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Abstract The extent of neurologic deficit in spinal cord inju-
ry (SCI) is dependent on the primary injury, biologic re-
sponses to injury, including inflammation, edema, and scar
formation, and neural restructuring. During the recovery
phase of SCI, which follows a period of spinal shock lasting
weeks to up to 2 years, uninhibited spinal reflexes result in
detrusor overactivity with dyssynergia of the urethral sphinc-
ter, associated with progressive lower urinary tract dysfunc-
tion and potentially upper tract deterioration. Minimization of
secondary injury following acute SCI and optimization of
nerve regeneration may maximize functional recovery and
limit end organ dysfunction, including of the lower urinary
tract. Early administration of neuromodulation via electrical
or electromagnetic stimulation has been shown to limit sec-
ondary injury and potentially restore function. Low-frequency
electrical stimulation accelerates axonal growth in the periph-
eral nervous system and may have a similar benefit in the
central nervous system. Limited evidence suggests that sacral
neuromodulation has the potential to limit or even prevent
maladaptive neural restructuring of the lower urinary tract
when administered during the spinal shock phase, when the
bladder is areflexic. Herein, we review the pathophysiology of
voiding dysfunction following acute injury, existing evidence

for the benefit of early SNM in SCI, and possible mechanisms
of action, including neural regeneration.
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Introduction

The incidence of traumatic spinal cord injury (SCI) in the
USA is 54 cases per one million persons, with an estimated
16,965 new cases in 2012 [1]. Inpatient mortality rates of
7.5 % underscore the devastating nature of SCI and associated
injuries but also suggest that most patients will survive to
suffer long-term consequences of their neurologic injury.
Permanent sequelae of SCI may include respiratory depres-
sion, cardiovascular impairment, sensory loss, muscle spastic-
ity, chronic pain, and bowel and bladder dysfunction [2].
However, not all consequences of SCI are destined to occur
or worsen. Outcomes in SCI may be improved by limiting the
pathophysiologic changes that occur following the primary
injury and by augmenting the nervous system’s potentially
beneficial adaptive responses [3•]. Early application of sacral
neuromodulation (SNM), a procedure approved in the late
1990s by the US Food and Drug Administration (FDA) for
the treatment of medication-refractory non-neurogenic over-
active bladder and non-obstructive urinary retention [4], may
be beneficial in limiting the progressive bladder dysfunction
frequently observed following SCI [5•].

Herein, we aim to evaluate the role of early SNM in SCI.
We will review the pathophysiology and epidemiology of
voiding dysfunction following acute injury, existing evidence
for the benefit of early SNM in SCI, and possible mechanisms
of action, including neural regeneration.
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Pathophysiology of Voiding Dysfunction in SCI

The spinal cord is composed of gray matter, consisting of
interneurons, cell bodies and dendrites, afferent neuronal fi-
bers, and glial cells and white matter, which consists of groups
of myelinated axons [3•]. Myelinated axons travel longitudi-
nally within the spinal cord and are responsible for transmis-
sion of signals from the periphery to the brain (i.e., ascending
tracts) or from the brain to the periphery (i.e., descending
tracts). Storage of urine is mediated via signaling from the
pontine storage center to the pudendal and hypogastric nerves
[6]. Stimulation of the pudendal nerve results in acetylcholine-
mediated contraction of the external urethral sphincter (EUS),
and stimulation of the post-ganglionic sympathetic hypogas-
tric nerve results in norepinephrine-mediated inhibition of
detrusor contraction and stimulation of bladder outlet contrac-
tion. As the bladder fills, increased intensity of afferent sig-
naling from myelinated Aδ and unmyelinated C axons in the
bladder stimulates the pontine micturition center (PMC) and
periaqueductal gray (PAG). The PMC and PAG integrate
these signals and upon release of inhibition from higher cen-
ters permit reflex voiding via efferent signaling to the sacral
parasympathetic nucleus [7]. Storage-related sympathetic and
pudendal nerve activity (i.e., the Bguarding reflex^) is
inhibited, resulting in relaxation of the bladder outlet and
EUS. Parasympathetic stimulation of detrusor contraction
via the pelvic nerve results in bladder emptying [6, 8, 9].

SCI disrupts signaling between the PMC and PAG and the
lower urinary tract (LUT). As a result, greater than 98 % of
patients with suprasacral lesions develop lower urinary tract
dysfunction (LUTD) perceptible on urodynamics [10].
Detrusor overactivity (DO) is observed in 65, 78, and 49 %
of patients with cervical, thoracic, and lumbar lesions, respec-
tively [10], and greater than 40 % of patients with suprasacral
SCI have poorly compliant bladders and elevated detrusor
leak point pressure [11].

The extent of neurologic deficit, including LUTD, follow-
ing SCI is related to the primary injury, or the direct mechan-
ical damage associated with the initial insult, the secondary
injury from the biological response to the primary injury, and a
chronic phase that can result in progressive deterioration of
higher centers as well as peripheral signaling [3•, 12].
Secondary injury results from hemorrhage and vasospasm
leading to ischemia, free radical formation and increased in-
flammation, cell death resulting from apoptosis, disruption of
the ionic balance, and glutamate excitotoxicity [3•].
Oligodendrocyte death and demyelination continues for up
to several weeks following injury [13, 14]. Glial scar forma-
tion in the chronic phase, which can last years beyond the
primary injury, inhibits axonal regenerat ion and
remyelination, impairing functional recovery [3•, 13, 15].
Plasticity, which refers to the capacity of the central nervous
system to modify its function and structure, is also critically

important in the chronic phase. In the long term, plasticity is
crucial to both functional recovery and progression of unde-
sired clinical symptoms and is especially relevant to the path-
ophysiology of progressive deterioration of LUT function
[16].

The insults associated with primary and secondary injury in
suprasacral SCI lead to a period of spinal shock typically
lasting 6 to 12 weeks and potentially up to 2 years in cases
of complete SCI [10, 17]. Absence of reflexes below the level
of the lesion, including the micturition reflex, and detrusor
areflexia with maintained bladder neck tone is characteristic
of spinal shock [18]. Over time, spinal reflexes return, unin-
hibited by efferent signaling from higher centers. The frequent
result is a spastic, non-relaxing EUS combined with DO, also
known as detrusor-sphincter dyssynergia (DSD). Over time,
DSD is associated with elevated detrusor pressures, inconti-
nence, urinary retention, and in many cases renal insufficiency
due to progressive upper urinary tract deterioration [7, 19].

If the extent of neurologic deficit in SCI is to be minimized,
early intervention, during the period when secondary injury,
glial scar formation, and structural remodeling are occurring,
is paramount. One such example is the benefit of aggressive
early physical rehabilitation, which has been demonstrated to
markedly improve functional recovery in patients with incom-
plete SCI [20]. There are many theories regarding mecha-
nisms that may promote beneficial remodeling of the nervous
system after SCI. These include inhibition of glial scar forma-
tion [15], reduction in the initial inflammatory response and
resultant secondary injury, and cellular and molecular therapy
and bioengineering to facilitate axonal growth and
remyelination [3•, 21, 22]. Specific to LUTD, SNM can effec-
tively treat symptoms of neurogenic bladder secondary to
chronic SCI in select patients [23] but when administered
early may alter progression of LUTD or limit its development
via several of these mechanisms.

Sacral Neuromodulation in Spinal Cord Injury

Tanagho and Schmidt are credited with developing SNM for
clinical application in the 1980s, demonstrating improvement
in continence and emptying in patients with neuropathic
voiding dysfunction [24, 25]. An implantable pulse generator
designed for continuous or cycled stimulation of the third
sacral nerve at a frequency of 10–14 Hz was ultimately ap-
proved by the FDA in 1997 for the treatment of urge urinary
incontinence and in 1999 for urinary frequency and non-
obstructive urinary retention [4]. Despite its efficacy and
widespread use, the mechanism of action of SNM is not
known. It is postulated to act on both the peripheral and central
nervous systems [26], with its effects possibly enhanced over
time by neural plasticity [27].
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It has traditionally been believed that intact spinal path-
ways are required in order for SNM to be effective, and in
general, SNM has not been found to be as effective in SCI
[28]. Approximately 40 % of patients with neurogenic LUTD
secondary to chronic (>6 month) incomplete SCI undergoing
unilateral or bilateral SNM proceeded to permanent implant
based on >50 % improvement in symptoms [29, 30]. When
initially effective, however, results appear to be durable, with
sustained benefit in LUT symptoms observed at a median
follow-up of 61 months after SNM [23]. Furthermore, subse-
quent studies have reported permanent implant rates as high as
70 % [31, 32], as well as the potential for benefit in patients
with neurogenic non-obstructive retention secondary to in-
complete SCI [32, 33]. In contrast, multiple reports [28, 34•,
35] failed to demonstrate efficacy of SNM in patients with
chronic complete SCI.

Each of these studies, however, represented efforts to con-
trol refractory symptoms of neurogenic bladder in the chronic
SCI patient. A 1998 study by Shaker et al. suggested the
potential for SNM to prevent neurogenic LUTD altogether
when administered in the acute phase of SCI [36]. The authors
placed sacral nerve stimulators in 11 dogs following complete
spinal cord transection at the T10 level and were able to dem-
onstrate selective blockade of the external urethral sphincter
and stimulation of detrusor contraction. With chronic stimula-
tion, the authors were able to maintain complete emptying in
over half of the dogs, although these changes were not main-
tained in the absence of stimulation [37].

In a prospective study representing the first to evaluate
percutaneous SNM in the acute SCI phase in humans,
Sievert et al. implanted tined leads bilaterally into the third
sacral foramina of ten patients with complete SCI above T12
[5•]. Six patients declined to participate but were followed as
controls and received usual care with antimuscarinics. All
patients were confirmed to have detrusor acontractility prior
to lead implantation. Leads were placed at a mean of
2.9 months following the initial injury, and each was connect-
ed to a separate implantable pulse generator. At a mean
follow-up of 26.2 months, patients who underwent SNM
had higher average catheterization volumes (582 vs.
208 mL), had experienced fewer UTIs (0.5 vs. 3.8), and ap-
peared to have improved compliance and continence relative
to controls, although no direct statistical head to head compar-
isons were performed. Five patients who underwent SNM and
experienced malfunction of the device due to lead failure ex-
perienced DO with incontinence that improved with lead
revision.

As a small, non-randomized study, the study by Sievert and
colleagues is primarily hypothesis generating. It is neverthe-
less intriguing, as prevention of DO, DSD, and elevated
detrusor pressures would be a remarkable development in
the urologic care of patients with SCI. Further study may be
guided by exploration of the possible mechanisms by which

early SNM may optimize recovery and prevent LUT deterio-
ration rather than simply treat symptoms in patients whose
neurourologic fate may already be determined.

Mechanism of Action

Functional recovery after SCI is related to minimizing second-
ary injury and maladaptive chronic phase neural restructuring
as well as axonal growth and remyelination [3•, 22, 38]. In
chronic SCI, SNM may prevent maladaptive restructuring of
neural circuitry through alteration of afferent signaling via
sympathetic pathways, which are relatively spared in SCI be-
low T7/T8 [16]. Intact ascending pathways may also play a
role in incomplete SCI [5•, 39]. Even in the case of complete
SCI, in which there is complete absence of intact descending
parasympathetic signaling, it is possible that sympathetic sig-
naling could inhibit parasympathetic activity in the pelvic
ganglia [40]. Early SNM may also prevent upregulation of
Bsilent^ C-fiber-mediated reflex pathways whose unmasking
contributes significantly to DO in chronic SCI [38, 41].

Neuromodulation may also promote axonal growth and
myelination, both of which are correlated with functional re-
covery [13, 22]. Epidural stimulation via surgically placed
dural leads and extensive locomotor training has been associ-
ated with restoration of neural circuitry permitting propriocep-
tion, balance, and stepping in humans [42, 43] and voiding in
rats [44]. Non-invasive neuromodulation via extremely low
frequency electromagnetic field stimulation has been sug-
gested to promote axonal growth by reducing inhibition of
the corticospinal tract, permitting formation of new functional
intraspinal circuits [45]. Electromagnetic field stimulation
may also optimize conditions for axonal recovery via optimi-
zation of neurotransmitter levels, promoting angiogenesis, and
increasing neurotrophic factors [46–49]. Similarly, transcuta-
neous electrical stimulation of the brain and spinal cord, an-
other non-invasive form of neuromodulation, has been sug-
gested to promote functional recovery and neuroplasticity
[50].

It is plausible that electrical stimulation via SNM might
also promote axonal growth; however, the evidence to sug-
gest this is primarily limited to the peripheral nervous system.
SNM has been demonstrated to modify nerve growth factor
(NGF) levels in the urine in patients with non-neurogenic
overactive bladder deriving symptomatic benefit, suggesting
its potential tomodify other nerve growth factors peripherally
and centrally [51]. Increased levels of brain-derived neuro-
trophic factor (BDNF) have been demonstrated with electri-
cal stimulation of peripheral nerves in multiple settings [52].
It is possible that SNM augments the activity and/or increases
levels of BDNF and other neurotrophic factor which pro-
motes axonal growth in the central nervous system after
SCI [53••]. Low frequency (20 Hz) electrical stimulation
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is well-studied in the peripheral nervous system, where it has
been demonstrated to accelerate axonal growth [54, 55].
Twenty hertz peripheral electrical stimulation may also speed
sensory nerve regeneration in the central nervous system [56].

Administration of electrical stimulation early after nerve
injury is important to maximize benefit in the peripheral ner-
vous system because the inherent ability of nerves to regener-
ate decreases with time [52, 57]. Therefore, it is likely that
early SNM would be required to promote nerve regeneration
in the central nervous system as well, provided that response
to electrical stimulation in the central nervous system parallels
the response in the peripheral nervous system. However, in-
herent differences between axonal support cells, response to
neurotrophic factors, and signaling in the central and periph-
eral nervous systems may limit this assumption [55].

Conclusions

A single study demonstrates a clinical benefit for early SNM
following SCI. Though encouraging, validation in larger stud-
ies is required, and exploration of potential mechanisms is war-
ranted. Early SNMmay promote functional recovery of voiding
function following SCI by reducing the extent of secondary
injury and maladaptive neural restructuring. Low frequency
electrical stimulation stimulates peripheral nerve re-growth,
and invasive and non-invasive electrical and electromagnetic
stimulation may promote axonal regeneration in the central
nervous system following SCI via upregulation of neurotrophic
factors and increased angiogenesis. It is therefore plausible that
SNM promotes axonal growth in the central nervous system
after SCI; however, in the absence of further evidence, this
theory is highly speculative. Continued study of the mecha-
nisms of action of SNM may provide further insight and guide
future clinical studies of early SNM in acute phase SCI.

BDNF, brain-derived neurotrophic factor; DO, detrusor
overactivity; DSD, detrusor-sphincter dyssynergia; EUS, ex-
ternal urethral sphincter; LUT, lower urinary tract; LUTD,
lower urinary tract dysfunction; NGF, nerve growth factor;
PAG, periaqueductal gray; PMC, pontine micturition center;
SCI, spinal cord injury; SNM, sacral neuromodulation
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