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Burst Spinal Cord Stimulation for Limb and Back Pain
Dirk De Ridder1,2, Mark Plazier3, Niels Kamerling3, Tomas Menovsky3, Sven Vanneste4
-OBJECTIVE: Spinal cord stimulation via epidurally implanted electrodes is
a common treatment formedically intractable neuropathic pain of different origins.
Because tonic electrical stimulation evokes paresthesias over the painful area,
this method has never been proven scientifically to be superior to placebo.
Recently, burst stimulation (in which closely spaced, high-frequency stimuli are
delivered to the spinal cord) has been developed, which does not generate
paresthesias.

-METHODS: A randomized placebo controlled trail in which we compared three
stimulation paradigms (burst, tonic, and placebo) was performed on 15 consecu-
tive pain patients. In contrast to tonic stimulation, burst stimulation was able to
provide pain relief without the generation of paresthesias, permitting us to use
a double-blinded placebo controlled approach. Primary outcome measures were
visual analog scale pain scores for back pain, limb pain, and general pain.
Secondary outcome measures included the pain vigilance and awareness ques-
tionnaire, which is used to measure attention to pain and pain changes, and visual
analog scale of theworst, least, andmomentary pain. In a subgroup of five patients,
a source-localized electroencephalogram was performed under four conditions:
baseline, tonic, burst, and placebo stimulation.

-RESULTS: Burst stimulationwas able to improve back, limb, and general pain by
51%, 53%, and 55% and tonic stimulation by 30%, 52%, and 31%, respectively. Pain
now, least, and worst pain were improved by 50%, 73%, and 36% by burst stimu-
lation, respectively, and 26%, 46%, and 13% by tonic stimulation. In comparison
with placebo, burst, corrected for multiple comparisons, was significantly better
for all measurements. However, the greatest differences were obtained in the pain
vigilance and awareness questionnaire measurements: burst improved the
attention to pain and pain changes, whereas tonic and placebo worsened these
measurements. The analysis via encephalogram demonstrates burst stimulation
activates the dorsal anterior cingulate and right dorsolateral prefrontal cortex
more than tonic stimulation.

-CONCLUSIONS: The differences between tonic and burst stimulation are likely
attributable to a more-selective modulation of the medial pain pathways by burst
stimulation, as shown by the activation of the dorsal anterior cingulate cortex.
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INTRODUCTION

Neuropathic pain results from lesions or
diseases affecting the peripheral or central
part of the somatosensory system and is
notoriously difficult to treat. In 1967, Shealy
et al. (33) implanted the first spinal cord
stimulator as a treatment for neuropathic
(cancer-related) pain. This was based on
the gateecontrol theory proposed by
Melzack and Wall (21), who postulated
2 years before the first implant that activity
in large-diameter cutaneous fibers (type
Aß) inhibits the transmission of noxious
information to the brain. It was conceptu-
alized that electrical stimulation could
activate large (Aß)fibers,many ofwhich are
inactive at rest, and that this would produce
a disproportionate relative increase of large
fiber activity over small fiber activity (21).
Mechanistically, the large fibers will
suppress secondary neurons directly and
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indirectly via inhibitory interneurons, both
of which are activated by pain-transmitting
small (C and Ad) fibers (21).
In spinal cord stimulation (SCS), an

extradural wire or paddle electrode is inser-
ted overlying the dorsal columns of the
spinal cord. After a successful externalized
trial period, the stimulation lead is con-
nected to an internal pulse generator, which
delivers programmable electrical pulses to
the spinal cord.This actually is anadaptation
WORLD NEUROSURGERY, http://
from pacemaker technology (30) and has
become a mainstream treatment for medi-
cally intractable neuropathic limb pain.
The pain-suppressing effect of SCS is

likely related to a combination of a spinal
and supraspinal mechanism (2, 31). The
spinal mechanism involves antidromic acti-
vation of ascending dorsal column fibers,
but SCS might also interact via orthodromic
ascending fibers with descending seroto-
ninergic pain modulatory systems (37). SCS
dx.doi.org/10.1016/j.wneu.2013.01.040
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is associated with enhanced gamma-
aminobutyric acid (9) and acetylcholine (32)
and reduced glutamate release in the dorsal
horn (9).
All currently available pulse generators

deliver tonic pulses that can be modified by
altering the pulse width, frequency, and
amplitude to produce maximal pain
suppression. The internal-pulse generators
can use either constant voltage or constant
current to predominantly modulate the
underlying Aß fibers (22). Electrically stim-
ulating Aß fibers generates paresthesias
(24), and therefore it is generally accepted
that to obtain successful treatment of
chronic, neuropathic pain by SCS, the
stimulation-induced paresthesias have to
cover the area of pain completely (23, 35),
which prevents double-blind placebo
controlled studies from being performed.
This issue has been a recurring and persist-
ing scientific criticism ever since its incep-
tion, even though more than 50,000 devices
are implanted each year (36), fuelling
a 1.5-billion dollar industry in 2010. One
of the reasons for this success is that SCS
has been shown to be cost effective for
failed back surgery syndrome over conven-
tional medical treatment (1, 3) and re-
operation (20) associated with better pain
suppression (1, 3, 20).
Recently a novel stimulation paradigm

was developed called burst stimulation
(10). This was conceived, in a Gaudi-like
fashion, on the basis of the dual firing
Figure 1. Constant current burst mode (mA). Five spi
width and 1 ms spike interval are delivered at 500 time
Hz spike mode) charge balanced during 5 ms. These
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properties of thalamic cells, which can fire
in tonic and burst modes (14). Because
thalamic burstfiringwas considered amore
powerful activator of the cortex than tonic
firing (39), a kind of wake-up call from the
thalamus (34), it was first applied success-
fully on the auditory cortex (11) and later
translated to the spinal cord (10). Burst
stimulation consists of intermittent packets
of closely spaced, high-frequency stimuli,
for instance, 40-Hz burst mode with five
spikes at 500 Hz per burst, with a pulse
width of 1 ms and 1-ms interspike intervals
delivered in constant current mode. The
cumulative charge of the five 1-ms spikes is
balanced during 5 ms after the spikes (10),
which differentiates it from high-frequency
clustered firing, in which each pulse is
immediately charge balanced (Figure 1).
This finding has permitted us, for the first
time in 45 years, to scientifically prove that
SCS is better than placebo stimulation.
Our study was therefore initiated to find
out whether SCS is indeed capable of
suppressing neuropathic limb pain in a
placebo-controlled way.
METHOD AND MATERIALS

Participants
Fifteen patients, 4 men and 11 women, were
included in this study. Patients’ ages ranged
between 39 and 68 years, with a mean of
54.07 years. These 15 consecutive patients
kes with 1 ms pulse
s per second (¼ 500
bursts of five spikes

are applied 40 times per se
delivered by EON IPG via a

, NOVEMBER 2013 ww
who presented to the BRAI2N neuro-
modulation clinic were eligible for SCS
according to theBelgian requirements for the
reimbursement for SCS,which states that the
patient has to be medically intractable to
opioids and antiepileptic drugs. All patients
were selected by the first author, and after
amultidisciplinary discussion with a special-
ized pain physician, a psychological and
psychiatric evaluation was performed to rule
out psychogenic pain as well as other
psychiatric morbidity contraindicating an
implant. After authorization by the psychol-
ogist andpsychiatrist, an implantwasoffered
to thepatient.All 15 patientswere included in
the study,whichwas conducted from January
1, 2011, until September 30, 2011, and was
approved by the Antwerp University Hospital
Institutional review board (‘Comité voor
medische ethiek’) and registered at
ClinicalTrials.gov (NCT01486108).
Implantation
All patients underwent the implantation of a
lamitrode (St. Jude Medical, Neurodivision,
Plano, Texas, USA) via laminectomy under
general anesthesia (see patient overview in
Table 1). During the mandatory period of
external stimulation,which is aminimumof
28 days according to Belgian health care
requirements for reimbursement, each
patient was trialed by application of the
classical tonic stimulation (40 or 50 Hz),
burst stimulation with the same electrode
cond (¼ 40 Hz burst mode). Stimulation design
custom made program.
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Table 1. Overview of Patient Age, Gender, Indication, Surgeries, Electrode Used, and Electrode Position

Patient Age Gender Indication Surgeries Electrode Used Electrode Position Back Pain* Limb Pain* General Pain*

1 46 M FBSS 5 Lamitrode tripole Thoracic 7.2 6.8 7.3

2 68 F FBSS 2 Lamitrode 88 Thoracic 9.5 8 9.4

3 43 F FBSS 1 Lamitrode tripole Thoracic 7.4 3.7 4.9

4 53 F FBSS 3 Lamitrode penta Thoracic 5.8 7 7

5 55 M FBSS 2 Lamitrode 88 Thoracic 8.6 8.3 8.5

6 52 M FBSS 5 Lamitrode penta Thoracic 8.9 9.3 9.2

7 57 F FBSS 4 Lamitrode penta Thoracic 8.8 6.5 8.9

8 51 M FBSS 5 Lamitrode tripole Thoracic 8.6 8.8 8.9

9 48 F Myelopathy e Lamitrode 44 Thoracic 4.9 7.6 7.6

10 62 F FBSS 2 Lamitrode 88 Thoracic 6.9 7.5 7.6

11 39 F FBSS 1 Lamitrode 88 Thoracic 1.6 9.2 9.1

12 51 F FBSS 2 Lamitrode 88 Thoracic 8.8 6.4 8.6

13 67 F FNSS 1 Lamitrode 44 Cervical 10 5.4 8.4

14 54 F Myelomalacia 1 Lamitrode 88 Thoracic 3.3 8 8

15 65 F FBSS 2 Lamitrode 88 Thoracic 10 10 10

M, male; FBSS, failed back surgery syndrome; F, female; FNSS, failed neck surgery syndrome.
*Visual analog scale pain scores (10 being the highest degree of pain).
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configuration on separate days to prevent
a carryover effect, and placebo.
Patients were told they would receive

three stimulation designs, some of which
they might feel as paresthesias and some of
which they might not feel as paresthesias.
After an initial tonic programming session
to definewhich electrodes needed activation
as determined by paresthesia coverage,
patients were programmed, lying down,
randomly for 1weekwithburstmode, 1week
in tonicmode, and 1 weekwith placebo. The
patients were discharged home on the
second postoperative day and were instruc-
ted not to change the stimulation parame-
ters during the next week. They were only
allowed to use a magnet for forcefully stop-
ping stimulation in case of emergency.
At the end of each week, the patients

returned to the outpatient clinics,where they
presented a report consisting of the visual
analog scale (VAS) and pain vigilance and
awareness questionnaire (PVAQ) scale (see
below) to the blinded evaluator, after which
they were reprogrammed for the next stim-
ulation week by the programmer. Reprog-
ramming consisted of first turning off the
stimulator and when the patient mentioned
the pain had recurred to its prestimulation
levels, the new stimulation set was applied.
644 www.SCIENCEDIRECT.com
Because the Belgian reimbursement system
mandates a minimum of 28 days of exter-
nalized stimulation, the 3 weeks of
randomized stimulation was performed
with a nonsterile EON IPG System (St. Jude
Medical) via externalized extension wires.
The limb pain area was covered in all
patients with paresthesias, and the pares-
thesias were not perceived by the patients as
uncomfortable. The stimulation intensity for
tonic and burst mode during randomized
stimulation was selected on the basis of the
maximal pain suppression as determined by
the patient.
The burst mode was programmed by use

of a custom-made software and program-
ming device. Typically, burst stimulation is
characterized by a lower amplitude but
larger pulse width, which results in a similar
energy delivery per pulse (10). In burst
mode, the amplitudewas increasedup to the
moment that paresthesias were elicited.
Subsequently, the amplitude was decreased
to a level below paresthesia threshold.
The cumulative charge of the five 1-ms

spikes is balanced during 5 ms after the
spikes, and charge balancing isnot complete
after each individual spike. This differenti-
ates burst mode from intermittent high
frequency stimulation. Placebo stimulation
WORLD NEUROSURGERY, http://
was performed in the following way: burst
stimulation was applied on the predefined
electrode contacts until the patient experi-
enced paresthesia. Subsequently the stimu-
lator intensity is decreased exactly like in
burst programming but continued until zero
amplitude.
Measurements
Primary outcome measures were the pain
VAS, which consists of a 100-mm line for
limb pain, back, and general pain. General
pain is defined as a global pain score expe-
rienced during the past week. Secondary
outcomemeasures were VAS scores for pain
now, worst pain, and least pain during the
last week, as well as the PVAQ scale. The
PVAQ measures the preoccupation with or
attention topain and is associatedwithpain-
related fear and a person’s perceived severity
of pain (29). It consists of two separate
factors thatmeasure (1) attention topain and
(2) attention to changes in pain (29). Pares-
thesias caused by the stimulation were
scored on a VAS consisting of a 100-mm line
at stimulation amplitudes that are needed
to suppress pain to verify whether the
double-blind, placebo-controlled study was
performable (Supplementary Table 1).
dx.doi.org/10.1016/j.wneu.2013.01.040
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Figure 2. A comparison of placebo, tonic,
and burst stimulation for the question “How
much paresthesia do you feel as
a consequence of stimulation?” Responses
revealed a significant effect (F ¼ 5.04, P <
0.05). A pairwise comparison adjusted for
multiple comparisons (Bonferroni)
demonstrated that tonic stimulation induces
significantly more paresthesia in comparison
with placebo and burst stimulation (P <
0.05). No significant difference was found
between placebo and burst stimulation for
paresthesia.
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Electroencephalography (EEG) Data
Collection and Source Localization
EEG recordings (Mitsar-201; NovaTech:
http://www.novatecheeg.com/) were ob-
tained in a quiet anddimly lighted roomwith
each participant sitting upright on a small-
but-comfortable chair. The EEGs were per-
formed at baseline and at the end of each
weekofburst, tonic, andplacebo stimulation
in five of the investigated patients. Average
Fourier cross-spectral matrices were com-
puted for bands delta (2e3.5 Hz), theta
(4e7.5Hz), alpha1 (8e10Hz), alpha2 (10e12
Hz), beta1 (13e18 Hz), beta2 (18.5e21 Hz),
beta3 (21.5e30 Hz), and gamma (30.5e44
Hz). Standardized low-resolution brain
electromagnetic tomography was used to
estimate the intracerebral electrical sources
that generated the scalp-recorded activity in
each of the eight frequency bands (Supple-
mentary Table 1) (25).

Statistics
Statistics for the behavior measurements
as well as for the source localization can
be found in the Supplementary Table 1.
Table 2. Primary Outcome Measure: Mean Improvement (VAS Baseline Minus VAS
Stimulation; Placebo, Tonic, and Burst) for Back Pain, Limb Pain, and General Pain

Placebo Tonic Burst

F ValueRD % RD % RD %

Back pain 1.4a 18.9 2.2a,b 30.3 3.8b 51.3 6.20*

Limb pain 0.9a 11.7 3.9b 51.5 3.9b 52.7 4.66y
General pain 0.9a 10.9 2.5b 30.9 4.5c 55.0 7.44*

VAS, visual analog scale.
Both the raw improvement (RD) as well as the percentage change (%) is reported. A comparison between placebo, tonic,

and burst stimulation over the three primary outcome measures (back pain, limb pain, and general pain) revealed an
overall significant effect (F ¼ 4.31, P < 0.05).

Superscripts indicate significant differences between the different stimulation parameters. Numbers with a different
superscript differ significantly from each other after correction for multiple comparisons (Bonferonni).

*P < 0.01, yP < 0.05; thus, in contrast to tonic stimulation, burst stimulation is significantly better than tonic stimulation
for back pain relief but not for limb pain improvement. Both tonic and burst pain are significantly better than placebo for
general pain improvement, and burst is significantly better than tonic stimulation for general pain.
RESULTS

The mean pain score on VAS preoperatively
for axial pain was 7.4, for limb pain was 7.5,
and pain in general was 8.2. For the PVAQ,
the baseline score for attention to pain was
15.9 and for attention to changes in pain
18.6. For VAS scores for painnow, least pain,
and worst pain the baseline scores were 7.3,
5.3, and 7.9, respectively. After 4 weeks,
patients were asked which stimulation
design they preferred: all patients preferred
burst mode. No patient indicated that tonic
stimulation was unbearable.
A comparison between placebo, tonic,

and burst stimulation indicated that tonic
stimulation created significantly more
paresthesias in comparison with placebo
and burst stimulation (F ¼ 5.04, P < 0.05;
Figure 2). No significant difference was
found between placebo and burst stimu-
lation, demonstrating that burst stimula-
tion did not induce more paresthesias
than placebo, which permitted us to eval-
uate the data further.
A comparison between placebo, tonic,

and burst stimulation over the three primary
outcome measures (back pain, limb pain,
and general pain) revealed an overall signif-
icant effect (F ¼ 4.31, P < 0.05). Univariate
tests of the three primary outcomemeasures
WORLD NEUROSURGERY 80 [5]: 642 649
separately revealed that burst stimulation
significantly differs from placebo stimula-
tion for back pain, limb pain, and general
pain, respectively (Table 2 and Figure 3). Post
hoc analysis revealed that the burst stimu-
lation resulted in significantly more
improvement than placebo stimulation. No
significant difference was obtained between
tonic andburst stimulation for backpain and
limb pain, respectively. However, a signifi-
cant difference was obtained between tonic
and burst stimulation for general pain,
demonstrating that during burst stimulation
a better suppression was obtained than
during tonic stimulation. No significant
, NOVEMBER 2013 ww
effect was found for order after we including
it in the analysis, thus disproving that the
obtained results were related to a carryover
effect of the previous stimulation.
For back pain, no significant effect was

obtained between tonic and placebo stimu-
lation. However, analysis yielded a signifi-
cant effect between tonic and placebo for
limb pain and general pain, indicating that
tonic stimulation had better pain suppres-
sion than placebo stimulation. In an addi-
tional analysis, we included the order
stimulation parameters for each subject as
a covariant. No significant effect was ob-
tained for order. However, the effect of burst
remained.
For the secondary outcome measures, it

was shown that both tonic and placebo
stimulation had no effect on the “attention
to the pain” and the “attention to the
changes in pain,” as measured with the
PVAQ, in contrast to burst stimulation. Only
burst stimulation was able to improve the
amount of attention the patients paid topain
and changes in pain in a statistically signif-
icant way. For an overview of our findings,
see Table 3. No effect was found for order of
stimulation after we included it in the
analysis.
In addition, a comparison between the

different VAS scales for pain (now, least, and
worst) indicated that burst significantly
differs from placebo stimulation. That is,
during burst stimulation patients had less
pain at the present moment, had lower pain
if they checked for the worst pain during the
last 7 days, as well as for pain if they checked
w.WORLDNEUROSURGERY.org 645
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Figure 3. Primary outcome measure. The data represent the mean scores
on baseline (placebo, tonic, and burst) for back pain, limb pain, and general
pain.

Table 3. Secondary Outcome Measures: Baseline Minus the Stimulation Parameter
(Placebo, Tonic, and Burst) for PVAQ (Attention to Pain and Attention to Changes in
Pain) and the VAS Scales (Pain Now, Least Pain During the Last 7 Days, and Worst Pain
During the Last 7 Days)

Placebo Tonic Burst

F ValueRD % RD % RD %

PVAQ

Attention to pain 0.5a 3.3 0.8a 5.0 1.2b 7.6 6.57*

Attention to changes in pain 0.6a 3.2 0.7a 3.9 1.9b 10.0 4.93*

VAS scales

Pain now 0.9a 12.8 1.9b 26.0 3.6b 49.8 6.36*

Least pain (last 7 days) 1.1a 21.7 2.4b 45.8 3.8c 73.2 6.02*

Worst pain (last 7 days) 0.05a 0.6 1a 12.6 2.8b 36.0 4.63*

PVAQ, pain vigilance and awareness questionnaire; VAS, visual analog scale.
Both the raw difference (RD) as well as the percentage change (%) is reported.
Superscript indicates statistically significant differences between the different stimulation parameters. Numbers with

a different superscript differ significantly from each other after correction for multiple comparisons (Bonferonni).
For pain now and least pain, tonic stimulation is better than placebo but not for worst pain. Burst stimulation is better than

tonic stimulation for least pain and worst pain improvement.
*P < 0.05; no statistically different changes are noted between the two subscales of the PVAQ for tonic versus placebo, but

burst differs significantly from placebo and tonic stimulation for both measures of PVAQ.
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for the least pain during the last 7 days. For
tonic stimulation in comparison with
placebo, a significant effect was obtained for
pain now and least pain, respectively, but
not for worst pain.Whenwe compared tonic
versus burst stimulation, a significant effect
was obtained for both least pain and worst
pain, indicating that burst has better results.
No significant differencewas found between
tonic and burst stimulation for pain at the
moment. For an overview, see Table 3. No
effect was found for order of stimulation
after we included it in the analysis.
Furthermore, source localization on

the EEG recordings revealed a significant
increase in synchronized activity in the left
and right dorsal anterior cingulate cortex
for the alpha1 frequency band and the left
dorsal lateral prefrontal cortex for the
alpha1, beta2, and beta3 frequency bands
for burst stimulation in comparison with
tonic stimulation (Figure 4 and Supple-
mentary Table 1). Comparing burst with
both the baseline and the placebo revealed
an increase of alpha1 activity of dorsal
anterior cingulate cortex and decrease of
gamma activity of parahippocampus after
burst stimulation (Supplementary Table 1).
After tonic stimulation, a comparison
between tonic stimulation and placebo
indicated a significant decrease in beta3
activity in the posterior cingulate cortex and
decrease of gamma activity in the posterior
insula (Supplementary Table 1).
646 www.SCIENCEDIRECT.com
DISCUSSION

A first critically important finding of this
study was that burst SCS did not generate
more paresthesias thanplacebo stimulation,
which permitted us to further analyze our
results using a double-blinded placebo
WORLD NEUROSURGERY, http://
controlled study. This result is in contrast
to tonic stimulation, which did generate
significantlymoreparesthesias thanplacebo
and burst stimulation.
Thus, for the first time we demonstrated,

in a double-blinded placebo controlled way,
that (burst) SCS is indeed capable of sup-
pressingpain ina statistically significant and
clinically relevant way for limb pain, back
pain, and pain in general and for the
patient’s current pain, least pain, and worst
pain.
Tonic stimulation, on the other hand, did

not seem to be superior to placebo stimula-
tion for pain suppression when pain was at
its worst, nor did it seem to suppress back
pain significantly. And indeed, SCS has
predominantly been used for treating intra-
ctable, chronic neuropathic pain component
in the extremities; however, several investi-
gators have reported an improvement in
patients’ back pain (17, 33, 40) even though
axial low back pain has been shown to be
more difficult to suppress. Because there
was no significant difference between the
improvement noted in back pain in com-
parison with placebo stimulation for tonic
stimulation, it ispossible that suppressionof
back pain could be the result of a placebo
effect. In this study, however, burst
dx.doi.org/10.1016/j.wneu.2013.01.040
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Figure 4. A comparison between tonic and burst stimulation on the source localized
electroencephalogram recording data revealed a significant (P < 0.05) increase in synchronized
activity in the left and right dorsal anterior cingulate cortex for the alpha1 frequency band and the left
dorsal lateral prefrontal cortex (DLPFC) for the alpha1 band. For beta2 and beta3, burst stimulation
induced a significant increase in the right DLPFC (Supplementary Table 1).
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stimulation also suppressed patients’ back
pain in a statistically significant and clini-
cally relevant way, in an order of magnitude
not much different from the extremity pain
component.
WORLD NEUROSURGERY 80 [5]: 642 649
Burst stimulation in contrast to tonic
stimulation seemed to have a dramatically
different effect on the attention paid to pain
andpain changes, analogous tocingulotomy
(6, 7, 12). A functional magnetic resonance
, NOVEMBER 2013 ww
imaging study performed during SCS has
demonstrated that tonic stimulation modu-
lates predominantly the lateral pain system,
as blood oxygenation leveledependent
changes were noted in the primary sensori-
motor area, posterior insula, and secondary
somatosensory cortex (38). Because atten-
tion to pain is mediated via the anterior
cingulate cortex (6, 15), which is part of the
medial pain system, it can be hypothesized
that burst stimulation not only modulates
the lateral discriminatory pain system but
also the medial affective/attentional pain
system. Thus, burst stimulation could exert
a clinical effect analogous to what pain
patients experienced in frontal lobotomies.
In the words of Walter Freeman: “Prefrontal
lobotomy changes the attitude of the indi-
vidual towards his pain, but does not alter
the perception of pain.Whereas, previous to
the operation it occupied the focus of his
attention, after lobotomy pain fades into the
background” (12).
The PVAQ changes indeed demonstrate

this, as do the burst stimulationeinduced
changes in worst and least pain scores. Only
burst stimulation is better than placebo in
altering the subject’s attention to pain and
pain changes, and burst is significantly
better than tonic stimulation for addressing
the worst and least pain. Rather than being
a more powerful pain suppressor, burst
stimulation might therefore exert its main
effect by an attention-modulating effect, as
evidenced by both the clinical differences
between burst and tonic stimulation and the
neurophysiological differences at the level of
the anterior cingulate.
Pain stimuli are indeed processed in

parallel (13) by two pathways: a medial
affective/attentional pain pathway and a
lateral discriminatory pathway (15, 27, 28).
The medial system is triggered by nocicep-
tive-specific neurons, firing in burst mode,
and relayed in lamina I of the spinal horn to
the mediodorsal and ventromedial nucleus
of the thalamus and from there to the ante-
rior cingulated cortex, anterior insula, and
amygdala. The lateral system is triggered
predominantly by the wide dynamic range
neurons,firing in tonicmode and relaying in
lamina I and IV-VI of the dorsal horn to the
VPL and VPM nucleus of the thalamus and
from there to the primary and secondary
somatosensory cortex, posterior parietal
area (8, 19, 27).

The source-localized EEG data obtained
in a subgroup of five patients indeed
w.WORLDNEUROSURGERY.org 647
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supports this proposedmechanism, as burst
stimulation is characterized by significantly
more alpha activity in the dorsal anterior
cingulate, a component of the medial pain
pathway, in comparisonwith tonic, placebo,
and baseline. The dorsolateral prefrontal
activation both for alpha and beta oscillatory
activity during burst stimulation is also
related to the affective and attentional pro-
cessing of the pain stimuli (26), as trans-
cranial direct current stimulation of the
dorsolateral prefrontal cortex can both
change the emotional and the perceptual
pain components (4, 5).
The reason why burst stimulation does

not generatemoreparesthesias thanplacebo
is unknown, but a hypothesis has been for-
warded (10). One potential explanation is
that the charge per pulse does not differ
significantly between burst and tonic stim-
ulation, even though the amplitude is
significantly lower, most likely because of
the larger pulse width of the burst design
and the lower amplitudes delivered with
burst stimulation (10) could induce sub-
threshold stimulation of the Ab fibers,
which have been implicated in the genera-
tion of paresthesia (24). Burst stimulation
could therefore already suppress pain via the
electrophysiological gate control mecha-
nism before the clinical paresthesia thres-
hold is reached. This hypothesis should be
verified by further neuroscientific research.

The results of this study were obtained
after a short-term evaluation. However, the
first, albeit-uncontrolled, study has shown
that the results remain very stable in patients
for at least 2 years, permitting us to draw
firm conclusions that are very likely stable
and robust.
Gender does not seem to significantly

influence outcome in SCS (16, 18). However,
in view of the skewed gender demographic
in this study population (4 men, 11 women)
it cannot be excluded that gender influences
the results of burst stimulation. In summary,
this study demonstrated that burst SCS was
capable of suppressing neuropathic pain
better than placebo in a statistically signifi-
cant and clinically relevant way, possibly
because burst stimulation modulates the
medial pain system.
ACKNOWLEDGMENTS

The authors thank Tracy Cameron and
Tim Van Camp for their careful review of
an earlier version of the manuscript and
648 www.SCIENCEDIRECT.com
Pieter Van Looy for his help in preparing
the manuscript.

REFERENCES

1. Bala MM, Riemsma RP, Nixon J, Kleijnen J:
Systematic review of the (cost-) effectiveness of
spinal cord stimulation for people with failed back
surgery syndrome. Clin J Pain 24:741-756, 2008.

2. Barchini J, Tchachaghian S, Shamaa F, Jabbur SJ,
Meyerson BA, Song Z, Linderoth B, Saade NE:
Spinal segmental and supraspinal mechanisms
underlying the pain-relieving effects of spinal cord
stimulation: an experimental study in a rat model
of neuropathy. Neuroscience 215:196-208, 2012.

3. Bell GK, Kidd D, North RB: Cost-effectiveness
analysis of spinal cord stimulation in treatment of
failed back surgery syndrome. J Pain Symptom
Manage 13:286-295, 1997.

4. Boggio PS, Zaghi S, Fregni F: Modulation of
emotions associated with images of human pain
using anodal transcranial direct current stimula-
tion (tDCS). Neuropsychologia 47:212-217, 2009.

5. Boggio PS, Zaghi S, Lopes M, Fregni F: Modula-
tory effects of anodal transcranial direct current
stimulation on perception and pain thresholds in
healthy volunteers. Eur J Neurol 15:1124-1130,
2008.

6. Cohen RA, Kaplan RF, Moser DJ, Jenkins MA,
Wilkinson H: Impairments of attention after cin-
gulotomy. Neurology 53:819-824, 1999.

7. Cohen RA, Paul R, Zawacki TM, Moser DJ,
Sweet L, Wilkinson H: Emotional and personality
changes following cingulotomy. Emotion 1:38-50,
2001.

8. Craig AD: How do you feel? Interoception: the
sense of the physiological condition of the body.
Nat Rev Neurosci 3:655-666, 2002.

9. Cui JG, O’Connor WT, Ungerstedt U, Linderoth B,
Meyerson BA: Spinal cord stimulation attenuates
augmented dorsal horn release of excitatory
amino acids in mononeuropathy via a GABAergic
mechanism. Pain 73:87-95, 1997.

10. De Ridder D, Vanneste S, Plazier M, van der
Loo E, Menovsky T: Burst spinal cord stimulation:
toward paresthesia-free pain suppression. Neuro-
surgery 66:986-990, 2010.

11. De Ridder D, Vanneste S, van der Loo E,
Plazier M, Menovsky T, van de Heyning P: Burst
stimulation of the auditory cortex: a new form of
neurostimulation for noise-like tinnitus suppres-
sion. J Neurosurg 112:1289-1294, 2010.

12. Freeman W, Watts JW: Psychosurgery. Spring-
field, IL: Charles C Thomas; 1950.

13. Frot M, Mauguiere F, Magnin M, Garcia-Larrea L:
Parallel processing of nociceptive A-delta inputs in
SII and midcingulate cortex in humans. J Neurosci
28:944-952, 2008.

14. Jahnsen H, Llinas R: Voltage-dependent burst-to-
tonic switching of thalamic cell activity: an in vitro
study. Arch Ital Biol 122:73-82, 1984.
WORLD NEUROSURGERY, http://
15. Kulkarni B, Bentley DE, Elliott R, Youell P,
Watson A, Derbyshire SW, Frackowiak RS,
Friston KJ, Jones AK: Attention to pain localiza-
tion and unpleasantness discriminates the func-
tions of the medial and lateral pain systems. Eur J
Neurosci 21:3133-3142, 2005.

16. Kumar K, Hunter G, Demeria D: Spinal cord
stimulation in treatment of chronic benign pain:
challenges in treatment planning and present
status, a 22-year experience. Neurosurgery 58:
481-496, 2006; discussion 481-496.

17. Kumar K, Toth C, Nath RK, Laing P: Epidural spinal
cord stimulation for treatment of chronic pain
some predictors of success. A 15-year experience.
Surg Neurol 50:110-120, 1998; discussion 120-111.

18. Kumar K, Wilson JR: Factors affecting spinal cord
stimulation outcome in chronic benign pain with
suggestions to improve success rate. Acta Neuro-
chir Suppl 97:91-99, 2007.

19. Lopez-Garcia JA, King AE: Membrane properties
of physiologically classified rat dorsal horn
neurons in vitro: correlation with cutaneous
sensory afferent input. Eur J Neurosci 6:998-1007,
1994.

20. Mekhail N, Wentzel DL, Freeman R, Quadri H:
Counting the costs: case management implica-
tions of spinal cord stimulation treatment for
failed back surgery syndrome. Prof Case Manag
16:27-36, 2011.

21. Melzack R, Wall PD: Pain mechanisms: a new
theory. Science 150:971-979, 1965.

22. Meyerson BA, Linderoth B: Mode of action of
spinal cord stimulation in neuropathic pain. J Pain
Symptom Manage 31:S6-12, 2006.

23. North RB, Roark GL: Spinal cord stimulation for
chronic pain. Neurosurg Clin N Am 6:145-155,
1995.

24. Ochoa JL, Torebjork HE: Paraesthesiae from
ectopic impulse generation in human sensory
nerves. Brain 103:835-853, 1980.

25. Pascual-Marqui RD: Standardized low-resolution
brain electromagnetic tomography (sLORETA):
technical details. Methods Find Exp Clin Phar-
macol 24(Suppl D):5-12, 2002.

26. Peyron R, Laurent B, Garcia-Larrea L: Functional
imaging of brain responses to pain. A review and
meta-analysis (2000). Neurophysiol Clin 30:
263-288, 2000.

27. Price DD: Psychological and neural mechanisms
of the affective dimension of pain. Science 288:
1769-1772, 2000.

28. Rainville P, Duncan GH, Price DD, Carrier B,
Bushnell MC: Pain affect encoded in human
anterior cingulate but not somatosensory cortex.
Science 277:968-971, 1997.

29. Roelofs J, Peters ML, McCracken L, Vlaeyen JW:
The pain vigilance and awareness questionnaire
(PVAQ): further psychometric evaluation in
fibromyalgia and other chronic pain syndromes.
Pain 101:299-306, 2003.
dx.doi.org/10.1016/j.wneu.2013.01.040

www.sciencedirect.com/science/journal/18788750
http://dx.doi.org/10.1016/j.wneu.2013.01.040


S
P
IN

E

PEER-REVIEW REPORTS

DIRK DE RIDDER ET AL. BURST SPINAL CORD STIMULATION FOR LIMB AND BACK PAIN
30. Rossi U: The history of electrical stimulation of
the nervous system for the control of pain. In:
Simpson BA, ed. Electrical Stimulation and the
Relief of Pain. Amsterdam: Elsevier; 2003:5-16.

31. Saade NE, Jabbur SJ: Nociceptive behavior in
animal models for peripheral neuropathy: spinal
and supraspinal mechanisms. Prog Neurobiol 86:
22-47, 2008.

32. Schechtmann G, Song Z, Ultenius C,
Meyerson BA, Linderoth B: Cholinergic mecha-
nisms involved in the pain relieving effect of
spinal cord stimulation in a model of neuropathy.
Pain 139:136-145, 2008.

33. Shealy CN, Mortimer JT, Reswick JB: Electrical
inhibition of pain by stimulation of the dorsal
columns: preliminary clinical report. Anesth Analg
46:489-491, 1967.

34. Sherman SM: A wake-up call from the thalamus.
Nat Neurosci 4:344-346, 2001.
WORLD NEUROSURGERY 80 [5]: 642 649
35. Simpson BA: Spinal cord stimulation. Br J Neu-
rosurg 11:5-11, 1997.

36. Simpson BA: Preface. In: Simpson BA, ed. Elec-
trical Stimulation and the Relief of Pain. Amster-
dam: Elsevier; 2003:ix.

37. Song Z, Ultenius C, Meyerson BA, Linderoth B:
Pain relief by spinal cord stimulation involves
serotonergic mechanisms: an experimental study
in a rat model of mononeuropathy. Pain 147:
241-248, 2009.

38. Stancak A, Kozak J, Vrba I, Tintera J, Vrana J,
Polacek H, Stancak M: Functional magnetic
resonance imaging of cerebral activation during
spinal cord stimulation in failed back surgery
syndrome patients. Eur J Pain 12:137-148, 2008.

39. Swadlow HA, Gusev AG: The impact of ‘bursting’
thalamic impulses at a neocortical synapse. Nat
Neurosci 4:402-408, 2001.
, NOVEMBER 2013 ww
40. Villavicencio AT, Leveque JC, Rubin L,
Bulsara K, Gorecki JP: Laminectomy versus
percutaneous electrode placement for spinal
cord stimulation. Neurosurgery 46:399-405,
2000; discussion 405-396.

Conflict of interest statement: Dr. De Ridder has obtained
a patent for burst stimulation. The remaining authors have
no conflicts of interest.

Received 19 March 2012; accepted 11 January 2013;
published online 12 January 2013

Citation: World Neurosurg. (2013) 80, 5:642 649.
http://dx.doi.org/10.1016/j.wneu.2013.01.040

Journal homepage: www.WORLDNEUROSURGERY.org

Available online: www.sciencedirect.com

1878 8750/$ see front matter ª 2013 Elsevier Inc.
All rights reserved.
w.WORLDNEUROSURGERY.org 649

http://dx.doi.org/10.1016/j.wneu.2013.01.040
http://www.WORLDNEUROSURGERY.org
http://www.sciencedirect.com
http://www.WORLDNEUROSURGERY.org


Supplementary Table 1. Significant Results (P < 0.05) for Source-Localized EEG
Recordings Comparing Baseline, Tonic Burst, and Placebo Stimulation

MNI Coordinates Maximum Voxel Value Brodmann Area Name

X Y Z

Baseline vs. tonic

Beta 3 0 �45 35 �2.93 31 R PCC

�5 �45 35 �2.92 31 L PCC

5 �50 35 �2.90 23 R PCC

Gamma �25 �50 �5 �3.70 19 L PHC

�25 �55 0 �3.68 30 L PHC

Baseline vs. burst

Alpha 1 5 35 30 4.14 32 R dACC

�10 35 25 4.02 32 L dACC

�5 40 35 4.45 9 L DLPFC

Gamma 10 �45 0 3.31 30 R PHC

15 �45 �5 3.27 19 R PHC

Baseline vs. placebo

n.s

Placebo vs. tonic

Beta 3 �5 �45 40 �3.52 31 L PCC

Gamma �31 �40 20 �3.63 13 L pI

Placebo vs. burst

Alpha 1 �15 35 24 3.50 32 L dACC

�33 39 38 3.13 9 L DLPFC

Gamma �9 �45 2 �2.58 30 L PHC

12 �45 2 �3.20 30 R PHC

Tonic vs. burst

Alpha1 �6 25 29 3.65 24 L dACC

�10 25 34 3.27 32 L dACC

�35 29 42 3.14 9 L DLPFC

10 25 29 3.14 32 R dACC

8 25 19 3.00 24 R dACC

Beta2 44 42 17 3.64 46 R DLPFC

Beta3 44 26 38 3.66 9 R DLPFC

EEG, electroencephalogram; MNI, Montreal Neurological Institute; R, right; PCC, posterior cingulate cortex; L, left; PHC,
parahippocampus; dACC, dorsal anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; n.s., not significant; pI,
posterior insula.

Maximum voxel value for each significant Brodmann area as well as the exact MNI coordinate are shown for each
comparison.

Alpha1 (8e10 Hz), Beta2 (18.5e21 Hz), Beta3 (21.5e30 Hz), and Gamma (30.5e45 Hz).
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