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IMPORTANCE Chronic pain is debilitating and profoundly affects health-related quality of life.
Spinal cord stimulation (SCS) is a well-established therapy for chronic pain; however, SCS has
been limited by the inability to directly measure the elicited neural response, precluding
confirmation of neural activation and continuous therapy. A novel SCS system measures the
evoked compound action potentials (ECAPs) to produce a real-time physiological closed-loop
control system.

OBJECTIVE To determine whether ECAP-controlled, closed-loop SCS is associated with better
outcomes compared with fixed-output, open-loop SCS at 24 months following implant.

DESIGN, SETTING, AND PARTICIPANTS The Evoke study was a double-blind, randomized,
controlled, parallel arm clinical trial with 36 months of follow-up. Participants were enrolled
from February 2017 to 2018, and the study was conducted at 13 US investigation sites. SCS
candidates with chronic, intractable back and leg pain refractory to conservative therapy;,
who consented, were screened. Key eligibility criteria included overall, back, and leg pain
visual analog scale score of 60 mm or more; Oswestry Disability Index score of 41to 80;
stable pain medications; and no previous SCS. Analysis took place from October 2020

to April 2021.

INTERVENTIONS ECAP-controlled, closed-loop SCS was compared with fixed-output,
open-loop SCS.

MAIN OUTCOMES AND MEASURES Reported here are the 24-month outcomes of the trial,
which include all randomized patients in the primary and safety analyses. The primary
outcome was a reduction of 50% or more in overall back and leg pain assessed at 3 and 12
months (previously published).

RESULTS Of 134 randomized patients, 65 (48.5%) were female and the mean (SD) age was
55.2 (10.6) years. At 24 months, significantly more closed-loop than open-loop patients were
responders (=50% reduction) in overall pain (53 of 67 [79.1%] in the closed-loop group; 36
of 67 [53.7%] in the open-loop group; difference, 25.4% [95% Cl, 10.0%-40.8%]; P = .001).
There was no difference in safety profiles between groups (difference in rate of study-related
adverse events: 6.0 [95% Cl, -7.8 to 19.7]). Improvements were also observed in
health-related quality of life, physical and emotional functioning, and sleep, in parallel with
opioid reduction or elimination. Objective neurophysiological measurements substantiated
the clinical outcomes and provided evidence of activation of inhibitory pain mechanisms.

CONCLUSIONS AND RELEVANCE ECAP-controlled, closed-loop SCS, which elicited a more
consistent neural response, was associated with sustained superior pain relief at 24 months,
consistent with the 3- and 12-month outcomes.
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ow back pain with or without leg pain has a global preva-

lence of 7.5% and is the leading cause of years lived with

disability.! The detrimental consequences of chronic pain
on functional ability and quality of life are well known.> Spi-
nal cord stimulation (SCS) is an established treatment strat-
egy for managing chronic pain. However, until recently, the
rigor of evidence for SCS efficacy has been lacking (eFigures 1
and 2 and eTable 1in Supplement 1).2 Furthermore, there have
been no objective measures of SCS therapy delivery or adher-
ence owing to the inability to continuously measure spinal cord
electrical activity in vivo.

SCS therapy entails implanting electrodes in the dorsal epi-
dural space over the dorsal columns of the spinal cord. Elec-
tric stimulation is delivered using preprogrammed param-
eters (ie, pulse duration, current amplitude, and frequency)
to activate the spinal cord.* SCS targets AP sensory fibers in
the dorsal columns, the activation of which produces analge-
sia through subsequent modulation of pain pathways in spi-
nal gray matter.>® Extracellular stimulation preferentially ac-
tivates nerve axons over soma, larger-diameter axons over
smaller diameter, and elements closer to the stimulating elec-
trode over those more distant.” Therefore, SCS preferentially
activates large-diameter, myelinated fibers in the dorsal col-
umns over more distant, smaller neurons in the dorsal horn
or elsewhere in the spinal cord. Physiological functions such
as breathing, heartbeat, and changing posture alters the dis-
tance between the spinal cord target fibers and epidural SCS
electrodes.® Therefore, the number of nerve fibers activated
by fixed-output, open-loop stimulation continually changes,
resulting in inconsistent therapy delivery (ie, understimula-
tion or overstimulation) as the spinal cord moves in and out
of the unchanged electric field.®

To overcome these limitations, a novel SCS system has the
unique ability to measure and adjust stimulation dose in re-
sponse to in-vivo human spinal cord electrophysiology in real
time for each delivered stimulation pulse. Evoked compound
action potentials (ECAPs) are a measure of the neural re-
sponse elicited by electrical stimulation; they are the summa-
tion of action potentials from multiple nerve fibers activated
by a given stimulation pulse. ECAPs may be used to confirm
activation of targeted fibers (ie, those involved in modulation
of pain inhibition pathways) and provide evidence of therapy
delivery and adherence. Furthermore, this system can use
ECAP recordings to deliver closed-loop stimulation, wherein
the strength of each stimulus is adjusted automatically to main-
tain a consistent neural response, controlling activation of tar-
geted fibers. When operating in closed-loop mode, the sys-
tem responds in real time to correct for variations in spinal cord
activation that occur from cardiorespiratory cycles or body
movement. Recording and adjustment occur at the same rate
as the stimulation frequency; for example, at a stimulation rate
of 50 Hz, the system will make 50 ECAP recordings and sub-
sequent stimulation output adjustments per second, totaling
more than 4 million adjustments daily to maintain a consis-
tent neural response (ie, ECAP amplitude) at the level pre-
scribed by the clinician.

This system is being evaluated in a double-blind, random-
ized clinical trial. The published 3- and 12-month outcomes
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Key Points

Question Is a novel closed-loop spinal cord stimulator (SCS) that
measures and adjusts to neural response associated with greater
pain reduction compared with a fixed-output, open-loop SCS
system at 24 months?

Findings In this secondary analysis of a double-blind randomized
clinical trial, closed-loop SCS delivered higher, more consistent
neural response within the prescribed therapeutic window and
demonstrated superior long-term improvements in pain relief and
patient-reported outcomes, with meaningful opioid reduction.

Meaning Closed-loop SCS sustained the previously published,
superior pain relief at 3 and 12 months, suggesting it may be an
effective long-term therapy to alleviate chronic pain, improve
quality of life, and potentially reduce opioid use.

demonstrated superiority of ECAP-controlled closed-loop
SCS over fixed-output, open-loop SCS (fixed dose) in the
treatment of chronic back and leg pain, including failed
back surgery syndrome and nonsurgical refractory pain
(NCT02924129).1° Herein we present the long-term, 2-year,
clinical and quality of life results of this study to provide
evidence of the longevity and durability of this therapy.

Methods

Study Design

This pivotal, multicenter, double-blind, parallel-arm, random-
ized clinical trial was conducted at 13 investigation sites
throughout the United States under an Investigational De-
vice Exemption to gain US Food and Drug Administration ap-
proval. The protocol (published previously' and available in
Supplement 2, along with the statistical analysis plan) was ap-
proved by each participating site’s institutional review board.
This study was conducted in accordance with US Food and Drug
Administration regulatory requirements, Good Clinical Prac-
tice, and the ethical principles of the Declaration of Helsinki.?

Participants

SCS candidates with chronic, intractable back and leg pain with
aminimum visual analog scale score of 60 mm or higher (where
100 mm indicates the worst imaginable pain) refractory to con-
servative therapy, who provided written informed consent,
were screened for enrollment. An independent medical moni-
tor confirmed consistent interpretation of the inclusion/
exclusion criteria prior to patient randomization.'® Patients
were screened between January 2017 and February 2018. Data
on race and ethnicity were collected by self-report according
to US Food and Drug Administration guidelines.

Randomization and Masking

Patients were randomized 1:1to Evoke ECAP-controlled, closed-
loop SCS (investigational group) or fixed-output, open-loop SCS
(control group). Treatment allocation was concealed from the
patients, investigator, and site staff for the full study dura-
tion. Randomization and masking procedures were de-
scribed previously.'©
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Figure 1. CONSORT Diagram

328 Patients assessed for eligibility

‘ 194 Ineligible

134 Enrolled/randomized

67 Assigned to closed-loop intervention

‘ 67 Assigned to open-loop group (control)

8 Discontinued treatment 13 Discontinued treatment
4 Unsuccessful trial 10 Unsuccessful trial
1 AE unrel_ated to device or 1 AE unrel_ated to device or
stimulation stimulation
2 Voluntary withdrawal 2 Voluntary withdrawal
1 Noncompliance 0 Noncompliance e
AE indicates adverse event.
59 Received implantation 54 Received implantation ? COVID-19 resulted in 2 missed
24-month visits in the open-loop
7 Discontinued treatment 8 Discontinued treatment group-
2 AE unrelated to device 3 AE unrelated to device b All randomized patients (67 in the
or stlmulatpn or stnmulatn(_)n closed-loop group and 67 in the
3 Voluntary Wlthdrawal 4 Voluntary ywthdrawal open-loop group) were included in
1 Noncompliance 1 Noncompliance the analysis of the primary
1 Lost to follow-up 0 Lost to follow-up . .
outcome, visual analog scale pain,

52 Treatment ongoing at 24 mo
50 Completed 24-mo follow-up
2 Missed visits

46 Treatment ongoing at 24 mo
42 Completed 24-mo follow-up
4 Missed visits?

using a last value carried forward
approach to account for missing
data. Patients who completed the
24-month visit (50 in the

v

v

67 Included in the primary analysis?

67 Included in the primary analysis®

closed-loop group and 42 in the
open-loop group) were included in

the analysis of secondary outcomes.

Procedures

Randomized patients underwent a temporary SCS trial last-
ing up to 11 days. Patients with 50% or more overall back and
leg pain visual analog scale score reduction were eligible for
permanent implantation. Follow-up was at 1, 3, 6, 9, and 12
months and biannually thereafter for up to 3 years following
permanent implant. Self-selected crossover was offered after
24 months.

During the temporary trial and permanent implant pro-
cedures, 2 percutaneous leads were implanted in the dorsal epi-
dural space over the dorsal columns as per standard practice
(eAppendix in Supplement 1).

The same neuromodulation system (Evoke System;
Saluda Medical) was the investigational and control device, as
it offered both ECAP-controlled, closed-loop SCS and fixed-
output, open-loop SCS and the ability to measure the neural
response in both groups. The closed-loop control system, a pro-
portional-integral-derivative controller, minimizes the differ-
ence between the measured mean ECAP amplitude and the
ECAP amplitude target by automatically varying the thera-
peutic current amplitude in real time for every stimulus. This
process is frequency dependent and can occur more than 100
times per second. The system thereby maintains a consistent
neural response, where the average error between the pre-
scribed ECAP amplitude target and the measured ECAP am-
plitude is zero."

Programming was performed as previously described (eAp-
pendix in Supplement 1) to personalize therapy based on in-
dividual patient pain threshold.!°:*

jamaneurology.com

Outcomes
Pain relief was assessed using the visual analog scale to de-
termine responders (patients with >50% reduction) and high
responders (280% reduction)!© as well as the percent reduc-
tion in overall back and leg pain. Additional standardized pa-
tient-reported outcome measures per Initiative on Methods,
Measurement, and Pain Assessment in Clinical Trials
(IMMPACT) recommendations were collected®!>24 as well as
pain medication usage.?>:2°

Objective measurements, including program param-
eters, device performance, patient adherence, and neurophysi-
ological properties associated with spinal cord activation, were
collected on the device as described in the eAppendix in
Supplement 1. All adverse events were reported by the inves-
tigators throughout the study and reviewed and adjudicated
by a blinded, independent clinical events committee.

Statistical Analysis
The sample size calculation, primary analysis at 3 months,
and additional prespecified analysis at 12 months postper-
manent implant have been described previously.!© This
report discusses the long-term results at 24 months. The
24-month analysis of the primary outcome of pain included
all randomized patients and is described in the eAppendix
in Supplement 1, as are the analyses of the secondary out-
comes.

For all tests, Pvalues less than .05 (2-tailed tests) were con-
sidered significant and are reported together with the 95% CIs
where appropriate. All statistical analyses were conducted
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Figure 2. Individual Patient Percent Change From Baseline
in Overall Back and Leg Pain at 24 Months

High responders Responders
(280% improvement) (250% improvement)

[ Closed-loop group (n=67) 31/67 (46.3%) 53/67 (79.1%)
[l Open-loop group (n=67)  20/67 (29.9%) 36/67 (53.7%)

Individual patients

50% 80%
-20 0 20 40 60 80 100
Change in overall trunk and limb pain
at 24 mo from baseline, %

Positive change indicates improvement. A significantly greater proportion of
closed-loop patients were responders and high responders in overall back and
leg pain compared with open-loop patients.

using SAS statistical software version 9.4 (SAS Institute). Analy-
sis took place between October 2020 and April 2021.

. |
Results

0f 328 screened patients, 134 were enrolled, with 67 patients
randomized to each treatment group (Figure 1). Of these, 113
patients underwent implantation (59 in the closed-loop and
54 in the open-loop group). Fifty closed-loop patients and 42
open-loop patients completed 24-month follow-up. The
double-blind was maintained for the full study duration.
Race (not mutually exclusive) and ethnicity (mutually ex-
clusive) of participants included American Indian or Alaska Na-
tive (closed-loop group: 1[1.5%] vs open-loop group: 2 [3.0%]),
Black or African American (closed-loop group: 2 [3.0%] vs

JAMA Neurology March2022 Volume 79, Number 3
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open-loop group: 6 [9.0%]), Hispanic/Latino (closed-loop
group: 3 [4.5%] vs open-loop group: 6 [9.0%]); non-Hispanic/
Latino (closed-loop group: 64 [95.5%] vs open-loop group: 61
[91.0%]); and White (closed-loop group: 63 [94.0%] vs open-
loop group: 59 [88.1%]).

There were no significant differences in the baseline di-
agnoses, prior treatments including opiate use, demograph-
ics, or other characteristics between treatment groups. All pa-
tientsin both groups had a diagnosis of chronic intractable back
and leg pain. The most frequent pain etiologies in both groups
were radiculopathy (61 of 67[91.0%] in the closed-loop group
and 59 of 67 [88.1%] in the open-loop group), failed back sur-
gery syndrome (38 of 67 [56.7%] in the closed-loop group and
410f67[61.2%]in the open-loop group), and degenerative disc
disease (33 of 67 [49.3%%] in the closed-loop group and 42 of
67[62.7%]in the open-loop group). A total of 54 patients (40%)
in both groups did not have prior back surgery. The mean (SD)
baseline overall back and leg pain scores were 82.0 (10.7) mm
for closed-loop patients and 82.2 (9.2) mm for open-loop pa-
tients. Baseline characteristics were similar for the cohort of
patients who completed 24-month follow-up (eTable 2 in
Supplement 1).

At 24 months, a significantly greater proportion of closed-
loop patients were responders (=50% reduction in overall back
and leg pain) than open-loop patients in the randomized popu-
lation (53 of 67 [79.1%] in the closed-loop group and 36 of 67
[53.7%] in the open-loop group; difference, 25.4% [95%
CI, 10.0%-40.8%], P = .001) (Figure 2). Similarly, there was a
significantly greater proportion of high responders, (>80% re-
duction in overall pain) in the closed-loop group (31 of 67
[46.3%] in the closed-loop group and 20 of 67 [29.9%] in the
open-loop group; difference, 16.4% [95% CI, 0.2%-32.6%];
P =.047). The reduction in overall back and leg pain was sig-
nificantly greater for closed-loop (mean [SD] score, 26.4 [26.0];
point decrease, 55.6; percent decrease, 68.5%) than open-
loop patients (mean [SD] score, 38.3[29.7]; point decrease, 43.9;
percent decrease, 53.7%) (between groups: mean score differ-
ence, -11.9[95% CI, -21.4 to 2.3]; P = .02; point decrease dif-
ference, 11.7 [95% CI, 2.4-21.0]; P = .01; percent decrease dif-
ference, 14.8% [95% ClI, 3.5%-26.0%]; P = .01). These results
were confirmed by the repeated-measures sensitivity analy-
sis (estimate of the difference, 15.1[95% CI, 4.3-25.9]; P = .006).

For patients with permanent implant, 83.1% (49 of 59) of
closed-loop compared with 63.0% (34 of 54) of open-loop were
responders (difference, 20.1% [95% CI, 4.0%-36.1%]; P = .01)
(eFigures 3, 4, and 5 in Supplement 1).

There was statistically significant and clinically meaning-
ful improvement from baseline at 24 months in both treat-
ment groups in all other patient-reported outcomes includ-
ing Profile of Mood States, 12-item Short Form Survey, Oswestry
Disability Index, Pittsburgh Sleep Quality Index, and Euro-
pean Quality of Life Five-Dimensional Five-Level (Figure 3,
Table, and eFigures 6 and 7 in Supplement 1). In general, the
improvement was greater in the closed-loop compared with
the open-loop group, with significant differences seen in
Profile of Mood States Total Mood Disturbance (Figure 3A) and
12-item Short Form Survey mental component summary at 24
months (eFigure 7 in Supplement 1). These results were

jamaneurology.com

© 2022 American Medical Association. All rights reserved.

Downloaded from jamanetwork.com by Harvard University user on 02/26/2024


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.4998?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.4998
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.4998?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.4998
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.4998?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.4998
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaneurol.2021.4998?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.4998
http://www.jamaneurology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2021.4998

Durability of Clinical and Quality-of-Life Outcomes of Closed-Loop Spinal Cord Stimulation for Chronic Back and Leg Pain

Original Investigation Research

Figure 3. Additional Patient-Reported Outcomes
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A, Mean change in profile of mood states (POMS) total mood disturbance
(TMD) from baseline to 24 months was approximately double in the closed-loop
compared with open-loop group, a significant difference (closed-loop group:
18.6; open-loop group: 9.4; difference, 9.2 [95% Cl, 1.8-16.5]; P = .02;
repeated-measures model: estimate of the difference, 10.7 [95% Cl, 3.9-17.6];

P =.002). Additionally, 68.0% of closed-loop compared with 42.9% of
open-loop patients had a minimum clinically important difference (MCID) of
=10 points (difference, 25.1% [95% Cl, 5.4%-44.9%]; P = .02). B, For study
inclusion, patients were required to be classified as having a severe disability or

as “crippled” on the Oswestry Disability Index (ODI) (score, 41-80). At 24
months, 78.0% closed-loop vs 59.5% open-loop patients improved to
minimum or moderate disability (score, 0-40). C, The mean improvement in
the European Quality of Life Five-Dimensional Five-Level (EQ-5D-5L) index
score was greater than 3 times the MCID (MCID = 0.074) in the closed-loop
group (mean [SD], 0.254 [0.157]) and greater than 2 times the MCID in the
open-loop group (mean [SD], 0.208 [0.163]).

2 Significant difference between treatment groups (P < .05).

substantiated by the repeated-measures sensitivity analyses.
Furthermore, more than 80% of patients (42 of 50 [84.0%] in
the closed-loop group and 34 of 42 [81.0%] in the open-loop
group) indicated their health status was very much improved
or much improved compared with baseline on the Patient
Global Impression of Change.

In parallel with pain reduction and improvement in sec-
ondary outcomes, voluntary opioid reduction or elimination
was observed at 24 months in 66.7% (18 of 27) and 60.9% (14
of 23) of closed-loop and open-loop patients, respectively
(P =.77), who were taking opioids at baseline. Further, mean
daily morphine milligram equivalents decreased to less than
50 morphine milligram equivalents in both groups (mean [SD]:
baseline, 80.1 [105.3]in the closed-loop group and 66.4 [86.2]
in the open-loop group; 24 months, 41.9 [47.3] in the closed-
loop group and 42.2 [41.5] in the open-loop group), in align-
ment with current practice guidelines.?”-?® The percent reduc-
tion was greater for the closed-loop (mean [SD], 42.3% [39.3%])
than for the open-loop group (mean [SD], 24.5% [81.4%]). Eigh-
teen of 27 patients (66.7%) in the closed-loop group and 13 of
23 (56.5%) in the open-loop group had a meaningful decrease
in opioid use defined as a morphine milligram equivalents re-
duction of 20% or more.?® One open-loop patient (4.3%) in-
creased their opiate use at 24 months.

Data collected on the device, including program param-
eters, device performance, patient adherence, and neurophysi-
ological properties provide objective data on actual therapy re-
ceived by which to judge the relationship to clinical outcomes.

jamaneurology.com

The stimulation and ECAP parameters (frequency, pulse
duration, stimulation amplitude, dose-response relation-
ship, or sensitivity) programmed in clinic in a stable sitting po-
sition at the 24-month visit were not significantly different be-
tween treatment groups (eFigure 8 in Supplement 1).

However, device performance (ie, the ability of the de-
vice to adhere to the prescribed neural response), was signifi-
cantly different between open- and closed-loop SCS during a
series of directed posture changes performed in clinic. Com-
pared with open-loop SCS, there was an 88.2% reduction be-
tween the target neural response and the elicited neural re-
sponse with closed-loop SCS. The elicited neural response with
closed-loop SCS deviated 3.2 1V from the target neural re-
sponse, whereas with open-loop SCS, the deviation was 27.4
UV (P < .001) (example illustrated in Figure 4A).

Patient adherence (ie, patient compliance to the prescrip-
tion) is reflected by the patients’ interaction with the device.
Device utilization data demonstrated patient adherence was
high in both groups with stimulation turned on most of the time
(median [IQR], 88.0% [50.6%-96.3%] in the closed-loop group;
95.0% [32.4%-99.3%] in the open-loop group; P = .18). How-
ever, full compliance to the prescription was limited by the per-
formance of the stimulation mode.

Outside the clinic, the closed-loop group demonstrated sig-
nificantly greater consistency in maintaining the prescribed
level of neural response as seen by the degree of spinal cord
activation and grossly by the amount of time spent within the
neural therapeutic window. The mode activation level in
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Table. Summary of Patient-Reported Outcomes at 24 Months

No. (%)
Closed-loop Open-loop
group group
Patient-reported outcome?® (n =50) (n=42)
Oswestry Disability Index
Change from baseline, mean (SD) 26.0(13.6)° 23.2 (14.5)°
% Change from baseline, mean (SD) 47.8(24.6)° 42.2(27.4)°
Minimum clinically important difference 41 (82.0) 30(71.4)
(score 215)
Minimal or moderate disability 39 (78.0) 25 (59.5)
(score, 0-40)¢
Profile of mood states total
mood disturbance
Change from baseline, mean (SD) 18.6 9.4 (15.1)°
(19.4)d
Minimum clinically important difference 34 (68.0)¢ 18 (42.9)
(score 210)
Short Form Health Survey Physical
Component Summary
Change from baseline, mean (SD) 10.1(11.0)® 11.0(10.0)°
Minimum clinically important difference 33 (66.0) 26 (63.4)
(score 26)
Short Form Health Survey Mental
Component Summary
Change from baseline, mean (SD) 6.7 (11.6)>9 -1.4(10.0)
Minimum Clinically Important Difference 23 (46.0)¢ 9(22.0)
(score =7)
EQ-5D-5L Index score
Change from baseline, mean (SD) 0.254 0.208
(0.157)° (0.163)°
Minimum clinically important difference 43 (86.0) 35(83.3)
(score 20.074)
EuroQol-visual analog scale
Change from baseline, mean (SD) 26.9(19.9)° 19.5(21.7)°
Pittsburgh Sleep Quality Index
Change from baseline, mean (SD) 4.1(4.3)° 4.1(4.7)°
Minimum Clinically Important Difference 31 (63.3) 26 (61.9)
(score 23)
Patient Global Impression of Change
Very much improved or much improved 42 (84.0) 34 (81.0)

@ Positive change indicates improvement. Patient-reported outcomes collected
included health-related quality of life measured by the Short Form Health
Survey,'® which has a minimum clinically important difference (MCID) of 6
points for the Physical Component Summary and 7 points for the Mental
Component Summary,'® and the European Quality of Life Five-Dimensional
Five-Level (EQ-5D-5L),"” which has an MCID of 0.0748 for the index score;
functional disability measured by the Oswestry Disability Index,'® which has an
MCID of 15 points2°; emotional functioning measured by the Profile of Mood
States,?' which has an MCID of 10 points for Total Mood Disturbance??; sleep
quality measured by the Pittsburgh Sleep Quality Index,?* which has an MCID
of 3 points?#; and Patient Global Impression of Change, which measures the
impact of therapy on health status and tends to reflect other aspects such as
treatment convenience, cost, and adverse reaction burden.

bSignificant within-group improvement from baseline (P < .05).

€ No patients had minimal or moderate severity on the Oswestry Disability
Index (score, 0-40) at baseline. For study inclusion, patients were required to
be classified as having a severe disability or “crippled” on the Oswestry
Disability Index (score, 41-80).

dSignificant difference between treatment groups (P < .05).

closed-loop was 3 times greater than open-loop (median [IQR],
22.5[4.0-45.0] 1V in the closed-loop group; 7.5 [1.0-19.5] pv
in the open-loop group; P = .008). On average, the neural re-
sponse for closed-loop patients was within the therapeutic
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window (perception threshold to maximum) the majority of
the time (median [IQR], 93.9% [48.0%-98.9%] in the closed-
loop group; 46.1% [25.9%-71.9%] in the open-loop group;
P <.001), whereas it was below the therapeutic window a
greater proportion of time in the open-loop group (median
[IQR], 3.3% [0.4%-45.7%] in the closed-loop group; 49.3%
[22.7%-74.1%] in the open-loop group; P < .001). Although the
percentages are small, the open-loop group spent signifi-
cantly more time above the therapeutic window (median [IQR],
0% [0%-0.3%] in the closed-loop group; 0.1% [0%-3.6%] in the
open-loop group; P = .01). In open-loop SCS, to avoid over-
stimulation events, patients turn stimulation down such that
agreater proportion of time was spent below perception thresh-
old, whereas in the closed-loop SCS, maintenance of activa-
tion around the prescribed comfort level was provided by the
device (Figure 4C and eFigure 9 in Supplement 1).

Neurophysiological properties including antidromic and
orthodromic conduction velocity, rheobase, and chronaxie
were also collected. While there was individual variability in
neurophysiological properties as expected owing to intrinsic
patient differences in activation, there was not a significant dif-
ference between groups in any parameter (eFigure 10 in Supple-
ment 1).

The type, nature, and severity of adverse events were simi-
lar between treatment groups and are described in eTables 3
and 4 in Supplement 1. All patients received the same device
and underwent the same procedure; the only difference be-
tween groups was the stimulation mode (open-loop or closed-
loop SCS), thus, the true indicator of the safety differences be-
tween groups. There were no differences between groups in
stimulation therapy-related adverse events. There were 2 ex-
plants due toloss of efficacy (closed-loop group: 0 [0%]; open-
loop group: 2 [3.0%]) and 3 explants due to procedure-
related infections (closed-loop group: 2 [3.0%]; open-loop
group: 1[1.5%]).

|
Discussion

Although the exact mechanisms of action of SCS are still de-
bated, it is commonly accepted that stimulating sensory fi-
bers in the dorsal columns modulates pain pathways to pro-
duce analgesia.>® What is known is that the neural response
to stimulation varies as the distance between the epidural
electrodes and the spinal cord target dynamically changes
and is also affected by individual patient anatomy and
neurophysiology.® Despite its use for more than 50 years, SCS
hasbeen limited by the inability to continuously measure and
control the elicited spinal cord response. Without this ability,
the therapy invariably fluctuates and may only be improved
by trial and error.2° A real-time physiological closed-loop con-
trol system, which measures the neural response on every
stimulation pulse and continuously adjusts the stimulation
dose, works to maintain effective and consistent therapy with
minimal adverse effects.'®

This study demonstrated that ECAP-controlled, closed-
loop SCS provided pain reduction superior to open-loop SCS
and that this effect was maintained through 2-year follow-up.
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Figure 4. Device Performance, Dose-Response Relationship, and Therapeutic Window Differences Between Closed- and Open-Loop SCS
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A, Device performance is defined as the ability of the spinal cord stimulation
(SCS) device to adhere to the prescribed neural response. Owing to the
ever-changing coupling of the electrical field to the target neural tissue,
open-loop systems are not capable of continuously adhering to the prescribed
neural response. A consistent neural response at the prescribed level may only
be achieved with a physiological closed-loop control system that continually
adjusts on every stimulation pulse. This figure depicts the neural response of an
Evoke study patient performing the same series of postures in clinic in both the
open-loop and closed-loop stimulation modes and demonstrates how
closed-loop minimizes the error between the prescribed target neural response
and the observed elicited neural response pulse by pulse. In this patient, the
elicited neural response deviated 22.1 times more from the target neural
response with open-loop compared with closed-loop (66.4 BV deviation

vs 3.0 YV deviation, respectively). B, In pharmacology, the importance of
characterizing the dose-response relationship has long been understood
because the concentration of a drug at its site of action controls its effect.

In SCS, the charge (stimulation dose [C/pulse]) produces a neural response
(evoked compound action potentials [ECAP]; pV), which results in a clinical
effect. ECAP amplitude (ie, a measure of the number of fibers activated)
increases with increasing charge.® In this study, dose-response data (ie, ECAP
amplitude and charge) were collected during scheduled programming visits in a
sitting position at patients’ perception threshold, comfort, and maximum.
Patient perception threshold to maximum defined the patients’ therapeutic
window. The mean (standard error) dose-response for the Evoke study patients
at 24 months is presented. C, On average, closed-loop patients were nearly
always within the therapeutic window (median [IQR], 93.9% [48.0%-98.9%]),
while open-loop patients were only with the window half of the time (median
[IQR], 46.1% [25.9%-71.9%]), and half of the time below threshold (median
[IQR], 49.3% [22.7%-74.1%)); the differences in time spent with, below, and
above the therapeutic window were significant between groups (P<.05).

2 Significant difference between treatment groups (P < .05).

The significantly higher degree of spinal cord activation main-
tained within the therapeutic window in the closed-loop group
paralleled the greater improvement in both the primary pain
and secondary outcome measures, including physical and emo-
tional functioning and health-related quality of life. The im-
provements seen in other measures, such as quality-of-life
measures reaching population norms, further validate ECAP-
controlled, closed-loop SCS as an effective therapy. The quality-
of-life improvements observed in this study were better than
those seen in many other chronic pain treatments, such as lum-
bar decompression and fusion,3°-*! and rival distinguished in-
terventions for other conditions such as hip and knee
arthroplasty.32-33

Prior SCS clinical trials lack objective evidence of device
performance and patient adherence and the association with
reported clinical outcomes. A most significant limitation has

jamaneurology.com

been the inability to differentiate a lack of therapeutic effi-
cacy from a lack of device performance and/or patient adher-
ence. Deviations in patient adherence, in particular, can lead
to biased results, reduced statistical power, and improper
causal inferences in clinical trials.>* However, the current study
measured both device performance and patient adherence via
neural response and usage data. While patient adherence was
high in both groups (>88% patient utilization), device perfor-
mance in the open-loop group deviated from the prescribed
neural target by 8.6 times more, supporting the observed dif-
ferences in clinical outcomes between groups.

The utilization and neurophysiological data support an ob-
jective approach to SCS through which clinicians may moni-
tor and adjust therapy to improve outcomes. This transpar-
ency is essential for patients, physicians, and payers to evaluate
cost-effectiveness. Without such objective measurement,
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outcomes and failures cannot be properly interpreted. With
concerns over high explant rates for existing SCS systems,>>
these tools permit increased understanding and earlier therapy
adjustments by clinicians to prevent loss of efficacy. In the
Evoke trial, through 24 months postimplant, there have been
no explants due to loss of efficacy in the closed-loop group.

Limitations

The double-blind, parallel-arm randomized clinical trial de-
sign of this study, with treatment assignment and blinding
maintenance through 24 months and collection of objective
data, provides the highest rigor of any study conducted in neu-
romodulation to date and to our knowledge. One study limi-
tation may be its control arm, which has advantages over other
open-loop systems owing to the ability to measure the neural
response to inform programming and may improve clinical out-
comes. Therefore, the advantages of closed-loop SCS may be
even more profound when compared with other open-loop sys-
tems. The choice to use the same device in both treatment
groups was made to ensure proper double blinding and to fa-
cilitate measurement of neural response in both groups. Pa-
tients in both groups received identical care, with the same
degree of device programming. Blinded investigators docu-
mented their oversight to confirm comprehensive program-
ming and optimization for all study participants and to

Durability of Clinical and Quality-of-Life Outcomes of Closed-Loop Spinal Cord Stimulation for Chronic Back and Leg Pain

ensure that no bias was introduced.'° The successful random-
ization and blinding resulted in equivalent baseline charac-
teristics, programming parameters, and underlying neuro-
physiology, indicating that the observed differences between
groups are likely attributed to the differences in spinal cord
activation achieved with each of the stimulation modes.

. |
Conclusions

Full adoption of SCS as a therapy for chronic pain has been lim-
ited, in part, owing to inconsistent outcomes. The continued
superiority of ECAP-controlled, closed-loop SCS compared with
open-loop SCS through 24 months is demonstrated by the
greater degree of pain reliefand is further substantiated by the
improvements in secondary outcome measures. This causal
inference is supported by the observed equivalent device uti-
lization but greater therapeutic spinal cord activation in closed-
loop SCS. Thus, ECAP-controlled SCS has demonstrated to pro-
vide a profoundly effective, reliable, and durable treatment
option for patients with chronic pain, allowing for the poten-
tial of significant voluntary opioid reduction. Continued mea-
surement of neurophysiological properties should lead to
greater knowledge of underlying mechanism(s) of action and
more efficacious therapy in the long term.>®
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