high-
frequency SCS.

The correlates of behavioral outcome measures from
animal studies of SCI pain with humans need to be better
understood. SCI pain-related behavior in animal models
has commonly been inferred from observations of evoked
reflex withdrawal responses to external tactile and thermal
stimulation [38, 149, 150]. However, SCI patients fre-
quently experience ongoing pain, which may have complex
underlying mechanisms and require different treatment
strategies from those of evoked sensory hypersensitivity
[151, 152]. Accordingly, SCS should be studied compre-
hensively in experimental paradigms that also assess the
efficacy by which they inhibit ongoing pain and improve
the affective component of chronic pain. Several rodent
models have been developed and applied to SCI studies.
Among them, the contusion injury model mimics SCI in
patients and has been widely used to examine the etiologies
of motor and sensory dysfunctions after SCI [37-39, 153].
The effectiveness of SCS on SCI pain shall continue to be
explored along with the mechanisms underlying its effect
in different animal models. The knowledge gained from
future preclinical studies should help researchers to iden-
tify the appropriate indications and develop new paradigms
and modalities of SCS to manage this difficult pain
condition. The hypothetical mechanisms by which con-
ventional and burst SCS inhibit SCI pain are illustrated in
Figure 1.

Clinical Studies

Compared to the large number of studies on SCS in the
treatment of neuropathic pain with a peripheral origin
[154], evidence regarding its efficacy for alleviating central
neuropathic pain after SCI remains limited [13, 155]. The
criteria and indications for using SCS, and the optimal
placement of SCS leads are also not clear for SCI pain.
Moreover, it is not fully understood why SCS is effective in
some SCI patients but not in others. Improving the
technique and selection of patients for treatment will
depend on understanding the reasons for both successes
and failures. It is also unknown whether different wave-
forms or paradigms of SCS differentially modify pain
manifestations in SCI patients. Because different para-
digms of SCS inhibit pain through different mechanisms,
they may yield a range of effects for various manifestations
and categories of SCI pain. For example, we still need to
determine how different SCS paradigms affect the neuro-
pathic and nociceptive components of SCI pain in patients.
This knowledge will help us to define the use of each
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technique and potential applications. The paresthesia-free
burst and high-frequency SCS paradigms, if effective,
would expand the use of SCS and benefit patients who are
not responsive to conventional SCS. The potential side-
effect profiles, limitations, loss of efficacy over time, and
complications associated with surgical implantation and
SCS must also be carefully considered and monitored in
SCI patients and will be critical for establishing long-term
efficacy and safety.

Owing to the substantial anatomical and pathological
changes that occur after traumatic SCI, SCS treatment may
need to be tailored for each patient, based on their residual
neuronal substrates and functional status, in order to obtain
the optimal therapeutic effect. A recent functional mag-
netic resonance imaging (fMRI) study conducted in
traumatic SCI patients with cervical (n = 14) and upper
thoracic (n = 2) injuries suggested that the change in pain
processing and connectivity between different brain
regions varies substantially across different SCI patients.
Thus, fMRI imaging may provide sensitive indicators of an
individual patient’s pain status and perhaps could be used
to characterize changes in pain-processing in patients after
treatment [156]. In addition to testing different epidural
SCS paradigms available for SCI pain, researchers may
also determine whether directly targeting the pain gener-
ators within the spinal cord, such as by delivering subdural
stimulation or intra-spinal stimulation, might be used as an
alternative strategy to treat SCI pain [9, 157-159]. Subdu-
ral or intra-spinal stimulation may have increased target
selectivity and stimulation efficiency compared to epidural
stimulation [157, 159] for at-level and below-level pain,
when other approaches are ineffective. Other neurostimu-
lation modalities, such as oscillating spinal field stimula-
tion, may also alleviate pain and promote spinal cord
healing and neurologic recovery in SCI patients [160].

Conclusions

In light of the tremendous suffering associated with SCI,
the development of new non-pharmacologic strategies to
alleviate chronic pain and improve the quality of life for
SCI patients deserves immediate attention and encourage-
ment. The use of SCS has been shown to reduce opioid use
and improve function in patients with other pain condi-
tions, a very important consideration in light of the current
epidemic of opioid addiction and abuse [161]. Unlike
pharmacotherapy, SCS lacks systemic side-effects, and
compared to neuroablation, SCS is adjustable and rever-
sible. These features make SCS promising in the treatment
of SCI pain. However, its effectiveness and benefit profiles
are not well established, in part because of methodological
weaknesses in the available clinical studies, and a lack of



Q. Huang et al.: SCS for Pain Treatment After SCI

535

mechanistic studies of SCS for SCI pain. Knowledge
gained from studies in experimental animals will provide
the rationale for subsequent studies in humans to establish
clinical uses of SCS for SCI pain. Accordingly, significant
opportunities remain to improve the clinical treatment of
SCI pain with different SCS paradigms, but efforts will
require multidisciplinary collaborations with clinical, neu-
rophysiological, and biomedical engineering expertise.
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