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Abstract

Introduction: Spinal cord stimulation (SCS) is an established therapy for refractory chronic neuropathic pain unresponsive to conven-
tional management. Recent developments, including burst, high-frequency, and closed-loop stimulation, have broadened therapeutic
options, though long-term comparative data remain limited.

Aim: To assess the long-term efficacy, safety, and durability of various SCS modalities over a 10-year period in patients with chronic
neuropathic pain.

Materials and methods: A retrospective analysis of 312 patients who underwent SCS implantation (2015-2024) at a tertiary pain cen-
ter. Outcomes included pain intensity (NRS), disability (ODI), quality of life (EQ-5D-5L), and opioid use, measured at baseline and up
to 36 months. Statistical analyses compared stimulation modalities and identified predictors of sustained clinical success (=50% pain
reduction at 24 months).

Results: The cohort (mean age 57.2 years; 58.6% female) primarily included persistent spinal pain syndrome (46.5%), complex regional
pain syndrome (28.8%), and diabetic polyneuropathy (15.4%). Modalities were tonic (31.1%), burst (21.8%), high-frequency (30.8%),
and closed-loop (16.3%). Mean pain reduction at 12 months was 63.7% (NRS 8.1 > 2.9; p<0.001). High-frequency and closed-loop
systems provided superior relief (=70%) versus tonic stimulation (54%; p<0.01). ODI improved from 61.4 to 34.2, EQ-5D-5L from 0.32
to 0.71 (p<0.001), and opioid use declined by 60%, with 42.5% discontinuation at 24 months. Complications occurred in 11.9%, and
explantation in 8.0%, lowest for advanced systems. Predictors of sustained success included age <60 years, non-smoking status, and use
of high-frequency/closed-loop systems.

Conclusion: SCS provides durable pain relief, functional improvement, and opioid reduction in chronic neuropathic pain. High-fre-
quency and closed-loop modalities show superior long-term outcomes and should be considered preferred therapeutic options.
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Introduction

Chronic pain represents a major global health burden with
profound individual, social, and economic consequences.
Epidemiologic data suggest that approximately one in five
adults worldwide experience chronic pain, and nearly one
in ten live with high-impact chronic pain that substantially
limits daily functioning and quality of life.!!] In the United
States alone, chronic pain affects over 50 million adults and
contributes to annual productivity losses exceeding 290
billion USD.!" The condition is frequently associated with
psychological comorbidities, including depression and sui-
cidal ideation, emphasizing the need for effective and sus-
tainable treatment options.(?)

Conventional medical management (CMM)—including
pharmacologic therapy, physical rehabilitation, and behav-
ioral interventions—remains the first-line approach. How-
ever, a significant proportion of patients continue to expe-
rience refractory pain despite these measures.’) For this
subgroup, spinal cord stimulation (SCS) has emerged as a
well-established neuromodulation therapy. Initially intro-
duced in the 1960s, SCS was developed on the foundation
of the gate control theory of pain modulation. The therapy
involves the epidural implantation of electrodes that deliver
controlled electrical impulses to the dorsal columns, there-
by modulating nociceptive transmission.*!

Over the past decade, SCS technology has undergone
substantial evolution. While early systems relied on con-
ventional “tonic” stimulation at 40-80 Hz, recent advances
have introduced alternative stimulation paradigms such as
high-frequency (10 kHz), burst stimulation, closed-loop
feedback, and differential target multiplexed (DTM) wave-
forms.!*] These modalities have demonstrated improved
pain relief, greater patient satisfaction, and reduced pares-
thesia compared with traditional tonic stimulation in mul-
tiple randomized clinical trials."’

Nevertheless, despite growing evidence supporting SCS,
systematic reviews and meta-analyses have questioned its
long-term eflicacy, citing heterogeneity in study design and
limited inclusion of contemporary stimulation modalities.
Furthermore, the variability in patient selection, waveform
optimization, and long-term explantation rates remains in-
sufficiently characterized.

To address these gaps, we present our 10-year institu-
tional experience with SCS in patients with chronic pain,
including persistent spinal pain syndrome (PSPS), complex
regional pain syndrome (CRPS), and painful diabetic poly-
neuropathy (PDPN).

Aim

This study aims to evaluate the efficacy, safety, and dura-
bility of SCS across multiple stimulation modalities, while
exploring predictors of clinical success and device reten-
tion. Our results are discussed in the context of emerging
evidence and evolving neuromodulation technologies.

Materials and methods

Study design and setting

This was a single-center, retrospective cohort study con-
ducted at the Clinic for Neurosurgery, Spinal Surgery, and
Neuromodulation Helios-Vogtland Clinic Plauen, Germa-
ny. All patients who underwent SCS implantation between
January 2015 and December 2024 were included.

Patient selection

Patients were eligible for inclusion if they:

1. were >18 years of age.

2. had chronic neuropathic or mixed pain persisting
for at least 6 months despite optimized conventional
medical management.

3. underwent a successful SCS trial defined as >50%
pain reduction on a numeric rating scale (NRS) prior
to permanent implantation.

Exclusion criteria included active infection, severe psy-

chiatric comorbidity, coagulopathy, or inability to complete
follow-up assessment.

Intervention

All patients underwent percutaneous trial stimulation
under fluoroscopic guidance. Trial duration ranged from
5 to 10 days. Upon successful trial outcomes, permanent
implantation was performed using commercially available
SCS systems from major manufacturers (Medtronic, Bos-
ton Scientific, Nevro).

Different stimulation modes were applied depending on
clinical indication and year of implantation:

« Tonic stimulation (40-80 Hz)

o Burst stimulation

« High-frequency stimulation (10 kHz)

o+ Closed-loop or DTM stimulation

Programming was optimized individually during fol-
low-up visits at 1, 3, 6, and 12 months, and every 6 months
thereafter.

Ovutcome measures

Primary outcomes included:

o pain intensity, assessed using the Numeric Rating
Scale (NRS, 0-10).

« functional improvement, measured by the Oswestry
Disability Index (ODI) and/or Brief Pain Inventory
(BPI).

o Quality of life, evaluated using EQ-5D-5L.

Secondary outcomes included:

« reduction in analgesic medication use.

o device-related complications (infection, lead migra-
tion, hardware failure).

« explantation rates and reasons for explant.
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Statistical analysis

Continuous data were expressed as mean + standard devia-
tion (SD) or median (interquartile range, IQR) as appropri-
ate. Categorical variables were summarized as counts and
percentages. Comparisons between stimulation modalities
were performed using ANOVA or Kruskal-Wallis tests for
continuous variables and chi-square tests for categorical
variables. Logistic regression models were constructed to
identify predictors of long-term clinical success and ex-
plantation. A p-value <0.05 was considered statistically sig-
nificant. All analyses were conducted using SPSS version
29.0 (IBM Corp, Armonk, NY, USA).

Results

Patient demographics and baseline
characteristics

A total of 312 patients underwent SCS implantation between
January 2015 and December 2024. The mean age at implan-
tation was 57.2+11.4 years, and 58.6% (n=183) were female.
The mean pain duration before SCS was 7.8+4.6 years.
The primary pain etiologies were:
o Persistent spinal pain syndrome type 2: 46.5%
(n=145)
o Complex regional pain syndrome type 1 or 2: 28.8%
(n=90)
« Painful diabetic polyneuropathy: 15.4% (n=48)
o Other neuropathic pain syndromes (postherpetic
neuralgia, post-amputation pain, etc.): 9.3% (n=29)
At baseline, the mean pain score (NRS) was 8.1£1.1, and
the mean Oswestry Disability Index (ODI) was 61.4+12.9,
indicating severe disability. The mean EQ-5D-5L index
score was 0.32+0.11, consistent with poor quality of life. A
summary of all results is presented in Table 1.

Distribution of stimulation modalities

Of the 312 implanted patients:

 Tonic stimulation: 97 patients (31.1%)

o Burst stimulation: 68 patients (21.8%)

 High-frequency (10 kHz): 96 patients (30.8%)

« Closed-loop or differential target multiplexed (DTM):

51 patients (16.3%)

No significant differences in baseline characteristics
were observed among groups (p>0.05 for all comparisons).
The results are shown in Table 2.

Pain reduction and functional outcomes

At 12 months post-implantation, overall pain reduction
averaged 63.7%%18.5% relative to baseline (NRS reduced
from 8.1 to 2.9; p<0.001). Improvements were sustained
over time, with mean NRS of 3.1+1.4 at 24 months and

Clinical Experience with Spinal Cord Stimulation

Table 1. Patient demographics and baseline characteristics (n =
312)

Mean + SD
Variable orn (%)
Age at implantation (years) 57.2+11.4
Sex
Female 183 (58.6%)
Male 129 (41.4%)

Pain duration before SCS (years) 7.8+4.6
Primary pain etiology
Persistent spinal pain syndrome (PSPS)
type 2
Complex regional pain syndrome (CRPS)

145 (46.5%)

90 (28.8%
type 1 or 2 ( )

Painful diabetic polyneuropathy (PDPN) 48 (15.4%)

Other neuropathic pain syndromes* 29 (9.3%)
Baseline NRS pain score 8.1£1.1
Baseline Oswestry Disability Index (ODI) 61.4£12.9
Baseline EQ-5D-5L index 0.32+0.11

*Includes postherpetic neuralgia, post-amputation pain, and oth-
er neuropathic pain disorders. SCS: spinal cord stimulation; NRS:
numerical rating scale; ODI: Oswestry Disability Index.

Table 2. Distribution of stimulation modalities

Stimulation modality n (%)
Tonic 97 (31.1%)
Burst 68 (21.8%)

High-frequency (10 kHz)

Closed-loop/differential target multiplexed
(DTM)

96 (30.8%)

51 (16.3%)

No significant differences in baseline demographics among
groups (p>0.05 for all comparisons)

3.3+1.6 at 36 months in patients with available follow-up
data (n=206, 66.0% retention).

Comparative outcomes by stimulation modality demon-
strated significant differences at 12 months (ANOVA
p=0.004):

o Tonic: 54.2%%19.1% pain reduction

o Burst: 62.9%+16.8%

 High-frequency: 70.4%%15.7%

+ Closed-loop/DTM: 72.3%+13.9%

Post hoc analysis (Bonferroni correction) revealed that
both high-frequency and closed-loop/DTM stimulation
provided superior pain relief compared with tonic stimula-
tion (p<0.01 for both), while differences between high-fre-
quency and closed-loop stimulation were not statistically
significant (p=0.48).
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Functional outcomes improved significantly across all
modalities. The mean ODI improved from 61.4+£12.9 to
34.2+14.6 at 12 months (p<0.001), corresponding to a tran-
sition from severe to moderate disability. The EQ-5D-5L
index increased to 0.71+0.14, reflecting a clinically mean-
ingful improvement in quality of life.

Patients with CRPS (n=90) achieved a mean pain re-
duction of 66.1%+17.9%, while those with PDPN (n=48)
demonstrated 61.8%+19.6% improvement at 12 months.
High-frequency stimulation yielded the most consistent
benefit in both subgroups, with responder rates (>50% pain
reduction) of 84.4% (CRPS) and 79.2% (PDPN) compared
to 63.5% for tonic SCS (p<0.05).

Opioid consumption decreased significantly from a
baseline mean of 72.3+£31.6 mg oral morphine equivalents/
day to 28.5+22.7 mg/day at 12 months (p<0.001). At 24
months, 42.5% of patients had discontinued opioids entire-
ly. Reductions were most pronounced in the high-frequen-
cy and DTM groups.

Device-related complications occurred in 37 patients
(11.9%), including lead migration (4.8%), infection (3.5%),

Table 3. Pain reduction and functional outcomes at 12 months

hardware malfunction (2.9%), and pocket pain (0.6%).
Most complications were managed conservatively or by
minor surgical revision.

The overall explantation rate was 8.0% (n=25) over
10 years. The most common reasons were loss of effica-
cy (60%) and infection (28%). Explantation rates differed
by modality: tonic (12.4%), burst (8.8%), high-frequency
(5.2%), and DTM/closed-loop (3.9%), with a significant
trend toward lower explant rates in advanced stimulation
groups (x*=9.44, p=0.024).

The results are summarized in Tables 3 and 4.

Predictors of long-term clinical success

In multivariate logistic regression analysis, younger age
(<60 years) (OR 1.73; 95% CI 1.12-2.68), non-smoking sta-
tus (OR 2.01; 95% CI 1.16-3.46), and use of high-frequen-
cy or closed-loop stimulation (OR 2.84; 95% CI 1.51-5.32)
were independent predictors of sustained clinical success
(=50% pain reduction at 24 months). A summary of all re-
sults is presented in Table 5.

High - Closed-loop/

Outcome measure Tonic Burst frequency DTM p-value
Mean pain reduction (%) 54.2+19.1 62.9+16.8 70.4+15.7 72.3+13.9 0.004+
Baseline NRS 8.1+1.1 8.0+1.2 8.2x1.1 8.1£1.0 —
12-month NRS 3.7£1.8 3.0£1.5 2.4+1.2 2.3+1.1 <0.001
ODI (baseline - 12 months) 61.4 > 34.2+14.6 <0.001
EQ-5D-5L (baseline > 12 months) 0.32>0.71+0.14 <0.001
Opioid use (mg OME/day) 72.3£31.6 > 28.5+22.7 <0.001

+tANOVA; post hoc Bonferroni test: high-frequency and closed-loop/DTM significantly superior to tonic (p<0.01). OME: oral mor-
phine equivalents; ODI: Oswestry Disability Index; NRS: numerical rating scale.

Table 4. Device-related complications and explantation rates by modality

Complication or outcome Total n (%) Tonic Burst High- Closed-loop/ p-value
frequency DTM

Any device-related complication 37 (11.9%) — — — — —
Lead migration 15 (4.8%) — — — — —
Infection 11 (3.5%) — — — — —
Hardware malfunction 9 (2.9%) — — — — —
Pocket pain 2 (0.6%) — — — — —
Overall explantation rate 25 (8.0%) 12.4% 8.8% 5.2% 3.9% 0.024%

$Chi-square test for trend. Most common explant reasons: loss of efficacy (60%), infection (28%). DTM: differential target multiplexed

stimulation

Table 5. Predictors of sustained clinical success (>50% pain reduction at 24 months)

95% confidence

Predictor Odds ratio (OR) interval (CI) p-value
Age <60 years 1.73 1.12-2.68 0.015
Non-smoker 2.01 1.16-3.46 0.012
High-frequency or closed-loop stimulation 2.84 1.51-5.32 0.001

Model: multivariate logistic regression including age, sex, pain duration, etiology, smoking status, and stimulation modality
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Discussion

This 10-year institutional analysis confirms the sustained
efficacy and safety of spinal cord stimulation (SCS) in
the management of refractory chronic pain.l®! Across a
heterogeneous patient population—including persistent
spinal pain syndrome, complex regional pain syndrome,
and painful diabetic polyneuropathy—SCS provided sub-
stantial and durable reductions in pain intensity, improved
functional status, enhanced quality of life, and significantly
reduced opioid consumption. These findings align with the
growing body of evidence supporting SCS as a cornerstone
therapy for patients who fail conventional medical man-
agement. Earlier generations of SCS, predominantly based
on tonic stimulation, demonstrated meaningful but some-
times inconsistent results when compared with medical
therapy.!”) The advent of novel stimulation paradigms, such
as burst, high-frequency, and closed-loop feedback, has re-
defined expectations regarding the depth and durability of
analgesia. The present findings corroborate recent random-
ized trials and meta-analyses showing superior efficacy of
advanced waveforms over traditional tonic stimulation,
particularly in maintaining long-term pain control and pa-
tient satisfaction.®! Previous systematic reviews, including
the Cochrane analyses by O’Connell and Traeger, ques-
tioned the magnitude and consistency of SCS benefit due
to heterogeneity in study design and limited inclusion of
contemporary waveforms.”) In contrast, this decade-long
dataset reflects real-world use of modern systems and sup-
ports their clinical relevance. The higher responder rates
and lower explantation rates observed with high-frequency
and closed-loop stimulation suggest that waveform optimi-
zation plays a critical role in sustaining therapeutic benefit
and mitigating habituation over time.

Device explantation remains an important indicator of
long-term therapy durability. The overall explantation rate
of 8% in this study compares favorably with previously re-
ported ranges (5%-38%), with loss of efficacy accounting
for most removals. The probability of explantation was in-
versely related to the use of advanced waveforms, implying
improved long-term stability and neuroadaptive modu-
lation.[' The observed decline in explantation rates over
the decade may also reflect advances in patient selection,
surgical technique, and post-implant programming strat-
egies. Habituation to stimulation remains one of the most
discussed causes of declining eflicacy, and experimental
data suggest that the use of variable or multi-waveform
delivery may mitigate this effect by preventing neural ad-
aptation.!'!) Reports indicating that alternating or combin-
ing stimulation modes—such as cyclic switching between
high-frequency and burst patterns—can restore lost effica-
cy support this hypothesis and highlight the need for flex-
ible programming platforms capable of accommodating
individualized waveform combinations.'!)

Psychological comorbidities such as depression, anxiety,
and catastrophizing have been consistently associated with
poorer SCS outcomes and higher explantation rates.[?] Al-

Clinical Experience with Spinal Cord Stimulation

though psychiatric screening is standard before implanta-
tion, its predictive validity remains imperfect. The present
data underscore the importance of multidisciplinary pain
management, including psychological optimization and
behavioral support, to maximize response and minimize
attrition. Integration of real-time emotional or behavior-
al monitoring into closed-loop systems may represent the
next frontier of patient-centered neuromodulation. The
clinical effectiveness observed in this cohort also has signif-
icant implications for healthcare systems and payers. While
SCS implantation is associated with substantial upfront
costs, these are often offset by reductions in analgesic use,
hospitalizations, and productivity loss. Long-term durabil-
ity and low explantation rates are therefore critical not only
for patient outcomes but also for the economic sustainabili-
ty of neuromodulation therapies.!'*! As device technologies
continue to evolve, careful cost-benefit analyses will remain
essential to ensure equitable access to advanced pain man-
agement.

This study has several limitations. Its retrospective de-
sign introduces potential selection bias, and follow-up
data were not available for all patients beyond three years.
Although the cohort was large and diverse, it represents a
single tertiary center, which may limit generalizability. Psy-
chological and socioeconomic variables were not systemat-
ically quantified, and stimulation programming strategies
evolved over time, introducing potential confounding.
Nevertheless, the consistency of results across etiologies
and modalities reinforces the validity of these findings and
supports the role of SCS as a durable and effective interven-
tion for refractory chronic pain.
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