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Stimulation Parameters Deﬁne the Eﬀectiveness
of Burst Spinal Cord Stimulation in a Rat Model
of Neuropathic Pain
Nathan D. Crosby, BS*; Melanie D. Goodman Keiser, PhD†; Jenell R. Smith,
BS*; Martha E. Zeeman, MS*; Beth A. Winkelstein, PhD*‡
Introduction: Although burst spinal cord stimulation (SCS) has been reported to reduce neuropathic pain, no study has explicitly
investigated how the diﬀerent parameters that deﬁne burst SCS may modulate its eﬃcacy. The eﬀectiveness of burst SCS to reduce
neuronal responses to noxious stimuli by altering stimulation parameters was evaluated in a rat model of cervical radiculopathy.
Methods: Neuronal ﬁring was recorded in the spinal dorsal horn before and after burst SCS on day 7 following painful cervical nerve
root compression (N = 8 rats). The parameters deﬁning the stimulation (number of pulses per burst, pulse frequency, pulse width,
burst frequency, amplitude) were individually varied in separate stimulation trials while holding the remaining parameters constant.
The percent reduction of ﬁring of wide-dynamic-range (WDR) and high-threshold neurons after SCS and the percentage of neurons
responding to SCS were quantiﬁed for each parameter and correlated to the charge per burst delivered during stimulation.
Results: Pulse number, pulse width, and amplitude each were signiﬁcantly correlated (p <0.009) to suppression of neuronal ﬁring
after SCS. Pulse frequency and amplitude signiﬁcantly aﬀected (p <0.05) the percentage of responsive neurons. Charge per burst
was correlated to a reduction of WDR neuronal ﬁring (p <0.03) and had a nonlinear eﬀect on the percentage of neurons responding
to burst SCS.
Conclusions: Burst SCS can be optimized by adjusting relevant stimulation parameters to modulate the charge delivered to the
spinal cord during stimulation. The eﬃcacy of burst SCS is dependent on the charge per burst.
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Spinal cord stimulation (SCS) is used to treat a wide range of
chronic neuropathic pain conditions by administering electrical
stimulation to the dorsal columns of the spinal cord. Traditional SCS
uses a tonic paradigm to deliver continuous pulses of various frequencies, pulse widths, and intensities to the spinal cord and is
commonly used to manage cervical and lumbar axial and radicular
pain (1–3). These parameters can be modulated, along with electrode conﬁguration and placement on the spinal cord, to maximize
pain relief for individual patients (4,5). However, tonic stimulation
induces paresthesia in the stimulated dermatomes. Although paresthesia can be used to guide electrode placement and programming, many patients prefer paresthesia-free stimulation (4).
Burst SCS is an alternative mode of stimulation that uses small
bursts of pulses of stimulation rather than continuous pulses and
has been recently reported to reduce neuropathic pain better than
tonic SCS without generating paresthesia in the majority of patients
(4,6,7). De Ridder et al. (7) found that burst SCS decreased visual
analog scale (VAS) pain scores more than tonic SCS for back pain
and general pain perception in patients, including those with cervical radicular pain, undergoing brief trials with each stimulation
modality. Patients have also reported greater pain relief from burst
SCS relative to tonic SCS in a placebo-controlled trial and also when

burst SCS was introduced after at least 6 months of tonic stimulation
(4,6). Furthermore, burst SCS has been shown to be more eﬀective
than tonic SCS for attenuating visceral nociception in a rat model of
colorectal distension (8). Although it has been postulated that burst
SCS may improve pain suppression over tonic SCS because burst
stimulation delivers more charge per second (7), the role of charge
delivery in burst SCS has not been investigated.
Burst SCS is highly adaptable by modiﬁcation of any of the parameters that control the shape of the stimulation waveform—the
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Figure 1. Schematic of a burst spinal cord stimulation waveform indicating
the parameters that deﬁne the shape of the stimulation: pulse number, pulse
frequency, pulse width, burst frequency, and amplitude.

Table 1. Burst Spinal Cord Stimulation Conditions and Parameter Values.
Numbers
of pulses

Pulse
frequencies
(Hz)

Pulse
widths
(μsec)

Burst
frequencies
(Hz)

Amplitudes
(% of motor
threshold)

3
5
7

250
333
500

250
500
750
1000

20
40
60

30
60
90

number of pulses per burst, the frequency of pulses within each
burst, duration of pulses, the frequency of bursting, or the amplitude (Fig. 1). To date, the clinical and preclinical studies using burst
SCS each used the same stimulation parameters: ﬁve pulses per
burst, 500-Hz pulse frequency, 1-msec pulse width, and 40-Hz burst
frequency (4,6–8). Even though tonic SCS is frequently optimized for
pain management on a patient-by-patient basis by adjusting pulse
width, frequency, and amplitude (9), there have been no published
clinical or preclinical studies investigating the optimization of burst
SCS for neuropathic pain with respect to any of the parameters
deﬁning the stimulation waveform or the charge delivery.
This study tested the hypotheses that burst SCS is eﬀective in
reducing dorsal horn neuronal ﬁring associated with cervical radicular pain and that altering burst SCS parameters modulates the eﬀect
of stimulation on neurons in the spinal dorsal horn. Although cervical radiculopathy and cervical brachialgia are indications for SCS
(1,5,7), preclinical studies have not evaluated the stimulation
parameters associated with eﬀective burst SCS for those indications.
As such, a model of nerve root compression that induces behavioral
sensitivity and spinal neuron hyperexcitability in the rat was used
(10–12) to evaluate electrophysiological extracellular recordings of
dorsal horn neurons immediately before and after burst SCS. Each
burst parameter (Fig. 1; Table 1) was varied across a range of several
values that were based on the parameters that could be used for
clinical application of burst SCS in order to evaluate the sensitivity of
burst SCS eﬀectiveness to each parameter. This study also investigated the modulation of charge per burst as a potential mechanism
for the sensitivity of burst SCS to changes in the stimulation
parameters.

METHODS

2

Nerve Root Compression Surgery
Male Holzman rats (386–466 g) were housed under USDA- and
AAALAC-compliant conditions with free access to food and water. All
experimental procedures were approved by the University of Pennsylvania Institutional Animal Care and Use Committee and carried
out under the guidelines of the Committee for Research and Ethical
Issues of the International Association for the Study of Pain (13).
www.neuromodulationjournal.com

Compression of the right C7 dorsal nerve root was performed
(N = 8 rats) with rats under isoﬂurane inhalation anesthesia (4% for
induction, 2–3% for maintenance) using procedures previously
described (14–16). Brieﬂy, with the rat in a prone position, the C6
and C7 vertebrae were exposed by making a midline incision
from the base of the skull to the T2 vertebra and separating the
overlying muscular tissue. A C6–C7 hemilaminectomy and partial
facetectomy on the right side exposed the C7 nerve root between
the dorsal root ganglion and the spinal cord. A 10-gf microvascular
clip (World Precision Instruments, Sarasota, FL, USA) was placed
around the nerve root through a small incision in the dura to compress the root for 15 min. After the surgical procedure, incisions
were closed using 3-0 polyester sutures and surgical staples. Rats
were monitored during recovery in room air before being returned
to normal housing conditions.

Assessment of Behavioral Sensitivity
Behavioral sensitivity was assessed by measuring mechanical
hyperalgesia in both forepaws of each rat prior to surgery (baseline)
and on days 1, 3, 5, and 7 after nerve root compression. Hyperalgesia
was assessed separately in the ipsilateral and contralateral forepaws
by quantifying the paw withdrawal threshold (PWT) to application
of a series of weighted von Frey ﬁlaments (1.4, 2, 4, 6, 8, 10, 15, and
26 g) applied to the plantar surface of the paw (12,14,17). Each
ﬁlament was applied ﬁve times before moving on to the next strongest ﬁlament. If the rat displayed a positive response (withdrawing,
licking, shaking of the paw) to two consecutive ﬁlaments, the lower
of the two was recorded as the paw withdrawal threshold. Rats not
responding to any of the ﬁlaments were assigned the maximum
PWT of 26 g. On each designated day, testing was repeated in three
rounds separated by at least 10 min, and the average threshold from
the three rounds was calculated for each paw and each rat. A
repeated-measures ANOVA compared PWT between the ipsilateral
and contralateral forepaws at each time point.

Electrophysiology Recordings and Burst Spinal
Cord Stimulation
After hyperalgesia testing on day 7, extracellular electrophysiological recordings were acquired to measure neuronal ﬁring before
and after burst SCS. Rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and given supplementary doses (5–10 mg/kg,
i.p.) as needed based on toe pinch, corneal, and palpebral reﬂexes
(18). A bilateral laminectomy and dural resection from C3 to C7 were
performed to expose the spinal cord. Rats were then immobilized
on a stereotaxic frame using ear bars and a vertebral clamp at T2 to
stabilize the cervical spine (David Kopf Instruments, Tujunga, CA,
USA). Core temperature was maintained at 35–37°C using a temperature controller with a rectal probe (Physitemp, Clifton, NJ, USA),
and the exposed spinal cord was bathed in 37°C mineral oil for the
duration of recording to prevent drying.
A monopolar platinum ball electrode was placed over the dorsal
columns at the C3 level, and a grounding electrode was attached to
the incised skin on the neck. Constant-current burst SCS was
applied using an S48 Grass stimulator with a photoelectric stimulus
isolation unit (Grass Technologies, Warwick, RI, USA). The motor
threshold (MT) for each rat was identiﬁed as the stimulation intensity at which small contractions were ﬁrst observed in the paraspinal
musculature or forelimbs. Extracellular potentials were recorded by
lowering a carbon ﬁber electrode (Kation Scientiﬁc, Minneapolis,
MN, USA) into the C7 spinal dorsal horn on the side ipsilateral to the
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compressed nerve root. Signals were ampliﬁed with a gain of 103
and conditioned using a passband ﬁlter between 0.3 and 3 kHz
(World Precision Instruments, Sarasota, FL, USA). The signal was processed with a 60 Hz HumBug adaptive ﬁlter (Quest Scientiﬁc, North
Vancouver, BC, Canada), digitally sampled at 25 kHz (Micro1401,
CED, Cambridge, UK), monitored with a speaker for audio feedback
(A-M Systems, Carlsborg, WA, USA), and recorded using Spike2
software (CED).
Light-brush and noxious-pinch stimulation of the ipsilateral
forepaw were used to identify mechanically sensitive neurons and
their receptive ﬁelds on the paw. To evaluate changes in neuronal
activity due to burst SCS, the neuron (or neurons, if multiple waveforms could be diﬀerentiated at a single recording site) underwent
SCS trials each consisting of the following: 1) at least 10 seconds of
recording to establish baseline spontaneous ﬁring rates; 2) 10 sec of
light brushing and 10 sec of noxious pinch by forceps in order to
classify the neuron as wide-dynamic-range (WDR) or high-threshold
(HT) and to establish pre-SCS evoked ﬁring rates; 3) 10 sec of burst
SCS (Fig. 1); and then 4) 10 sec of noxious pinch to record post-SCS
evoked ﬁring. Neurons were allowed to recover for at least 20 min
between each SCS trial.
The burst SCS parameters were varied for each stimulation trial,
with at least three values tested for each parameter (Table 1). For
each recording site, the ﬁrst reference stimulation trial applied burst
SCS consisting of seven pulses per burst at 500 Hz with a 1000-μsec
pulse width, a burst frequency of 40 Hz, and an amplitude of 90%
MT. From that reference parameter set, each of the ﬁve parameters
was varied individually in subsequent stimulation trials, while the
remaining four parameters were held constant (Table 1). Each
parameter set was applied in random order during the stimulation
trial. When modulating pulse frequency, the interburst interval was
not long enough for each burst to contain seven pulses with a
1000-μsec width, so bursts of ﬁve pulses were applied. Despite the
smaller pulse number, all other parameters remained constant, as
pulse frequency was varied in order to allow comparison between
diﬀerent pulse frequency values. Each recording site was used for
multiple stimulation trials until the waveform signal was lost.

www.neuromodulationjournal.com

considered to be responsive to burst SCS. The percentage of responsive neurons for each set of stimulation parameters was used as a
secondary measure of SCS eﬃcacy. A bivariate linear regression
tested for correlation between each burst parameter and changes in
neuronal ﬁring among responsive neurons only. The eﬀect of each
parameter on the percentage of neurons responding to burst SCS
was tested using Fisher’s exact test.
The charge per burst delivered to the spinal cord was calculated
for each parameter set as the integral of the current applied during
a single burst. Changes in WDR and HT neuronal ﬁring were averaged at each charge value across all stimulation trials. The correlations between charge per burst and changes in neuronal ﬁring were
then tested for WDR and HT neurons separately using bivariate
linear regression. Percentages of responsive WDR and HT neurons in
each stimulation trial were binned based on charge per burst; bins
were chosen to span the full range of charge values, in 10 equal
increments of 0.1 μC. All statistical analyses were performed with
α = 0.05 using JMP9 (SAS, Cary, NC, USA).

RESULTS
The PWT of the ipsilateral forepaw was signiﬁcantly reduced from
baseline on each of days 1, 3, 5, and 7 (all p <0.017), and the PWT for
the contralateral forepaw was not signiﬁcantly diﬀerent from baseline throughout the 7-day period (Fig. 2). In addition, the PWT for
the ipsilateral forepaw was signiﬁcantly lower than the PWT of the
contralateral forepaw on all days following nerve root compression
(all p <0.019), despite the ipsilateral and contralateral PWTs not
being diﬀerent at baseline (Fig. 2).
Neuronal ﬁring was recorded at 25 diﬀerent sites in the spinal
cord from all rats (3.0 ± 1.1 recording sites per rat). At each recording
site, 4.1 ± 1.4 stimulation trials were performed, with 6.8 ± 1.8 separate recording sites tested for each of the ﬁve burst SCS parameters
investigated in this study. Of the 25 recording sites, nine sites with
stable signals were used to test multiple parameters consecutively.
Neuronal ﬁring evoked by noxious pinch of the forepaw was attenuated after burst SCS to varying degrees based on the stimulation
parameters (Fig. 3). Among the neurons that were responsive to
burst SCS (N = 191 neurons from all recording sites and stimulation
trials), pulse number (p = 0.0018), pulse width (p = 0.0001), and
amplitude (p = 0.0086) each signiﬁcantly reduced neuronal
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Electrophysiology Data Analysis
Voltage potentials from each recording site were spike-sorted
using Spike2 to diﬀerentiate waveforms from multiple neurons.
Each neuron was classiﬁed either as WDR, if ﬁring was evoked by
both light brush and noxious pinch, or HT, if ﬁring was only evoked
by a noxious pinch. Low-threshold (LT) neurons, responding only to
light mechanical stimuli, were not included in this study as they do
not respond to noxious pinch, which was used as the test stimulus.
Pre- and post-SCS ﬁring were determined by counting the number
of spikes evoked by noxious pinch in the 10 s before and the 10 sec
immediately following the application of burst SCS. Voltage potentials during 90% of motor threshold were not measured due to large
artifacts masking neuronal activity; therefore, measurements of
neuronal responses were only performed before and after SCS.
Baseline spontaneous activity was subtracted from the spike counts
for each pinch to isolate the neuronal response evoked by the
noxious pinch.
Several metrics were used to evaluate the eﬀects of burst SCS on
dorsal horn neuronal activity. Change in neuronal ﬁring after burst
SCS was calculated as the percent change in spikes evoked by
noxious pinch after SCS relative to the number evoked by the pinch
that was applied before SCS. Neurons having a negative percent
change in ﬁring after burst SCS (a reduction in spikes) were

Figure 2. Forepaw paw withdrawal thresholds (PWT) before and after cervical
nerve root compression. Nerve root compression induced a signiﬁcant decrease
in PWT for the ipsilateral forepaw compared to both baseline (*p <0.017) and the
contralateral forepaw (#p <0.019) on each day after injury.
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1000-μsec pulse width, 40- Hz burst frequency, 90% MT amplitude),
ranging from 0.76–1.07 μC, with some variation due to the diﬀerences in MT between rats (Fig. 6a). Pulse number, pulse width, and
amplitude were each directly proportional to the charge per burst,
so changes in each of those parameters resulted in a wide range of
charges per burst during stimulation trials (Fig. 6a). Pulse frequency
and burst frequency did not aﬀect charge per burst (Fig. 6a), aside
from the variation due to MT diﬀerences between rats.
Charge per burst was negatively correlated with changes in neuronal ﬁring among responsive WDR neurons (N = 141) after burst
SCS (R2 = 0.30, p = 0.0017) (Fig. 6b). Among the HT responsive
neurons (N = 50), neuronal ﬁring also decreased as charge per burst
increased, although this correlation was not signiﬁcant (R2 = 0.14,
p = 0.13). The total percentage of neurons responding to SCS
increased nonlinearly with charge per burst, exhibiting a step transition from 65% responding (35% not responding) at charges below
0.5 μC to 80-85% of neurons responding (15–20% not responding)
at charges above 0.5 μC (Fig. 6c). The percentage of WDR neurons
responding to burst SCS remained high, averaging 83 ± 6% across
all charge values (Fig. 6c). However, the responsiveness of HT
neurons exhibited a large increase from 45 ± 4% at charges below
0.5 μC to 78 ± 7% at charges above 0.6 μC; no HT neurons were
recorded at parameters having a charge per burst between 0.5 μC
and 0.6 μC (Fig. 6c).

DISCUSSION

Figure 3. Neuronal ﬁring evoked by a noxious forepaw pinch was attenuated
after burst spinal cord stimulation (SCS) to varying degrees depending on the
burst parameters. In this representative neuron, activity was suppressed more as
pulse width increased from a. 250 μs to b. 500 μs, c. 750 μs, and d. 1000 μs. Here,
the other parameters were ﬁxed: pulse number = 7; pulse frequency = 500 Hz;
burst frequency = 40 Hz; amplitude = 90% of motor threshold.

4

responses to noxious stimulation after burst stimulation (Fig. 4).
Neuronal ﬁring showed a greater reduction with each increase in
these parameters. However, pulse frequency and burst frequency
were not correlated to changes in neuronal ﬁring after burst SCS
(Fig. 4).
The percentage of responsive neurons exhibiting a reduction in
ﬁring after burst SCS was signiﬁcantly related to the pulse frequency
(p = 0.05) and the amplitude of stimulation (p = 0.023) (Fig. 5). As the
pulse frequency and amplitude increased, the percentage of
responsive neurons also increased. Although the percentage of
responsive neurons also increased with both higher pulse numbers
(p = 0.13) and pulse widths (p = 0.078), those relationships were not
signiﬁcant (Fig. 5). Altering burst frequency had no eﬀect on the
percentage of responsive neurons (Fig. 5).
Charge per burst delivered to the spinal cord was highest for the
reference parameter set (seven pulses, 500-Hz pulse frequency,
www.neuromodulationjournal.com

This study demonstrates that burst SCS reduces neuronal
responses to a noxious stimulus in the spinal dorsal horn of rats after
a painful compression of the cervical nerve root (Figs. 2–4). Changes
in neuronal response following burst SCS are mediated by the stimulation parameters that deﬁne the burst waveform. Three parameters
in particular—number of pulses per burst, duration of pulses, and
amplitude—are each signiﬁcantly correlated to the changes in neuronal responses after burst SCS (Figs. 4 and 5). Pulse frequency has a
signiﬁcant eﬀect on the percentage of recorded neurons responding
to burst SCS (Figs. 4 and 5). Furthermore, the charge per burst delivered to the spinal cord is correlated to the decrease in responses of
both WDR and HT neurons after burst SCS (Fig. 6).
The eﬀectiveness of burst SCS, as measured by changes in dorsal
horn neuronal ﬁring after stimulation, is dependent on the stimulation parameters. For example, the most eﬀective burst SCS paradigm was found when using the reference parameter settings
(seven pulses at 500 Hz and 1000-μsec width, 40-Hz bursts, and 90%
MT amplitude), after which neuronal ﬁring was reduced by 44.8 ±
23.3% across the 84.7% of neurons that responded to SCS (Fig. 4c).
When the pulse width was adjusted from 1000 μs to 250 μs, neuronal ﬁring was reduced only 15.1 ± 9.4% with 65.4% of neurons
responding to stimulation (Fig. 4c). At its maximum eﬀectiveness,
burst SCS suppresses up to 44.8% of neuronal activity, which is
comparable with the only other study that has applied burst SCS in
an animal model of pain (8). That study demonstrated that burst SCS
reduced ﬁring in lumbar dorsal horn neurons by 41.5% during
noxious colorectal distension (8). Furthermore, the suppression of
neuronal ﬁring by burst SCS observed in our study of neuropathic
pain is representative of suppression of pain pathways, which may
be consistent with reductions in VAS pain scores reported after
burst SCS in a clinical study (6). Although burst SCS decreases neuronal activity by suppressing ﬁring in dorsal horn neurons that
exhibit hyperexcitability after cervical nerve root compression
(10–12), additional studies measuring behavioral sensitivity after
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Figure 4. The change in neuronal ﬁring for each set of parameters after burst spinal cord stimulation (SCS) is shown as the percentage change in spikes from before
to after burst SCS for each parameter: a. pulse number; b. pulse frequency; c. pulse width; d. burst frequency; and e. amplitude. Asterisks and arrows indicate signiﬁcant
correlations between each of pulse number (p = 0.0018), pulse width (p = 0.0001), and amplitude (p = 0.0086) and a reduction in neuronal activity after burst SCS. MT,
motor threshold.

Figure 5. The percentage of responsive neurons responding to burst spinal cord stimulation is shown for each level of the burst parameters: a. pulse number;
b. pulse frequency; c. pulse width; d. burst frequency; and e. amplitude. Asterisks and arrows indicate signiﬁcant positive correlations of each of pulse frequency
(p = 0.05) and amplitude (p = 0.023) to the percentage of responsive neurons. MT, motor threshold.

www.neuromodulationjournal.com

antidromic activation of large-diameter Aβ ﬁbers in the dorsal
columns (2,24), resulting in the decreases in WDR and HT neuronal
activity that are observed at higher charges (Figs. 3 and 4). The
charge per burst is also nonlinearly related to the percentage of
neurons responding to burst SCS, most notably an increase in
responsive HT neurons at higher charges (Fig. 6c). As charge delivery increases, stimulation may activate ﬁbers of decreasing diameter that have higher activation thresholds (24,25), increasing the
number of active dorsal column ﬁbers and overall inhibitory tone in
the dorsal horn. The percentage of responsive WDR neurons
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SCS are needed to draw more direct conclusions about modulation
of pain by burst SCS.
The reduction in neuronal response to noxious pinch following
burst SCS is signiﬁcantly correlated to charge per burst delivered
during stimulation (Fig. 6b). Antidromic activation of inhibitory
interneurons by large-diameter Aβ ﬁbers suppresses ﬁring in dorsal
horn neurons to block nociceptive signaling, as proposed by the
gate theory of pain and supported by reports of attenuation of
dorsal horn excitability by dorsal column stimulation (19–23).
Increased current penetration and charge delivery may increase

CROSBY ET AL.

Figure 6. a. Pulse number, pulse width, and amplitude had the greatest range of charges tested across the stimulation trials associated with each parameter. Charge
was constant across all pulse frequencies and across all burst frequencies, aside from small variations due to motor threshold diﬀerences between rats. b. Percentage
change in ﬁring of wide-dynamic-range (WDR) and high-threshold (HT) neurons was correlated to charge per burst, but the correlation was signiﬁcant only for WDR
neurons (p = 0.0017). c. The percentage of WDR neurons responding to spinal cord stimulation (SCS) was unchanged by charge per burst; the percentage of HT
neurons responding to burst SCS exhibited a step that was also evident in the total percentage of responsive neurons, increasing when charge per burst exceeded
0.5 μC. No HT neurons were collected in the 0.5 to 0.6 μC per burst range.

6

remained constant and was higher than HT neurons at low charge
values (Fig. 6c), suggesting that WDR neurons are more susceptible
than HT neurons at low charges to the stimulation-induced attenuation of dorsal horn neuronal ﬁring (21,23). Despite the increase in
responsive HT neurons observed at higher charges, a subset of
neurons (15–40% of both WDR and HT neurons) never responded to
burst SCS in this study (Figs. 4 and 6c) regardless of increasing burst
parameters. Computational models of ﬁber recruitment during
dorsal column stimulation suggest that SCS activates ﬁbers that are
located near the surface of the dorsal columns (24). It is possible that
www.neuromodulationjournal.com

the unresponsive dorsal horn neurons may be those that are inhibited only by activity in deeper dorsal column ﬁbers that are not
recruited by burst SCS in this study. However, additional models of
dorsal column ﬁber activation during SCS suggest that multicontact
arrays can oﬀer greater control of stimulation ﬁeld breadth and
depth (26,27) and may activate deeper dorsal column ﬁbers more
eﬃciently to reduce ﬁring in nonresponsive dorsal horn neuron
populations.
Among the individual parameters investigated here, pulse
number, pulse width, and amplitude each have substantial
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delivered to the spinal cord may in turn increase pain relief in
patients. Overall, this study suggests that patient-speciﬁc optimization of burst SCS by modulating its stimulation characteristics may
provide a greater therapeutic range for SCS.
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inﬂuence on the eﬀectiveness of burst SCS, correlating to both
reductions in neuronal ﬁring and increases in the percentage of
responsive neurons (Figs. 4 and 5). These are also the only parameters with eﬀects that are directly proportional to charge per burst
and the greatest range of charges tested across stimulation trials
(Fig. 6a), which suggests that modulation of charge per burst regulates the eﬀectiveness of burst SCS. Increases in pulse frequency
resulted in a greater percentage of neurons responding to burst
SCS, especially at the highest pulse frequency (500 Hz) (Fig. 5b).
Aﬀerent ﬁbers are activated in a frequency-speciﬁc fashion by sinewave stimulation, with the large-diameter Aβ ﬁbers found in the
dorsal columns progressively activated as stimulation frequencies
increase from 5 to 250 to 2000 Hz (6,8,28). Although studies of
frequency-dependent neuronal activation have not been performed with the square-wave stimulation used in SCS, increases in
burst SCS pulse frequency may selectively activate more Aβ ﬁbers in
the dorsal columns and inhibit larger numbers of WDR and HT
neurons in the dorsal horn without changing charge per burst.
However, higher pulse frequencies do not directly result in a corresponding decrease in neuronal ﬁring; therefore, increased stimulation frequency may also require accompanying changes in other
parameters that do increase charge per burst in order to enhance
suppression of neuronal ﬁring. Potential interaction eﬀects from
modulating two or more stimulation parameters could alter the
eﬀectiveness of burst SCS in a manner not predicted by the results
of this study, in which parameters were evaluated separately while
controlling for interactions with the other parameters. However, the
correlation between charge per burst and the eﬀectiveness of
stimulation (Fig. 6) suggests that the overall eﬀect of modulating
multiple parameters depends on the change in charge delivery;
nevertheless, studies are needed to evaluate speciﬁc interactions
between parameters.
This study investigated the parameters that collectively deﬁne
the shape and intensity of burst stimulation, but other elements of
SCS can be modiﬁed to adjust charge delivery. For example,
monopolar electrodes deliver higher charge densities than bipolar
and tripolar stimulation, suggesting that electrode conﬁguration
plays an important role in determining charge densities at the
surface of the spinal cord (29). Electrodes with small surface areas
also yield higher charge densities by concentrating current delivery
on a smaller contact area (29). This study used a monopolar ballshaped electrode, which, although commonly used in preclinical
studies (8,23), may deliver current diﬀerently from the directed
stimulation that is applied by the insulated bipolar electrode arrays
that are used clinically. Because electrode geometry and polarity
(monopolar, bipolar, or multipolar) can diﬀerentially aﬀect the activation of dorsal column ﬁbers (30,31), studies are needed to characterize burst stimulation parameters in larger multielectrode
arrangements with cathode and anode arrangements that simulate
those used clinically. It is also important to note that as with any
animal model, additional studies are needed to fully evaluate the
optimization and relative eﬀectiveness of burst SCS in the human.
While animal models enable focused evaluation of speciﬁc mechanisms, ﬁndings do not always translate to the human, owing in part
to the diﬀerence in lifetimes between the species.
This study showed that burst SCS is eﬀective for reducing neuronal responses to noxious stimulation in the dorsal horn after painful
root compression, but the high variability in published clinical outcomes suggests that understanding of burst stimulation parameters is needed to eﬀectively manage pain. Charge per burst is
signiﬁcantly correlated to the eﬀectiveness of burst SCS, indicating
that changing the parameters to increase the amount of charge
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COMMENT
This is an important study, well designed and well performed. It
fulﬁlls the strong need for more basic knowledge about underlying
mechanisms in eﬃcacy of spinal cord stimulation.
Frank Huygen, MD, PhD
Rotterdam, The Netherlands
Comments not included in the Early View version of this paper.
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