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ABSTRACT
Introduction  Chronic pain patients may experience 
impairments in multiple health-related domains. The 
design and interpretation of clinical trials of chronic 
pain interventions, however, remains primarily focused 
on treatment effects on pain intensity. This study 
investigates a novel, multidimensional holistic treatment 
response to evoked compound action potential-
controlled closed-loop versus open-loop spinal cord 
stimulation as well as the degree of neural activation 
that produced that treatment response.
Methods  Outcome data for pain intensity, physical 
function, health-related quality of life, sleep quality and 
emotional function were derived from individual patient 
level data from the EVOKE multicenter, participant, 
investigator, and outcome assessor-blinded, parallel-arm 
randomized controlled trial with 24 month follow-up. 
Evaluation of holistic treatment response considered 
whether the baseline score was worse than normative 
values and whether minimal clinical important 
differences were reached in each of the domains that 
were impaired at baseline. A cumulative responder 
score was calculated to reflect the total minimal clinical 
important differences accumulated across all domains. 
Objective neurophysiological data, including spinal cord 
activation were measured.
Results  Patients were randomized to closed-loop 
(n=67) or open-loop (n=67). A greater proportion 
of patients with closed-loop spinal cord stimulation 
(49.3% vs 26.9%) were holistic responders at 24-month 
follow-up, with at least one minimal clinical important 
difference in all impaired domains (absolute risk 
difference: 22.4%, 95% CI 6.4% to 38.4%, p=0.012). 
The cumulative responder score was significantly greater 
for closed-loop patients at all time points and resulted in 
the achievement of more than three additional minimal 
clinical important differences at 24-month follow-up 
(mean difference 3.4, 95% CI 1.3 to 5.5, p=0.002). 
Neural activation was three times more accurate in 
closed-loop spinal cord stimulation (p<0.001 at all time 
points).
Conclusion  The results of this study suggest that 
closed-loop spinal cord stimulation can provide sustained 

clinically meaningful improvements in multiple domains 
and provide holistic improvement in the long-term for 
patients with chronic refractory pain.
Trial registration number  NCT02924129.

INTRODUCTION
Chronic pain is a complex, multifaceted condition 
that is largely defined by the patient’s subjective 
experience. Since all pain is mediated by processing 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ It is well known and widely accepted that 
pain intensity alone does not fully capture the 
chronic pain experience and as such may be a 
poor metric to assess treatment response.

	⇒ An expert panel previously proposed the 
concept of holistic treatment response as a 
framework to assess wider health impacts of 
treatments for chronic pain.

WHAT THIS STUDY ADDS
	⇒ Using validated normative values and minimal 
clinical important differences for outcomes of 
interest for healthcare providers and patients, 
we evaluated the holistic treatment response to 
closed-loop spinal cord stimulation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The composite outcome of holistic treatment 
response used in this study provides a 
comprehensive approach to the assessment 
of treatment impact on chronic pain patients’ 
overall health and well-being.

	⇒ The methods and concepts presented in this 
study have the potential to lead to a paradigm 
change in the assessment of response to spinal 
cord stimulation and other treatments for 
chronic pain.
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in the nervous system and may affect psychological features such 
as hypervigilance, emotional reactions, and avoidant behavior, 
it can be considered that pain is fundamentally a psychophysi-
ological phenomenon.1 Many chronic pain patients experience 
deterioration in multiple domains including mental health, sleep 
quality, physical function, and overall health-related quality 
of life (HRQoL).2 Although many of these domains are now 
assessed in clinical trials of chronic pain interventions, the design 
and interpretation of such trials remain primarily focused on the 
magnitude of treatment effects on pain intensity alone. Consid-
eration of several health-related domains in addition to pain 
intensity provides a more holistic view of the patient’s health 
state and treatment needs.2 A holistic assessment considers the 
critical biopsychosocial components of the pain experience for 
each individual patient by evaluating their impairment in each 
domain. Evaluation of a more holistic treatment response (ie, 
improvement in multiple impaired domains) aligns with the 
biopsychosocial complexity of the chronic pain experience, 
providing a more comprehensive synthesis of the overall patient 
outcomes, resulting in greater utility for patients and clinicians.3 
Pain intensity, as a standalone measurement, is a poor assessment 
strategy for treatment of chronic pain.

Spinal cord stimulation (SCS) is a recognized and approved 
non-pharmacological intervention (sometimes referred to as 
electroceutical) for the management of several chronic intrac-
table pain syndromes. As SCS technology advances and substan-
tial reductions in pain intensity are more commonly observed in 
clinical trials with long-term follow-up,4–6 the pursuit of a more 
comprehensive, holistic treatment response measure beyond pain 
intensity alone has garnered increased interest.7–11 SCS involves 
the application of electrical stimuli to activate target spinal cord 
cells and/or fibers that contribute to the inhibition of pain trans-
mission in the dorsal horn of the spinal cord.12 Historically, this 
activation has been established by patient report of paresthesia 
alone or assumed by the anatomical positioning of the SCS leads 
in paresthesia-free stimulation.11

A novel SCS system uses evoked compound action potentials 
(ECAPs), an objective physiological biomarker for therapeutic 
activation of the spinal cord, to guide programming and opti-
mize the neural activation and its accuracy. Closed-loop SCS 
(CL-SCS) automatically adjusts the output of the pulse gener-
ator with each pulse using real-time measured ECAPs and thus 
responds to this dynamic environment to deliver and maintain 
precise spinal cord activation at the targeted ECAP level. In 
contrast, the inherently dynamic relationship between the elec-
trodes and spinal cord in all SCS paradigms means that open-
loop SCS (OL-SCS) may not always produce the optimal neural 
response (figure 1).13

Using individual patient-level data from the EVOKE random-
ized controlled trial (RCT),14 the aim of this study is to inves-
tigate a novel holistic treatment response methodology in 
patients receiving ECAP-controlled CL-SCS compared with 
those receiving OL-SCS for the management of chronic intrac-
table back and/or leg pain. Outcomes were evaluated through 
24-month follow-up as was the degree of neural activation 
producing that treatment response.

METHODS
Study design and participants
The EVOKE study (registered on ​ClinicalTrials.​gov, October 5, 
2016; NCT02924129) is a multicenter, participant, investigator, 
and outcome assessor-blinded, parallel-arm RCT conducted in 
13 centers in the USA with patients randomized 1:1 to CL-SCS 

or OL-SCS. The study was conducted from January 27, 2017 
(first patient enrolled) to September 9, 2022 (last patient 
complete). Full details of study design, patient demographics and 
random allocation sequence are presented elsewhere.4 14 In brief, 
the study eligibility criteria used was pragmatic and reflects clin-
ical practice. The final patient selection was overseen by an inde-
pendent medical monitor prior to randomization. The study was 
conducted in compliance with ethical and regulatory guidelines 
and was approved by local ethics committees prior to subject 
enrollment. Outcomes were assessed at 3-month, 12-month 
and 24-month follow-up with blinding of both the participants 
and the investigator team. The baseline patient demographics 
and characteristics were well balanced between the CL-SCS and 
OL-SCS groups. This study uses outcome data collected through 
24-month follow-up.

Intervention and comparator
The Evoke SmartSCS System (Saluda Medical, Sydney, Australia) 
was used to deliver both CL-SCS (intervention) and OL-SCS 
(comparator). Measurement of the neural response elicited by 
SCS (ie, ECAPs) on every stimulation pulse was performed in 
both CL-SCS and OL-SCS modes to confirm activation of the 
intended target. In CL-SCS mode, the ECAP neural response was 
measured, compared with the target ECAP, and the stimulation 
current automatically adjusted in real time to maintain optimal 
neural activation at the prescribed level. In OL-SCS mode (feed-
back mechanism off), the system delivered fixed-output stimula-
tion as with other existing SCS systems. When operating in OL 
mode, however, the system used ECAPs to confirm activation of 
the intended target and to inform program settings.

The type of stimulation (CL or OL) was enabled during the 
screening trial phase. Trial participants and investigators were 
both blinded to the settings and could not change the device 
settings from CL to OL and vice versa. The trial and implant 
procedures for both CL-SCS and OL-SCS were performed 
according to usual practice. Two percutaneous leads were 

Figure 1  Neural activation and activation accuracy during open-loop 
and closed-loop SCS. Neural activation accuracy is the ability of the SCS 
device to adhere to the target neural response (ie, ECAP, prescription 
(Rx)) (black line at 50 µV in this example). In open-loop (gray line), 
with a fixed amplitude of 1.1 µC/pulse, over the course of 150 s, there 
was an average deviation from the target of 68 µV, which produced 
an erratic neural activation (elicited ECAP). In closed-loop (orange 
line), performing the same posture assessment, with the stimulation 
amplitude continuously modified with each pulse for a range of 0.5–1.4 
µC, there was an average deviation of 3 µV, which produced a neural 
activation of 50 µV (aligned with the target ECAP). The neural activation 
(elicited ECAP) is more accurate in closed-loop (orange line), on average 
only deviating 3 µV from the ECAP target of 50 µV. In contrast, the 
neural activation is less accurate in open-loop, as can be observed by 
the more erratic gray line, on average deviating 68 µV from the ECAP 
target. Data are from two postural assessments (open-loop and closed-
loop) for a single patient. ECAP, evoked compound action potential; SCS, 
spinal cord stimulation.
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placed in the dorsal epidural space over the dorsal column and 
connected to the external trial pulse generator during the trial 
phase or the pulse generator was implanted in a subcutaneous 
pocket for the permanent implant.

Outcome measures
The outcome measures were collected according to IMMPACT 
recommendations15 and assessed biopsychosocial components of 
chronic pain such as pain intensity, physical function, HRQoL, 
sleep quality and emotional function. Pain intensity was assessed 
using a 100 mm Visual Analog Scale (VAS) ranging from 0 (no 
pain) to 100 (worst possible pain).16 The VAS is considered a 
reliable and valid measure of subjective phenomena including 
chronic pain.16 17

Physical function was measured using the Oswestry Disability 
Index (ODI) to assess the level of pain interference with various 
activities of daily living. The ODI is a validated measure of 
condition-specific disability.18 It consists of 10 items/activities 
each with six scoring levels (range 0–5). The ODI is a core 
outcome measure to assess physical function in people with 
nonspecific low back pain and a commonly used secondary 
outcome of RCTs of SCS.19

HRQoL was assessed using the EQ-5D-5L. The EQ-5D-5L 
descriptive system comprises five dimensions (mobility, self-
care, usual activities, pain/discomfort and depression/anxiety), 
where each dimension has five response levels: no problems, 
slight problems, moderate problems, severe problems, unable to/
extreme problems.20 Responses to the EQ-5D-5L were converted 
into single (utility) indices using the US value set for EQ-5D-5L 
crosswalk to EQ-5D-3L.21

The Pittsburgh Sleep Quality Index (PSQI) was used to assess 
sleep quality. The PSQI is a validated tool that comprises 19 
individual items that generate seven component scores (subjec-
tive sleep quality, sleep latency, sleep duration, habitual sleep 
efficiency, sleep disturbances, use of sleeping medication, and 
daytime impairment); the sum of the component scores produces 
a single global score.22

The Profile of Mood States-Brief (POMS-B) enables assess-
ment of emotional function in response to therapeutic inter-
ventions. The POMS-B is a validated tool that consists of 30 
adjectives that describe feelings or moods that an individual may 
have experienced during the prior week.23 A total score (total 
mood disturbance) is derived from six mood states (tension, 
depression, anger, vigor, fatigue, and confusion).

Holistic treatment assessment
‘Holistic’ indicates that a system and its properties are analyzed 
as a whole, in a global and integrated way. More detailed defini-
tion of holistic treatment response and its assessment have been 
described elsewhere.24 Such a holistic treatment response is plau-
sible with SCS given the multiple physical and affective compo-
nents of chronic pain.25 26 The holistic treatment response is a 
composite outcome that combines validated information from 
the five separate outcome domains outlined above.24 The holistic 
response also takes account of whether baseline scores for each 
outcome domain were indicative of impairment based on vali-
dated normative values.

Response across domains: breadth of response
The breadth of treatment response reflects having reached a 
validated minimal clinical important difference (MCIDs) in 
multiple domains. Multimodal treatment response was defined 
as improving by at least one MCID in at least two impaired 
domains. Holistic treatment response was defined as improving 
by at least one MCID in each of the domains that a patient 
reported as impaired at the time of baseline assessment. An 
additional concept of percent whole (proximity to attainment of 
holistic treatment response) and results are presented in online 
supplemental material 1.

Cumulative response: depth of response
Depth of treatment response is defined by the number of MCIDs 
attained for each impaired domain at baseline. Cumulative 
responder score reflects the total number of MCIDs obtained 
across all domains. MCIDs considered and population norma-
tive values are presented in table 1. A holistic MCID considers 
the cumulative responder score adjusted for the number of 
impaired domains at baseline for each patient.

Neural activation in SCS therapy
Objective neurophysiological and device measurements were 
automatically recorded and collected on the device. Data were 
collected both in-clinic and outside the clinic (during home use) 
to provide an assessment of the degree of spinal cord activation 
that underpins the likely impact on patient-reported outcomes. 
The measurements analyzed included: an in-clinic metric of 
device performance using deviation from the prescribed target 
neural activation (ie, neural activation accuracy) and out-of-
clinic neural activation (ie, mode ECAP amplitude elicited) 
and system utilization; in combination these metrics provide a 
quantitative method to evaluate a subject’s overall physiological 

Table 1  Minimal clinical important differences and population normative values

Domain Normative value MCID responder thresholds Cumulative MCIDs (examples)

VAS <60 mm
(EVOKE RCT eligibility criterion)14

≥30% decrease=1 MCID35 50% decrease=1.67 MCID
80% decrease=2.67 MCID

ODI <10.19
(normative value)14 18

≥10 point decrease=1 MCID36 15-point decrease=1.5 MCID
20-point decrease=2 MCID

EQ-5D 0.830
(US normative value for 55–64 years)37

≥0.074 point increase=1 MCID38 0.148-point increase=2 MCID
0.1665-point increase=2.25 MCID

PSQI 6.3
(US community sample)39

≥3 point decrease=1 MCID40 4-point decrease=1.33 MCID
6-point decrease=2 MCID

POMS 17.7
(US adult normative value)23

≥10 point decrease=1 MCID35 15-point decrease=1.5 MCID
20-point decrease=2 MCID

MCID, minimal clinical important difference; ODI, Oswestry Disability Index; POMS, Profile of Mood States; PSQI, Pittsburgh Sleep Quality Index; RCT, randomized controlled trial; 
VAS, Visual Analog Scale.

https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639


236 Kapural L, et al. Reg Anesth Pain Med 2024;49:233–240. doi:10.1136/rapm-2023-104639

Original research

response to SCS. Neural activation accuracy is calculated using 
root mean square error (RMSE, µV) to determine the deviation 
of the observed ECAP response from the prescribed ECAP. The 
mode ECAP (µV) was defined as the most frequent spinal cord 
activation level for the week up to the scheduled visit. System 
utilization was defined as the proportion of time the system was 
on for the week prior to the scheduled visit.

Data analysis
The sample size calculation, 3-month, 12-month and 24-month 
analysis of the primary and secondary outcomes have been previ-
ously described.4 14 The analysis included all randomized patients 
and followed the intention-to-treat principle with patients 
analyzed by group according to random allocation with missing 
follow-up outcomes imputed using last value carried forward.4 27 
The primary analysis assessed patients with impairment at base-
line for each of the domains. Sensitivity analysis assessed both 
patients with impairment at baseline for all the domains and all 
patients randomized regardless of impairment at baseline (online 
supplemental material 2, tables S1–S4).

The proportion of patients with CL-SCS or OL-SCS that 
reached MCIDs for the outcomes evaluated were calculated 
(absolute risk difference and 95% CI) at 3-month, 12-month 
and 24-month follow-up. Descriptive statistics are provided 
as mean±SD, median (IQR), or number of observations 
(percentage), as appropriate. Differences in categorical vari-
ables between treatment groups were evaluated using Fisher’s 
exact test and continuous measures with two-sample t-tests. 
Statistical significance was judged at the 5% level. All statistical 
analysis were conducted using SAS statistical software V.9.4 (SAS 
Institute).

RESULTS
One-hundred and thirty-four patients were enrolled in the 
EVOKE RCT and randomized to CL-SCS (n=67) or OL-SCS 
(n=67) (Consolidated Standards of Reporting Trials (CONSORT) 
flow diagram available in online supplemental material 3, figure 
S1). Following a screening trial phase, 113 patients under-
went implantation of the device (59 in the CL-SCS and 54 in 
the OL-SCS group). Follow-up assessments were completed by 
58, 55, and 50 patients randomized to CL-SCS patients and by 
53, 48, and 42 patients randomized to OL-SCS at 3 months, 
12 months, and 24 months, respectively. There were no differ-
ences between groups in prescribed stimulation parameters for 
frequency, pulse duration, stimulation amplitude or ECAP neural 

activation for perception threshold, comfort or maximum level 
the patient could tolerate.4

At baseline, 100% of patients (134/134) presented scores 
worse than normative population values for pain intensity 
(VAS), physical function (ODI) and HRQoL (EQ-5D-5L), 97% 
(130/134) were also impaired for sleep quality (PSQI) and 61% 
(82/134) for emotional function (POMS). Ninety-nine per cent 
(132/134) of patients presented impaired scores for 4 domains 
and 60% (80/134) for all the five outcome domains (online 
supplemental material 4, figure S2). There were no statistically 
significant differences between CL-SCS and OL-SCS groups in 
baseline impairment.

Treatment response
SCS with ECAP-guided programming resulted in treatment 
response (defined as attainment of at least one MCID, so-called 
‘responder’ or ‘responded’) in multiple impaired domains with 
both CL and OL-SCS up to 24 month follow-up.

A greater proportion of patients improved by at least one 
MCID for each of the domains, at all time points with CL-SCS 
than with OL-SCS (online supplemental material 5, table S5). In 
addition, a greater proportion of patients with CL-SCS consis-
tently obtained a wider breadth of response, reflected by response 
in more impaired domains than patients with OL-SCS (table 2). 
A significantly greater proportion of patients with CL-SCS were 
holistic treatment responders at 24-month follow-up, with at 
least one MCID in all impaired domains (absolute risk differ-
ence: 22.4%, 95% CI 6.4% to 38.4%, p=0.01) (figure 2).

Similarly, patients with CL-SCS obtained a greater intensity 
of response than patients with OL-SCS with a greater number 
of MCIDs for each of the domains at all time points (figure 3). 
Significant differences in mean number of MCIDs were observed 
for at least one time point in each domain; pain intensity and 
emotional function (both 3, 12 and 24 months), sleep (12 
months), physical function and HRQoL (24 months). The 
cumulative responder score, which reflects the total number of 
MCIDs obtained across all domains, was significantly greater for 
CL-SCS patients at all time points and resulted in more than 
three additional MCIDs at 12-month and 24-month follow-up 
(online supplemental material 6, table S6). The holistic MCID 
was significantly greater for CL-SCS patients when compared 
with OL-SCS patients at 12-month (mean difference (MD) 0.6, 
95% CI 0.1 to 1.1, p=0.02) and 24-month follow-up (MD 0.6, 
95% CI 0.2 to 1.1, p<0.01) (online supplemental material 6, 
table S6).

Table 2  Multimodal and holistic treatment response—breadth of response

3 months 12 months 24 months

Closed-loop SCS Open-loop SCS Closed-loop SCS Open-loop SCS Closed-loop SCS Open-loop SCS

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) 58/67 (86.6) 63/67 (94.0) 56/67 (83.6) 63/67 (94.0) 56/67 (83.6)

 � Responders in ≥2 impaired domains (%) 56/67 (83.6) 51/67 (76.1) 55/67 (82.1) 45/67 (67.2) 53/67 (79.1) 45/67 (67.2)

 � Responders in ≥3 impaired domains (%) 54/67 (80.6) 46/67 (68.7) 49/67 (73.1) 39/67 (58.2) 47/67 (70.1) 39/67 (58.2)

 � Responders in ≥4 impaired domains (%) 41/66 (62.1) 34/66 (51.5) 41/66 (62.1) 30/66 (45.5) 38/66 (57.6) 27/66 (40.9)

 � Responders in five impaired domains (%) 25/44 (56.8) 9/36 (25.0) 28/44 (63.6) 10/36 (27.8) 23/44 (52.3) 6/36 (16.7)

Holistic treatment responder (%) 36/67 (53.7) 26/67 (38.8) 38/67 (56.7) 26/67 (38.8) 33/67 (49.3) 18/67 (26.9)

 � Risk difference (%) and 95% CI 14.9 (-1.8, 31.6), p=0.12 17.9 (1.3, 34.6), p=0.06 22.4 (6.4, 38.4), p=0.01

The denominator for the number of patients varies according to the number of domains impaired at baseline.
.MCID, minimal clinical important difference; ODI, Oswestry Disability Index; POMS, Profile of Mood States; PSQI, Pittsburgh Sleep Quality Index; SCS, spinal cord stimulation; VAS, 
Visual Analog Scale.

https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
https://dx.doi.org/10.1136/rapm-2023-104639
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Sensitivity analysis based on patients with impairment in 
all domains at baseline showed a higher response rate for 
each of the domains, significantly more MCID improve-
ments, per cent whole and greater proportions of patients 
with CL-SCS obtaining a holistic treatment response at all 
time points (online supplemental material 2, tables S1 and 
S2). Sensitivity analysis considering all patients regardless of 
impairment at baseline also shows superior results for those 
patients that received CL-SCS (online supplemental material 
2, tables S3 and S4).

Neural activation and system utilization
Utilization of the SCS system was similar between treatment 
groups with patients having the system turned on for more 
than 80% of the time at all time points (online supplemental 
material 7, table S7). The degree of neural activation, 

however, was greater for the CL-SCS group as compared 
with the OL-SCS group at all time points. The most frequent 
neural activation (ECAP elicited) was at least four times 
greater in closed-loop than in OL patients (p<0.001 at all 
time points). Additionally, neural activation accuracy (the 
deviation of the observed ECAP response from the target 
ECAP response) was at least three times more accurate in the 
CL-SCS group compared with the OL-SCS group (p<0.001 
at all time points).

DISCUSSION
The field of neuromodulation for chronic pain has developed 
beyond using pain intensity as the single subjective measure of 
success to endeavor towards personalized medicine. It has been 
recognized that pain intensity alone does not adequately capture 
the entire chronic pain experience and by focusing primarily on 

Figure 2  Breadth and depth of treatment response 24 months after implantation of SCS device. (A) MCIDs obtained for each impaired domain 
(mean and SE of mean (SEM)). (B) Cumulative Responder Score (mean and SE of mean). MCID, minimal clinical important difference; ODI, Oswestry 
Disability Index; POMS, Profile of Mood States; PSQI, Pittsburgh Sleep Quality Index; SCS, spinal cord stimulation; TMD, total mood disturbance; VAS, 
Visual Analog Scale.

Figure 3  Durability of breadth and depth of treatment response with closed-loop and open-loop SCS ECAP treatment (Tx) was defined by neural 
activation (mode ECAP) and accuracy (RMSE), as well as system utilization. CL-SCS provided statistically significant greater neural activation and 
accuracy at all time points (depicted in the figure). Both arms had high system utilization greater than 80% at all time points (3 months (closed-loop 
88%, open-loop 92%); 12 months (closed-loop 82%, open-loop 83%); 24 months (closed-loop 86%, open-loop 82%)). CL-SCS, closed-loop SCS; ECAP, 
evoked compound action potentials; MCID, minimal clinical important difference; RMSE, root mean square error; SCS, spinal cord stimulation; VAS, 
Visual Analog Scale.

https://dx.doi.org/10.1136/rapm-2023-104639
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pain reduction, clinical trials of chronic pain may potentially miss 
clinically important responses in other outcome domains (such 
as physical function, HRQoL, sleep and emotional function) that 
are valued by patients.27 In the current study, we observed that 
81% of CL-SCS and 69% of OL-SCS patients improved by at least 
one MCID for pain intensity but a higher proportion of patients 
(CL-SCS=94%, OL-SCS=84%), were considered responders 
when other impaired domains are taken into account. In other 
words, 13% of CL-SCS and 15% of OL-SCS patients who did 
not improve by at least one MCID in pain intensity still obtained 
clinically important differences in another impaired outcome 
domain of physical function, HRQoL, sleep or emotional func-
tion. Although there were no significant differences in PSQI at 24 
months, the improvement by at least one MCID in both groups 
was greater than that reported in a previous OL-SCS RCT.28 In 
parallel with the holistic response observed, 66.7% (18/27) of 
CL-SCS patients and 56.5% (13/23) of OL-SCS patients taking 
opioids at baseline voluntarily reduced their opioid use at a clin-
ically meaningful level.4

Evaluation of a holistic treatment response is paramount in 
chronic pain populations given that impairment can be present 
in several domains other than just pain intensity. In the EVOKE 
study, all included patients presented impairment in three 
outcome domains and a majority (60%) were impaired in five 
distinct outcome domains. By implication, a substantial number 
of patients with chronic refractory pain and experiencing 
significant impairment across multiple health-related domains 
can obtain a holistic treatment response to SCS (ie, improving 
by at least 1 MCID for each impaired outcome domain prior 
to SCS). Importantly, responders in multiple domains were 
observed as early as 3 months following SCS implantation and 
sustained up to 24 months later. This was particularly evident 
in the CL-SCS group which showed responder rates above 50% 
across multiple domains over this period. The superior patient-
reported outcomes observed with CL-SCS show that ECAP-
controlled therapy was delivered with greater accuracy and that 
this can provide a greater breadth and depth of improvements in 
multiple domains. This is unique in the current SCS literature.

Previous studies have defined a holistic treatment response 
across multiple outcome domains in a variety of different ways, 
for example, a clinical improvement in two outcomes with or 
without a response in pain intensity,9 reduction in VAS and/or 
ODI without an increase in either,29 any of four outcomes and 
score within normal population values at follow-up,7 develop-
ment of a new outcome based on three different domains,8 and 
models considering overall pain intensity and walking time.10 
Response in pain intensity should still be considered since it was 
often ranked higher as a treatment goal in a survey of patients 
with chronic pain,30 and remains the key interventional intent 
when treating a population with chronic pain. However, a 
holistic view that takes into account the level of response across 
a range of outcome domains provides a more comprehensive 
understanding of the treatment effects in a complex condition 
such as chronic pain. In comparison to pain response alone, a 
composite holistic response provides a better summary of the 
totality of treatment effectiveness that is important for patients 
and their families, physicians, and payers alike.

CL-SCS offers a more transparent measure of therapy effi-
cacy based on physiologic markers that provides direct evidence 
of the therapy effect than OL-SCS systems that deliver a set 
stimulation intensity without regard for how the spinal cord 
neurons respond. We have shown that CL-SCS can result in 
true relief of the complex, multifactorial personal experience 
that patients describe as chronic pain. In the current study, 

both CL-SCS and OL-SCS arms underwent ECAP-guided 
programming to optimize the stimulation parameters based on 
objective individual patient neurophysiology (vs assumed and 
subjective patient report). OL-SCS therapy, as with all other 
commercially available SCS systems, however, is not able to 
maintain consistent levels of neural activation at the prescribed 
ECAP target, resulting in partial adherence or nonadherence 
to therapy and potentially poorer treatment response. ECAP-
guided programming delivered via OL-SCS and CL-SCS appear 
to both provide clinical benefit. As CL-SCS therapy maintains 
a consistent level of neural activation at the prescribed level in 
real-time, however, the improvements observed with CL-SCS 
were greater and durable over the study period, while some of 
the initial improvements reported with OL-SCS lessened over-
time (figure 3).

All patients included in this analysis were blinded to their 
therapy and the effectiveness of the blinding was tested.14 As 
reported, there were no differences in programmed device 
settings (Hz, pulse width), or device utilization between groups. 
Given that patients were unaware of their treatment allocation 
and the parity in stimulation settings, the only therapy differ-
ence between groups was the closed-loop function. This resulted 
in significant differences in the therapy delivered, specifically 
the absolute level of spinal cord activation (ECAP size), and the 
accuracy of spinal cord activation (RMSE of ECAP variability vs 
target).

Strengths and weaknesses
We believe this to be the first study report to quantify a 
comprehensive holistic treatment response to SCS based on a 
double-blind, parallel arm RCT up to 24-month follow-up. Use 
of validated MCIDs to evaluate treatment response is a well-
accepted approach in the clinical trial literature that reflects 
changes after a clinical intervention that are clinically mean-
ingful to healthcare providers and important for patients.31 
Furthermore, we used validated cut-offs both for the evaluation 
of MCIDs and for population normative values. However, while 
the definition of treatment responders is based on validated cut-
offs, dichotomization of continuous data can lead to a loss of 
information and reduced power for statistical comparisons. We 
recognize the limitations of post hoc analysis and as such, further 
prospective research is warranted and ongoing to confirm the 
value of the holistic treatment response outcome described. In 
addition, as a post hoc analysis, a limitation of the current work 
was that the sample size was not powered to identify differences 
in holistic treatment response between groups.

The five outcome domains considered for evaluation of 
a holistic treatment response are those recommended by 
IMMPACT as core outcome measures,15 considered as crucial 
goals by patients,30 and healthcare providers.32 In addition, 
the analysis was based on a recently developed framework for 
evaluation of holistic treatment response.24 The development 
of the holistic treatment response composite aligns with recent 
Food and Drug Administration recommendations for composite 
outcomes.33 We acknowledge, however, that we may not have 
captured all outcomes of importance to all patients.

Last value carried forward was performed for imputation 
of missing data to make full use of data with careful attention 
to the assumptions about the nature of the missing data. This 
was performed as a conservative measure to minimize potential 
bias of an enriched population (ie, only patients benefiting from 
treatment remained in the study and those not benefiting with-
drew early).34
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CONCLUSION
The composite outcome of holistic response used in this study 
provides a comprehensive approach to the assessment of treat-
ment impact on chronic pain patients’ overall health and well-
being. Using the EVOKE trial data set, we demonstrate that 
SCS can provide sustained clinically meaningful improvements 
in multiple domains and a holistic response for patients with 
chronic refractory back and/or leg pain. In addition, with consis-
tent neural activation at the prescribed level, CL-SCS provided 
superior and durable outcomes in all domains and at all time 
points when compared with OL-SCS. The reporting of objec-
tive physiologic evidence that underpins the mechanistic basis 
of improvement in patient-reported outcomes is paramount to 
increase our understanding of SCS as well as the transparency 
and replication in future SCS studies. Furthermore, we propose 
that in addition to traditional pain intensity scores, future studies 
should report the impact of SCS using composite measures of 
holistic response.
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