
Background: Paresthesia-based spinal cord stimulation (SCS) depends upon dorsal column (DC) 
fiber activation to engage pain-relieving neural mechanisms. However, the mechanisms for 10-kHz 
paresthesia-free SCS have not been fully elucidated. Preclinical work has shown selective drive of 
inhibitory dorsal horn neurons, while other hypotheses suggest that DC fibers may be activated. To 
provide clinical data for guiding mechanism work, we analyzed paresthesia perception thresholds 
(PPT) over a range of low to high kHz frequency and compared those values to the stimulation 
parameters from the therapeutic 10-kHz SCS programs used by patients.  

Objective: The goal of this study was to provide clinically relevant stimulation parameters for 
translational mechanism work.

Study Design: Retrospective chart review of technical data collected during baseline evaluation 
from two prospective clinical studies.

Setting: Acute outpatient follow-up.

Methods: Data were extracted from study files of enrolled patients who had used fully implanted 
SCS for at least 3 months with leads positioned in the epidural space at the T8-T11 vertebral levels 
to treat their chronic intractable back and/or leg pain. PPTs had been measured using a bipole 
program at 10 kHz at pulse width (PW) = 30 µs, and at 50 Hz, 500 Hz, 1 kHz, and 5 kHz at PW = 
80 µs. Therapeutic stimulation amplitudes for 10 kHz at 30 µs were obtained from patients’ IPG 
log files at the time of study enrollment.

Results: PPTs were obtained from 23 patients with failed back surgery syndrome (11 M/ 12 F; 
60 ± 15 years old). PPTs at PW = 80 µs were PPT (50 Hz) = 7.9 (5.7 - 9.7) mA, PPT (500 Hz) = 7.0 
(5.2 - 9.1) mA, PPT(1 kHz) = 7.0 (5.5 –-8.5) mA, and PPT (5 kHz) = 6.1 (4.1- 7.9) mA; all higher 
frequencies had statistically significantly lower PPTs than PPT(50 Hz at 80 µs). For 10 kHz at 30 µs, 
the PPT was higher than 15 mA for 13 (56%) of the subjects; for the remaining 44%, the PPT =  
8.3  ± 4.0 mA was statistically significantly larger than the therapeutic stimulation pulse amplitudes 
= 2.4 ± 0.4 mA. 

Limitations: Retrospective chart review, small number of patients.

Conclusions: Therapeutic 10-kHz SCS uses stimulation amplitudes far lower than the PPT, providing 
evidence that therapeutic 10-kHz SCS does not activate dorsal column axons.  Additionally, the 
PPT decreases with increasing kHz frequency, suggesting that a presumed asynchronous pattern of 
activation from kHz stimulation does not raise the threshold at which sensation occurs.
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SSpinal cord stimulation (SCS) has been used to 
treat chronic intractable pain for over half a 
century. The technique’s first clinical applications 

were derived from Melzack and Wall’s gate control 
theory, which hypothesized that the activation of large 
diameter afferent fibers that mediated innocuous 
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sensation would in turn drive inhibitory interneurons 
in the spinal dorsal horn, which ideally would lead 
to reductions in the firing of pain-projecting central 
neurons (1,2). Activation of those large A beta fiber 
collaterals in the dorsal columns (DC) and dorsal roots of 
the spinal cord generates a paresthesia, experienced as 
an abnormal sensation, often described as a “tingling” 
or “buzzing” (3).  

The amplitude and pulse width of the SCS stimula-
tion pulses are the predominant factors in determining 
the activation of the dorsal column and dorsal root 
fibers. The paresthesia perception threshold is typically 
defined as the minimum stimulation pulse amplitude 
(at a given pulse width) at which paresthesia is first 
reported by the patient (4,5). As the stimulation pulse 
amplitude increases above this threshold, more dorsal 
column and/or dorsal root fibers are recruited, and the 
perceived paresthesia spreads over wider regions of the 
body and grows stronger in perceived intensity. In tra-
ditional SCS, the primary technical outcome of an SCS 
procedure is to generate a paresthesia that maximally 
overlaps the patient’s painful areas, a process that has 
been demonstrated to maximize the patient’s pain 
relief. Critically, paresthesia-pain overlap needs to be 
achieved with paresthesia that is relatively comfort-
able: if the perceived strength of the sensation be-
comes too intense before adequate overlap is achieved, 
then the therapy may be a technical failure, since the 
patient will not allow the stimulation amplitude to be 
increased to a level that achieves pain coverage (6-8).

Even if good paresthesia-pain overlap is achieved 
at a stimulation amplitude that yields comfortable 
paresthesia intensity, postural challenges from the 
activities of daily living can alter the intensity and dis-
tribution of paresthesia (9-11). As the patient changes 
body positions during the day and evening, the spinal 
cord moves within the thecal sac to positions closer and 
farther from the stimulating contacts, and the fixed-
amplitude SCS correspondingly recruits either a greater 
or lesser number of dorsal fibers (12).  This phenomenon 
can distinctly alter the intensity of paresthesia sensa-
tion, from overly strong or “shocking” to very weak.  
Technologies have been developed to better control 
the intensity of paresthesia: in a situation analogous 
to “cruise control” in an automobile, the stimulation 
pulse amplitude is adjusted automatically by the de-
vice based on a measured signal that varies with the 
posture (e.g., the evoked compound action potential 
of spinal dorsal fiber activation or a device-mounted 
posture-sensitive accelerometer). These “closed-loop” 

solutions are intended to stabilize the intensity of the 
paresthesia to retain comfort for the patient while us-
ing traditional SCS (13-15).  

Because of these challenges involved in paresthesia 
generation and management, various SCS stimula-
tion strategies have been attempted in recent years to 
achieve pain relief while minimizing the perception of 
stimulation-induced paresthesia. The most well-studied 
strategy is 10-kilohertz (kHz) SCS, which is “paresthesia-
independent”: stimulation-induced paresthesia has no 
role in therapeutic programming, leads are positioned in 
the epidural space via anatomic landmarks, stimulation 
programs are administered via standardized algorithms 
instead of paresthesia-pain overlap, and the patient 
never experiences paresthesia at any time during daily 
or nightly use (16-23). These frank clinical differences 
from low-frequency, paresthesia-based SCS suggest 
that paresthesia-free high-kHz SCS works via different 
mechanisms.

The mechanistic bases of high-kHz SCS have not 
been fully clarified; preclinical work has suggested that 
10-kHz SCS can drive inhibitory interneurons selectively 
while avoiding excitatory interneurons in the spinal 
dorsal horn at stimulation amplitudes that do not acti-
vate dorsal columns (24,25). Other studies focusing on 
the molecular effects of low-intensity 10-kHz SCS have 
observed lower levels of MAPK proteins and reduced 
spinal glutamate release in the dorsal horn (26,27).  

Preclinical and computational modeling studies us-
ing 10-kHz SCS at higher stimulation amplitudes have 
shown activation of both inhibitory and excitatory dor-
sal horn neurons, possibly due to some dorsal column 
recruitment, with a net effect of suppression (28-30).  
Other preclinical and modeling work has yielded hy-
potheses suggesting that dorsal column axons might 
be activated at high-kHz settings without causing a 
patient to experience paresthesia due to the relative 
inefficiency of synaptic transmission from the stimula-
tion-induced stochastic firing pattern (31).  

Given the variability of proposed mechanisms us-
ing different stimulation parameter ranges, it is there-
fore critical to understand and utilize clinically relevant 
parameters when performing translational mechanism 
work. In this study, we analyzed clinical paresthesia 
perception thresholds over a range of low-to-high-
kHz frequency, and we compared these values to the 
stimulation parameters from the therapeutic high-kHz 
programs used by patients. From these results, we hope 
to provide better guidance for mechanism work for 
high-kHz SCS.
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Methods

This study is a retrospective chart review of unpub-
lished technical data collected during baseline evalua-
tion from 2 prospective clinical studies conducted at 7 
sites in the United States and one site in Australia. For 
the clinical studies, all sites obtained investigational re-
view board or ethics committee approvals (as appropri-
ate to the country of the site), and all patients provided 
informed consent (DC Study: ISRCTN54708653, WIRB 
Study # 1171857; DOSE Study: WIRB Study #1162195). 
The studies were conducted in accordance with local 
clinical research and data protection regulations, good 
clinical practice guidelines ISO14155, and the Declara-
tion of Helsinki.

Device Description
The rechargeable Senza SCS system (Nevro Corp.) 

received the CE Mark in 2010, approval from the Aus-
tralian Therapeutic Goods Administration in 2011, and 
U.S. Food and Drug Administration approval in 2015 
for use in the management of chronic intractable pain 
of the trunk and/or limbs. This system delivers electri-
cal stimulation to the spinal cord through the use of 
a fully implantable pulse generator (IPG) and epidural 
leads, which carry 8–16 platinum iridium electrodes. Al-
though this system can deliver stimulation frequencies 
from 2 Hz to 10 kHz, only paresthesia-free 10-kHz SCS 
using a pulse width (PW) of 30 µs (hereafter referred 
to as “therapeutic 10-kHz SCS”) was provided in the 
present studies for therapeutic purposes. All other 
tested frequencies were administered only acutely in 
the clinic under experimental conditions as part of the 
study protocols.

Procedures
For the studies, candidates were identified from 

existing patients who were using fully implanted 
therapeutic 10-kHz SCS at each clinical site. These pa-
tients were screened consecutively. Those who signed 
the informed consent form underwent evaluations to 
determine their eligibility based on the inclusion and 
exclusion criteria of the particular study for which they 
were considered. Patients meeting all the inclusion cri-
teria and none of the exclusion criteria for the relevant 
study were enrolled. The common inclusion/exclusion 
criteria for all studies are listed in Table 1, including 
criteria for this retrospective analysis. Inclusion/exclu-
sion criteria that were unique to different studies did 
not confound the goals, analyses, or conclusions of this 
post facto analysis.

Data Collection

Clinical Data
Baseline data included patient demographics, 

duration of pain, duration of implant prior to study 
entry, distribution of pain, pain diagnoses, and nu-
meric rating scale (NRS) pain intensity scores using 
therapeutic 10-kHz SCS at study entry. An NRS score 
of 0 indicated “no pain,” and 10 indicated “worst pos-
sible pain.”

Paresthesia Thresholds and Therapeutic 
Stimulation Pulse Amplitudes

During baseline evaluation, paresthesia percep-
tion thresholds (PPT) were measured with each pa-
tient in a seated position, using a modified method 
of limits (32). The stimulation contact combination 
consisted of an 8-mm bipole from the patient’s “fa-
vorite program,” generally located near the T9-T10 
disc space. The algorithm for PPT measurements was 
as follows: first, an attempt was made to measure the 
PPT at 10 kHz at a PW of 30 µs. Next, the stimulation 
PW was changed to 80 µs, and PPTs were measured 
at each of the following frequencies: 50 Hz, 500 Hz, 
1 kHz, and 5 kHz. The incremental amplitude step 
size for all threshold measurements was 0.1 mA. To 
avoid carry-over effects of paresthesia, after each 
measurement, stimulation was turned off immedi-
ately and at least one minute elapsed between the 
next measurement.

The pulse amplitudes for the patient’s therapeutic 
10-kHz SCS program were collected from program us-
age logs that were uploaded from their IPG at the time 
of enrollment.

Analyses
Descriptive statistics were calculated for each 

analyzed variable, including the number of obser-
vations, proportions, mean, median, and standard 
deviation. Data are generally reported as mean ± SD 
or median (25%ile – 75%ile) as appropriate to the 
data distribution. The normality and symmetry of 
the data were evaluated by the Shapiro-Wilk test, 
and where appropriate, parametric (e.g., analysis of 
variance [ANOVA]) and nonparametric (e.g., Kruskal-
Wallis and Mann-Whitney) methods were used. Pear-
son’s correlation was used to assess the strength of 
relationship between variables. A P-value less than 
or equal to 5% (P < 0.05) was considered statistically 
significant.  
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Results

Patients
PPTs were measured in 27 patients. Four patients 

did not have complete data sets and were removed 
from the analysis. For the 23 patients analyzed, demo-
graphics and clinical characteristics were as shown in 
Table 2.

Thresholds

10-kHz Stimulation
For therapeutic 10-kHz SCS, we found a mean stimu-

lation pulse amplitude of 2.4 ± 0.4 mA. During acute test-
ing to find the PPT (10 kHz at 30 µs), only 44% (10/23) 
of patients reported paresthesia at or below 15 mA, the 
maximum output of the stimulator. For these patients, the 

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

1. Have been diagnosed with chronic, intractable back pain with or 
without leg pain secondary to failed back surgery syndrome (FBSS).

1. Have a medical condition or pain in other area(s), not intended 
to be treated with SCS, that could interfere with study procedures 
or accurate pain reporting, and/or confound evaluation of study 
endpoints, as determined by the Investigator.

2. Have been implanted with the Nevro® Senza° SCS system with dual 
leads, approximately over vertebrae T8-T11, for at least 3 months, and 
are using the system with single-area, continuous 10-kHz stimulation 
programs at least 18 hours daily, as determined by subject reporting 
and confirmation via device diagnostics, for at least 21 days prior to 
enrolling in this study.

2. In the opinion of the investigator, have an active disruptive 
psychological or psychiatric disorder or other known condition 
significant enough to impact perception of pain, compliance with 
intervention, and/or ability to evaluate treatment outcome.

3. If taking them, be on stable chronic pain medications, as 
determined by the Investigator, for at least 28 days prior to enrolling 
in the study and be willing to stay on those medications with no dose 
adjustments until study completion or study withdrawal, whichever 
comes first.

3. Have a current diagnosis of a progressive neurological disease 
such as multiple sclerosis, chronic inflammatory demyelinating 
polyneuropathy, rapidly progressive arachnoiditis, rapidly progressive 
diabetic peripheral neuropathy, brain or spinal cord tumor, central 
deafferentation syndrome, complex regional pain syndrome, or acute 
herniating disc, as determined by the investigator.

4. Be 18 years of age or older at the time of enrollment. 4. Have any clinical evidence of mechanical instability or progressive 
neurologic pathology that warrants surgical intervention.

5. Be willing and able to comply with study-related requirements, 
procedures, and visits.

5. Have undergone an interventional procedure and/or surgery to treat 
back or leg pain other than Senza® HF10 therapy in the last 30 days.

6. Be capable of subjective evaluation, able to read and understand EC- 
or IRB-approved written questionnaires, and able to read, understand, 
and sign the EC- or IRB-approved written informed consent, all of 
which will be in Australian English (for AU) or American English (for 
US).

6. Have a condition currently requiring or likely to require diathermy.

7. Be compliant in using the patient programmer and recharger as 
determined by the Investigator.

7. Have metastatic malignant disease or active local malignant disease.

8. As determined by the investigator, be compliant in adjusting 
programs using the device remote control.

8. Have a life expectancy of less than one year.

9. Considering daily activity and rest, report a recall average back pain 
relief of > 50% compared with pre-implant and a recall average NRS 
score of < 5 for back pain during the previous 14 days prior to study 
enrollment.

9. Have an active systemic or local infection.

10. Have complete algorithmic testing of PPTs for 50 Hz, 500 Hz, 1 
kHz, and 5 kHz using 80 µs and 10 kHz using 30 µs.

10. Be pregnant (if female and sexually active, patient must be using 
a reliable form of birth control, surgically sterile, or at least 2 years 
postmenopausal).

11. Have an accessible IPG log file documenting the stimulation 
program usage amplitude during the time of study enrollment.

11. Have, within 6 months of enrollment, a significant untreated 
addiction to dependency-producing medications or have a history of 
substance abuse (including alcohol and illicit drugs).

12. Be concomitantly participating or plan to participate in another 
clinical study overlapping in time with the present clinical study.

13. Have an existing drug pump and/or another active implantable 
device (switched on or off) such as a pacemaker or other non-Senza° 
SCS device.
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PPT (10 kHz at 30 µs) was 8.3 ± 4.0 mA; this measurement 
was statistically significantly higher than their therapeutic 
10-kHz SCS pulse amplitude (P = 0.001) (Fig. 1).

As a metric for assessing the likelihood of dorsal 
column (DC) activation during therapeutic 10-kHz SCS, 
we calculated the ratio of the amplitude of therapeutic 
10-kHz SCS to the acutely measured PPT (10 kHz at 30 
µs). For the patients who reported paresthesia using 10 
kHz at 30 µs, this ratio was 37 ± 21 %. However, over 
half of the patients had a PPT (10 kHz at 30 µs) that 
was greater than 15 mA. If we conservatively assume 
that the PPT (10 kHz at 30 µs) was 15.1 mA for these 
56% of patients, we can pool the data for all patients 
to estimate the maximum possible ratio of therapeutic 
10-kHz SCS amplitude to the PPT (10 kHz at 30 µs) to 
be 25 ± 17%.

To assess if the stimulation amplitude for thera-
peutic 10-kHz SCS was related to the distance between 
the electrodes and the spinal cord, we took advantage 
of the fact that the paresthesia threshold might be 
considered as a rough surrogate of this distance (33). 
We calculated but found no significant correlation be-
tween the PPT (50 Hz at 80 µs) and the amplitude for 
therapeutic 10-kHz SCS across patients (r[23] = 0.16, P = 
0.45) (Fig. 2). We also found no significant correlation 
between the NRS scores for the patients’ back and leg 
pain and the PPT (50 Hz at 80 µs) (rBack[23] = -0.17, P = 
0.44; rLeg[19] = -0.04, P = 0.87). 

Table 2. Demographics and clinical conditions of  analyzed 
patients. 

*Patient could have more than one additional diagnosis.

Demographics of  Analyzed Patients

Gender, M/F, n 11/12

Age, y 60 ± 15

Pain duration, y 9 ± 7

Implant duration before study entry, y 1.9 ± 1.7

Pain scores at study entry

Back pain 2.2 ± 1.5

Leg pain 1.6 ± 1.2

Distribution of leg pain, n

Unilateral 11

Bilateral 8

None 4

Other Diagnoses*, n

Radiculopathy 17

Mild/moderate spinal stenosis 12

Degenerative disc disease 12

Spondylosis 6

Neuropathic pain 5

Spondylolisthesis 4

Lumbar facet-mediated pain 2

Sacroiliac dysfunction 1

Internal disc disruption/annular tear 1

Other chronic pain 6

Fig. 1. Comparison of  therapeutic 10-kHz SCS pulse amplitudes for patients with PPT (10 kHz at 30 µs) below and above 
the maximum output (15 mA) of  the implantable pulse generator (IPG).
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Variation in PPT with Frequency   
Using a PW = 80 µs, all 23 patients reported par-

esthesia below 15 mA for all tested frequencies up to 
5 kHz.  We found the following: PPT (50 Hz at 80 µs) = 
7.9 (5.7 – 9.7) mA, PPT (500 Hz at 80 µs) = 7.0 (5.2 – 9.1) 
mA, PPT (1 kHz at 80 µs) = 7.0 (5.5 – 8.5) mA, and PPT (5 
kHz at 80 µs) = 6.1 (4.1- 7.9) mA. After the PPTs for 500 
Hz, 1 kHz, and 5 kHz to the PPT (50 Hz at 80µs) were 
normalized for each patient, the relative PPTs across 
frequencies were compared using the Kruskal-Wallis 
test, with post-hoc Nemenyi and Q-tests to compare 
inter-frequency PPT differences. This analysis revealed 
that the PPT was statistically significantly different 
with varied frequency (H [3] = 36.8, P < 0.001), and the 
relative PPT for higher frequencies were statistically 
significantly lower than the PPT (50 Hz at 80 µs) (Fig. 3).

Discussion

Relationship of Paresthesia Perception Threshold 
to Stimulation Amplitude

Recent SCS strategies seeking to reduce or 
eliminate paresthesia have used lower frequencies 
or alternative waveforms, with varying degrees of 
clinical success (34-39). The mechanistic bases for these 
strategies are still under exploration. Because these 
strategies intend to avoid generating paresthesia, they 
most likely deliver stimulation at some level below 
the DC activation threshold, since the DC fibers are 
predominantly responsible for paresthesia sensation, 

and their activation threshold is essentially the same 
as the clinical paresthesia threshold (3,14,40). For the 
purposes of translation and hypothesis generation, it is 
thus important to understand the PPT for any strategy 
and the relative percentage of PPT at which a thera-
peutic current is clinically programmed to be able to 
infer whether the DC fibers are being stimulated and 
therefore play a role in pain relief.  

For 10-kHz SCS, a recent publication reported that 
only 20% of tested patients reported a PPT (10-kHz at 
30 µs) and that the mean threshold for these patients 
was 7.1 ± 4.8 mA (4). In this study, we found that 44% 
of patients reported a PPT below 15 mA where the 
mean PPT (10 kHz at 30 µs) was 8.3 ± 4.0 mA.  Dif-
ferences between these data are perhaps due to the 
different test conditions and implanted state of the 
patients: the former study was performed during the 
temporary SCS trial, while our results were tested on 
patients who had been implanted with permanent IPGs 
for many months. Nonetheless, the results both studies 
are in gross agreement and suggest that most chronic 
low back pain patients with leads in the middle or low 
thoracic epidural space will not experience paresthesia, 
even at the maximum pulse amplitude (15 mA) of the 
stimulator.

The mechanistic implications of these results are 
important. For all patients, we found the average 
therapeutic 10-kHz SCS stimulation amplitude to be 2.4 
± 0.4 mA, in keeping with previous reports from large-

Fig. 2. Correlation of  paresthesia threshold [PPT (50 Hz at 80 µs)] to pain scores and amplitudes of  therapeutic 10-kHz 
SCS
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scale, long-term randomized controlled trials (16,18). 
Based on this finding, the maximum possible ratio of 
therapeutic 10-kHz SCS amplitude to the PPT (10 kHz at 
30 µs) is approximately 25%. This very low therapeutic 
intensity provides a rational explanation for the lack of 
paresthesia experienced during the use of therapeutic 
10-kHz SCS and why patients typically use this proce-
dure 24 hours each day and do not need their remote 
controls to adapt the stimulation amplitude to their 
activities of daily living (41). Additionally, 10-kHz SCS 
is “paresthesia-independent,” since contact combina-
tions from which therapeutic 10-kHz SCS is successfully 
delivered generate little or no paresthesia-pain overlap 
(when programmed to generate paresthesia) (22). In 
summary, these clinical results suggest strongly that 
the mechanism of 10-kHz is not mediated by DC axon 
activation.

Relationship of Paresthesia Perception Threshold 
to Frequency

Computational models have been employed to 
evaluate the axon activation threshold and have sug-
gested that the threshold is reduced as the frequency 
increases into the kHz range (42,43) (Fig. 4). This effect 
has also been seen in preclinical and clinical settings (44-
46). The decrease in the activation threshold is attrib-
uted to a form of “membrane temporal summation,” 
which occurs when a train of stimulation pulses (each 
“subthreshold” to the single-pulse or low-frequency-
pulse threshold) is delivered to the axon. In its simplest 
form, with each delivered subthreshold pulse, the neu-

ral membrane voltage is slightly depolarized, though 
not enough to generate an action potential. If the time 
between the stimulation pulses is long relative to the 
membrane relaxation time constant, the effect of prior 
subthreshold stimulation pulses is nil or negligible, so 
each pulse is effectively acting on a membrane near or 
at resting potential. As the frequency is increased, the 
time between stimulation pulses is decreased, allowing 
for the effect of each new subthreshold pulse to build 
on the summed residual effect of prior subthreshold 
pulses. The net effect is a “ratcheting” up of the mem-
brane potential toward the threshold; once the thresh-
old is reached, the neuron will fire an action potential.

Computational models have also suggested that the 
pattern of activation in the kHz range becomes highly 
variable due to differences in refractory period response 
and pulse timing and that these effects occur at and 
above the activation threshold (42,47,48). It has recently 
been hypothesized that the PPT from DC activation may 
be dependent upon this pattern of neural activation (31). 
In particular, since DC fibers cannot reliably follow stimu-
lation rates above a few hundred hertz, the resulting 
pattern of activation may be less synchronized at higher 
frequencies, which may result in less efficient transmis-
sion through the DC nuclei, the thalamus, and ultimately 
the sensory cortex, where paresthesia perception is con-
sciously appreciated. The clinical manifestation of this 
compromised supratentorial transmission might then be 
an elevated PPT at these higher frequencies. Meanwhile, 
the antidromic neural traffic that would influence the 
spinal segmental circuitry involved in pain relief may still 

Fig. 3. Absolute and relative variation in PPT at fixed pulse width = 80 µs. *** = P < 0.001.
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be retained, thus resulting in DC-mediated pain relief 
without paresthesia.  

However, we observed that stimulation frequen-
cies above 50 Hz were associated with significant 
reduction in PPT to a much greater degree than were 
lower frequencies. For the pattern hypothesis, Sagala-
jev et al reported electrophysiologic data from animals 
and computational modeling data, but the study’s hu-
man data were based on only a single patient. Here, we 
provide systematic clinical data from 23 patients that 
do not support the concept that higher kHz frequen-
cies would increase the PPT; in contrast, higher kHz 
frequencies make paresthesia perception more likely 
(at the same stimulation amplitude and PW). This find-
ing suggests that membrane temporal summation is 
more important for the PPT than the pattern of activa-
tion. Clinical microneurography and microstimulation 
studies suggest why this may be so: in focal peripheral 
nerve stimulation with intraneural microelectrodes, it 
was shown that a single action potential in one or very 
few fibers was responsible for human percept, indi-
cating a robust receptor-to-cortex pathway for touch 
(49-51). Thus, it seems more likely that the pattern of 
dorsal column activation plays a role in other aspects of 
paresthesia, such as the quality and/or perceived body 
distribution of the sensation itself (52).

In this study, we observed a statistically significant, 
ever-decreasing change in PPT as the stimulation fre-
quency was increased above 50 Hz to 500 Hz, 1 kHz, 
and 5kHz. In another recent clinical study, decreases in 
paresthesia thresholds were not observed in the test-
ing of PPTs using a fixed PW of 60 µs and increasing 
frequencies of 600 Hz, 1.2 kHz, and 2.4 kHz (4). Once 
again, differences in the patients’ experiences with SCS 
and study methodology may have resulted in the dif-
ferent outcomes. We also note that the reduction in 
the threshold up to ~1 kHz was only 10% but was twice 
that at 5 kHz (~21%). Data from human peripheral 
nerve studies also suggest that higher kHz frequencies 
will yield a much larger reduction in threshold, where 
a decrease in activation threshold was more profound 
for frequencies above 2.5 kHz (53).  

Other investigators have studied the SCS PPT with 
respect to stimulation pulse frequency. Abejon et al 
(54) focused on a lower frequency range (40 - 1200 
Hz), utilized a much higher PW setting (300 µs) than 
we did (80 µs) as well as different manufacturers’ IPGs, 
and employed each patient’s therapeutic contact com-
bination, whereas we used a fixed bipole. Abejon et 
al (54) observed a distinct and large (~70%) reduction 
of stimulation thresholds in the 40 - 1200 Hz range. 
In contrast, we observed a much smaller (~9%), non-

Fig. 4. Cartoon of  membrane temporal summation with frequency. Using low frequencies (e.g., 50 Hz in left panel), each 
subthreshold pulse depolarizes the membrane slightly while the stimulation pulse is delivered, but when the pulse has ended, the 
membrane potential decays back to the resting membrane potential value. Thus, it takes higher stimulation pulse amplitudes 
to depolarize the neuron using single pulses at low frequencies. With high kHz frequencies (e.g., 5000 Hz, as in right panel), 
the pulse delivery is much faster; after each subthreshold stimulation pulse, the axon membrane potential does not fully return 
to the resting value before the next pulse arrives. This phenomenon allows each subsequent pulse to build on the residual 
membrane potential from the prior pulses, and the result is a slow “ratcheting” up of  the membrane potential until it reaches 
the action potential threshold and then the neuron fires.  In this way, fast (e.g., high-kHz) delivery of  subthreshold pulses can 
generate action potentials at lower stimulation pulse amplitudes. (Figure after Neudorfer et al [45].)
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significant difference between 50 Hz and 500 Hz or 
1000 Hz. Our stimulation threshold for 50 Hz at 80 µs 
was approximately 7.9 mA, in good agreement with 
Yearwood et al (55), while the PPT seen by Abejon et 
al (54) for 40 – 60 Hz at 300 µs was nearly 7 mA, ap-
proximately 56% higher than the corresponding value 
from Yearwood et al. Notably, in a separate study of 
the effects of PW in the same clinic, the PPT at 50 Hz 
at 80 µs was ~ 14mA, and 50 Hz at 300 µs was ~ 6.5mA, 
again much higher than found by Yearwood et al. The 
reasons for these discrepancies are not clear but may 
be attributable to methodological differences between 
the studies.

Finally, we observed that there was no correlation 
between the therapeutic 10-kHz SCS value used by pa-
tients and their PPT (50 Hz at 80 µs). In traditional par-
esthesia-based SCS, in which the PPT is strongly depen-
dent on the distance between the spinal cord and the 
electrodes, the therapeutic amplitude is thus correlated 
to this distance. With 10-kHz SCS, however, we found 
that the therapeutic amplitude was in a relatively nar-
row range (1.5 - 3.5 mA) while the PPT (50 Hz at 80 µs) 
varied widely.  Additionally, there was no correlation of 
the therapeutic 10-kHz SCS pain relief scores for each 
patient’s back or leg to the PPT (50 Hz at 80 µs). This, 
coupled with the mean back and leg pain relief scores 
of 2.2 and 1.6, respectively, indicates that patients got 
good relief with these stimulation amplitudes despite 
likely having a distinctly variable distance between the 
electrodes and the cord.

Limitations
This study was a retrospective chart review of 

paresthesia thresholds collected as observational data 
within the context of 2 clinical studies. Since these stud-
ies had different goals that were not necessarily related 
to the paresthesia threshold, these data were not cap-
tured with the intent of assessing therapeutic effects 
of paresthesia and frequency. Nonetheless, these data 
were collected systematically by trained personnel 
using predefined procedures. We therefore have con-
fidence in the accuracy of the measured thresholds. 
This analysis was also conducted on a limited number 
of patients; thus, the small sizes of the studies (n = 31 
and n = 13) from which the data were drawn and the 
fact that thresholds were not obtained in all enrolled 
patients may introduce bias to the results.

We did not capture qualitative aspects of the 

experienced paresthesia, which might have provided 
some insight into the different perceived patterns of 
the activation from different frequencies. Because the 
hypothesis regarding the pattern of dorsal column acti-
vation is related to the paresthesia threshold, however, 
this omission does not necessarily limit the conclusions 
of our analysis.

Conclusions

We found that the stimulation amplitude for 
therapeutic 10-kHz SCS was far lower than the pares-
thesia perception threshold using the same stimulation 
settings, providing evidence that therapeutic 10 kHz 
SCS did not activate dorsal column axons. Addition-
ally, we measured that the paresthesia threshold 
decreased with increasing kHz frequency, suggesting 
that a presumed asynchronous pattern of activation 
did not raise the threshold at which sensation occurs. 
Finally, we observed no correlation among paresthesia 
threshold (a surrogate measure of electrode-to-spinal-
cord distance), pain relief, and therapeutic 10-kHz SCS 
thresholds. These clinical findings further underscore 
that therapeutic 10-kHz SCS appears to be “paresthe-
sia-independent” and that hypotheses for high-kHz 
mechanisms should be predominantly guided by clini-
cal responses.
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