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ABSTRACT

Introduction: A novel closed-loop spinal cord
stimulation (SCS) system has recently been
approved for use which records evoked com-
pound action potentials (ECAPs) from the
spinal cord and utilizes these recordings to
automatically adjust the stimulation strength in

real time. It automatically compensates for
fluctuations in distance between the epidural
leads and the spinal cord by maintaining the
neural response (ECAP) at a determined target
level. This data collection was principally
designed to evaluate the performance of this
first closed-loop SCS system in a ‘real-world’
setting under normal conditions of use in a
single European center.
Methods: In this prospective, single-center
observational data collection, 22 patients were
recruited at the outpatient pain clinic of the St.
Antonius Hospital. All candidates were suffering
from chronic pain in the trunk and/or limbs
due to PSPS type 2 (persistent spinal pain syn-
drome). As standard of care, follow-up visits
were completed at 3 months, 6 months, and
12 months post-device activation. Patient-re-
ported outcome data (pain intensity, patient
satisfaction) and electrophysiological and
device data (ECAP amplitude, conduction
velocity, current output, pulse width, fre-
quency, usage), and patient interaction with
their controller were collected at baseline and
during standard of care follow-up visits.
Results: Significant decreases in pain intensity
for overall back or leg pain scores (verbal
numerical rating score = VNRS) were observed
between baseline [mean ± SEM (standard error
of the mean); n = 22; 8.4 ± 0.2)], 3 months
(n = 12; 1.9 ± 0.5), 6 months (n = 16; 2.6 ± 0.5),
and 12 months (n = 20; 2.0 ± 0.5), with 85.0%
of the patients being satisfied at 12 months.
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Additionally, no significant differences in aver-
age pain relief at 3 months and 12 months
between the real-world data (77.2%; 76.8%) and
the AVALON (71.2%; 73.6%) and EVOKE
(78.1%; 76.7%) studies were observed.
Conclusions: These initial ‘real-world’ data on
ECAP-controlled, closed-loop SCS in a real-
world clinical setting appear to be promising, as
they provide novel insights of the beneficial
effect of ECAP-controlled, closed-loop SCS in a
real-world setting. The presented results
demonstrate a noteworthy maintenance of pain
relief over 12 months and corroborate the out-
comes observed in the AVALON prospective,
multicenter, single-arm study and the EVOKE
double-blind, multicenter, randomized con-
trolled trial.
Trial Registration: The data collection is regis-
tered on the International Clinical Trials Reg-
istry Platform (Trial NL7889).

Keywords: Evoked compound action potential;
Spinal cord stimulation; Electrophysiology;
ECAP-controlled closed-loop; Pain; Chronic;
Neuropathic pain; Closed-loop; Physiologic
closed-loop control

Key Summary Points

A novel closed-loop spinal cord
stimulation (SCS) system records evoked
compound action potentials (ECAPs) from
the spinal cord and uses these recordings
to automatically adjust the stimulation
intensity in real time.

The objective of the data collection was to
evaluate the performance of this first
closed-loop SCS system in a ‘real-world’
setting under normal conditions of use in
a single European center.

A significant decrease in pain intensity was
observed for overall back or leg pain scores
were observed between baseline and
follow-up visits, and patients were
satisfied with the therapy.

The initial data on ECAP-controlled
closed-loop SCS in a real-world clinical
setting are promising.

The present results demonstrate that pain
relief is sustained over a 12-month period
and confirm the results of the prospective,
multicenter, single-arm AVALON study
and the double-blind, multicenter,
randomized controlled EVOKE study.

INTRODUCTION

Spinal cord stimulation (SCS) was developed
over 50 years ago [1], and has been established
as an effective treatment for relieving pain in
patients with a variety of conditions [2–7]. SCS
leads are implanted in the posterior epidural
space over the dorsal aspect of the spinal cord
where myelinated axons of sensory nerves
ascend in the dorsal columns. The application
of electric currents to contacts on the epidural
leads subsequently activate axons within the
dorsal columns to generate action potentials.
The summation of all action potentials evoked
by a given stimulus pulse is called an evoked
compound action potential (ECAP). The ECAP
has two positive peaks (P1 and P2) and one
negative peak (N1) [8, 9]. The size and shape of
these peaks are related to the amount and type
of axons being stimulated, as well as their
location with respect to the lead [8, 9]. The
distance of the lead relative to the spinal cord is
affected by patient motion-related macro- or
micro-movements of physiologic origin, like
heartbeat, respiration, or cough reflex. These
movements can result in over- or under-stimu-
lation in traditional open-loop SCS systems.

Recently, a novel closed-loop SCS system has
been developed which records ECAPs from the
spinal cord elicited by each stimulation pulse,
and utilizes these recordings to automatically
adjust the stimulation strength in real time (i.e.,
ECAP-controlled SCS) [3, 10]. This new system
automatically compensates for fluctuations in
the distance between the epidural leads and the
spinal cord by maintaining the neural response
(ECAP) at a determined target level. In more
detail, the system maintains the determined
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target ECAP by automatically adjusting stimu-
lation output (1800 times per minute at 30 Hz).

This is the first physiologic closed-loop-con-
trolled SCS device approved in Europe that is
indicated for the management of chronic pain
in the trunk and/or limbs. This therapy has
been studied in two prospective studies of level I
and level II evidence, and has been shown to be
effective in relieving pain. These studies include
the EVOKE double-blind, multicenter, ran-
domized controlled trial and the AVALON
prospective, single-arm, multicenter study
[3, 10–12].

Today, randomized controlled trials provide
the highest level of evidence with respect to
safety and efficacy of a treatment modality.
However, ‘real-world’ evidence, generated from
registries and case-series, provide valuable
insights into the replicability of the randomized
controlled trial outcomes in an uncontrolled
clinical setting [13]. ‘Real-world’ data are also
required to address questions about healthcare
use and long-term safety of new therapeutic
interventions [13, 14]. A closer review of ran-
domized controlled trials published in the last
decade makes it evident that reported outcomes
are sometimes hard to replicate in a ‘real-world’
clinical environment [13, 15–17]. This data
collection study was principally designed to
evaluate the performance of this first closed-
loop SCS system in a ‘real-world’ setting under
normal conditions of use in a single European
center. Clinical outcomes as well as electro-
physiological and device data are analyzed and
presented. We also compare these findings with
those reported in earlier, pre-market studies of
the same system.

METHODS

Study Design

This prospective, observational, single-center
data collection study was designed to collect
electrophysiological and device data using the
EvokeTM closed-loop SCS system (Saluda Medi-
cal, Sydney, Australia) for the treatment of
chronic pain of the trunk and/or limbs in a
‘real-world’ setting under normal conditions of

use. Additionally, basic demographic and out-
come data were collected and analyzed. Here,
the first patient cohort permanently implanted
at St. Antonius Hospital, Nieuwegein, Nether-
lands, following European regulatory approval
(CE Mark) is presented. This observational data
collection adhered to the ethical principles of
the Declaration of Helsinki. In the Netherlands,
a prospective data collection without any
intervention does not fall under the Medical
Research Involving Human Subject Act. This
means that no medical ethical committee
approval is required for this type of study in the
Netherlands, as confirmed by the ethical com-
mittee (Amsterdam University Medical Centers,
W17_309#17.362). The data collection is regis-
tered on the International Clinical Trials Reg-
istry Platform (Trial NL7889). For the use of the
data, we followed the general data protection
regulations and asked for written informed
consent from the patients.

Patients

The patients were informed about the data
collection at the outpatient pain clinic of the St.
Antonius Hospital. The patients had to provide
written informed consent before their data
could be used. All candidates eligible for neu-
romodulation (male and female, C 18 years and
suffering from chronic pain in the trunk and/or
limbs due to PSPS type 2 (persistent spinal pain
syndrome after surgery) refractory to conserva-
tive therapy) were eligible for the data collec-
tion. There were no additional inclusion and
exclusion criteria for the patients to be consid-
ered for this data collection beyond those rou-
tinely used to select patients as potential SCS
candidates.

Settings

Patients underwent permanent SCS implanta-
tion between August 2019 and September 2020.
As standard of care, follow-up visits were com-
pleted at 3 months, 6 months, and 12 months
post-device activation. If a standard of care fol-
low-up visit was not performed or patient out-
comes were not taken, for example due to time
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limitations or COVID-19, it was not regarded as
a protocol deviation and no assumptions were
made in relation to such missing data.

The implantation of the closed-loop SCS
system was performed according to standard
surgical procedures [18]. During the implant
procedure, two percutaneous leads were
implanted in the posterior aspect of the epidu-
ral space over the dorsal columns as per stan-
dard SCS clinical practice. Intra-operative
testing was performed to confirm stimulation
sensation in the dermatomes associated with
primary pain prior to lead fixation in all
patients, so-called sensation mapping.

The neuromodulation system used in this
study (EvokeTM closed-loop SCS system; Saluda
Medical) is an implantable, stimulating, and
recording device that can measure and store
electrophysiological data from the spinal cord.
It offers both ECAP-controlled, closed-loop SCS
and fixed-output, open-loop SCS. ECAPs can be
recorded, as well as used to inform program-
ming (i.e., ECAP-guided programming) in either
stimulation mode.

The study center clinicians performed pro-
gramming, usually with support from a field
clinical engineer from the manufacturer (Saluda
Medical) as per standard clinical practice.
Therapy was optimized for each patient using
both electrophysiological recordings and
patient feedback.

Data

Outcomes
The primary purpose of this data collection
study was to assess the performance of ECAP-
controlled closed-loop SCS in a real-world set-
ting. This was assessed using patient-reported
outcomes (e.g., verbal numerical rating
score; VNRS) and device data (ECAP recordings).
Additionally, the data collection study captured
data on subject satisfaction and various other
neurophysiological measures (e.g., conduction
velocity; CV). The following baseline charac-
teristics, demographic data, and patient-re-
ported outcomes were collected at baseline: age
(years), sex, height (cm), weight (kg), etiology,
duration of chronic pain, nature of pain

(neuropathic or neuropathic-like, nociceptive,
mixed), primary area of chronic pain and pain
intensity (VNRS, worst possible pain = 10).

During standard of care follow-up visits, the
following data and patient-reported outcomes
were collected: reason for visit, pain intensity
(VNRS), and patient satisfaction. Patient satis-
faction data were collected using the following
response options: 1. Very satisfied, 2. Satisfied,
3. Quite satisfied, 4. Quite unsatisfied, 5.
Unsatisfied, or 6. Very unsatisfied.

Device Data
Electrophysiological and device data captured
using the SCS system consisted of the size and
morphology of the ECAP (amplitude, lV), CV
(m/s), and device settings/parameters [e.g., cur-
rent output (mA), pulse width (ms), frequency
(Hz), and usage (%)], and patient interaction
with their controller (captured interaction data
include starting stimulation, stopping stimula-
tion, changing programs, and changing ampli-
tude of stimulation).

For all patients, activation plots were col-
lected as standard of care at every follow-up
visit. Activation plots were always collected
with the patient in a seated position. Activation
plots are generated by increasing the stimula-
tion in a stepwise manner to describe the rela-
tionship between stimulation strength and
spinal cord activation in each patient. During
activation plot collection, the ECAP amplitude,
charge delivered, and patient’s subjective rating
of perceived stimulation intensity were col-
lected as previously described [8, 19].

CV is the speed at which an ECAP signal
propagates along the neural pathway (measured
in m/s). CV was measured antidromically and
orthodromically by measuring the ECAP prop-
agation along the lead by stimulating on the
most cephalad contact and measuring from
multiple contacts beneath it (antidromic mea-
surement), and stimulating at the most caudal
contact, and then taking measurements from
the contacts above (orthodromic measure-
ment). CV measurements were performed using
10 Hz, 240 ls, and at a comfortable stimulation
intensity, for comparison to previous recorded
data [11].
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Data Analysis

All data were automatically stored on the
implanted device. During interrogation of the
implanted device, data were downloaded to the
clinical programmer and analyzed offline.

STATISTICA 13 software (Statsoft, Tulsa,
USA) was used for statistical analysis. Summary
statistics were calculated as appropriate,
including means, medians, modes, standard
errors of the mean (SEM), and interquartile
ranges (IQR, Q1–Q3). VNRS data are presented
as raw scores, percentage change from baseline,
responders (C 50% pain relief), and high-re-
sponders (C 80% pain relief).

For statistical analysis, the data were first
tested for normal distribution with Kol-
mogorov–Smirnov test. Data from VNRS did not
follow normal distribution and were therefore
analyzed using non-parametric tests. The non-
parametric version of the one-way repeated
measures ANOVA, Friedman’s ANOVA, was
applied to test the significance through experi-
ments. For post hoc analysis the Wilcoxon
signed rank test was used. For comparison
between the real-world data (AZN), AVALON,
and EVOKE, the Mann–Whitney–U test was
used. The level of significance was set at
p\0.05. All values excluding the p values were
rounded to one fractional digit.

RESULTS

During the period July 2019 and October 2020,
a total of 35 new SCS patients underwent SCS
implantation in Nieuwegein, 24 of whom were
selected to trial the Saluda system based on
standard inclusion criteria for neuromodulation
in the Netherlands. Younger patients were
preferentially selected as the team felt confident
that these patients would cope well with a
rechargeable system and would be unlikely to
require MRI, as full body conditional MRI
labeling was not immediately available. Of
these 24 patients, 22 went on to receive the
fully implantable system (two unsuccessful tri-
als). Of these 22 patients, 20 were followed-up
at 12-month post-implant, one died due to an
unrelated adverse event (cancer), and one was

diagnosed with a neuroblastoma and was lost to
follow-up. COVID-19 caused significant restric-
tions to usual (standard of care) follow-up visits;
ten patients were not able to attend the
3-month visit and six patients did not attend
the 6-month visit. If a follow-up visit was not
performed, or patient outcomes were not taken
due to time limitations, it was not regarded as a
protocol deviation. No assumptions were made
for missing data. Apart from the deceased
patient, none of the 22 patients were explanted
(see Fig. 1).

Baseline characteristics and demographics
for all patients are presented in Table 1. All
patients had a diagnosis of chronic
intractable pain of the trunk and/or limbs due

Fig. 1 Study design and flowchart. A total of 22 patients
were permanently implanted, of whom 20 completed their
12-month visit. One patient died due to an unrelated
adverse event (cancer), and one was diagnosed with a
neuroblastoma and was lost to follow-up. If a follow-up
visit was not performed, or patient outcomes were not
taken due to time limitations, it was not regarded as a
protocol deviation
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to failed back surgery syndrome (FBSS), referred
to now as PSPS type 2. Fifteen patients had
predominantly pain in the leg, five predomi-
nantly pain in the buttock, and the remaining
two having predominantly back pain. There
were a greater number of females (n = 14) than
males (n = 8) permanently implanted.

Pain Relief Outcomes

Mean (± SEM) baseline (n = 22) overall back or
leg pain scores (VNRS) were 8.4 ± 0.2 (Fig. 2). At
3 months (n = 12), average VNRS overall back or
leg pain scores decreased to 1.9 ± 0.5, at
6 months (n = 16) to 2.6 ± 0.5, and at
12 months (n = 20) to 2.0 ± 0.5 (Fig. 2). Analy-
sis using Friedman’s ANOVA revealed a signifi-
cant change throughout all visits (Friedman

test: v2
3 = 20.450, p\0.0005, n = 8). Post hoc

analyses (Wilcoxon signed rank) demonstrated
a significant improvement at all timepoints

Table 1 Patients, demographics, and baseline characteristics

Mean age in years (± SEM) 54.8 ± 2.0

Sex (%) Female: 14 (63.6%)

Male: 8 (36.4%)

Pain characteristics (%) Neuropathic: 15

(68.0%)

Mixed: 7 (32.0%)

Primary diagnosis (%) PSPS type II (100%)

Primary area of pain (%) Lower back = 2

(9.1%)

Buttock = 5 (22.7%)

Upper leg = 10

(45.5%)

Lower leg = 5 (22.7%)

Duration of pain in years

(± SEM)

7.0 ± 1.9

BMI in Kg/m2 (± SEM) 28.6 ± 1.2

Baseline demographics and characteristics for all perma-
nent implanted patients. Data are mean (± standard error
of the mean; SEM) or n (%)
PSPS type 2 persistent spinal pain syndrome type 2,
BMI body mass index

Fig. 2 Patient-reported outcomes. Mean (± SEM) base-
line (n = 22) overall back or leg pain scores (VNRS) were
8.4 ± 0.2. After 3 months (n = 12), average VNRS overall
back or leg pain scores decreased to 1.9 ± 0.5, at 6 months
(n = 16) to 2.6 ± 0.5, and at 12 months (n = 20) to
2.0 ± 0.5. Analysis using Wilcoxon signed rank revealed a
significant improvement at all timepoints compared to
baseline

Fig. 3 Responder and high-responder rates. The vertical
axis indicates (high)-responder rates in %. Patients who
showed exceptional pain relief were defined as high-
responders (C 80.0%) and patients who responded
with C 50.0% pain relief were defined as responders. At
12 months, there were 90.0% responders and 60.0% high-
responders. There were no significant differences at
3 months and 12 months between the real-world data
release (AZN) and the AVALON (3 months: 80.0%;
42.2%; 12 months: 81.4%, 53.5%) and the EVOKE
(3 months: 87.9%; 62.1%; 12 months: 89.1%, 60.0%)
studies

Pain Ther



compared to baseline (Wilcoxon test: baseline
to 3 months: p\0.005, n = 12; baseline to
6 months: p\0.0005, n = 16; baseline to
12 months: p\0.0001, n = 20).

At 3 months, there were 91.7% (n = 11 of 12
patients) responders (C 50.0% pain relief), and
50.0% (n = 6 of 12 patients) high-responders
(C 80.0% pain relief). At 12 months, 90.0%
(n = 18 of 20 patients) of patients were respon-
ders, and 60.0% (n = 12 of 20) of patients were
high-responders (Fig. 3). Responder and high-
responder rates observed at 3 months and
12 months in this real-world cohort were con-
sistent and no difference could be observed with
both the AVALON [3 months: 80.0% (n = 36
out 45 patients); 42.2%; (n = 19 out 45
patients); 12 months: 81.4% ( n = 35 out 43
patients), 53.5%; (n = 23 out 43 patients)] and
EVOKE [3 months: 87.9% (n = 51 out 58
patients); 62.1% (n = 36 out 58 patients);
12 months: 89.1% (n = 49 out 55 patients),
60.0% (n = 33 out 55 patients)] studies (Fig. 3).
The Mann–Whitney U test results revealed no
difference between the real-word data (AZN)
and the AVALON and the EVOKE responder and
high-responder rates (%).

Percent pain relief observed at 3 months and
12 months in this real-world cohort [77.2%
(n = 12); 76.8% (n = 20)] was consistent and
therefore no significant differences with both

the AVALON [71.2% (n = 45); 73.6% (n = 43)]
and EVOKE [78.1% (n = 58); 76.7% (n = 55)]
studies were observed (Fig. 4A.). The
Mann–Whitney-U test results revealed no dif-
ference between the real-word data and the
AVALON and the EVOKE pain relief (%) results.

Patient Reported Satisfaction Outcomes

During standard of care follow-up visits, patient
satisfaction was collected (Fig. 4B). At the
3-month, 6-month, and 12-month visits,
100.0% (n = 12), 93.8% (n = 16), and 85.0%
(n = 20) of the patients, respectively, reported
being very satisfied, satisfied, or quite satisfied
with the ECAP-controlled closed-loop therapy.

Recording and Characterizing ECAPs

ECAPs could be recorded in all patients (Fig. 5).
In total, approximately 19.9 billion ECAPS were
recorded from 20 patients during the 12-month
period. As an example, 865,236,385 (0.86 bil-
lion) ECAPs were recorded from one particular
patient during the course of 1 year.

Electrophysiological data, device parameters,
and usage were analyzed to get a better under-
standing of the prescribed therapy. Data for
1 week prior to the patient’s 3-month, 6-month,

Fig. 4 Patient-reported outcomes. A Comparison of
overall pain relief (%) to the AVALON12 and EVOKE3
studies. No significant differences at 3 months and
12 months between the real-world data release (77.2%;

76.8%) and the AVALON (71.2%; 73.6%) and EVOKE
(78.1%; 76.7%) studies. B Patient satisfaction was
reported; after 12 months, 85.0% of patients were very
satisfied, quite satisfied, or satisfied
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and 12-month visits were used for this analysis.
Median values across the study cohort at
3 months, 6 months, and 12 months are shown
for the in-clinic maximum (Fig. 6). Actual out-
of-clinic activation is summarized here by the

mode ECAP amplitude (dot; Fig. 6). If the acti-
vation plot was not analyzable due to technical
issues or were not captured, the values were not
taken into consideration. Therefore, not all

Fig. 5 Recording and characterizing ECAPs. Example of
an individual activation plot from an individual patient.
A Recording and measurement of ECAPs from the patient
in-clinic; perception threshold was 8.4 mA, comfort range
was 9.4–12.4 mA, and maximum (which is the highest
level of stimulation the patient could tolerate for 1 min)
was 13.8 mA. The recorded neural signal consisted of a
positive P1 peak followed by a negative N1 peak and a
second positive P2 peak. The ECAP amplitude (lV) grew

as current increased. Data have been extracted from the
‘Clinical Data Viewer’ software embedded in the clinical
programmer for the system and plotted in Excel. B The
same example of the activation plot from A. captured as a
screenshot from the programming application for the
closed-loop SCS system. The activation plot data display
the relationship between current amplitude (mA) and the
corresponding neural response

Fig. 6 In-clinic and out-of-clinic spinal cord activation.
From the bottom, first is the ECAP perception threshold
amplitude [3 months: 1.0 lV (n = 11); 6 months:
- 0.8 lV (n = 14); 12 months: - 0.6 lV (n = 15)].
Patients used their closed-loop SCS at 12 months above
the ECAP threshold (mode: 3 months: 7.9 lV; 6 months:

16.5 lV; 12 months: 11.7 lV). *If the activation plot was
not analyzable due to technical issues or data were not
captured, the values were not taken into consideration.
Therefore, not all patients have activation plot data
presented here
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patients have activation plot data presented
here.

Median (IQR: Q1–Q3) data at 3 months
(n = 11), 6 months (n = 14), and 12 months
(n = 15) revealed the ECAP amplitude at per-
ception threshold to be 1.0 lV (- 0.3 to 2.4) at
3 months, - 0.8 lV (- 1.5 to 3.8) at 6 months,
and -0.6 lV (- 1.3 to 1.1) at 12 months. The
ECAP amplitude at the maximum discomfort
level was 49.3 lV (28.3–83.9) at 3 months,
48.0 lV (29.4–74.7) at 6 months, and 45.8 lV
(26.9–76.9) at 12 months. The mode ECAP
amplitude target, the patients’ actual activation
outside the clinic, was at every timepoint
greater than the median perception threshold at
each visit interval at 7.9 lV (4.5–20.9) at
3 months, 16.5 lV (1.9–20.6) at 6 months, and
11.7 lV (0.4–31.8) at 12 months.

At 12 months, the patients (n = 20) used
their device 93.5% (median; IQR: Q1–Q3:
68.6–97.4%) of the time. The median stimula-
tion frequency was 30.0 Hz (30.0–30.0) and
median pulse width was 300.0 ls (237.5–350.0;
n = 20). Patients used their patient controller to
adjust stimulation or program once (median)
every three days, i.e., 0.4 (0.3–1.0) adjustments
per day (n = 20).

The mean (± SEM) CV for antidromic
(n = 10) and orthodromic (n = 8) ECAP record-
ings were 58.4 m/s (± 2.3) and 55.3 m/s (± 1.3),
within the range of Ab-fibers [20, 21].

DISCUSSION

This prospective, single-center, data collection
study in the Netherlands provides the first
report of the ‘real-world’ clinical outcomes and
the electrophysiological and device data for the
treatment of chronic pain of the back or leg,
related to PSPS type 2, using a novel ECAP-
controlled closed-loop SCS System.

Outcome data from these clinical experi-
ences reveal sustained pain relief over a
12-month period, with a substantial proportion
of patients experiencing more than 80% pain
relief, complemented by high levels of patient
satisfaction. These outcomes parallel those
observed in the AVALON prospective, multi-
center, single-arm study [12] and the EVOKE

double-blind, multicenter, randomized, con-
trolled trial [3]. Not all randomized controlled
trials in SCS have been followed up with similar
results from real-world cohorts. The data pre-
sented in this study are promising and encour-
age further investigations of this system to
confirm its effectiveness in real-world settings
through larger, multi-center studies, as the
major weakness of this work is the small sample
size taken from a single center’s experience.

The ECAP-controlled, closed-loop SCS sys-
tem used in this study automatically adjusts the
stimulation output on every stimulus to con-
sistently activate the same volume of axons
determined to be therapeutic without causing
overstimulation-related side-effects. Each
patient’s response to stimulation is assessed by
way of an ‘Activation Profile’, as shown in
Fig. 5, and previously described [19]. Tradi-
tional, open-loop SCS systems deliver a fixed
stimulation output without accounting for
normal physical and physiological processes
[8, 22]. In systems that evoke stimulation-in-
duced sensation, often referred to as paresthe-
sia, these processes can cause fluctuations in
sensation intensity which is believed to limit
the efficacy of SCS therapy. To address this
problem, an SCS system with a 3-axis
accelerometer was developed a decade ago
which can detect gross postural changes (e.g., it
can differentiate between lying supine vs.
walking but not sitting vs. standing), and be
programmed to switch between preset open-
loop stimulation settings in response, so a type
of feed-forward control system [22, 23] (p 201).
In a randomized controlled crossover study of
this feature, 86.5% of patients in the
accelerometer-enabled group (A-ON) reported
‘‘improved pain relief with no loss of conve-
nience, or improved convenience with no loss
of pain relief’’, compared to the accelerometer
off group (the control A-OFF group). A key
objective measure to support these findings was
the number of ‘button presses’ on the patient’s
remote control to change stimulation ampli-
tude. Patients in the A-ON group had 41% fewer
interactions with their remote control as com-
pared to the A-OFF group, on average 18.2
button presses per day (standard deviation: SD
38.9) as compared to 30.7 per day (SD 63.5) [22].
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There was no difference in actual pain relief
between groups, and unfortunately neither
group of patients achieved a clinically mean-
ingful decrease in pain intensity from baseline.
The A-ON group reported a decrease of 1.8
points on an 11-point Numerical Pain Rating
Scale (NPRS 0–10), while the A-OFF group
reported a decrease of 1.5 points [22]. A mini-
mal clinically important improvement in pain
intensity is well accepted as being at least a
2-point reduction on an 11-point NPRS [24].
Despite the lack of effect on pain intensity, the
introduction of this system, and this study,
produces an objective measure for the patient
experience with the system, defined as button
presses. SCS studies generally suffer from a lack
of objectivity in their outcome measures and
patient reports, as pain is an inherently subjec-
tive experience. In our study, the median
number of button presses per day was 0.4, sug-
gesting that patients utilizing ECAP-controlled,
closed-loop SCS rarely need to interact with
their therapy, and significantly less so compared
to previously reported data from the feed-for-
ward system used in the study by Shultz and
colleagues [22]. However, it could also be the
case that patients in the Shultz et al. study were
interacting with their system more often as they
sought better pain relief, whereas, in our study
group, clinically important pain relief was
attained in the first 4 weeks and maintained
through 1 year, so perhaps had less reason to
interact with their system [22]. To our knowl-
edge, there are no data reported regarding the
frequency of patient–device interactions for SCS
systems or stimulation settings which do not
elicit sensations. While it could be assumed that
such interactions would be very few, the field
would benefit from this type of objective data
reporting in all studies on SCS systems to allow
comparisons between different systems and
waveforms. A recommendation for increased
transparency in SCS settings and usage for
studies of SCS in chronic pain was recently
published by Katz and colleagues [13].

One of the most attractive aspects of this
new system is the type and amount of objective
data that the device can capture. Figure 6
describes the average perception threshold for
the study cohort and the mode ECAP amplitude

for the group at 3 months, 6 months, and
12 months. These data represent a performance
measure for the ECAP-controlled system, have
been reported previously in the first-in-human
and pivotal studies [3, 10–12] for this system,
and are replicated here. It has been postulated
that consistent control of spinal cord activation
leads to better patient outcomes in terms of
pain relief [3, 11, 19]. We observed that the
system made intended output adjustments at
the same frequency as the programmed rate to
achieve spinal activation within the prescribed
range, and that patients in our study also
experienced significant pain relief. Addition-
ally, the patients used the device in median
93.5% of the time, which means that they ran
the stimulation day and night. However, fur-
ther research is required to convincingly con-
firm this hypothesis.

Additional data taken from the device
included the CV of the stimulated fibers, which
was in line with previous recordings from this
system in earlier studies and those anticipated
for Ab-fiber activation [21, 25–30]. It is
unknown at this time as to whether or not this
information may be helpful in predicting out-
comes for SCS patients or even monitoring the
health of the dorsal columns, but this is not
something we will ever determine if we do not
use this system to its full potential and capture
this data.

Limitations of this study include a small
sample size, single-center results, no blinding,
and no control arm, missing data due to pan-
demic-related visit cancellations, and some
additional missing data due to time constraints
in clinic. All of which limit the generalizability
of the presented findings. Additionally, our
study would have benefited from assessments of
further domains which can be affected by
chronic pain, such as quality of life and func-
tion to support our findings. A more systematic
approach to device data collection, particularly
in the acquisition of activation plots, should be
considered in future work. While there are sig-
nificant missing data at 3 months and
6 months, all the implanted patients were seen
at 12 months, so we do not believe that the
earlier missing data points affect the
conclusions.
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CONCLUSION

The results of this data collection study provide
novel insights into the beneficial effect of ECAP-
controlled, closed-loop SCS in a real-world set-
ting. The results we present demonstrate a
noteworthy maintenance of pain relief over a
12-month period, and corroborate the out-
comes observed in the AVALON prospective,
multicenter single-arm study [12] and the
EVOKE double-blind, multicenter, randomized,
controlled trial [3, 11] previously published.
These initial ‘real-world’ data on ECAP-con-
trolled, closed-loop SCS in a real-world clinical
setting appear to be promising.
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