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Aim: The availability of long-term (>2 years) safety outcomes of spinal cord stimulation (SCS)
remains limited. We evaluated safety in a global SCS registry for chronic pain. Methods: Participants
were prospectively enrolled globally at 79 implanting centers and followed out to 3 years after
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device implantation. Results: Of 1881 participants enrolled, 1289 received a permanent SCS
implant (1776 completed trial). The annualized rate of device explant was 3.5% (all causes), and 1.1%
due to inadequate pain relief. Total incidence of device explantation >3 years was 7.6% (n = 98). Of these,
32 subjects (2.5%) indicated inadequate pain relief as cause for removal. Implant site infection (11 events)
was the most common device-related serious adverse event (<1%). Conclusion: This prospective, global,
real-world study demonstrates a high-level of safety for SCS with low rate of explant/serious adverse
events.
Clinical Trial Registration: NCT01719055 (ClinicalTrials.gov)

First draft submitted: 21 November 2022; Accepted for publication: 6 January 2023; Published online:
24 January 2023
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Background

Advances in medical device technology holds the promise of treating a variety of chronic disease states afflicting
large segments of the human population, but the persistent push to improve the quality of healthcare must be
balanced in kind with the fundamental obligation to strive for and ensure patient safety. Recently, calls have been
made to overhaul the postmarket surveillance of commercially approved medical devices so as to more adequately
recognize previously undetected treatment complications (e.g., adverse events, product design flaws) that may put
the safety of patients at increased risk [1,2]. In particular, the collection and dissemination of real-world evidence
(RWE) are thought to be critical components of this endeavor. Patient data collected as part of the standard
delivery of care is typically the source from which RWE is derived, including but not limited to electronic health
records, claims data and clinical registries based on retrospective chart review [2]. These types of repositories of
information, while valuable to inform real-world experience, provide for lower levels of evidence than registry or
randomized trials. As such, large multicenter patient registries carried out using more rigorous observational study
designs may represent a source of higher quality clinical data in support of obtaining RWE. Additionally, results
obtained from randomized controlled trials designed to establish the efficacy of an investigational device may not
be fully generalizable to the real-world clinical setting, particularly as it pertains to the analysis of safety, thus further
signifying the value of RWE derived from large patient-outcome registries [3,4].

Spinal cord stimulation (SCS) has been used since the late 1960s to treat and manage chronic neuropathic pain.
Recently, a personalized device-based therapy for chronic pain via the customized delivery of electrical signals to the
spinal cord — and thereby enabling the precise optimization of treatment on the basis of the specific needs of each
patient — has been in use [5-7]. A variety of commercially available SCS devices are now equipped to provide for an
array of neurostimulation methods, programming capabilities and/or available waveform modalities [8-10]. Despite
these advancements however, recent safety concerns have been raised, and as such, efforts have been undertaken
to reaffirm the critical importance of patient selection and the need to conduct a trial period prior to permanent
implant in certain patients deemed applicable [11-14]. Moreover, critical scrutiny of SCS as a safe and effective
therapeutic alternative to conventional opioid drug medications has also been documented in the popular press [15].

Therefore, in an effort to support the recurring assessment of the safety performance of currently available SCS
devices designed with enhanced waveform programming capabilities for use in the clinical management of chronic
pain, we conducted a long-term analysis of complications and explantation rates as collected from a multicenter,
global SCS registry that is comprised of a large, prospectively-enrolled cohort.

Materials & methods

Study design

RELIEF (Clinicaltrials.gov identifier: NCT01719055) is a global, multicenter, prospective, single-arm, observa-
tional registry designed to collect RWE for neurostimulation systems utilized for chronic pain indications by patients
within routine clinical practice. Enrolled participants were established patients in a medical practice (e.g., pain
management, surgery, physical medicine and rehabilitation) who were eligible to receive neurostimulation therapy
to treat their pain condition utilizing a commercially approved SCS system (manufacturer: Boston Scientific, MA
USA) per local directions for use (DFU). Participation in the study was completely voluntary and up to the patient
and physician.
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Figure 1. RELIEF study design schematic.
IPG: Implantable pulse generator; Mos.: Months.

All consecutive patients were offered participation based on standard of care and no selection bias was introduced.
All participants in the registry were required to provide a signed Institutional Review Board/Ethics Committee-
approved consent form and be 18 years of age or older. Prospective patients were excluded if any contraindication
in the SCS system (per local DFU) were met, or if diagnosed with a cognitive impairment or exhibiting any
characteristic that would limit the registry candidate’s ability to assess pain relief or complete study assessments.

Enrolled patients underwent a trial procedure using lead(s), per local DFU and per standard of care. Patients
with a successful trial continued participation in the study and received a permanent implant (i.e., stimulator), as
applicable. A successful trial was determined per sites’ standard of care, typically, a minimum of 50% pain relief.
However, since other clinical assessments may be assessed in conjunction with pain relief to determine stimulation
trial success, final determination of trial success was at the discretion of the physician and patient. During the
study, if needed, SCS system revision or replacement was allowed. Following device activation, patients returned
for programming as needed over the course of the study, per standard of care. The study design of the RELIEF
real-world outcomes study is displayed in Figure 1.

Device description

This registry included commercially approved Boston Scientific-manufactured neurostimulation systems, per local
DFU, including the following available implantable pulse generator (IPG) models: Precision, Precision Spectra,
Montage, Novi and Spectra WaveWriter [8,16,17]. All of these SCS systems are intended to treat chronic pain by
electrically stimulating neurons to disrupt neuronally derived dysregulated pain signals using an IPG connected
to leads that are implanted within the epidural space of the spinal canal. In addition, all of these systems are
equipped with multiple independent current control technology, thereby allowing for flexible manipulation (and
steering) of the current that can be delivered to each available lead contact for electro-neurostimulative therapy.
As described previously, other SCS-programming technologies and/or algorithms accessible in at least some of the
IPGs available to registry participants included anatomically guided neural targeting (Illumina 3D), subperception-
based electric field targeting (Contour), multiple waveforms with waveform automation (sequential or simultaneous
programming) and fast-acting subperception therapy [8,16-19]. Each of these SCS device enhancements represent
features engineered to provide additional patient-specific control of therapeutic electro-neurostimulation allowing
for greater customization of treatment according to the unique preferences and needs per individual patient. IPGs
enabling full-body MRI (Montage) and nonrechargeable battery (Novi) features were also available to participants.

Data collection & analysis

Baseline demographic information was collected from each registry participant prior to SCS trial procedures. Study
follow-up occurred at 6 months, 12 months, 24 months and 36 months to collect long-term data. Safety data
including serious adverse events (SAEs), unanticipated adverse device effects/unanticipated serious adverse device
effects, device-related adverse events and study procedure-related adverse events were collected. Adverse events
were collected at specific study intervals or follow-up visits where any adverse events since last visit was reported.
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) Figure 2. Study subject disposition.

Table 1. Demographics for implantedt subjects.

Demographics

Gender: n females (%) (n = 1286) 736 (57)

Age: mean (standard deviation) (n = 1286) 57.6 (13.7) years

Years since onset of pain: mean (standard deviation) (n = 1287) 11.6 (11.3) years
Diagnosis: n (%) [n = 1287 (some patients have multiple diagnoses)] Radiculopathy: 681 (53)

Failed back surgery syndrome: 652 (51)
Complex regional pain syndrome: 79 (6)

TDemographic data missing for several implanted subjects.

Subjects also reported adverse events (outside of scheduled visits) as needed to physicians. All device-related events
were further subcategorized as hardware-related (i.e., those events that reasonably can be attributed to the mere
presence of the device or a malfunction of the device or a deficiency of the device) or stimulation-related (i.e., those
events that show a relationship to stimulation and undesired sensations), including those that are thought to be
stimulation-related, but for which such a relationship cannot be demonstrated with stimulation on/off. Instances
of device deficiencies, including device explantations, were also tracked throughout the course of the registry.

Results

Of the 1881 registry participants enrolled between 21 January 2013 and 19 November 2021, 1776 completed
the SCS trial procedure (Figure 2). A total of 1289 subjects were permanently implanted with a commercially
available SCS system at 79 global centers (Figure 2). Mean (standard deviation) age at time of enrollment was
57.6 (13.7) years old (n = 1286), and 57% were female (Table 1). The duration of time in which permanently
implanted participants reported suffering from chronic pain prior to enrolling in the registry was 11.6 & 11.3 years
(mean =+ standard deviation; n = 1287) (Table 1).
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Table 2. Device-related complications including explants up to 3 years (n = 1289 im-

planted participants).

Device-related complications up to 3 years follow-up Total (incidence)
Explants (all) 98 (7.6%)

Explants due to inadequate pain relief 32 (2.5%)
Lead: high impedances 69 (5.4%)
Lead migration/movement 65 (5.0%)
Infection related to hardware or procedure (serious adverse event) 30 (2.3%)
IPG migration/movement 16 (1.2%)
IPG charging problems (not attributed to charger) 14 (1.1%)
Pain related to hardware, stimulation or procedure (serious adverse event) 12 (0.9%)
IPG: other 11 (0.9%)
Lead: other 6 (0.5%)

IPG: Implantable pulse generator.

Among the 1289 permanently implanted registry participants, a total of 98 (7.6%) required an explant due
to reasons shown in Table 2. Of these, 32 (2.5%) of all registry implanted participants later underwent device
explantation due to inadequate pain relief. Among all device-related complications, high lead impedance (5.4%)
and lead migration/movement (5.0%) were the most common events.

The annualized rate of explants (per year) was calculated based on number of explants per year among all registry
participants over the course of 3 years. An overall annualized explant rate of 3.5% was noted, with an explant
rate of 1.1% per year due to inadequate pain relief. A total of 109 subjects underwent revision including 43 for
leads (3.3%) and 39 for IPG (2.9%) (note: the number of subjects is not mutually exclusive). 25 subjects (1.9%)
underwent re-implant. Subjects reported their overall improvement or impression of change at follow-up compared
with baseline, and 88.2% reported overall improvement (very much, much or minimally improved) at 3 year
follow-up.

Among the reported adverse events, the following were reported in each of the following categories: 1) device- or
procedure-related neurological deficits (three events) and 2) life-threatening local infections (two events: implant
site infection, meningitis). No deaths were reported among implanted subjects. A total of 32 SAEs related to device
and 51 events related to procedure (note: certain events overlapped) were reported among the 1881 consenting
patients. Implant site infection (11 events) was the most common SAE related to the device. Among those related
to the procedure, implant site infection (17 events) followed by implant site pain (five events) were among the
common events (note: some events were reported as both related to device and procedure). Table 3 provides a
summary of SAEs including total number of events and those related to device, procedure or stimulation.

Discussion

This multicenter, prospective, registry-based assessment of SCS device-associated adverse events and complications
represents one of the largest clinical evaluations of permanently implanted patients for long-term safety outcomes
(i.e., out to 24- and 36-month follow-up), and therefore is an important new addition to the growing compendium
of safety data relevant to the use of contemporary SCS devices for the management of chronic neuropathic pain.
Multiple clinical studies published more than a decade ago reported that a substantial proportion (up to 30-40%)
of SCS patients implanted with older-generation devices (following a successful trial) went on to experience at
least one complication resulting in a revision and/or unanticipated explantation of device hardware, thereby greatly
reducing the cost—effectiveness and quality of clinical outcomes associated with the use of SCS for treatment of
chronic pain [20-22]. Since then, however, published data from more recent studies and other patient registries
have shown that adverse event and explantation rates in implanted SCS patients have steadily improved [23-25]. In
this regard, the registry data provided in this report offers key evidence for the substantial improvement in safety
of SCS devices amidst the ongoing advances in hardware, software, neurostimulative waveforms, approaches to
patient selection and procedural technique. For patients, providers and payers alike, these improved safety outcomes
are particularly relevant given the recent drive to implement comprehensive integrative pain management on the
basis of published recommendations aimed at supporting individualized patient care programs providing a range
of pain care therapies such as cognitive therapies, restorative therapies, opioid and nonopioid pharmaceuticals,
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Table 3. Serious adverse events (related to either device, procedure or stimulation), totaling 32 serious adverse

events related to device and 51 events related to procedure (overlapping events may be reported) reported
among the 1881 consenting patients.

Serious adverse events Total number (events) Events related to device Events related to procedure Events related to stimulation
Implant site pain 6 2 5 0
Device stimulation issue 1 1 1 1
Pain 1 0 1 0
Back pain 9 0 1 0
Extradural hematoma' 4 0 1 0
Meningitis (bacterial) 1 0 1 0
Implant site abscess 1 0 1 0
Implant site effusion 1 1 1 1
Implant site reaction 1 1 0 0
Postoperative wound infection® 2 0 1 0
Medical device pain 1 1 0 1
Cellulitis 4 0 1 0
Pyrexia 1 0 1 0
Granuloma 1 1 1 0
Implant site infection 20 1 17 0
Wound infection 4 3 2 0
Device-related infection 4 3 4 0
Paraspinal abscess 1 1 0 0
Electric shock 1 1 0 0
Intracranial hypotension 1 0 1 0
Pain in extremity 4 1 0 0
Radicular pain 1 0 1 0
Bradycardia 4 1 2 0
Migraine 3 0 1 0
Sciatica 3 1 0 0
Muscular weakness 3 1 2 0
Pulmonary hypotension 1 0 1 0
Hypotension 2 1 1 0

T All events are epidural.
$One event from another surgery.

adjunctive therapies and neuromodulation [26]. Moreover, recent CDC guidelines also have called for inclusion of
all nonopioid pain therapies including neuromodulation, radiofrequency and epidural steroids, as an adjunct to
decrease pain, suffering and the burden of opioids [27]. We therefore assert that SCS undeniably has a key role within
the comprehensive integrative pain management-based therapeutic armamentarium per its ongoing progression as
a pertinent and safe therapeutic option when compared with conservative care alone in patients suffering from
chronic, intractable trunk and/or limb pain.

Firstly, similar to this report, explantation data derived from a prospective, multicenter observational registry has
been previously described but was carried out as part of an evaluation of 476 patients permanently implanted with
St Jude Medical (since acquired by Abbott) devices who were followed out to 24 months [23]. In that cohort, a total
of 59 device hardware removal procedures occurred over the course of the follow-up period, corresponding to an
overall explant rate of 9.6%. Of these, 13 (22.1%) were not due to an associated adverse event, while the remaining
46 (77.9%) were. Additionally, loss of analgesia was identified to be the most frequent complication (38% of
all total adverse events) and occurred in a total of 70 subjects (11.4%). Secondly, a published report from Van
Buyten ez al. describes a multinational 5-year study using retrospective chart review to assess 822 patients at four
European centers using conventional non-rechargeable, conventional rechargeable or high-frequency rechargeable
SCS systems [24]. Over the entire course of the study, the rate of explantation was 19%, while the annualized rate of
explantation was determined to be 8% with over half of all total explants being due to inadequate pain relief. The
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total proportion of each type of device that was explanted because of inadequate pain relief was determined to be
the following: 6.9% of nonchargeable SCS devices, 11.2% of conventional rechargeable SCS devices and 14.2%
of high-frequency SCS devices. Interestingly, a higher probability of explant was associated with age (>65 years)
and females throughout most of the 5-year follow-up period after implant. Thirdly, a recent study from Al-Kaisy
et al. describes a single-center retrospective-based assessment of 1177 patients implanted with different types of
SCS devices over the course of an 11-year period [25]. The cumulative explant rate at 3 years after permanent
device implantation was determined to be 11.8%. In contrast to that reported by Van Buyten ez 4/, no difference
in explant rates according to age or sex was found in this study; however, a notable reduction in the potential
likelihood of explantation appeared to be associated with the use of SCS devices capable of providing for multiple
waveform options (e.g., tonic, 1-10 kHz, burst).

In comparison to these aforementioned studies, analysis of the explant data we describe in this report demon-
strates a markedly lower incidence of overall device explantation (7.6%) versus Deer er al. (9.6%), Van Buyten
et al. (19%) and Al-Kaisy er al. (11.8%) [23-25]. This also corresponded to a lower annualized rate of device re-
moval (3.5% per year), as well as a decreased yearly incidence of explant due to inadequate pain relief (1.41%
per year), when compared with the abovementioned studies. As similarly suggested by Al-Kaisy et al., one prob-
able explanation for the lower rates of device removal we observed (in comparison to these other studies) could
be at least in part due to the various SCS-programming capabilities of the devices utilized by registry partici-
pants which are inherently designed to provide for individualized application of neurostimulation per the specific
preferences and needs of each patient (e.g., multiple waveform programming and custom stimulation field tar-
geting) [25]. These device capabilities are thought to be important in helping to avoid ‘therapy habituation’, while
also concurrently allowing for more efficient use of device energy. This in turn can foster a reduction in the
amount of time needed for recharging (an established drawback of older and higher frequency SCS systems), an
increasingly acknowledged risk factor for patient noncompliance and cessation of therapy and ultimately device
explantation [24,28,29]. Indeed, in support of this presumption, a recently published clinical study found there
to be much higher than expected known cumulative explantation rates of 11.1% (1-year post-implantation) to
32.5% (3-years post-implantation) among patients implanted with a high frequency SCS system (n = 126) (vs
those rates previously reported from earlier controlled studies of high-frequency SCS) (301. As such, the data de-
scribed in this report provide an evidentiary basis on which to support future clinical investigation of the role
that enhanced personalization of SCS therapy may have on safety and efficacy outcomes including explantation
rate.

Studies comprising large-scale or ‘big data’ analytic-based evaluations of electronic health record and claims
information represent an increasingly available and important resource from which to attain RWE associated
with the post-market utilization of SCS devices for chronic pain. In one such longitudinal, retrospective study,
8727 individual patient datasets from the USA, for whom up to 3 years of data were available and who were
permanently implanted between the years spanning 2007-2012, were identified from Commercial Claims and
Encounters, Medicare Supplemental and Coordination of Benefits, and Medicaid data (31]. In that study, 805
patients underwent an explant procedure, representing an overall device removal rate of 9.2%. This assess-
ment, not surprisingly, reported that removal of an implanted SCS device was found to be significantly cor-
related with a total increase in healthcare resource utilization and costs [31]. Notably, as described in this cur-
rent report, the mean number of years since the initial onset of chronic pain (before SCS device implanta-
tion) among all patients assessed was approximately 11.5 years. Accordingly, one could speculate that not all
of the patients included were ideal candidates for SCS therapy and some were perhaps challenging cases. Yet,
despite this, we found an overall device explantation rate of 7.6% as measured over the course of a 3-year
follow-up, thereby representing a modest but noteworthy improvement (i.e., lower incidence) in the total per-
centage of SCS device removal when compared with previous studies reporting similar data near or at this
timepoint [23-25,32,33].

Lead migration has long been documented as a common complication associated with the use of SCS [34-38). In
particular, rates of lead migration have been previously reported to be as high as up to 24% [2]. Accordingly, advances
in lead design and device programming capability have been developed as an approach to cope with and mitigate this
specific problem more effectively (37]. This includes the development of percutaneous and/or paddle leads equipped
with 32 contacts, tight-electrode spacing, multicolumn electrode configurations and a longer span capable of cover-
ing three vertebral levels (in comparison with other traditional lead designs) (8,39-41]. These various enhanced aspects
of lead design, as well as algorithmic-based programming technologies (e.g., multiple independent current control,
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anatomically guided neural targeting, contoured field shaping, alternative waveforms) enable highly customized,
patient-specific therapeutic neurostimulation by providing for the ability to adjust stimulation current steering and
field shape (as well as other parameters) in response to slight or even severe changes in lead position or placement. In
this registry-based evaluation, all analyzed patients were implanted with an SCS device equipped with at least some
of these updated hardware designs in addition to other technological enhancements. Among those assessed in this
registry, reports of lead migration (5%) are substantially lower than several previously published reports [34-36,42-44].
Whether or not this is at all or to some degree attributable to the benefits offered by the abovementioned advances in
lead and/or upgraded SCS system designs cannot be definitively discerned from this analysis, but to our knowledge,
this result does represent one of the lowest (if not the lowest) lead migration rates ever reported in a clinical study of
this size.

Infection is an additional complication that must be closely monitored in SCS-device implanted patients given
the significant association with higher healthcare costs and clinical morbidity [45]. In various pertinent studies
published over the last decade, reported rates of patient infection associated with SCS-device implantation have
ranged from roughly 2% to 5% [23,24,34,46-48]. Encouragingly, the rate of device-related infection in this current
registry evaluation was observed to be closest to the very low end of this range, as well as found to be slightly
improved versus the SCS device-related infection rate previously reported in a comprehensive analysis of a large
USA-based payer database (1% vs 3.11%) (48]. This would therefore support the notion that risk of infection
associated with the implantation of SCS devices continues to be improved in comparison to earlier reports. While it
is not possible to definitively ascertain why device-related infection was observed to be decreased relative to known
historical rates, it has been suggested by others that improved procedural adherence to standard operating protocols
and technique among SCS device implanting physicians is likely a critical factor in lowering the risk of infection
in patients treated with implanted SCS devices [45,48,49]. It therefore is noteworthy that peer-reviewed publication
of evidence-based guidelines aimed to help prevent infection in SCS-implanted patients occurred faitly close to the
inception of this patient registry [50].

Some limitations of observationally designed registries must be noted, including the inability to uncover specific
reasons for outcomes obtained and the constraint that only observed, descriptive data can be collected. Future
studies therefore will be required to determine the possible direct effects that new technologies or designs (or any
other potential causal feature) may have on the rate of complications and/or device explantation associated with the
use of SCS for management of chronic pain. Additionally, this presented analysis of safety data does not allow for
rational predictions to be made regarding which types of patients may be more prone to complications or more likely
to undergo a device explant. Finally, the aim of this registry was to only surveil outcomes associated with one specific
manufacturer-based SCS devices, and thus the comprehensive tracking of the safety performance with regard to
other similarly approved SCS devices that are also currently available for real-world use was not undertaken. We
therefore recommend that future registries and/or meta-analyses amass or combine safety information from other
large patient cohorts using different SCS systems designed and marketed by various device manufacturers, so as to
accumulate data that is all-inclusive and more broadly reflective of the entirety of the patient population implanted
with contemporary SCS devices for use in the treatment of chronic neuropathic pain.

Conclusion

This global, multicenter, real-world, prospective, SCS device registry constitutes one of the largest published
studies to report long-term safety outcomes (n = 1289 permanently implanted patients; out to 36-months follow-
up) and demonstrates low rates of device-associated complications and hardware removal procedures (explant)
in comparison to other similar clinical studies and registries that previously reported safety data from implanted
patients using SCS devices for chronic neuropathic pain. Additionally, the safety profile associated with the SCS
devices utilized by patients in this registry was found to be good, including the rate of related SAEs. Further-
more, these data strongly suggest that the safety performance of SCS devices continues to progressively improve,
thereby providing further evidence for SCS as a therapeutic tool of ever-increasing importance in the treatment of
chronic pain.
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Summary points

e Previously published clinical studies reported that a substantial proportion (up to 30-40%) of spinal cord
stimulation (SCS) patients implanted with older-generation devices had a revision and/or explant, in turn limiting
the cost-effectiveness of SCS.

e Over the last decade, SCS device technologies have greatly advanced in capability for customized
neurostimulative therapy allowing for improved patient-specific treatment strategies.

e These medical device technology developments have occurred amidst an increased scrutiny for assessment of
real-world patient safety and treatment complications.

e The RELIEF registry collected real-world safety outcomes out to 3 years as derived from a large cohort of chronic
pain patients (n = 1289) implanted with SCS systems at 79 sites located internationally.

e The overall yearly incidence (rate) of device explant was 3.5%, and this decreased to 1.1% for explants occurring
specifically as a result of inadequate pain relief.

e The total percentage of device explant over the course of the registry (3 years) was 7.6% (n = 98), and this
decreased to 2.5% for explants occurring specifically as a result of inadequate pain relief.

e The most common noted serious adverse event was implant site infection (11 total events; <1%).

e Results obtained from this prospective, real-world, international registry demonstrate an overall good safety
profile with use of SCS systems for chronic pain and constitute one of the largest published studies to report
long-term safety outcomes in patients using SCS for treatment of chronic pain.
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