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effects of spinal stimulation as a platform
for multi-modal neurorehabilitation after spinal
cord injury
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Abstract

Electrical stimulation of spinal neurons has emerged as a valuable tool to enhance rehabilitation after spinal cord
injury. In separate parameterizations, it has shown promise for improving voluntary movement, reducing symp-
toms of autonomic dysreflexia, improving functions mediated by muscles of the pelvic floor (e.g., bowel, bladder,

and sexual function), reducing spasms and spasticity, and decreasing neuropathic pain, among others. This diverse set
of actions is related both to the density of sensorimotor neural networks in the spinal cord and to the intrinsic ability
of electrical stimulation to modulate neural transmission in multiple spinal networks simultaneously. It also suggests
that certain spinal stimulation parameterizations may be capable of providing multi-modal therapeutic benefits,
which would directly address the complex, multi-faceted rehabilitation goals of people living with spinal cord injury.
This review is intended to identify and characterize reports of spinal stimulation-based therapies specifically designed
to provide multi-modal benefits and those that report relevant unintended effects of spinal stimulation paradigms
parameterized to enhance a single consequence of spinal cord injury.

Keyword Spinal cord injury, Spinal stimulation, Rehabilitation, Neuromodulation, Neural engineering, Bioelectronic
medicine

Background and introduction

Spinal cord injury (SCI) results in a complex sequela of
sensory, motor, and autonomic dysfunctions, all of which
are maladaptive consequences of pathologic neural trans-
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2004; Lo et al. 2016), there is considerable motivation to
develop therapies specifically intended to provide multi-
modal rehabilitation benefits. Spinal stimulation appears
to be uniquely capable of providing the foundation for
such therapies. By defining both the core areas of consen-
sus and the gaps in the field’s current understanding of
the multi-modal effects of therapeutic spinal stimulation,
it may be possible to accelerate conceptualization, devel-
opment, and testing of spinal stimulation-based therapies
for multi-modal rehabilitation. Towards this end, the goal
of this review is to identify and characterize reports of
spinal stimulation paradigms designed from the ground-
up to enhance rehabilitation of multiple functions simul-
taneously as well as those reporting unintended effects of
spinal stimulation paradigms parameterized to enhance
individual functions.

Materials and methods

Database search parameters

The databases used for this literature search were Pub-
Med/National Library of Medicine and Google Scholar.
All searches were conducted between April and July
2023. Searches for reports of spinal stimulation-based
therapies were conducted two ways: (1) directed searches
that included common targets of spinal stimulation-
based therapies, including bowel, bladder, sexual, auto-
nomic, sensory, and motor functions, and (2) general
searches that were not seeded with a specific SCI-related
dysfunction. Searches were not limited to specific years.
The following criteria were used to determine a manu-
script’s suitability for inclusion:

(a) All studies were required to report the effects of
electrical spinal stimulation.

(b) Spinal stimulation was defined as including epidural
spinal stimulation, intraspinal microstimulation
(ISMS), and transcutaneous electrical stimulation.
Peripheral nerve stimulation, neuromuscular elec-
trical stimulation, functional electrical stimulation
(of muscle), and all forms of brain stimulation were
excluded.

(c) All studies were required to report the effects of
spinal stimulation on at least two sensorimotor or
autonomic consequences of SCI. Studies of spinal
stimulation-based therapies intended to improve a
single function were permissible if they character-
ized and reported unintended effects on at least one
other function.

(d) The effects of spinal stimulation were considered
to be multi-modal and/or unintended only if they
resulted directly from the stimulation itself. Sec-
ondary effects emerging over the course of a stim-
ulation-enabled intervention were not considered
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(e.g., increased muscle mass secondary to stimula-
tion-enabled locomotor retraining). Cognitive and
affective changes were likewise excluded.

(e) Pre-clinical/animal studies were considered accept-
able for inclusion so long as the unintended /multi-
modal effects were translationally relevant to peo-
ple living with SCI and not unique to the species
being studied.

(f) Studies reporting the effects of spinal stimulation in
neurologically intact animals or in people without
neurological injury were also permissible if the ulti-
mate translational application of the work was for
people living with SCI (assuming all other criteria
for inclusion were met and exclusion criteria were
absent).

(g) Studies were not excluded on the grounds of injury
location (e.g., cervical, thoracic, etc.), injury mecha-
nism, time post-injury, clinical impairment level
(e.g., AIS scale), or neurological category at dis-
charge or enrollment (e.g., complete, incomplete,
tetraplegia, paraplegia, etc.). However, amyotrophic
lateral sclerosis, spinal muscle atrophy, and other
related neurodegenerative disorders were excluded
from consideration. Severe whiplash associated dis-
order, cervical myelopathy, and multiple sclerosis
were also excluded absent radiological evidence of
SCL

Results and discussion

In total, we identified 36 studies that fit all criteria for
inclusion (Table 1). These studies ranged in publication
date from 1988-2023. Additionally, we identified 2 clini-
cal trial protocols that plan to incorporate multi-modal
outcome measures (Darrow et al. 2022; Tanei et al. 2023).
These protocols are not included in the figures or analy-
ses presented below (unless explicitly stated otherwise)
because trial results are not available at present.

Of the 36 manuscripts reviewed below, 13 detailed
spinal stimulation paradigms specifically conceptual-
ized to afford multi-modal rehabilitation benefits (Tanei
et al. 2023; Aslan et al. 2018; Harkema et al. 2018; Her-
rity et al. 2020; DiMarco et al. 2021; Bandres et al. 2022,
2023a, b; Kandhari et al. 2022; McPherson and Ban-
dres 2023; Shelyakin et al. 2000; Nightingale et al. 2019;
Gorgey et al. 2023; West et al. 2018). The remaining 23
manuscripts reported unintended effects of spinal stimu-
lation paradigms designed to enhance one sensorimotor
or autonomic consequence of SCI alone (Harkema et al.
2011, 2018; Barolat et al. 1988; Katz et al. 1991; Loubser
1997; DiMarco et al. 2009, 2018, 2019; Gad et al. 2017;
Mercier et al. 2017; Murray and Knikou 2017; Inanici
et al. 2018, 2021; Walter et al. 2018; Darrow et al. 2019;
Sayenko et al. 2019; Hofstoetter et al. 2020; Beck et al.
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2021; Hoey et al. 2021; Herrity et al. 2022; Ganley et al.
2005; Sachdeva et al. 2021; Wu et al. 2020). Twenty nine
manuscripts reported studies of spinal stimulation in
people living with SCI and 7 manuscripts utilized in vivo
rat models. Ten studies of people living with SCI were
N=1 case reports and an additional 6 studies enrolled <5
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participants. The primary characteristics of the identified
manuscripts are summarized in Fig. 1, and below we syn-
thesize the body of literature across several clinical and
translational domains. In cases where synthesis across a
given domain includes both human-subjects studies and
animal research, the animal studies are explicitly noted.

A Neurological extent of injury B Sex c Injury chronicity
Neurologically intact Acute VA
Bl 35.56% Female Bl 80.52% Both Bl 91.67%
Both B 42.22% [ 19.48% B 2.78%
[ 20.00% [ 2.78%
1 2.22% 1 2.78%
Complete
Male Chronic
Incomplete
D Species E Outcome measures F Stimulation modality
Il 81.08% Participant- B 37.93% Transcutaneous Bl 63.89%
[ 18.92% reported m 37.93% mm 13.89%
[ 24.14% 0 22.22%
Objective / . .
physiological Intraspinal Epidural
People
P Both
Target effect to off-target effect(s)
G H Stimulation target
10
spasms/spasticit 7 autonomic/cardio
P P X ytq‘z bowel/bladder
pain,, . \/‘ cough
J‘ movement
4 .
h non-pain sensory
coug ot 4 pain
sexual function
2 spasms/spasticity
auto/cardio/ 1
metabo“ Zj 0 5 10 15 20 25
g N manuscripts
1 4 5
bowel/bladder, , 1]‘/. -
! —— 4 | Off-target effect
2 ~ [ —_—
2
autonomic/cardio %%/
movement O
ot /5 bowel/bladder{ 777
7 cough |
wy
s movement | %
non-pain sensory |
4 pain{
1 / . sexual function
; sexual function -
o spasms/spasticity -| g
bowel/bladder_, ! : ‘
10 -10 5 0 5 10 15 20
N manuscripts
\‘ 16
. +—F—>
P 7 rdaio/m
SpaSmS/SpaStICItym 114 auto/cardio/ etabom Bothersome Beneficial

Fig. 1 Graphical summary of spinal stimulation-based therapies designed for multi-modal rehabilitation and/or reporting unintended effects. A-F
Proportion of manuscripts (N=36 total) in each category. G Chord diagram mapping stimulation targets to intended multi-modal or unintended
effect(s); tgt: primary target of stimulation; ot: multi-modal or unintended effect. Numbers represent the number of papers in each chord.

Note that chords are not mutually exclusive; e.g., some manuscripts primarily targeting movement but reporting unintended effects on bowel

and bladder function may also be represented in other cords, such as motor to autonomic/cardiovascular function. H Literal number of manuscripts
(of 36) for each primary stimulation target. | Number of manuscripts reporting therapeutically beneficial (solid bars) vs. bothersome (shaded bars)

unintended effects of stimulation
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Likewise, unintended/multi-modal effects supported
wholly or predominantly by case reports are explicitly
noted.

Participant characteristics

Since 2015, sensorimotor incomplete SCI has accounted
for~67% of all SCI in the United States, with senso-
rimotor complete lesions accounting for the remain-
ing ~33% (Center NSCIS 2022). These proportions were
not reflected in the literature, however. Indeed, 69% of
manuscripts reported the effects of spinal stimulation on
sensorimotor or motor complete SCI (of which 2 stud-
ies utilized rat models of SCI), despite only 4 of these
manuscripts being published prior to 2015 (Shelyakin
et al. 2000; Barolat et al. 1988; Katz et al. 1991; Harkema
et al. 2011). Reports of spinal stimulation for sensorimo-
tor incomplete SCI appeared in 19 manuscripts (53%)
(Bandres et al. 2023a, b; McPherson and Bandres 2023;
Shelyakin et al. 2000; Barolat et al. 1988; Katz et al. 1991;
Loubser 1997; DiMarco et al. 2009, 2018, 2019; Mercier
et al. 2017; Murray and Knikou 2017; Inanici et al. 2018,
2021; Sayenko et al. 2019; Hofstoetter et al. 2020; Ganley
et al. 2005; Wu et al. 2020; Hubscher et al. 2018), of which
9 also included people with lesions clinically considered
to be complete and 4 utilized rat models of SCI (Fig. 1A).
And of the aforementioned clinical trial protocols, 1 trial
intends to enroll people living with sensorimotor com-
plete SCI (Darrow et al. 2022) and 1 trial intends to enroll
people living with sensorimotor incomplete SCI (Tanei
et al. 2023).

That the representation of sensorimotor incomplete
SCI in the spinal stimulation literature is not reflective of
its clinical prevalence is presumably related to the inva-
siveness of the electrode implant procedure, which intro-
duces risk of infection and other complications. Another
possibility could be that people with complete SCI are
more routinely targeted for enrollment due to the per-
ception that they have a comparative lack of alternative
therapies and therefore would derive more benefit from
spinal stimulation. This interpretation is supported by the
predominance of studies focusing on spinal stimulation
for motor rehabilitation (detailed further in subsequent
sections), which, broadly, may be considered by some to
be more enabling in people who would otherwise have
no ability to voluntarily move. But that being said, people
living with sensorimotor incomplete SCI also face a wide
range of interrelated challenges unique to their particu-
lar injuries, and spinal stimulation-based therapies hold
considerable promise for enhancing their quality of life,
as well.

Other participant-related variables, such as sex
assigned at birth and injury chronicity, were more pre-
dictable (Fig. 1B, C). People assigned male at birth and
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male animals represented the majority of study partici-
pants across both clinical and pre-clinical studies. Specif-
ically, 343 males (230 people and 113 rats) were enrolled
vs. 83 females (70 people and 13 rats). This distribution —
81% male — is nearly identical to that of the general pop-
ulation (~80% of people sustaining SCI were assigned
male at birth) (Center NSCIS 2022).

Participants assigned female at birth were repre-
sented in 13/36 studies, with 2 additional studies report-
ing effects in female rats (Harkema et al. 2018; Herrity
et al. 2020, 2022; Kandhari et al. 2022; Katz et al. 1991;
DiMarco et al. 2009; Mercier et al. 2017; Darrow et al.
2019; Sayenko et al. 2019; Hofstoetter et al. 2020; Hoey
et al. 2021; Inanici et al. 2021; Wu et al. 2020; Hubscher
et al. 2018; Boakye et al. 2023). This proportion could be
interpreted as a robust sample considering that females
account for only one fifth of people living with SCL
Unfortunately, however, only 4 studies enrolled 5 or more
female participants (Herrity et al. 2020; Mercier et al.
2017; Hoey et al. 2021; Boakye et al. 2023) (of which 2
were pre-clinical animal studies), precluding detailed
subgroup analyses within or between the biological
sexes. As a result, there continue to be substantial gaps
both in the field’s ability to determine if and how spinal
stimulation-enabled rehabilitation differs between people
assigned male vs. female at birth and in defining the fac-
tors that are most useful for guiding the design of person-
specific spinal stimulation-based therapies.

As aforementioned, relatively few manuscripts detailed
pre-clinical/animal studies of spinal stimulation-based
therapies (N=7; Fig. 1D) (Bandres et al. 2022, 2023a, b;
McPherson and Bandres 2023; Mercier et al. 2017; Hoey
et al. 2021; Sachdeva et al. 2021). The lack of pre-clinical
work may be due to the increasing investigational use
of epidural spinal stimulators in clinical settings, which
has enabled the impact of varying electrode montages
and parameterizations to be quantified directly in the
people for whom they are intended. The recent intro-
duction of transcutaneous spinal stimulation as a poten-
tial therapeutic approach also presumably contributed
(Gad et al. 2017; Murray and Knikou 2017; Inanici et al.
2018, 2021; Sayenko et al. 2019; Hofstoetter et al. 2020;
Sachdeva et al. 2021). Nevertheless, given that the neu-
ral mechanisms underlying the therapeutic benefits of
epidural and transcutaneous spinal stimulation remain
enigmatic, it is encouraging that the shift away from pre-
clinical work in this space has not been accompanied by
a shift towards subjective, participant-reported outcome
measures. Indeed, 25 (of 29) studies involving people liv-
ing with SCI incorporated objective outcome measures
centered about direct measurement of physiological vari-
ables (Darrow et al. 2019, 2022; Aslan et al. 2018; Herrity
et al. 2020, 2022; Shelyakin et al. 2000; Gorgey et al. 2023;
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West et al. 2018; Barolat et al. 1988; Katz et al. 1991;
DiMarco et al. 2009, 2019; Gad et al. 2017; Murray and
Knikou 2017; Inanici et al. 2018, 2021; Walter et al. 2018;
Sayenko et al. 2019; Hofstoetter et al. 2020; Beck et al.
2021; Ganley et al. 2005; Sachdeva et al. 2021; Wu et al.
2020; Hubscher et al. 2018; Boakye et al. 2023).

Stimulation modality and location

The majority of manuscripts reported studies of epidural
spinal stimulation (N=22 total, including 1 rat study;
Fig. 1F). Transcutaneous spinal stimulation and ISMS
were represented at similar levels (tSCS: N=8, includ-
ing 1 rat study; ISMS: N=5, all rats; Fig. 1F), although the
former was studied overwhelmingly in people living with
SCI whereas the latter was studied exclusively in rats.
This distinction is not surprising given that inter-species
anatomical differences limit the translational relevance of
rat models of transcutaneous spinal stimulation and the
fact that ISMS systems for clinical use have yet to gain
regulatory approval.

It was somewhat counterintuitive to find ISMS
amongst the stimulation modalities reporting multi-
modal effects. It has traditionally been assumed that the
modulatory actions of ISMS are confined to a relatively
small volume surrounding the stimulation site, par-
ticularly at the sub-motor-threshold current intensities
used in the studies surveyed here. However, even short
bouts of ISMS delivered to the spinal motor pools appear
to exert robust anti-nociceptive effects in rat models of
chronic SCI-related neuropathic pain (SCI-NP) (Ban-
dres et al. 2022, 2023a, b; McPherson and Bandres 2023).
This unexpected finding is of considerable translational
relevance, as ISMS also appears to confer several advan-
tages over less focal modalities of stimulation for res-
toration of movement. For example, ISMS within the
motor pools preserves natural motor unit recruitment
order, leading to smooth, fatigue resistant contractions
(Bamford et al. 2005). ISMS within the motor pools also
promotes recruitment of synergistic muscle groups, facil-
itating coordinated limb movements even when stimu-
lation is delivered only at a single location (Mushahwar
et al. 2000). And, because electrical current is delivered
directly to its intended target, ISMS systems bypass many
of the indirect, highly polysynaptic pathways engaged
by epidural and transcutaneous stimulation. This ena-
bles the timing of ISMS to be more precisely synchro-
nized relative to ongoing neural activity, making it ideally
suited for use in plasticity-promoting, closed-loop stimu-
lation paradigms (McPherson et al. 2015).

Regarding stimulation location, lumbar/lumbosa-
cral spinal stimulation was most common (58%).
Thoracic stimulation followed at 36%, then cervical/
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cervicothoracic stimulation (14%) and coccxygeal stim-
ulation at 3%. (Note that some studies detailed multiple
stimulation locations). For perspective, sensorimotor
incomplete tetraplegia — i.e., cervical injuries — are the
most common neurologic category at discharge, repre-
senting 33% of all SCI (Center NSCIS 2022). Sensori-
motor complete paraplegia is next, at 23.5%, followed
by sensorimotor incomplete paraplegia (18.5%) and
sensorimotor complete tetraplegia (18%) (Center
NSCIS 2022). Thus, while cervical injuries are most
common clinically, the number of cervical spinal stimu-
lation studies in this body of literature (N=5, including
1 rat study and 2 single-participant case studies) was
approximately 4-fold lower than that of lumbar/lum-
bosacral stimulation (N=21, including 5 rat studies).

Unintended/multi-modal effects - general

Consistent with the predominance of studies enroll-
ing people living with motor complete SCI and those
utilizing a lumbar/lumbosacral stimulation site, spinal
stimulation was most often parameterized to enhance
rehabilitation of standing, stepping, and walking. A
comprehensive review of this topic, albeit not specifi-
cally focused on unintended/multi-modal effects, has
recently been published by Hachmann and colleagues
(Hachmann et al. 2021). However, restoration of vol-
untary locomotion is far from the only rehabilitation
priority for people living with SCI. Indeed, it is often
not even cited as the most important,regaining use of
one’s arm(s) and hand(s), and improvements in bowel,
bladder, and sexual function often rated higher, with
autonomic functions and SCI-related neuropathic pain
(SCI-NP) also consistently among the top priorities
(Anderson 2004; Lo et al. 2016). Yet, these functions
occupy a curious space in the spinal stimulation litera-
ture. Whereas bowel, bladder, and autonomic functions
were the most reported unintended domains (Fig. 1G),
only 2 manuscripts reported studies of spinal stimula-
tion specifically parameterized for bowel and bladder
control (Hoey et al. 2021; Herrity et al. 2022) (Fig. 1G,
H). Autonomic functions were targeted in 8 studies
(DiMarco et al. 2009, 2018, 2019, 2021; Mercier et al.
2017; Hoey et al. 2021; Herrity et al. 2022; Sachdeva
et al. 2021), whereas SCI-NP was targeted only once
(Loubser 1997), and no manuscripts detailed stud-
ies specifically intended to enhance sexual function
(Fig. 1G, H). With few exceptions, however, the impact
of spinal stimulation on these functions was beneficial,
regardless of the intended stimulation target (Fig. 1I).
Below, we discuss domain-specific unintended/multi-
modal effects. All 36 manuscripts were surveyed for
reports of outcomes in each domain.
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Autonomic, cardiovascular, cough, and metabolic

The most common outcomes in this domain were
changes in heart rate and blood pressure associated
with stimulation. Stimulation parameterized to enhance
voluntary movement routinely increased heart rate
between ~ 15-30% in people living with SCI (Shelyakin
et al. 2000; Gad et al. 2017; Inanici et al. 2021; Wu et al.
2020), although one report also noted that a subgroup of
participants experienced a~20% decrease in heart rate
(Wu et al. 2020). Three of these 4 studies utilized tSCS
(Gad et al. 2017; Inanici et al. 2021; Wu et al. 2020),
although it is unclear whether that was directly linked to
the observed changes. Fewer studies reported the impact
of stimulation parameterized to enhance voluntary
movement on blood pressure. Of those that did, how-
ever, the results were inconsistent. In one study of lum-
bosacral eSCS to improve voluntary movement in people
living with SCI, systolic blood pressure increased by 41%
and diastolic by 38%, but only in people with SCI that
also had cardiac deficits (Aslan et al. 2018). In a report
of cervical transcutaneous stimulation to improve vol-
untary movement, 7 of 13 people with SCI experienced
sustained >20% increases in mean arterial pressure while
2 of 13 people with SCI experienced sustained >20%
decreases in mean arterial pressure (Wu et al. 2020).
In the context of orthostatic challenge, spinal stimula-
tion increased heart rate between~10-30% while res-
cuing ~ 30+ mmHg (systolic) in people living with SCI
when lumbar/lumbosacral eSCS was parameterized to
improve voluntary movement or cardiovascular function
(Aslan et al. 2018; Gorgey et al. 2023; West et al. 2018;
Darrow et al. 2019). It should be noted, however, that
three of these studies were case reports, and as such, it is
not possible to make a clear determination of the gener-
alizability of the observed effects.

Unsurprisingly, stimulation-associated changes in
heart rate and blood pressure were frequently character-
ized in the context of autonomic dysreflexia. In one study
using thoracic tSCS to prevent or mitigate episodes of
autonomic dysreflexia, the decrease in heart rate associ-
ated with digital anorectal stimulation (a common trig-
ger of autonomic dysreflexia) was reduced by 68% during
thoracic transcutaneous spinal stimulation, coupled with
82% and 65% reductions in systolic and diastolic blood
pressure, respectively (N=1 person living with SCI)
(Sachdeva et al. 2021). Four studies reported stimula-
tion-associated changes in heart rate and blood pressure
consistent with the onset of autonomic dysreflexia, all of
which utilized thoracic epidural stimulation parameter-
ized to restore cough in people living with SCI (DiMa-
rco et al. 2009, 2018, 2019, 2021). These episodes were
marked by~20% decreases in heart rate accompanied
by 50% and 25% increases in systolic and diastolic blood
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pressure, respectively (DiMarco et al. 2009). All episodes
of autonomic dysreflexia were considered asymptomatic
and abated with continued use of the stimulator over
the course of a multi-session intervention. One report of
cervical transcutaneous stimulation also cited sustained
(albeit asymptomatic) elevations or reductions in heart
rate and mean arterial pressure in people living with SCI
(~20% each), but did not state whether any participants
experienced simultaneous decreases in heart rate and
increases in blood pressure (Wu et al. 2020). Two stud-
ies also explicitly noted that stimulation did not cause
autonomic dysreflexia in people living with SCI (tho-
racic eSCS for spasms and spasticity and lumbar tSCS for
voluntary movement) (Barolat et al. 1988; Sayenko et al.
2019), and one study noted a 20% reduction in blood
pressure at maximum bladder capacity with lumbosacral
eSCS parameterized to improve bladder function in peo-
ple living with SCI (Herrity et al. 2022).

Other unintended/multi-modal effects in this domain
included respiratory function, thermoregulation and
diaphoresis, and cough. Four studies noted improved
respiratory function associated with stimulation, includ-
ing a 25-50% reduction in oxygen cost of transport and
reduced respiratory exchange rate (N=2 participants;
thoracolumbar eSCS for voluntary movement) (Ganley
et al. 2005), a 15-26% increase in V0, and peak ventila-
tion (N=1 participant,thoracic eSCS for voluntary move-
ment) (Nightingale et al. 2019), and qualitative reports
of an increased ability to breathe (N=4 participants,
lumbar eSCS for cardiovascular function,1 participant,
thoracic tSCS for voluntary movement) (Harkema et al.
2018; Gad et al. 2017). One study noted a worsening of
respiratory function in people living with SCI, ostensibly
not due to the stimulation per se, but rather discomfort
associated with the anterior and posterior cervical place-
ment of the tSCS electrode leads (Wu et al. 2020). Five
studies reported qualitative improvements in thermoreg-
ulation and/or diaphoresis (all in people living with SCI)
(Harkema et al. 2011; Murray and Knikou 2017; Inanici
et al. 2018, 2021; Sayenko et al. 2019), with only 1 study
— thoracic tSCS to prevent or mitigate autonomic dysre-
flexia in rats with chronic complete SCI (Sachdeva et al.
2021) — reporting an increase in core temperature dur-
ing stimulation. Improved ability to cough was explicitly
noted as an unintended effect in one study, which uti-
lized thoracic eSCS to regulate blood pressure in people
living with SCI (Harkema et al. 2018). Additionally, 1
study noted that lumbar eSCS did not impact autonomic
or cardiac function (N=1) (Walter et al. 2018) and 2
studies noted general participant-reported benefits in
this domain (Harkema et al. 2018; Boakye et al. 2023).
Additional effects of spinal stimulation on autonomic
functions (including but not limited to unintended/
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multi-modal effects) can be found in a comprehensive
recent review by Flett, Garcia, and Cowley (Flett et al.
2022).

Bowel, bladder, and sexual function

The unintended effects of spinal stimulation on bowel
and/or bladder function were variable. Improved func-
tion was noted in 11 studies (Herrity et al. 2020; DiMa-
rco et al. 2021; Kandhari et al. 2022; Barolat et al. 1988;
Katz et al. 1991; Harkema et al. 2011; Inanici et al. 2018,
2021; Walter et al. 2018; Darrow et al. 2019; Beck et al.
2021), worsened function was reported in 6 studies (Katz
et al. 1991; Loubser 1997; DiMarco et al. 2009; Darrow
et al. 2019; Sayenko et al. 2019; Beck et al. 2021), and 7
studies reported that stimulation did not impact bowel
and/or bladder function (Katz et al. 1991; DiMarco et al.
2009, 2018, 2019; Sayenko et al. 2019; Hofstoetter et al.
2020; Boakye et al. 2023), all in people living with SCIL.
Opposing effects on bowel and/or bladder function were
also noted within individual studies (Katz et al. 1991;
Darrow et al. 2019; Sayenko et al. 2019; Beck et al. 2021).
Specific beneficial effects of stimulation on bladder func-
tion in people living with SCI included improved detru-
sor external sphincter dyssynergia and a/hyper-reflexia
(although only in 2 of 23 people,thoracolumbar eSCS for
spasticity) (Katz et al. 1991), emptying without a cath-
eter (all lumbar/lumbosacral eSCS for voluntary move-
ment) (Herrity et al. 2020; Harkema et al. 2011; Darrow
et al. 2019), a~43% reduction in residual urine volume
(N=1 participant,cervical tSCS for voluntary movement)
(Inanici et al. 2018), improved continence (lumbar eSCS
for voluntary movement and thoracic eSCS for cough)
(DiMarco et al. 2021; Darrow et al. 2019), improved blad-
der capacity (lumbosacral eSCS for voluntary movement
and autonomic functions) (Herrity et al. 2020), improved
sensation of bladder fullness (lumbosacral eSCS for vol-
untary movement and autonomic functions) (Herrity
et al. 2020; Kandhari et al. 2022), and reduced blood pres-
sure at maximum bladder capacity (lumbosacral eSCS for
bladder function) (Herrity et al. 2022). Instances of wors-
ened bladder function in people living with SCI included
urethral spasms resulting in urinary retention and recur-
rent urinary tract infections (N=1 participant,thoracic
eSCS for SCl-related neuropathic pain) (Loubser 1997),
worsened detrusor external sphincter dyssynergia and a/
hyper-reflexia (in 4/23 participants,thoracolumbar eSCS
for spasticity) (Katz et al. 1991), spontaneous voiding (in
3/15 participants,Jumbar tSCS for voluntary movement)
(Sayenko et al. 2019), and a shift from a compliant under-
active bladder to an overactive, poorly compliant bladder
with sustained pressure during filling in 1 individual liv-
ing with SCI yet a shift from an overactive to an under-
active bladder with no change in compliance in another
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individual living with SCI (lumbosacral eSCS for volun-
tary movement) (Beck et al. 2021). Also variable were the
intended stimulation targets that resulted in worsened
bladder function, including spasticity, SCI-NP, cough,
standing/postural control, voluntary lower limb move-
ments, and voluntary upper limb movements.

By comparison, the unintended effects of spinal stimu-
lation on bowel function were more uniformly positive in
people living with SCI. Indeed, only 1 study noted wors-
ened bowel function (Darrow et al. 2019),specifically, a
shift in Neurogenic Bowel Dysfunction Score from mod-
erate to severe with low-thoracic eSCS parameterized
to improve both movement and autonomic functions
(N=1 participant; although it was noted that this indi-
vidual’s bowel program duration still decreased from 90
to 30 min) (Darrow et al. 2019). To this latter point, the
unintended effect of spinal stimulation on bowel program
duration was particularly striking, with studies reporting
55—-85% reductions in duration across studies of thoracic
and lumbar eSCS targeting movement or cough (DiMa-
rco et al. 2021; Walter et al. 2018; Darrow et al. 2019).
Other beneficial bowel-related effects included improved
regularity (N=1 participant,lumbosacral eSCS for volun-
tary movement) (Harkema et al. 2011), increased exter-
nal anal sphincter and pelvic floor muscle tone (N=1
participant,Jumbosacral eSCS for voluntary movement)
(Walter et al. 2018), and elimination of mechanical meth-
ods for bowel management (N =4/5 participants,thoracic
eSCS for cough) (DiMarco et al. 2021). Additionally, 5
studies reported that stimulation was not associated with
changes in bowel function (Barolat et al. 1988; DiMarco
et al. 2009, 2018, 2019; Hofstoetter et al. 2020).

Sexual function was reported in 4 studies, all of which
were conducted in people living with SCI (Kandhari et al.
2022; Harkema et al. 2011; Darrow et al. 2019; Sayenko
etal. 2019). Of these, reports of improved sexual function
were noted in 3 studies (Kandhari et al. 2022; Harkema
et al. 2011; Darrow et al. 2019), all of which utilized eSCS
and either a low-thoracic/thoracolumbar (Kandhari et al.
2022; Darrow et al. 2019) or lumbosacral (Harkema et al.
2011) electrode placement. Beneficial unintended effects
on sexual function included improved arousal and abil-
ity to achieve and maintain reflexive and/or psychogenic
erections (N=10 and N=1, respectively) (Kandhari et al.
2022; Harkema et al. 2011) and to achieve orgasm during
or immediately following stimulation (N=1 male partici-
pant and N=1 female participant) (Harkema et al. 2011;
Darrow et al. 2019). Two of the 4 studies reporting sexual
function noted that participants experienced no changes
in sexual function associated with stimulation (Darrow
et al. 2019; Sayenko et al. 2019), including all partici-
pants (Lo et al. 2016; Bandres et al. 2023b) in a study of
thoracolumbar tSCS to enable standing (Sayenko et al.
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2019) and 1 of 2 participants in a multi-modal study of
low-thoracic eSCS to enhance movement and autonomic
functions (Darrow et al. 2019).

Movement, muscle tone, spasms, and spasticity

The majority of unintended/multi-modal effects on
movement were positive. They included reports of
increased strength and/or EMG activity in functionally
relevant muscles as well as reports of improved coordina-
tion and/or voluntary movement ability in people living
with SCI (Shelyakin et al. 2000; Barolat et al. 1988; Gad
et al. 2017; Murray and Knikou 2017; Inanici et al. 2018,
2021; Hofstoetter et al. 2020). Four studies (2 rat studies
and 2 studies in people with SCI) reported deleterious
movement-related effects, all of which included unin-
tentional recruitment of non-functionally related mus-
cles (DiMarco et al. 2009; Mercier et al. 2017; Sayenko
et al. 2019; Hoey et al. 2021). Of these studies, there was
no consistency between the intended targets of stimula-
tion or the stimulation location: one study utilized tho-
racic epidural stimulation to restore cough in people
living with sensorimotor incomplete SCI (DiMarco et al.
2009),another used cervical ISMS to enhance diaphragm
function in rat models of acute/subacute SCI (Mer-
cier et al. 2017),one study used transcutaneous lumbar
stimulation to facilitate standing in people with chronic
sensorimotor complete SCI (Sayenko et al. 2019),and
the remaining report came from lumbosacral epidural
stimulation to enhance bowel and bladder function in
rats with chronic sensorimotor complete SCI (Hoey et al.
2021). Additionally, 3 studies of people living with SCI
specifically noted that stimulation did #ot result in unin-
tended effects on movement, of which 1 study used epi-
dural stimulation to target cardiac function (West et al.
2018) and two used epidural stimulation to target cough
(DiMarco et al. 2018, 2019).

Stimulation-associated changes in spasticity, spasms,
and/or muscle tone were reported in 8 studies, all in
people living with SCI (Kandhari et al. 2022; Shelyakin
et al. 2000; Harkema et al. 2011; Gad et al. 2017; Murray
and Knikou 2017; Sayenko et al. 2019; Hofstoetter et al.
2020; Inanici et al. 2021). Of these, 6 reported improved
hyperreflexia (although 2 studies included only 1 partic-
ipant each) (Kandhari et al. 2022; Shelyakin et al. 2000;
Gad et al. 2017; Murray and Knikou 2017; Hofstoetter
et al. 2020; Inanici et al. 2021) compared to only 2 studies
that reported its exacerbation (Harkema et al. 2011; Say-
enko et al. 2019) (of which one was an N=1 case study).
Interestingly, however, one study noted that transcuta-
neous stimulation of the lumbar spine reduced muscle
tone both in the lower and upper limbs of people living
with SCI (Hofstoetter et al. 2020), whereas another study
of lumbar transcutaneous stimulation noted increased
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spasticity in the lower limbs of people living with SCI
(Sayenko et al. 2019). Stimulation intensity was compa-
rable between the studies, although the spasticity-reduc-
ing stimulation was delivered below motor threshold
whereas the spasticity-promoting stimulation was deliv-
ered above motor threshold. Stimulation frequency and
polarity also differed between studies (50 Hz biphasic
reduced spasticity,15 or 30 Hz monophasic increased
spasticity), as did the body position of participants at the
time of stimulation (supine reduced spasticity,standing
increased spasticity).

Sensory function

The unintended/multi-modal effects of spinal stimula-
tion on sensory acuity were either beneficial or negligi-
ble; no worsening of function was reported (although it
should be noted that 2 studies of transcutaneous stimula-
tion and 1 study of epidural stimulation reported general
discomfort related to the electrodes/implant (Sayenko
et al. 2019; Wu et al. 2020; Boakye et al. 2023). Five stud-
ies reported generalized improvements in sensation and/
or proprioception in people living with SCI (Shelyakin
et al. 2000; Harkema et al. 2011; Gad et al. 2017; Inan-
ici et al. 2018; Hofstoetter et al. 2020), and an additional
single-participant case study noted an increase in sen-
sory acuity specifically to sharp, pin prick-like sensations
(Murray and Knikou 2017). In 4 studies of rat models
of chronic sensorimotor incomplete SCI, it was noted
that lumbar ISMS intended to enhance voluntary move-
ment also reduced spinal responsiveness to nociceptive
mechanosensory feedback through wide dynamic range
and nociceptive-specific spinal neurons (Bandres et al.
2022, 2023a, b; McPherson and Bandres 2023). One study
in people living with SCI noted that stimulation did not
cause or exacerbate SCI-NP (Sayenko et al. 2019), while
an additional single-participant case study noted that
sensory acuity was not altered for non-nociceptive cuta-
neous feedback (Murray and Knikou 2017).

The lack of spinal stimulation studies characterizing
SCI-NP as an unintended/multi-modal effect was sur-
prising, however. SCI-NP would seem to be a logical
target for spinal stimulation considering that its preva-
lence is high (40-70% of people living with SCI) (Center
NSCIS 2022), it is notoriously medically refractory, and
epidural spinal stimulation was originally developed for
(and remains FDA approved only for) alleviation of medi-
cally refractory pain. In fact, the electrode montages and
parameter sets currently used to target other sensorimo-
tor consequences of SCI (e.g., movement) still closely
mirror those originally developed for pain-related appli-
cations. Presumably, the low number of studies reporting
effects on SCI-NP is related to the fact that compara-
tively few studies enrolled people with sensorimotor
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incomplete SCI. But given that SCI-NP was not an exclu-
sion criterion in any of the studies, additional efforts
could be made to recruit and study people affected by
this condition.

Conclusions

One of the most intriguing findings of this review was
the ability of a given stimulation paradigm to elicit fun-
damentally different, and in cases opposing, changes in
otherwise clinically similar individuals. For example, the
same stimulation parameters (intended to mitigate severe
spasticity) resulted in conversion of detrusor areflexia
to hyperreflexia in one person, conversion from detru-
sor hyperreflexia to areflexia in another, changes in the
duration of detrusor contraction and external sphincter
dyssynergia in others, yet affected no changes in others
still (Katz et al. 1991). Analogous examples were also
evident in other domains as well, including autonomic/
cardiovascular, motor, and bowel and bladder. Findings
such as these raise both physiological and technical ques-
tions about the mechanisms driving stimulation-induced
effects and underscore the complexity of developing
generalizable neuromodulatory solutions in a system as
dynamic and interconnected as the spinal cord.

Given this complexity, it is therefore not surprising that
the neural mechanisms underlying both therapeutically
advantageous and deleterious effects of spinal stimula-
tion remain incompletely understood. And as alluded to
above, the available evidence also suggests that the mech-
anisms of action are not wholly conserved from person
to person, even when stimulation parameters and clini-
cal characteristics are comparable. Nevertheless, the pre-
vailing view across all domains remains that recruitment
of low-threshold sensory afferent fibers is a necessary,
although presumably not sufficient, component (Bandres
et al. 2023b; McPherson and Bandres 2023; Hachmann
et al. 2021; Flett et al. 2022; Dorrian et al. 2023). Detailed
descriptions of domain-specific mechanisms are available
for neuropathic pain (Bandres et al. 2022, 2023b; Joosten
and Franken 2020; Oakley and Prager 2002; Foreman and
Linderoth 2012), movement (Hachmann et al. 2021; Eis-
dorfer et al. 2020), autonomic functions (Flett et al. 2022),
spasticity (Nagel et al. 2017), and bowel and bladder
function (Herrity et al. 2022; Janssen et al. 2017).

Several additional conclusions can be drawn from syn-
thesis of this literature. First, however, it should again
be reiterated that people living with SCI face numerous
interrelated sensorimotor impairments (Anderson 2004;
Lo et al. 2016), which are driven by pathologic patterns
of neural transmission in networks of spinal neurons that
are themselves highly interrelated. From the manuscripts
included in this review, it is clear that electrical spinal
stimulation modulates neural transmission across these
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networks, regardless of stimulation type (e.g., epidural,
intraspinal), target, or location. Yet, of the thousands of
manuscripts returned in queries of PubMed/National
Library of Medicine and Google Scholar, we identified
only 36 that described either a spinal stimulation para-
digm specifically intended to afford multi-modal rehabili-
tation benefits or that reported the unintended effects of
single-domain stimulation paradigms. The lack of manu-
scripts detailing unintended effects of stimulation was
particularly unexpected, given that spinal stimulators
were originally developed for alleviation of chronic pain,
a condition distinct from their most common current use
post-SCI (i.e., restoration of movement).

From a forward-looking perspective, this gap points
to a clear direction in which the field can meaningfully
grow. Namely, developing spinal stimulation paradigms
with the express intent of affording multi-modal reha-
bilitation benefits. As an example, consider lumbar/
lumbosacral stimulation. This paradigm is the most com-
mon both within the manuscripts detailed herein and
across all spinal stimulation manuscripts for SCI-related
applications (i.e., including those that did not report
unintended effects). Given the density of sensorimotor
functions mediated by lumbar and lumbosacral spinal
networks, pre-clinical research and clinical trials alike
would be well-positioned to interrogate its concurrent
modulatory actions on voluntary motor output, bowel,
bladder and sexual functions, SCI-NP, spasms, and spas-
ticity. To motivate this point further, it is worth noting
that, of the papers reviewed here, stimulation intended
to enhance voluntary movement — primarily delivered at
lumbar/lumbosacral sites — had unintended/multi-modal
effects on every other domain considered.

The notion of purposefully engineering stimulation
paradigms to afford multi-modal benefits also raises
important questions pertaining to study design and
how stimulation parameters are selected (i.e., current
intensity, frequency, location, etc.). Except for studies
specifically intended to facilitate movement, stimula-
tion parameters are generally established with the crite-
rion that stimulation should not impact motor function.
While this design constraint is logical for specific use-
cases — it is not difficult to envision why involuntary
locomotion would be problematic for a stimulation par-
adigm intended to increase bladder voiding efficacy, for
example — it represents something a lost opportunity in
the broader context of SCI neurorehabilitation. And in
many cases, it may also be unnecessary. Indeed, the unin-
tended/multi-modal effects chronicled here were over-
whelmingly beneficial (Fig. 1I). As a result, envisioning
the potential implications of releasing this de facto sub-
motor-threshold constraint when considering the spinal
stimulation literature writ large could be a fruitful way to
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conceptualize new approaches to address the multi-fac-
eted lives and priorities of people living with SCI.

As clinical trials of spinal stimulation-based rehabilita-
tion interventions become more numerous, it will also
become possible to expand the scope of what is meant
by ‘multi-modal’ rehabilitation. To seed the present lit-
erature review, we used this phrase in a strict sense that
encompassed only modulatory actions resulting directly
from the stimulation itself. Presumably, however, many
unintended effects of spinal stimulation emerge over
time as a consequence of participation in stimulation-
enabled rehabilitation programs that would have oth-
erwise not been possible. Vignettes of such longer-term
changes can be found in the literature, ranging from the
relatively expected (e.g., changes in lean muscle mass
secondary to stimulation-enabled locomotor retrain-
ing) to the unexpected (systemic immunological changes
(Bloom et al. 2020). The neurorehabilitation and neural
engineering communities would benefit substantially by
inclusion into ongoing and future clinical trials of out-
come measures designed to capture these broader multi-
modal effects.

As a final consideration, we return to the notion of
representation in study design. It was encouraging that
some studies enrolled people living with sensorimotor
incomplete SCI and/or people assigned female at birth.
However, there remains considerable work to be done in
this space. For example, the proportion of enrollees with
sensorimotor incomplete SCI was considerably lower
than the clinical prevalence of such injuries, omitting
a large group of people who stand to benefit from such
approaches. While valid concerns remain about the risk
of complications from stimulator implantation (e.g.,
infection), there is considerable potential for the technol-
ogy and approach to reach a point of maturity supportive
of expanding the participant pool.

In the 36 years that have elapsed since publication of
the first spinal stimulation study to report unintended
effects on domains therapeutically relevant to people liv-
ing with SCI, one study per year (on average) has been
published on this topic. But based on the promising find-
ings of this review, the central question now appears not
to be if spinal stimulation can provide multi-modal reha-
bilitation benefits but rather when will the field begin to
routinely develop stimulation paradigms that capitalize
on this incredible potential.
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