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Abstract

Objective. Chronic pain remains a serious public

health problem worldwide. A spinal cord stimulation

(SCS) therapy called HF10 SCS uses 10-kHz high-

frequency stimulation to provide pain relief without

paresthesia. In this article, we describe the therapy,

device, and the methods of implant and then review

the safety and effectiveness data for this therapy.

Results. HF10 SCS uses a charge-balanced stimu-

lation waveform that has been shown to be safe in

both animal and human studies. Data from a multi-

center, prospective clinical trial shows that the
therapy provides substantial back and leg pain
relief. Numerous additional reports suggest
improved pain relief in other body areas and for
complex pain patterns, even for patients who have
previously failed other neuromodulation therapies.

Conclusions. The clinical experience reported in
this article supports the efficacy and pain relief pro-
vided by HF10 SCS therapy. Clinical studies have
also concluded that HF10 SCS does not generate
paresthesia nor was it necessary to provide
adequate coverage for pain relief. As clinical evi-
dence accumulates and technological innovation
improves patient outcomes, neuromodulatory tech-
niques will be sought earlier in the treatment con-
tinuum to reduce the suffering for the many with
otherwise intractable chronic pain.

Key Words. Axial Back Pain; Low Back Pain;
Chronic Pain; Failed Back Surgery Syndrome; High-
Frequency Stimulation; Spinal Cord Stimulation;
HF10

Background

Chronic pain remains a serious public health problem. A
recent survey estimates that almost one in five (19%)
adults in Europe suffer from chronic pain with almost
two-thirds of chronic pain patients reporting inadequate
pain control at times [1]. The economic burden associated
with chronic pain is substantial. For example, an analysis
by Maniadakis and Gray [2] showed that in the UK, back
pain, with an annual indirect cost exceeding £10 billion,
imposed a greater economic burden than any other
disease for which an economic analysis has been calcu-
lated. A recent report by the Institute of Medicine esti-
mates that chronic pain affects approximately 100 million
adults in the United States with a cost of $560–635 billion
annually. Other countries show similar high numbers of
prevalence and cost burdens [3].

Spinal cord stimulation (SCS) is an accepted cost-
effective treatment option for chronic pain [4–7]. SCS is
typically recommended after conventional medical
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management and/or back surgery has failed. SCS has the
advantages of being reversible and less invasive than sur-
geries and may cause fewer issues over time than long-
term pharmacological treatments, therefore causing some
to call for its use earlier in the treatment continuum [8].

Nevertheless, traditional SCS therapy still has limitations.
The objective of traditional SCS is to induce comfortable
paresthesia, tingling sensations, that overlap the existing
distribution of pain by modulating neuronal activity [9]. The
success of traditional SCS in relieving pain has been cor-
related to the coverage of paresthesia over the painful
body area(s), as well as patient acceptance of the induced
sensations [10]. Creating the desired paresthesia cover-
age can be difficult, particularly for back pain patients [11].

Some patients find SCS-induced paresthesia to be
uncomfortable. Furthermore, paresthesia variability can
also increase with postural changes and body movement
to the point of discomfort or in other cases diminishing to
subtherapeutic levels [12]. Obtaining and maintaining par-
esthesia over certain areas of pain and/or treating
complex pain can be difficult [13]. Many technological
advances have been introduced to address these short-
comings of SCS therapy, primarily seeking to provide
better paresthesia overlap of difficult body targets, such as
the low back [10,14–19], but with limited success [11,20–
23]. Providing pain relief for these hard-to-treat areas
remains a challenge.

An SCS system capable of delivering stimulation frequen-
cies up to 10 kHz has been developed (SenzaVR SCS
system, Nevro Corp, Menlo Park, CA, USA). It delivers
HF10

TM

SCS therapy, a therapy that uses proprietary
waveform with stimulation frequencies up to 10 kHz. In

contrast to other currently available systems that use fre-
quencies in the range of 50 Hz, this innovation does not
require or produce paresthesia to achieve clinical efficacy
[24]. Multicenter, prospective, open-label studies in
patients in the United States [24] and the EU [25] have
been conducted, in which evidence has been generated
suggesting safety and long-lasting pain relief of HF10 SCS
therapy.

Since its European regulatory approval in 2010, the Senza
system has been implanted in over 2,000 patients. The
device is approved in Europe and Australia for the man-
agement of chronic intractable pain of the trunk and/or
limbs and is currently in preapproval clinical trials in the
United States. In this report, we summarize the device, the
implanting and programming procedures, as well as
review the available clinical safety and effectiveness data.
Lastly, implications on future pain management practice
are discussed. The focus of this report is to provide a
descriptive summary of an approved device and an up-to-
date review of the current published clinical experience,
rather than to address mechanisms of action, or com-
parative efficacy with other treatment modalities.

Overview of HF10 SCS Therapy

HF10 SCS is SCS provided at a much higher frequency
than traditional SCS systems. The HF10 SCS waveform
consists of a biphasic charge-balanced pulse train with
pulse widths usually set to 30 msec and a pulse rate of
10 kHz. Table 1 shows a comparison of HF10 SCS with
traditional SCS.

Table 1 Comparison of HF10 SCS with traditional SCS

System HF10 SCS Traditional SCS

Typical pulse width

(msec)

30 400

Typical stimulation rate

(Hz)

10,000 40

Typical stimulation

location for back pain

T9-T10 T8

Typical stimulation

location for neck and

arm pain

C2-C4 C2-C7

Typical amplitude for

back pain (mA)

1–5 4–6

Implant procedure Leads placed by anatomical landmarks

Patient under continual sedation

Leads placed based on verbal patient feedback

Patient provides feedback on paresthesia

coverage

Intraoperative programming and lead repositioning

often required

Stimulation trial Clinical goal is to reduce pain Clinical goal is to reduce pain by achieving

technical goal (cover pain with paresthesia)

SCS 5 spinal cord stimulation.

HF10 SCS Clinical Summary
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Implant Procedure

Under fluoroscopic guidance, stimulation leads are placed
according to anatomical landmarks. Leads are placed in
the midline epidural space with a staggered offset to cover
the target areas in a contiguous fashion. For back and leg
pain, the first electrode of one lead is usually placed at the
top of the T8 vertebra and the last electrode of the second
lead placed at the bottom of the T11 vertebra with some
overlap of the leads at the T9/T10 disc. For neck and arm
pain, the electrodes are placed along the C2–C7 verte-
brae. These positions have been determined by empirical
observations to be effective. The overlap provides some
protection against lead migration, which can be especially
common during the trial phase. This large span is provided
by SCS octopolar leads that have 5-mm spacing between
the contact edges. The anatomy-based surgical place-
ment simplifies the implant procedure compared with
traditional SCS, where the physician must take time to
position the leads to assure that stimulation from the
electrodes covers the patient’s painful areas with pares-
thesia. This process often referred to as “paresthesia
mapping” involves changing sedation and verbally inter-
acting with the patient to discuss perceived sensations.
The physician often must physically move the leads and
perform intraoperative programming with the aid of a tech-
nician to optimize paresthesia distribution and comfort.
With HF10 SCS, because the physician does not need to
check for paresthesia coverage, the patient is allowed to
remain under sedation continuously, improving surgical
workflow and increasing patient comfort. After the leads
are placed, the impedances are checked to ensure the
integrity of the stimulation system, and the leads are veri-
fied to be in the epidural space before completing the
procedure.

Trial Phase and Programming

With HF10 SCS therapy, the patient undergoes a stimu-
lation trial similar to traditional SCS. The leads are exter-
nalized and connected to an external trial stimulator for a
period ranging from a few days to a few weeks depending
on the local standard of care. Patients are provided three
programs initially to evaluate which program provides the
best pain relief. These programs involve multiple contacts
and typically utilize amplitude between 1 and 5 mA, with
amplitude gradually increased if no pain relief is experi-
enced. A program is generally tried for a period of 24
hours and continued if successful analgesia is obtained or
changed to a different program if insufficient analgesia is
obtained. If none of the three programs is found to provide
relief, the patient will return to the clinic for another set of
programs. A permanent implantable pulse generator (IPG)
is typically implanted if the trial of HF10 provided greater
than 50% pain relief.

Patient Follow-Up

Patient follow-up is similar to traditional SCS, with patients
coming in every 3 months to 1 year depending on the
physician’s usual practice. As in traditional SCS, patients

are given instructions that if their pain relief changes or
additional issues arise, they should return to the clinic for
evaluation and potential reprogramming or lead revision.
Clinical evaluation may include assessment of new pain,
and a technical assessment may include impedance
testing and x-rays to determine if the leads have migrated
or if some of the contacts are not functioning, similar to
traditional SCS.

Overall, as summarized in Table 1, the Senza system with
HF10 SCS may provide substantial benefits over
traditional SCS systems.

Clinical Data Summary

The following sections review the clinical evidence col-
lected to date on the Senza system and HF10 SCS
therapy.

Safety Data

The Senza device has been extensively reviewed and
deemed safe by regulatory agencies and has since been
approved for use in Europe and Australia. This section will
summarize the system’s design as it relates to safety and
clinical safety results.

The Senza system has been designed to deliver a
safe waveform—a current-controlled pulse delivered at
10,000 Hz. The waveform maintains charge balance, an
important aspect of neurostimulation safety, through the
use of “active charge recovery.” With the Senza system,
the current is “pushed out” then “pulled in” by the elec-
tronic circuits, where both phases are actively controlled in
a precise manner. Active charge recovery can allow the
charge balance to happen much more quickly and con-
trollably than “passive recharge” where the current is
pushed out and is then passively recovered, as is the case
with traditional low-frequency SCS therapy. Active
recharge allows the stimulation frequency to reach the
high rates used in HF10 SCS while still maintaining charge
balance, important for safely delivering electrical pulses to
the tissues.

To test for safety, Butt et al. [26] used HF10 SCS stimu-
lation in a caprine model. Twelve goats were implanted;
half received HF10 SCS, while the others received no
stimulation. The animals were stimulated continuously for
10 days. The duration was selected because stimulation-
induced tissue damage is preceded by detectable
neurohistologic changes that happens well within 240
hours [27]. After this time, no histological differences
between the two groups could be discerned by a blinded
veterinary pathologist, indicating that the stimulation was
well tolerated.

More recent safety data comes from a prospective, mul-
ticenter, open-label clinical trial at two European centers:
Department of Anesthesia and Pain Management, AZ
Nikolaas, St Niklaas, Belgium, and The Pain Management
and Neuromodulation Centre, Guy’s and St. Thomas’
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Hospital, London, UK [25,28]. In this study, 83 subjects
with significant back pain were recruited, and 72 received
a permanent implant. Most subjects (N 5 65) were then
followed for 24 months. The serious adverse device-
related events (Table 2) were consistent with those noted
for traditional SCS by Bendersky and Yampolsky [29], with
the most common being pain at the IPG pocket site,
wound infection, and lead migration.

In addition to collection of adverse events, the centers
performed neurologic exams at baseline and at study
follow-ups. This data were reviewed by an independent
panel of neurologists. No evidence of neurologic deficit or
dysfunction related to the stimulation was observed.

Overall, this long-term data demonstrates that the Senza
system’s safety profile is similar to that of traditional SCS
and that when adverse events do occur, they are generally
mild and reversible.

Effectiveness Data

The effectiveness of the Senza system can be evaluated
by assessing the outcomes from two prospective multi-
center studies, as well as a number of smaller patient
cohorts. The most compelling results originate from
patients with back and leg pain, but there are also limited
data on patients with other conditions, including complex
regional pain syndrome (CRPS).

The first clinical study of HF10 SCS was a feasibility study
in 24 patients at five U.S. centers with chronic predomi-
nant back pain who were candidates for traditional SCS
[24]. Patients received a 4-day trial of HF10 SCS after
receiving 4 days of a trial with traditional SCS. Compared
with baseline, patients receiving HF10 SCS in the study
showed significant improvement in overall visual analog
scale (VAS) pain scores (8.68–2.03 [P<0.001]) and back
pain scores (8.12–1.88 [P< 0.001]) with HF10 SCS. The
vast majority (21 out of 24, 87.5%) of patients preferred
HF10 SCS therapy over conventional therapy.

As just described, efficacy results are also available from a
prospective, multicenter, open-label clinical trial for
patients with chronic intractable back pain with 2-year

follow-up conducted in Europe [25,28]. In this study, the
patient’s back and leg pain VAS, Oswestry Disability Index
(ODI), and opioid intake were recorded. The VAS scores
are shown in Figure 1. Shown alongside the outcomes
from the two randomized controlled SCS trials [30–32] are
the main results of the study summarized in Table 3. For
the outcome measures studied, patients with HF10 SCS
demonstrated clinically and statistically meaningful
improvement. Additionally, the improvement was larger
than the results reported in the other SCS studies, indi-
cating that HF10 SCS may provide pain relief beyond what
is usually seen in traditional SCS.

In this study, patients were also evaluated in subpopula-
tions based on their clinical history [25,28]. Results were
analyzed for patients with failed back surgery syndrome,
patients with no prior back surgery, and patients who had
previously failed SCS therapy. All three subgroups showed
results similar to the overall cohort, indicating that this
therapy tends to provide relief for most types of chronic
back and/or leg pain regardless of medical history. The
VAS pain reduction scores for these patients can be seen
in Figure 2 [33–35].

Another post hoc subgroup analysis presented by Smet
and colleagues [36] showed that leg pain was substan-
tially reduced (similar to back pain reduction) in patients in
the European study. Most of the patients (49 out of 83) in
the EU study had leg pain scores as well as back pain
scores that were greater than 5 out of 10 at baseline. The
vast majority of these (43 out of 49) had successful pain
reductions during their trial (greater than 50%) and
received a permanent HF10 SCS system. These patients
showed a 74% reduction in mean leg VAS at 6 months
compared with baseline (P< 0.001) and a 62% reduction
at 12 months (P< 0.001). Most patients (65%) had at least
50% leg pain relief at 12 months compared with baseline.
Back pain was also reduced, with a 62% reduction at 12
months compared with baseline, indicating that HF10
SCS can simultaneously improve leg pain and back pain.

Table 2 Serious adverse device events at 2-year

follow-up

SADEs

Number of

Events

% of

Patients

Pocket pain 7 8.4

Wound infection 5 6.0

Lead migration 4 4.8

Loss of therapy effect 2 2.4

Suboptimal lead placement 1 1.2

Skin erosion 1 1.2

SADE 5 serious adverse device-related event.

8.4

2.7* 2.8*
3.3*

5.4

1.4*
2.0* 2.3*

0
1
2
3
4
5
6
7
8
9

10

Baseline
(n=72)

6 months
(n=72)

12 months
(n=67)

24 months
(n=65)

Mean VAS Score (±SEM)

Back Pain VAS

Leg Pain VAS

Figure 1 Back and leg visual analog scale (VAS)
scores, change from baseline by visit with 6 stan-
dard error of the mean from the European study. * P
value <0.001 compared with baseline.
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In addition to the formal clinical studies, data from four [4]
Australian centers involving 297 HF10 SCS trial proce-
dures were reviewed [37]. Data included patients with pain
in the following areas: back and leg (N 5 136), back only
(N 5 50), head with or without neck (N 5 21), neck with or
without arm/shoulder (N 5 15), as well as other complex
pain patterns. Of these patients, 25% had failed conven-
tional SCS or peripheral nerve field stimulation (PNFS). In
general, data were collected by physicians at baseline,
after the trial, and post-implant as per each site’s practice.
Of the 297 patients trialed, 220 (74%) had a positive trial
and proceeded to implant. Patients with predominant
back pain and concomitant leg pain demonstrated the
highest trial success rate (82%). Of the patients that had
previously failed conventional SCS and/or PNFS, the vast
majority (69%) had a positive HF10 SCS trial. Patients
showed a 4.8 6 1.9 overall pain reduction measured using
the numerical rating scale (NRS; 0–10) (7.4 6 1.6 vs
2.6 6 1.7 P�0.001) from baseline to post-trial (N 5 172)
as well as 3.6 overall NRS reduction (7.4 6 1.6 vs
3.7 6 2.1, P� 0.001) from baseline to 12 months post-T
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Figure 2 Back and leg visual analog scale (VAS)
scores, change from baseline by visit for previously
failed spinal cord stimulation (SCS) and failed back
surgery syndrome (FBSS), and no prior back surgery
patient subsets from the European study.
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implant (N 5 58). The NRS for back pain was collected in
a subset of patients with back pain only (N 5 30) and
showed a reduction from 7.1 6 1.7 at baseline to 3.3 6 1.8
at 3 months and 3.2 6 2.2 at 6 months (P< 0.001), with
the results being similar to those published for the Euro-
pean study [25].

Combined, these results provide evidence that HF10 SCS
therapy is able to provide effective relief for many patients
with chronic back, leg, and upper body pain due to
various underlying diagnoses.

Additional Studies

In addition to the larger studies, a number of single centers
have confirmed that HF10 provides relief of chronic pain
under real-world conditions and in a wider variety of pain
conditions through retrospective data analyses.

Al-Kaisy and colleagues [38] recently presented results on
HF10 SCS for the treatment of patients with chronic
neuropathic limb pain, including patients with CRPS of
the hand or foot and postsurgical knee pain. Leads
were placed at the level of the cervical or thoracic
spine, depending upon the painful body region. Fifteen
patients were trialed, and 11 proceeded to permanent
implant. Seventy-three percent of patients (8/11) had
greater than 50% reduction in pain relief at 6 months,
and all but one patient had good or excellent satisfaction
with their treatment. Similarly, Wohak [39] presented
results from three CRPS patients with pain in the upper
extremities. These patients also had leads placed at the
level of the cervical spine. All three patients had signifi-
cant reductions in their pain scores and recovery of
function of their upper limbs. These results suggest
that HF10 SCS may provide relief of other forms of
chronic neuropathic pain beyond that of the back and
legs.

Verrills et al. report on a cohort of chronic back pain
patients who failed traditional SCS [40] and those who
failed PNFS [41]. In both cases, the improvement in pain
relief was substantial, with pain NRS reduced from a
mean of 7.1 6 1.7 prior to the HF10 trial to 3.1 6 1.8
after the HF10 trial for failed SCS patients, and from a
mean of 6.5 6 1.8 prior to the HF10 trial to 2.4 6 1.6
after the HF10 for the failed PNFS patients. There were
trends toward improvement in patient medication use,
ODI, ability to function, and psychological state for both
patient groups. This result confirms the European study
subgroup analyses that patients who failed traditional
neurostimulation therapies may still succeed with HF10
SCS.

Finally, Salmon [42] showed outcomes for 79 consecu-
tive patients with a number of conditions, including back,
leg, and/or neck pain following surgery, chronic migraine,
and whole-body neuropathic pain syndromes. Many of
the patients had previously failed traditional SCS and/or
PNFS (55%). Of the 79 patients, 60 (75%) had a suc-
cessful trial. Of those, 54 were followed for an average of

9 months (range 4–19 months); two patients died due to
reasons unrelated to the therapy or procedure, and
another two were explanted due to infection. The NRS
pain scores decreased from 7.8 6 1.3 at baseline to
4.0 6 2.1 at the time of the last follow-up visit. All of the
different pain etiology groups showed improvement. Of
the 54 patients, 34 patients had pretreatment question-
naires that were suitable for postimplant comparisons.
These patients were mailed follow-up questionnaires,
and 29 (79%) were returned. Of these, 58% of the 12
patients taking strong opiates reduced their dosage
by an average of 44%, and of seven patients with
intrathecal pumps, 57% ceased use or reduced dosage
by more than 50%. This real-world, consecutive cohort
of patients with a variety of pain conditions, in conjunc-
tion with the other smaller studies summarized here, pro-
vides further evidence that HF10 SCS is a useful
therapeutic option for a wide range of chronic pain
patients.

Discussion

This report describes recent experience with the HF10
SCS to treat chronic pain. HF10 SCS has been shown to
address pain areas that traditional SCS therapy is known
to be less effective in treating, including the low back [13].
This therapy also shows promise for patients with CRPS
and patients with intractable back pain who have not
undergone back surgery.

This therapy overcomes many of the known limitations of
traditional SCS therapy. In particular, HF10 SCS does not
require the patient to feel paresthesia, which some
patients may find uncomfortable [12]. Kuchemann
reported that 71% of patients with traditional SCS
experience uncomfortable paresthesia when chang-
ing position. A recent study [19] reported that an
accelerometer-based solution to improve these variations
with position (RestoreSensorVR , Medtronic, USA) has
reduced this problem, but 19.7% still felt “no comfort
during position changes,” and 52.1% had no improve-
ments in sleep. HF10 SCS’s lack of paresthesia means no
painful stimulation during positional changes so that
patients need not interrupt therapy during sleep and while
driving, perhaps improving the patient’s quality of life and
engagement of normal activities.

One of the most compelling aspects of this therapy is that
the pain relief results obtained are at least as favorable as
traditional SCS therapy (see Table 3) and are sustained
over time. Although contribution of a placebo effect is
possible in any intervention, the fact that substantial and
significant pain relief was maintained for 24 months con-
tributes to the evidence of a true therapeutic effect. More-
over, although the clinical evidence obtained to date has
been from longitudinal interventional studies without con-
current controls, the magnitude and durability of pain
relief suggests a strong therapeutic effect in the patient
population studied.

HF10 SCS Clinical Summary
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The clinical evidence with HF10 SCS thus far suggests
favorable outcomes relative to the published randomized
clinical studies for back pain. Furthermore, leg pain relief
seems to be comparable or perhaps better than traditional
SCS when examining the magnitude of pain relief.
Coupled with the lack of paresthesia, these results indi-
cate that HF10 SCS provides significant, sustained pain
relief without the consequences and clinical burden of
managing paresthesia. We also note the remarkable
improvement seen with patients who had previously failed
SCS and/or PNFS. Previously, these patients were left
with few options; such patients are commonly treated with
opioids, which can lead to addiction, increase in pain
syndromes, and a number of other issues [43].

With HF10 SCS therapy, we expect to see a number of
changes in the typical management of the pain patient.
Patients who had previously been considered as inap-
propriate candidates for traditional SCS, such as those
with back pain or who had failed a SCS trial, may now
go on to successful HF10 SCS therapy. Additionally,
both the patient and physician benefit from the changes
in the operating room. The HF10 SCS procedure is
straightforward and more predictable in terms of time
duration; leads can be implanted near the anatomical
midline rather than the physiological midline, the patient
can remain under sedation, and there is no need for
extensive patient–physician feedback in the operating
room.

Despite these results, opportunities to further optimize
HF10 may exist. Such opportunities include duty cycling,
which may further improve efficacy. Another opportunity
may be to better understand patient selection through
larger studies.

The main limitation of the discussed data is that they were
from observational studies without a concurrent control
group or from data review. However, the methodology and
execution of the European study (large sample size, mul-
ticenter, long duration, and low dropout rate) reduce the
risk of overestimating the magnitude of the treatment
effect [28]. Despite the limitation, the data contribute sig-
nificantly to our body of knowledge and expectations of
clinical benefit.

It is worthwhile noting the results from a 33-patient, ran-
domized, two-period, cross-over study on 5-kHz SCS
[44]. The authors concluded that the 5-kHz SCS was
equivalent to sham for the primary outcome (improvement
of Patient Global Impression of Change). A notable limita-
tion from the study is that enrolled patients were traditional
SCS users. The authors wondered “whether patients
na€ıve to stimulation would behave in a similar way.” The
enrolled patients may have been conditioned to believe
that paresthesia is required for pain relief. Also, program-
ming in the 5-kHz study was based on paresthesia
mapping, while HF10 programming is based on patient’s
response to pain relief. These limitations, as well as the
difference in frequencies, may account for the different
results.

Overall, we believe that HF10 SCS may have a significant
impact on a physician’s ability to treat selected patients in
pain and may offer an improved patient experience with
the HF10 SCS therapy.

Conclusions

We have described an innovative approach to SCS, HF10
SCS, which uses 10-kHz high-frequency stimulation to
provide pain relief without paresthesia and with more pre-
dictable procedure times. Data from multiple sources,
including a multicenter, prospective, clinical trial, show that
the therapy appears to provide substantial back pain relief
and may provide improved pain relief in other body areas
and for complex pain, even for patients who have previ-
ously failed SCS and/or PNFS. This therapy may change
the way pain patients are treated with neuromodulation,
potentially moving SCS to a place earlier in the treatment
continuum.

Acknowledgments

The authors thank Courtney Lane, PhD, an independent
medical writer supported by Nevro, Inc. for her contribu-
tion to the manuscript.

References
1 Breivik H, Eisenberg E, O’Brien T; Openminds. The

individual and societal burden of chronic pain in
Europe: the case for strategic prioritisation and action
to improve knowledge and availability of appropriate
care. BMC Public Health 2013;13:1229.

2 Maniadakis N, Gray A. The economic burden of back
pain in the UK. Pain 2000;84(1):95–103.

3 Phillips CJ. The cost and burden of chronic pain. Rev
Pain 2009;3(1):2–5.

4 Cruccu G, Aziz TZ, Garcia-Larrea L, et al. EFNS guide-
lines on neurostimulation therapy for neuropathic pain.
Eur J Neurol 2007;14(9):952–70.

5 Manchikanti L, Falco FJE, Singh V, et al. An update
of comprehensive evidence-based guidelines for
interventional techniques in chronic spinal pain. Part I:
Introduction and general considerations. Pain Physi-
cian 2013;16(suppl 2):S1–48.

6 Manchikanti L, Abdi S, Atluri S, et al. An update of
comprehensive evidence-based guidelines for
interventional techniques in chronic spinal pain. Part II:
Guidance and recommendations. Pain Physician
2013;16(suppl 2):S49–283.

7 NICE. Spinal cord stimulation for chronic pain of
neuropathic or ischaemic origin [Internet]. 2011.
Available at: http://www.nice.org.uk/nicemedia/pdf/
TA159Guidance.pdf (accessed February 2014).

Russo and Van Buyten

940

http://www.nice.org.uk/nicemedia/pdf/TA159Guidance.pdf
http://www.nice.org.uk/nicemedia/pdf/TA159Guidance.pdf


8 Krames ES, Monis S, Poree L, Deer T, Levy R. Using
the SAFE principles when evaluating electrical
stimulation therapies for the pain of failed back
surgery syndrome: Using the SAFE principles
for FBSS. Neuromodulation 2011;14(4):299–311.

9 de Leon-Casasola OA. Spinal cord and peripheral
nerve stimulation techniques for neuropathic pain.
J Pain Symptom Manage 2009;38(suppl 2):S28–38.

10 North RB, Ewend MG, Lawton MT, Piantadosi S.
Spinal cord stimulation for chronic, intractable pain:
Superiority of “multi-channel” devices. Pain 1991;
44(2):119–30.

11 Frey ME, Manchikanti L, Benyamin RM, et al. Spinal
cord stimulation for patients with failed back surgery
syndrome: A systematic review. Pain Physician
2009;12(2):379–97.

12 Kuechmann C, Valine T, Wolfe DL. 853 Could auto-
matic position adaptive stimulation be useful in spinal
cord stimulation? Eur J Pain 2009;13(S1):S243c–
S243.

13 Barolat G, Massaro F, He J, Zeme S, Ketcik B.
Mapping of sensory responses to epidural stimulation
of the intraspinal neural structures in man. J Neurosurg
1993;78(2):233–9.

14 Barolat G, Oakley JC, Law JD, et al. Epidural spinal
cord stimulation with a multiple electrode paddle lead
is effective in treating intractable low back pain.
Neuromodulation 2001;4(2):59–66.

15 Alo KM, Yland MJ, Kramer DL, Charnov JH, Redko V.
Computer assisted and patient interactive program-
ming of dual octrode spinal cord stimulation in the
treatment of chronic pain. Neuromodulation 1998;1(1):
30–45.

16 North RB, Kidd DH, Olin JC, Sieracki JM. Spinal
cord stimulation electrode design: Prospective, random-
ized, controlled trial comparing percutaneous and
laminectomy electrodes-part I: Technical outcomes.
Neurosurgery 2002;51(2):381–9.

17 Oakley J, Varga C, Krames E, Bradley K. Real-time
paresthesia steering using continuous electric field
adjustment. Part I: Intraoperative performance.
Neuromodulation 2004;7(3):157–67.

18 North RB, Kidd DH, Olin J, Sieracki JN, Petrucci L.
Spinal cord stimulation for axial low back pain: A
prospective controlled trial comparing 16-contact
insulated electrodes with 4-contact percutaneous
electrodes. Neuromodulation 2006;9(1):56–67.

19 Schultz DM, Webster L, Kosek P, et al. Sensor-driven
position-adaptive spinal cord stimulation for chronic
pain. Pain Physician 2012;15(1):1–12.

20 North RB, Kidd DH, Olin J, et al. Spinal cord stimula-
tion for axial low back pain: A prospective, controlled
trial comparing dual with single percutaneous elec-
trodes. Spine 2005;30(12):1412–8.

21 Kumar K, Hunter G, Demeria D. Spinal cord stimula-
tion in treatment of chronic benign pain: Challenges in
treatment planning and present status, a 22-year
experience. Neurosurgery 2006;58(3):481–96, dis-
cussion 481–496.

22 Krutsch JP, McCeney MH, Barolat G, Al Tamimi M,
Smolenski A. A case report of subcutaneous periph-
eral nerve stimulation for the treatment of axial back
pain associated with postlaminectomy syndrome.
Neuromodulation 2008;11(2):112–5.

23 Kreis P, Fishman S. Spinal Cord Stimulation Implan-
tation: Percutaneous Implantation Techniques, 1st
edition. Oxford; New York: Oxford University Press;
2009. 168 p.

24 Tiede J, Brown L, Gekht G, et al. Novel spinal cord
stimulation parameters in patients with predomi-
nant back pain: Novel spinal cord stimulation.
Neuromodulation 2013;16(4):370–5.

25 Van Buyten J-P, Al-Kaisy A, Smet I, Palmisani S, Smith
T. High-frequency spinal cord stimulation for the treat-
ment of chronic back pain patients: Results of a
prospective multicenter European clinical study: High-
frequency spinal cord stimulation. Neuromodulation
2013;16(1):59–66.

26 Butt M, Alataris K, Walker A, Tiede J. F702 histological
findings using novel stimulation parameters in a
caprine model. Eur J Pain Suppl 2011;5(S1):188–9.

27 Stecker MM, Patterson T, Netherton BL. Mechanisms
of electrode induced injury. Part 1: Theory. Am J
Electroneurodiagnostic Technol 2006;46(4):315–42.

28 Al-Kaisy A, Van Buyten J-P, Smet I, et al. Sustained
effectiveness of 10 kHz high-frequency spinal cord
stimulation for patients with chronic, low back pain:
24-month results of a prospective multicenter study.
Pain Med 2014;15(3):347–54.

29 Bendersky D, Yampolsky C. Is spinal cord stimulation
safe? A review of its complications. World Neurosurg
2013;Epub ahead of print.

30 Kumar K, North R, Taylor R, et al. Spinal cord stimu-
lation vs. conventional medical management: A pro-
spective, randomized, controlled, multicenter study
of patients with failed back surgery syndrome
(PROCESS study). Neuromodulation 2005;8(4):
213–8.

31 Kumar K, Taylor RS, Jacques L, et al. The effects of
spinal cord stimulation in neuropathic pain are

HF10 SCS Clinical Summary

941



sustained: A 24-month follow-up of the prospective
randomized controlled multicenter trial of the effec-
tiveness of spinal cord stimulation. Neurosurgery
2008;63(4):762–70.

32 North RB, Kidd DH, Farrokhi F, Piantadosi SA. Spinal
cord stimulation versus repeated lumbosacral spine
surgery for chronic pain: A randomized, controlled trial.
Neurosurgery 2005;56(1):98–106, discussion 106–107.

33 Smet I. High Frequency Spinal Cord Stimulation after
Failed Traditional Spinal Cord Stimulation. North
American Neuromodulation Society 17th Annual
Meeting, Las Vegas, NV; 2013.

34 Pang D. High Frequency Spinal Cord Stimulation
Therapy at 10kHz in Failed Back Surgery Syndrome
Patients with Predominant Back Pain. North American
Neuromodulation Society 17th Annual Meeting, Las
Vegas, NV; 2013.

35 Al-Kaisy A. High-Frequency Spinal Cord Stimulation
at 10 kHz for the Treatment of Chronic Back Pain
Patients without Prior Back Surgery. North American
Neuromodulation Society 17th Annual Meeting, Las
Vegas, NV; 2013.

36 Smet I, Al-Kaisy A, Van Buyten J-P, et al. High-
Frequency Spinal Cord Stimulation for the Treatment
of Severe Leg Pain in Combination with Back Pain.
North American Neuromodulation Society 17th Annual
Meeting, Las Vegas, NV; 2013.

37 Russo M, Verrills P, Mitchell B, Salmon J, Berrigan T.
High frequency spinal cord stimulation at 10 kHz for
the treatment of chronic pain: 12 month real-world
effectiveness. North American Neuromodulation
Society 17th Annual Meeting, Las Vegas, NV; 2013.

38 Al-Kaisy A, Palmisani S, Smith T, Harris S, Pang S.
The use of 10-kilohertz spinal cord stimulation in a
cohort of patients with chronic neuropathic limb pain
refractory to medical management. Neuromodulation
2014; doi: 10.1111/ner.12237. E-pub ahead of print.

39 Wohak K. High-Frequency Spinal Cord Stimulation
in CRPS patients—Case Series. 11th International
Neuromodulation Society World Congress, Berlin,
Germany; 2013.

40 Verrills P, Mitchell B, Vivian D, et al. Salvaging Failed
Conventional Spinal Cord Stimulation Implants with
High Frequency Spinal Cord System. 11th Interna-
tional Neuromodulation Society World Congress,
Berlin, Germany; 2013.

41 Verrills P, Mitchell B, Vivian D, et al. High Frequency
Neuromodulation Therapy for Patients with Failed
Peripheral Nerve Field Stimulation. 11th International
Neuromodulation Society World Congress, Berlin,
Germany; 2013.

42 Salmon J. Investigation of 10kHz High-Frequency
Spinal Cord Stimulation for Intractable and Complex
Pain Syndromes in 60 Consecutive Implants. 11th
International Neuromodulation Society World Con-
gress, Berlin, Germany; 2013.

43 Manchikanti L, Helm S 2nd, Fellows B, et al. Opioid
epidemic in the United States. Pain Physician
2012;15(suppl 3):ES9–38.

44 Perruchoud C, Eldabe S, Batterham AM, et al. Anal-
gesic efficacy of high-frequency spinal cord stimula-
tion: A randomized double-blind placebo-controlled
study. Neuromodulation 2013;16(4):363–9.

Russo and Van Buyten

942

info:doi/10.1111/ner.12237

