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Abstract

Objective: To evaluate high-frequency (10-kHz) spinal cord stimulation (SCS) treatment in refractory
painful diabetic neuropathy.
Patients and Methods: A prospective, multicenter randomized controlled trial was conducted between
Aug 28, 2017 and March 16, 2021, comparing conventional medical management (CMM) with 10-kHz
SCSþCMM. The participants had hemoglobin A1c level of less than or equal to 10% and pain greater than
or equal to 5 of 10 cm on visual analog scale, with painful diabetic neuropathy symptoms 12 months or
more refractory to gabapentinoids and at least 1 other analgesic class. Assessments included measures of
pain, neurologic function, and health-related quality of life (HRQoL) over 12 months with optional
crossover at 6 months.
Results: The participants were randomized 1:1 to CMM (n¼103) or 10-kHz SCSþCMM (n¼113). At 6
months, 77 of 95 (81%) CMM group participants opted for crossover, whereas none of the 10-kHz SCS
group participants did so. At 12 months, the mean pain relief from baseline among participants implanted
with 10-kHz SCS was 74.3% (95% CI, 70.1-78.5), and 121 of 142 (85%) participants were treatment
responders (�50% pain relief). Treatment with 10-kHz SCS improved HRQoL, including a mean
improvement in the EuroQol 5-dimensional questionnaire index score of 0.136 (95% CI, 0.104-0.169).
The participants also reported significantly less pain interference with sleep, mood, and daily activities. At
12 months, 131 of 142 (92%) participants were “satisfied” or “very satisfied” with the 10-kHz SCS
treatment.
Conclusion: The 10-kHz SCS treatment resulted in substantial pain relief and improvement in overall
HRQoL 2.5- to 4.5-fold higher than the minimal clinically important difference. The outcomes were
durable over 12 months and support 10-kHz SCS treatment in patients with refractory painful diabetic
neuropathy.
Trial registration: clincaltrials.gov Identifier: NCT03228420
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T he World Health Organization esti-
mates 422 million individuals with
diabetes worldwide, with projections

reaching 700 million by 2045.1,2 Neuropathies
comprise the most common complication of
diabetes, and diabetic sensorimotor peripheral
neuropathy (DSPN) is the most prevalent
type.3 The symptoms of DSPN, including
numbness, tingling, and frequently neuro-
pathic pain, appear initially in the toes and
feet bilaterally and migrate proximally. Disease
progression may manifest upper limb symp-
toms affecting the fingers and hands and
ascending the arms, resulting in a “stocking
and glove” distribution classic for DSPN.

Diabetic sensorimotor peripheral neuropa-
thy can be debilitating; numbness increases
the risk of falling and causes loss of protective
sensation associated with foot ulceration and
increased mortality.4,5 Nearly half of the pa-
tients with DSPN develop painful diabetic
neuropathy (PDN) causing extremity pain,
paresthesia, burning, and shooting pain that
is typically worse at night and disrupts
sleep.6,7 Painful diabetic neuropathy therapies
target pain management and enhanced glyce-
mic control to mitigate further nerve damage
as there are currently no disease-modifying
treatments.3,8-10

Several neuropathic pain medications are
recommended.8,11 Typical first-line agents
include gabapentinoids and serotonin-
norepinephrine reuptake inhibitors. Tricyclic
antidepressants are commonly prescribed. Pa-
tients with inadequate pain relief may be pre-
scribed opioids. A meta-analysis of
randomized controlled trials (RCTs) on neuro-
pathic pain medication found that the number
needed to treat (NNT) for 50% pain reduction
ranged from 3.6 to 10.6.12 Insufficient pain re-
lief or adverse effects lead to poor long-term
medication adherence, with 25% to 35% of
patients discontinuing after 1 month and
65% to 75% discontinuing over 1 year.13,14

Spinal cord stimulation (SCS) modulates
chronic pain pathways with mild electrical
pulses and has been evaluated for PDN.15-20

The traditional SCS approach applies low-
frequency (40-60 Hz) pulses that generate
Mayo Clin Proc Inn Qual Out n August 2022
paresthesia, and treatment success requires
overlapping this paresthesia with the painful
area.21 A more recent approach applying
high-frequency (10 kHz) pulses preferentially
activates inhibitory dorsal horn interneurons,
does not produce paresthesia, and provides
superior pain relief for chronic back and leg
pain.22-25 Recent data suggest that 10-kHz
SCS also provide substantial pain relief and
improve sensation in patients with PDN.26-29

Current PDN treatment options remain
inadequate for many patients, resulting in
large unmet needs. Investigations with low-
frequency SCS report modest pain relief; how-
ever, this treatment has not been widely
adopted in clinical practice. This study as-
sesses long-term effects of high-frequency
10-kHz SCS on pain, neurologic function,
and health-related quality of life (HRQoL) in
patients with PDN with refractory symptoms.

PATIENTS AND METHODS
Methods have been described previ-
ously.27,28,30 This study was designed to be a
pragmatic clinical trial31 with 18 US sites.
The patients recruited reflect typical clinical
practice as do the interventions used in the
comparator arm. The protocol and informed
consent were approved by the Western Insti-
tutional Review Board and appropriate local
institutional review boards. The research staff
conducted the study according to Good Clin-
ical Practice and the Declaration of Helsinki. A
portion of the study follow-up coincided with
the COVID-19 pandemic. The investigators
worked with institutional review boards on
mitigation measures maximizing patient
safety, including completing visits by tele-
health and mail. Accordingly, some follow-
up visits or in-person assessments could not
be completed.

Key Inclusion Criteria
Participants were aged 22 years or older with
PDN symptoms for at least 12 months,
currently or previously taking pregabalin or
gabapentin plus at least 1 other class of analge-
sics; lower limb pain visual analog scale (VAS)
of greater than or equal to 5 of 10 cm;
;6(4):347-360 n https://doi.org/10.1016/j.mayocpiqo.2022.05.003
www.mcpiqojournal.org

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mayocpiqo.2022.05.003
http://www.mcpiqojournal.org


10-KHZ SCS AND HRQOL IN PATIENTS WITH REFRACTORY PDN
hemoglobin A1c (HbA1c) level of less than or
equal to 10%; and body mass index (BMI;
calculated as the weight in kg divided by the
height in m2) of less than or equal to 45 kg/
m2. Investigators assessed comorbidities to
determine participant suitability for SCS
procedures.
Randomization and Follow-up
Randomization 1:1 to conventional medical
management (CMM) or 10-kHz SCSþCMM
was completed at sites by blocks with con-
cealed assignment. The participants were strat-
ified by glycemic control (HbA1c level of <7%
or �7%) and pain severity (VAS <7.5 cm or
�7.5 cm). Assessments were completed at
baseline and at 1, 3, 6, 9, and 12 months.
The participants were eligible for crossover at
6 months if they had less than 50% pain relief
from baseline, were dissatisfied with treat-
ment, and the investigator approved it as
medically appropriate.
Outcome Measures
Lower limb pain was assessed on a 10-cm
VAS.32 Other measures of pain included Dou-
leur Neuropathique (DN4), the Short-form
McGill Pain Questionnaire-2, and the Brief
Pain Inventory for Diabetic Peripheral Neu-
ropathy.33-35 Health-related quality of life
was assessed with the EuroQol 5-Dimension
5-Level (EQ-5D-5L) and Diabetes Quality of
Life questionnaires.36,37 Additionally, the
impact of pain on sleep was assessed by the
Pain and Sleep Questionnaire 3-Item Index.38

Clinicians rated participants’ mental well-
being with Global Assessment of Functioning
and completed the Clinician Global Impres-
sion of Change.39 The participants completed
the Patient Global Impression of Change and
satisfaction questionnaire. HbA1c levels were
determined using standard blood tests.

A thorough neurologic examination was
designed by 2 independent neurologists who
trained the investigators to assess the lower
limb motor strength, reflexes, light touch,
and pinprick and 10-g monofilament sensa-
tion at 10 test sites per foot with Neuropen
(Owen Mumford).40 The examination was
consistent with the American Diabetes Associ-
ation’s recommendations for assessing the loss
of protective sensation and the American
Mayo Clin Proc Inn Qual Out n August 2022;6(4):347-360 n https:/
www.mcpiqojournal.org
Academy of Neurology’s definition for diag-
nosing DSPN.4,41
Conventional Medical Management
Patients continued their current therapy, and
further optimization was permitted. The treat-
ments included the usual noninvasive or mini-
mally invasive therapies.9
10-kHz SCS
Temporary trial SCS lasting 1 to 2 weeks eval-
uated whether a participant obtained greater
than or equal to 50% pain relief to be eligible
for permanent implantation of the 10-kHz
SCS system (Nevro Corp). During trial stimu-
lation, 2 octopolar percutaneous leads were
inserted into the thoracolumbar epidural space
and connected to an external pulse generator.
For permanent device implant, 2 leads were
placed into the epidural space with electrodes
spanning T8 to T11 vertebral bodies and con-
nected to an implanted pulse generator (IPG).
Stimulation was delivered at a 10-kHz fre-
quency and 30-ms pulse width, with ampli-
tude typically ranging from 0.5 to 4.0 mA.
Statistical Analyses
Randomized participants who completed the
3-month primary end point visit were
included in the per-protocol population for
analysis. Those who did not complete the pri-
mary end point assessment remained in the
study but were included only in the safety
outcomes.

For continuous variables, descriptive sta-
tistics are reported. Paired t tests assessed the
significance of the mean percentage change
from baseline to 12 months within the treat-
ment groups. For categorical variables, the
numbers in each category are presented by
the treatment groups and compared with the
distributions across categories using the Fisher
exact test.

Two-sided P values were considered sig-
nificant at a level of 0.05. Given the explor-
atory and hypothesis generating nature of the
analyses, P values were not adjusted for multi-
plicity. Statistical analyses were carried out us-
ing SAS version 9.4.
/doi.org/10.1016/j.mayocpiqo.2022.05.003 349
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430 screenedBaseline

146 did not meet study criteria
65 declined to participate
3 not randomized as enrollment completed

5 WC
3 left due to AE
1 lost to f/u

113 assigned 10 kHz SCS+CMM

104

90

90 completed

6 failures

4 completed

77
(1 in SG)

4 completed
(1 missed)

88 completed
(1 missed)†

96 completed
(2 missed)†

4 completed

Study complete

88 completed
(1 in SG)

83 completed
(3 missed, 1 in SG)

85 completed
(1 missed, 1 in SG)

*Trial SCS was discontinued for two patients: One removed trial leads at home while the other had significant lead migration
†Participants without 3-month primary endpoint assessment were included only in the safety group (SG) for adverse event
reporting for the remainder of the study, other outcomes were not aggregated for analysis
AE: Adverse event, f/u: Follow-up, WC: Withdrew consent

59 completed
(3 missed, 1 in SG)

63 completed
(1 in SG)

9 completed
(1 in SG)

8 completed
(1 in SG)

95 completed
(2 in SG)

90 completed
(11 missed)

64
(1 in SG)

103 assigned CMM

Crossover to
10 kHz SCS

Randomization

Temporary SCS
trial

Permanent SCS
device implant

1-month visit

3-month visit

6-month visit

9-month visit

12-month visit

4 declined
3 lost to f/u
1 left due to AE

4 declined
3 WC
2 failures
2 discontinued*
2 left due to AE1 WC

1 lost to f/u 1 left due to AE

1 left due to AE 1 left due to AE

1 lost to f/u
1 left due to AE

2 lost to f/u
1 left due to AE

1 lost to f/u
1 left due to AE

5 lost to f/u
3 WC
1 left due to AE

2 WC
1 lost to f/u

1 WC1 left due to AE

FIGURE 1. Disposition of all participants through 12 months. *Trial SCS was discontinued for 2 patients: 1 patient removed trial leads
at home, whereas the other patient had a significant lead migration. yParticipants without the 3-month primary end point assessment
were included only in the SG for AE reporting for the remainder of the study; other outcomes were not aggregated for analysis. AE,
adverse event; CMM, conventional medical management; f/u, follow-up; SCS, spinal cord stimulation; SG, safety group; WC, withdrew
consent.
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TABLE 1. Baseline Characteristics

Characteristic
10-kHz SCSþCMM

n¼104

CMM crossover
to 10-kHz
SCS n¼77

CMM
continuers
n¼18

Age (y), mean � SD 60.5�11.3 60.3�10.1 62.4�10.3

Female, n (%) 38 (37%) 27 (35%) 6 (33%)

Male, n (%) 66 (63%) 50 (65%) 12 (67%)

Race
White, n (%) 81 (77.9%) 66 (85.7%) 13 (72.2%)
Black or African American, n (%) 15 (14.4%) 8 (10.4%) 3 (16.7%)
Native Hawaiian or other Pacific Islander, n (%) 3 (2.9%) 1 (1.3%) 0
American Indian or Alaska Native, n (%) 2 (1.9%) 0 0
Asian, n (%) 1 (1.0%) 1 (1.3%) 0
Other, n (%) 2 (1.9%) 1 (1.3%) 2 (11.1%)

Diabetes
Type 1, n (%) 8 (8%) 3 (4%) 0
Type 2, n (%) 96 (92%) 74 (96%) 18 (100%)

Duration (y)
Diabetes, mean � SD 13.1�8.5 12.5�9.1 11.7�6.8
Peripheral neuropathy, mean � SD 7.5�5.8 6.8�4.9 7.6�5.9

HbA1c, mean � SD 7.3%�1.1% 7.5%�1.2% 7.2%�1.0%
<7.0%, n (%) 40 (38%) 30 (39%) 7 (39%)
<8.0%, n (%) 73 (70%) 53 (69%) 15 (83%)

BMI (kg/m2), mean � SD 33.7�5.3 34.0�5.3 34.1�5.0

Lower limb pain VAS (cm), mean � SD 7.6�1.6 7.2�1.6 6.1�1.3
<7.5 cm, n (%) 48 (46%) 38 (49%) 17 (94%)
�7.5 cm, n (%) 56 (54%) 39 (51%) 1 (6%)

Severity of neuropathic pain
DN4, mean � SD 6.6�1.7 6.4�2.0 6.6�1.9
<4, n (%) 2 (2%) 5 (7%) 1 (6%)
�4, n (%) 102 (98%) 71 (93%) 17 (94%)

BMI, body mass index; CMM, conventional medical management; DN4, Douleur Neuropathique; HbA1c, hemoglobin A1c; SCS, spinal
cord stimulation; VAS, visual analog scale.

10-KHZ SCS AND HRQOL IN PATIENTS WITH REFRACTORY PDN
RESULTS

Participants
In total, 103 participants were assigned to
continue CMM and 113 were assigned the
addition of 10-kHz SCS to CMM (Figure 1).
The participants had a median duration of
10.9 years (interquartile range, 6.3-16.4)
with diabetes and 5.6 years (interquartile
range, 3.0-10.1) with painful neuropathy
symptoms. Pain was moderate to severe,
with mean lower limb VAS of 7.3 cm (SD,
1.6) and primarily neuropathic for 207 of
216 (96%) participants as reported by baseline
DN4 score greater than or equal to 4, consis-
tent with clinical PDN diagnosis.42 The mean
age was 60.8 years (SD, 10.7), and 80 of
Mayo Clin Proc Inn Qual Out n August 2022;6(4):347-360 n https:/
www.mcpiqojournal.org
216 (37%) participants were women. Most
participants (205 of 216, 95%) had type 2 dia-
betes, whereas the remainder had type 1. The
mean HbA1c level was 7.4% (SD, 1.2), and the
mean BMI was 33.7 kg/m2 (SD, 5.3).
Analysis Groups
Temporary trial SCS was completed for 104
participants assigned to 10-kHz SCSþCMM.
In the group that was assigned CMM, there
were 95 who completed the 6-month follow-
up visit and 81% (77 of 95) crossed from
CMM to 10-kHz SCSþCMM, compared with
none from the 10-kHz SCSþCMM arm
(P<.001). Baseline characteristics for the
resulting 3 analysis groups present at 12
/doi.org/10.1016/j.mayocpiqo.2022.05.003 351
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FIGURE 2. A, Individual pain responses among all 10-kHz SCS implanted participants (n¼142) at 12 months. Each line represents the
improvement in a single participant’s lower limb pain score relative to the baseline. Treatment responders (n¼121) are those with at
least 50% pain relief, shown in blue, with nonresponders (n¼21) shown in orange. The average pain relief among all implanted
participants at 12 months was 74%. B, The 5-level EQ-5D-5L measures health-related quality of life. Participants rate 5 items each with
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worse than death) to 1.000 (perfect health). The average scores are plotted over time for the 10-kHz SCSþCMM group participants
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postimplant, open circles). C, The PSQ-3 evaluates the impact of pain on falling asleep and staying asleep with three 10-cm VASs,
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10-KHZ SCS AND HRQOL IN PATIENTS WITH REFRACTORY PDN
months are reported in Table 1. Outcomes for
participants who continued CMM or were
excluded from per-protocol analysis are re-
ported in Supplemental Figure 1 and
Supplemental Tables 1 and 2 (available online
at http://www.mcpiqojournal.org).
Pain Relief and Neurologic Function
Temporary trial SCS resulted in 171 of 179
(96%) participants having success, defined as
at least 50% pain relief from baseline, and being
eligible for permanent device implant. Among
the original 10-kHz SCSþCMM group and
those who crossed over from CMM, 154 partic-
ipants proceeded with permanent implant. The
full subject disposition is shown in Figure 1.

The mean lower limb pain relief among all
10-kHz SCS implanted participants at 12
months was 5.6 cm (on 10-cm VAS) or
74.3% (95% CI, 70.1-78.5; Figure 2A). There
were 121 of 142 (85%) treatment responders,
defined as those with at least 50% pain relief
from baseline. Further, 10-kHz SCS resulted
in significant improvement in DN4 scores
(P<.001) and across all Short-form McGill
Pain Questionnaire-2 subscales (P<.05 for all
subscales) (Table 2).

The NNT for 50% pain relief with 10-kHz
SCS was 1.3 (95% CI, 1.1-1.4) on the basis of
the proportion of pain responders among orig-
inal treatment assignments at 6 months (74 of
87 in the 10-kHz SCSþCMM group vs 5 of 93
in the control arm).

At 6 months, 43 of 73 (59%) participants
in the 10-kHz SCSþCMM group demon-
strated improved neurologic function on
where 0 cm means “never” and 10 cm means “always
participants (n¼84, blue line, open squares) and CMM
implant, blue line postimplant, open circles). D, The
interference with activity, mood, and activities of daily
terferes). The average scores are plotted over time for
CMM group participants who crossover after 6 mont
GAF scale requires clinician assessment of the patient’s
others OR unable to maintain personal hygiene OR s
symptoms). The average scores are shown over time
blue bars postimplant) and CMM group participants
postimplant). F, The participants rated their satisfactio
“very satisfied” at 12 months. Proportions are shown
***P<.001. BPI-DPN, Brief Pain Inventory for Painfu
EQ-5D-5L, EuroQol 5-dimensional questionnaire; GAF
Pain and Sleep Questionnaire 3-Item Index; SCS, spin

Mayo Clin Proc Inn Qual Out n August 2022;6(4):347-360 n https:/
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examination, and this result was maintained
through 12 months (52 of 76, 68%,
Table 2). Similarly, for crossover patients after
implant, 32 of 52 (62%) participants were
observed to have improvement at 12 months.
Nearly all with improved overall neurologic
function had improvements on the sensory
portion of their examination.
Health-related Quality of Life
The participants in the 10-kHz SCSþCMM
group rated their baseline overall health 58.7
of 100 (95% CI, 54.7-62.7) on the EQ-5D-
5L VAS (Table 2). This improved by 14.7
points (95% CI, 10.3-19.0) at 6 months and
by 17.0 points (95% CI, 11.9-22.0) at 12
months. The mean EQ-5D-5L index value
was 0.644 of 1.0 (95% CI, 0.613-0.675) at
baseline, which improved by 0.124 (95% CI,
0.090-0.157) at 6 months and by 0.136
(95% CI, 0.104-0.169) at 12 months
(Figure 2B). The participants in the crossover
group reported a mean EQ-5D-5L overall
health VAS of 58.1 (95% CI, 52.6-63.6) at
baseline, which improved by 17.3 points
(95% CI, 11.2-23.4) at 12 months (Table 2).
The mean EQ-5D-5L index score was 0.630
(95% CI, 0.596-0.665) at baseline and
improved by 0.130 (95% CI, 0.094-0.166;
Figure 2B).

The mean total Diabetes Quality of Life
score at baseline was 2.5 of 5 (95% CI, 2.4-
2.7) for the 10-kHz SCSþCMM group partic-
ipants. The patients reported improvements
across all 4 subscales by 6 months that were
sustained through 12 months (Table 2). The
.” The average scores are plotted over time for the 10-kHz SCSþCMM group
group participants who crossover after 6 months (n¼58, orange line pre-

BPI-DPN scale has been validated in patients with PDN and assesses pain
living via 7 items on a scale of 0 (does not interfere) to 10 (completely in-
the 10-kHz SCSþCMM group participants (n¼84, blue line, open squares) and
hs (n¼57, orange line preimplant, blue line postimplant, open circles). E, The
mental health and well-being on a scale of 1 (persistent danger to oneself or

erious suicidality) to 100 (superior functioning in a wide range of activities/no
for the 10-kHz SCSþCMM group participants (n¼80, orange bar preimplant,
who crossover after 6 months (n¼56, orange bars preimplant, blue bars

n with treatment on a 5-point Likert scale ranging from “very dissatisfied” to
for all implanted participants (n¼142). Error bars: 95% CI, *P<.05, **P<.01,
l Diabetic Peripheral Neuropathy; CMM, conventional medical management;
, Global Assessment of Functioning; PDN, painful diabetic neuropathy; PSQ-3,
al cord stimulation; VAS, visual analog scale.
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TABLE 2. Outcomes in the Per-Protocol Population Over 12 Monthsa,b

Outcome

10-kHz SCSþCMM
CMM

Crossover to 10-kHz SCS after 6 mos

Baseline 6 mos 12 mos Baseline 6 mos 12 mos

HbA1c, n 70 51
mean � SD 7.5%�1.2% 7.6%�1.4% 7.3%�1.2% 7.5%�1.1% 7.6%�1.3% 7.6%�1.2%

Lower limb pain, n 84 58
10-cm pain VAS score (cm), mean � SD 7.6�1.6 1.7�1.9c 1.7�1.8c 7.2�1.6 7.4�1.6 2.0�1.6c

Percent change from baseline, mean � SD - �76%�26%c �77%�25%c - 7%�32% �70%�27%c

Proportion of responders (%) - 86% 86% - 0 84%

DN4, n 77 52
Total score, mean � SD 6.6�1.8 3.4�2.4c 3.5�2.3c 6.6�2.0 6.7�2.1 3.5�2.4c

Proportion with score �4 (%) 97% 51%c 51%c 96% 92% 46%c

Proportion with score <4 (%) 3% 49%c 49%c 4% 8% 54%c

SF-MPQ-2, n 84 58
Continuous pain, mean � SD 5.2�2.5 1.6�1.7c 1.6�2.0c 5.4�2.6 5.7�2.4 1.7�1.6c

Intermittent pain, mean � SD 5.4�2.5 1.7�2.1c 1.5�1.9c 5.6�2.2 6.0�2.5d 1.4�1.6c

Neuropathic pain, mean � SD 5.5�2.0 1.9�1.6c 1.9�1.7c 5.4�2.1 5.7�2.1d 1.9�1.5c

Affective descriptors, mean � SD 4.0�2.7 1.1�1.6c 1.0�1.7c 3.6�2.7 4.6�2.7d 0.7�1.1c

Total, mean � SD 5.1�2.0 1.6�1.6c 1.6�1.7c 5.1�2.0 5.6�2.1e 1.5�1.3c

Neurological assessment, n 76 52
Proportion with overall improvement (%) - 59% 68% - 0% 62%
Proportion with sensory improvement (%) - 56% 66% - 4% 58%

EQ-5D-5L, n 84 57
Overall health VAS, mean � SD 58.7�18.7 73.3�16.1c 75.6�18.6c 58.1�21.1 56.8�20.3 75.4�14.6e

Index, mean � SD 0.644�0.145 0.767�0.131c 0.780�0.123c 0.630�0.132 0.604�0.144 0.761�0.087c

DQOL, n 83 58
Satisfaction, mean � SD 3.0�0.7 2.2�0.8c 2.0�0.8c 3.0�0.8 3.2�0.7d 2.2�0.8c

Impact, mean � SD 2.5�0.7 1.9�0.7c 1.8�0.6c 2.7�0.7 2.7�0.6 1.9�0.5c

Worry: social/vocational, mean � SD 1.7�0.7 1.4�0.6c 1.4�0.6c 1.7�0.6 1.7�0.7 1.3�0.4c

Worry: diabetes-related, mean � SD 2.1�0.8 1.8�0.8e 1.6�0.7c 2.3�0.8 2.4�0.9d 1.8�0.7c

Total, mean � SD 2.5�0.6 1.9�0.6c 1.8�0.6c 2.6�0.7 2.7�0.6 1.9�0.5c

CGIC, n 80 57
Better, great deal better (%) - 72% 79% - 0% 77%
Little, somewhat, moderately better (%) - 27% 20% - 5% 19%
No change, almost the same (%) - 1% 1% - 95% 4%

Continued on next page
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TABLE 2. Continued

Outcome

10-kHz SCSþCMM
CMM

Crossover to 10-kHz SCS after 6 mos

Baseline 6 mos 12 mos Baseline 6 mos 12 mos

PGIC, n 84 58
Better, great deal better (%) - 67% 73% - 0% 71%
Little, somewhat, moderately better (%) - 32% 23% - 7% 28%
No change, almost the same (%) - 1% 5% - 93% 2%

aCGIC, Clinician Global Impression of Change; CMM, conventional medical management; DN4, Douleur Neuropathique; DQOL, Diabetes Quality of Life; EQ-5D-5L, EuroQol 5-dimensional questionnaire; HbA1c, hemoglobin
A1c; PGIC, Patient Global Impression of Change; SCS, spinal cord stimulation; SF-MPQ-2: Short-Form McGill Pain Questionnaire version 2; VAS, visual analog scale.
bOutcomes assessed in the per-protocol population at baseline and at 6 and 12 months for participants randomized to 10-kHz SCSþCMM and to CMM who crossed over after 6 months. HbA1c: laboratory assessment of percentage
glycated hemoglobin; lower limb pain: participants reported pain intensity using a 10-cm VAS, where 0 indicates “no pain” and 10 indicates “worst pain imaginable,” responders are defined as participants with at least 50% pain relief from
the baseline; the DN4 is a validated neuropathic pain measure, and a score of 4 or greater is consistent with a clinical diagnosis of painful diabetic neuropathy; the SF-MPQ-2 is a patient-reported outcome rating the intensity of 22 pain
descriptors on a scale of 0 (none) to 10 (worst possible) and categorized into 4 subscales: continuous pain, intermittent pain, neuropathic pain, and affective component; neurologic assessment included motor strength and reflex testing,
as well as sensory testing for light touch, pinprick, and 10-g monofilament. All follow-up assessments were compared with baseline, and the investigator categorized motor, reflex, and sensory separately as an “improvement,” “no
change,” or a “deficit.” Overall neurologic improvement is defined as an improvement of motor, reflex, or sensory, without a deficit in any; the EQ-5D-5L questionnaire measures health-related quality of life, with an overall health VAS
from 0 (the worst health you can imagine) to 100 (the best health you can imagine) and 5 items each with 5 levels of response that are converted to an index value on the basis of US population norms, ranging from �0.109 (a state
worse than death) to 1.000 (perfect health); the DQOL measure is a 46-item patient questionnaire that assesses how diabetes impacts one’s life and can be divided into 4 subscales: satisfaction, impact, worry about social and vocational
issues, and diabetes-related worry; the CGIC and PGIC ask the clinician and patient, respectively, to evaluate change since baseline in activity limitations, symptoms, emotions, and overall quality of life on a 7-point Likert scale.

cP<.001.
dP<.05.
eP<.01.
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crossover group had a baseline total score of
2.6 (95% CI, 2.5-2.8), which improved across
all 4 subscales at 12 months (Table 2).

Other Outcomes
Poor sleep quality was evidenced by baseline
scores on the Pain and Sleep Questionnaire
3-Item Index of 5.9 of 10 (95% CI, 5.4-6.5)
for the 10-kHz SCSþCMM group and 6.7
(95% CI, 6.1-7.2) for the crossover group
(Figure 2C). Treatment with 10-kHz SCS
significantly reduced pain interference with
sleep, resulting in 62.4% (95% CI, 54.5-
70.3) improvement for the original SCS group
and 60.6% (95% CI, 52.3-69.0) improvement
for the crossover group at 12 months.

Pain interference with daily living as
measured by the Brief Pain Inventory for Pain-
ful Diabetic Peripheral Neuropathy was 6.2 of
10 (95% CI, 5.8-6.7) for the 10-kHz
SCSþCMM group and 5.9 (95% CI, 5.4-6.4)
for the crossover group (Figure 2D). Treat-
ment with 10-kHz SCS significantly alleviated
this interference.

Clinicians rated patients’ social, occupa-
tional, and psychological functioning by Global
Assessment ofFunctioning, reportingmeanbase-
line score of 63.1 of 100 (95%CI, 59.5-66.7) that
improved by 18.4 points (95% CI, 14.4-22.4) at
6months and 20.7 points (95%CI, 16.5-24.9) at
12 months for the 10-kHz SCSþCMM group
(Figure 2E). For the crossover group, the mean
baseline score of 62.1 (95% CI, 58.1-66.0)
decreased by 4.9 points (95% CI, 1.7-8.1) at 6
months with continued CMM and increased by
16.9 points postimplant (95% CI, 12.4-21.4).

Participants reported high satisfaction with
10-kHz SCS at 12 months: 46 of 142 (46%)
were “satisfied” and 85 of 142 (60%) were
“very satisfied” among all implanted patients
(Figure 2F). Both clinicians and participants
reported that most were “better” or “a great
deal better” compared with baseline on Global
Impression of Change when treated with 10-
kHz SCS (Table 2).

Safety
In total, 154 participants received a permanent
10-kHz SCS device implant. The most com-
mon study-related adverse event was surgical
site infection (n¼8, 5.2%): 3 infections
resolved and patients continued, whereas 5
Mayo Clin Proc Inn Qual Out n August 2022
(3.2%) patients required surgical explant,
with 4 patients discontinuing and 1 later reim-
planted and remaining in the study. There
were neither stimulation-related neurologic
deficits nor any explants for loss of efficacy.
Two (1.3%) participants underwent surgical
revision of the IPG location and lead migration
for 1 (0.6%) participant required a revision
procedure, but all 3 continued in the study.

Several participants discontinued because
of health reasons unrelated to the study,
consistent with the presence of significant
comorbidities; however, retention was good
among patients in the 10-kHz SCS group; of
participants medically able to proceed with
trial SCS, 154 of 181 (85%) received perma-
nent device implants, and 148 of 154 (96%)
of those remained in the study at 12 months.

DISCUSSION
This is the largest RCT to date for SCS treatment
of PDN. Compared with pharmacotherapy and
low-frequency SCS, 10-kHz SCS resulted in
more profound pain relief and pronounced
HRQoL improvements. Additionally, 10-kHz
SCS does not induce continuous paresthesias
as is required by conventional SCS, an advan-
tage for patients with PDN who frequently
already suffer uncomfortable paresthesia
because of diabetic neuropathy.43 There were
also observed neurologic improvements that,
to the best of our knowledge, have not been re-
ported previously for any PDN treatments.

A lack of sensation in the feet of patients
with PDN limits activities of daily living and
can result in debilitating sequelae, including
injury from falling, fractures, foot ulceration,
and lower limb amputation. Over half of the
patients treated with 10-kHz SCS had notable
improvement on neurologic examination,
particularly improved sensation, and this was
durable over 12 months. This potentially
disease-modifying effect could have tremen-
dous benefit for the safety and quality of life
of patients with PDN and merits further
research.

The estimates for the minimally important
difference in EQ-5D-5L index specifically for
individuals with type 2 diabetes range from
0.03 to 0.05.44 The differences observed in
this study, 0.136 in the original 10-kHz
SCSþCMM group and 0.130 in the crossover
;6(4):347-360 n https://doi.org/10.1016/j.mayocpiqo.2022.05.003
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group, are 2.6 to 4.5 times the minimally
important difference, consistent with substan-
tial improvement in HRQoL.

There have been 2 prior RCTs evaluating
SCS for PDN, both requiring continuous-
induced paresthesias in the painful area using
low-frequency SCS.17-19 Slangen et al18 ran-
domized 36 patients, 3:2 to low-frequency
SCSþCMM or CMM and reported results at
6 months. Additional follow-up was then re-
ported in van Beek et al19, and the proportion
of pain responders at 12 months was 6 of 16
(38%) during the day and 9 of 16 (56%) dur-
ing the night. The participants reported
improved EQ-5D-5L index scores over 12
months but no change in overall health VAS.
Seventeen participants received a permanent
low-frequency SCS device implant, 4
(23.5%) required surgical revision of lead
placement, 2 (11.8%) required IPG replace-
ments, and 1 (5.9%) required explantation
because of infection. de Vos et al17 random-
ized 60 patients 2:1 to low-frequency
SCSþCMM or CMM and reported results for
up to 6 months. The proportion of pain
TABLE 3. Number Needed to Treat for PDN
Treatments

PDN treatment
Number needed to
treatb (95% CI)

High-concentration (8%)
capsaicin patches

10.6 (7.4-19)

Gabapentin, extended-release 8.3 (6.2-13.0)

Pregabalin 7.7 (6.5-9.4)

Serotonin-norepinephrine
reuptake inhibitors

6.4 (5.2-8.4)

Gabapentin 6.3 (5.0-8.3)

Weak opioid agonists 4.7 (3.6-6.7)

Strong opioid agonists 4.3 (3.4-5.8)

Tricyclic antidepressants 3.6 (3.0-4.4)

10-kHz SCSa 1.3 (1.1-1.4)

aSCS, spinal cord stimulation.
bThe number needed to treat represents the number of pa-
tients that need to be treated with an intervention to achieve
1 more responder with at least 50% pain relief compared
with the control intervention. Finnerup et al12 completed a
systematic review and meta-analysis of randomized controlled
trials for neuropathic pain medications vs placebo. The cur-
rent study results were used to calculate the number needed
to treat for 10-kHz SCS compared with continued conven-
tional medical management.

Mayo Clin Proc Inn Qual Out n August 2022;6(4):347-360 n https:/
www.mcpiqojournal.org
responders among patients who completed
the 6-month follow-up was 69% (25 of 36).
The participants reported improved EQ-5D-
5L overall health VAS, and 80% were satisfied
with the treatment. In total, 37 participants
received a permanent device implant, 1
(2.7%) participant developed an infection,
and 3 (8.1%) participants required surgical
revision of the leads or IPG over 6 months.

The effectiveness of low-frequency SCS at-
tenuates over time.45,46 van Beek et al19 re-
ported a similar trend of rising pain scores
and decreasing responder rates by 12 months,
continuing to 24 months, and saw no differ-
ence from baseline in EQ-5D-5L, well-being,
depression, or sleep quantity at 24 months.19

In contrast, results with 10-kHz SCS are
remarkably durable over 12 months, with no
significant change in pain relief or HRQoL im-
provements, reflecting that the mechanism of
action for 10-kHz SCS differs from low-
frequency SCS.22,23

Procedure-related complications observed
in this study aligned with expected SCS
complication rates.47 The 5.2% incidence of
infections is within the range of 2.5% to
10.0% (mean, 4.9%; 95% CI, 3.4-6.4) re-
ported across SCS studies, including several
cohorts without diabetes. Additionally, the
incidence of lead migration, IPG and lead
placement revision, and explants were all
low compared with reports for SCS.47,48 These
results imply that patients with PDN can be
safely treated with 10-kHz SCS.

Patients with PDN medically appropriate
for implant procedures have a high likelihood
of success with 10-kHz SCS. Finnerup et al12

completed a systematic review and meta-
analysis of RCTs for neuropathic pain medica-
tions vs placebo reporting NNTs for 50% pain
relief. The NNT for 10-kHz SCS was 1.3, an
improvement compared with pharmacother-
apies (Table 3).

Long-term controlled pharmacotherapy
studies are lacking; few extend beyond 12
weeks. Nonetheless, initial pharmacological
management of PDN is appropriate and sup-
ported by guidelines.8 Those with refractory
symptoms or intolerable adverse effects to
pharmacotherapy should be considered for
10-kHz SCS, perhaps before the introduction
of opioids, which carry potentially hazardous
associated risks and lack data supporting
/doi.org/10.1016/j.mayocpiqo.2022.05.003 357
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long-term efficacy.49 Notably, the participants
enrolled in our study had failed first-line treat-
ments and many of the recommended second-
and third-line PDN treatments, yet had
substantial improvements with 10-kHz SCS.

The optional crossover study design pro-
vided a unique data set wherein patients serve
as their own controls. Pain, health, and
HRQoL measures remained unchanged or
deteriorated over 6 months of CMM. Results
for crossover patients postimplant are similar
to those originally assigned to 10-kHz SCS.
The participants in this study represent a large
patient population who has exhausted the best
available medical treatments and need effective
alternatives.

The results for PDN are similar to those re-
ported with 10-kHz SCS treatment of other
chronic pain conditions. There were 85%
pain responders at 12 months, which aligns
with prior prospective studies with 10-kHz
SCS reporting the proportion of responders at
12 months for neck pain (85%-89%), pelvic
pain (77%), upper limb pain (76%-95%),
back pain (79%), leg pain (79%), chronic post-
surgical pain (78%), abdominal pain (82%),
and nonsurgical back pain (90%).24,50-55

This study was unblinded, which may in-
fluence the participants and investigators.
Steps to minimize bias included concealed
treatment allocation and random sequence
generation. The treatment groups were well-
matched for baseline characteristics, missing
data were unlikely to affect the outcomes,
and prespecified end points have been
reported.27

The detailed neurologic examination has
been previously described.27,28 Although care
was taken to standardize the examination,
interassessor variability should be considered
a limitation. Further studies with more objec-
tive metrics for neurologic testing are needed
to better understand and substantiate these
findings.

Comparing a surgical intervention to med-
ical management has potential for greater pla-
cebo effect in the active treatment arm;
however, stable results with 10-kHz SCS
over 12 months mitigate concerns about the
placebo response.

In conclusion, 10-kHz SCS provided sub-
stantial and durable pain relief, improved
Mayo Clin Proc Inn Qual Out n August 2022
HRQoL, better sleep quality, and neurologic
improvements over 12 months. These data
should support the use of 10-kHz SCS for pa-
tients with PDN with symptoms refractory to
conservative care.
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