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Abstract

Objective. This is a comprehensive, structured review synthesizing and summarizing the current experimental data
and knowledge about the mechanisms of action (MOA) underlying spinal cord stimulation with the burst waveform
(as defined by De Ridder) in chronic pain treatment. Methods. Multiple database queries and article back-searches
were conducted to identify the relevant literature and experimental findings for results integration and interpreta-
tion. Data from recent peer-reviewed conference presentations were also included for completeness and to ensure
that the most up-to-date scientific information was incorporated. Both human and animal data were targeted in the
search to provide a translational approach in understanding the clinical relevance of the basic science findings.
Results/Conclusions. Burst spinal cord stimulation likely provides pain relief via multiple mechanisms at the level of
both the spinal cord and the brain. The specific waveforms and temporal patterns of stimulation both play a role in
the responses observed. Differential modulation of neurons in the dorsal horn and dorsal column nuclei are the spi-
nal underpinnings of paresthesia-free analgesia. The burst stimulation pattern also produces different patterns of
activation within the brain when compared with tonic stimulation. The latter may have implications for not only the
somatic components of chronic pain but also the lateral and affective pathway dimensions as well.
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Background

The gate control theory of pain modulation, proposed by

Melzack and Wall in 1965 [1–3], served as the proposed

mechanism of action of spinal cord stimulation (SCS)

upon its introduction in 1967 [4]. Using this model, it

was suggested that electrical stimulation of the spinal

cord dorsal columns activated larger-diameter fibers that

could modulate, or “gate,” the conduction of painful sig-

nals so as to provide pain relief. In 1967, Shealy et al.

first demonstrated the potential effectiveness of stimulat-

ing the dorsal columns in humans to treat chronic pain

[4]. Soon thereafter, some of the first SCS devices were

produced by Medtronic in the late 1960s, with relatively

widespread acceptance during the 1970s and 1980s.
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Since that time, SCS has gained a significant position in

the treatment algorithm for neuropathic and ischemic

pain states and become part of the standard treatment for

various recalcitrant pain conditions [5]. In recent years,

there have been substantial technological advances in

SCS system design with respect to varying the form of

electrical energy being delivered to the cord; the use of

SCS has been further advanced by the identification

of new, more effective neural targets.

For 50 years, the SCS industry incrementally improved

the hardware of these devices, leading to smaller batter-

ies, percutaneous steerable electrodes, wireless connectiv-

ity, and magnetic resonance imaging (MRI)

compatibility, among others. Over the past decade, the

push for superiority in the neuromodulation space has fo-

cused on the development of novel stimulation patterns

[6]. Paresthesia-based therapies have largely been sup-

planted by a variety of proprietary parameters that mini-

mize or eliminate paresthesias altogether, as well as

devices that allow for a variety of stimulation patterns

purported to allow for better customization of therapy

and improve clinical outcomes [7,8]. With this recent

flood of innovations, it is important that initial reports of

efficacy are validated by others and reported in peer-

reviewed papers. This paradigm shift to nontraditional

stimulation patterns has been reported to improve out-

comes for patients with chronic pain, yet the specific

mechanism(s) of action of different SCS modalities

remains hypothetical and elusive [9]. Our objective is to

provide more insight into one of these nontraditional

stimulation patterns, burst spinal cord stimulation, and

to critically review the current peer-reviewed studies of

its mechanism of action.

Mechanism of Action in SCS

A great deal of work has been done to elucidate the mecha-

nism of action behind the use of conventional (tonic, low-

frequency) SCS in neuropathic pain states [3, 10, 11]. The

pathophysiology of neuropathic pain involves changes in

expression and function of a variety of neurotransmitter

systems working throughout the nervous system [12]. At

the level of the spinal cord, wide–dynamic range (WDR)

neurons in the dorsal horn display increases in excitatory

neurotransmitters, with concomitant decreased expression

of inhibitory molecules [3,10, 11]. SCS has been shown to

increase release of the inhibitory neurotransmitter GABA

in the spinal cord and also induce a subsequent decrease in

glutamate levels in experimental animals. [13–15]. The

GABAB receptor has been shown to be particularly instru-

mental in this response, as shown by the conversion of non-

responders to responders by adding intrathecal baclofen

[16]. In support of this, long-term follow-up of seven

patients who received this combination therapy reported

durable relief at more than five years of follow-up [17].

Other molecules have also been implicated in the response

of SCS to the patient’s condition, including activation of

the cholinergic system with release of acetylcholine (ACh)

and adenosine. Furthermore, multiple other neurotransmit-

ters have been indicated in the response to SCS, including

adenosine, serotonin (5-HT), and norepinephrine (NE) [3].

Overview of Novel Stimulation Algorithms

Within the last decade, there has been an increased inter-

est in, and use of, stimulation patterns that deviate from

low-frequency tonic SCS. Conventional SCS has tradi-

tionally had limited success in treating axial back pain

due to anatomic and neurophysiologic reasons [21].

These approaches include high-frequency SCS (HF-SCS),

with stimulation frequencies at 10 KHz, and burst SCS

stimulation, described by De Ridder (five-pulse train

with internal frequency of 500 Hz delivered at 40 Hz uti-

lizing a passive recharge pattern and waveform) [22,23].

These stimulation patterns are hypothesized to evoke dif-

ferent underlying mechanisms of action [3,24,25] when

compared with low-frequency tonic SCS. The underlying

differences in neurophysiologic responses are translation-

ally observed with lack of reliance on paresthesias as well

as increases in clinical efficacy. Multiple studies with

level 1 evidence have demonstrated the superiority of

these novel therapies as compared with conventional

stimulation for back and leg pain [22,23,26]. This review

will focus on burst SCS as first described by De Ridder

(Abbott, Plano, TX, USA).

Preclinical Data on Burst SCS Waveform

Several preclinical studies have helped to elucidate the

potential mechanisms underlying burst SCS–induced an-

algesia. Although some neurons generate single action

potentials with a following pause outlasting the relative

refractory period, some neurons fire in a burst of action

potentials that results in a follow-on quiescent period.

These bursts are suggested to ride on a calcium current–

mediated plateau, or active phase, in neurons, which dif-

ferentiates them from clustered tonic firing not involving

phasic calcium–mediated or sustained membrane depola-

rizations [27,28]. These variations in firing patterns in

the dorsal column of the spinal cord compared with tra-

ditional tonic firing are purported to translate to differen-

tial downstream modulation of both the lateral and

medial aspects of the spinothalamic tract, resulting in

unique clinical effects.

Effects of Burst Patterns on Neurons
The bursting activity of neurons in vivo has a number of

effects not seen with tonic firing. These include enhanced

postsynaptic responses to presynaptic action potentials,

enhanced strength in synaptic connectivity in both the

short and long term, and differential activation of paral-

lel, connected anatomical pathways. Swadlow and Gusev

demonstrated increased cortical neuronal activity gener-

ated from stimulating the thalamus in burst compared
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with tonic stimulation. Cortical neuronal activity was

not only more activated with burst stimulation, but also

resulted in a faster time to impulse reaching baseline,

allowing for novel neocortical spikes for future neuronal

activity [29,30].

Burst firing patterns in the medial thalamic and intra-

laminar nuclei may evoke short- and/or long-term plas-

ticity in the nociceptive thalamic–anterior cingulate

pathway [31]. The medial thalamic complex is believed

to potentiate anterior cingulate cortex neuronal activity

by its burst firing pattern, which has been shown to en-

able a temporal response and processing of peripheral

persisting noxious stimuli (e.g., pain). In addition, the

maintenance and transition from acute to chronic pain

may be dependent on oscillatory firing patterns within

the thalamic–cingulate network responsible for both pain

attention and memory and pain-induced fear and anxiety

behavior [31–33].

Remy and Spruston demonstrated that delivering a

single burst of stimulation to the Schaffer collateral path-

way in the hippocampus produced long-term potentia-

tion (LTP) at the excitatory synapse between the Schaffer

collateral and postsynaptic CA1 neurons [34]. This dem-

onstrates the heightened effect of burst stimulation

within the central nervous system and provides the sub-

strate of spinal burst stimulation to evoke long-lasting

synaptic changes within the pain-associated neural net-

work in the brain as well.

Neurophysiological Effects of Burst SCS
Several preclinical studies have examined the differences

in neurophysiological effects of burst vs tonic SCS at

stimulation intensities at 90% of the motor threshold.

Figure 1 shows a diagram of proposed effects of burst

SCS in the spinal cord. Crosby and colleagues, using a ro-

dent model of cervical nerve root compression, demon-

strated that burst SCS significantly reduced the number

of paw withdrawals in response to 4-gm von Frey fila-

ment stimulations [35]. They also demonstrated that

burst stimulation generated significant reductions in

WDR dorsal horn neuron firing that were evoked by

both toe pinch and 26-gm von Frey filament, suggesting

that burst and tonic patterns had the same effect during

noxious stimulation. Tang et al. also demonstrated that

using amplitudes of 90% of the motor threshold, both

tonic and burst SCS significantly suppressed neuronal

responses to acute noxious pinch compared with baseline

(30.6% and 41.5%) [36]. On the other hand, when stim-

ulating with amplitudes of 60% of the motor threshold

during acute noxious pinch, the authors found that burst

stimulation produced a 47% reduction in dorsal horn

neuron firing from baseline, whereas tonic stimulation

did not produce any significant effects. This suggested

that both the pattern and amplitude of stimulation have

an impact on the neurophysiological response. It is

unclear if this relationship differs for tonic and burst

stimulation clinically, but the potential differences in

mechanism of action may lead to a fundamentally differ-

ent relationship between pulse amplitude and pain relief

and may need to be considered in programming patients.

In addition, Tang et al. were also able to demonstrate

that compared with tonic stimulation, burst stimulation

did not affect selected neuronal activity in the gracile nu-

cleus (Figure 2). WDR and low-threshold neurons in the

gracile nucleus whose activity was decreased by 20%

with tonic stimulation were not inhibited by burst stimu-

lation, which the authors attributed to lower absolute

stimulation intensity. More importantly, these findings

could explain why patients do not feel paresthesia with

burst SCS as the gracile nucleus is the tactile sensory tar-

get for much of the information ascending from the dor-

sal columns [36].

Two weeks after production of a rat sciatic nerve in-

jury, burst stimulation at 90% of the motor threshold,

delivered at an interburst frequency of 4 or 40 Hz and

intraburst frequencies of 60, 500, or 1,000 Hz, was

compared with tonic stimulation at 16, 60, or 160 Hz.

Burst SCS reduced hyperalgesia and restored physical ac-

tivity to a greater degree than tonic stimulation. Physical

activity was defined as measuring distance, crossings,

rearing, and grooming. The authors concluded that burst

SCS may reduce pain-related disability, along with de-

creasing hypersensitivity, by inhibiting dorsal horn neu-

ronal activity [37].

Effect of Burst Stimulation Parameters and

Waveform on WDR Activity
In a rodent model, Crosby and colleagues demonstrated

that increasing either the number of pulses in a burst, the

pulse width, or the stimulation amplitude led to de-

creased WDR activity in the dorsal horn [38]. They fur-

ther demonstrated that increasing the intraburst

frequency was essential to recruiting more high-threshold

neurons with burst SCS [38]. They also found a linear

correlation between increasing the charge per burst and

decreases in WDR neuronal firing. It is clear from their

results that specific stimulation parameters are essential

to optimizing the results of burst SCS.

Additional work has also linked features of the burst

pulse train to modulation of dorsal horn neuronal activ-

ity [39]. Stimulating with a burst pulse train having in-

creasing pulse amplitude over the course of each burst

and a passive recharge phase produced significant reduc-

tions in dorsal horn neuron firing relative to baseline,

whereas an alternative burst waveform with a fixed-pulse

amplitude and an active recharge phase had the opposite

effect, with significant increases in dorsal horn neuronal

firing. Similarly, a computational SCS modeling study

suggested that the dorsal column fibers that are directly

impacted by stimulation have different responses depend-

ing on the burst pattern used, even when all other param-

eters (e.g., amplitude, frequency, pulse width) are held
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constant (Figure 3) [40]. Crosby and colleagues were also

able to demonstrate that the effects observed with burst

SCS, unlike tonic stimulation, are not dependent on

GABAergic signaling. In their study, Crosby and col-

leagues applied a GABAB receptor antagonist to the

dorsal surface of the spinal cord in rodents with nerve

root compression to evaluate the role of GABAB receptor

activation during burst and tonic SCS [35]. The authors

discovered that the GABAB receptor antagonist

completely eliminated the effects of tonic SCS on

Figure 1. Comparison of cellular responses and potential mechanisms of action within the dorsal horn of the spinal cord between
tonic and burst spinal cord stimulation. Note that synaptic potentiation and underlying neurochemical signaling are proposed dif-
ferences between the two different stimulation patterns.

Figure 2. Stimulation of the spinal cord with burst or tonic spinal cord stimulation (SCS) yields different responses in the brainstem
dorsal column nuclei (DCN; nucleus gracile). Tonic SCS evokes robust alterations in cellular discharge in the DCN, whereas burst
does not evoke similar responses. The DCN pathway is responsible for the sensations of paresthesias during stimulation, so a dif-
ferential activation of this pathway can account for the paresthesia-free analgesia evoked with burst SCS but not tonic SCS.

S16 Chakravarthy et al.



attenuation of WDR neuron activity during noxious

stimulation, but this effect was not present with burst

SCS. These data agree with other work suggesting that

there is pivotal role for GABAergic inhibition in tonic

SCS [41–43]. Despite the apparent lack of a specific role

of GABAB receptors in burst SCS, the reductions in WDR

firing observed must be driven by some as-yet to be deter-

mined neurochemical signaling mechanism. Further re-

search is required to elucidate the neurochemical

mechanism(s) of action of burst stimulation.

The effect of tonic SCS is reduced by opioid antago-

nists, suggesting that the effect of SCS may be mediated

by the descending inhibitory pathways, which include

both enkephalinergic and dynorphinergic fibers [44,45].

Stimulation of the periacqueductal gray (PAG) also

results in the release of NE and 5-HT at the distal projec-

tions of the descending inhibitory tract [46]. Given the

differences in how burst SCS alters neural processing of

nociceptive and painful information (both spinally and

supraspinally), there may also be differences in how this

stimulation modality activates descending inhibitory

pathways from the PAG, ventromedial medulla, and/or

parabrachial brainstem regions [47]. Research also indi-

cates that the anterior cingulate cortex (ACC) is directly

involved in top-down modulation of cells in the dorsal

horn [48]; this is of particular interest in that burst SCS

has been demonstrated to activate the ACC [32]. In toto,

this suggest that burst SCS may have an impact on pain

through a spino–cortical–spinal circuit, thereby causing

both central and spinal effects through indirect activation

of multiple pathways.

Variations in Burst Waveform
The neurophysiological impact of different burst SCS

waveforms (passive recharge phase vs active recharge

phase) (Figure 4a) was evaluated in a preclinical study

[49]. Neuronal firing rates were measured in the spinal

dorsal horn on day 7 after painful cervical nerve root

compression at the C7 level (N¼ 5 Holtzman rats).

Recordings were collected during a forepaw noxious

pinch stimulus at baseline and after five minutes of burst

SCS with passive or active recharge delivered at the mid-

line C4 level at 90% of the motor threshold (measured at

0, 2, 5, 10, and 15 minutes after SCS). Burst with passive

recharge significantly reduced neuronal firing rates

evoked by noxious pinch stimuli compared with baseline

(P< 0.04), whereas burst with active recharge signifi-

cantly increased neuronal firing rates compared with

baseline (P< 0.006) (Figure 4b). Moreover, burst with

passive recharge significantly reduced spontaneous firing

rates compared with baseline in the period after noxious

pinch stimuli (P< 0.03). These results indicate that spe-

cific burst SCS patterns may vary widely in their thera-

peutic effects and raise questions about the differential

impact of different burst waveform patterns and their

Figure 3. The signature of a neurostimulation signal can have a direct and indirect (downstream) impact on neurophysioloigic func-
tion. Burst patterns utilizing passive vs active recharge patterns evoke differential activity patterns in both the dorsal columns and
neurons in the upper laminae of the dorsal horn.
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role in developing or reversing SCS habituation in a sub-

set of patients.

Clinical Data on Burst SCS Pattern

In addition to the preclinical animal research aimed at

understanding the basic physiologic mechanism(s) of

burst SCS, mechanistic research has also been conducted

in humans [3, 24]. Because the individual perception of

pain is the result of a complex integration of sensory,

emotional, and cognitive components, work has been fo-

cused on not only understanding the spinal processing of

the somatic components of pain and the impact of burst

SCS, but also on its potential effects on higher-level proc-

essing of pain and secondary systemic effects on immune

and neurohumoral function.

Electrophysiological Studies
The introduction of paresthesia-free methods of SCS-

induced analgesia, such as burst SCS, has raised

questions about how SCS-induced pain relief can be ef-

fective without stimulation of Ab fibers and thus induc-

ing sensation(s). If this paresthesia-free SCS does not act

through an Ab fiber mechanism, then the mechanism of

action by which burst SCS impacts neural function in

chronic pain patients remains unclear. As previously de-

scribed, animal research has shown that traditional SCS

suppresses dorsal horn WDR firing responses to noxious

stimuli. This effect is more prominent with burst SCS

compared with tonic SCS [36]. As a result of the animal

data noted above, we now have rational hypotheses for

1) the reported superior pain-relieving effects of burst

SCS, 2) the ability for burst SCS to work in patients who

have failed low-frequency tonic SCS therapy, and 3) how

burst SCS may influence neural function in a manner dif-

ferent from tonic SCS. These animal data are now sup-

ported by data from humans concerning the

neurophysiologic effects of burst SCS.

Somatosensory evoked potentials (SSEPs) result from

stimulation of somatosensory pathways (Ab, Ad, and C

fibers) and can be recorded both orthodromically and anti-

dromically. In 2018, Falowski studied the influence of dif-

ferent types of SCS waveforms (low- and high-frequency

tonic, burst SCS, and other pulse train patterns) on SSEPs

and electromyographic (EMG) signals [50]. He found that

the SSEP signal of the tibial nerve was lost after stimula-

tion with burst SCS, demonstrating an inhibitory effect

that this stimulation pattern can have on somatic sensory

transduction. Compared with tonic stimulation, the

amount of energy needed to inhibit the SSEP signal was

50–75% lower with burst SCS. EMG recordings that were

taken with leads placed at T8–T10 (with low-frequency

tonic stimulation) showed, by concomitant muscle con-

traction, activation of proximal muscles at low ampli-

tudes, which progressed to the distal muscles with higher

stimulation amplitudes. Interestingly, burst stimulation ac-

tivated the distal muscles (gastrocnemius! quadriceps!
iliopsoas) first at lower amplitudes and more proximal

muscles at higher amplitudes. One possible explanation

for this observation is that burst SCS might penetrate

deeper into the dorsal columns than tonic stimulation. In

the dorsal columns, distal somatic afferent fibers enter lat-

erally and then course medially as the dorsal column

extends rostrally and more proximal fibers are added lat-

erally. Thus, modulation of fibers within the dorsal col-

umn with burst SCS seems to be in a different order with

increasing amplitude when compared with low-frequency

tonic SCS. Of further interest is that burst SCS elicited

only one large EMG signal, whereas other stimulation pat-

terns with active recharge produced four equipotent EMG

signals [50]. These latter data demonstrate that neurophys-

iologic recordings show differences based on precise wave-

form signatures (passive vs active recharge), suggesting

differential activation of somatic pathways.

Differences in the ability of burst SCS vs tonic SCS to

evoke neurophysiologic alterations in the human nervous

system are not confined to the spinal cord. Bocci et al.

Figure 4. A) Illustration of burst waveforms with active recharge
or passive recharge. B) Changes in spinal neuron firing rate
from baseline after burst with active recharge or passive.
Following burst spinal cord stimulation (SCS) with passive re-
charge, the normalized firing rate was significantly lower over-
all (P¼0.019) and at five, 10, and 15 minutes relative to baseline
(blue *P<0.04). Conversely, five minutes after burst SCS with
active recharge, the normalized firing rate was increased rela-
tive to baseline (#P<0.006) and zero minutes (red *P<0.003).
Figures used with permission from Weisshaar et al. [83].
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have used laser evoked potentials (LEPs) to elicit a pain-

ful heat stimulus while recording from the brain [51].

Unlike the SSEP response, only small-diameter fibers (Ad
and C fibers) are activated with LEPs, which are, there-

fore, more selective for afferent pain signals. The LEP sig-

nal travels via the spinothalamic tract and can then be

detected by transcranial Ag/AgCl electrodes. The LEPs

were measured in patients with chronic back pain while

undergoing different modes of spinal cord stimulation,

including low-frequency tonic, HF-SCS, and burst SCS.

The authors observed that burst SCS stimulation reduced

the brain LEP signal significantly more than HF-SCS and

LF-SCS, the latter two patterns not showing any differ-

ence from baseline. They concluded that because the

middle-latency N1 and late P2 waves, representing differ-

ent cortical pain projections, were influenced by burst

SCS, burst SCS must modulate both the lateral and me-

dial pain pathways [51].

Prior studies have shown that neural activity of the so-

matosensory cortex and ACC (lateral and medial spino–

thalamo–cortical pathway components, respectively) is

altered by stimulation of the spinal cord using burst SCS

[8]. Specifically, EEG recordings during tonic, burst, and

placebo SCS found that burst SCS produced synchro-

nized activity of the dorsal ACC, whereas tonic and pla-

cebo SCS did not. This indicates that in addition to

somatosensory modulation, burst SCS also modulates the

medial spino–thalamo–cortical pathways, which are be-

lieved to communicate the affective or emotional part of

pain processing (Figure 5) [32, 63–65].

Neuroimaging Studies

Functional neuroimaging studies have provided insight

not only into regions of the brain that are activated by

painful conditions but also the connectivity between spe-

cific brain regions involved in both the discriminatory

and affective components of pain [52]. With various

pathways subserving these two pathophysiologic compo-

nents of chronic pain, recent findings have highlighted

the ability of spinal cord stimulation to specifically and

regionally affect different brain regions.

Effect of Tonic Stimulation on Medial and Lateral

Pathways
Pain perception is multidimensional and involves multi-

ple anatomic pathways that extend from the peripheral

nervous system to various regions of the brain. It is be-

lieved that the discriminative (somatosensory) compo-

nent of pain perception (e.g., anatomic location,

character, and intensity of pain) follows the lateral path-

way via the anterior neo–spinothalamic tract, which

projects mainly to the S1 and S2 regions of the sensory

cortex via the sensory thalamus [32]. The affective/emo-

tional part of pain perception follows the medial path-

way via the paleo–spinothalamic tract, which projects to

the operculum of the insula and ACC via medial thalamic

nuclei [8, 53]. Morton et al. have described the intricacies

of brain activation during the pain experience by using

functional neuroimaging techniques, extending the possi-

bilities of studying pain perception during functional

neurostimulation [54].

In conjunction with this approach, brain positron

emission tomography (PET) imaging of subjects receiving

a painful stimulus shows clear activation of S1, S2, the

insula, and the ACC. The ACC is putatively responsible,

at least in part, for the affective part of pain processing

[55]. Similarly, Rasche et al. performed blood oxygena-

tion level–dependent (BOLD)–functional MRI (fMRI)

Figure 5. Burst and tonic evoke differential responses in cerebral regions involved with both discriminatory/somatic aspects of pain
and brain regions involved in affective and emotional components of pain.
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imaging in failed back surgery syndrome (FBSS) patients

during tonic SCS. They showed that tonic SCS alters

mainly the lateral somatosensory pathway, and to a

lesser extent the structures (prefrontal cortex, ventral

posterolateral nucleus of the thalamus, cingulate gyrus)

of the medial affective pathway [56]. Further, BOLD-

fMRI imaging studies in FBSS patients during tonic SCS

showed increased activation of the medial primary senso-

rimotor cortex (SM1), the contralateral posterior insula,

and the ipsilateral secondary somatosensory cortex (S2).

Decreased activation was observed in the bilateral pri-

mary motor cortices (M1) and the ipsilateral primary so-

matosensory cortex (S1). The authors postulated

involvement of the motor cortex in the pain matrix of

FBSS patients treated with tonic SCS [57]. In contrast, a

larger BOLD-fMRI study in 20 FBSS patients examined

the brain regions of importance during short-term and

long-term administration of tonic SCS in good respond-

ers [58, 59]. In the short term, the authors found a corre-

lation between good pain relief from SCS and functional

activation in the brainstem, the rostral ACC, the cerebel-

lum, and the bilateral dorsolateral prefrontal cortex. All

of these results are consistent with secondary effects of

pain relief.

Deogaonkar and colleagues [60] performed a whole-

brain connectivity analysis in conditions of optimal tonic

SCS settings, as well as with SCS switched off. With opti-

mal tonic SCS settings, the authors found a general trend

toward decreased connectivity between S2 and limbic/

emotional (middle cingulate cortex) areas and increased

integration of somatosensory regions into the default

mode network (DMN; medial prefrontal, precuneus, and

lateral parietal cortex). The authors demonstrated that

the above-mentioned alterations in the pain matrix acti-

vation are correlated with reductions in pain intensity.

These data did not infer an impact on other dimensions

of pain such as the psychological impact of suffering.

Also, as only low-frequency tonic stimulation was uti-

lized, the study did not examine if other stimulation pat-

terns may have, comparatively, more pronounced effects

[61, 62].

Effect of Burst Stimulation on Medial and Lateral

Spino–Thalamo–Cortical Pathways
Similar findings to the aforementioned source-localized

EEG results have been found utilizing PET–computed to-

mography (CT) imaging in a subanalysis of the

SUNBURST study (Figure 6) [62]. When the same

patients were exposed to either burst SCS or tonic SCS,

somatosensory and motor structures, as well as subre-

gions of the ACC (e.g., daACC, pACC), showed different

patterns of activation. Mechanistically, following painful

stimuli, medial thalamic cells fire in a burst pattern, thus

potentiating the anterior cingulate cortex. Furthermore,

the evolution of acute to chronic pain might be a result of

low-frequency firing patterns within the spino–thalamo–

cingulate complex, thus facilitating pain-induced atten-

tion, memory, fear, and anxiety behavior [24, 33, 66,

67]. More recently, the ACC has been shown to influence

nociceptive input coming into the spinal cord, which may

provide a sensory–affective loop involving spino–corti-

co–spinal projections [48]. Thus, the integrative interac-

tions between the somatic and affective properties of

pain may not just be influenced independently by burst

SCS in the cerebrum but also have a downstream impact

on spinal somatic information processing. From this

work, it is clear that neuronal bursting patterns play im-

portant roles in both normal and pathophysiologic proc-

essing of sensory information. To what extent, however,

burst SCS impacts multiple sensory processes in chronic

pain has yet to be fully elucidated. It is clear from multi-

ple studies utilizing different brain activity monitoring

approaches that the specific pattern used in burst SCS

modulation of somatosensory fibers does have a different

impact on multiple brain regions controlling central neu-

ral pain processing, including both somatosensory and

cognitive dimensions.

Support for Burst SCS as a Placebo-
Controlled Therapy

Burst SCS is a biomimetic, low-energy stimulation para-

digm in which a short pulse train of high-frequency

spikes (internal frequency 500 Hz) are delivered at 40 Hz

[32, 63, 64]. Burst stimulation was initially used to treat

noise-like tinnitus [68–70] and then was translated to

modulate pain pathways, in which it was noted that burst

stimulation was efficacious not only in modulating dis-

criminatory aspects of pain, but in the affective response

to pain as well [24]. Furthermore, burst SCS does not

evoke paresthesias, allowing for placebo-controlled stud-

ies for comparison with tonic stimulation [64].

In 2013, De Ridder et al. published a randomized trial

in which burst, tonic, and placebo were compared in 15

patients [64]. A subgroup of these patients also under-

went source-localized electroencephalography (EEG) un-

der baseline, tonic, burst, and placebo conditions. This

study found that burst stimulation improved back, limb,

and general pain VAS scores by 51%, 53%, and 55%

and tonic stimulation by 30%, 52%, and 31%, respec-

tively. Pain now, least pain, and worst pain were

improved by 50%, 73%, and 36% by burst stimulation,

whereas tonic stimulation improved these parameters by

26%, 46%, and 13%, respectively. Burst was signifi-

cantly better than placebo for all measurements. Percent

reductions in the back, leg, and overall pain were 18.9%,

11.7%, and 10.9% for the placebo group, compared

with 51.3%, 52.7%, and 55.0% for the burst SCS group.

These findings are consistent with those of two other

placebo-controlled studies utilizing burst SCS [71, 72].

The Pain Vigilance and Awareness Questionnaire, which

measures attention to pain and attention to changes in
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pain, was also administered in this study. This measure

was statistically improved in the burst group as

compared with both placebo and tonic stimulation. An

anatomic correlation relating this to the medial spino–

thalamo–cortical pathway was identified on EEG, which

demonstrated burst activation of the dorsal anterior cin-

gulate and right dorsolateral prefrontal cortex signifi-

cantly greater than with tonic stimulation. In other

words, this pilot study showed that burst stimulation was

superior to tonic and placebo not only in pain reduction,

but also that it produced differential changes in cerebral

activation in brain regions known to be involved in psy-

chological dimensions of pain.

Key RCT Data

An industry-sponsored, multicenter RCT with crossover

design comparing tonic stimulation with burst stimula-

tion by Deer et al. was published in 2018 [23]. In the

study, 100 subjects who responded to a trial of tonic

stimulation were implanted with a device capable of both

burst and tonic stimulation and were randomized to re-

ceive one stimulation for the first 12 weeks of the study

and the other stimulation mode for the subsequent

12 weeks. The baseline mean VAS score for all subjects

was 74.7 mm, and following the crossover phases, the av-

erage VAS score after 12 weeks was 48.7 mm for tonic

stimulation and 43.5 mm for burst stimulation. After the

randomization period, subjects were treated with the

stimulation mode of their choice and followed out to one

year. Patients overwhelmingly preferred burst stimula-

tion (70.8%) as compared with tonic (18.8%), and some

patients had no preference (10.4%). Eighty subjects

reported pain diaries at the one-year visit, at which time

the average VAS score was 42 mm for all parameters

tested, with 68% of subjects utilizing burst as their most

used program type. This study demonstrated that burst

therapy was statistically both noninferior and superior to

tonic SCS, although this difference was not clearly clini-

cally significant. Of greater interest, however, was the

profound patient preference for burst stimulation over

tonic stimulation not fully explained by the small

Figure 6. Positron emission tomography–computed tomography scans demonstrating areas of brain activation from tonic and
burst spinal cord stimulation. A) Significant increases (P<0.01) in premotor and supplementary motor cortex activity were ob-
served during tonic stimulation when compared with baseline (NO STIM). B) Significant increases (P<0.01) in neural activity were
observed in premotor cortex, supplementary motor cortex, and dorsal cingulate cortex activity during burst stimulation when com-
pared with baseline (NO STIM). C) Significant increases (P<0.01) in neural activity were observed in the sensorimotor, anterior cin-
gulate, and posterior cingulate cortex during burst stimulation when compared with tonic stimulation. A significant decrease
(P<0.01) in neural activity was observed in the anterior cingulate cortex during burst stimulation when compared with tonic stimu-
lation. Figures used with permission from Yearwood et al. [62].
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differences in VAS scores. This suggests that although so-

matosensory measures of pain relief were similar between

the burst SCS and tonic SCS groups, the additional signif-

icant impact on the affective (medial) pathways resulted

in the profound patient preference for burst SCS.

Subanalysis utilizing PET-CT imaging of these patient

groups highlighted that both medial and lateral pathways

were upregulated in the burst SCS treatment groups

compared with tonic stimulation, which only modulated

the lateral pathway [62].

Effect of Burst SCS Therapy on the
Neuroimmune Axis—An Alternate
Mechanism of Action?

Within the past 20 years, the role of the immune system

in chronic pain conditions has been the subject of inten-

sive investigation [74]. In particular, the role that micro-

glial cells and neural–microglial interactions play has

been the focus of much attention [74, 75]. Recent re-

search suggests that a mechanism of analgesic action of

SCS (including burst SCS) may involve effects upon glial

cells and neuroinflammation. In support of this hypothe-

sis, increases in anti-inflammatory cytokine interleukin

10 (IL-10) levels in cerebrospinal fluid and blood have

been observed after treatment with SCS [76–78].

Similarly, Lind et al. found multiple proteins, including

molecules involved in immune function, to be changed

following SCS. In 2017, Kinfe and colleagues found se-

rum anti-inflammatory IL-10 levels from FBSS patients

to be four times higher with burst SCS compared with

baseline, whereas levels of pro-inflammatory high mobil-

ity group box 1 protein (HMGB1) did not change signifi-

cantly. Although this aspect of SCS is just starting to be

examined, these initial findings suggest a role for the im-

mune system in the clinical effects of burst SCS that

might be positively modulating the autonomic–immuno-

logic system.

Additional Clinical Insights from MOA Data

As with other therapies, the concept of a neuromodula-

tion “dose” of therapy is an important consideration.

The concept of therapeutic window will be relevant to

how we apply stimulation therapy in the future. Animal

studies in SCS have shown that alterations in WDR neu-

ronal modulation have a dose dependency. Similarly,

pain-related behaviors in rat models of neuropathic pain

have demonstrated a dose response to SCS [9]. Studies of

tonic SCS suggest that paresthesias are required to obtain

pain relief; thus, the dose of stimulation must be suffi-

cient to induce paresthetic sensations [79, 80]. In con-

trast, burst SCS dose was shown to reach a plateau, with

no difference at 500 Hz vs 1,000 Hz on clinical pain

intensity outcomes [81]. Given the effects that

presynaptic burst patterns can have on sustained synaptic

strength, it was hypothesized that intermittent periods of

burst SCS may also provide adequate and sustained pain

relief. In a multicenter pilot study, burst SCS stimulation

utilizing cycling paradigms (five seconds on stim and five

seconds off stim) was found to be as effective as continu-

ous burst SCS, with a trend toward patient preference for

burst cycling [82]. Although further data are needed,

these preliminary results equate well with what is cur-

rently understood about burst SCS. More importantly,

they highlight the use of the lowest dose needed to pro-

duce the desired therapeutic outcome. Given the minimal

long-term safety data on newer neurostimulation modal-

ities and the lack of clear dose–response curves using

novel stimulation patterns, attention to limiting dose

becomes potentially important.

Conclusions

As a consequence of the particular pattern of pulses ad-

ministered during burst stimulation as compared with

traditional tonic stimulation, there are different neuro-

modulatory effects observed that are 1) directly impacted

by the electrical field and 2) impacted by the orthodromic

and antidromic effects of stimulation. These effects can

likely be modulated not only by the pattern of the electri-

cal pulses being delivered to the central nervous system,

but also by the shape of the pulses—both individually

and as a pattern within the burst itself. Clinically, these

findings seem to translate to a variety of positive clinical

benefits, which include superior pain relief without the

need for paresthesias, increased patient preference, the

potential for directly impacting affective and emotional

components of pain, and the ability to affect downstream

peripheral immune function.
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