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ABSTRACT

Background: Spinal cord stimulation (SCS) is a useful 
neuromodulatory technique for treatment of certain neu-
ropathic pain conditions. However, the optimal stimulation 
parameters remain unclear. 
Methods: In rats after L5 spinal nerve ligation, the authors 
compared the inhibitory effects on mechanical hypersensi-
tivity from bipolar SCS of different intensities (20, 40, and 
80% motor threshold) and frequencies (50, 1 kHz, and 

10 kHz). �e authors then compared the effects of 1 and 50 
Hz dorsal column stimulation at high- and low-stimulus 
intensities on conduction properties of afferent Aα/β-fibers 
and spinal wide-dynamic–range neuronal excitability. 
Results: �ree consecutive daily SCS at different frequen-
cies progressively inhibited mechanical hypersensitivity 
in an intensity-dependent manner. At 80% motor thresh-
old, the ipsilateral paw withdrawal threshold (% preinjury) 
increased significantly from pre-SCS measures, begin-
ning with the first day of SCS at the frequencies of 1 kHz 
(50.2 ± 5.7% from 23.9 ± 2.6%, n = 19, mean ± SEM) and 
10 kHz (50.8 ± 4.4% from 27.9 ± 2.3%, n = 17), whereas it 

What We Already Know about This Topic

•	 The	optimal	stimulus	parameters	and	mechanisms	by	which	
spinal	cord	stimulation	produces	analgesia	are	unclear

•	 Whether	high	frequency	(1–10	kHz)	stimulation	produces	anal-
gesia	using	different	mechanisms	than	conventional	frequency	
(50	Hz)	is	unknown

What This Article Tells Us That Is New

•	 In	rats,	both	conventional	and	high-frequency	stimulation	re-
duced	mechanical	hypersensitivity	after	nerve	injury

•	 High	 frequency	compared	with	conventional	stimulation	had	
an	earlier	onset	of	effect	and	required	a	lower	intensity	to	block	
peripheral	Aβ	fibers,	but	failed	to	significantly	inhibit	windup	in	
spinal	wide-dynamic–range	neurons
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was significantly increased beginning on the second day in 
the 50 Hz group (38.9 ± 4.6% from 23.8 ± 2.1%, n = 17). At 
high intensity, both 1 and 50 Hz dorsal column stimulation 
reduced Aα/β-compound action potential size recorded at 
the sciatic nerve, but only 1 kHz stimulation was partially 
effective at the lower intensity. �e number of actions poten-
tials in C-fiber component of wide-dynamic–range neuronal 
response to windup-inducing stimulation was significantly 
decreased after 50 Hz (147.4 ± 23.6 from 228.1 ± 39.0,  
n = 13), but not 1 kHz (n = 15), dorsal column stimulation. 
Conclusions: Kilohertz SCS attenuated mechanical hyper-
sensitivity in a time course and amplitude that differed from 
conventional 50 Hz SCS, and may involve different periph-
eral and spinal segmental mechanisms. 

T HE treatment of neuropathic pain remains challeng-
ing, and spinal cord stimulation (SCS) represents an 

adjustable and nondestructive procedure that attenuates pain 
by delivering small therapeutic doses of electrical current to 
spinal structures, primarily in the dorsal column.1–3 �e 
effectiveness of SCS depends on the stimulation frequency 
and intensity. �e most common frequency range used clini-
cally for SCS and tested in animal studies is 50–60 Hz,2,4,5 
referred to as conventional SCS. However, no consensus 
exists regarding whether this is the optimum frequency 
for SCS analgesia. Stimulation intensity is another impor-
tant parameter, and SCS is often applied at the amplitude 
that elicits paresthesia over the painful area in patients and 
is titrated to the highest comfortable level. In animal stud-
ies, SCS is usually tested at an intensity slightly below the 
motor threshold (MoT), which is considered to be the toler-
ance threshold.2,6 Although paresthesia may be largely from 
activation of afferent sensory fibers during SCS (i.e., sensory 
threshold), muscle contraction at MoT can be caused by 
stimulation of dorsal column fibers that excite the motoneu-
ronal pools or by spreading of the electric field to activate 
local nerve roots.7 So far, the effects of changing stimulation 
frequency and intensity on SCS analgesia in neuropathic 
pain condition remain unclear.

It was shown that 500 Hz SCS induced greater peripheral 
vasodilation than did 50 Hz stimulation.8 Transcutaneous 
electrical nerve stimulation at 100 Hz also produced greater 
pain inhibition than lower frequencies did.9,10 Other than 
its use in reducing torticollis spasmodicus,11 kilohertz-level 
SCS has not been tested systematically for pain inhibition, 
and hence its analgesic efficacy remains unknown. �e gate-
control theory represents the fundamental biological basis 
for conventional SCS-induced analgesia, and postulates that 
activity in large A-fibers attenuates spinal pain transmis-
sion by activating inhibitory dorsal horn interneurons.12,13 
Accordingly, we hypothesize that SCS at different frequen-
cies may induce greater pain inhibition at the higher intensi-
ties due to activation of more A-fibers. In addition, because 
kilohertz-level SCS delivers many more electrical pulses 
than does 50 Hz SCS of the same stimulus intensity and 

treatment duration, it may also induce a stronger pain inhi-
bition than 50 Hz SCS. Yet, it is also possible that different 
frequencies of SCS may have distinct mechanisms of action, 
as with transcutaneous electrical nerve stimulation and elec-
troacupuncture.14,15 �us, we hypothesized that kilohertz-
level SCS and conventional 50 Hz SCS may differently 
activate the gate-control mechanism and affect peripheral 
afferent conduction properties. Testing such a hypothesis in 
a human study would require a large-scale, well-controlled 
clinical trial because of the heterogeneity of genetics and 
pain etiology in the general population. Here, we examined 
the intensity-dependent pain inhibition of bipolar SCS of 
various frequencies (50, 1 kHz, and 10 kHz) in rats after an 
L5 spinal nerve ligation (SNL). We further compared the 
effects of conditioning stimulation of the dorsal column, 
the primary structure targeted by SCS, at 50 Hz and 1 kHz 
on the conduction property of afferent Aα/β-fibers, and on 
inhibition of dorsal horn wide-dynamic–range (WDR) neu-
ronal responses in SNL rats.

Materials and Methods

All procedures were approved by the Johns Hopkins Uni-
versity Animal Care and Use Committee (Baltimore, Mary-
land) as consistent with the National Institutes of Health 
Guide for the Use of Experimental Animals. All animals 
were euthanized (sodium pentobarbital, 100–300 mg, intra-
peritoneal injection) at the end of the experiment. To mini-
mize experimenter bias, the investigator who performed the 
behavioral tests was blinded to the treatment conditions.

L5 SNL

�e animals were anesthetized with isoflurane (2%; Abbott 
Laboratories, North Chicago, IL), the left L5 spinal nerve of 
male Sprague–Dawley rats (350–450 g; Harlan Laboratories, 
Inc., Indianapolis, IN) was ligated with a 6-0 silk suture, and 
cut distally.16

Epidural SCS Lead Implantation

On day 5 post-SNL, a sterile rat SCS electrode (Medtronic 
Inc., Minneapolis, MN) was implanted as described in pre-
vious studies.17,18 After a small laminectomy at the level of 
T13, the electrode was inserted epidurally in the rostral direc-
tion. �e position of the electrode was adjusted so that the 
contacts were at the T10–12 spinal levels (see Supplemental 
Digital Content 1, http://links.lww.com/ALN/A948, which 
includes the figure for this experiment). A subcutaneous tun-
nel was used to position the proximal end of the electrode in 
the upper thoracic region, where it exited the skin and con-
nected to an external stimulator (model 2100; A-M Systems, 
Sequim, WA).

Animal Behavioral Tests

Hypersensitivity to punctuate mechanical stimulation was 
determined with the up–down method by using a series of 
von Frey filaments (0.38, 0.57, 1.23, 1.83, 3.66, 5.93, 9.13, 
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and 13.1 g) as described previously.19 �e von Frey filaments 
were applied for 4–6 s to the test area between the footpads 
on the plantar surface of the hind paw. �e paw withdrawal 
threshold (PWT) was determined according to the method 
and formula provided by Dixon.20

Recording of Sciatic Compound Action Potentials Evoked 

by Dorsal Column and Dorsal Root Stimulation

Titrating Dorsal Column Stimulation. Two tungsten needle 
electrodes (insulated except for the most distal 0.3–0.5 mm) 
were inserted into the (left) dorsal column at T13–L1 level.
Testing Changes of Peripheral Conduction Property. �e 
test stimulation was applied through a pair of platinum hook 
electrodes to the (left) L4 dorsal root. A monopolar silver 
hook electrode was placed on the ipsilateral sciatic nerve for 
recording the antidromic compound action potentials (APs). 
�e reference electrode was placed in the nearby muscle.

Spinal Dorsal Horn Recordings

Extracellular recordings of single dorsal horn neuron activ-
ity were obtained with microelectrodes as described previ-
ously.21,22 Briefly, analog data were collected with a real-time 
computer-based data acquisition and processing system 
(DAPSYS 6; Brian Turnquist, the Johns Hopkins Univer-
sity, Baltimore, MD). WDR neurons located at deep lami-
nae (III–V) in the ipsilateral L4 segment were identified by 
their characteristic responses.21,23 Only WDR neurons with 
defined receptive fields in the plantar region of the hind paw 
were studied.

Experimental Design

Study 1. Comparing the effects of SCS at different intensi-
ties (20, 40, and 80% MoT) and frequencies (50, 1 kHz, 
and 10 kHz) on behavioral mechanical hypersensitivity in 
SNL rats. MoT was determined by slowly increasing the 
amplitude of 4 Hz electrical stimulation from zero until 
muscle contraction was observed in mid-lower trunk or 
hind limbs. In parallel, sensory threshold (SenT, the inten-
sity at which an animal showed brief stoppage of ongoing 
activity, awaking, alerting, turning attention toward stimu-
lation, or slightly changing body posture to accommodate 
the stimulation) was also monitored in a subgroup of ani-
mals (n = 52). Because SenT is nearly half of the MoT, and 
remained unchanged across 3 days of SCS (see Supplemental 
Digital Content 1, http://links.lww.com/ALN/A948, which 
includes the figure for this experiment), we chose 20% MoT 
(below SenT intensity), 40% MoT (half-maximum intensity 
and near SenT), and 80% MoT (maximum intensity with-
out discomfort in awake animals) to examine the intensity–
response relationship for SCS. To mimic the clinical actions 
of SCS,24–26 we used a four-contact electrode (Medtronic 
Inc.) to provide bipolar SCS.5 We set the first and third con-
tacts (rostral to caudal) of the four-contact lead as an anode 
and the second and fourth as a cathode (“twin-pairs” stimu-
lation). �e pulse width of 0.024 ms (biphasic, constant 

current mode) was used in all studies to allow comparison 
of data among groups.

SCS may produce a cumulative pain-inhibitory effect 
after repetitive treatments.5,18 �erefore, we used 3-day 
treatment protocol to examine the overall effect of SCS (see 
Supplemental Digital Content 1, http://links.lww.com/
ALN/A948, which includes the illustration of this experi-
ment). On each of consecutive days 12, 13, and 14 post-SNL 
(week-1 test), animals received one 30-min SCS after pre-
SCS PWT measurement. A small group of animals received 
sham stimulation (0 mA). PWTs were measured again at 
15 min (during SCS), 30 min (0 min post-SCS), and 60 min 
(30 min post-SCS) after the initiation of SCS. Because PWT 
returned to pre-SCS level at 5 days after the last SCS, on 
days 19, 20, and 21 post-SNL (week-2 test), animals received 
SCS at same intensity again but at a different frequency. To 
limit potential order effect, we used a cross-over design for 
switching SCS frequencies in different groups between the 2 
weeks. �e data from the 2 weeks were combined for analysis. 
�ree SCS intensities were tested in different sets of animals. 
Our pilot experiment showed that if kilohertz-level SCS was 
applied directly at 80% MoT, rats often exhibited signs of 
discomfort (e.g., frequent vocalizing, escaping, sudden and 
rigorous adjusting of body posture) during the first few min-
utes, which were different from signs of SenT. �is “onset 
response” was largely prevented by gradually increasing the 
stimulus amplitude from a lower value (e.g., 0–10% MoT) 
to the set value more than 2–3 min. To compare data among 
groups, we applied this procedure to all groups.
Study 2. Examining the effects of 50 and 1 kHz dorsal col-
umn conditioning stimulation on the conduction properties 
of large afferent fibers in SNL rats. Repetitive electrical stim-
ulation of nerves may change their conduction properties. 
Because 1 kHz SCS induced the most different changes from 
50 Hz SCS in behavior study, it was chosen for comparison 
with 50 Hz stimulation. �e intensity for the conditioning 
stimulation was calibrated by recording sciatic compound 
APs to graded dorsal column stimulation22: �e intensity 
that resulted in the first detectable Aα/β-waveform (Ab0), 
followed by the peak Aα/β-waveform without inducing an 
Aδ-waveform (Ab1) was determined. Different compound 
AP waveforms were distinguished on the basis of the activa-
tion threshold and the conduction velocity. �e compound 
APs to the test stimulation at the ipsilateral L4 dorsal root 
(0.1–2.2 mA, 0.2 ms) were recorded before, at 0–5 min, and 
10–15 min after dorsal column conditioning stimulation 
(5 min, 0.024 ms, Ab0, Ab1).
Study 3. Comparing the inhibition of WDR neuronal activ-
ity by 50 and 1 kHz dorsal column conditioning stimulation 
in SNL rats. Inhibition of WDR neuronal activity may con-
tribute to SCS analgesia.22,27 �e WDR neuronal response 
to a suprathreshold electrical stimulus consists of an early 
A-fiber component (0–75 ms) and a later C-fiber component 
(75–500 ms).28 WDR neurons also display AP windup phe-
nomenon, a short-form neuronal sensitization, to repetitive 
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C-fiber inputs.21,22,28 �e effects of 50 and 1 kHz dorsal 
column stimulation (5 min, 0.024 ms, Ab1) on stimulus–
response (S–R) functions of C-fiber components to graded 
electrical stimuli (0.1–10 mA, 2.0 ms, 15-s interval, deliv-
ered to the receptive field), and on windup response to a 
train of 16 electrical pulses (0.5-Hz, supra–C-fiber thresh-
old) were both examined at 0–15 and 30–45 min after the 
conditioning stimulation. In windup test, 12 pulses at 0.1 
Hz (which does not induce windup) were delivered at 30 s 
after 0.5 Hz stimulation as a negative control.

Data Analysis

In Study 1, the primary analysis was to examine the overall 
impact of each SCS on mechanical hypersensitivity by com-
paring the “mean PWTs” among groups, which are calcu-
lated by averaging together the PWTs measured before SCS 
and at 15, 30, and 60 min after the initiation of SCS. PWTs 
were presented as percentage of pre-SNL baseline. Data from 
sham-stimulation group in different studies were combined 
for analysis. We also conducted exploratory analysis to sepa-
rate responders and nonresponders to SCS. We first calcu-
lated the “mean post-SCS PWT of three SCS” by averaging 
the PWTs across the three SCS treatments. �en the percent 
change of post-SCS PWT was calculated as follows: percent 
change of post-SCS PWT = ([mean post-SCS PWT of three 
SCS) − (pre-SCS PWT of the first SCS)]/(pre-SCS PWT of 
the first SCS) × 100. We defined rats with more than 100% 
change in post-SCS PWT, which is more than 2 SD above 
the mean of sham-stimulation group (14.8 ± 35.5%; mean ± 
SD; n = 14), as responders. �ose rats with a value less than 
50% were defined as nonresponders. We plotted percent 
change of post-SCS PWT of each animal for different fre-
quency groups, shown as the “Individual %Reversal.” A one-
way ANOVA was used to compare data among groups. �e 
“mean PWT” were also compared with the pre-SCS value in 
each group by using one-way, repeated-measures ANOVA.

In Study 2, the areas under the Aα/β-waveforms of sciatic com-
pound AP to the graded dorsal root stimulation were measured to 
establish the S–R functions. For each group, the S–R functions 
were compared between the pre- and postdorsal column stimula-
tion conditions with a two-way, repeated-measures ANOVA.

In Study 3, the numbers of APs in the C-component 
evoked by graded intracutaneous stimulation and by each 
stimulus in the train for inducing windup were used to plot 
S–R function and windup functions, respectively. For each 
frequency group, the total C-components under S–R func-
tion and that under 0.5 Hz windup function were compared 
between the pre- and postdorsal column stimulation condi-
tions with a one-way, repeated-measures ANOVA.

STATISTICA 6.0 software (StatSoft, Inc., Tulsa, OK) 
was used to conduct all statistical analyses. �e Tukey hon-
estly significant difference post hoc test was used to compare 
specific data points. Two-tailed tests were performed, and 
data are expressed as mean ± SEM; P value less than 0.05 
was considered significant in all tests.

Results

In the behavioral study, 88 of the 110 rats that received SNL 
completed the experiment and were analyzed. Twenty-two 
animals were not used for the following reasons: nine rats 
(8.2%) did not develop mechanical hypersensitivity (>50% 
reduction of PWT from preinjury baseline) at day 5 post-
SNL. Of all SNL rats that were implanted with an SCS lead 
(n = 101), eight rats (7.9%) showed impaired motor func-
tion, diminished mechanical hypersensitivity, or damage to 
the implanted lead before the week-1 test. �ese rats were 
eliminated from subsequent studies. Among the remaining 
animals (n = 93), five rats failed to complete week-1 test 
(data were excluded) and were not testable in week-2, due to 
later damages to the lead, undetectable MoT, or deteriorat-
ing health conditions; nine rats completed only the week-1 
test (data were analyzed).

Time Course of Reversal of Neuropathic Mechanical 

Hypersensitivity by Different Frequencies of SCS

When SCS was applied at low amplitude 20% MoT, the 
overall inhibitory effect was marginal. Before the first SCS, 
the ipsilateral PWTs in SNL rats of each group were near 
20% of pre-SNL baseline (19.5–23.8%), indicating the 
development of mechanical hypersensitivity (fig. 1A). �e 
averaged PWTs on each treatment day associated with 50 
Hz (n = 16; first: 25.3 ± 2.1%; second: 27.6 ± 2.4%; third: 
30.4 ± 4.3%), 1 kHz (n = 16; first: 30.1 ± 3.5%; second: 
36.4 ± 7.6%; third: 34.9 ± 6.6%), and 10 kHz (n = 16; first: 
30.0 ± 2.2%; second: 35.1 ± 4.5%; third: 30.8 ± 4.2%) stim-
ulation were not statistically significantly different from that 
of the sham-stimulation group (n = 14; first: 23.4 ± 3.0%; 
second: 24.9 ± 2.3%; third: 26.4 ± 2.0%), nor from the pre-
SCS level (fig. 1B). Sham stimulation did not change PWT 
(n = 14; 23.8 ± 2.4%) from that in the pre-SCS level.

When SCS was applied at medium amplitude 40% 
MoT, the mean PWT was significantly increased from the 
pre-SCS level on the first (33.2 ± 4.7%; P < 0.05), second 
(37.9 ± 5.2%; P < 0.01), and third (45.3 ± 5.4%; P < 0.001) 
treatment days in the 1 kHz group (pre-SCS: 20.7 ± 1.7%; 
n = 19), but only on the second (36.3 ± 4.7%; P < 0.05) 
and third (43.9 ± 4.7%; P < 0.001) days in the 10 kHz 
group (pre-SCS: 23.8 ± 2.6%; n = 16), and only on the third 
(39.0 ± 4.5%; P < 0.01) day in the 50 Hz group (pre-SCS: 
23.1 ± 2.9%; n = 17; fig. 1B). �e averaged mean PWT 
across the 3 treatment days was increased from the pre-SCS 
level in all SCS groups, but was statistically significantly 
higher than that of sham stimulation (24.9 ± 2.0%) only in 
the 1 kHz (38.8 ± 4.6%; P < 0.05) and 10 kHz (36.5 ± 3.4%; 
P < 0.05) groups (fig. 1B). In each frequency group, the 
trend was for SCS-induced inhibition to increase gradually 
from the first to the third treatment; the mean PWTs did 
not become statistically significantly higher than that of the 
sham-stimulation group (26.4 ± 2.0%) until the third treat-
ment day in 1 kHz (45.3 ± 5.4%) and 10 kHz (43.9 ± 4.7%) 
groups. In animals that showed increased ipsilateral PWT to 
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SCS, the peak effect usually appeared at 15 min after initia-
tion of SCS and remained for a short period after cessation 
of SCS (i.e., 30 min after initiation), but largely diminished 
by 30 min post-SCS (fig. 1A).

When SCS was applied at high amplitude 80% MoT, the 
ipsilateral PWT increased from the pre-SCS level at all three 
SCS frequencies (fig. 1A). Compared with pre-SCS level (50 
Hz: 23.8 ± 2.1%; 1 kHz: 23.9 ± 2.6%; 10 kHz: 27.9 ± 2.3%), 
the mean PWT was statistically significantly increased begin-
ning on the first day of SCS in both kilohertz-level groups 
(1 kHz: 50.2 ± 5.7%, n = 19; 10 kHz: 50.8 ± 4.4%, n = 17; 
fig. 1B), whereas it was significantly increased beginning on 

the second day in the 50 Hz group (38.9 ± 4.6%; n = 17). In 
all SCS groups, the averaged mean PWT across the 3 treat-
ment days (50 Hz: 39.1 ± 3.6%; 1 kHz: 50.8 ± 4.9%; 10 kHz: 
49.9 ± 3.3%) was statistically significantly increased from the 
pre-SCS level and was also significantly higher than that of 
sham-stimulation group (24.9 ± 2.0%; fig. 1B). It is impor-
tant to note that the mean PWTs in the 1 kHz (50.2 ± 5.7%) 
and 10 kHz (50.8 0 ± 4.4%) groups were both higher than 
that of the 50 Hz group (34.5 ± 3.5%) on the first SCS day. 
�e averaged mean PWT across the three treatment days was 
also statistically significantly higher in the 1 kHz group than 
in the 50 Hz group. �e pain-inhibitory action increased 

Fig. 1. Effects on paw withdrawal threshold of different frequencies of spinal cord stimulation (SCS) applied at 20–80% motor 

threshold in nerve-injured rats. (A) The paw withdrawal thresholds, shown as percent of prespinal nerve ligation (SNL) baseline, 

before and at different time points after SCS at one of three frequencies (50, 1 kHz, and 10 kHz) delivered at 20, 40, and 80% mo-

tor threshold (MoT, 0.024 ms, constant current, 30 min/session, 1 session/day). Data from animals that received sham stimulation 

in different studies were combined for analysis. Error bars are omitted to improve clarity. (B) On each treatment day, the overall 

effect of SCS on PWT was compared among groups by averaging together the PWTs at pre-SCS and 15, 30, and 60 min after 

the initiation of SCS applied at 20% MoT, 40% MoT, and 80% MoT. Data are expressed as mean + SEM in (B). +P < 0.05, ++P 

< 0.01, +++P < 0.001 versus pre-SCS PWT; *P < 0.05, **P < 0.01, ***P < 0.001 versus sham stimulation; †P < 0.05 versus 50 Hz.
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progressively in the 50 Hz group, as the mean PWT did not 
become statistically significantly higher than that of pre-SCS 
and sham-stimulation groups until the second and third 
days of treatment, respectively. However, the peak effect 
was reached and maintained from the first day of treatment 
in the 1 and 10 kHz groups (fig. 1B). SCS at all intensities 
did not affect PWT of the contralateral hind paw (data not 
shown).

SCS Attenuated Mechanical Hypersensitivity in Both 

Frequency- and Amplitude-dependent Manner

�e response to SCS analgesia varied among individual ani-
mals. In SNL rats, we defined rats with a more than 100% 
change in post-SCS PWT as responders and those with a 
value less than 50% as nonresponders. When SCS was 
applied at low amplitude (20% MoT), more rats responded 
to 1 kHz (4 of 16, 25%) and to 10 kHz (4 of 16, 25%) than 
to 50 Hz SCS (1 of 16, 6%; see Supplemental Digital Con-
tent 2, http://links.lww.com/ALN/A949, which includes 
all figures of this experiment). Regardless, the “Group 
%Reversal” values (i.e., the averaged Individual %Reversal 
of each group) were not statistically significantly different 
among different frequency groups (50 Hz: 51.8 ± 13.2; 1 
kHz: 75.8 ± 27.6; 10 kHz: 61.3 ± 19.2). However, the Group 
%Reversal value was significantly higher in the 1 kHz SCS 
group than in the sham-stimulation group (14.7 ± 9.5), 
indicating a pain inhibitory effect (P = 0.032). When SCS 
was applied at medium amplitude (40% MoT), 3 of 17 rats 
(18%) in the 50 Hz group, 6 of 19 (32%) in the 1 kHz group, 
and 5 of 16 (31%) in the 10 kHz group were responders. 
�e Group %Reversal value was significantly higher in the 
1 kHz (89.3 ± 19.5; P = 0.005) and 10 kHz (70.1 ± 19.8; P = 
0.043) groups, but not in the 50 Hz group (61.2 ± 17.9; P = 
0.082), compared with that in the sham-stimulation group. 
At high amplitude (80% MoT), the number of responders 
in the 50, 1 kHz, and 10 kHz groups was 6 of 17 (35%), 9 
of 19 (47%), and 6 of 17 (35%), respectively. �e Group 
%Reversal value was statistically significantly higher in each 
SCS group (50 Hz: 73.5 ± 14.5; 1 kHz: 132.9 ± 24.8; 10 
kHz: 105.8 ± 37.7) than in the sham-stimulation group, and 
it was also significantly higher in the 1 kHz group than in 
the 50 Hz group. �e MoTs were not significantly differ-
ent among different frequency groups. �e averaged MoTs 
across 3 SCS days were also not statistically significantly dif-
ferent between responders and nonresponders to different 
frequencies of SCS at 80% MoT.

Dorsal Column Conditioning Stimulation Reduced Aα/β-

compound APs Measured in the Peripheral Nerve

�e Aα/β- and Aδ-waveforms of sciatic compound APs 
generated by the graded dorsal column stimulation and L4 
dorsal root stimulation were distinguished on the basis of the 
activation threshold and the conduction velocity (fig. 2A). 
Both 50 Hz (n = 6) and 1 kHz (n = 6) dorsal column con-
ditioning stimulation at Ab1 intensity decreased the size of 

Aα/β-waveforms evoked by the L4 dorsal root stimulation 
(fig. 2B), and significantly depressed the S–R functions at 
0–5 min poststimulation (fig. 2, C and D). However, no inhi-
bition occurred to 50 Hz stimulation at the lower stimulus 
intensity (Ab0, n = 6; fig. 2C). Although the S–R function 
did not significantly change at 0–5 min after 1 kHz stimula-
tion at Ab0 (P = 0.12; n = 6), the size of Aα/β-waveforms to 
the lower intensity (0.2–0.6 mA) dorsal root test stimulation 
was significantly reduced (fig. 2D; P < 0.05).

Dorsal Column Conditioning Stimulation of 50 Hz, but Not 

1 kHz, Inhibited Windup in WDR Neurons

�e experimental setup for recording WDR neurons in the 
dorsal horn of SNL rats is illustrated in the schematic diagram 
(fig. 3A). Windup of the C-fiber component of the WDR 
neuronal response was induced by a train of 0.5 Hz electrical 
stimulation (16 pulses; fig. 3, B and C). �e windup function 
was depressed and total C-fiber component to 0.5 Hz stimu-
lation was statistically significantly decreased at 0–15 min 
(147.4 ± 2 3.6 APs) and 30–45 min (157.1 ± 18.2 APs) after 
50 Hz dorsal column stimulation (fig. 3, C and D; n = 13), 
as compared with the prestimulation level (228.1 ± 39.0 APs). 
However, 1 kHz stimulation did not significantly inhibit 
windup from prestimulation level (233.4 ± 25.8 APs) at 
0–15 min (199.3 ± 27.4 APs) and 30–45 min (215.8 ± 26.1 
APs, n = 15; fig. 3, C and D). In the same experimental set-
ting, there was a trend that 50 Hz stimulation also inhibited 
the total C-fiber components under the S–R function at 
0–15 min (22.7 ± 9.2 APs, n = 13; fig. 3, E and F). Yet, the 
decrease was not statistically significantly different from the 
prestimulation level (34.6 ± 12.1 APs; P = 0.06). Due to the 
shorter pulse width (0.024 ms), the Ab1 intensity (1.85 ± 0.18 
mA) was much higher than that to the stimulation of 0.2 ms 
pulse width (e.g., near 0.2 mA).22

Discussion

Impact of Stimulation Frequency and Intensity

�e pain-inhibitory action of kilohertz-level SCS has not 
been systematically examined in chronic pain conditions. 
We demonstrated for the first time that kilohertz-level SCS 
alleviated mechanical hypersensitivity in a preclinical model 
of neuropathic pain. In addition, the time course and mag-
nitude of pain inhibition from 1 kHz SCS differed from that 
of conventional (50 Hz) SCS. First, at high amplitude (80% 
MoT), 1 kHz SCS induced greater inhibition than did 50 
Hz SCS. Second, the peak pain inhibition was achieved by 
kilohertz-level SCS (80% MoT) with the first treatment, 
suggesting an early onset of its inhibitory action. Finally, 
only kilohertz-level SCS induced pain inhibition earlier at 
the medium amplitude (e.g., 40% MoT), suggesting a dif-
ferent time course than conventional SCS. Yet, it remains 
to be determined whether SenT in rats is comparable with 
the paresthesia threshold in humans, and whether kilohertz-
level SCS induces pain inhibition at an intensity that does 
not induce paresthesia in patients. As reported previously, 
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Fig 2. Dorsal column conditioning stimulation (CS) of 1 Hz and 50 Hz frequencies changed Aα/β-�ber conduction property in nerve-

injured rats. (A) Left: schematic diagram illustrating the experimental setup for recording antidromic sciatic compound action potentials 

(APs) evoked by graded test electrical stimulation (0.1–2.2 mA, 0.2 ms) applied at the L4 dorsal root in rats that received an L5 spinal 

nerve ligation (SNL). The CS (5 min, 50 and 1 kHz, 0.024 ms, biphasic pulse) was delivered to the ipsilateral dorsal column at T13–L1 

level. Right: examples of different compound AP waveforms corresponding to Aα/β- and Aδ-�ber activation to increasing intensities 

of dorsal column CS and dorsal root test stimulation. The intensity for CS was calibrated by recording sciatic compound AP to graded 

dorsal column stimulation (0.01–2.0 mA, 0.024 ms, biphasic pulse): The intensity that resulted in the �rst detectable Aα/β waveform 

(Ab0), followed by the peak Aα/β waveform (Ab1, the highest Aα/β waveform intensity without inducing an Aδ waveform), to dorsal col-

umn stimulation was determined. (B) Examples of sciatic compound APs evoked by 0.2 and 0.4 mA dorsal root test stimulation before 

and after dorsal column CS (1 kHz, Ab1, 5 min) were shown. (C) In the off-line analysis, the areas under the Aα/β waveforms generated 

by graded dorsal root stimulation were measured to establish the stimulus–response (S–R) functions. The S–R functions were not 

changed after 50 Hz CS of Ab0 intensity, but were signi�cantly depressed at 0–5 min after 50 Hz CS at Ab1 intensity. (D) The size of Aα/β 

waveform to the lower intensities of dorsal root stimulation (0.2–0.6 mA) was signi�cantly decreased from the prestimulation baseline 

at 0–5 min after 1 kHz dorsal column CS of Ab0 intensity. The S–R function was signi�cantly depressed by 1 kHz CS of Ab1 intensity. 

Data are expressed as mean, and error bars are not shown to improve clarity. *P < 0.05, **P < 0.01, ***P < 0.001 versus pre-CS baseline.
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Fig 3. Dorsal column conditioning stimulation of 50 Hz, but not of 1 kHz, inhibited windup in wide-dynamic–range (WDR) neurons 

of nerve-injured rats. (A) Schematic diagram illustrating the experimental setup for recording WDR neuron in the L4 spinal segment 

of rats that received an L5 spinal nerve ligation. The conditioning stimulation (50 and 1 kHz, 0.024 ms, Ab1, 5 min) was delivered 

through two tungsten needle electrodes inserted in the ipsilateral dorsal column at T13–L1 level. (B) An analog recording of the WDR 

neuronal response to the �rst, fourth, and eighth stimulus of a train of intracutaneous electrical stimuli (0.5 Hz, 16 pulses, 2.0 ms, 

supra-C threshold) before and 0–15 min after 50 Hz dorsal column stimulation (Ab1, 0.024 ms, 5 min). (C) The number of action 

potentials (APs) in C-component of WDR neuronal response to 0.5 Hz stimulation and 0.1 Hz stimulation were plotted against the 

stimulation sequence number of each trial. For clarity, error bars are not shown. (D) At 0–15 min and 30–45 min after 50 Hz (n = 13), 

but not 1 kHz (n = 15), dorsal column stimulation, the total C-component of WDR neuronal response evoked by 0.5 Hz (16 pulses) 

windup-inducing stimulation delivered to the skin receptive �eld (i.e., area under the windup function) was –signi�cantly decreased 

from the prestimulation baseline. (E) The stimulus–response (S–R) functions of the C-�ber component of WDR neurons to graded 

intracutaneous electrical stimulation (0.1–10 mA, 2.0 ms) are shown before and after 50 Hz (n = 13) and 1 kHz (n = 15) dorsal column 

stimulation. (F) The area under the S-R function (i.e., total numbers of APs in C-�ber component) was not signi�cantly decreased 

from baseline after dorsal column stimulation. Data are presented as mean +SEM. *P < 0.05 versus prestimulation baseline.
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the pain inhibition from 50 Hz SCS (80% MoT) increased 
progressively from the first to the third day of treatment, 
indicating a cumulative effect.18 Kilohertz-level SCS also 
did not lose efficacy on the second and third days of treat-
ment, though it remains to be determined whether tolerance 
develops in response to kilohertz-level SCS with prolonged 
continuous stimulation. Our findings are in line with previ-
ous observations that electrical acupuncture induced stron-
ger analgesia at 2–5 kHz than at lower frequencies,29 and 
TENS at 100 Hz also reduced hyperalgesia better than did 
lower frequencies.14,30 However, the kilohertz-level SCS did 
not appreciably increase the percentage of responders to SCS 
across 3 treatment days. �erefore, whether kilohertz SCS is 
likely to improve clinical outcomes merits further preclini-
cal and clinical investigations, including testing different 
stimulation paradigms (e.g., low-intensity, long-term SCS 
for hours/days) and other neuropathic pain manifestations 
(ongoing pain, heat hypersensitivity).

A correlation may exist between the intensity of SCS and 
the duration of pain relief.2,31 SCS of both conventional 
frequency and kilohertz-level frequency induced intensity-
dependent pain inhibition. Compared with sham stimula-
tion, 50 Hz SCS significantly increased PWT only at the 
medium 40% MoT and high intensity of 80% MoT, sup-
porting one clinical observation that conventional SCS at 
subthreshold intensity provides measurable but not clini-
cally sufficient pain inhibition.32 Subthreshold SCS also elic-
its less pain relief than does supraperception threshold SCS 
in patients with neuropathic pain.32 It should be noted that 
even at the highest intensity, neither kilohertz-level or 50 
Hz SCS achieved complete reversal of neuropathic mechani-
cal hypersensitivity in most animals. �at is, PWT did not 
return to pre-SNL levels, and there were nonresponders at all 
frequencies and intensities. Similarly, in clinical situations, 
SCS usually produces partial but satisfactory pain relief.2,33 
�us, the efficacy of SCS analgesia can still be improved.

Mechanisms Underlying Pain Inhibition from SCS of 

Different Frequencies

Application of high-frequency alternating current wave-
forms to nerves may block conduction of APs.34,35 �e size 
of compound AP is proportional to the number of fibers 
activated by electrical stimulation. �is is the first study to 
demonstrate that both 50 and 1 kHz dorsal column stimu-
lation reduced Aα/β compound AP recorded at peripheral 
nerve. Conventionally, conduction blockade occurs primar-
ily under the stimulating electrodes and diminishes quickly 
after stimulation stops. Yet, the stimulating site and the 
recording site for compound AP are both peripheral to the 
conditioning stimulation at dorsal column in the current 
study, and the decrease of Aα/β compound AP remained at 
0–5 min poststimulation. �us, the mechanisms underlying 
the decreased Aα/β compound AP after dorsal column stim-
ulation remain to be examined. Nevertheless, our findings 
suggest that SCS may change certain afferent conduction 

properties, potentially lead to conduction failure both at 
axon and the branch point where myelinated afferents bifur-
cate to enter the spinal cord or project up the ascending 
columns. Because branch points are particularly susceptible 
to high-frequency conduction failure, the afferent signals 
may not gain access to the nociceptive pathway in the spi-
nal cord.36 Because mechanical hypersensitivity may be sig-
naled by abnormal activity in myelinated afferent fibers (e.g., 
Aβ-fibers),37,38 and the dorsal column contain axons that 
originate in these large-diameter afferent sensory neurons, 
inhibition of A-fiber inputs may partially contribute to SCS 
analgesia, especially for inhibition of mechanical hypersen-
sitivity. Before conduction block, high-frequency alternating 
current typically induces a brief but intense burst of axonal 
firing, the so-called onset response,39 which results from ini-
tially stimulating the nerve at as fast a rate as the refractory 
period of the nerve allows.40,41 Behaviorally, we observed 
similar “onset response” in rats receiving kilohertz-level SCS 
at 80% MoT. Previously, we showed that MoT in behavioral 
testing is near the Ab0 of compound AP.5 Here, 1 kHz, but 
not 50 Hz, conditioning stimulation at Ab0 also inhibited 
Aα/β compound AP. �us, reversal of mechanical hypersen-
sitivity from kilohertz-level SCS at 80% MoT may involve 
a peripheral mechanism. Yet, the frequency-related blocking 
mechanism remains to be confirmed in rats receiving epi-
dural SCS. We did not observe significant reduction of Aα/β 
compound AP to 50 Hz stimulation at Ab0, nor the onset 
response to 50 Hz SCS, but 50 Hz SCS may affect other 
conduction properties that were not detected by the current 
method. Because traditional SCS primarily activates A-fibers 
traveling in the dorsal column, an intervention of all large 
afferent inputs by SCS is unlikely. In fact, rats in all groups 
still sensed and responded to mechanical stimuli applied to 
their hind paws. However, a greater blockade of peripheral 
afferent inputs, including those mediated by C-fibers, may 
be achievable by applying high-intensity, high-frequency 
stimulation near the dorsal root or dorsal root entry zone, as 
that demonstrated by a recent study.42

Although paresthesia elicited by SCS may not necessar-
ily relate to the pain-relieving effect, a basic principle for 
conventional SCS is to create paresthesia, presumably by 
activating myelinated afferent fibers in the dorsal column, 
which overlap the affected pain region. As the fundamen-
tal biological basis for conventional SCS-induced analgesia, 
the gate-control theory postulates that some of these affer-
ent sensory neurons send collateral branches to the affected 
spinal segments, and activities of these large fibers drive onto 
inhibitory dorsal horn interneurons to inhibit spinal pain 
transmission.12,13 Previously, we showed that 50 Hz dorsal 
column stimulation (Ab1, 0.2 ms) inhibited WDR neuronal 
activity in SNL rats.3,22 Here, 50 Hz stimulation of a much 
shorter pulse width (0.024 ms) also inhibited windup in 
WDR neurons of SNL rats. �us, the gate-control mecha-
nism may underlie pain inhibition from 50 Hz SCS of both 
pulse widths. High-frequency stimulation was more effective 
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than conventional stimulation at terminating seizures in an 
animal model,43 suggesting that it induces greater neuro-
nal inhibition. Because the pulse width and SCS duration 
are fixed, kilohertz-level SCS delivers many more electrical 
pulses than does 50 Hz SCS. �us, one may expect that 
kilohertz-level SCS would induce a greater activation of 
the same segmental pain-inhibitory mechanisms that also 
underlie 50 Hz SCS–induced analgesia. However, 1 kHz 
stimulation did not significantly attenuate windup in WDR 
neurons in the same experimental setting. �e reason for this 
is unclear, but may be partially due to conduction property 
changes on large afferent fibers induced by high-frequency 
stimulation may compromise A-fiber activation of the spinal 
“gate-control” mechanism.

Compared with pre-SCS measures, 1 kHz, 10 kHz, and 
50 Hz SCS significantly reduced mechanical hypersensitivity 
at 40% MoT (mean 1–3 SCS), an intensity that is approxi-
mately at SenT. When compared with sham stimulation, 
only 1 kHz, 10 kHz differed significantly. Whether there is a 
mechanism of low-intensity, possibly just “subsensory,” SCS 
over a dorsal column target is unclear. Putative mechanisms 
could include both imperceptible conduction blockade and 
modulation of neural mechanisms unique to kilohertz-level 
stimulation. However, traditional mechanisms would con-
sist of some form of dorsal column activation. For example, 
because many neural tissues may not faithfully track high-fre-
quency stimulation over a long period, kilohertz-level stimu-
lation may lead to asynchronous neuronal activation. It is 
possible that activation of afferent fibers, dorsal horn and dor-
sal column neurons, and neurons in supraspinal pain modu-
latory structures in a stochastic, asynchronous manner could 
exert different pain-inhibitory effects from those produced 
when nerves fire synchronously at lower rates of stimula-
tion.6,44,45 Future studies are needed to examine whether pain 
inhibitions from kilohertz-level SCS and conventional SCS 
also involve different neurochemical mechanisms, and induce 
different changes in gene expression that underlie neuronal 
plasticity.46 It is important to examine with psychophysical 
testing in patients whether kilohertz-level SCS may be more 
suitable for treating certain pain manifestations or modalities, 
such as tactile allodynia or pain due to A-fiber neuropathy, 
than conventional 50 Hz SCS, which may be better in allevi-
ating heat hyperalgesia or pain related to C-fiber neuropathy.

Conclusions

�e current study shows that SCS analgesia in SNL rats 
depends on both intensity and frequency of stimulation, 
and high-intensity, kilohertz-level SCS was shown to provide 
earlier inhibition of mechanical hypersensitivity than con-
ventional 50 Hz SCS. Importantly, pain inhibition resulting 
from kilohertz-level and 50 Hz SCS may involve different 
peripheral (afferent conduction property change) and spi-
nal segmental mechanisms (dorsal horn neuronal inhibi-
tion), though the exact mechanisms will require additional 
research.

The authors thank Claire F. Levine, M.S. (Senior Scientific Editor, 

Department of Anesthesiology/CCM, Johns Hopkins University, Bal-

timore, Maryland), for editing the article.

References
 1. Linderoth B, Meyerson BA: Spinal cord stimulation: 

Exploration of the physiological basis of a widely used ther-
apy. ANESthESIoLogy 2010; 113:1265–7

 2. Meyerson BA, Linderoth B: Mode of action of spinal cord 
stimulation in neuropathic pain. J Pain Symptom Manage 
2006; 31(4 suppl):S6–12

 3. guan y: Spinal cord stimulation: Neurophysiological and 
neurochemical mechanisms of action. Curr Pain headache 
Rep 2012; 16:217–25

 4. Lind g, Schechtmann g, Winter J, Linderoth B: Drug-
enhanced spinal stimulation for pain: A new strategy. Acta 
Neurochir Suppl 2007; 97(Pt 1):57–3

 5. yang F, Carteret AF, Wacnik PW, Chung Cy, Xing L, Dong X, 
Meyer RA, Raja SN, guan y: Bipolar spinal cord stimulation 
attenuates mechanical hypersensitivity at an intensity that 
activates a small portion of A-fiber afferents in spinal nerve-
injured rats. Neuroscience 2011; 199:470–80

 6. 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 2009; 147:241–8

 7. gerasimenko yP, Lavrov IA, Courtine g, Ichiyama RM, Dy CJ, 
Zhong h, Roy RR, Edgerton VR: Spinal cord reflexes induced 
by epidural spinal cord stimulation in normal awake rats. J 
Neurosci Methods 2006; 157:253–63

 8. gao J, Wu M, Li L, Qin C, Farber JP, Linderoth B, Foreman RD: 
Effects of spinal cord stimulation with “standard clinical” and 
higher frequencies on peripheral blood flow in rats. Brain 
Res 2010; 1313:53–1

 9. Sluka KA, Bailey K, Bogush J, olson R, Ricketts A: treatment 
with either high or low frequency tENS reduces the second-
ary hyperalgesia observed after injection of kaolin and car-
rageenan into the knee joint. Pain 1998; 77:97–2

 10. Vance Cg, Radhakrishnan R, Skyba DA, Sluka KA: 
transcutaneous electrical nerve stimulation at both high and 
low frequencies reduces primary hyperalgesia in rats with 
joint inflammation in a time-dependent manner. Phys ther 
2007; 87:44–1

 11. Waltz JM: Spinal cord stimulation: A quarter century of devel-
opment and investigation. A review of its development and 
effectiveness in 1,336 cases. Stereotact Funct Neurosurg 
1997; 69(1-4 Pt 2):288–99

 12. Melzack R, Wall PD: Pain mechanisms: A new theory. Science 
1965; 150:971–9

 13. Costigan M, Woolf CJ: No DREAM, No pain. Closing the spi-
nal gate. Cell 2002; 108:297–300

 14. Sluka KA, Judge MA, McColley MM, Reveiz PM, taylor BM: 
Low frequency tENS is less effective than high frequency 
tENS at reducing inflammation-induced hyperalgesia in 
morphine-tolerant rats. Eur J Pain 2000; 4:185–93

 15. Romita VV, Suk A, henry JL: Parametric studies on elec-
troacupuncture-like stimulation in a rat model: Effects of 
intensity, frequency, and duration of stimulation on evoked 
antinociception. Brain Res Bull 1997; 42:289–96

 16. Kim KJ, yoon yW, Chung JM: Comparison of three rodent 
neuropathic pain models. Exp Brain Res 1997; 113:200–6

 17. Maeda y, Ikeuchi M, Wacnik P, Sluka KA: Increased c-fos 
immunoreactivity in the spinal cord and brain following spi-
nal cord stimulation is frequency-dependent. Brain Res 2009; 
1259:40–50

 18. Maeda y, Wacnik PW, Sluka KA: Low frequencies, but not 
high frequencies of bi-polar spinal cord stimulation reduce 
cutaneous and muscle hyperalgesia induced by nerve injury. 
Pain 2008; 138:143–52

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://p

u
b
s
.a

s
a
h
q
.o

rg
/a

n
e
s
th

e
s
io

lo
g
y
/a

rtic
le

-p
d
f/1

1
9
/2

/4
2
2
/2

6
1
7
5
8
/2

0
1
3
0
8
0
0
_
0
-0

0
0
2
8
.p

d
f b

y
 g

u
e

s
t o

n
 0

9
 A

u
g
u
s
t 2

0
2
2



Anesthesiology 2013; 119:422-32 432 Shechter et al.

Kilohertz-level SCS Inhibits Neuropathic Pain

 19. Chaplan SR, Bach FW, Pogrel JW, Chung JM, yaksh tL: 
Quantitative assessment of tactile allodynia in the rat paw. J 
Neurosci Methods 1994; 53:55–3

 20. Dixon WJ: Efficient analysis of experimental observations. 
Annu Rev Pharmacol toxicol 1980; 20:441–62

 21. guan y, Borzan J, Meyer RA, Raja SN: Windup in dorsal 
horn neurons is modulated by endogenous spinal mu-opioid 
mechanisms. J Neurosci 2006; 26:4298–307

 22. guan y, Wacnik PW, yang F, Carteret AF, Chung Cy, Meyer 
RA, Raja SN: Spinal cord stimulation-induced analgesia: 
Electrical stimulation of dorsal column and dorsal roots 
attenuates dorsal horn neuronal excitability in neuropathic 
rats. ANESthESIoLogy 2010; 113:1392–405

 23. Martin WJ, Malmberg AB, Basbaum AI: PKCgamma contrib-
utes to a subset of the NMDA-dependent spinal circuits that 
underlie injury-induced persistent pain. J Neurosci 2001; 
21:5321–7

 24. olsson gL, Meyerson BA, Linderoth B: Spinal cord stimula-
tion in adolescents with complex regional pain syndrome 
type I (CRPS-I). Eur J Pain 2008; 12:53–9

 25. Buvanendran A, Lubenow tJ: Efficacy of transverse tripolar 
spinal cord stimulator for the relief of chronic low back pain 
from failed back surgery. Pain Physician 2008; 11:333–8

 26. Kumar K, taylor RS, Jacques L, Eldabe S, Meglio M, Molet J, 
thomson S, o’Callaghan J, Eisenberg E, Milbouw g, Buchser 
E, Fortini g, Richardson J, North RB: Spinal cord stimulation 
versus conventional medical management for neuropathic 
pain: A multicentre randomised controlled trial in patients 
with failed back surgery syndrome. Pain 2007; 132:179–88

 27. yakhnitsa V, Linderoth B, Meyerson BA: Spinal cord stimula-
tion attenuates dorsal horn neuronal hyperexcitability in a 
rat model of mononeuropathy. Pain 1999; 79:223–33

 28. Li J, Simone DA, Larson AA: Windup leads to characteristics 
of central sensitization. Pain 1999; 79:75–2

 29. Lin Jg, Chen Xh, han JS: Antinociception produced by 2 and 
5 Khz peripheral stimulation in the rat. Int J Neurosci 1992; 
64:15–2

 30. Sluka KA, Walsh D: transcutaneous electrical nerve stimula-
tion: Basic science mechanisms and clinical effectiveness. J 
Pain 2003; 4:109–21

 31. Meyerson BA, Ren B, herregodts P, Linderoth B: Spinal cord 
stimulation in animal models of mononeuropathy: Effects on 
the withdrawal response and the flexor reflex. Pain 1995; 
61:229–43

 32. Wolter t, Kiemen A, Porzelius C, Kaube h: Effects of sub-
perception threshold spinal cord stimulation in neuropathic 
pain: A randomized controlled double-blind crossover study. 
Eur J Pain 2012; 16:648–55

 33. Carter ML: Spinal cord stimulation in chronic pain: A review 
of the evidence. Anaesth Intensive Care 2004; 32:11–1

 34. Kilgore KL, Bhadra N: high frequency mammalian nerve 
conduction block: Simulations and experiments. Conf Proc 
IEEE Eng Med Biol Soc 2006; 1:4971–4

 35. Bhadra N, Lahowetz EA, Foldes St, Kilgore KL: Simulation 
of high-frequency sinusoidal electrical block of mammalian 
myelinated axons. J Comput Neurosci 2007; 22:313–26

 36. Campbell JN: Examination of possible mechanisms by which 
stimulation of the spinal cord in man relieves pain. Appl 
Neurophysiol 1981; 44:181–6

 37. Baron R: Neuropathic pain: A clinical perspective. handb 
Exp Pharmacol 2009; 194:3–30

 38. Song y, Li hM, Xie Rg, yue ZF, Song XJ, hu SJ, Xing JL: Evoked 
bursting in injured Aβ dorsal root ganglion neurons: A mecha-
nism underlying tactile allodynia. Pain 2012; 153:657–65

 39. Kilgore KL, Bhadra N: Nerve conduction block utilising high-
frequency alternating current. Med Biol Eng Comput 2004; 
42:394–6

 40. Joseph L, Butera RJ: high-frequency stimulation selectively 
blocks different types of fibers in frog sciatic nerve. IEEE 
trans Neural Syst Rehabil Eng 2011; 19:550–7

 41. Bhadra N, Foldes EL, Ackermann D, Kilgore KL: Reduction 
of the onset response in high frequency nerve block with 
amplitude ramps from non-zero amplitudes. Conf Proc IEEE 
Eng Med Biol Soc 2009; 2009:650–3

 42. Cuellar JM, Alataris K, Walker A, yeomans DC, Antognini JF: 
Effect of high-frequency alternating current on spinal affer-
ent nociceptive transmission. Neuromodulation. 2012 [Epub 
ahead of print]

 43. Nelson tS, Suhr CL, Freestone DR, Lai A, halliday AJ, McLean 
KJ, Burkitt AN, Cook MJ: Closed-loop seizure control with 
very high frequency electrical stimulation at seizure onset in 
the gAERS model of absence epilepsy. Int J Neural Syst 2011; 
21:163–73

 44. Barchini J, tchachaghian S, Shamaa F, Jabbur SJ, Meyerson 
BA, Song Z, Linderoth B, Saadé 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 2012; 215:196–8

 45. El-Khoury C, hawwa N, Baliki M, Atweh SF, Jabbur SJ, Saadé 
NE: Attenuation of neuropathic pain by segmental and supra-
spinal activation of the dorsal column system in awake rats. 
Neuroscience 2002; 112:541–53

 46. Iwata K, tsuboi y, Shima A, harada t, Ren K, Kanda K, 
Kitagawa J: Central neuronal changes after nerve injury: 
Neuroplastic influences of injury and aging. J orofac Pain 
2004; 18:293–8

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://p

u
b
s
.a

s
a
h
q
.o

rg
/a

n
e
s
th

e
s
io

lo
g
y
/a

rtic
le

-p
d
f/1

1
9
/2

/4
2
2
/2

6
1
7
5
8
/2

0
1
3
0
8
0
0
_
0
-0

0
0
2
8
.p

d
f b

y
 g

u
e

s
t o

n
 0

9
 A

u
g
u
s
t 2

0
2
2


