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Abstract

Spinal cord stimulations have been used widely to treat intractable neuropathic pain. The conven-
tional spinal cord stimulation paradigm, the “tonic” type, suppresses excessive activation of wide dy-
namic range neurons in the dorsal horn via the collateral branch from the dorsal column. Therefore,
preserved dorsal column function is an important prerequisite for tonic spinal cord stimulations. A
tonic spinal cord stimulation requires eliciting paresthesia in the painful area due to stimulation of
the dorsal column and dorsal root. Recent spinal cord stimulation paradigms, including burst and
high-dose, are set below the paresthesia threshold and are proposed to have different pain reduction
mechanisms. We conducted an interference study of these different stimulation paradigms on the so-
matosensory evoked potential (SEP) to investigate differences in the sites of action between tonic and
new spinal cord stimulations. We recorded posterior tibial nerve-stimulated SEP in seven patients with
neuropathic pain during tonic, burst, and high-dose stimulations. The total electrical energy delivered
was calculated during SEP-spinal cord stimulation interference studies. High-dose stimulations could
not reduce the SEP amplitude despite higher energy delivery than tonic stimulation. Burst stimulation
with an energy similar to the tonic stimulation could not reduce SEP amplitude as tonic stimulation.
The study results suggested different sites of action and effects on the spinal cord between the conven-
tional tonic and burst or high-dose spinal cord stimulations.
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Introduction

dorsal root."**”
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from stimulation of the AP fibers in the dorsal column and

Spinal cord stimulations (SCSs) have been used widely
as one of the options for the treatment of intractable neu-
ropathic pain."” The conventional SCS paradigm is called
the “tonic” type, constructed by single electrical pulses
with low frequencies.”®” Studies have shown that tonic
SCSs suppress the excessive activation of wide dynamic
range neurons (wind up) in the dorsal horn via the collat-
eral branch from the dorsal column to the spinothalamic
pathway."”” Preserved dorsal column function is, therefore,
an important prerequisite for tonic SCSs. A tonic SCS re-
quires eliciting paresthesia in the painful area, resulting

Recent SCS investigations have provided new clinical
stimulation paradigms, including burst, high-dose/high-
density, and 10 kHz high-frequency methods. Generally,
however, their stimulation strengths have been set below
the paresthesia threshold, unlike conventional tonic stimu-
lation,” suggesting that there may be different pain reduc-
tion mechanisms in the new paresthesia-free stimulations.”

Study findings of electrically stimulated somatosensory
evoked potentials (SEPs) suggest conventional tonic SCSs
characteristically attenuate the primary somatosensory
cortex (SI) response,” elicited by the ascending impulses
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Table 1 Patient characteristics and pain scores with and without spinal cord stimulation

Ace/ Diagnosis Pain Duration of ~ Spine level Pain (NRS) Pain (NRS) Pain (NRS) Pain(NRS)  Treatment
ef der (suf ery) distribution pain at time of without  with Tonic with Burst with High mode (patient’s
§ gery of SCS/years stimulation  SCS scs SCS  doseSCS*  choice)**
1 55/m FSSS(C3-7 Upper & 0.33 T1 8-10 1-2 1-2 - Burst & Tonic
laminoplasty) lower limbs
2 42/m  FSSS(L5/S1 Lumbar & 11 T9/10 10 4-5 4-5 - Burst & Tonic
fusion) lower limbs
3 55/f FSSS(L5/S1  Lumbar & 2 T9/10 7 3-4 3-4 3-4 Trial only
discectomy)  lower limbs
4 82/f FSSS (L5 Lumbar 18 T9/10 8-10 8-9 8-9 - Trial only
laminectomy)
5 52/m FSSS (L4/5 Lumbar & 16 T10 9-10 5-6 5-6 - Burst & Tonic
discectomy)  lower limbs
6 65/m Parkinson’s Lumbar & 2 T8/9 2-8 2-5 2-3 2-3 Burst
disease lower limbs
7 76/f  Parkinson’s Lumbar & 17 T9/10 8-10 5-7 5-6 5-6 Burst
disease lower limbs

SCS: spinal cord stimulation, NRS: numerical rating scale, and FSSS: failed spinal surgery syndrome.
NRS was not measured during the day of SEP (somatosensory evoked potential) -SCS interference study. *“NRS during high dose SCS was mea-
sured only in three patients. **No choice of high dose SCS was due to the use of non-rechargeable battery in these patients.

via a dorsal column pathway."” Whether the new SCS para-
digms inhibit the SEPs that originate from the SI is un-
clear.” We reported the different interference effects on
the SEP waveforms for tonic, burst, and high-dose SCSs in
seven cases with neuropathic pain. We also proposed dif-
ferent sites of action for these SCSs.

Materials and Methods

This study included seven (three females and four
males) patients who required SCSs. Table 1 shows the pa-
tient’s demographics. The clinical diagnoses were lumbar-
lower limb pain associated with Parkinson’s disease (n = 2)
and failed spinal surgery syndrome (n = 5). The SCS elec-
trodes were located at the T1 (n = 1) or T8/9-T10 (n = 6)
vertebral levels. Although different clinical conditions may
have existed among patients, the effects of different stimu-
lation paradigms of SCSs could be evaluated by comparing
SEP changes according to individual subjects’ same spinal
cord condition. Since the SEP changes in two patients with
Parkinson’s disease were similar to those of others with
failed spinal surgery syndrome, their data were analyzed
together. This study compared the effects of SCSs on SEPs
among tonic, burst, and high-dose stimulations.

This clinical experiment was performed in the inpatient
ward with no sedation after the implants during the pa-
tients’ hospitalization for trial or permanent implantation
of the SCSs. The experiment time was approximately one
hour with no pauses, and the amplitude used in the ex-
periment differed from that used regularly by the patients.
The regular burst or high-dose strengths were approxi-

mately 60% or 80% of the paresthesia threshold. The pulse
width and frequency of the tonic stimulations ranged be-
tween 200-500 us and 30-50 Hz, respectively. Burst stimula-
tion was used in a non-cycling mode in all the patients
and consisted of a 40 Hz burst mode with five spikes at
500 Hz per burst. The pulse width was 1000 ps, with a
1000 us interspike interval.® The pulse widths and fre-
quencies in the high-dose stimulation were 90-200 ps and
1000-1200 Hz. All three SCS modes (tonic, burst, and high-
dose) were produced and delivered from a device manufac-
tured by the Abbott group of companies, Chicago, USA
(Proclaim Elite MRI Dual 8 with Octrode or Lamitrode
electrodes). This study used the BurstDR (Abbott group of
companies, Chicago, USA) with a passive recharge. To ex-
amine the different effects on the dorsal column caused by
the different SCS paradigms, we used a higher amplitude
than that used clinically as no clear change in the SEP
amplitude was observed for the subparethesia SCSs. We
calculated the electrical energy distributed around the
electrodes as the total electrical energy delivered (TEED)
in one second” according to the following formula:

A (ampere) x A x R (Q) x f (Hz) x PW (sec). Since the
burst with a continuous mode (not cycle) was used, it was
calculated as A x A x R x 1000 x 10° x 40 x 5.” In this
study, the unit of TEED was watts."”

Posterior tibial nerve stimulated SEPs were obtained by
delivering 0.2-ms square-wave pulses over the medial side
of the ankle. The stimulus intensity was adjusted to yield
muscle twitches or twice the sensory threshold level, with
a stimulation rate of 5 Hz. The scalp recording electrode
was at CzZ (2 cm posterior to Cz). In contrast, the refer-
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Table 2a Total electrical energy delivered (TEED) at paresthesia threshold (PT),
maximum paresthesia threshold (MPT), and somatosensory evoked potentials (SEP)

change ratio#

TEED TEED SEP change ratio# SEP change ratio#
SCS at PT (UW) at MPT (uUW) at PT at MPT
n="7 n="7 n=>5 n="7
Tonic 37+29(11) 159 + 169 (64) 0.75+0.15(0.07)  0.35+0.25 (0.09)
Burst 111 + 100 (39) 311 +311(117) 0.96 + 0.15 (0.07) 0.86 + 0.1 (0.03)
High Dose 1560 + 1360 (510) 2670 + 2080 (786)  1.04+0.05(0.02)  1.02 +0.1(0.03)
Mean = SD (SE)

SCS: spinal cord stimulation, tW: microwatts, n: number of patients, SD: standard deviation and

SE: standard error.

ence electrode was placed at Fz, as defined by the interna-
tional 10-20 system, in which the Cz is the central zero
(midline), and Fz is the frontal zero (midline)."”” This mon-
tage usually allows a clear recording of the P40-N50 corti-
cal components. The P40 originates from the postcentral
primary sensory cortex, and it provides the most stable re-
sponse among the cortical components. Its amplitude is
measured from the trough of P40 to the peak of the fol-
lowing N50." Analyzing the P40/N50 amplitude has clini-
cal significance for evaluating the magnitude of ascending
somatosensory volleys from the peripheral posterior tibial
nerve to the cortex. Therefore, measuring the P40/N50 am-
plitude is adequate to evaluate the changes in the dorsal
column volley during the load of the SCSs. The evoked ac-
tivity was amplified with a 10-1000-Hz bandpass filter, and
300-500 responses were averaged by the Neuropack S1 (NI-
HON KOHDEN) system.

The SEP waveforms that were interfered with by SCSs
were analyzed by comparing the cortical P40/N50 ampli-
tudes before and during the SCSs. Two or more recordings
confirmed the SEP reproducibility. Two good reproducible
SEP waveforms were averaged, and the P40/N50 amplitude
was measured.

The patients were asked about their sensations in re-
sponse to SCSs, and the paresthesia threshold and maxi-
mum paresthesia threshold were determined according to
the subjective assessment of each patient. The paresthesia
threshold was the lowest intensity of SCSs that the patient
could perceive, and the maximum paresthesia threshold
was defined as the highest intensity the patient could rate
as not painful. The latter was the patient’s sensation of
sufficiently tolerable strength above the paresthesia thresh-
old and below the discomfort sensation. The paresthesia
threshold and maximum paresthesia threshold of each SCS
paradigm were determined during the experiment. The
TEED at the paresthesia threshold and maximum pares-
thesia threshold was calculated as an objective electrical
parameter to compare these subjective sensations.

SEP interference waveforms were obtained during the
three SCSs (tonic, burst, and high-dose) with stimulus

Neurol Med Chir (Tokyo) 62, July, 2022

strengths between the paresthesia threshold and maximum
paresthesia threshold levels.

The SEP change ratio was calculated as (A) divided by
(B). (A) was the amplitude of the SEP during the SCSs and
(B) was the amplitude of the control SEP. Smaller values of
SEP change ratio (A/B) indicated a greater amplitude re-
duction. The SEP change ratio was calculated from five pa-
tients’ results during the paresthesia threshold stimulation
and seven patients’ results during maximum paresthesia
stimulation. We compared SEP change rates between the
paresthesia and maximum paresthesia thresholds for five
patients.

The paired t-test and multiple comparison test for para-
metric data (analysis of variance followed by Tukey-
Kramer) were performed using computer software (Statcel4
oms publication, Japan).

This observational study was approved by the local In-
stitutional Review Board (No0.201911-1), and all patients
provided written informed consent. The study complied
with the 2013 update of the Declaration of Helsinki. The
experimental procedures performed on the patients fol-
lowed the “Ethical guidelines for medical and health re-
search involving human subjects (provisional translation as
of March 2015)”

Results

Statistical analysis
Comparison of TEED between tonic, burst, and high-dose
stimulations

As shown in Table 2a and Fig. 1, the TEED at the pares-
thesia threshold in the high-dose was remarkably higher
than the tonic and burst stimulations (P < 0.01). Multiple
comparisons showed no significant difference between the
tonic and burst stimulations.

A similar tendency occurred when the stimulation was
increased up to the maximum paresthesia threshold level
(Table 2a, Fig. 1). The TEED in the high-dose was signifi-
cantly higher than those of the tonic and burst stimula-
tions (P < 0.01). Multiple comparisons showed no statisti-
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Total electrical energy delivered (TEED) at paresthesia threshold, maximum paresthesia threshold and somatosensory evoked po-

tential (SEP) change ratio (n = 5-7).

SEP change ratio was calculated as the amplitude of SEP during spinal cord stimulation divided by the amplitude of control SEP at
paresthesia threshold (n = 5) or maximum paresthesia threshold (n = 7) stimuli.
PT, paresthesia threshold; MPT, maximum paresthesia threshold; HD, high-dose.

cally significant differences between the tonic and burst
stimulations.

SEP-SCS interference

The SEP-SCS interference study revealed that the SEP
change ratio in the tonic stimulation was significantly
smaller than those of the burst and high-dose stimulations
(P < 0.01-P < 0.05) in both the paresthesia and maximum
paresthesia threshold stimulations (Table 2a, Fig. 1). There
were no significant differences between the burst and
high-dose stimulations.

The TEED values of the paresthesia and maximum par-
esthesia thresholds during the high-dose stimulation were
significantly higher than those during the tonic stimula-
tion. However, the SEP amplitude reduction during the
high-dose stimulation at the paresthesia and maximum
paresthesia levels was significantly smaller than during the
tonic stimulation (Table 2a, Fig. 1). The TEED values to
reach the paresthesia and maximum paresthesia levels
were not significantly different between the tonic and
burst stimulations, while the SEP amplitude reduction dur-
ing the burst stimulation at the paresthesia and maximum
paresthesia levels was significantly smaller than that dur-
ing the tonic stimulation (Table 2a, Fig. 1).

Moreover, the SEP change ratio decreased significantly

when the strength of tonic stimulation increased from the
paresthesia to the maximum paresthesia level (Table 2b),
indicating dose-dependent SEP amplitude reduction. This
change did not occur with the use of BurstDR and a high-
dose (Table 2b).

Case presentations
Representative cases were shown to confirm the SEP
changes during tonic, burst, and high-dose SCSs.

Case 1: A 55-year-old man with failed spinal surgery syn-
drome (Table 1)

Following C3-7 laminoplasty to treat cervical spondylo-
sis, severe cervical cord edema occurred and was treated
with conservative therapy. The patient felt severe pain in
four limbs, which worsened gradually (8-10/10 Numerical
Rating Scale). Various medications failed to control the
pain. He was referred to our hospital, and the SCS trial
was successful. SCS electrodes were implanted with the
stimulation tips at the upper edge of the T1 vertebra. The
Numerical Rating Scale decreased to 1-2/10, and his total
medication dose decreased to less than 20% of that pre-
SCS.
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Table 2b Comparison of somatosensory evoked potentials (SEP) change
ratios# between paresthesia threshold (PT) and maximum paresthesia
threshold (MPT) stimulations (5 patients)

SCS SEP change ratio# at PT  SEP change ratio# at MPT Paired t-test

Tonic 0.75+ 0.15 (0.07) * 0.33+0.22(0.1) * *p < 0.05
Burst 0.96 + 0.15 (0.07) 0.87 + 0.1 (0.05) ns
High Dose 1.04 £ 0.05 (0.02) 0.99 £ 0.02 (0.01) ns
Mean + SD (SE)

SCS: spinal cord stimulation, SEP: somatosensory evoked potentials
# Amplitude of SEP (P40/N50) during SCS/amplitude of control SEP (N40/P50),
UW: microwatts, n = number of patients, SD: standard deviation, SE: standard error,

and ns: nonsignificant.

Tonic vs. burst

Figure 2a shows the results of the comparisons of SEP
changes between the tonic and burst SCSs. The applied
tonic stimulation (7.3 mA) was approximately 2.5-fold
greater than the paresthesia threshold (2.9 mA). Compared
to the pre-SCS control SEP waveforms (Fig. 2a-A), an al-
most complete loss of cortical P40/N50 components oc-
curred during the tonic SCSs (Fig. 2a-B). In contrast, the P
40/N50 amplitude was not suppressed during the burst
stimulation (Fig. 2a-C and D) even though the stimulus
strength (1.4 mA) was four times the paresthesia threshold
(0.35 mA), and nearly the same TEED was supplied as that
of the tonic SCSs.

Tonic vs. high-dose

Figure 2b shows the SEP changes during the application
of tonic or high-dose SCSs. The control SEP without an
SCS was recorded first (Fig. 2b-A). The paresthesia thresh-
old was 2.8 mA, with a tonic stimulation of PW 500 ps
and 30 Hz, when the patient felt paresthesia in his right
axilla and upper limb. The P40/N50 components became
obscure at stimulation strengths of 3.9 mA (Fig. 2b-B) and
7 mA (Fig. 2b-C). After the second recording of control
SEP without an SCS (Fig. 2b-D), a high-dose stimulation of
PW 150 us and 1200 Hz was applied with an 8-mA pares-
thesia threshold strength. While the patient felt paresthe-
sia in his right axilla and right lower limb, no amplitude
reduction in P40/N50 appeared (Fig. 2b-E). The stimulus
condition was changed from high-dose to tonic (PW 500
us, 30 Hz), and the strength was increased to the 10 mA
maximum paresthesia threshold, which elicited paresthesia
in the bilateral hands, fingers, hips, and lower limbs. At
the same time, the P40/N50 components disappeared com-
pletely (Fig. 2b-F). The high-dose stimulus condition was
adjusted to PW 150 us and 1000 Hz, and the strength was
increased to the maximum paresthesia threshold of 10 mA.
The TEED was 10-fold higher than that of the tonic maxi-
mum paresthesia threshold. Despite delivering significant
high-dose-SCS electrical energy, the P40/N50 components
were preserved (Fig. 2b-G). After the SCS was turned off,
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Control 1

Tonic
TEED = 104(pwW)

Control 2
Burst
TEED = 127

Fig. 2a Comparisons between tonic and burst stimulations.
Effects of spinal cord stimulation on posterior tibial nerve-
stimulated somatosensory evoked potential (SEP). The P40/
N50 is almost absent during tonic stimulation (A, B) but is
clearly preserved during burst spinal cord stimulation (C, D).
The total electrical energy delivered (TEED) of tonic spinal
cord stimulation (B) = 7.3 mA? x 325 ohms x 30 Hz x PW 200 us
= 1.04 x 10® (mA? x Q x Hz x [s) = 104 microwatts (WW). The
TEED of burst spinal cord stimulation (D) = 0.0014A x 0.0014A
x 325 ohms x 40 Hz x 5 x PW 0.001 sec = 1.27 x 10* (mA? x Q x Hz
x ls) = 127 microwatts (UW).

PTN; Posterior tibial nerve.

we confirmed that the SEP waveform returned to the pre-
vious control waveforms (Fig. 2b-H).

This case demonstrated that the reduction in the SEP
amplitude was observed more clearly in the tonic rather
than in the burst (Fig. 2a) and high-dose (Fig. 2b) SCSs.
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Fig. 2b Comparisons between tonic and high-dose stimula-
tions.

Changes in somatosensory evoked potentials (SEP) during
tonic and high-dose spinal cord stimulation, in comparison to
the controls (A, D, and H), demonstrating absent P40/N50 dur-
ing tonic spinal cord stimulation (B, C, and F) and preserved
P40/N50 during high-dose spinal cord stimulation (E, G). Total
electrical energy delivered (TEED) is shown.

PTN; Posterior tibial nerve. YW = microwatts.

Case 2: A 42-year-old man with failed spinal surgery syn-
drome

The patient complained of severe pain in his bilateral
lumbar and lower extremities. Following the stimulation
SCS electrode placement at T9/10, his pain decreased to
approximately 50% of the preoperative state by tonic and
burst stimulations.

After recording the first control SEP (Fig. 3-A), a burst
SCS at paresthesia threshold (1.1 mA) and maximum par-
esthesia threshold (1.8 mA) was administered. Paresthesia

occurred at the lumbar region at the paresthesia

RLPTN Stim 1p¥ I_
v L0me
| TEED
W
Control 1 (W)
Burst 121
PT
Burst 324
MPT
Control 2
High-Dose 1630
PT
High-Dose 3630
MPT
Control 3
Tonic 61
PT
Tonic 231
MPT
Control 4

Fig. 3 Somatosensory evoked potentials during burst, high-
dose, and tonic stimulations.

Serial somatosensory evoked potential (SEP) recordings for
the interactions of burst (B, C), high-dose (E, F), and tonic (H, I)
spinal cord stimulations (SCSs) are shown. The apparent re-
duction in P40/N50 amplitude is only seen during tonic spinal
cord stimulation (I). Control SEPs (A, D, G, and J) are shown for
comparisons. The values of total electrical energy delivered
(TEED) are shown.

PTN, Posterior tibial nerve; PT, paresthesia threshold; MPT,
maximum paresthesia threshold. U'W = microwatts.

threshold-level stimulation and the lumbar and abdominal
regions at maximum paresthesia threshold-level stimula-
tion. However, the P40/N50 amplitudes were almost un-
changed (Fig. 3-B, C). A second control SEP was recorded
(Fig. 3-D), and a high-dose-SCS (90 us, 1200 Hz) with par-
esthesia threshold (5.5 mA) and maximum paresthesia
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threshold (8.2 mA)-level stimuli were delivered. The pares-
thesia areas at the paresthesia threshold and maximum
paresthesia threshold-level stimuli were identical to those
of the burst stimulus. There was no change in the P40/N50
amplitude (Fig. 3-E, F). A control SEP with good reproduci-
bility was re-recorded (Fig. 3-G) before the tonic stimula-
tion (500 ps, 50 Hz). Tonic SCSs elicited paresthesia in the
bilateral lumbar regions and lower limbs. The P40/N50
amplitude decrease seemingly began at paresthesia thresh-
old stimulus strength (2.2 mA) (Fig. 3-H). The P40/N50
amplitude was remarkably reduced following the increase
in tonic SCSs up to the maximum paresthesia threshold
(4.3 mA) (Fig. 3-I). The tonic SCSs were turned off, and the
P40/N50 returned to the pre-SCS levels (Fig. 3-J).

In summary, a SEP-SCS interaction was apparent when
the tonic maximum paresthesia threshold stimulation (Fig.
3-1) was administered. There was no remarkable reduction
in SEP amplitude for burst and high-dose SCSs (Fig. 3-C,
F); however, the TEED was higher than that of the tonic
SCSs.

Discussion

This study’s clinical significance was that the new SCS
paradigms (burst and high-dose) may be less effective on
the dorsal column than the conventional tonic SCSs.

SEP-SCS interference

Interference studies of conventional tonic SCSs to SEPs
have been useful in evaluating the dorsal column stimula-
tion,”* although it was unclear whether the finding corre-
lated to clinical pain relief.” The ascending volley of short-
latency SEP, elicited by electrical stimulation of the periph-
eral nerves, travels along the dorsal column; however, the
tonic SCSs administered to the dorsal column interferes
with SEP waveforms. Appropriate tonic SCSs to the dorsal
column induce the loss or reduction of the SEP amplitude,
and this study was conducted based on this principle.” In
other words, the SEP interference is clinically significant in
the investigation of whether some types of electrical stimu-
lation sufficiently activate the dorsal column or not.

The amplitude reduction of the SEP by the interference
of the SCS occurs due to (I) the “collision” of the descend-
ing volley from the SCS with the ascending SEP impulse
elicited by peripheral nerve stimulation; or (II) the early
“saturation” of primary somatosensory cortex cells by as-
cending impulses delivered from the SCS, wherein the
number of cells responding to the SEP impulse is de-
creased.”"”

The present study clearly indicated that tonic SCSs in-
duced dose-dependent SEP amplitude reduction, but the
burst and high-dose SCSs did not (Table 2b).

TEED and SEP change in different SCS paradigms
Several expressions of electrical energy stimulation, such
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as charge per pulse, pulse density per second, and charge
per second (energy/second), are calculated from parame-
ters including pulse width, stimulus frequency, and ampli-
tude” and reflect the electrical energy delivered from a
stimulation electrode. Since the energy applied to the tis-
sue surrounding the electrodes is influenced by its resis-
tance (ohm), this factor should also be considered when
comparing the effects of different SCSs. The TEED is a rep-
resentative calculation that includes the above-mentioned
parameters” and has been used to investigate deep brain
stimulation."™"

Our results indicated that a high-dose stimulation could
not reduce the SEP amplitude even though the energy was
higher than tonic stimulation.

A burst stimulation with a similar amount of energy to
the tonic stimulation could not reduce SEP amplitude as
done by the tonic stimulation (Table 2a, Fig. 1). In addi-
tion, eliciting paresthesia is required to apply tonic SCSs to
obtain pain relief, while the burst and high-dose stimula-
tions are generally set below the paresthesia (sensory
aware) level. Significant SEP reductions during different
SCS strengths (between paresthesia and maximum pares-
thesia thresholds) were only apparent at tonic and not
burst and high-dose stimulations (Table 2b). This finding
further indicates that the effect of the stimulus strength on
the SEP was different between the tonic and the burst or
high-dose SCSs. All these differences may suggest that the
SCS strength for the clinical use of burst and high-dose
may not activate the paresthesia-producing dorsal column
fibers that are the main sites of action in tonic SCSs. The
burst and high-dose SCSs might not activate the same dor-
sal column pathway sufficiently, like that for the tonic and
SEP impulse pass.

Buonocore and Demartini reported a case that showed
the loss of SEP using subthreshold high-dose SCSs,” which
was contrary to our results which showed no SEP inhibi-
tion during the use of high-dose SCSs. The reason for this
difference is unknown, and further case studies are re-
quired. Our findings were also consistent with those re-
ported by Falowski, who used intraoperative monitoring.”
He showed no reduction in the SEP amplitude with high-
dose-SCSs with a stimulus strength more than three-fold
higher than the voltage when the SEP was lost in the tonic
SCS. He also suggested that the loss of the SEP was prob-
ably not induced by using a subthreshold stimulation of
the burst SCS as the SEP loss occurred after the appear-
ance of electromyography response during the burst SCS.
Niso et al. also recently reported a lack of inhibition of the
early component SEP during the burst SCS.”

Despite the small number of cases, the present study re-
sults showed robust differences in SEP interference among
the SCSs.



320 E. Urasaki et al.

Different sites of action between tonic and burst or
high-dose SCSs

A study in rats by Tang et al. demonstrated an increased
firing rate of the dorsal column nucleus by tonic but not
burst SCSs.”” The authors speculated that this finding
might be related to the absence of paresthesia by the burst
SCSs.

Our observation of dorsal column activation by the
tonic SCSs was comparable to the increased firing of the
dorsal column nucleus by the tonic SCSs reported by Tang
et al.,” although the firing in their study was spontaneous
rather than an evoked potential. However, the dorsal col-
umn activation appeared to be quite small during burst
stimulation; thus, the SEP amplitude reduction due to the
burst SCS was also likely to be small, as the dorsal column
nucleus firing following the burst SCS may be scarce, as
reported by Tang et al.*”

A similar finding in high-frequency (10 kHz) SCSs was
reported by Song et al.,”” who showed high levels of activa-
tion of the dorsal column nucleus of rats during tonic
SCSs but poor activation at 10 kHz SCSs. If these findings
also apply to other high-frequency stimuli below 10 kHz,
they may explain our study’s poor SEP amplitude reduc-
tion during the 1000-1200 Hz SCSs.

Tang et al® and Song et al.* administered stimulus
strengths below the paresthesia threshold. The present
study administered a stimulus strength between the pares-
thesia threshold and maximum paresthesia threshold. Nev-
ertheless, these findings clearly indicated lower dorsal col-
umn stimulation for burst and high-dose SCSs than con-
ventional tonic SCSs.

A recent computer simulation study by Arle et al
showed different fiber threshold accommodations of the
AB fibers that comprise the dorsal column.” They hy-
pothesized that the large-diameter fibers are paresthesia-
signaling, which has also been proposed explicitly or im-
plicitly by modelers for decades,” while the burst and
high-dose SCSs push the paresthesia-producing threshold
of large-diameter fibers above the stimulation amplitude.
Their hypothesis was consistent with our results.

Limitation of our study

The participants in our study were heterogeneous be-
cause they included Parkinson’s disease and failed spinal
surgery syndrome. Dystonic and central pains (Parkinson’s
disease-related pain) and musculoskeletal, neuronal, and
radicular pains (Parkinsons disease unrelated pain) are
often mixed in the types of pain perceived by patients with
Parkinson’s disease.”* As suggested by previous studies,"**”
pain reduction by SCSs in patients with Parkinson’s dis-
ease is probably achieved because lumbago and leg pain
are caused partially by chronic neuropathic pathological
conditions, which are factors even in musculoskeletal pain
that has several nociceptive components."**”

Since we confirmed similar SEP changes in both patho-

logical conditions, they were analyzed together statistically
in this small sample size study. However, further studies
will be required to evaluate whether the different diseases
may show different SEP responses to different kinds of
SCSs.

In conclusion, the present SEP-SCS interference study
results suggested that the sites of action and the effect on
the spinal cord differed between conventional tonic SCSs
and burst and high-dose (up to 1200 Hz) SCSs in humans.
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