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Abstract

Objective. Electrical spinal cord stimulation (SCS) has emerged as a promising therapy for recovery
of motor and autonomic dysfunctions following spinal cord injury (SCI). Despite the rise in studies
using SCS for SCI complications, there are no standard guidelines for reporting SCS parameters in
research publications, making it challenging to compare, interpret or reproduce reported effects
across experimental studies. Approach. To develop guidelines for minimum reporting standards for
SCS parameters in pre-clinical and clinical SCI research, we gathered an international panel of
expert clinicians and scientists. Using a Delphi approach, we developed guideline items and
surveyed the panel on their level of agreement for each item. Main results. There was strong
agreement on 26 of the 29 items identified for establishing minimum reporting standards for SCS
studies. The guidelines encompass three major SCS categories: hardware, configuration and current
parameters, and the intervention. Significance. Standardized reporting of stimulation parameters
will ensure that SCS studies can be easily analyzed, replicated, and interpreted by the scientific
community, thereby expanding the SCS knowledge base and fostering transparency in reporting.

© 2024 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Globally, an estimated 20.6 million people are cur-
rently living with spinal cord injury (SCI) [1], with
approximately 769 000 individuals sustaining a trau-
matic SCI annually [2]. SCI can damage neural con-
nections controlling motor (e.g. reaching, walking,
core stability), sensory (e.g. touch, pain, proprio-
ception), and autonomic (e.g. cardiovascular, bowel,
bladder, sexual) functions [3, 4]. These interrelated
dysfunctions have a profound impact on quality of life
[5-7] increase overall disease burden and contribute
to large healthcare-related expenditures [8, 9].

Electrical spinal cord stimulation (SCS) is a bur-
geoning approach for recovery of motor [10-17] and
autonomic functions [18-30] in people with SCL
Implanted epidural spinal stimulation has long been
used with approval from the United States Food and
Drug Administration for treating neuropathic pain.
In recent years, however, the number of published
studies on the use of implanted epidural SCS and
even non-invasive, transcutaneous SCS for improving
motor and autonomic dysfunctions following SCI has
increased considerably [31, 32]. From the late 1980s
to mid-2010s, roughly 1-3 articles per year were pub-
lished on the use of SCS for managing SCI-related
dysfunctions other than pain. Currently, over 20 art-
icles are being published per year, with this number
expected to grow [31, 33, 34]. This is validated by
the fact that as of September 2023, there are 125 act-
ively recruiting SCS clinical trials for SCI on clinical-
trials.gov.

As evidence indicates that both epidural and
transcutaneous SCS activate common neural
structures [35, 36], this article will discuss both
approaches together. Recent reviews on the use
of epidural [37] and transcutaneous [38] SCS to
improve motor function following SCI indicated that
18/18 and 21/25 articles, respectively, showed poor
methodological quality. Small sample sizes, selec-
tion bias, inadequate reporting of adverse events and
safety precautions taken to minimize risk, and lim-
ited validation of the outcome measures were com-
mon reasons for reduced quality across studies [31,
34, 37-39]. Unstandardized reporting of outcomes,
SCS parameters, and terminology are common in
both pre-clinical [40] and clinical studies [31, 34,
37, 38]. This limits the ability to interpret results,
reproduce published findings, and contributes to the
delay in translation of these experimental therapies to
clinical practice and standard of care. While acknow-
ledging that optimization of stimulation parameters
may vary across targeted tissues and organ systems
for a given study, a broader adoption of reporting
standards would facilitate the appraisal, synthesis,
and reproducibility of research within this field.
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Minimum reporting requirements are essential
for promoting transparent disclosure of methods
used, study replication, standardization of SCS-
related terminology, and the synthesis and interpret-
ation of scientific findings [41]. Minimum report-
ing standards are common and have elevated the
standards of biomedical research (e.g. MINimum
Information for Medical Al Reporting) [42], ran-
domized clinical trials (e.g. consolidated standards
of reporting trials [43]), and pre-clinical research
(e.g. ARRIVE [44, 45]). Reporting standards for par-
ticipant demographics and pre-clinical experiments
have already been introduced in SCI research. For
example, the International Spinal Cord Injury Core
Dataset has set standards for reporting participant
characteristics (e.g. age at injury, sex, etiology of
injury, etc) in clinical SCI research [46, 47] and the
minimum information about a SCI guidelines are
used to assess experimental procedures involving cell
transplantation, histology, immunochemistry, etc in
pre-clinical SCI models [48]. However, minimum
reporting guidelines for studies involving the use of
SCS for SCI research are currently lacking.

Herein, we introduce minimum information
standards for reporting SCS parameters for research-
ers conducting pre-clinical and clinical SCI stud-
ies involving non-invasive and invasive electrical
SCS. This is a first-generation minimum reporting
guideline that is meant to encourage researchers to
begin reporting SCS related information. Since such a
system does not exists for SCS, this will aid in translat-
ing research practices into clinical use. The proposed
guidelines focus on three areas identified as critical to
the development and prescription of evidence-based
electrical SCS for people living with SCI: (1) the SCS
hardware used (2) the SCS configuration and current
parameters; (3) the SCS intervention.

2. Methods for establishing reporting
guidelines

2.1. Expert panel selection

Based on an appraisal of peer-reviewed publications
related to development and application of SCS for
individuals with SCI, 17 international expert clini-
cians, scientists, clinician-scientists, and engineers in
the field of SCS for SCI recovery were identified
and contacted. Of these, 14 participated in develop-
ing the minimum reporting guidelines. The authors
included in this panel represents a wide range of
expertise in pre-clinical and clinical research, includ-
ing motor, sensory, and autonomic recovery follow-
ing SCI. Panelists were considered experts accord-
ing to the definition by Fink et al [49], which indic-
ates that an expert qualifies for selection if they are
‘representative of their profession, have power to
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implement the findings, or because they are not likely
to be challenged as experts in the field’

2.2. Item selection and consensus

We used a Delphi approach to identify guideline
items and obtain the expert panel’s level of agree-
ment on the items put forth [50, 51]. Guideline
items were recommended by the expert panel, identi-
fied from previously published literature reviews that
highlighted insufficiencies in the reporting of stim-
ulation parameters for experiments utilizing elec-
trical SCS following SCI [31, 32, 34, 37-39]. We also
examined resources for developing minimal report-
ing guidelines [42—48, 52], such as the TIDieR check-
list (i.e. reporting standards for interventions) [52],
to identify items that are crucial for minimal report-
ing guidelines and intervention-based approaches.
We then surveyed the expert panel on the guideline
items proposed. Based on their feedback, we modi-
fied the items and split them into categories. A total
of 29 items were identified and developed into a sur-
vey comprised of three SCS categories: (1) SCS hard-
ware (3 items); (2) SCS configuration and current
parameters (13 items); and (3) SCS intervention (13
items) (table 1).

To reach consensus on the items to be included in
the minimum reporting guidelines for SCS paramet-
ers, each expert completed a survey on Qualtrics*™
(www.qualtrics.com) and rated their level of agree-
ment for each item proposed on a 5-point Likert scale
(scale anchors: 1 = strongly disagree; 5 = strongly
agree) [53, 54]. Mean agreement scores (range from
1 to 5) were then calculated for all items. Based
on this score, we categorized each item as strongly
disagree (1-2), somewhat disagree (2.01-3), some-
what agree (3.01-4) and strongly agree (4.01-5).
Only items above the strong agreement cut-off score
(i.e. 4.01) were included in the minimum reporting
guidelines.

3. Results

The expert panel had strong agreement on 89%
(26/29) of the proposed guideline items (mean agree-
ment = 4.71, range = 3.93-5.0). In the first category,
reporting device characteristics (name, model num-
ber, manufacturer and software version), electrode
characteristics (manufacturer, product number, and
size), and the material and size of the electrodes when
handmade all showed strong agreement (mean agree-
ment > 4.64) (figure 1).

In the second category, reporting items such as
the frequency, intensity, waveform, width, temporal
dynamics, use of a carrier waveform(s) if applic-
able, and location of the anode and cathode showed
the strongest agreement (all > 4.79) (figure 2).
Characteristics such as charge-balance (4.57), and
phase duration and inter-pulse interval (4.5) also
received strong agreement. Two parameters (i.e. pulse
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period = 4.0, duty cycle = 4.0) were below the strong
agreement cut-off and thus were not recommended
for guideline inclusion.

In the third category, reporting items such as the
method of delivery (e.g. epidural, transcutaneous),
duration of SCS, number of sessions per week and
the total number of sessions, and whether SCS was
combined with another intervention (e.g. walking or
balance program) showed the strongest agreement
(>4.86) (figure 3). Items such as whether SCS was
applied using an open or closed-loop (i.e. activity-
dependent) system, reporting adverse events, defin-
ing the target function of the SCS program, reporting
the position of the participant (e.g. standing, sitting,
supine), indicating modifications to the initial SCS
treatment plan, describing the environmental setting
(e.g. home, research laboratory, clinic), and report-
ing program adherence also received strong agree-
ment (between 4.57 and 4.79). The reporting of team
qualifications (3.93) was below the strong agreement
cut-off and thus not mandatory under the proposed
guidelines.

Based on the survey results across all three cat-
egories, we included 26 items that met the strong
agreement criteria into the expert recommended
minimal reporting guidelines for SCS parameters,
and excluded three items that did not meet the cri-
teria. A 26-item checklist (figure 4), split into three
categories, is provided as a guide for writing and peer-
reviewing research related to electrical SCS following
SCL

4. Discussion

Reviews of clinical and pre-clinical work have con-
sistently highlighted the challenges caused by incon-
sistent reporting of SCS parameters in SCI research,
impeding the progression, synthesis, replication, and
translation of data in this field [31, 34, 37, 38, 40].
To address this limitation, we assembled an expert
panel comprising scientists and clinicians specialized
in SCS for SCI research. The primary objective of this
panel was to establish minimum reporting standards
for SCS parameters. Strong agreement was achieved
among the expert panelists for 26 out of 29 guideline
items. The proposed minimum information check-
list aims to promote transparent reporting standards
for both pre-clinical and clinical studies investigating
electrical SCS to accelerate the clinical translation of
SCS.

The experts strongly agreed with most items for
developing minimum reporting standards for SCS
hardware, configuration and stimulation parameters,
and the intervention program used. The expert panel
indicated that a description of the hardware used
for SCS is important and not well-reported in the
existing literature. This formed the basis for our first
category—system hardware. Identifying the name,
manufacturer, model, and software of the device,
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Table 1. Guideline items surveyed by the expert panel.

Items

Guideline

Category 1: SCS hardware

Device name manufacturer,
model, software

Electrode manufacturer,
product number, size

Materials and size of handmade
electrodes

Reporting the device name, manufacturer, model number, and software version of
the electrical stimulator used
Reporting the manufacturer, product number, and size of the electrodes used

Reporting the material and size of the electrode(s) if handmade

Category 2: SCS configuration and current parameters

Cathode(s) placement
Anode(s) placement
Waveform

Pulse width
Phase duration and IPI

Intensity

Intensity threshold method
Period

Frequency

Duty cycle

Charge-balance

Temporal characteristics

Carrier waveform

Reporting the anatomical location(s) of the cathode(s) (i.e. negative electrode(s))
with respect to spinal roots and vertebral levels.

Reporting the anatomical location(s) of the anode(s) (i.e. positive electrode(s))
with respect to spinal roots and vertebral levels.

Report the waveform of the electrical pulse (e.g. Square, sine, sweep, monophasic,
biphasic, polarity (i.e. cathodic-leading or anodic-leading), etc)

Report pulse width in units of time (i.e. the duration of the pulse in milliseconds)
For biphasic waveforms, reporting the anodic and cathodic phase durations and
any interphase interval (IPI)

Reporting the intensity of the stimulation as amplitude (constant-current) or
voltage (constant-voltage)

Reporting how the amplitude (i.e. intensity) of stimulation was determined (e.g.
based on EMG, motor or sensory threshold)

Reporting the period of the pulse in units of time (i.e. the time taken for the signal
to complete one cycle)

Reporting pulse frequency in Hertz (Hz) (i.e. the number of pulses per second)
Reporting the duty cycle of the pulse (i.e. percentage of ON time)

Reporting whether the electrical pulse was charge-balanced, and if so,
symmetrically or asymmetrically

Reporting the temporal characteristics of stimulation trains over time (e.g. burst,
continuous, etc)

Reporting the presence and frequency of a carrier waveform (i.e. overlapping signal
on top of the basic waveform) if applicable

Category 3: SCS intervention

Target function

Delivery method
Session duration
Sessions per week

Total number of sessions
Adjunct therapy

Open or closed loop

Environmental setting

Participant position
Program adherence
Adverse events

Team qualifications

Modification to initial
treatment program

Reporting the primary target of the stimulation intervention (e.g. bladder function,
upper extremity motor function, etc)

Reporting the method of stimulation (e.g. transcutaneous, epidural, intraspinal)
Reporting the duration of each stimulation session in minutes

Reporting the number of stimulation sessions per week

Reporting the total number of stimulation sessions conducted

Reporting whether the stimulation treatment was combined with another modality
(e.g., arm ergometry, robotic gait training, etc)

Reporting whether stimulation was under open-loop or closed-loop control, and
the control signal (e.g. EEG, EMG, IMU) used for closed-loop

Reporting the environmental setting during the treatment program (e.g.
Laboratory under supervision, home but supervised (e.g. telehealth) or
unsupervised home setting)

Reporting the position of the participant during stimulation (e.g. supine, upright,
side-lying)

Reporting program adherence (i.e. number of sessions completed or missed
possibly with reasons)

Reporting the presence or absence of any adverse event(s) from the stimulation
program

Reporting the qualifications of the individual (or team) administering stimulation
or of the individual that provided education training if self-administered
Reporting whether the initial treatment program was modified, personalized, or
titrated over the course of the intervention, and if so, how

Abbreviations: EMG, electromyography; EEG, electroencephalography; IMU, inertial measurement unit.
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Device name, manufacturer,

model, and software

Electrode manufacturer,

product number, and size

Guideline

Materials and size

of handmade electrodes

Strong Mean
Agreement Agreement
Cut-off Score
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minimum reporting standards of each item.

Strongly Disagree (2)

Agreement Score

Figure 1. Panel agreement for Category 1: SCS hardware agreement ratings, ranging from 1 to 5, are shown for each expert (green
dots) and for each item proposed in the guidelines for category 1. Horizontal bars depict the mean agreement score for each item
and are organized from highest to lowest agreement. We only included items into the final guidelines that showed a mean
agreement score that was greater than the cut-off score (i.e. 4.01; vertical red line). Refer to table 1 for full details regarding the

Neutral (3) Agree (4) Strongly

Agree (5)

Strong Mean
Agreement Agreement

Cut-off Score

Frequency : $ 5.0
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Anode(s) placement 1 Je 4.93
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Figure 2. Panel agreement for Category 2: SCS configuration and current parameters agreement ratings, ranging from 1 to 5, are
shown for each rater (green dots) and for each item proposed in the guidelines for category 2. Horizontal bars depict the mean
agreement score for each item and are organized from highest to lowest agreement. We only included items in the final guidelines
that obtained a mean agreement score that was greater than the strong agreement cut-off score (i.e. 4.01; vertical red line). Refer
to table 1 for full details regarding the minimum reporting standards of each item. Abbreviations: IPI, inter-pulse interval.

Agll'ee 4) Strolngly
Agree (5)

Neutral 3)

as well as the manufacturer, product number and
size of the electrodes will help ensure reproducibil-
ity between studies. It will also facilitate comparis-
ons between devices approved by the United States
Food and Drug Administration or CE marked devices
(i.e. approved by the European General Medical
Devices Directive), and experimental devices to estab-
lish appropriate spinal cord stimulators for research
and home-use. Electrode specifications are of partic-
ular importance as these affect the area of stimulation
and the charge density of SCS, which are important

considerations for targeting specific spinal segments
and avoiding adverse events [55-58].

The second category—SCS configuration and
current parameters—included important items that
can influence the effect of SCS on the nervous sys-
tem. The location, frequency, intensity, waveform,
width, durations, and charge of stimulation can influ-
ence the activation of various neural structures and
downstream effects [40, 58—60]. For example, chan-
ging the frequency of stimulation can alter the fir-
ing rate of neurons and changing the pulse width
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Strong Mean
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Cut-off Score
Delivery method : » 5.0
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Figure 3. Panel agreement for Category 3: SCS intervention agreement ratings, ranging from 1 to 5, are shown for each expert
(green dots) and for each item proposed in the guidelines for category 3. Horizontal bars depict the mean agreement score for
each item and are organized from highest to lowest agreement. We only included items into the final guidelines that showed a
mean agreement score that was greater than the cut-off score (i.e. 4.01; vertical red line). Refer to table 1 for full details regarding

the minimum reporting standards of each item.

and intensity of SCS can alter the nerve fibers activ-
ated by stimulation [40, 58—61]. Furthermore, chan-
ging these parameters can also alter paresthesia asso-
ciated with SCS [58, 62, 63]. It is also important
to note that numerous groups have utilized motor
threshold to standardize stimulation intensity [ 16, 60,
64-67]. However, researchers may determine intens-
ity thresholds based on the specific objectives of their
study and will report this in accordance with those
aims. For instance, if the goal of the study is to
enhance blood pressure regulation, the stimulation
intensity may be based on the level required to elicit a
meaningful change in blood pressure, and not neces-
sarily on changes in motor responses.

Item selection for the third category—SCS
intervention—was informed by established report-
ing standards for interventions (e.g. the TIDieR
Checklist [52]). Reporting items such as the type of
intervention, the target function (e.g. improve walk-
ing or reaching, blood pressure control), the dosage
of SCS, the environmental setting, program adher-
ence, adjunct therapy, and the number of adverse
events, among other items, are necessary for replic—
ating and understanding clinical research findings.
When reporting closed-loop stimulation, the control
signal (e.g. EMG, EEG, ECoG, IMU) should also be
reported. It is expected that the control signal will
also be well-described as part of a standard methods
section. When stimulation parameters, such as SCS
amplitude, are under the ‘free’ control of participants
or researchers, it should be reported as open-loop
stimulation, as stimulation is controlled manually
and not triggered by a physiological signal. Authors
should also report the ranges and specific paramet-
ers (i.e., amplitude, frequency, program cycling) that

6

are open for free control. As with category 2 (SCS
configuration and stimulation parameters), differ-
ent SCS interventions likely have unique effects on
neural plasticity (68, 69]; for instance, combining
SCS with activity-based therapies should be repor-
ted, as neural plasticity is activity-dependent and can
be modified with the addition of SCS [34, 70]. The
inclusion of reporting adverse events in this category
was guided by recent reviews indicating that scarce
reporting of adverse events is a major limitation in the
field [31, 37, 38, 40]. Although reporting of surgical
complications associated with implanted electrodes
has been reported [71, 72], adverse events associated
with the delivery of SCS have not (e.g., burns, infec-
tions, pain, tissue damage). Notably, we excluded
team qualifications, period, and duty cycle from the
minimal reporting guidelines, as these characteristics
did not meet the agreement cut-off. Period and duty
cycle, however, can be derived from other included
guideline items. It is important to note that these
items only missed the strong-agreement cut-off by
.01 units. An increase in 1 point from an expert would
change the score by 0.07 units, thus a higher rating
from a single expert could have raised these scores
over the strong-agreement cut-off. Nonetheless, some
of these items can be derived from others within the
guidelines. Period can be determined by taking the
inverse of frequency (i.e. # of pulses per second) of
SCS; and duty cycle can be calculated by using pulse
width and period (i.e. 1/frequency).

This first version of the minimum reporting
standards presented herein is purposefully broad to
capture pertinent information needed for pre-clinical
and clinical SCS studies. Reporting only the most cru-
cial information will decrease reporting burden and
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4 Category 1: SCS Hardware ) Checklist
@ e O Device name, manufacturer, model, and software
@l @ @ @' g HH O Electrode manufacturer, product number and size
'i’ i O Material and size of handmade electrodes
Device name, manufacturer, Electrode manufacturer, Material and size of handmade
model, and software product number, and size electrodes
- J
( Category 2: SCS Configuration and Current Parameters A
Hz A /A,’_{;Z mA or mY O Frequency (Hz)
{4) ¢ O Cathode(s) placement
+ .\‘J\‘ﬁ‘! O Anode(s) placement
L]
Frequency Cathode (+)/Anode (-) Intensity ] Inten8|ty (mA or mV)
Placement O Waveform (e.g., sine, square, monophasic,
 — biphasic)
RS Hs orms O Pulse width (ms or ps)
! <> | O Intensity threshold method (e.g., motor, sensory)
O Carrier waveform
Waveform Pulse width Intenfnll;/‘:‘llr:shold Carrier waveform O Temporal characteristics (e.g.’ bUI’St, continuous)
- Phase Duralen O Charge- bala.nce . .
’ ps or ms O Phase duration & inter-pulse interval (IPI)
= (ms or ps)
time
Temporal Charge balance Phase duration
\ charateristics /
4 Category 3: SCS Intervention A
Morday 0O Delivery method
[ Tuesday
f \\ f \\ Wednesday O Session duration
EIE o 0 Sessar s
& O Total sessions
Delivery method Session Sessions Total sessions O Adjunct therapy (e.g.’ combined with task—specific
duration per week L
training)
O _>O O Open or closed loop + control signal
+ f \ O Adverse events
@' Open loop ( o7 » "
arget function
O>0O Bt - "
Y O Participant position
Adjunct therapy Closed loop Adverse events Target function O Modification to initial treatment plan
Initial plan O Environmental setting
>N ﬂﬁ O Program adherence
== i3 > HH sossons attonded
Modified plan
Participant Modifications to Environmental Program
position initial treatment plan setting adherence

J

Figure 4. Expert recommended minimum reporting standards for SCS parameters A checklist for each category of the guidelines
to ensure appropriate reporting of SCS parameters in SCI experiments. Abbreviations: mA, milliamps; mV, millivolts; IPI,

inter-pulse interval.

increase adherence rates to our reporting guidelines
[73]. The actual reporting of the guidelines should be
customized based on the individual study parameters,
thus avoiding any potential bias. Importantly, the
guidelines do not emphasize what prospective SCS
parameter should be used, but rather emphas-
ize the importance of what should be reported
retrospectively.

Future refinement of the expert recommended
guidelines is expected with knowledge advance-
ment, and with feedback from the scientific com-
munity. Although our expert panel is diverse, experts
from different backgrounds may want more spe-
cific details regarding SCS parameters and proto-
cols. For example, as technologies advance, the use

7

of multi-channel spatiotemporally targeted stimu-
lation may increase, hence the need to report the
timing and pattern of stimulation delivered through
them. Further, there could also be a need to report
how electrode location was confirmed as research-
ers use different strategies for confirming elec-
trode location, such as motor-recruitment or post-
activation depression [11, 74-79]. Advancing min-
imum information standards is common practice in
various disciplines [45, 47]. Accordingly, adoption
of the proposed guidelines will provide a step-by-
step guide in helping clinicians and scientists identify
important parameters when designing, implement-
ing, and reporting SCS studies in SCI research. This
will enhance study quality and aid in the development
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of evidence-based therapeutic approaches for those
living with SCL.

5. Conclusions

We present recommendations for minimum report-
ing standards for studies using SCS (REPORT-SCS)
in SCI research, based on expert panel consensus.
The 26-item checklist promotes standardized report-
ing of SCS characteristics, the SCS intervention, and
the SCS hardware used. Adherence to these reporting
guidelines will generate data and publications foster-
ing greater replication, synthesis, and comparison of
SCS experiments, thereby aiding the scientific com-
munity in bringing this approach into clinical use.
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