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Background: The spinal cord (SC) response to stimulation has yet to be studied in a pivotal clinical study. We report the study
design of an ongoing multicenter, randomized, double-blind, controlled, parallel-arm study of an evoked compound action potential
(ECAP) controlled closed-loop spinal cord stimulation (SCS) system, which aims to gain U.S. Food and Drug Administration approval.

Methods: This study will enroll 134 SCS candidates with chronic trunk and limb pain from up to 20 United States sites. Subjects
are randomized 1:1 to receive ECAP-controlled closed-loop or open-loop, conventional SCS. The primary objective is noninferiority
of closed-loop stimulation determined by the proportion of subjects with ≥50% reduction in overall trunk and limb pain and no
increase in pain medications at the three-month visit. If noninferiority is met, superiority is tested. In addition, measures recom-
mended by IMMPACT (e.g., pain intensity, functional disability, emotional functioning, quality of life, impression of change, and
sleep), neurophysiological properties (e.g., SC activation, conduction velocity, chronaxie, and rheobase), and safety are analyzed.

Discussion: All approved SCS therapies, regardless of the presence or absence of stimulation induced paresthesias, produce
fixed-output stimuli; that is, the energy delivered from the electrode array has a defined output irrespective of the neural response
of SC fibers. An SCS system has been developed that directly measures the neurophysiologic activation of the SC to stimulation
(i.e., ECAP amplitude) and uses this information in a feedback mechanism to produce closed-loop SCS to maintain optimal and sta-
ble activation of the SC. This study represents the first randomized, double-blind, pivotal study in the field of neuromodulation to
measure SC activation in ECAP-controlled closed-loop versus open-loop stimulation and is expected to yield important information
regarding differences in safety, efficacy, and neurophysiological properties. The potential clinical utility of these objective measure-
ments of SC activation and other neurophysiological properties promises to improve outcomes of SCS for chronic pain patients.
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INTRODUCTION

Chronic pain is one of the most common reasons for medical
care resulting in one of the most significant medical health prob-
lems in the developed world (1–3). Spinal cord stimulation (SCS),
also referred to as dorsal column (DC) stimulation, is an estab-
lished therapy that has been used to provide relief from chronic
pain for over 50 years (4). In recent years, SCS innovation has
focused on developing new programming parameters (e.g., high
frequency and burst), but the clinical effectiveness of SCS has
remained highly variable, with minimal improvement because of
the inception of the technology (5) and high rates of long-term
treatment failures (6–8). While high frequency stimulation showed
a marked improvement in efficacy in two studies (9,10), these
results have not been replicated in recent investigator-initiated
studies that reported responder rates more in line with conven-
tional SCS (11,12). The most-recent innovation in SCS therapy to
treat chronic trunk and limb pain (i.e., burst stimulation) failed to
achieve even an average of 50% of patients experiencing 50%
reduction in pain intensity (13). Although 50% pain relief is well-
recognized as a substantial change (14), there is significant oppor-
tunity to improve the amount of pain relief and offer more
patients the opportunity to realize meaningful, long-term reduc-
tions in pain and corresponding improvements in quality of life.
A better understanding of the mechanisms of action (MOA)

may lead to improved SCS efficacy and long-term pain relief
through more appropriate patient selection and optimization of
stimulation parameters (15). However, the MOA of SCS for chronic
pain has proven to be complex, with incomplete knowledge of
the neural circuits and systems underlying chronic pain. The work-
ing hypothesis that inspired the development of SCS is the gate
control theory (16). The gate control theory, however, fails to
explain a number of clinical observations of SCS including its lack
of efficacy for acute nociceptive pain and its efficacy post-stimulus
cessation. More complex mechanisms have been described, which
include multiple inhibitory neurotransmitters (e.g., GABAergic
inhibitory interneuron) and complex local and supraspinal neuro-
circuits (5). Nevertheless, these additional mechanisms are modu-
lated by the activity of the low threshold DC sensory fibers as has
been described extensively in the literature summarized in Zhang
et al. (2014) (5,15,17–19). DC Aβ-fibers, the target of SCS, are low
threshold sensory fibers, which ascend toward the brain in the

DCs, and send arborizations into the spinal dorsal horn close to
the level at which they enter the SC. It is the activation of these
fibers that drives the segmental and supra-spinal pain modulatory
effects of SCS (Fig. 1).
SCS works by applying an electrical stimulus to the DCs in the SC,

which contain a large number of axons from low threshold sensory
fibers that transmit sensory information. Axons transmit information
via action potentials, which can be detected as a brief rise in the
membrane potential of the cell. This rise in potential is the result of
ionic flow and naturally propagates along the axon from its origin to
its destination. Action potentials are naturally generated in neurons
in response to neurotransmitter release from other axons or special-
ized receptor cells (e.g., stretch receptors on the skin). Action poten-
tials can also be generated artificially via electrical impulses, as in
SCS. Applying an above threshold electrical stimulus to the SC
causes a number of fibers to generate action potentials. These
potentials summed together form the electrically evoked compound
action potential (ECAP). ECAPs comprise the contribution of all
responding fibers (e.g., A-fibers). The parameters of the ECAP repre-
sent the real-time response of the activated fiber population to stim-
ulation and can be used to determine the properties of the fibers
being stimulated, for example, their conduction velocity. Clinicians
currently do not have a tool for determining the effectiveness of
stimulation to produce action potentials that are required for pain
inhibition because all systems are open-loop without an ECAP mea-
surement capability. Researchers have been recording these poten-
tials as a way of understanding the properties of neurons for many
years (20), but because of the large artifact that is produced to gen-
erate the potentials, it has been difficult to record ECAP signals in
close proximity to the stimulation electrodes (21) until now.
All approved SCS therapies (e.g., low frequency, high frequency,

high density, and burst), regardless of whether stimulation
induces paresthesia, are open-loop in that they produce fixed-
output stimuli; the energy delivered from the electrode array has
a defined output irrespective of the neural activation of the SC
fibers (e.g., fixed frequency, fixed pulse width, fixed amplitude,
and fixed pulse train) as seen in Fig. 2. These SCS systems do not
take into account the broad range of electrical field strengths
reaching the spinal cord due to changes in distance between the
electrode and the spinal cord resulting from normal physiological
activity (e.g., breathing and heartbeat) and movement (22–24).
With decreased distance between the spinal cord and the
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electrode, there is an increase in the strength of the electric field
at the spinal cord and the volume of tissue stimulated. This may
be perceived as uncomfortably strong stimulation, stimulation in
unwanted areas, muscle activation, and/or cramping (24–26).
Paresthesia-based systems have the advantage that the uncom-
fortable stimuli are felt by the patients and can be managed via
programming. In paresthesia-free programming, stimulation of
nerve root fibers that reduce pain-relief may occur without
uncomfortable side effects and therefore go unacknowledged by
patient and clinician. Side effects resulting from this overstimula-
tion, however, may be responsible for the loss of efficacy of SCS
over time. Conversely, increased separation between the leads
and the spinal cord results in decreased electrical field strength at
the spinal cord and may be perceived as insufficient stimulation
with reduced therapeutic effect (22–24). Stimulation intensity

changes that occur with movement may be nontherapeutic
(i.e., outside the therapeutic usage range or window) and result in
patients manually adjusting stimulation current to minimize over-
stimulation and under-stimulation at the expense of optimized
pain relief (24–26).
In contrast to these open-loop SCS systems that do not use

feedback from the spinal cord to adjust stimulation, a new neuro-
modulation system has been developed that offers closed-loop
stimulation via a feedback mechanism that uses ECAP measure-
ments to adjust the stimulation output level after every stimula-
tion pulse to maintain the ECAP near the ECAP amplitude target.
Thus, ECAP-controlled SCS modulates the energy delivered in real
time to maintain consistent SC activation, whereas modeling
shows that changes in posture can result in activation ranging
from periods of zero activation to more than five times the
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Figure 1. Schematic representation of the mechanisms of action of spinal cord stimulation (SCS). SCS activates dorsal column (DC) fibers, which excite various
inhibitory interneurons within an interneuron pool (INT) in the dorsal horn (DH) and thus inhibit pain transmission via wide dynamic range (WDR) projection neu-
rons. An example from that pool is the GABAergic inhibitory interneuron, which can be activated locally by DC fibers or via descending signals that are also trig-
gered by SCS activation of DC fibers. The evoked compound action potential (ECAP) is the activation of the spinal cord (SC) fibers. Figure adapted from Linderoth
B, Meyerson BA. Anesthesiology 2010;113:1265–1267. (Spinal Cord Stimulation: Exploration of the Physiological Basis of a Widely Used Therapy, Bengt Linderoth,
M.D., Ph.D.; Björn A. Meyerson, M.D., Ph.D.) [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. SCS stimulation modes. Open-loop stimulation delivers fixed output stimulation regardless of the neural response (i.e., SC activation), which does not
control for variable SC activation due to proximity changes between the electrode and the spinal cord caused by normal physiology (e.g., heartbeat and breath-
ing) and movement. ECAP-controlled closed-loop stimulation delivers dynamic stimulation currents based on SC activation as measured by ECAPs. [Color figure
can be viewed at wileyonlinelibrary.com]
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desired level with open-loop SCS systems. ECAP-controlled
closed-loop SCS reduces the variation with posture by more than
ten times and eliminates the periods of no activation entirely (27).
Experience with animals and human subjects to date has estab-

lished the feasibility of using ECAP measurements for continual
evaluation of SC activation and as a feedback mechanism for
closed-loop SCS (28–30). We report here the study methods for an
ongoing pivotal study being conducted under an investigational
device exemption to gain U.S. Food and Drug Administration (FDA)
approval for a neuromodulation system with these capabilities
(ClinicalTrials.gov ID: NCT02924129). The study was designed to not
only obtain the core patient-reported outcomes per recommenda-
tions from IMMPACT (31,32), but also to collect objective measures
of neural properties to gain insight into the MOA of SCS and the
underlying pathophysiology of chronic pain (33).

MATERIALS AND METHODS
Objectives
The purpose of this study is to evaluate the safety and efficacy

of closed-loop SCS to treat patients with chronic pain of the trunk
and limbs. The primary efficacy objective is to demonstrate nonin-
feriority of ECAP-controlled closed-loop SCS compared to open-
loop SCS by comparing the proportion of subjects with ≥50%
reduction in average overall trunk and limb pain and no increase
in pain medications at the three-month visit. If noninferiority is
met, superiority is tested. The safety of closed-loop SCS is deter-
mined by comparing the incidence and severity of all adverse
events recorded in both treatment groups.
Secondary objectives include evaluation of the following patient-

reported outcomes: overall trunk and limb pain, leg pain, back
pain, functional disability, emotional functioning, sleep, quality of
life, impression of change, satisfaction, and stimulation characteris-
tics. Programming parameters, objective measures based on ECAPs,
and the neural response profiles are collected and stored on the
device for evaluation of the characteristics of the SC activation and
comparison to the ECAP target and therapeutic window, both in
clinic and during activities of daily living.

Trial Design
The Evoke study is a multicenter, prospective, randomized,

double-blind, parallel-group clinical trial. One-hundred and thirty-
four (134) subjects at up to 20 United States sites will be enrolled.
Subjects who provide informed consent and meet eligibility criteria
are enrolled and randomized at the time of the trial procedure. Sub-
jects are randomized 1:1 to Evoke ECAP-controlled closed-loop SCS
(investigational arm) or Evoke open-loop SCS (control arm). As this
is a double-blind study, the treatment allocation is concealed from
the study subjects, investigators, and their staff. Subjects first
undergo a trial period with the external trial stimulator to determine
eligibility for the permanent implant. Subjects who have at least a
50% reduction compared to baseline in overall trunk and limb pain
as measured by a visual analog scale (VAS) are approved to receive
a permanent implant. Follow-up is at 1-, 3-, 6-, 9-, and 12-months
after the permanent implant and biannually thereafter for up to
3 years. The study design is summarized in Fig. 3.

Ethics
This study is being conducted in accordance with FDA regula-

tory requirements, good clinical practice, approving Institutional

Review Boards (IRBs), and the ethical principles that have their ori-
gin in the Declaration of Helsinki.

Patient Selection
The study population comprises subjects suffering from chronic

trunk and limb pain. A subject must meet all the inclusion criteria
and none of the exclusion criteria to be eligible for the study
(Table 1). Additionally, an independent medical monitor confirms
all inclusion/exclusion criteria are being consistently interpreted
for each patient prior to study entry.

Interventions
The SCS trial procedure is conducted using standard techniques

with leads placed percutaneously and connected to the external
trial stimulator. The trial period typically lasts up to 1 week; how-
ever, the protocol permits up to 30 days. Surgical implant of the
permanent system occurs if the subject achieves at least 50% pain
relief at the trial and chooses to move forward with the implant.
The neuromodulation system (Evoke System, Saluda Medical,

Sydney, Australia) offers both closed-loop and open-loop stimula-
tion modes and is capable of measuring the SC activation pro-
duced by stimulation regardless of the stimulation mode by
recording the neural response (i.e., ECAPs) after each stimulation
pulse on the same leads used for stimulation. When enabled, the
system produces closed-loop stimulation via a feedback mecha-
nism that measures ECAPs and adjusts the stimulation current
after every stimulus to maintain the clinician-prescribed target
ECAP amplitude, and in doing so, works to maintain reliable SC
activation (Fig. 4). Because the system offers both closed-loop and
open-loop stimulation modes, and it is the only system that can
measure neurophysiological responses, it served as the investiga-
tional and control device. This also allowed for a double-blind
study to be conducted.
Programming in both treatment groups utilizes conventional

programming parameters (frequency, pulse width, and ampli-
tude), in addition to ECAP measurements, to optimize outcomes.
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Figure 3. Evoke study design.
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The difference is that the investigational arm (closed-loop) has
the feedback mechanism enabled. Subjects are asked not to
change their study indication pain medications from baseline
through the three-month follow-up visit to assess the true treat-
ment effect of the stimulation.

Assessments and Objective Measurements
Outcome measures selected for this trial are based on a

review of previous SCS randomized controlled trials (RCTs) and
consideration of the IMMPACT recommendations (31,32). Objec-
tive data on programming parameters, neural activation mea-
surements, and neurophysiological properties are also collected
and studied along with the patient-reported clinical outcome
measures to yield a more complete understanding of the mech-
anisms and pain-alleviating effects of SCS than was previously
possible. Standard programming parameter data such as stimu-
lation amplitude (mA), frequency (Hz), pulse width (μs), number
of programs, and utilization are collected. In addition, objective
neural response measurements obtained from the device are
collected continuously as a measure of SC activation, stored as
histogram data, and used to determine the percent stimuli acti-
vating the SC fibers within the therapeutic window. The range
of SC fiber activation for therapeutic stimulation, that is, within
the therapeutic window (25,28,34,35), is determined by collecting
the subject’s SC activation (i.e., ECAP amplitude) at patient reported
perception threshold to discomfort threshold (i.e., maximum). In the
clinic setting, SC activation and associated subject-reported stimula-
tion intensity based on a published rating scale (36) are collected
together to correlate subject sensation of stimulation with level of
SC activation while performing postures that mimic activities of
daily living. In addition to SC activation data, other objective neuro-
physiological properties are collected including: ECAP waveform fea-
tures (e.g., ECAP amplitude, width, slope, and shape), conduction
velocity (i.e., the speed at which an ECAP propagates along the spi-
nal cord), rheobase (i.e., the minimum stimulus current needed for
neural activation at an infinitely long pulse width), chronaxie
(i.e., the minimum pulse width needed for neural activation at twice
the rheobase), and late latency responses (i.e., dorsal root activa-
tion). Assessments are performed per the schedule outlined in
Table 2.
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Table 1. Evoke Study Inclusion and Exclusion Criteria.

Inclusion criteria
1. Subject is male or female between the ages of 18 and 80 years.
2. Have been diagnosed with chronic, intractable pain of the trunk

and/or limbs, which has been refractory to conservative therapy
for a minimum of 6 months.

3. Visual analog scale (VAS) leg pain score ≥6 cm.
4. VAS back pain score ≥6 cm.
5. VAS overall trunk and limb pain score ≥6 cm.
6. Be an appropriate candidate for a spinal cord stimulation (SCS) trial

and the surgical procedures required in this study based on the
clinical judgment of the investigator.

7. Prescribed pain medications have been stable for at least 30 days
prior to the baseline evaluation.

8. ODI score of 41–80 (severely disabled or crippled) out of 100 at
the baseline evaluation.

9. Be willing and capable of giving informed consent and able to
comply with study-related requirements, procedures, and visits.

10. The subject’s primary back pain is located such that lead
placement will be in the thoracolumbar region.

Exclusion criteria
1. Have a medical condition or pain in other area(s), not intended to

be treated with SCS, that could interfere with study procedures,
accurate pain reporting, and/or confound evaluation of study
endpoints, as determined by the investigator.

2. Have evidence of an active disruptive psychological or psychiatric
disorder or other known condition significant enough to impact
perception of pain, compliance of intervention, and/or ability to
evaluate treatment outcomes.

3. Are not a surgical candidate due to a diagnosis of an uncontrolled
coagulation disorder, bleeding diathesis, progressive peripheral
vascular disease, uncontrolled diabetes mellitus, or morbid obesity.

4. Have an existing drug pump and/or SCS system or another active
implantable device such as a pacemaker, deep brain stimulator, or
sacral nerve stimulator.

5. Have prior experience with SCS.
6. Have a condition currently requiring or likely to require the use of

MRI or diathermy.
7. Have a life expectancy of less than 1 year.
8. Have an active systemic infection or local infection in the area of

the surgical site.
9. Be allergic, or have shown hypersensitivity, to any materials of the

neurostimulation system, which come in contact with the body.
10. Be pregnant or nursing (if female and sexually active, subject must

be using a reliable form of birth control, be surgically sterile, or be
at least 2 years postmenopausal).

11. Have a documented history of substance abuse (narcotics, alcohol,
etc.) or substance dependency in the 6 months prior to the
baseline evaluation.

12. Be concomitantly participating in another clinical study.
13. Be involved in an injury claim under current litigation or have

pending/approved worker’s compensation claim.
14. Had surgery and/or interventional procedure to treat back and/or

leg pain within 90 days (if surgery) and 30 days (if any other
procedure) prior to the baseline evaluation.

15. Subject is a prisoner.
16. Being treated with electroconvulsive therapy or transcranial

magnetic stimulation.
17. Subject is unwilling or unable to discontinue and remain off of any

medication used to treat chronic pain that is not FDA approved
for chronic pain.

18. Subject has pain due to peripheral vascular disease or angina.
19. Subject is on anticoagulation therapy that would preclude their

ability to undergo the implant procedure.

FDA, US Food and Drug Administration; ODI, Oswestry Disability Index.

Figure 4. Evoke system ECAP-controlled feedback mechanism. [Color figure
can be viewed at wileyonlinelibrary.com]

Neuromodulation 2019; 22: 317–326© 2019 International Neuromodulation Societywww.neuromodulationjournal.com

DOUBLE-BLIND RCT FOR CLOSED-LOOP VERSUS OPEN-LOOP SCS

 15251403, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ner.12932 by H

arvard U
niversity, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


OUTCOMES
Primary Outcome
The primary endpoint is a composite endpoint, where a subject

is deemed as a success, if they experience 50% or more reduction
in average overall trunk and limb pain as determined by VAS at
the three-month visit and have no increase in baseline pain medi-
cations within 4 weeks of the three-month visit.

Secondary Outcomes
Secondary outcomes compare treatment group responders

and high responders (≥50% and ≥80%) and percent change
from baseline to three-month follow-up in overall trunk and limb
pain, back pain, and leg pain as measured on VAS. Additional sec-
ondary outcomes include comparison of the following outcomes
between groups: pain diary, functional disability measured by the
Oswestry Disability Index, emotional functioning measured by the
profile of mood states, sleep measured by the Pittsburgh Sleep
Quality Index, quality of life measured by the Short-Form Health
Survey (SF-12, version 2) and the European Quality of Life Five-
Dimensional Five-Level (EQ-5D-5 L), Patient Global Impression of
Change (PGIC), patient satisfaction, stimulation characteristics, pos-
ture change assessment of SC activation and corresponding
subject-reported stimulation intensity, programming parameters,
and the neural response profiles characterizing SC activation. The
neurophysiological properties of the fibers being stimulated
(i.e., ECAP features, conduction velocity, chronaxie/rheobase, and
late responses) are also examined. Additionally, the safety profile is
compared between groups.

Procedures to Minimize Bias
The Evoke study protocol has been developed to preserve

objectivity and minimize intentional or unintentional bias. A ran-
domized design is utilized to increase the likelihood of having
comparable treatment groups with respect to baseline character-
istics and to remove investigator bias in the allocation of the
treatment assignment. The randomization is generated using per-
muted blocks and stratified by study site to ensure within-site
balance.
The study is double-blind, in that the treatment allocation is

concealed from the study subjects, the investigators, and their
staff to reduce the potential of data being systematically distorted
by knowledge of the treatment received. A blinding assessment is
performed to assess maintenance of blinding.
Lead placement by the investigator is equivalent in both study

arms and performed per a standard surgical protocol. The Field Clin-
ical Engineer (FCE) does not receive the randomization allocation
until after leads are placed and the trial procedure is complete.
The FCEs follow a standard clinical programming protocol to

program all subjects, which are equivalent in both study arms
(i.e., ECAPs are acquired and optimized to confirm activation of
pain inhibition process) with the exception of enabling the feed-
back mechanism. All subjects, regardless of treatment allocation,
are programmed and optimized using ECAP measurements and
subject feedback. As recommended by the FDA, investigator over-
sight of FCEs is documented to confirm comprehensive program-
ming and optimization for all study subjects (37). FCEs do not
have direct contact with study subjects outside the clinic; subjects
may contact the site at any time to coordinate a phone call or
clinic visit as needed.
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Table 2. Study Visits and Associated Assessments.

Assessment Screening/
baseline

Trial
procedure

Trial
end

Implant
procedure

1
month

3
months

6
months

9
months

12
months

18, 24, 30,
and
36 months

Informed consent,
inclusion/exclusion,
baseline evaluation

X

Pain medication/therapies X X X X X X X X X X
Procedure/X-rays X X X
Programming/
neurophysiological
measurements

X X X X X X X X

Pain assessment
(VAS and pain map)

X X X X X X X X

Stimulation characteristics X X X
Posture change assessment X X X X X
EQ-5D-5 L X X X X X X
ODI X X X X X X
Pain diary X X X X X X
PSQI X X X X X X
POMS X X X X X X
SF-12 X X X X X X
Telephone FU X X X X X X
PGIC and patient satisfaction X X X X X
Blinding assessments X X
Adverse event X X X X X X X X X X

EQ-5D-5 L, European Quality of Life-Five Dimensional-Five Level (licensed from EuroQol); FU, follow-up; ODI, Oswestry Disability Index (licensed from Mapi
Research Trust); PGIC, patient global impression of change; POMS, profile of mood state (licensed from Multi-Health Systems, Inc.); PSQI, Pittsburgh Sleep
Quality Index (licensed from the University of Pittsburgh); SF-12, Short-Form Health Survey (licensed from OptumInsight Life Sciences, Inc.).
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Data Quality and Management
Data quality and management are ensured through study and

device training, data management, and monitoring. Investigators
and their staff are trained on the device, study protocol, and pro-
cedures. The study data are collected in an FDA 21 CFR Part
11 compliant electronic data capture system. Additionally, the
study is monitored to ensure protection of human subjects, accu-
racy of the data, and the conduct of the study, which complies
with the protocol and ethical and regulatory requirements.

Statistical Methods and Data Analysis
Sample Size
Based on the preliminary results of the prospective observational

study of the device in Australia (Avalon study; ACTRN12615000713594)
(28) and the literature (38) on SCS, the sample size calculation assumes
that the true success rate of the primary composite endpoint is at least
12% higher for closed-loop compared to open-loop SCS.
To have at least 80% power to determine closed-loop is nonin-

ferior to open-loop SCS at a one-sided significance level of 0.05
and a noninferiority margin (δ) of 10%, a minimum of 60 subjects
per group (120 total) is required with known or presumed primary
endpoint status. The sample size was calculated in PASS 2013 and
is based on an unpooled z-test without continuity correction for a
noninferiority test of two proportions. In order to account for
potential subject loss postrandomization of up to 10%, 134 sub-
jects need to be randomized in order to obtain at least 120 sub-
jects with known or presumed primary endpoint status.

Analysis Populations
The primary analysis population is the intent-to-treat (ITT) group,

which includes all randomized subjects who either have known
endpoint status at three months or are presumed nonresponders.
Presumed nonresponders are subjects with ≤50% pain reduction in

overall trunk and limb pain or who exit due to a device- or stimulation-
related adverse event; these subjects are analyzed as failures.
All other missing data are classified as missing, and sensitivity

analyses are performed to qualify the potential impact on the trial
outcome (e.g., best- and worst-case scenario, tipping point analy-
sis, and multiple imputation).
Two additional analysis populations of interest have been defined

a priori and are utilized to assess study outcomes. First, the perma-
nent implant subset (PIS) includes all ITT subjects who received a
permanent implant. Second, the per protocol (PP) analysis popula-
tion includes all PIS subjects who have evaluable primary endpoint
data and no major deviations.

Primary Analysis
The primary composite endpoint is analyzed via the normal

approximation to the binomial distribution, utilizing an unpooled
estimate of the standard error, and no correction for continuity.
Noninferiority of closed-loop relative to open-loop SCS is assessed
against the clinical significance margin (δ) of 10% at a one-sided
significance level (α) of 0.05. If noninferiority is met, then superior-
ity is tested at a two-sided significance level of 0.05.

Additional Analyses
If noninferiority is met in the testing of the primary composite

endpoint, the hierarchical secondary endpoints are tested. In
order to preserve the experiment-wise error rate of 0.05, a closed
testing procedure is used. If the first endpoint passes, the second
is tested, and so forth. If an endpoint fails, none of the endpoints

following in the list is formally tested. All initial tests are for nonin-
feriority. If all secondary endpoints pass at the three-month analy-
sis, hierarchical testing continues when the 12-month data are
analyzed, beginning with the primary endpoint and continuing in
the same order specified until a hypothesis test fails. All second-
ary endpoints that pass their noninferiority test are tested for
superiority at a two-sided level of significance of 0.05. For inci-
dence measures (i.e., responder rates), missing data are managed
in the same manner described above for the primary composite
endpoint. For continuous measures (i.e., percent change from
baseline), subjects with missing data categorized as presumed
nonresponders utilize a last-value carried forward imputation
methodology. Subjects who fail the medication component of the
primary endpoint have a change from baseline value of “0”
imputed for the hierarchical secondary endpoint calculation.
The additional secondary endpoints are assessed using stan-

dard summary statistics, and findings of significance may be pre-
sented and include p-values and/or confidence intervals as
appropriate. Standard methods are utilized to compare statistics
between study groups at time points of interest (e.g., two-sample
t-test, Chi-square tests, and normal approximation to the binomial
two-sample z-test).
The blinded independent adjudication committee determina-

tions are reported for all adverse events that occur during the
study. The safety profile of both treatment groups is characterized
using appropriate descriptive statistics.
All statistical analyses are conducted with a validated statistical

analysis software (e.g., SAS).

DISCUSSION

The Evoke System is the first and only neuromodulation system
to measure the response of the SC to stimulation, and addition-
ally, to use this information in a feedback mechanism that modu-
lates the stimulation amplitude delivered to the SC in real time to
produce ECAP-controlled closed-loop SCS. This is important
because when using open-loop stimulation the electrical field
strength reaching the spinal cord varies with changes in distance
between the electrode and spinal cord. These changes occur with
normal physiological activity (e.g., breathing and heartbeat) and
movement and may result in over/under activation of the SC, out-
side the therapeutic window for an individual patient. The Evoke
study, which is currently ongoing, is the first large multicenter,
prospective, randomized, double-blind study comparing ECAP-
controlled closed-loop to open-loop SCS and measuring human
spinal cord electrophysiology during SCS in both treatment
groups. The design of the study is intended to provide evidence
to support FDA approval of this system for treatment of chronic
pain of the trunk and/or limbs by establishing noninferiority of
closed-loop stimulation to open-loop stimulation. This study will
provide comparative efficacy and safety data for closed-loop stim-
ulation in patients with chronic trunk and limb pain. Additionally,
the objective data on SC activation and other neurophysiological
properties may provide insight into the MOA of SCS and the
underlying pathophysiology of chronic pain.
Every attempt is taken to minimize any potential bias that may

result from using the same device for both the investigational
and control treatment groups, including following the same pro-
cedures for device implantation and programming (with the
exception of enabling or disabling the feedback mechanism), allo-
cating randomization assignments after implantation of the trial
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leads, and prohibiting direct contact between FCEs and study par-
ticipants outside the clinic. Use of the same device for both treat-
ment arms provides distinct advantages over the use of another
commercially available device for the control arm of the study. It
enables a rigorous double-blind study design, which reduces the
potential of data being systematically distorted by knowledge of
the treatment received and perceptions of which treatment may
be better. Also, because this is the only neuromodulation system
capable of measuring and recording SC activation and other neu-
rophysiological properties, using it as the active control allows for
the collection and comparison of this objective data between
treatment groups.
The potential clinical utility of these objective measurements of

SC activation and other neurophysiological properties is promising.
These data may lead to improvements in diagnosis, assessment,
and treatment of chronic pain and provide the foundation for an
individualized mechanism-based treatment approach for more
effective neuromodulation therapies in alignment with IMMPACT
recommendations (33). Additionally, closed-loop stimulation may
prove to provide stimulation within the therapeutic window based
on SC activation and lead to better long-term outcomes.

CONCLUSION

This randomized, controlled trial represents the first RCT human
study to collect objective data on SC activation and other neuro-
physiological properties along with clinical outcome data for both
closed-loop and open-loop SCS. The benefits of using the same
device for both treatment groups outweigh the potential limitations.
Collection of electrophysiological data in both treatment groups
allows for comparisons of spinal cord activity and function between
groups. The double-blind study design reduces bias permitting sta-
tistically significant observations of differences in ECAPs that may
be correlated with observed differences in efficacy. This may not
only provide data for FDA approval but also provide data to support
the mechanism of action of SCS for chronic pain in humans.
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COMMENTS

The Irreproducibility Crisis of Modern Science, especially in bio-
medical and behavioral fields, was summarized in a 2018 report from
the National Association of Scholars and expressed in a lighter vein
by a Boston Globe headline, “Studies show many studies are false”
(1,2). The epistemological dissection of broadly held, yet unlikely
beliefs in current medical science owes its current popularity to the
work of Ioannidis and colleagues (3). Some of us have been rolling
our eyes over the neurostimulation pain literature for even longer.
For nearly two decades we and other reviewers have offered plau-

sible explanations for the near uniformly positive results of published
neurostimulation case series, clinical trials, reviews and meta-analyses.
Critical analyses have found irreparable structural biases in the data
sets and analytical methods that constitute the historical and con-
temporary neurostimulation pain literature (4–16). Thereafter, investi-
gators and sponsors co-opted the language of evidence-based
medicine to undertake neurostimulation pain studies that evaded
genuine bias-control measures such as early randomization, effective
blinding (deliberate deception), long endpoints (years instead of
weeks or months), strict intention-to treat analyses (before implant),
monometric analgesic efficacy endpoints, and other means of bias-
control (17–22). Thus, a focus on the formalities of trial design and
analysis – namely, what should versus what should not count as evi-
dence – has failed to address why physicians, device manufacturers
and even patients consistently ignore the contradictions between
claims of analgesic efficacy versus their own (and their patients’) real
world experiences (23,24).
One answer may lie in reactions to the word “bias”. Assertions of

biased methods provoke reflexive denial owing to the connotations
of bigotry and injustice attached to the word itself. Bearing that
semantic baggage in mind, we’ll risk a further assertion: that advo-
cates for neurostimulation pain therapies (those who believe in the
existence of stimulation-produced analgesia) manifest cognitive
biases that foreclose serious discussions (4,5). The cognitive bias cata-
logue includes such phenomena as anchoring (focalism), false equiv-
alence (of non-equivalent conditions), illusory statistical power (large
aggregate N numbers), illusions of experience (long time intervals),

illusions of truth (repetitive publications), the illusion of explanatory
depth (underestimation of one’s own knowledge lacunae), the seduc-
tive allure of neuroscience explanations (especially when accompanied
by neuroimaging), pro-innovation bias (conflation of new with better),
misattribution (post hoc ergo propter hoc), illusory superiority (Dun-
ning-Kruger or Lake Wobegon effects), and ultimately – the fallacy of
misplaced rationality.
Despite the Evoke Study sponsor’s efforts, the protocol described

here has fallen prey to structural and cognitive biases (1–16,25–34) –
chief among which is the fallacy of misplaced rationality. For
decades, advocates for analgesic neurostimulation have swerved
from one set of hypothetical, discredited, or implausible mechanisms
of action to another. Purported mechanisms – and the clinical
methods to select patients based on them – have included: a series
pain classification schemes (acute/chronic; somatic/visceral; nocicep-
tive/neuropathic, etc.); psychometric or personality tests; drug infu-
sions (morphine/barbiturate); somatosensory evoked-potentials;
functional neuroimaging; brief- or long-duration trial implants; and
simple, complex, perceptible, or imperceptible stimulus parameter
programming, among others (35–42).
None have led to consistently replicable analgesia in a majority of

patients, nor consistent with advocates’ claims of 80-, 70-, or even 50
percent efficacy. Naturally, this reviewer is skeptical of a claim that
pulse-by-pulse adjustment of stimulation parameters using short-
feedback-loop detection of spinal neuronal potentials will achieve
anything better or even different than what’s been tried before. This
is where the fallacy of misplaced rationality comes in – the most
common example of which is posing the question “How many
angels can dance on the head of a pin?” Since there are no such
things as angels, the question is, by definition, fallacious. To-date, no
effectively blinded or legitimately controlled clinical or laboratory
study has detected consistent and clinically meaningful analgesic
effects from any form (or any anatomic site) of neurostimulation to
treat chronic non-cancer pain. Moreover, no study or case series has
documented (by blood or urine tests, or even pill counts) a long-
term decrease in narcotic analgesic drug intake by chronic non-
cancer pain patients implanted with a neurostimulation device. We’ll
hazard a further prediction that no matter what this study shows, the
practice patterns of committed clinicians won’t change, either.

Robert Coffey, MD
Minneapolis, MN, USA

References
1. Randall D, Welser C. The Irreproducibility Crisis of Modern Science.

Causes, Consequences, and the Road to Reform. New York,
National Association of Scholars (2018) https://www.nas.org/pro-
jects/irreproducibility_report (accessed November 12, 2018)

2. Studies show many studies are false. The Boston Globe. Jul 1,
2014 https://www.bostonglobe.com/lifestyle/.../studies-show...stud-
ies-are-false/.../story.html

3. Ioannidis JP. Why most published research findings are false. PLoS
Med 2005;2:e124.

4. Coffey RJ. The enduring vitality of implausible claims for neurosti-
mulation and psychosurgical therapies. Stereotact Funct Neurosurg
2015;93:366–369.

5. Coffey RJ. Evidence, the Practice of Pain Surgery, and the Institute
of Medicine Report. Ch 58 in Burchiel K (Editor) Surgical Manage-
ment of Pain, Second Edition. pp 605–621. New York, NY:
Thieme; 2015.

6. Coffey RJ. Editorial: Thalamic DBS and neuropathic pain. Neurosur-
gical Focus 2013;35:3.

325

Neuromodulation 2019; 22: 317–326© 2019 International Neuromodulation Societywww.neuromodulationjournal.com

DOUBLE-BLIND RCT FOR CLOSED-LOOP VERSUS OPEN-LOOP SCS

 15251403, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ner.12932 by H

arvard U
niversity, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/ner.12217
https://www.fda.gov/downloads/Drugs/.../Guidances/UCM187772.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/UCM187772.pdf


7. Coffey RJ. [Discussion] Spinal cord stimulation is effective in man-
agement of complex regional pain syndrome I: fact or fiction.
Neurosurgery 2011;69:578–579.

8. Coffey RJ, Hamani C, Lozano AM. Evidence base: Neurostimula-
tion for pain, in Youmans, JR (ed): Neurological Surger y, Sixth
Edition. Philadelphia, Elsevier, 2011.

9. Coffey RJ. Clinical trials for emerging neurostimulation therapies.
Better than Level 1 evidence is possible. Neuromodulation 2006;9:8.

10. Coffey RJ, Lozano AM. Neurostimulation for chronic non-cancer
Pain: An evaluation of clinical evidence, and recommendations
for future trial designs. J Neurosurgery 2006;105:175–189.

11 Coffey RJ. Pain. 2004; 109:522-523. (letter/comment on: Marchand
S, Kupers RC, Bushnell MC, and Duncan GH. Analgesic and pla-
cebo effects of thalamic stimulation. Pain 105:481–488, 2003.

12. Coffey RJ. Deep brain stimulation for chronic pain: The results of
two multi-center trials and a structured review. Pain Medicine
2001;2:183–192.

13. Turner JA, Deyo RA, Loeser JD. Spinal cord stimulation: Stimulat-
ing questions. Pain 2007;132:10–11.

14. Turner JA, Loeser JD, Deyo RA, Sanders SB. Spinal cord stimula-
tion for patients with failed back surgery syndrome or complex
regional pain syndrome: a systematic review of effectiveness and
complications. Pain 2004;108:137–147.

15. Turner JA, Loeser JD, Bell KG. Spinal cord stimulation for chronic
low back pain: a systematic literature synthesis. Neurosurgery
1995;37:1088–1095.

16. Turner JA, Deyo RA, Loeser JD, Von Korff M, Fordyce WE. The
importance of placebo effects in pain treatment and research.
JAMA 1994;271:1609–1614.

17. Kumar K, Taylor RS, Jacques L, Eldabe S, Meglio M, Molet J. Spinal
cord stimulation versus conventional medical management for neu-
ropathic pain: A multicentre randomised controlled trial in patients
with failed back surgery syndrome. Pain 2007;132:179–188.

18. Lempka SF, Malone DA Jr, Hu B, Baker KB, Wyant A, Ozinga JG
4th, Plow EB, Pandya M, Kubu CS, Ford PJ, Machado AG. Ran-
domized clinical trial of deep brain stimulation for poststroke
pain. Ann Neurol 2017;81:653–663.

19. Manca A, Kumar K, Taylor RS, Jacques L, Eldabe S, Meglio M.
Quality of life, resource consumption and costs of spinal cord
stimulation versus conventional medical management in neuro-
pathic pain patients with failed back surgery syndrome (PROCESS
trial). European Journal of Pain 2008;12:1047–1058.

20. North RB, Kumar K, Wallace MS, Henderson JM, Shipley J, Hernan-
dez J, et al. Spinal cord stimulation versus re-operation in patients
with failed back surgery syndrome: an international multicenter
randomized controlled trial (EVIDENCE study). Neuromodulation
2011;14:330–335.

21. North RB, Kidd DH, Farrokhi F, Piantadosi SA. Spinal cord stimula-
tion versus repeated lumbosacral spine surgery for chronic pain:
a randomized, controlled trial. Neurosurgery 2005;56:98–106.

22. Plow EB, Malone DA Jr, Machado A. Deep brain stimulation of
the ventral striatum/anterior limb of the internal capsule in tha-
lamic pain syndrome: study protocol for a pilot randomized con-
trolled trial. Trials 2013;14:241.

23. Canadian Task Force on the Periodic Health Examination: The
periodic health examination: 2. 1987 update. Can Med Assoc J
1988;138:618–626.

24. Weintraub M. How to evaluate reports of clinical trials. Pharmacy
and Therapeutics 1990;14:1463–1476.

25. Cross, P. Not can but will college teachers be improved? New
Directions for Higher Education 1977;17:1–15.

26. France A. The Garden of Epicurus. A Translation by Alfred Allin-
son. London, John Lane 1908;175–177.

27. It’s Academic. 2000. Stanford GSB Reporter, April 24, pp.14-5. via
Zuckerman, Ezra W; Jost JT. What Makes You Think You're So
Popular? Self Evaluation Maintenance and the Subjective Side of
the Friendship Paradox. 2001

28. Keil F. Folkscience: coarse interpretations of a complex reality.
Trends in Cognitive Sciences. 2003;7:368–373 [NIH Public Access
Author Manuscript: Rozenblit L, Keil F. The misunderstood limits
of folk science: an illusion of explanatory depth. http://www.ncbi.
nlm.nih.gov/pubmed/21442007]

29. Kruger J, Dunning D. Unskilled and Unaware of It: How Difficul-
ties in Recognizing One’s Own Incompetence Lead to Inflated
Self-Assessments. Journal of Personality and Social Psychology
1999;77:1121–1134.

30. McCabe DP, Castel AD. The effects of brain imaging on judg-
ments of scientific reasoning. Cognition 2008;107:343–352.

31. Neale MA, Bazerman MH. The effects of framing and negotiator
overconfidence on bargaining behaviours and outcomes. Acad-
emy of Management Journal 1985;28:34–49.

32. Odean T. Volume, volatility, price, and profit when all traders are
above average. Journal of Finance 1998;53:1887–1934.

33. Singer M. The vitality of mythical numbers. The Public Interest
1971;23:3–9.

34. Weisberg DS, Keil FC, Goodstein J, Rawson E, Gray JR. The seduc-
tive allure of neuroscience explanations. J Cogn Neurosci
2008;20:470–477.

35. Coffey RJ, Krieger DN, Sclabassi RJ. Evoked potential recording using
radiofrequency-coupled stimulation of internalized dorsal column
electrodes in pain patients. Stereotact Funct Neurosurg 1992;59:20.

36. Kemler MA, de Vet HC, Barendse GA, van den Wildenberg FA, van
Kleef M. Effect of spinal cord stimulation for chronic complex
regional pain syndrome Type I: five-year final follow-up of patients
in a randomized controlled trial. J Neurosurg 2008;108:292–298.

37. Kemler MA, de Vet HC, Barendse GA, van den Wildenberg FA,
van Kleef M. Spinal cord stimulation for chronic reflex sympa-
thetic dystrophy – five-year final follow-up. New Engl J Med
2006;354:2394–2396.

38. Marchand S, Kupers RC, Bushnell MC, Duncan GH. Analgesic and
placebo effects of thalamic stimulation. Pain 2003;105:481–488.

39. Marchand S, Bushnell MC, Molina-Negro P, Martinez SN, Duncan
GH. The effects of dorsal column stimulation on measures of clin-
ical and experimental pain in man. Pain 1991;45:249–257.

40. Melzack R, Katz J. Pain. WIREs Cogn Sci 2013;4:1–15.
41. Nathan PW, Rudge P. Testing the gate-control theory of pain in

man Journal of Neurology, Neurosurgery, and Psychiatry
1974;37:1366–1372.

42. Sindou MP, Mertens P, Bendavid U, García-Larrea L, Mauguière F.
Predictive value of somatosensory evoked potentials for long-
lasting pain relief after spinal cord stimulation: practical use for
patient selection. Neurosurgery 2003;52:1374–1383.

Comments not included in the Early View version of this paper.

326

www.neuromodulationjournal.com © 2019 International Neuromodulation Society Neuromodulation 2019; 22: 317–326

LEVY ET AL.

 15251403, 2019, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ner.12932 by H

arvard U
niversity, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Multicenter, Randomized, Double-Blind Study Protocol Using Human Spinal Cord Recording Comparing Safety, Efficacy, and Neu...
	INTRODUCTION
	MATERIALS AND METHODS
	Objectives
	Trial Design
	Ethics
	Patient Selection
	Interventions
	Assessments and Objective Measurements

	OUTCOMES
	Primary Outcome
	Secondary Outcomes
	Procedures to Minimize Bias
	Data Quality and Management
	Statistical Methods and Data Analysis
	Sample Size
	Analysis Populations
	Primary Analysis
	Additional Analyses


	DISCUSSION
	CONCLUSION
	Acknowledgements
	Authorship Statements
	REFERENCES
	COMMENTS




