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IMPORTANCE Many patients with diabetic peripheral neuropathy experience chronic pain and
inadequate relief despite best available medical treatments.

OBJECTIVE To determine whether 10-kHz spinal cord stimulation (SCS) improves outcomes
for patients with refractory painful diabetic neuropathy (PDN).

DESIGN, SETTING, AND PARTICIPANTS The prospective, multicenter, open-label SENZA-PDN
randomized clinical trial compared conventional medical management (CMM) with 10-kHz
SCS plus CMM. Participants with PDN for 1 year or more refractory to gabapentinoids and at
least 1 other analgesic class, lower limb pain intensity of 5 cm or more on a 10-cm visual
analogue scale (VAS), body mass index (calculated as weight in kilograms divided by height in
meters squared) of 45 or less, hemoglobin A1c (HbA1c) of 10% or less, daily morphine
equivalents of 120 mg or less, and medically appropriate for the procedure were recruited
from clinic patient populations and digital advertising. Participants were enrolled from
multiple sites across the US, including academic centers and community pain clinics, between
August 2017 and August 2019 with 6-month follow-up and optional crossover at 6 months.
Screening 430 patients resulted in 214 who were excluded or declined participation and 216
who were randomized. At 6-month follow-up, 187 patients were evaluated.

INTERVENTIONS Implanted medical device delivering 10-kHz SCS.

MAIN OUTCOMES AND MEASURES The prespecified primary end point was percentage of
participants with 50% pain relief or more on VAS without worsening of baseline neurological
deficits at 3 months. Secondary end points were tested hierarchically, as prespecified in the
analysis plan. Measures included pain VAS, neurological examination, health-related quality of
life (EuroQol Five-Dimension questionnaire), and HbA1c over 6 months.

RESULTS Of 216 randomized patients, 136 (63.0%) were male, and the mean (SD) age was 60.8
(10.7) years. Additionally, the median (interquartile range) duration of diabetes and peripheral
neuropathy were 10.9 (6.3-16.4) years and 5.6 (3.0-10.1) years, respectively. The primary end
point assessed in the intention-to-treat population was met by 5 of 94 patients in the CMM
group (5%) and 75 of 95 patients in the 10-kHz SCS plus CMM group (79%; difference, 73.6%;
95% CI, 64.2-83.0; P < .001). Infections requiring device explant occurred in 2 patients in the
10-kHz SCS plus CMM group (2%). For the CMM group, the mean pain VAS score was 7.0 cm
(95% CI, 6.7-7.3) at baseline and 6.9 cm (95% CI, 6.5-7.3) at 6 months. For the 10-kHz SCS plus
CMM group, the mean pain VAS score was 7.6 cm (95% CI, 7.3-7.9) at baseline and 1.7 cm (95% CI,
1.3-2.1) at 6 months. Investigators observed neurological examination improvements for 3 of 92
patients in the CMM group (3%) and 52 of 84 in the 10-kHz SCS plus CMM group (62%) at 6
months (difference, 58.6%; 95% CI, 47.6-69.6; P < .001).

CONCLUSIONS AND RELEVANCE Substantial pain relief and improved health-related quality of
life sustained over 6 months demonstrates 10-kHz SCS can safely and effectively treat
patients with refractory PDN.
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T he World Health Organization estimates a total of 422 mil-
lion adults with diabetes worldwide and a worldwide
prevalence (8.5%) that has nearly doubled over 4

decades.1 Diabetes may cause systemic damage with profound
impact on health-related quality of life and is potentially life
threatening. Diabetic peripheral neuropathy is a common com-
plication presenting as pain and other dysesthesias, including
numbness, burning, or tingling. Approximately 20% of pa-
tients with diabetes will develop painful diabetic neuropathy
(PDN), a progressive, potentially debilitating chronic neuro-
pathic pain condition.2

Current PDN treatments include neuropathic pain medica-
tions, such as gabapentinoids, serotonin-norepinephrine
reuptake inhibitors, tricyclic antidepressants, opioids, and topi-
cal solutions.3,4 High-quality randomized clinical trials (RCTs)
demonstrate limited efficacy of these medications with high in-
cidence of adverse effects. Gabapentinoids may increase the risk
of respiratory depression, a serious concern for patients taking
opioids or with underlying respiratory impairment.5-7 System-
atic review and meta-analysis of neuropathic pain medication
RCTs reported a number needed to treat ranging from 3.6 to 7.7,
with a number needed to harm ranging from 11.8 to 25.6.8

Gabapentin and pregabalin are commonly prescribed for
PDN, but long-term adherence can be poor, with more than
60% of patients discontinuing by 6 months.9 Duloxetine re-
veals a similar pattern, with 50% discontinuing by 6 months.9

Most of these patients do not switch to an alternative therapy,
leaving their progressive neuropathic pain condition un-
treated. This represents a large patient population with
significant unmet needs.

Nonpharmacological PDN treatment with spinal cord
stimulation (SCS) devices was first reported in 1996.10,11 Two
prior RCTs demonstrated moderate utility of low-frequency
(40- to 60-Hz) SCS with smaller samples (36 to 60 partici-
pants) and 6-month to 24-month follow-up.12-14 Long-term fol-
low-up of low-frequency SCS shows responder attrition within
12 months.15 Observational data suggest high-frequency (10-
kHz) SCS provides substantial pain relief for patients with PDN
without generating paresthesias required for other types of
SCS.16-18 Previous results support 10-kHz SCS as a superior treat-
ment compared with low-frequency SCS for chronic low back
and leg pain and effective for nonsurgical low back pain, up-
per limb and axial neck pain, and neuropathic limb pain while
reducing opioid dosages.19-28

The Comparison of 10 kHz SCS Combined With CMM
to CMM Alone in the Treatment of Neuropathic Limb Pain
(SENZA-PDN) RCT29 extends observations from low-
frequency SCS studies in, to our knowledge, the largest RCT
to date to test the hypothesis that 10-kHz SCS combined with
conventional medical management (CMM) provides mean-
ingful pain relief compared with CMM alone for patients with
refractory PDN.

Methods
Detailed methods have been previously described.29 The West-
ern Institutional Review Board and local institutional review

boards approved the protocol, consent form, and study docu-
ments prior to study commencement at each site. Partici-
pants were enrolled after providing written informed con-
sent. The study was conducted in accordance with the
Declaration of Helsinki30 as well as good clinical practices and
reported in accordance with the Consolidated Standards of Re-
porting Trials (CONSORT) reporting guideline. Participants
reported demographic information, including race/ethnicity,
and those data were summarized. The study protocol can be
found in Supplement 1, and the statistical analysis plan can be
found in Supplement 2. The study design has been previously
published.29

Design and Outcomes
Patients with PDN were recruited across multiple sites in the US.
Key inclusion criteria were PDN diagnosis with symptoms for
12 months or more that was refractory to treatment with gab-
apentin or pregabalin and at least 1 other class of analgesic, lower
limb pain intensity of 5 cm or more on a 10-cm visual analogue
scale (VAS), and medically suitable for the proposed proce-
dure. All patients were psychologically evaluated and re-
viewed by independent medical monitors prior to randomiza-
tion. Key exclusion criteria were hemoglobin A1c (HbA1c) greater
than 10%, body mass index (calculated as weight in kilograms
divided by height in meters squared) greater than 45, daily opi-
oid dosage greater than 120 mg morphine equivalents, and up-
per limb pain intensity of 3 cm or more on a VAS. The primary
measure for pain was the VAS.31 Additional pain qualities were
assessed by Short-Form McGill Pain Questionnaire (SF-MPQ-
2), Douleur Neuropathique (DN4), and modified Neuropathy
Symptom Score.32-34 Health-related quality of life measures in-
cluded the Pain and Sleep Questionnaire, Global Assessment
of Functioning, EuroQol 5-Dimension Questionnaire (EQ-5D-
5L), and patient satisfaction.35,36 Patient safety was assessed
via adverse event (AE) monitoring and thorough neurologi-
cal assessment. A clinical events committee provided over-
sight of AEs.

Two independent neurologists designed the standard-
ized neurological examination and trained investigators. Lower
limb motor function, light touch sensation, and reflexes were
assessed in standard fashion developed in collaboration with
the US Food and Drug Administration for a prior study.19,20 The
neurological assessment also included a 10-point diabetic foot

Key Points
Question Will 10-kHz spinal cord stimulation improve pain relief
for patients with painful diabetic neuropathy refractory to medical
management?

Findings In this randomized clinical trial including 216 patients,
there was a significant benefit of 10-kHz spinal cord stimulation,
with 79% of treatment responders whose underlying neurological
deficits did not worsen compared with 5% of controls treated with
conventional medical management.

Meaning Patients with painful diabetic neuropathy with
inadequate pain relief despite best available medical treatments
should be considered for 10-kHz spinal cord stimulation.
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examination with pinprick and Semmes-Weinstein 10-g mono-
filament testing (eFigure 1 in Supplement 3). Neuropen (Owen
Mumford Ltd) was used to deliver consistent, reproducible
pressure for testing these modalities, as this has been shown
most accurate among commercially available products.37 The
neurological assessment was conducted at baseline and fol-
low-up visits and is consistent with American Diabetes Asso-
ciation recommendations for assessing loss of protective sen-
sation as well as American Academy of Neurology’s definition
of distal symmetric polyneuropathy.38,39 Investigators used
clinical judgment to determine if observed changes were clini-
cally meaningful.

Randomization and Follow-up
Treatment allocations were concealed with computer assign-
ment 1:1 to CMM or 10-kHz SCS plus CMM. Randomization was
performed using a random-sized block method by site and
stratified by pain severity (VAS) and glycemic control (HbA1c).
Data collection will continue for 24 months. Patients could opt
to cross over to the other treatment arm at 6 months if they
had insufficient pain relief (less than 50% improvement), were
dissatisfied with treatment, and were appropriate to proceed
as determined by their physician.

SCS Treatment
Patients assigned to the SCS treatment group underwent tem-
porary trial stimulation for 5 to 7 days with percutaneous leads
placed epidurally along T8 to T11 (eFigure 2 in Supplement 3).
Patients reporting 50% or more pain relief using the VAS were
eligible for permanent SCS device implant (Nevro Corp), which
included 2 percutaneous leads placed epidurally connected to
an implantable pulse generator typically placed in the low back.
Stimulation parameters included 10-kHz frequency, 30-μs
pulse width delivered via bipole, and amplitude range of 0.5
to 3.5 mA. Optimal bipole location and amplitude were ad-
justed per patient feedback, as previously described.19

Statistical Analysis
Baseline characteristics were compared for potential imbal-
ance by a standardized difference effect size index (Cohen d).
Primary end point outcome was a composite of effectiveness
and stable neurological examination requiring 50% or more
pain relief by VAS without a meaningful worsening of base-
line neurological deficits at 3-month follow-up. Primary analy-
sis involved the intention-to-treat population with known sta-
tus, with a secondary analysis in the per-protocol population
of patients who completed 3-month follow-up as assigned, as-
sessed by Fisher exact test with 2-sided α level of .05. The ef-
fects of missing outcome data on the primary end point com-
parison between groups were examined in sensitivity analyses
(eTable 1 in Supplement 3). Beyond primary end point analy-
sis of the intention-to-treat population, outcomes are re-
ported for the per-protocol population as means with 95%
CIs. A hierarchical closed testing procedure was performed to
control type I error in evaluating significant differences in sec-
ondary end points. If the primary end point was met, there were
8 prespecified secondary end points that were tested succes-
sively with Fisher exact test or t test, as appropriate, until sig-

nificance could not be demonstrated at a 2-sided α level of
.05.29 Results through 6 months are reported, including the pri-
mary end point at 3 months and all secondary end points: 2 as-
sessed at 3 months and 6 assessed at 6 months. We conducted
analyses using SPSS Statistics version 25 (IBM).

Results
Patients were enrolled at 18 research sites across the US, in-
cluding academic centers and independent pain clinics, be-
tween August 28, 2017, and August 23, 2019. Screening 430
candidates resulted in 216 patients with PDN who were ran-
domized (Figure 1). Of these 216 randomized patients, 136
(63.0%) were male, and the mean (SD) age was 60.8 (10.7) years.
Screening failures included ineligibility per inclusion or ex-
clusion criteria (n = 146) and patient decision (n = 65). Ran-
domized patients included 103 assigned to CMM and 113
assigned to 10-kHz SCS plus CMM.

Among 216 randomized patients, the mean (SD) HbA1c was
7.4% (1.2) and mean (SD) body mass index was 33.7 (5.3). A total
of 130 patients (60.2%) had suboptimally controlled diabe-
tes. The median (interquartile range) duration of diabetes and
peripheral neuropathy were 10.9 (6.3-16.4) years and 5.6 (3.0-
10.1) years, respectively, before enrollment. There was a simi-
lar distribution of sex between groups (Table). Patients pre-
sented with moderate to severe neuropathic pain indicated by
a mean (SD) baseline VAS score of 7.3 (1.6) cm and a mean (SD)
DN4 score of 6.6 (1.8).

Primary End Point Assessment
In the CMM group, 5 of 94 patients (5%) met the composite
primary end point of 50% or more pain relief using the VAS
without observed deterioration on neurological examination
compared with 75 of 95 in the 10-kHz SCS plus CMM group
(79%; difference, 73.6%; 95% CI, 64.2-83.0; P < .001). Sensi-
tivity analyses considered varying assumptions for missing data
with no effect on the conclusion that the treatment effect for
10-kHz SCS plus CMM was superior to CMM alone (eTable 1 in
Supplement 3). The intention-to-treat population with known
status included temporary trial stimulation failures (n = 6) and
patients who exited the study due to an AE (n = 2) as nonre-
sponders in the 10-kHz SCS plus CMM group. One patient in
the 10-kHz SCS plus CMM group and 2 in the CMM group
missed 3-month follow-up but continued in the study. These
patients were considered part of the safety population but ex-
cluded from the defined per-protocol population, with data re-
ported separately (eTable 2 in Supplement 3).

Safety
There were no study-related AEs reported for the CMM group
as the protocol did not require any specific treatments, while
there were 18 AEs reported among 14 patients in the 10-kHz
SCS plus CMM group (eTable 3 in Supplement 3). There were
3 study-related AEs for infection, 2 for wound dehiscence, and
1 for impaired healing among 5 of 90 patients (6%). Of 90 total
implanted patients, 2 (2%) required explant. There were no
stimulation-related neurological deficits in the 10-kHz SCS plus
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CMM group. A clinical events committee reviewed all AEs pe-
riodically with no concerns about the conduct of the study.

Secondary End Point Assessments
A summary table of all secondary end point outcomes is shown
in order of hierarchical analysis in eTable 4 in Supplement 3.

Pain Relief During Trial SCS
In the 10-kHz SCS plus CMM treatment arm, 104 patients
completed a temporary trial with SCS, with 98 achieving 50%
or more pain relief using the VAS (94% success) and eligible
for implantation of a permanent system (Figure 1). The mean
pain VAS score at the end of the trial was 1.3 cm (95% CI, 1.0-
1.6), a mean 82.3% (95% CI, 78.5-86.1) reduction from base-
line. The 6 patients who failed temporary trial SCS continued

with CMM (eTable 5 in Supplement 3). A total of 90 patients
in the 10-kHz SCS plus CMM group received permanent
device implants.

Pain Relief at 3 and 6 Months
At 3-month follow-up, 5 of 96 in the CMM group (5%) had pain
VAS scores of 3 cm or less compared with 69 of 88 in the 10-
kHz SCS plus CMM group (78%; difference, 73.2%; 95% CI, 63.5-
82.9; P < .001) (Figure 2A). At 6-month follow-up, there was
no change in mean pain VAS scores for the CMM group, with a
baseline mean of 7.0 cm (95% CI, 6.7-7.3) and a 6-month mean
of 6.9 cm (95% CI, 6.5-7.3); however, lower limb pain VAS scores
decreased by a mean of 76.3% (95% CI, 70.8-81.8) for the im-
planted group. Patients in the 10-kHz SCS plus CMM group had
a mean baseline pain VAS score of 7.6 cm (95% CI, 7.3-7.9) and

Figure 1. Disposition of All Patients Screened for Study Participation

430 Assessed for eligibility

214 Excluded
146 Did not meet inclusion or exclusion criteria
65 Declined to participate
3 Not randomized because enrollment ended

216 Randomized

2 Excluded
1 Lost to follow-up
1 Left due to adverse events

103 Randomized to conventional
medical management

113 Randomized to 10-kHz spinal cord stimulation
plus conventional medical management

90 Included in the 1-mo analysis
11 Missed the visit

4 Included in the 1-mo analysis
1 Missed the visit
1 Withdrew consent

90 Included in the 1-mo analysis

88 Included in the 3-mo analysis
1 Missed the visita

1 Left due to adverse events

96 Included in the 3-mo analysis

1 Left due to adverse events

2 Missed the visita

2 Lost to follow-up

4 Included in the 3-mo analysis
1 Lost to follow-up

104 Included in trial SCS

90 Implanted

87 Included in the 6-mo analysis
1 Included in the safety groupa

1 Left due to adverse events

4 Included in the 6-mo analysis93 Included in the 6-mo analysis
2 Included in the safety groupa

2 Withdrew consent
1 Lost to follow-up

6 Trial SCS failures

9 Excluded
5 Withdrew consent

1 Lost to follow-up
3 Left due to adverse events

8 Excluded
4 Declined implantable pulse

generators

1 Left due to adverse events
3 Lost to follow-up

a Patients who missed the 3-month primary end point assessment (2 patients in
the conventional medical management group, 1 in the 10-kHz spinal cord
stimulation plus conventional medical management group) were considered

part of the safety population but excluded from the per-protocol population
for other outcome assessments even though they completed the 6-month
visit.
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Table. Baseline Characteristics for All Randomized Patients

Characteristic

No. (%)

Standardized
differenceaCMM (n = 103)

10-kHz SCS plus CMM
(n = 113)

Age, y

Mean (SD) 60.8 (9.9) 60.7 (11.4)
0.01

Median (IQR) 62.0 (55.0-67.5) 61.0 (55.0-70.0)

Sex

Male 66 (64.1) 70 (61.9)
0.04

Female 37 (35.9) 43 (38.1)

Race

White 85 (82.5) 87 (77.0)

0.14

Black or African American 13 (12.6) 18 (15.9)

Native Hawaiian or other Pacific Islander 1 (1.0) 3 (2.7)

American Indian or Alaska Native 0 2 (1.8)

Asian 1 (1.0) 1 (0.9)

Other 3 (2.9) 2 (1.8)

Diabetes

Type 1 3 (2.9) 8 (7.1)
0.19

Type 2 100 (97.1) 105 (92.9)

Duration, y

Diabetes

Mean (SD) 12.2 (8.5) 12.9 (8.5)
0.09

Median (IQR) 10.4 (6.3-15.2) 12.0 (6.4-18.6)

Peripheral neuropathy

Mean (SD) 7.1 (5.1) 7.4 (5.7)
0.06

Median (IQR) 5.4 (2.9-10.0) 5.7 (3.1-10.1)

Lower limb pain VAS

Mean (SD), cm 7.1 (1.6) 7.5 (1.6)
0.22

Median (IQR), cm 7.2 (6.2-8.2) 7.5 (6.6-8.6)

<7.5 cm 57 (55.3) 54 (47.8)
0.15

≥7.5 cm 46 (44.7) 59 (52.2)

HbA1c

Mean (SD), % 7.4 (1.2) 7.3 (1.1)
0.11

Median (IQR), % 7.3 (6.6-8.2) 7.3 (6.3-8.2)

<7.0% 40 (38.8) 46 (40.7)
0.04

≥7.0% 63 (61.2) 67 (59.3)

BMIb

Mean (SD) 33.9 (5.2) 33.6 (5.4)
0.06

Median (IQR) 34.3 (30.9-37.1) 33.6 (29.8-36.3)

Severity of neuropathic pain

DN4

Mean (SD) 6.5 (1.9) 6.6 (1.7)
0.12

Median (IQR) 6 (5-8) 7 (5-8)

<3 3 (2.9) 1 (0.9)
0.15

≥3 99 (97.1) 112 (99.1)

mNSS

Mean (SD) 6.9 (1.1) 6.8 (1.3)
0.05

Median (IQR) 7 (6-8) 7 (6-8)

(continued)

Effect of High-frequency (10-kHz) Spinal Cord Stimulation in Patients With Painful Diabetic Neuropathy Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology June 2021 Volume 78, Number 6 691

Downloaded From: https://jamanetwork.com/ on 07/07/2021

http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.0538


a 6-month mean pain VAS score of 1.7 cm (95% CI, 1.3-2.1)
(Figure 2B). Individual responses revealed worsening pain for
48 of 93 patients in the CMM group (52%) and 2 of 87 in the
10-kHz SCS plus CMM group (2%) (Figure 2C). The proportion
of responders, defined as 50% or more pain relief from base-
line VAS, was 5% (5 of 93) in the CMM group compared with
85% (74 of 87) in the 10-kHz SCS plus CMM group at 6 months
(P < .001) (Figure 2C). In addition, 53 of 88 patients in the 10-
kHz SCS plus CMM group (60%) achieved remission of pain,
defined as VAS score of 3 cm or less sustained for 6 months,40

compared with 1 of 95 in the CMM group (1%; P < .001).

Neurological Assessment at 3 and 6 Months
Investigators assessed meaningful worsening or improve-
ment in motor, sensory, or reflex testing. Improvement from
baseline without any worsening on examination was noted in
6 patients in the CMM group (6%) and 63 in the 10-kHz SCS
plus CMM group (72%) at 3 months (difference, 66.0%; 95%
CI, 55.4-76.6; P < .001) and 3 patients in the CMM group (3%)
and 52 in the 10-kHz SCS plus CMM group (62%) at 6 months
(difference, 58.6%; 95% CI, 47.6-69.6; P < .001) (Figure 3A).
Most of the improvements were in sensory assessment. A total
of 17 patients in the CMM group (19%) and 5 in the 10-kHz SCS
plus CMM group (6.0%) demonstrated a meaningful deficit at
6 months compared with baseline.

A DN4 score of 3 or more is consistent with clinically con-
firmed PDN.41 The mean DN4 score for patients in the CMM

group was 6.4 (95% CI, 6.2-6.6) at baseline and 6.5 (95% CI,
6.3-6.7) at 6 months. A total of 88 of 91 patients in the CMM
group had a DN4 baseline score of 3 or more. This decreased
by 1.1% to 87 of 91 patients at 6 months (Figure 3B). For those
in the 10-kHz SCS plus CMM group, the mean score was 6.5
(95% CI, 6.3-6.7) at baseline and 3.5 (95% CI, 3.2-3.8) at 6
months. A total of 83 of 84 patients in this group had a base-
line score of 3 or more. This decreased by 34.5% to 54 of 84
patients at 6 months.

Treatment groups were well matched for intensity in all 4
SF-MPQ-2 subscales at baseline: continuous pain, intermit-
tent pain, neuropathic pain, and affective descriptors
(Figure 3C). There was no change for those in the CMM group
over 6-month follow-up, whereas all subscales improved for
those in the 10-kHz SCS plus CMM group, including a mean
67.0% (95% CI, 58.6-75.4) improvement in the intensity of
affective descriptors.

Health-Related Quality of Life at 6 Months
Each group rated overall health equivalently at baseline on EQ-
5D-5L VAS (Figure 4A). There was no change for those in the
CMM group but a mean 16-point (95% CI, 11.3-20.5) improve-
ment for those in the 10-kHz SCS plus CMM group (P < .001).
The mean EQ-5D-5L index score was 0.630 (95% CI, 0.600-
0.660) for those in the CMM group at baseline and decreased
to 0.599 (95% CI, 0.566-0.632) at 6 months (Figure 4A). For
those in the 10-kHz SCS plus CMM group, the mean EQ-5D-5L

Table. Baseline Characteristics for All Randomized Patients (continued)

Characteristic

No. (%)

Standardized
differenceaCMM (n = 103)

10-kHz SCS plus CMM
(n = 113)

Mild (3-4) 2 (2.0) 2 (1.8)

NAModerate (5-6) 33 (32.4) 46 (40.7)

Severe (7-9) 67 (65.7) 65 (57.5)

Pain medications

Anticonvulsants

Gabapentin 50 (48.5) 63 (55.8) 0.14

Pregabalin 29 (28.2) 25 (22.1) 0.14

Antidepressants

SNRIs 29 (28.2) 25 (22.1) 0.14

TCAs 14 (13.6) 10 (8.8) 0.15

Opioids 44 (42.7) 50 (44.2) 0.03

Topicals 9 (8.7) 11 (9.7) 0.03

Diabetes medications

Insulin 47 (45.6) 51 (45.1) 0.01

Oral and noninsulin injectable medications 84 (81.6) 88 (77.9) 0.09

Abbreviations: BMI, body mass index; CMM, conventional medical management; DN4, Douleur Neuropathique;
HbA1c, hemoglobin A1c; IQR, interquartile range; mNSS, modified Neuropathy Symptom Score; NA, not applicable;
SCS, spinal cord stimulation; SNRI, serotonin-norepinephrine reuptake inhibitor; TCA, tricyclic antidepressant;
VAS, visual analogue scale.
a Possible imbalances in baseline characteristics were evaluated with a standardized difference effect size index (Cohen d).

Index scores less than 0.20 suggest the groups are well matched, whereas scores of 0.20 or greater indicate small
differences, of 0.50 or greater indicate medium differences, and of 0.80 or greater indicate large differences between
the groups.

b Calculated as weight in kilograms divided by height in meters squared.
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index score of 0.636 (95% CI, 0.604-0.668) at baseline im-
proved to 0.765 (95% CI, 0.737-0.793; P < .001) at 6 months, a
difference of 0.129. The minimally important difference is
estimated between 0.03 to 0.05 in the type 2 diabetes
population.42

The effect of pain on sleep quality was evident in both
arms at baseline (Figure 4B). In the CMM group, sleep distur-
bance due to pain increased by 5.3% (95% CI, −15.0 to 4.4),
while in the 10-kHz SCS plus CMM group, there was a mean
61.9% (95% CI, 54.4-69.4) reduction. Investigators evaluated
patients’ well-being with the Global Assessment of Function-
ing (Figure 4C). No change was observed for those in the
CMM group, while patients in the 10-kHz SCS plus CMM
group had a mean improvement of 17.7 points (95% CI, 13.8-
21.6). At 6-month follow-up, 80 of 87 in the 10-kHz SCS plus
CMM group (92%) reported being satisfied or very satisfied
with their treatment compared with 6 of 93 in the CMM
group (6%) (Figure 4D).

For patients in the CMM group, the mean HbA1c level was
7.4% (95% CI, 7.1-7.6) at baseline, with a mean increase of 2.6%
(95% CI, −0.7 to 5.8) over 6 months. In the 10-kHz SCS plus
CMM group, the mean HbA1c was 7.4% (95% CI, 7.1-7.6) at base-

line, with a mean increase of 1.5% (95% CI, −1.8 to 4.7) over 6
months. There was no difference between the groups in the
mean change over 6 months (P = .65).

Patients could opt to cross over to the other treatment arm
at 6 months if they met all 3 prespecified criteria: less than 50%
pain relief using the VAS from baseline, dissatisfaction with the
current treatment, and investigator agreement the patient was
medically appropriate to proceed. None of the patients in the
10-kHz SCS plus CMM group met the criteria for crossover,
whereas 76 of 93 in the CMM group (82%) both met criteria and
elected to cross over (P < .001).

Discussion
This study—the largest RCT for SCS treatment of PDN to date—
was designed as a pragmatic study to provide high-level evi-
dence in guiding clinical decision-making. Participants had
long-standing diabetes and well-established PDN. Inclusion and
exclusion criteria were consistent with the greater popula-
tion of patients with refractory PDN. Previous treatments, in-
cluding medications, followed best-practice guidelines.3,4

Figure 2. Pain Relief Over Time Measured by a 10-cm Visual Analogue Scale (VAS)
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A, Proportion of patients with at least 50% pain relief on a VAS from baseline or
lower limb pain of 3 cm or less using the VAS at 1, 3, and 6 months for
conventional medical management (CMM) and 10-kHz spinal cord stimulation
(SCS) plus CMM. B, Mean lower limb pain scores on the VAS over time for 93
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Error bars indicate 95% CIs. C, Individual pain response. Each line represents
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CMM group. The dotted blue line represents the threshold for treatment
responders of at least 50% pain relief. In the CMM group, 5% of patients were
responders compared with 85% of patients in the 10-kHz SCS plus CMM group
(orange boxes).
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The proportion of treatment responders to high-
frequency (10-kHz) SCS at 6 months (85%) surpasses that of 2
published RCTs comparing low-frequency SCS with CMM.12-14

de Vos et al12 reported a 69% responder rate at 6 months among
36 individuals with PDN. Slangen and colleagues14 reported a
56% responder rate at 6 months among 16 individuals with
PDN. Long-term follow-up of 22 patients with PDN reveals 36%
responders to low-frequency SCS at 5 years with severity of
neuropathy predictive of treatment failure.15 Improvements
in neurological function were not reported in prior low-
frequency SCS studies. Additionally, 10-kHz SCS provides pain
relief without exacerbating underlying paresthesias as it is the
only paresthesia-independent SCS device.18 This study pro-
vides level I evidence supporting the addition of 10-kHz SCS
to CMM for patients with PDN with symptoms refractory to
medical management.

There are several RCTs evaluating pharmacological PDN
treatments demonstrating lower responder rates than SCS.
Meta-analysis of pregabalin data with 4-week to 12-week fol-
low-up yielded a responder rate of 47% for 600 mg daily.43

Studies for duloxetine with 8-week to 12-week follow-up re-
ported 42% to 59% responders.44 Tapentadol therapy re-
sulted in 40% responders at 15 weeks.45 Longer-term data are
lacking for PDN pharmacotherapy.

Effectiveness of 10-kHz SCS PDN treatment exceeds re-
sults reported for other pain etiologies. A large RCT demon-
strated responder rates of 76% for back pain and 81% for leg
pain at 6 months.19 A prospective, multicenter, observational
study reported 78% responders for axial neck pain and 88%
for upper limb pain at 6 months.23 Nonsurgical patients with
refractory back pain treated with 10-kHz SCS resulted in 75%
responders at 6 months and 80% at 36 months.22,46 Two prior
studies have described long-term benefit of 10-kHz SCS for pe-
ripheral polyneuropathy.16,17 The current study extends these
initial observations with level I evidence.

Wound complications are a primary concern when per-
forming surgical procedures for patients with diabetes. Com-
bined incidence of wound dehiscence, impaired healing, or in-
fection was seen in 5 of 90 patients with permanent SCS
implant, a 5.6% wound complication rate. This is consistent

Figure 3. Changes in Neurological Assessment and Quality of Pain
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with the risk for SCS wound complications in general and sug-
gests implantation of an SCS device can be safely accom-
plished in patients with diabetes.47

Improvements in sensation, as observed by investigators
in most patients receiving 10-kHz SCS plus CMM, is unre-
ported with other SCS therapies and supports similar find-
ings in observational studies of this treatment in those with
peripheral polyneuropathy of various etiologies.16,17 Existing
pharmacological treatments for PDN may mitigate pain symp-
toms without effect on underlying pathophysiology.3,48 In-
terestingly, changes in sensation were observed often by the
end of trial stimulation and persisted over the course of follow-
up. Further studies are needed to elucidate potential mecha-
nisms of action but may involve increased blood flow to the
periphery, improvement in peripheral or central sensory
processing, and/or changes in intraepidermal nerve fiber
density.49,50 Improved sensation has potential advantages for
patients with diabetic peripheral neuropathy that could aid in
foot ulcer or infection reduction and possibly enhance pro-
prioception that would reduce risk of falling and potential

injury. This study applied standard clinical assessments of
neurological function; however, assessor variability can be sig-
nificant, and the findings of neurological improvements should
be interpreted in the context of this limitation. Further study
including more objective measures will be required to vali-
date these observations.

Chronic pain, regardless of etiology, negatively affects
sleep quality. This can be especially true for patients with PDN
with symptoms classically worse at night. Prior RCT data with
low-frequency SCS reported half the participants achieved
significant pain relief at night.14 Sleep deprivation exacerbates
underlying disease, affects mental health, and daytime func-
tioning. This study indicates that 10-kHz SCS greatly improves
sleep for patients with PDN. In addition, patients improved
across a variety of health-related quality of life measures, sug-
gesting a broad effect of this treatment on patients’ lives.

Limitations
This study had limitations. Comparing an implanted medical
device with best available medical treatment made blinding

Figure 4. Health-Related Quality of Life Outcomes and Patient Satisfaction
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impossible. Steps were taken to mitigate bias, including ran-
dom sequence generation and concealed treatment alloca-
tion. The cohorts were well matched at baseline, attrition was
acceptable, missing data were unlikely to have a meaningful
effect on the outcomes, and all primary and secondary out-
comes have been reported as prespecified. Nonetheless, lack
of blinding may influence patients and investigators. Poten-
tial placebo effects in this study may be significant with an
active device treatment. Long-term follow-up may mitigate
concerns about a placebo effect.

This study included patients with symptoms refractory
to evidence-based CMM at baseline—10-kHz SCS was added
in the treatment arm to explore if satisfactory benefit could
be achieved. The control arm reflects a sizable patient popu-
lation for whom currently available treatments provide
insufficient pain relief; however, generalizing to all patients
with PDN warrants caution. The findings of neurological

improvements should be interpreted in the context of these
limitations.

Conclusions
Patients with PDN refractory to best available treatments can
be safely and effectively treated with high-frequency (10-
kHz) SCS. Evidence-based treatment guidelines should con-
template positioning of 10-kHz SCS in the continuum of care.
Follow-up of this study population will continue for 24 months
and establish potential durability of this treatment beyond 6
months. Patients experienced substantial, sustained pain re-
lief as well as clinically assessed improvements in neurologi-
cal function and improved health-related quality of life. In
practice, patients with PDN with inadequate response to con-
ventional treatments should be considered for 10-kHz SCS.
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