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relief, have stalled. An incomplete knowledge of the neural circuits and systems under-
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Pain processing circuits lying chronic pain and the interaction of SCS with these circuits may underlie this plateau

Chronic pain in clinical efficacy. This review summarizes prior work and identifies gaps in our knowl-

edge regarding the neural circuits related to pain and SCS in the dorsal horn, supraspinal
structures, and the Pain Matrix. In addition, this review discusses and critiques current
experimental and computational models used to investigate and optimize SCS. Further
research into the interactions between SCS and pain pathways in the nervous system
using animal and computational models is a fruitful approach to improve this promising

therapy.
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1. Introduction

Spinal cord stimulation is a treatment option for patients with
refractory chronic pain including failed back surgery syndrome
(FBSS), complex regional pain syndrome (CRPS), and idiopathic
conditions such as fibromyalgia and irritable bowel syndrome.
(Wall and Melzack, 1996; Kumar et al., 2007; Guan, 2012) Over
30,000 individuals receive SCS devices annually for chronic pain,
and SCS is a growing industry with global annual sales exceed-
ing $1.8 billion. In conventional SCS, short duration current or
voltage pulses are delivered at a constant frequency through an
epidural electrode to excite the axons in the dorsal columns that
carry sensory non-nociceptive information from the source of
pain (Shealy et al,, 1972; Oakley and Prager, 2002). Stimulation
parameters such as amplitude, pulse duration, pulse repetition
frequency, and the configuration of active electrode contacts are
selected based on a combination of paresthesia location, pain
relief, and comfort and can have a significant impact on clinical
outcomes (Table 1) (Alé6 and Holsheimer, 2002; Cameron, 2004;
Turner et al, 2004). Patients undergoing SCS report higher
quality of life, greater pain relief, and more frequent resumption
of normal activities and employment relative to individuals
undergoing pharmacological treatment alone (Cameron, 2004;
Kumar et al, 2007). For some indications, SCS along with
conventional therapies (drugs, physical therapy) is both more
efficacious and cost-effective than conventional therapies alone
(Kumar et al., 2002; Kumar and Rizvi, 2013)

Despite the success of SCS, there remain significant
opportunities to improve the clinical efficacy of SCS. Notably,
SCS has a relatively low mean “success rate” for treatment
and significant variation in efficacy (Fig. 1): only 58% of
patients experienced successful outcomes - defined as a
50% or greater improvement in self-reported pain - based
on data from two reviews of clinical studies and case series

encompassing 1972 through 2013 (North et al., 1993; Taylor
et al.,, 2013). Furthermore, success rate does not correlate with
study year (R=0.09, p=0.4 t-test), indicating that the therapy
is not improving with innovation and experience. As well, an
analysis of 74 studies originally intended to reveal prognostic
factors for SCS efficacy identified only one statistically sig-
nificant trend: a negative correlation between study quality as
assessed by Jadad score and reported clinical success (Taylor
et al., 2005, 2013).

The lack in improvement in SCS efficacy over the years,
the high variability of clinical success rates, and the apparent
dependence of efficacy on pain etiology (Kumar et al., 1998)
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Fig. 1 - A scatter plot showing reported mean success rates
from clinical studies on SCS over the period of 1973-2013
where “success” is defined as 50% or greater subjective pain
relief reported by the patient. Studies mentioned solely in
one review and studies mentioned in both reviews are
delineated by different markers. Adapted from North et al.
(1993), Taylor et al. (2013).

Table 1 - Critical stimulation parameters and sample ranges reported from clinical studies.

Parameter

Representative ranges

Stimulation frequency

Stimulation amplitude®
Waveform pulse width
Electrode geometry™*©

50-150 Hz;' 15-750 Hz;? 80 +29 Hz"%; 2-200 Hz*; 49 +16.4 Hz"®
2-5V;? 2.8-5.4V;' 3+1.5V;*® 3.7420V"

150-500 ps'; 80-500 usb?; 270 +79 ps®?; 350+ 95.5 ps

Bipolar, “guarded” tripolar, quadrupolar, other multipolar

# Constant voltage stimulation.

b Denotes mean +standard deviation instead of full range, as the latter was not reported in source.

1 Abejon et al. (2005).

2 Alo et al. (2002).

3 Butyen (2003).

4 North et al. (1993).

> Kumar et al. (2007).

6 Al6 and Holsheimer (2002).
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Fig. 2 - A schematic showing changes that occur to the circuitry and neurochemistry of the pain processing network in the
dorsal horn during the induction and maintenance of neuropathic pain during SCS. The progression of neuropathic pain may
involve but is not limited to increases in the levels of excitatory neurotransmitters and decreases in the levels of inhibitory
neurotransmitters, aberrant sprouting of primary afferent fibers into laminae where they typically do not enter, and the loss of
inhibitory controls either via interneuronal death or changes in the function of GABA receptors.

suggest that the state of understanding of the neurophysiology
underlying chronic pain and SCS are incomplete. Theoretical
and computational models of the neural circuitry underlying
the nociceptive system may provide insights regarding the
mechanisms of action of SCS. However, existing theoretical
frameworks are largely untested, and few existing computa-
tional models exist. In particular, the Gate Control Theory
(Melzack and Wall, 1965) provided the initial mechanism of
action for SCS (Shealy et al.,, 1972) and is still considered a
plausible depiction of the mechanisms of SCS (Linderoth et al.,,
2009; Guan, 2012). Experimental models of SCS provided
insights into the effects of SCS on both the activity of sensory
dorsal horn neurons and the behaviors of animal models of
neuropathic pain (Linderoth and Foreman, 2006). Concur-
rently, computational models of SCS provided insights into
anatomical substrates and geometric aspects of the SCS
electrode important to dorsal column activation and led to
electrode designs more capable of targeting specific derma-
tomes (Holsheimer and Wesselink, 1997). However, both
experimental and computational models assume that the Gate
Control Theory is sufficient to describe the mechanisms
underlying SCS, and efforts to model the neural circuitry
associated with SCS and to test proposed networks experi-
mentally are sparse.

To facilitate the continued development and optimization
of this promising therapy, we discuss in this review theore-
tical, experimental, and computational models that describe
the mechanisms of SCS. We focus on the neural circuits
related to neuropathic pain and SCS in the dorsal horn and
supraspinal centers and identify clinically relevant gaps in
our knowledge of these circuits that must be addressed. In
addition, we review and critique existing experimental and
computational models of SCS and discuss avenues for the
development of novel network models of SCS that can
improve our understanding of the mechanisms of SCS.

In this review, we consider conventional clinical SCS for
the treatment of refractory neuropathic pain syndromes.
Recently, high frequency SCS using pulse repetition frequen-
cies in the kilohertz ranges was reported to provide pain relief

without concomitant paresthesia (Al-Kaisy et al., 2014). The
ability of HFSCS to suppress pain in animal models appears
comparable to that of conventional SCS (Shechter et al., 2013;
Song et al, 2014), but the mechanisms of action have not
been investigated and may be distinct from those of conven-
tional SCS (Shechter et al., 2013), so we will not discuss this
therapy in this review. SCS for peripheral vascular disease
and angina pectoris may achieve therapeutic effects through
mechanisms distinct from those related to neuropathic pain
(Meyerson and Linderoth, 2003; Linderoth et al., 2009), and
these applications for SCS are also not discussed in detail.

2. Theoretical models for SCS

2.1. The Gate Control Theory

The Gate Control Theory proposed by Melzack and Wall
(1965) presented a possible neuron network in the dorsal
horn that could explain non-linearities in pain perception,
and the theory provided possible mechanism by which pain
could be relieved. The proposed network consists of a
“transmission (T) cell” responsible for relaying pain signals
to the body's “action system” that was modulated by excita-
tory inputs from peripheral A-fiber and C-fiber afferent inputs
and inhibitory inputs from inhibitory interneurons (“SG
Cells”) in the substantia gelatinosa (Melzack and Wall,
1965). That the inhibitory interneuron could be activated by
enhanced A-fiber activity via dorsal column stimulation and
thereby suppress pain transmission (Woolf and Wall, 1982)
served as initial and continued inspiration for SCS (Shealy
et al.,, 1972; Linderoth et al., 2009). However, for the network
described by the Gate Control Theory to be a valid mechan-
istic depiction of SCS, two specific observations regarding the
effects of SCS on the dorsal horn circuit must be made: SCS
must suppress the activity of “wide dynamic range” (WDR)
dorsal horn projection neurons (Willis et al., 1974; Chung
et al,, 1979; Simone et al.,, 1991) through A-fiber mediated
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mechanisms, and SCS-mediated inhibition must involve
segmental inhibitory interneurons.

Extensive neurophysiological evidence exists to indicate
that SCS suppresses WDR neuron activity, and recent studies
have shown that this inhibition depends on A-fiber activity.
Early single unit recording studies revealed that stimulation
of the dorsal columns inhibits the activity of deep laminae
(IV, V) WDR dorsal horn neurons (Hillman and Wall, 1969;
Lindblom and Meyerson, 1975; Foreman et al., 1976; Duggan
and Foong, 1985), and these studies are more extensively
reviewed elsewhere (Linderoth and Foreman, 1999; Linderoth
et al., 2009). SCS may also prevent WDR neuron sensitization
due to long-term potentiation (LTP) of C-fiber inputs (Wallin
et al., 2003) and wind-up induction (Guan et al., 2010), and
SCS also inhibits WDR neurons in animal models of neuro-
pathic pain (Yakhnitsa et al., 1999). Finally, recent work has
shown that the suppression of neuronal activity in WDR
neurons and pain alleviation during SCS in animal models of
neuropathic pain requires activation of dorsal column fibers
corresponding to A-fibers originating from the site of pain
(Yang et al,, 2011; Guan, 2012), supporting this feature in the
Gate Control Theory architecture as well as SCS as a means to
modulate pain.

As predicted by the circuit underlying the Gate Control
Theory, inhibition of dorsal horn neurons involves spinal
inhibitory mechanisms. SCS-induced inhibition of dorsal
horn neurons is disrupted by cooling or lesioning of the
dorsal horn caudal but not rostral to the stimulation site
(Hillman and Wall, 1969; Foreman et al., 1976), and inhibi-
tion occurs with greater strength when the SCS electrode is
placed at a spinal level close to the affected dermatome(s)
(Smits et al., 2012). Studies demonstrating that bicuculline, a
GABAa antagonist, reduces SCS-mediated inhibition of
dorsal horn projection neurons (Duggan and Foong, 1985)
and induces hyperalgesia and allodyina in otherwise
healthy rats (Sivilotti and Woolf, 1994) implicate GABAergic
inhibition from local interneurons as the driver of A-fiber
mediated inhibition. Supporting this observation, hyperal-
gesia and allodynia in animal models of neuropathic pain
can be reversed by the administration of the GABA, and
GABAj agonists muscimol and baclofen (Hwang and Yaksh,
1997). Immunohistochemical labeling and electron micro-
scopy demonstrate that WDR projection neurons possess
GABAergic synaptic boutons (Lekan and Carlton, 1995), and
the presynaptic neurons of GABAergic synapses on Lamina I
projection neurons originate from inhibitory interneurons in
laminae I-III of the dorsal horn (Todd, 2010; Zeilhofer et al.,
2012), thus confirming the neuronal origin of spinal seg-
mental GABAergic inhibition. Studies on the relationship
between GABA and SCS (reviewed in Linderoth and
Foreman, 1999) confirmed this finding in neuropathic rats
and posited GABAergic modulation as a way to enhance the
efficacy of SCS (Cui et al., 1996, 1998; Linderoth and Foreman,
1999; Schechtmann et al, 2010). The discovery of the
relationship between GABA and SCS had clinical implica-
tions as well: clinical trials of SCS paired with the GABAg
agonist baclofen demonstrated that the administration of
baclofen during SCS enhanced the effect of SCS in 48
patients for which SCS alone was ineffective in relieving
pain (Lind et al., 2004; Lind et al., 2007).

One aspect of the Gate Control Theory based explanation
for the mechanisms of SCS that has not been investigated in
detail is the occurrence of SCS-mediated excitation of dorsal
horn neurons. Specifically, SCS has been also reported to
excite dorsal horn WDR neurons, and in some cases,
SCS excites and inhibits the same neuron (Foreman et al,,
1976; Dubuisson, 1989). The interaction between SCS-
mediated excitation and inhibition appears on the circuit
underlying the Gate Control Theory and may be of clinical
importance, as this balance of excitation and may partially
explain why SCS-mediated pain relief is dependent on sti-
mulation frequency, with 50-80 Hz being the most common
clinical range (Oakley and Prager, 2002; Guan, 2012). However,
few explanations exist for why applying Ap-fiber threshold
tactile or electrical stimulation directly to the receptive field
of a WDR neuron may excite the neuron while SCS may
putatively inhibit the neuron, and the relationship between
SCS-mediated excitation and inhibition at different frequen-
cies has not been explored.

2.2. Beyond the Pain Gate

Although the Gate Control Theory explains a number of
features of pain relief from SCS, the network proposed by
the Gate Control Theory is insufficient to describe all of the
features of pain and SCS (Fig. 2), and clinical observations
underscore some limitations of this theory. First, the Gate
Control Theory alone cannot account for why SCS may
produce pain relief over a receptive field in which allodynia,
or pain from non-noxious stimulation of a local receptive
field, also occurs (Campbell and Meyer, 2006). Second, SCS
does not affect the perception of acute pain from the region
of paresthesia, whereas the Gate Control Theory predicts that
sustained activation of large myelinated fibers, such as is the
case in clinical SCS, should mask all pain. Furthermore, the
Gate Control Theory posits that suppression of spinal projec-
tion neurons is sufficient for all pain relief, but pain relief by
SCS depends heavily on etiology. Specifically, SCS is approved
by the United States Food and Drug Administration only for
FBSS and complex regional pain syndrome, and trials of SCS
for other indications such as phantom limb pain and spinal
cord injury have yielded lower success rates (Kumar et al.,
1998). Finally, pain relief provided by SCS can persist for up to
30 min after the cessation of stimulation (Lindblom and
Meyerson, 1975), whereas the Gate Control Theory only
predicts pain relief while large myelinated inputs (e.g.
the dorsal columns) are activated preferentially over smaller
unmyelinated fibers.

Inhibition from surrounding receptive beyond that
hypothesized by the Gate Control Theory has been documen-
ted and may affect neuronal responses to SCS (Hillman and
Wall, 1969; Menetrey et al., 1977). For example, mechanical
and electrical stimulation of low-threshold afferents originat-
ing from receptive fields surrounding the primary excitatory
receptive field of a neuron results in inhibition of that neuron
(Hillman and Wall, 1969; Menetrey et al., 1977) and can be
similar to inhibition induced by dorsal column stimulation
(Foreman et al., 1976). These observations were corroborated
by a recent study demonstrating that SCS inhibited the
C-fiber component of a WDR neuron's response, while
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A-fiber stimulation of a peripheral nerve corresponding to the
local receptive field of the WDR neuron at the same frequency
could not (Yang et al., 2014). Further supporting the impor-
tance of surround inhibition to pain modulation is the
observation that receptive fields of dorsal horn projection
neurons enlarge following peripheral nerve injury (Woolf and
Wall, 1982), inflammation (Kawamata et al.,, 2005), or the
intrathecal administration of bicuculline in the case of
nociceptive-specific neurons (Kawamata et al., 2005). These
observations, coupled with recent anatomical studies reveal-
ing GABAergic connections between dorsal horn neurons
extending across several spinal levels (Todd, 2010; Szucs
et al.,, 2013), suggest that a center-surround excitatory-inhi-
bitory architecture may better represent the effects of per-
ipheral afferent activity and SCS on dorsal horn neuron
activity. Further exploration of the contribution of surround
inhibition to the inhibitory effects of SCS and the design of
SCS electrodes capable of exploiting surround inhibition
could produce improvements in clinical pain relief.

In addition, WDR neurons responsive to both A-fiber and
C-fiber inputs are not the only class of neuron present in the
dorsal horn; low-threshold (LT) neurons that are responsive
primarily to light touch and nociceptive-specific (NS) neurons
that respond only to noxious mechanical and thermal stimu-
lation are also prevalent in the dorsal horn (Chung et al,
1979). NS and WDR neurons are both active during noxious
mechanical and thermal stimuli (Simone et al., 1991; Coghill
et al., 1993), and NS and WDR neurons may encode distinct
aspects of pain (Blomqvist and Craig, 2000). It is also likely
that the networks underlying NS and WDR neuron behavior
are different, as NS neurons located in superficial laminae of
the dorsal horn are organized into modular networks (Zheng
et al.,, 2010) but, unlike WDR neurons, do not appear to receive
direct inputs from Af fibers (Todd, 2010; Torsney, 2011). In
addition, NS neurons become sensitized after bicuculline
administration (Torsney and MacDermott, 2006) and during
the progression of neuropathic pain (Lavertu et al., 2013),
suggesting that pathological changes involving these neurons
contribute to chronic pain. In fact, a recently developed
scheme states that rather than being defined by the output
of one type of neuron from a single circuit, nociception is a
population response comprising responses from distinct
“microcircuits” that are each responsible for specific aspects
of perception (Prescott and Ratté, 2012). This “microcircuit”
hypothesis suggests that LT, WDR, and NS neurons are wired
differently in the dorsal horn and by extension may respond
differently to SCS; for example, NS neurons being active
during noxious stimuli while unresponsive to SCS may
explain why SCS does not inhibit acute pain. However, the
responses of low-threshold and NS neurons to peripheral
stimulation and SCS have not been extensively documented,
and the connectivities depicted by the microcircuit theory
have not been confirmed.

Along with these clinical observations, the Gate Control
Theory does not account for progressive changes that accom-
pany the transition between an acute injury and chronic pain
(Woolf, 2011). Aberrant sprouting of myelinated fibers into
laminae where they typically do not enter occurs following a
peripheral nerve injury (Woolf et al., 1992), resulting in the
formation or unmasking of excitatory connections onto

neurons in the superficial dorsal horn (Kohno et al., 2003)
and the sensitization of NS neurons (Kawamata et al., 2005;
von Hehn Christian et al., 2012). The abnormal sprouting and
unmasking of excitatory connections is correlated with the
time course of hypersensitivity to mechanical and thermal
stimuli in rats following nerve constriction or nerve crush
(Woolf et al., 1995; Kim et al., 1997), suggesting a relationship
between abnormal afferent sprouting and altered pain per-
ception. Furthermore, the expression of synaptic receptors
associated with excitation (AMPA, NMDA, NK1) increases
following peripheral nerve injury over the same time frame
as behavioral indications of pain (Goff et al., 1997; Bleakman
et al.,, 2006; von Hehn Christian et al., 2012); the levels of other
markers associated with the dorsal horn pain network (bNOS,
p-opioid receptors) in neuropathic animals also deviate sig-
nificantly from normal and fluctuate over time in a manner
that differed between animal models (Goff et al., 1997). This
latter finding underscores the need to understand how
specific changes in the dorsal horn network may affect
responses to SCS, as differences in the mechanisms under-
lying different neuropathic pain syndromes may explain
differential outcomes to SCS by etiology.

Progressive loss of inhibitory mechanisms occurs in con-
junction with alterations in dorsal horn network connectivity,
contributes to the progression of neuropathic pain, and is also
not predicted by the Gate Control Theory. Loss of strong
A-fiber mediated inhibition is evident in sensory dorsal horn
neurons following a peripheral nerve lesion (Woolf and Wall,
1982), and at least some of this loss can be explained by the
reduction in GABA-mediated IPSCs in the dorsal horn due to
the death of GABAergic interneurons (Moore et al., 2002) or
reductions in the amount of GABA released into the dorsal
horn (von Hehn Christian et al., 2012). In particular, disruption
of the expression of the KCC2 transporter following patholo-
gical changes in glial cell activity results in neuronal excitation
when normally inhibitory GABAergic synapses are activated
(Coull et al., 2005). Furthermore, activation of GABAergic inputs
to neurons in which the KCC2 transporter is disrupted results
in markedly increased levels of spontaneous and evoked
activity in dorsal horn neurons (Keller et al., 2007), and dorsal
horn projection neurons sensitized following a neurogenic
injury may be “rescued” through the administration of the
KCC2 activator CLP 257 (Lavertu et al., 2013). The role of KCC2
function in SCS remains unclear, as levels of KCC2 apparently
do not correlate with increases in paw withdrawal threshold in
neuropathic rats during SCS (Janssen et al., 2012), but under-
standing this relationship may provide insights into the
specific inhibitory mechanisms underlying SCS. Finally, many
nociceptive-specific neurons in superficial laminae of the
dorsal horn receive polysynaptic excitatory inputs from Af
fibers that are unmasked following the administration of
bicuculline, suggesting that network changes combined with
the loss of GABAergic inhibition both contribute to pathologi-
cal nociception (Torsney and MacDermott, 2006; Torsney,
2011). The lack of accounting by clinical SCS treatment plans
for pathological changes to the level of inhibition in the dorsal
horn circuit may contribute to the degradation of SCS efficacy
with continued disease progression (Taylor et al., 2005; Kumar
et al., 2007), and understanding these changes may yield better
treatment plans.
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Fig. 3 - A schematic showing changes that occur to the circuitry and neurochemistry of supraspinal structures that exert
descending modulation on the dorsal hom pain processing network during the induction and maintenance of neuropathic
pain and during SCS. The progression of neuropathic pain involves but is not limited to imbalances in the relative levels of
descending inhibition and facilitation and changes to the strengths of descending aminergic (5-HT, NE) connections.

2.3.  Supraspinal mechanisms

In addition to segmental mechanisms, supraspinal projec-
tions play an important role in the development of neuro-
pathic pain, and the mechanisms by which they contribute to
the disruption of the balance of descending facilitation and
inhibition have been reviewed elsewhere (Millan, 2002;
Suzuki et al., 2004; Heinricher et al., 2009). Behavioral and
electrophysiological studies also demonstrated that descend-
ing mechanisms play a role in SCS, they may be independent
of segmental mechanisms (Tabet et al, 1986) (El-Khoury
et al., 2002) (Fig. 3), and their temporal characteristics corre-
late with the period of pain relief that occurs after the
cessation of SCS (Barchini et al., 2012).

Endogenous opioideric and serotoninergic (5-HT) systems
are thought to be important in pain modulation, and both may

contribute to pain relief from SCS. The degree to which
opioidergic mechanisms contribute to SCS is controversial,
as the administration of clinical doses of naloxone (up to
0.2mg/kg) does not prevent SCS-mediated pain relief in
humans (Freeman et al., 1983), but the administration of high
doses of naloxone (10 mg/kg/h) eliminates some SCS-
frequency dependent increases in paw withdrawal thresholds
in rat models of neuropathic pain, suggesting that k- and §-
rather than p-opioid receptors may be involved in SCS (Sato
et al., 2013). Opioidergic mechanisms may also be involved in
other indications for SCS not covered by this review, such as
SCS for angina (Ding et al., 2008). However, the role of 5-HT in
modulating the behavioral effects of SCS for neuropathic
pain is more clear: SCS efficacy and levels of 5-HT in the
spinal cord of neuropathic rats are correlated (Song et al,
2009), and descending serotoninergic connections affected by
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SCS modulate both GABA, and GABAg synapses (Song et al.,
2011) independently of segmental mechanisms (Barchini et al.,
2012). The relationship between 5-HT and GABA, particularly
as it relates specifically to 5-HT,, 5-HT3, and 5-HT, receptors, is
also a topic of recent interest and has been reviewed else-
where (Guan, 2012), and understanding these mechanisms
may lead to the development of novel treatment regimens
that exploit serotoninergic pathways.

Despite progress in understanding 5-HT mechanisms
underlying SCS, knowledge regarding the specific neuronal
connections and circuits that mediate descending modula-
tion remains sparse. The rostroventromedial medulla, con-
sidered to be a major source of descending facilitation and
inhibition, receives ascending inputs from dorsal horn neu-
rons (Millan, 2002; Heinricher et al., 2009), sends direct axonal
projections to the dorsal horn (Fields et al., 1995), and affects
the activity of both interneurons and projection neurons in
the dorsal horn (Giesler et al., 1981; Heinricher et al., 2009).
Recent work has also revealed direct effects by SCS
on supraspinal neurons: neurons in the locus coeruleus
exhibit more activity during SCS in neuropathic rats that
show increased paw withdrawal thresholds than in non-
responding rats, supporting the idea that SCS acts by mod-
ulating the activity of a spinal-supraspinal loop (Song et al.,
2013). However, the specific connections between the dorsal
horn and supraspinal centers that drive this activity are
unknown. Further exploration of the links between SCS and
RVM activity and the effects on descending facilitation and
inhibition of such a link (Fig. 3) could provide new insights
into the mechanisms underlying SCS and lead to the devel-
opment of more effective therapies, especially as these
circuits are believed to play a role in other forms of
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neuromodulation for pain, such as motor cortex stimulation
(Viisanen and Pertovaara, 2010).

2.4. The Pain Matrix

The Pain Matrix, or the network of brain structures involved
in pain processing in the brain, also plays a complex and
critical role in the perception and evaluation of pain, and SCS
may provide pain relief through its effects on the Pain Matrix
(Tracey and Mantyh, 2007) (Fig. 4). Dorsal column stimulation
alters the electrical activity of neurons in the thalamus and
the somatosensory cortices (SI/SII) (Bantli et al., 1975; Qin
et al, 2009), and more recent imaging studies led to the
identification of specific relevant brain regions. Functional
magnetic resonance imaging (fMRI) found that effective SCS
was accompanied by increased activation of SI/SII; how-
ever, this study did not probe other regions of the brain or
differentiate between SI/SII activation due to pain or par-
esthesia (Kiriakopoulos et al., 1997). A more comprehen-
sive positron emission tomography (PET) imaging study in
patients undergoing SCS effective for angina revealed
increased activity in the ventrolateral PAG, left pulvinar
(thalamus), left medial temporal gyrus, medial prefrontal
cortex bilaterally, caudate nucleus, and posterior cingulate
cortex and decreased activity in posterior insula, right inferior
temporal gyrus, right inferior frontal gyrus, and right anterior
cingulate cortex (Hautvast et al., 2006). As well, fMRI imaging
during SCS effective for angina demonstrated that increased
activation of cortical regions due to acute noxious stimuli,
although extensive, are largely unaffected by SCS, suggesting
that SCS specifically affects the activity of brain regions

S1(+)

S2(+)

|
From Ddlrsal .
Horn / y

Fig. 4 - A schematic showing changes that occur to brain activation and the Pain Matrix during the progression of neuropathic
pain and during SCS. The effects of SCS on the neurochemical brain are not well understood, but SCS has been shown to affect
the activation of brain regions associated with pathological pain.
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associated with the processing of pathological pain (Stancak
et al., 2008).

Although a promising avenue of further research, few
conclusions can currently be drawn about the effects of SCS
on the Pain Matrix in neuropathic pain. Only three such
studies assessing the effects of SCS on activity in the brain
have been conducted, and they were primarily correlative in
that they did not point to a specific network or changes in
connectivity that could explain pain relief by SCS. In addition,
these studies did not differentiate between changes in neural
activity that underlie pain relief and changes that are epi-
phenomena associated with stimulation (e.g., paresthesia).
Studies on the relationships between brain activity, pain, and
modulation of the nervous system using electrical stimula-
tion will delineate more clearly the neural networks involved
in pain. In addition, the continued development of these
ideas could lead to the formulation of fMRI activation profiles
that signify pain and pain relief due to SCS, resulting in novel
strategies for stimulation parameter selection or patient-
specific treatments for pain (Bruehl et al., 2013).

3. Experimental models of SCS

The state of knowledge of both the underlying mechanisms
of SCS and the most efficient and effective methods to deliver
SCS remains incomplete. The effects of SCS on dorsal horn
neurons are not entirely known, and the optimal set of
stimulation parameters (electrode configuration, pulse dura-
tion, pulse amplitude, pulse repetition frequency) has yet
to be determined. The combination of experiments in pre-
clinical animal models and computational modeling has
advanced the state of knowledge regarding the mechanisms
of SCS and novel electrode geometries designed to deliver
more spatially selective stimulation. The remainder of this
review describes these experimental and computational
approaches and their contributions to advancing SCS.

3.1. Animal models and SCS

Single unit recordings in anesthesized cats and non-human
primates enabled characterized the excitatory and inhibitory
effects of single pulses of dorsal column stimulation during
natural peripheral inputs (brush, press, pinch, crush) and
electrical stimulation of peripheral nerves (Hillman and Wall,
1969; Foreman et al., 1976; Lindblom et al., 1978). In some
cases, neurons were specifically identified as projection
neurons through stimulation of the contralateral spinothala-
mic tract (Hillman and Wall, 1969; Foreman et al., 1976).
These studies provided experimental support for the Gate
Control Theory and suggested that SCS had a net inhibitory
effect on the activity of dorsal horn neurons. However, as
these studies were conducted in healthy, anesthesized ani-
mals (Hillman and Wall, 1969; Foreman et al., 1976; Duggan
and Foong, 1985), the relationship between SCS and behaviors
associated with pathological pain could not be characterized,
and the degree to which the results of these studies apply to
neuropathic pain is unclear.

The development of rat models of chronic pain (Kim et al.,
1997; Decosterd and Woolf, 2000) and protocols to assess
awake animal behavior during SCS were vital to demonstrat-
ing that SCS can relieve pathological pain (Linderoth and
Foreman, 2006). The first of these experiments demonstrated
that decreases in mechanical withdrawal threshold following
nerve injury were reversed by SCS (Meyerson et al., 1995).
The role of segmental GABAergic systems (Cui et al., 1996,
1998), as well as descending 5-HT pathways (Song et al., 2011)
in modulating the effects of SCS were clarified through the
use of these behavioral models and have even led to clinical
trials investigating the efficacy of combining SCS with GABAb
agonists (Lind et al., 2008). However, a limitation in these
studies is that they did not relate improvements in pain-
related behaviors to activity of dorsal horn neurons, so only
correlative relationships between pharmacological interven-
tions and behavioral responses can be drawn from these
studies. In other studies, SCS was shown to suppress the
activity of dorsal horn neurons in neuropathic animals in
response to natural stimulation of the hindpaw ipsilateral to
sciatic nerve injury (Yakhnitsa et al., 1999), but pharmacolo-
gical manipulations were not applied. More recent studies
using neuropathic rats showed that SCS-mediated suppres-
sion of wind-up in dorsal horn neurons (Guan et al., 2010) and
associated increases in mechanical withdrawal thresholds
(Yang et al, 2011) are dependent on the activation of Ap
afferents originating from the injured nerve, but these studies
did not verify that recorded neurons were projection neurons
whose activity is directly correlated to pain (Simone et al,
1991). Recordings of the responses of projection neurons to
SCS during pharmacological interventions and in neuropathic
pain models are necessary to provide insights into the direct
effects of SCS on pain suppression.

3.2.  Computational modeling of SCS

Experimental models have contributed to understanding the
neurophysiological mechanisms underlying pain relief by SCS,
while computational models of SCS have been used to inform
the development of electrodes capable of delivering targeted
SCS. Motivation for early models of SCS by Coburn and
colleagues came from “chance observations” (Coburn and
Sin, 1985) that SCS could elicit effects on pain, motor deficits,
bladder dysfunction, and a range of other disorders with spinal
pathologies (e.g., spinal cord injury, cerebral palsy, peripheral
vascular disease) (Cook and Weinstein, 1973; Illis et al., 1978,
1980). Coburn and colleagues developed finite element models
of the electrical environment of the spinal cord and coupled
them to simple biophysical models of neural elements present
in the cord (Coburn, 1985; Coburn and Sin, 1985). Extracellular
voltages calculated using these models were comparable to
values recorded from both primate and human cadaver spinal
cords (Coburn and Sin, 1985), and model-generated strength-
duration relationships between axon excitation thresholds
and stimulation pulse durations matched clinically observed
relationships between stimulation amplitude, stimulation
pulse width, and paresthesia threshold (Coburn, 1985). These
results suggested that computational models of spinal cord
anatomy and neuronal biophysics could be used together to
model the clinical effects of SCS.
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Subsequent model based design of innovative SCS electrodes
incorporated more biophysical realism and increased under-
standing of how electrode geometries and tissue properties affect
SCS efficacy. Holsheimer and colleagues added anisotropy and
inhomogeneity to tissue electrical properties and determined the
electrical and geometric factors that contributed most to deter-
mining the neural elements activated by SCS (Struijk et al., 1991,
1992, 1993a, 1993b; Holsheimer and Wesselink, 1997; Wesselink
et al, 1998a, 1998b). Furthermore, these anatomically -based
models revealed that the medial-lateral position of the electrode
(Struijk et al., 1991), the thickness of the cerebrospinal fluid layer
(Struijk et al,, 1991), the curvature of dorsal root fibers (Struijk
et al,, 1992, 1993b), and the presence of axon collaterals (Struijk
et al,, 1992, 1993b) all substantially affected thresholds of dorsal
column fibers. Importantly, the modeling results were validated
by clinical measurements of paresthesias (Struijk et al., 1993a).
Using these models, Holsheimer and colleagues developed a
“guarded tripole” electrode geometry that preferentially depolar-
ized dorsal column fibers over dorsal root fibers and exhibited
the capability to activate more selectively the dorsal column
fibers originating from the site of peripheral pain. This design
was predicted to be an improvement over previous electrode
configurations, as the increased dorsal column fiber selectivity
was expected to provide better paresthesia coverage over the
source of pain, corresponding to better “gating” according to the
Gate Control theory (Shealy et al, 1972) as well as reduced
parethesias from regions beyond the source of pain due to dorsal
root activation (Holsheimer and Wesselink, 1997; Al6 and
Holsheimer, 2002). The design was used in a clinical study to
estimate the diameters of activated dorsal column fibers at
various points along the spinal cord (Holsheimer and
Wesselink, 1997; Wesselink et al., 1998a, 1998b) The results of
this experiment provided data on the realistic morphology and
distribution of fibers in the dorsal column that can be used in
future electrode designs, and recent SCS electrodes have
employed the “guarded tripole” geometry with varying degrees
of clinical success (Wesselink et al., 1998b; Alo et al., 2002;
Butyen, 2003; Abejon et al., 2005). Further development and
refinement of finite element models of spinal cord stimulation
have allowed computational assessments of the neural elements
activated by SCS (Al6 and Holsheimer, 2002) and the develop-
ment of electrode geometries capable of focusing stimulation
to specific regions of the dorsal horn (Sankarasubramanian
et al., 2011).

Implicit in finite element modeling studies of SCS is that the
Gate Control Theory sufficiently describes the neural network of
the dorsal horn and therefore the neurophysiological basis of
pain relief due to SCS (Holsheimer, 2002). However, the effects
of SCS on the dorsal horn pain circuit have not been explicitly
modeled. Although biophysical models of many neuron types
and neuronal systems are numerous and frequently used
(Hines and Carnevale, 1997), very few models of dorsal homn
neurons have been published, and to date, no network models
are capable of reproducing the inhibitory effects of SCS. Existing
models of dorsal horn neurons represent tonic (Melnick et al.,
2004; Prescott and De Koninck, 2005), phasic (Prescott et al,
2008), and single-spiking (Prescott et al., 2008) cells and repro-
duce observations made from isolated dorsal horn neurons, but
these neuronal models work in isolation rather than within a
functional dorsal horn network. The few network models of the

dorsal horn that exist are either pure mathematical functions
(Britton et al., 1996; Britton and Skevington, 1996), or biophysical
models (Farajidavar et al., 2008; Aguiar et al., 2010) that do not
reproduce A-fiber inhibition, thus limiting their utility in mod-
eling the effects of SCS. The development of network models of
pain circuits in the dorsal horm and supraspinal centers will
enable the development of more effective SCS treatment
strategies.

4, Conclusion

SCS is a promising surgical treatment for chronic pain
refractory to conservative medical management. The plateau
in clinical efficacy reflects an incomplete understanding of
the systems underlying pain and points to the need to
consider the neural circuits and systems involved in chronic
pain and its treatment. Although some efforts have been
undertaken to determine the connectivity of neurons in the
dorsal horn and how SCS interacts with these networks, the
true nature of the dorsal horn pain processing circuit and
supraspinal (midbrain and cortical) influences of SCS remain
poorly understood and present opportunities for future
research. A combination of experimental studies to identify
and characterize the specific neural elements affected by SCS
and the development of computational biophysical models of
the dorsal horn network will provide greater insight into both
the neural substrate of pain, the transition from acute to
chronic pain, and the effects of SCS on pain transmission.
This knowledge, when combined with existing computa-
tional models of SCS and animal models of pain, will pave
the way to new approaches to improve the clinical efficacy of
SCS and, ultimately, the quality of life of patients suffering
from chronic pain.
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