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Purpose: The recent SENZA-PDN study showed that high-frequency (10kHz) spinal cord stimulation (SCS) provided significant, 
durable pain relief for individuals with painful diabetic neuropathy (PDN), along with secondary benefits, including improved sleep 
quality and HRQoL. Given that metabolic factors and chronic neuropathic pain are related, we evaluated potential secondary effects of 
10kHz SCS on hemoglobin A1c (HbA1c) and weight in SENZA-PDN participants with type 2 diabetes (T2D).
Patients and Methods: This analysis included 144 participants with T2D and lower limb pain due to PDN who received 10kHz SCS 
during the SENZA-PDN study. Changes in HbA1c, weight, pain intensity, and sleep were evaluated over 24 months, with participants 
stratified according to preimplantation HbA1c (>7% and >8%) and body mass index (BMI; ≥30 and ≥35 kg/m2).
Results: At 24 months, participants with preimplantation HbA1c >7% and >8% achieved clinically meaningful and statistically 
significant mean reductions in HbA1c of 0.5% (P = 0.031) and 1.1% (P = 0.004), respectively. Additionally, we observed a significant 
mean weight loss of 3.1 kg (P = 0.003) across all study participants. In subgroups with BMI ≥30 and ≥35 kg/m2, weight reductions at 
24 months were 4.1 kg (P = 0.001) and 5.4 kg (P = 0.005), respectively. These reductions were accompanied by a mean pain reduction 
of 79.8% and a mean decrease in pain interference with sleep of 65.2% at 24 months across all cohorts.
Conclusion: This is the first study of SCS to demonstrate long-term, significant, and clinically meaningful reductions in HbA1c and 
weight in study participants with PDN and T2D, particularly among those with elevated preimplantation HbA1c and BMI. Although 
the mechanism for these improvements has yet to be established, the results suggest possible direct and indirect metabolic benefits with 
10kHz SCS in addition to durable pain relief.
Trial Registration: ClincalTrials.gov Identifier, NCT03228420.
Keywords: diabetic peripheral neuropathy, painful diabetic neuropathy, spinal cord stimulation, neuromodulation, neuropathic pain

Introduction
Diabetic neuropathy (DN) affects approximately 50% of people with diabetes during their lifetime.1 Typically, nerve fiber 
damage begins bilaterally in the feet and gradually progresses proximally to the lower legs.1 The symptoms of DN vary 
and may include pain, numbness, and paresthesia.1 As the condition progresses, decreased sensation and proprioception 
in the feet heightens the risk of falls, fractures, foot ulceration, and consequent lower extremity amputation.1–7
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Among the various symptoms of DN, neuropathic pain is particularly prevalent and debilitating, affecting up to 30% 
of individuals with DN.1 This pain is typically persistent, severe, and worse at night, significantly impairing patients’ 
sleep, daily activities, functionality, mood, and overall health-related quality of life (HRQoL).8 Although the reasons 
remain unclear as to why only some patients with DN develop neuropathic pain, studies suggest a potential association 
between metabolic factors, such as high body mass index (BMI) and suboptimal glycemic control.9–12 Additionally, some 
evidence suggests that individuals with painful diabetic neuropathy (PDN), compared to those with painless DN, have 
a higher BMI and worse glycemic control.13–15

Symptom management is the mainstay of PDN treatment, with recommended analgesic options that include gabapentinoids, 
anticonvulsants, serotonin-norepinephrine reuptake inhibitors, and tricyclic antidepressants.16 However, the results of rando-
mized controlled trials (RCTs) of these medications have been disappointing, and long-term adherence is generally poor because 
of limited efficacy and/or poor tolerability.17,18 Overall, most patients with PDN experience insufficient pain relief with current 
pharmacological treatments,19 leaving a substantial unmet treatment need among this patient population.

Spinal cord stimulation (SCS) is an alternative nonpharmacological therapy for treating neuropathic pain, with Level 
1 evidence supporting its use in treating axial back/lumber radiculopathy, neuralgia, and complex pain regional pain 
syndrome.20–22 Given the success of SCS for intractable neuropathic pain in other indications, there has been increasing 
interest in using the therapy to treat PDN pain symptoms. High-frequency 10 kHz SCS (10 kHz SCS) emerged a decade 
ago as an alternative SCS modality. Unlike LF-SCS, 10 kHz SCS provides pain relief without the sensation of 
paresthesia. The SENZA-PDN RCT recently evaluated the safety and effectiveness of 10 kHz SCS in patients with 
lower limb pain associated with refractory PDN. After 6 months of therapy, patients treated with 10 kHz SCS reported 
a 76% reduction in pain,23,24 which was significantly higher than the corresponding pooled outcome of the LF-SCS RCTs 
in an indirect comparison.24 Furthermore, pain relief with 10 kHz SCS was durable at 24 months in the SENZA-PDN 
study: 90% of patients reported at least 50% pain relief,25 which compares favorably with the reported 24-month 
responder rate for LF-SCS of 41%.26 In addition to pain reduction, 10 kHz SCS also significantly improved sleep quality 
and HRQoL, and most patients demonstrated evidence of improved sensory function on assessment. A small feasibility 
study in PDN patients with 10 kHz SCS built upon this initial finding, with lower limb nerve biopsy showing increased 
intraepidermal nerve fiber density (IENFD) following 6 months of therapy.27

Obesity and poor glycemic control can both increase inflammatory processes, resulting in damage to intraepidermal 
nerve fibers, which occurs in diabetic neuropathy.28 In turn, chronic neuropathic pain can worsen glycemic control.29 In 
addition to treating chronic neuropathic pain, there is evidence that SCS can reduce inflammation30 and sympathetic tone.31 

This suggests that chronic neuropathic pain, obesity, and poor glycemic control may amplify each other through inflam-
matory processes. The interrelationship between chronic neuropathic pain and these metabolic factors leads us to 
hypothesize that 10 kHz SCS may have secondary effects on hemoglobin A1c (HbA1c) and weight in persons with T2D 
and PDN. To explore our hypothesis, we extended our analysis of data from the SENZA-PDN study to assess changes in 
HbA1c and weight in study participants with T2D who received 10 kHz SCS for 24 months, with additional stratification by 
preimplantation glycemic and BMI status. We also examined pain relief and sleep outcomes in the same T2D population 
and stratified subgroups. We made these observations because chronic pain and sleep problems both lead to increased 
inflammatory processes and metabolic dysfunction, which could confound these comparisons. These post hoc evaluations 
are exploratory to inform future controlled studies and are complementary to the original SENZA-PDN study findings.25

Materials and Methods
Study Design and Participants
Here, we report a post hoc analysis of the SENZA-PDN study data. A full description of the original SENZA-PDN study 
methods and primary study results up to 24 months postimplantation have previously been published.23,25,32–34 The study 
included adults ≥22 years of age with a diagnosis of diabetes, PDN symptoms for at least 12 months that were refractory 
to current or previous treatment with a gabapentinoid and ≥1 other class of analgesic drug, lower limb pain intensity of 
≥5 cm on a 10-cm visual analog scale (VAS), and an HbA1c ≤10% (86 mmol/mol). Individuals with upper extremity pain 
due to diabetic neuropathy of ≥3 cm on a 10-cm VAS, BMI >45 kg/m2, or daily opioid dosage >120 mg morphine 
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equivalents were excluded. Prior to study initiation, Institutional Review Board (IRB) approval was obtained from the 
central IRB (Western IRB, #20171535) and local site IRBs when required. The SENZA-PDN study was conducted in 
accordance with the Declaration of Helsinki as well as good clinical practices and reported in accordance with the 
Consolidated Standards of Reporting Trials (CONSORT) reporting guideline.

Participants who met eligibility requirements and provided their written informed consent were randomly assigned 
(1:1) to conventional medical management (CMM) alone or 10 kHz SCS combined with CMM alone (10 kHz SCS 
+CMM), with CMM comprising standard of care treatments35 for PDN managed by the study investigators. Throughout 
the study, the treating physicians (independent of the study investigators) managed glycemic control per their standard of 
care. At the end of the 6-month randomized phase, participants could cross over to the other treatment arm if they met 
prespecified criteria, which included having less than 50% pain relief from baseline. Participants who underwent 
permanent implantation of a 10 kHz SCS system (including the original recipients of 10 kHz SCS+CMM and those 
who received the therapy after crossing over from the CMM alone arm) were followed for 24 months postimplantation.

Assessments were conducted at preimplantation and during follow-up to measure various parameters. HbA1c was 
determined at preimplantation and 3, 6, 12, 18, and 24 months postimplantation using standard laboratory blood tests at the 
local institution or through Quest Diagnostics laboratory. Weight and BMI were recorded at preimplantation and 3, 6, 12, and 
24 months. Additionally, the intensity of lower limb pain (0–10 cm VAS) and pain interference with sleep (Pain and Sleep 
Questionnaire Three-Item Index, PSQ-3; 0–10 cm scale) were documented at preimplantation and 3, 6, 9, 12, 18, and 24 
months, along with data on diabetes medication usage. The current analysis evaluated results for study participants diagnosed 
with T2D. We excluded individuals with type 1 diabetes (T1D) from this analysis because of the distinct differences in HbA1c 
management between T1D and T2D and the relatively small number of randomized participants with T1D (5.1%, 11 of 216).

Intervention
Individuals receiving 10 kHz SCS underwent implantation with temporary trial leads placed in the epidural space. The 
leads were connected to an external trial stimulator for a period of 5–7 days, as per standard clinical practice. Participants 
who experienced at least 50% pain relief compared to baseline were eligible to receive a permanent 10 kHz SCS system 
(Nevro Corp., Redwood City, California). For the SCS temporary trial and permanent implant, the device was 
programmed to deliver paresthesia-free electrical pulses at 10 kHz frequency, 30 μs pulse width, and an amplitude 
adjusted for optimal pain relief.

Statistical Analysis
In the present study, we analyzed changes in HbA1c, weight, pain intensity (0–10 cm VAS), and pain interference with 
sleep (PSQ-3; 0–10 cm scale) among all SENZA-PDN participants diagnosed with T2D who received a permanent 10 
kHz SCS system. Our analyses also stratified participants by (1) preimplantation HbA1c, with suboptimal blood glucose 
control categorized by HbA1c >7% (53 mmol/mol) and >8% (64 mmol/mol), and (2) preimplantation BMI, with obesity 
status categorized by BMI ≥30 kg/m2 (at least Class I obesity) and ≥35 kg/m2 (at least Class II obesity).36

Statistical analyses were conducted in SAS (Version 9.4, SAS Institute Inc., Cary, NC). Results are presented for all 
available data at each study visit. In addition, we utilized last-observation-carried-forward for the preimplant HbA1c 
values of 7 participants who crossed over from receiving CMM alone to 10 kHz SCS+CMM at the 6-month time point. 
These individuals had missed the immediate preimplantation HbA1c analysis but had a prior HbA1c analysis while 
undergoing CMM alone treatment. To statistically evaluate time effects, missing data were first imputed via a multiple 
imputation procedure using all available data for that outcome. Subsequently, we analyzed each imputed dataset with 
a repeated measures linear model that included time as a fixed effect and subject as a random effect, with an 
autoregressive correlation structure of order 1. We summarized these results using a missing data multiple imputation 
procedure. Missing data was imputed using the non-missing Hba1c values for each subject. This multiple imputation 
procedure has been shown to better estimate p-values and confidence intervals than single imputation procedures, which 
do not account for the variability between random imputations.37 Continuous variables are expressed as mean values ± 
standard error of the mean (SEM) unless otherwise noted, while categorical variables are reported as counts and 
percentages.
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Results
Study Population and Demographics
In total, 113 participants were randomized to receive 10 kHz SCS combined with CMM (10 kHz SCS+CMM) and 103 to 
receive CMM alone. After the 6-month randomized phase of the study, no participants from the original 10 kHz SCS 
+CMM group crossed over to receive CMM alone. In contrast, 93% (77 of 83) of eligible participants from the original 
CMM alone group opted to cross over to receive 10 kHz SCS+CMM. Our analysis here included 144 randomized 
participants from the SENZA-PDN study who had T2D and received a permanent 10 kHz SCS system. The full 
participant disposition for the 24-month study period has previously been published.25

At baseline, the 144 permanently implanted participants with T2D had a mean age (± SD) of 61.2 ± 9.8 years, and 
61% were male. The cohort had median durations (interquartile range) of diabetes and PDN symptoms of 11.0 (6.8–16.3) 
and 6.0 years (3.0–10.0), respectively. At the preimplantation assessment, the mean HbA1c (± SD) for this group was 7.5 
± 1.2% (58 ± 13 mmol/mol), and the mean preimplantation BMI (± SD) was 34.3 ± 5.4 kg/m2.

Changes in Glycemic Control
Preimplantation glycemic control was suboptimal among the study participants, with a mean HbA1c of 7.5 ± 0.1% (58.0 
± 1.1 mmol/mol). After 24 months of 10 kHz SCS, the mean HbA1c across all implanted participants showed 
a nonsignificant mean reduction of 0.3 ± 0.1% (2.8 ± 1.4 mmol/mol).

At preimplantation, the mean HbA1c in the subgroup with preimplantation HbA1c >7% (53 mmol/mol) was 8.2 ± 
0.1% (66.4 ± 1.1 mmol/mol). Over 24 months, this subgroup demonstrated a gradual improvement in glycemic control 
(Figure 1A and B), with the reduction in mean HbA1c reaching statistical significance at the 18-month follow-up (P = 
0.032). At the 24-month assessment, the mean HbA1c decreased to 7.7 ± 0.2%, representing a statistically significant 
mean reduction of 0.5 ± 0.2% (5.8 ± 2.0 mmol/mol; P = 0.031).

Participants with preimplantation HbA1c >8% (64 mmol/mol) experienced the greatest improvement in glycemic 
control (Figure 1A and B). Prior to implantation, the mean HbA1c in this cohort was 8.9 ± 0.1% (73.6 ± 1.3 mmol/mol). 
A significant reduction in the mean HbA1c was observed after 6 months of 10 kHz SCS (P = 0.045), with significant 
improvements also observed at the 12-, 18-, and 24-month evaluations (P = 0.004, P = 0.009, and P = 0.004, 
respectively). At the 24-month visit, the mean HbA1c in this subgroup was 7.8 ± 0.3%, with a significant mean reduction 
of 1.1 ± 0.2% (11.8 ± 2.7 mmol/mol; P = 0.004).

Changes in Weight
Throughout the study, we observed a gradual reduction in the mean weight of the implanted participants (Figure 2A), 
which reached statistical significance at the 24-month assessment (P = 0.003; Figure 2B). Prior to implantation, the mean 
weight across all implanted participants was 104.7 ± 1.5 kg. After 24 months of 10 kHz SCS, weight in these participants 
decreased significantly by a mean of 3.1 ± 1.0 kg (P = 0.003), equivalent to a 2.9% ± 1.0% mean weight loss.

In the subgroup with a preimplantation BMI ≥30 kg/m2, weight loss reached statistical significance at an earlier stage 
than the whole cohort (Figure 2B). From a mean preimplantation weight of 110.2 ± 1.5 kg, we observed a statistically 
significant mean weight reduction of 2.9 ± 0.9 kg at 12 months (P = 0.016). This effect persisted at the 24-month 
assessment, with a significant mean weight reduction of 4.1 ± 1.2 kg (P = 0.001), equivalent to a 3.9% ± 1.1% mean 
weight loss.

Similarly, participants with preimplantation BMI ≥35 kg/m2 also experienced a decrease in mean weight during the study 
(Figure 2A and B). The mean preimplantation weight of this subgroup was 117.5 ± 1.9 kg. After 24 months of 10 kHz SCS, we 
observed a mean weight reduction of 5.4 ± 1.7 kg (P = 0.005), corresponding to a 4.6% ± 1.5% mean weight loss.

Changes in Lower Limb Pain Intensity
During the study, 10 kHz SCS provided significant pain relief in the implanted participants (Figure 3). After 24 months, 
the mean VAS score for lower limb pain decreased from 7.5 ± 0.1 cm at preimplantation to 1.5 ± 0.2 cm (P < 0.001), with 
a mean reduction of 79.8% ± 2.0%. Furthermore, we observed a similar pattern of pain relief over 24 months when 
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stratifying participants by preimplantation HbA1c and BMI. Specifically, in the subgroup with preimplantation HbA1c 
>7% (53 mmol/mol), the mean VAS score for lower limb pain decreased by a mean of 83.9% ± 2.2% (from a mean of 7.5 
± 0.2 to 1.2 ± 0.2 cm) and by a mean of 80.0% ± 3.5% (from a mean of 7.5 ± 0.2 to 1.5 ± 0.3 cm) in those with 
preimplantation HbA1c >8% (64 mmol/mol). Likewise, the mean VAS score for lower limb pain decreased by a mean of 
79.9% ± 2.3% (from a mean of 7.6 ± 0.2 to 1.5 ± 0.2 cm) in the subgroup with preimplantation BMI ≥30 kg/m2 and by 
a mean of 80.5% ± 3.1% (from a mean of 7.8 ± 0.2 to 1.5 ± 0.3 cm) in those with preimplantation BMI ≥35 kg/m2.

Individuals who experienced at least a 50% reduction in pain from their preimplantation assessment were classified as 
treatment responders. Among the study participants, the responder rate after 24 months of 10 kHz SCS was 89.4% (118 
of 132), and this result was consistent regardless of the preimplantation HbA1c or BMI category.

Figure 1 Change in HbA1c. At preimplantation, there were 144 total participants. For the HbA1c subgroups, 84 participants had HbA1c >7% (53 mmol/mol) and 44 
participants had HbA1c >8% (64 mmol/mol). Error bars represent SEM. (A) Mean HbA1c (%) over time. (B) Mean change in HbA1c (%) over time. 
Notes: a P = 0.004 vs preimplantation. b P = 0.009 vs preimplantation. c P = 0.031 vs preimplantation. d P = 0.032 vs preimplantation. e P = 0.045 vs preimplantation. 
Abbreviations: HbA1c, Hemoglobin A1c; SCS, Spinal Cord Stimulation; SEM, Standard Error of the Mean.
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Changes in Pain Interference with Sleep
The study participants reported high pain interference with sleep at their preimplantation assessment, as indicated by 
a mean score of 6.4 ± 0.2 cm on the PSQ-3 (0–10 cm scale). The initiation of 10 kHz SCS led to a significant, durable 
reduction in pain interference with sleep (Figure 4). After 24 months, study participants experienced a highly significant 
improvement in sleep quality, with the PSQ-3 score decreasing by a mean of 65.2%, corresponding to a mean value of 
1.9 ± 0.2 cm (P < 0.001).

We observed similar improvements in sleep quality after 24 months of 10 kHz SCS in the HbA1c and BMI 
subgroups. In particular, the mean PSQ-3 score reduced by a mean of 68.2% (from a mean of 6.7 ± 0.3 to 1.9 ± 
0.3 cm) among the participants with preimplantation HbA1c >7% (53 mmol/mol) and by a mean of 66.3% (from a mean 
of 6.9 ± 0.4 to 2.0 ± 0.3 cm) among those with preimplantation HbA1c >8% (64 mmol/mol). Similarly, the mean PSQ-3 

Figure 2 Change in weight. At preimplantation, there were 144 total participants. For the BMI subgroups, 111 participants had BMI ≥30 kg/m2 and 58 participants had BMI 
≥35 kg/m2. Error bars represent SEM. (A) Mean weight (kg) over time. (B) Mean change in weight (kg) over time. 
Notes: a P = 0.001 vs preimplantation. b P = 0.003 vs preimplantation. c P = 0.005 vs preimplantation. d P = 0.016 vs preimplantation. 
Abbreviations: BMI, Body Mass Index (kg/m2); SCS, Spinal Cord Stimulation; SEM, Standard Error of the Mean.
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score in individuals with preimplantation BMI ≥30 kg/m2 reduced by a mean of 65.0% (from a mean of 6.6 ± 0.2 to 1.9 ± 
0.2 cm) and by a mean of 66.1% (from a mean of 7.1 ± 0.3 to 2.1 ± 0.3 cm) in those with preimplantation BMI 
≥35 kg/m2.

Discussion
Secondary Effects of 10 kHz SCS on Glycemic Control
While 10 kHz SCS is indicated to treat lower limb pain symptoms in people with refractory PDN, our analysis revealed 
additional benefits in glycemic control, particularly among those with elevated preimplantation HbA1c. After 24 months 

Figure 3 Mean pain score (Visual Analog Scale, VAS; 0–10 cm scale) over time, all participants. At preimplantation, there were 144 total participants. Error bars represent 
SEM. 
Note: ***P < 0.001 vs preimplantation. 
Abbreviations: SCS, Spinal Cord Stimulation; SEM, Standard Error of the Mean.

Figure 4 Mean pain interference with sleep (Pain and Sleep Questionnaire Three-Item Index, PSQ-3; 0–10 cm scale) over time, all participants. At preimplantation, there 
were 144 total participants. Error bars represent SEM. 
Note: ***P < 0.001 vs preimplantation. 
Abbreviations: SCS, Spinal Cord Stimulation; SEM, Standard Error of the Mean.
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of treatment with 10 kHz SCS, study participants with preimplantation HbA1c >7% (53 mmol/mol) and >8% (64 mmol/ 
mol) experienced statistically significant mean reductions in HbA1c of 0.5% (5.8 mmol/mol) and 1.1% (11.8 mmol/mol), 
respectively. These improvements in HbA1c are considered clinically meaningful by healthcare professionals (ie, 
≥0.5%).38,39 Interestingly, the improvements in HbA1c in our subgroups are consistent with those reported for many 
oral and non-insulin injectable glucose-lowering medications versus placebo (0.6–1.5%).40

Secondary Effects of 10 kHz SCS on Weight Loss
According to the American Diabetes Association (ADA) on Obesity and Weight Management for the Prevention and 
Treatment of Type 2 Diabetes (2023), clinical benefits in individuals with T2D typically emerge with a weight loss of 3% 
to 5%.41 Our study observed statistically significant weight reductions within this range in all analyzed groups, 
suggesting beneficial longer-term effects for the study participants. Specifically, at 24 months, the mean percent weight 
loss was 2.9% among all participants, 3.9% in those with preimplantation BMI ≥30 kg/m2, and 4.6% in those with 
preimplantation BMI ≥35 kg/m2. In addition, the mean absolute reductions in weight, ranging from 3.1 to 5.4 kg, are at 
the higher end of the range reported for many glucose-lowering medications (such as glucagon-like peptide 1 receptor 
agonists)42 versus placebo, that is, 0.3 to 3.8 kg.43

Mechanism of Action for Observed Reductions in HbA1c and Weight
The observed improvements in HbA1c and weight among our study participants are promising indicators of the potential 
secondary benefits of 10 kHz SCS treatment in aiding glycemic management and weight loss in individuals with T2D 
and refractory PDN. However, since the main objective of the SENZA-PDN study was to evaluate the safety and 
effectiveness of 10 kHz SCS for the treatment of the pain symptoms associated with PDN, our analysis here cannot 
elucidate the underlying reason for the observed improvements in HbA1c and weight. We can only hypothesize that they 
could be related to a reduction in the inflammatory processes and metabolic dysfunction associated with chronic pain,29 

as well as increased activity after pain relief. Other studies have suggested that SCS may affect insulin sensitivity or 
insulin production through a direct mechanism such as stimulation-induced neuropeptide release44,45 or indirectly 
through the reduction in chronic pain.29,46 These hypotheses require a future investigation to identify the main drivers 
for the observed HbA1c and weight improvements. A published case study also showed weight reduction incident with 
SCS,47 but currently, no definitive evidence exists to support SCS playing a direct role in impacting blood glucose and 
weight reductions.

The substantial pain relief provided by 10 kHz SCS treatment results in better sleep and significantly improved 
health-related quality of life.25 We hypothesized that the consequent reduction in stress associated with severe PDN pain 
enables patients to focus more on glycemic management, adopt healthier eating habits, and engage in a more active 
lifestyle—all of which can contribute to lowering HbA1c and reducing weight. Furthermore, when pain is no longer the 
patient’s primary concern, treating physicians can also devote more time and attention to glycemic management, 
potentially leading to improved metabolic control.

A medical device intervention such as SCS may also impact the amount of time a T2D/PDN patient spends with their 
clinician compared to routine CMM. During device follow-up visits, healthcare professionals may have more opportu-
nities to positively influence patients to improve their glycemic control and weight management.

10 kHz SCS Vs Other Treatment Options for PDN
With 10 kHz SCS, we observed significant, consistent improvements in pain levels and sleep quality over 24 months in 
patients with T2D and refractory lower limb pain due to PDN. These improvements were independent of preimplantation 
glycemic control (HbA1c >7% or >8%) or body mass index (BMI ≥30 or ≥35 kg/m2). Specifically, the entire cohort of 
study participants experienced a mean reduction in pain of 80% and a mean decrease in pain interference with sleep of 
65%. Furthermore, 89% of the participants were treatment responders to 10 kHz SCS (ie, ≥50% pain relief), a remarkable 
proportion given the challenging and intractable nature of PDN pain, and this improvement was also independent of 
preimplantation glycemia or weight. These results, similar to those from the original SENZA-PDN study (which included 
participants with both T1D and T2D), demonstrate that 10 kHz SCS is a highly effective and durable treatment for the 
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pain symptoms associated with PDN. In contrast, the efficacy of LF-SCS in a similar group of patients with PDN was 
markedly lower after a treatment period of 24 months, providing only 39% pain relief and a responder rate of 41%.26

Dorsal root ganglion (DRG) stimulation may offer additional benefits over LF-SCS for patients who can tolerate 
paresthesia, considering its high responder rate and reported ability to provide effective paresthesia coverage in the feet.48 

There is also some early evidence suggesting potential improvements to IENFD in DRG stimulation patients with painful 
polyneuropathy; however, the analysis did not reach statistical significance.49 A small feasibility study of 10 kHz SCS in 
PDN has shown more promising results, demonstrating a significant increase in IENFD in both the proximal thigh and 
distal legs after 6 months of treatment.27

Treatment results with 10 kHz SCS also appear more favorable than current pharmacological options for neuropathic 
pain. A comprehensive meta-analysis reported that less than half of neuropathic pain patients who receive currently 
recommended analgesics achieve a 50% reduction in pain, with the number needed to treat (NNT; the number of patients 
that need to be treated before we expect one additional patient to be a treatment responder versus the control treatment) 
for 50% pain relief ranging from 4 to 10.17,50 In contrast, 10 kHz SCS provided a far superior NNT of 1.3.25

Limitations
This study has several limitations to consider, including the post hoc nature of our current analyses and those inherent to 
the original SENZA-PDN study. Given the nature of the intervention, the SENZA-PDN study participants, investigators, 
and site staff were aware of the assigned treatment. This lack of blinding introduces a potential source of bias, 
particularly when relying on patient-reported outcomes, such as pain intensity. In addition, we could not compare the 24- 
month outcomes in those who received 10 kHz SCS+CMM to the control group, primarily because of the high crossover 
rate from CMM only to 10 kHz SCS+CMM. However, the consistent pain relief reported throughout the 24-month study 
duration and a relatively steady improvement in HbA1c and weight provide compelling evidence of the positive 
treatment effect of 10 kHz SCS.

The SENZA-PDN study was conducted during the COVID-19 pandemic, which led to unavoidable missed study 
visits. During the pandemic, numerous clinical research sites prohibited in-person study visits for varying periods, 
resulting in some missed HbA1c blood draws. Furthermore, some participants chose to skip blood draw visits as 
a precautionary measure. Nonetheless, our statistical methods incorporated multiple imputations for missing values to 
ensure a robust analysis and minimize the potential impact of missing data.

It is also important to note that the ongoing diabetes medication management throughout the SENZA-PDN study is 
a potential confounding factor in our current analyses. To exclude this possible issue, we conducted analyses to assess 
whether adjustments, additions, or discontinuations of diabetes medications may have impacted HbA1c and weight 
changes during the study. A board-certified endocrinologist (author BL), blinded to the HbA1c and weight results, 
reviewed the diabetes medication data for each participant to determine whether overall dosing had changed at the 24- 
month time point versus preimplantation. The analysis revealed that changes in individuals’ diabetes medication 
management were unlikely to have impacted their HbA1c or weight. For example, among patients with preimplantation 
HbA1c >8.0% (64 mmol/mol), the mean reduction in HbA1c was 1.1 ± 0.3% (n = 14), 1.0 ± 0.6% (n = 13), and 1.2 ± 
0.4% (n = 9) in those whose overall diabetes medication dose was increased, unchanged, or decreased, respectively. 
Similarly, among patients with preimplantation HbA1c >7.0% (53 mmol/mol), the mean reduction in HbA1c was 0.7 ± 
0.2% (n = 27), 0.3 ± 0.4% (n = 26), and 0.7 ± 0.4% (n = 14) for patients whose overall diabetes medication dose was 
increased, unchanged, or decreased, respectively. Furthermore, when evaluating dosing changes for GLP-1 receptor 
agonists and SGLT-2 inhibitors among all participants, mean weight loss was 2.8 ± 2.0 kg (n = 17), 3.1 ± 1.1 kg (n = 
107), and 4.2 ± 5.9 kg (n = 3) in those whose dosing of these medications was increased, unchanged, or decreased, 
respectively. These findings suggest that changes in diabetes medication were not the primary driver of the observed 
reductions in HbA1c or weight.

One participant in our cohort underwent a gastric bypass procedure after receiving a 10 kHz SCS implant, which 
improved weight loss for this participant. However, we performed a sensitivity analysis and found that excluding this 
participant from the weight loss analysis cohorts did not affect the statistical significance of weight loss outcomes at any 
of the study time points.
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Finally, our study outcomes were derived from a specific patient population under controlled clinical trial conditions 
over a limited period of 24 months. Longer-term studies are required to confirm the efficacy and safety of 10 kHz SCS 
for PDN in a real-world setting. In particular, it would be beneficial to determine the optimal patient selection criteria and 
timing of SCS in the progression of this disease and to analyze the cost-effectiveness of integrating the therapy into 
routine clinical practice.

Conclusion
This is the first study in SCS to demonstrate long-term, significant, and clinically meaningful reductions in HbA1c and 
weight in participants with PDN and T2D. Notably, we observed these improvements among those with elevated 
preimplantation HbA1c (>7% and >8%) and BMI (≥30 and ≥35 kg/m2). The long-lasting pain relief (79.8%) and 
improved sleep quality (65.2%) provided by 10 kHz SCS may have enabled the study participants to focus more on 
glycemic management and positive lifestyle changes, contributing to the observed clinically meaningful reductions in 
HbA1c (≥0.5%) and weight (3% to 5%). Further research is required to confirm these results over a longer term in a real- 
world setting. In addition, future studies may be designed that directly measure inflammatory biomarkers and activity, 
which could help elucidate other potential mechanisms for these improvements in weight and glycemic control in 
patients treated with 10 kHz SCS. In summary, the multifaceted benefits of 10 kHz SCS demonstrated in this analysis 
highlight this treatment as an effective and holistic approach to PDN management.
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