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ABSTRACT
Introduction  The evidence for spinal cord stimulation 
(SCS) has been criticized for the absence of blinded, 
parallel randomized controlled trials (RCTs) and limited 
evaluations of the long-term effects of SCS in RCTs. 
The aim of this study was to determine whether evoked 
compound action potential (ECAP)-controlled, closed-
loop SCS (CL-SCS) is associated with better outcomes 
when compared with fixed-output, open-loop SCS (OL-
SCS) 36 months following implant.
Methods  The EVOKE study was a multicenter, 
participant-blinded, investigator-blinded, and outcome 
assessor-blinded, randomized, controlled, parallel-arm 
clinical trial that compared ECAP-controlled CL-SCS 
with fixed-output OL-SCS. Participants with chronic, 
intractable back and leg pain refractory to conservative 
therapy were enrolled between January 2017 and 
February 2018, with follow-up through 36 months. The 
primary outcome was a reduction of at least 50% in 
overall back and leg pain. Holistic treatment response, a 
composite outcome including pain intensity, physical and 
emotional functioning, sleep, and health-related quality 
of life, and objective neural activation was also assessed.
Results  At 36 months, more CL-SCS than OL-SCS 
participants reported ≥50% reduction (CL-SCS=77.6%, 
OL-SCS=49.3%; difference: 28.4%, 95% CI 12.8% to 
43.9%, p<0.001) and ≥80% reduction (CL-SCS=49.3%, 
OL-SCS=31.3%; difference: 17.9, 95% CI 1.6% to 
34.2%, p=0.032) in overall back and leg pain intensity. 
Clinically meaningful improvements from baseline were 
observed at 36 months in both CL-SCS and OL-SCS 
groups in all other patient-reported outcomes with 
greater levels of improvement with CL-SCS. A greater 
proportion of patients with CL-SCS were holistic 
treatment responders at 36-month follow-up (44.8% vs 
28.4%), with a greater cumulative responder score for 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ There is an absence of blinded, parallel 
randomized controlled trials (RCTs) of spinal 
cord stimulation (SCS) and limited evaluations 
of the long-term effects of SCS in RCTs that has 
led to criticisms of the evidence base for this 
therapy.

WHAT THIS STUDY ADDS
	⇒ This study represents the only multicenter, 
participant-blinded, investigator-blinded, and 
outcome assessor-blinded parallel-arm RCT of 
SCS.

	⇒ We evaluated whether a physiological closed-
loop SCS (CL-SCS) system that measures the 
neural response through evoked compound 
action potentials and continuously adjusts the 
stimulation output to maintain a target neural 
response, can generate superior, durable, long-
term treatment effects for chronic pain when 
compared with open-loop SCS.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Patients who received CL-SCS maintained 
consistently greater neural activation and 
accuracy and demonstrated superior and 
sustained long-term improvements in pain 
relief and patient-reported outcomes, including 
greater holistic treatment response.

	⇒ The objective physiological response to SCS 
can be controlled to provide consistent neural 
activation and thus reproducible long-term 
clinical outcomes.
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CL-SCS patients. Greater neural activation and accuracy were observed 
with CL-SCS. There were no differences between CL-SCS and OL-SCS 
groups in adverse events. No explants due to loss of efficacy were 
observed in the CL-SCS group.
Conclusion  This long-term evaluation with objective measurement 
of SCS therapy demonstrated that ECAP-controlled CL-SCS resulted in 
sustained, durable pain relief and superior holistic treatment response 
through 36 months. Greater neural activation and increased accuracy 
of therapy delivery were observed with ECAP-controlled CL-SCS than 
OL-SCS.
Trial registration number  NCT02924129.

INTRODUCTION
Spinal cord stimulation (SCS) is an established therapy for the 
management of chronic refractory pain syndromes.1 2 For nearly 
50 years since SCS was first described,3 the evidence base for 
SCS was limited to fixed-output, open-loop sensation-based 
stimulation.4 5 For activation of spinal cord cells and/or fibers 
that contribute to the inhibition of pain transmission, fixed-
output, open-loop SCS (OL-SCS) relies on the patient’s report of 
paresthesia or is assumed by the anatomical position of the SCS 
leads in paresthesia-free stimulation.4 Following lead placement, 
the patient’s subjective response to pain is typically evaluated 
during a screening trial prior to implantation of the permanent 
SCS device.6

The benefits of OL-SCS have often not been observed in long-
term analyses.7 8 Systematic reviews of randomized controlled 
trials (RCTs) of SCS suggested that the pain reduction with SCS 
was not clinically meaningful compared with sham or placebo 
stimulation.7 9 Placebo and/or sham-controlled evidence, 
however, is limited to crossover trials with phases of short dura-
tion and several methodological weaknesses.10 Furthermore, one 
of the main criticisms of the SCS evidence is the inherent high 
risk of bias of open-label studies, the absence of double-blind, 
parallel RCTs and limited evaluations of the long-term effects of 
SCS in RCTs.

A novel SCS system uses evoked compound action potentials 
(ECAPs) in a closed-loop SCS (CL-SCS) system. ECAPs provide 
an objective physiologic biomarker for therapeutic activation of 
the spinal cord to guide programming and optimize the neural 
activation and accuracy of the stimulation. ECAP-controlled 
CL-SCS automatically adjusts the output with each electrical 
pulse utilizing real-time measured ECAPs to respond to the 
dynamic environment between the electrodes and spinal cord 
and subsequently deliver controlled energy to maintain neural 
activation accuracy using an individualized CL-SCS ECAP 
amplitude target (figure 1).

The EVOKE study is the only published evaluation of SCS 
in a parallel-arm RCT that blinded patients, investigators, and 
staff including outcome assessors. Results up to 24-month 
follow-up showed the superiority of ECAP-controlled CL-SCS 
over OL-SCS in the treatment of chronic, intractable back and 
leg pain.11 12 In this report, we present the 36-month follow-up 
results of the EVOKE study.

METHODS
Study design
This pivotal, multicenter, participant, investigator, and outcome 
assessor-blinded, parallel-arm RCT was conducted at 13 investi-
gation sites throughout the USA under an Investigational Device 
Exemption to gain US Food and Drug Administration (FDA) 
approval (registered on ​ClinicalTrials.​gov, October 5, 2016; 

NCT02924129). An approved investigational device exemption 
permits a device that otherwise would be required to comply 
with a performance standard or to have premarket approval to 
be shipped lawfully for the purpose of conducting investigations 
of that device.13 14 This study was conducted under US FDA 
regulatory requirements, Good Clinical Practice, and the ethical 
principles of the Declaration of Helsinki.15

Participants
Candidates with chronic, intractable back and leg pain refractory 
to conservative therapy with a minimum Visual Analog Scale 
(VAS) score of 60 mm or higher (where 100 mm indicates the 
worst imaginable pain), who provided written informed consent, 
were screened for enrollment. The study was conducted from 
January 27, 2017 (first patient enrolled) to September 9, 2022 
(last patient complete). The full eligibility criteria are presented 
in the protocol.14 An independent medical monitor confirmed 
the consistent interpretation of the eligibility criteria before 
patient enrollment.11 14

Randomization and concealment
Patients were randomized 1:1 to ECAP-controlled CL-SCS 
(investigational group) or fixed-output OL-SCS (control group). 
Treatment allocation was concealed from the patients, inves-
tigator, and site staff including outcome assessors for the full 
study duration. Randomization and masking procedures were 
described previously (also presented in online supplemental 
eAppendix 1).11 14

Procedures
Randomized patients underwent a temporary SCS trial lasting on 
average 6 days (range 2–11). Patients with 50% or more overall 
back and leg pain VAS score reduction were eligible for perma-
nent implantation. During the temporary trial and permanent 
implant procedures, two percutaneous leads were implanted in 
the dorsal epidural space as per standard practice (online supple-
mental eAppendix 1). The same neuromodulation system (Evoke 
System; Saluda Medical, Artarmon, Australia) was the investi-
gational and control device as it offered both ECAP-controlled, 
CL-SCS and fixed output, OL-SCS and the ability to measure the 
neural activation in both groups. The only difference between 
groups was having the feedback loop on in the CL-SCS group 
and off in the OL-SCS group. The closed-loop control system 
is a proportional-integral-derivative controller, which minimizes 
the difference between the measured ECAP amplitude and the 
ECAP amplitude target by automatically varying the stimulation 
current amplitude in real time in a frequency dependent manner. 
The system maintains a consistent neural response where the 
average error between the prescribed ECAP amplitude target 
and the measured ECAP amplitude is zero.16 ECAP-guided 
programming was performed for both treatment arms as previ-
ously described (online supplemental eAppendix 1).11 14

In addition to baseline prerandomization assessment, outcome 
follow-up assessments were conducted at 1, 3, 6, 9, and 
12 months postrandomization and biannually thereafter for up 
to 3 years following permanent implant. Patients were permitted 
to crossover after their 24-month follow-up. Crossover was self-
selected with all patients allowed to crossover independently of 
level of pain relief. Patients could choose to return to the original 
therapy arm or remain in the crossover arm at 1 and 3 months 
post-crossover. Irrespective of crossover, treatment allocation 
remained concealed until the final follow-up assessment at 
36 months.
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Figure 1  ECAP-controlled closed-loop SCS fundamentals. AP, action potential; CL, closed-loop; ECAP, evoked compound action potential; OL, open-
loop; SCS, spinal cord stimulation.
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Outcomes
Pain relief was assessed by determining the percent change 
from baseline in VAS score and the proportion of patients with 
≥50% and ≥80% reduction in overall back and leg pain. Pain 
medication17 and selected validated patient-reported outcome 
measures including the Oswestry Disability Index (ODI), Profile 
of Mood States (POMS), Pittsburgh Sleep Quality Index (PSQI), 
and generic health-related quality of life (EQ-5D-5L) were 
collected in accord with the Initiative on Methods, Measurement, 
and Pain Assessment in Clinical Trials recommendations.4 18

Treatment response was assessed by attaining minimal clin-
ically important differences (MCIDs) for VAS, ODI, POMS, 
PSQI, and EQ-5D. The breadth of treatment response refers 
to the number of domains in which at least one MCID was 
achieved while the depth of treatment response refers to the 
number of MCIDs obtained in each domain. Holistic treatment 
response19 was determined for each patient based on attaining at 
least one MCID improvement in all domains that were impaired 
at baseline when compared with normative US values. In addi-
tion, the total amount of MCIDs achieved were calculated for 
each domain and pooled for all domains to derive a cumulative 
responder score (online supplemental eAppendix 1).

Objective measurements associated with SCS, including 
program parameters, the degree of neural activation, the accu-
racy of neural activation, and system utilization were collected 
on the device (online supplemental eAppendix 1). Out-of-clinic 
neural activation was defined as the most frequent spinal cord 
activation level (mode ECAP (µV)) for the week leading up to 
the scheduled visit. An in-clinic metric of device performance 
was calculated using root mean square error to determine the 
deviation of the observed ECAP response from the target ECAP 
response, programmed in a sitting position, during various 
posture changes, representing neural activation accuracy. System 
utilization was defined as the proportion of time the system was 
on for the week prior to the scheduled visit.

All adverse events were reported by the investigators 
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 analysis at 12 and 24 months following permanent 
implant have been described previously.11 12 The 36-month anal-
ysis of the primary outcome of pain and secondary outcomes 
included all randomized patients and followed the intention-
to-treat principle (ie, analyzed by group according to original 
random allocation) with missing data imputed using last value 
carried forward in accord with our 24-month follow-up anal-
yses.12 This was performed as a conservative measure to mini-
mize the potential bias of an enriched population (ie, where 
only patients benefiting from treatment remained in the study, 
and those not benefiting withdrew early).20 For one patient, in 
which the patient reported ≥50% reduction in VAS pain, but the 
reason for exit was the patient ‘felt no significant difference in 
pain’, baseline value carried forward was used and was consid-
ered a treatment failure. A secondary analysis was performed 
for groups as randomized with patients who crossed over and 
received the alternative therapy considered as treatment failures 
(online supplemental eAppendix 1).21 22 Descriptive statistics 
are provided as mean (SD), median (IQR), or number of obser-
vations (percentage), as appropriate. Differences in categorical 
variables between treatment groups were evaluated using χ2 or 
Fisher’s exact test and continuous measures with two-sample 

t-tests. For all tests, p values less than 0.05 (two-tailed tests) 
were considered significant and are reported together with 95% 
CIs where appropriate. Statistical analyses were conducted using 
SAS statistical software V.9.4 (SAS Institute).

RESULTS
Summary of participation and crossover
Of 328 screened patients, 134 were enrolled, with 67 random-
ized to each treatment group (figure 2). Of these, 113 patients 
underwent implantation (59 in the CL-SCS and 54 in the 
OL-SCS group). Baseline demographics, diagnoses and other 
characteristics were well-balanced between the groups.11 During 
self-selected blinded crossover at 24 months, OL-SCS patients 
were significantly more likely to crossover (χ2 (1, N=90)=7.3, 
p=0.007). The most common reason to crossover from CL-SCS 
to OL-SCS was curiosity (ie, an opportunity to experience the 
alternative therapy) (81.3%), and to crossover from OL-SCS 
to CL-SCS was hope for improved pain relief (61.5%). Patients 
could select to return to the therapy they were initially random-
ized to, at 1 months or 3 months after the crossover decision or 
select to continue with the post-crossover therapy. At the end 
of crossover, 80% (32/40) of patients who participated in the 
crossover phase selected to continue with CL-SCS. Patients were 
more likely to return to or stay in CL-SCS rather than return 
to or stay in OL-SCS (χ2 (1, N=40)=14.1, p<0.001). Forty-
four CL-SCS patients and 42 OL-SCS patients completed the 
36-month follow-up. Of those that experienced CL-SCS, either 
randomized or crossed over to CL-SCS, 89% (62/70) completed 
the study in CL-SCS. Patients, investigators, and outcome asses-
sors remained blinded for the full study duration.

Overall back and leg pain intensity reduction
At 36 months, the reduction in overall back and leg pain inten-
sity was significantly greater for CL-SCS (mean (SD) score, 25.4 
(25.6); point decrease, 56.6; per cent decrease, 69.6%) than 
OL-SCS patients (mean (SD) score, 38.3 (29.8); point decrease, 
43.9; per cent decrease, 53.9%) with a mean between groups 
difference of −12.9 (95% CI −22.4 to −3.4), p=0.008; point 
decrease difference, 12.7 (95% CI 3.5 to 21.9), p=0.007; per 
cent decrease difference, 15.7% (95% CI 4.5% to 26.9%), 
p=0.006). A greater proportion of CL-SCS patients achieved 
≥50% reduction (CL-SCS=77.6%, OL-SCS=49.3%; differ-
ence: 28.4%, 95% CI 12.8% to 43.9%, p<0.001) and ≥80% 
reduction (CL-SCS=49.3%, OL-SCS=31.3%; difference: 17.9, 
95% CI 1.6% to 34.2%, p=0.032) in overall back and leg pain 
intensity when compared with OL-SCS patients (figure 3).

Other patient-reported outcome measures
Statistically significant and clinically meaningful improvements 
from baseline were observed at 36 months in both treatment 
groups in all other patient-reported outcomes including ODI, 
POMS, EQ-5D-5L, and PSQI (online supplemental eAppendix 
1) with improvement greater with CL-SCS compared with 
OL-SCS. Eighty-one per cent of CL-SCS patients compared with 
66.0% of OL-SCS patients indicated their health status was ‘very 
much improved’ or ‘much improved’ following SCS implant.

Holistic treatment assessment (depth and breadth)
A greater proportion of CL-SCS patients (44.8%) compared with 
OL-SCS patients (28.4%) were categorized as responders for 
each of the impaired domains (table 1) and were holistic treat-
ment responders at 36 months (risk difference: 16.4%, 95% CI 
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0.3% to 32.5%, p=0.072), thus obtaining a greater breadth of 
response with CL-SCS.

Although improvement was observed in all impaired domains 
in both groups, the depth of the treatment response was signifi-
cantly greater for CL-SCS compared with OL-SCS (figure 4A). 
CL-SCS patients obtained 0.5–1.3 additional MCIDs in each 
domain (overall back and leg pain MD 0.5, 95% CI 0.2 to 0.9, 
p=0.006; ODI MD 0.7, 95% CI 0.1 to 1.3, p=0.023; PSQI MD 
0.5, 95% CI 0.0 to 1.1, p=0.044; POMS MD 1.3, 95% CI 0.5 
to 2.1, p=0.002; and more than 3 additional MCIDs across all 
impaired baseline domains (cumulative responder score MD 3.3, 
95% CI 1.1 to 5.5, p=0.003) (figure 4B).

Programming
There were no differences between treatment groups in 
prescribed stimulation parameters with average frequency of 
approximately 40 Hz (mean (range) 36.1 (10.0–60.0) CL-SCS, 
36.4 (10.0–60.0) OL-SCS, p=0.997), pulse duration of 
approximately 300 μs (305.4 (140.0–600.0) CL-SCS, 331.5 
(180.0–800.0) OL-SCS, p=0.080); and stimulation amplitude 
of approximately 6 mA (6.6 (1.5–22.3) CL-SCS, 6.0 (1.3–17.7) 
OL-SCS, p=0.198) in both groups. The neural responses (ECAP 
amplitude (μV)) measured from the dose-response curves were 
comparable between groups for perception threshold (median 
(IQR) 5.0 (3.0–12.0) CL-SCS, 5.0 (2.0–8.0) OL-SCS, p=0.281), 

and comfort activation level (28.0 (15.0–60.0) CL-SCS, 22.0 
(10.0–47.0) OL-SCS, p=0.149). The maximum tolerable acti-
vation level was significantly lower in OL-SCS as compared with 
CL-SCS (92.0 (59.0–167.0) CL-SCS, 76.5 (35.0–140.0) OL-SCS, 
p=0.030). Measured sensitivity (slope of the dose-response; μV/
μC per pulse) was not significantly different between groups 
(median (IQR)):53.9 (22.0–85.5) CL-SCS, 39.8 (22.8–61.8) 
OL-SCS; p=0.073).

Neural activation and system utilization
System utilization was similar between treatment groups 
with patients having their device switched on greater than 
75% of the time (CL-SCS=77.6% (IQR 0.6%–96.1%), 
OL-SCS=75.5% (IQR 7.7%–97.4%), p=0.263). However, 
neural activation was statistically greater for CL-SCS 
compared with OL-SCS (online supplemental eAppendix 1). 
The most frequent neural activation (ECAP) was two times 
greater in CL-SCS (19.8 µV (IQR 7.0–46.5)) than in OL-SCS 
patients (9.8 µV (IQR 1.0–23.0)), p=0.049. Neural activation 
accuracy (the deviation of the observed ECAP response from 
the target ECAP response) was three times more accurate in 
CL-SCS (4.1 µV (IQR 2.7–6.2)) compared with OL-SCS (12.4 
µV (IQR 3.6–25.8)), p<0.001. There were no significant 
differences in the estimated median number of days to fully 

Figure 2  Consolidated Standards of Reporting Trials (CONSORT) diagram. AE, adverse event; CL-SCS, closed-loop SCS; LTF, lost to follow-up; OL-SCS, 
open-loop spinal cord stimulation.
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deplete the battery between therapy administered as CL-SCS 
(6.2 days (IQR 4.1–9.0)) compared with OL-SCS (6.3 days 
(IQR 4.8–7.7)), p=0.85 at 36 months.

Adverse events
The type, nature, and severity of adverse events were similar 
between CL-SCS and OL-SCS groups. All patients received 
the same device and underwent the same procedure; the only 
difference between groups was the stimulation mode (open-
loop or closed-loop stimulation). There were no differences 
between groups in stimulation therapy-related adverse events. 
Over the course of 36 months, there were 18 explants (6 
in year 1, 7 in year 2, and 5 in year 3) out of 113 patients 
implanted (CL-SCS: 10 (16.9%); OL-SCS: 8 (14.8%)). The 
most common reason for device explant was the need for MRI 
(5/18 (27.8%) explants) (online supplemental eAppendix 1). 
There were three explants due to loss of efficacy (CL-SCS: 0 
(0%); OL-SCS: 3 (5.6%)) and three explants due to procedure-
related infections (CL-SCS: 2 (3.4%); OL-SCS: 1 (1.8%)). 
One patient in each arm requested a device explant as they 
were pain free. The remaining five explants were for different 
reasons (online supplemental eTable 5) and only one of these 
was device related.

DISCUSSION
The results of this study demonstrated that ECAP-controlled 
CL-SCS provided superior outcomes compared with OL-SCS and 
sustained durability through 36-month follow-up. In addition to 
superior pain reduction, greater improvements were observed in 
all other patient-reported outcomes alongside a greater breadth 
and depth of response to ECAP-controlled CL-SCS for each of 
the impaired domains at baseline. The CL-SCS group obtained 
more than three additional MCIDs across all impaired baseline 
domains when compared with the OL-SCS group. Consideration 
of a holistic treatment response provides a more comprehensive 
characterization of the chronic pain experience and treatment 
response than a simple evaluation of reduction in pain inten-
sity.23 24

ECAP-guided programming in both CL-SCS and OL-SCS 
provides an enhancement to other available OL-SCS systems. 
The comparative evidence for follow-ups of RCTs of SCS at a 
36-month time point or later is limited to two studies.25 26 Kemler 
et al reported a 5-year follow-up for their RCT of OL-SCS plus 
physiotherapy versus physiotherapy alone for complex regional 
pain syndrome.26 The group of patients that received a perma-
nent implant in addition to physiotherapy reported a reduction 
in mean VAS score (−2.5±2.2 cm) compared with patients that 
received physiotherapy alone (−1.0±2.9 cm; p=0.06).26 No 

Figure 3  Individual patient percent change from baseline in overall back and leg pain at 36 months. CL-SCS, closed-loop spinal cord stimulation; 
OL-SCS, open-loop spinal cord stimulation.
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significant differences were observed for secondary outcomes 
including EQ-5D.

In their study of patients undergoing a screening trial 
followed by OL-SCS implant versus going directly to OL-SCS 
implant, Eldabe et al reported clinically important reductions 
in pain intensity and EQ-5D at 36 months for both groups.25 
A ≥50% reduction in pain was observed for 33% (21/66) of 
the patients at 36 months. In the Eldabe et al study, different 
types of OL-SCS were used; the mean change in pain inten-
sity measured on a Numerical Rating Scale from baseline was 
−2.80 for paresthetic stimulation, −1.87 for high-frequency 
stimulation and −2.04 for burst stimulation.25 In the current 
study, we observed a mean change in pain intensity of −56.6 
for CL-SCS on a 0–100 VAS.

Significant differences in therapy delivered were observed 
with ECAP-controlled CL-SCS resulting in significantly greater 
neural activation and increased accuracy of spinal cord activa-
tion. ECAP-controlled CL-SCS therapy maintains a consistent 
level of neural activation at the spinal cord target in real time. 
OL-SCS, as with commercially available OL systems, is not able 
to maintain neural activation at the ECAP target, which is the 
likely reason for the poorer treatment response compared with 
CL-SCS.

Prior literature listed loss of efficacy or inadequate pain relief 
as the most common reasons for device explant.27–30 However, 
at 36 months follow-up, there were no explants in the CL-SCS 
group due to a lack or loss of efficacy. The safety profile in the 
current study including the all-cause explant rate at 36 months of 

Table 1  Proportion of responders for each impaired domain

Closed-loop SCS Open-loop SCS

Pain intensity responders (VAS overall ≥30%) 55/67 (82.1%) 49/67 (73.1%)

 � Risk difference (%) and 95% CI 9.0 (−5.1to 23.0), p=0.211

Physical function responders (ODI Score ≥10) 47/67 (70.1%) 42/67 (62.7%)

 � Risk difference (%) and 95% CI 7.5 (−8.5 to 23.4), p=0.465

HRQoL responders (EQ-5D-5L Index Score ≥0.074) 46/67 (68.7%) 41/67 (61.2%)

 � Risk difference (%) and 95% CI 7.5 (−8.6 to 23.6), p=0.469

Sleep responders (PSQI Global Score≥3) 39/66 (59.1%) 27/64 (42.2%)

 � Risk difference (%) and 95% CI 16.9 (−0.0 to 33.8), p=0.079

Emotional function responders (POMS TMD Score≥10) 31/44 (70.5%) 18/38 (47.4%)

 � Risk difference (%) and 95% CI 23.1 (2.3 to 43.9), p=0.043

Multimodal treatment responders (MCID in at least two impaired domains out of VAS≥30%, ODI≥10, EQ-5D≥0.074, PSQI≥3, POMS≥10)

 � Responders in ≥1 impaired domain 63/67 (94.0%) 57/67 (85.1%)

 � Responders in ≥2 impaired domains 52/67 (77.6%) 46/67 (68.7%)

 � Responders in ≥3 impaired domains 47/67 (70.1%) 41/67 (61.2%)

 � Responders in ≥4 impaired domains 35/66 (53.0%) 26/66 (39.4%)

 � Responders in 5 impaired domains 21/44 (47.7%) 7/36 (19.4%)

Holistic treatment responder 30/67 (44.8%) 19/67 (28.4%)

 � Risk difference (%) and 95% CI 16.4 (0.3 to 32.5), p=0.072

HRQoL, health-related quality of life; MCID, minimal clinically important difference; ODI, Oswestry Disability Index; POMS, Profile of Mood States; PSQI, Pittsburgh Sleep Quality 
Index; SCS, spinal cord stimulation; TMD, total mood disorder; VAS, Visual Analog Scale.

Figure 4  (A) Minimal clinically important improvements observed for each impaired domain at 36-month follow-up. (B) Cumulative responder score 
at 36-month follow-up. *Statistical significant at p<0.05 level. CL-SCS, closed-loop SCS; MCID, minimal clinically important difference; ODI, Oswestry 
Disability Index; OL-SCS, open-loop SCS; POMS, Profile of Mood States; PSQI, Pittsburgh Sleep Quality Index; SCS, spinal cord stimulation; TMD, total 
mood disorder; VAS, Visual Analog Scale.
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15.9% (18/113) was consistent with previous SCS reports.27–31 
The most common reason for device explant was the need for 
MRI. However, current models of the device are now MR-Con-
ditional thus avoiding this complication. For reasons other than 
need for MRI (5/18) and being pain free (2/18), the explant rate 
at 36 months was 9.7% (11/113).

Strengths and limitations
To our knowledge, the EVOKE study is the first published patient, 
investigator, and outcome assessor-blinded evaluation of SCS 
using a parallel-arm RCT design. The EVOKE study 36-month 
report is the longest follow-up evidence from an investigational 
device exemption trial of SCS. All patients included in the anal-
ysis were blinded to allocation of their therapy.11 Although the 
36-month analysis was not prespecified, the analysis is consis-
tent with previously published trial statistical analysis.12 Both 
the CL-SCS and OL-SCS groups in this RCT received the same 
device and ECAP-guided programming. Using ECAP recordings 
to maximize activation while setting stimulation parameters 
may infer benefits that are not available to other OL-SCS para-
digms. Thus, the greater than expected improvement in patient-
reported outcomes for the OL-SCS group may be attributable to 
ECAP-guided programming.

CONCLUSIONS
At 36-month follow-up, ECAP-controlled CL-SCS resulted 
in superior and durable improvements in patient reported 
outcomes of pain, sleep, disability, emotional function, and 
health-related quality of life and the composite holistic treat-
ment response. Greater neural activation and increased accuracy 
of spinal cord activation were also observed with CL-SCS. This 
evaluation demonstrated the long-term benefits of objective 
measurement, accurate therapy delivery, and enhanced neural 
activation achieved with CL-SCS therapy.
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