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STUDY DESIGN: Systematic review.
OBJECTIVES: To synthetise the available scientific literature reporting early interventions to prevent neurogenic lower urinary tract
dysfunction (NLUTD) after acute supra-sacral spinal cord injury (SCI).
METHODS: The present systematic review is reported according to the PRISMA guidelines and identified articles published through
April 2021 in the PubMed, Embase, ScienceDirect and Scopus databases with terms for early interventions to prevent NLUTD after
SCI. Abstract and full-text screenings were performed by three reviewers independently, while two reviewers performed data
extraction independently. An article was considered relevant if it assessed: an in-vivo model of supra-sacral SCI, including a group
undergoing an early intervention compared with at least one control group, and reporting clinical, urodynamic, biological and/or
histological data.
RESULTS: Of the 30 studies included in the final synthesis, 9 focused on neurotransmission, 2 on the inflammatory response, 10 on
neurotrophicity, 9 on electrical nerve modulation and 1 on multi-system neuroprosthetic training. Overall, 29/30 studies reported
significant improvement in urodynamic parameters, for both the storage and the voiding phase. These findings were often
associated with substantial modifications at the bladder and spinal cord level, including up/downregulation of neurotransmitters
and receptors expression, neural proliferation or axonal sprouting and a reduction of inflammatory response and apoptosis.
CONCLUSIONS: The present review supports the concept of early interventions to prevent NLUTD after supra-sacral SCI, allowing
for the emergence of a potential preventive approach in the coming decades.
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Spinal cord injury (SCI) incidence is estimated to be between 40
and 80 new cases per million population, meaning that every year,
between 250,000 and 500,000 new people become para- or tetra
paretic worldwide [1]. Spinal cord injury is associated with
mechanical insults and secondary processes, including local
hypoxia, ischaemia, oxidative stress, reactive gliosis, excitotoxicity
and scarring [2, 3]. Endogenous repair mechanisms in the central
nervous system (CNS), especially at the spinal cord level, are
negligible, with innate plasticity unable to re-establish the original
connectivity [4]. Reorganising pathways by sprouting, unmasking,
or other compensatory mechanisms may contribute to the
dysfunction that develops following SCI. Since several and
complex neural circuits localised at the spinal cord level contribute
to the coordinated activity of the bladder and the urethral
sphincters, SCI often leads to neurogenic lower urinary tract
dysfunction (NLUTD).
This dysfunction emerges as follow: acute supra-sacral SCI starts

with an initial phase of “spinal shock” resulting in detrusor and
sphincter areflexia, followed by the emergence of a spinal reflex
occurring after several weeks, resulting in both storage and
voiding phase dysfunction, including detrusor overactivity (DO),
bladder compliance disorders (BCD) and detrusor-sphincter

dyssynergia (DSD) [5]. The emergence of urinary incontinence
and recurrent urinary tract infections are responsible for
significant loss of quality of life [6]. Despite many advances
regarding their prevention and management over the last three
decades, the associated complications are still considered the
leading cause of hospitalisation and the fifth cause of mortality in
this population [5, 7]. For storage dysfunction, several treatments
are available in a therapeutic escalation strategy in order to
restore a low-pressure bladder reservoir, including antimuscari-
nics, β3-adrenergic agonists, intra-vesical botulinum toxin injec-
tions, as well as tibial nerve stimulation (TNS) and sacral nerve
modulation (SNM), before considering augmentation cystoplasty
or other urinary diversions [8, 9]. With respect to voiding
dysfunction, even if α-blockers can be proposed, clean inter-
mittent self-catheterisation (CISC) constitutes the standard of care
and is often the only way to ensure regular, complete, and low-
pressure bladder emptying [8, 9].
To our knowledge, current international recommendations only

focus on the management of NLUTD without addressing any
prevention steps [8, 9]. Several groups have recently reported
various early interventions, using neurotransmission, inflammatory
response, neurotrophicity, electrical nerve modulation or
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neuroprosthetic training, to prevent or attenuate NLUTD after SCI,
allowing for the emergence of a potential preventive approach in
the coming decades.
The purpose of the present systematic review was to synthesise

the scientific literature focusing on early interventions to prevent
the emergence of NLUTD after acute supra-sacral SCI.

METHODS
Information source and search strategy
The review is reported according to the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA) guidelines
[10]. We identified articles published through April 2021 in the
PubMed, Embase, ScienceDirect and Scopus databases with MeSH
and non-MeSH terms for early intervention to prevent or
attenuate NLUTD after SCI (Supplementary Table 1). In order to
be exhaustive, publications identified from references were added
to the final synthesis if they were considered relevant, and an
updated search was performed in July 2021.

Eligibility criteria
Eligibility criteria were defined per PICOS: Patient (P), Intervention
(I), Comparator (C), Outcome (O), Study Design (S). An article was
deemed appropriate if it assessed: an in-vivo model of supra-sacral
SCI (human or animal) (P), including a group undergoing an early
intervention—before DO, BCD or DSD has emerged—to prevent
and/or attenuate storage and/or voiding phase dysfunction (I),
compared with at least one control group not undergoing any
early intervention (C), and reporting clinical, urodynamic, biologi-
cal and/or histological data (O). No restriction on study type was
established (S).

Study selection and data extraction
Abstract and full-text screenings were performed by three
reviewers independently (NV, DS, PLD). Disagreement was
resolved by discussion with the help of a fourth reviewer (XB).
Two reviewers performed data extraction independently (NV, XB),
and a standardised form was used to extract data on study
methodology, characteristics of in vivo model, early intervention
performed, and clinical, urodynamic, biological as well as
histological outcomes. Any discrepancy concerning data extrac-
tion was resolved by discussion.

Risk of bias assessment
To assess the risk of bias (RoB), reports were reviewed by two
reviewers independently (NV, XB) using the SYRCLE (SYstematic
Review Center for Laboratory animal Experimentation [11]) tool to
assess studies focusing on animal models, and the ROBINS-I (Risk
of Bias in Non-Randomised Studies—of Interventions [12]) tool to
assess studies focusing on humans. Any disagreement concerning
the RoB assessment was resolved by discussion.

Data synthesis
Data synthesis was performed through a structured presentation
detailing step by step the main results associated with early
interventions focusing on (1) neurotransmission, (2) inflammatory
response, (3) neurotrophicity, (4) electrical nerve modulation, and
(5) neuroprosthetic training.

RESULTS
Study selection
A total of 3792 abstracts were retrieved. After removal of
duplicates and abstract screening, 48 articles were deemed
eligible for full-text screening, of which 30 were included in the
final synthesis (Fig. 1, Supplementary Table 2).

Risk of bias of included studies
Of the 29 studies focusing on animals, 17 had an unclear RoB, and
only 7 had an overall low RoB (Fig. 2). For the one human study,
overall RoB was low (Fig. 3).

Study characteristics
Of the 30 studies, 9 focused on neurotransmission (Table 1), 2 on
inflammatory response, 10 on neurotrophicity (Table 2), 9 on
electrical nerve modulation and 1 on multi-system neuropros-
thetic training (Table 3).
Models included rats in 20 studies, mice in 4, dogs in 4, minipigs

in 1 and humans in 1. SCI was performed between T2 and T12 by
spinal cord transection (SCT) in 17 studies, by Hemi-transection
(SCHT) in 1, by spinal cord compression (SCC) in 10 and both by
transection and compression in 1. The study focusing on human
SCI exclusively included AIS A traumatic lesions. Of the clinical
outcomes of interest, 28 studies reported on urodynamic
parameters, 5 on metabolic cages or bladder diary data, and 3
on contractility tests of ex-vivo bladder strips. Tissues were
analysed in 25 studies, including bladder in 18, spinal cord in 12,
and dorsal root ganglia in 2.

Neurotransmission
Muscarinic pathway. Biardeau et al. [13] and Temeltas et al. [14]
assessed the effect of early pre [13]- and post-synaptic [14]
inhibitions of the muscarinic pathway in SCT rats. Evaluating
subcutaneous fesoterodine fumarate [13] and bladder wall
injections of botulinum toxin A [14], they both reported a
significant improvement in cystometric pressure parameters
[13, 14], associated with a significant decrease in bladder fibrosis
and hyperplasia [14]. Interestingly, Biardeau et al. [13] showed an
effect persistent after a 72h wash-out period and hypothesised
that the early administration of an antimuscarinic drug could act
not only through an acute pharmacological effect but also by
countering pathological modifications of muscarinic pathways,
mainly at the M2 and M3 receptor level. Similarly, Temeltas et al.
[14] reported better histological and cystometric outcomes after
early injections (day 7) when compared with late injections (day
28), but the differences were not statistically significant.

Adrenergic pathway. Lee et al. [15] and Kadewaka et al. [16]
assessed the effect of early α-adrenergic inhibition in SCT rats
through intraperitoneal tamsulosin [15] or oral naftopidil [16].
Arguing that an α1D-adrenergic receptor localised in the detrusor
can promote acetylcholine secretion [15] and facilitate vasocon-
striction [16] at the bladder level, the authors reasoned that
inhibition of such receptors could improve the SCI-induced
bladder remodelling. Even if Lee et al. [15] reported no significant
modification in cystometric pressure parameters—with a urody-
namic study performed only 1 week after SCI—they reported
bladder strips contractility in the presence of M3 antagonist to be
significantly decreased in tamsulosin-treated SCI rats. Further-
more, in tamsulosin-treated SCI rats, pERK1/2 and Rho-kinase
expressions—associated with the activation of muscarinic recep-
tors, particularly M2 receptors—were reported to be increased
and decreased, respectively. Kadewaka et al. [16] reported an
increase in bladder compliance and voiding efficiency associated
with a decrease in urethral pressure in naftopidil-treated rats. They
also reported a decrease early after SCI in upregulation of
ischaemia and fibrosis markers and collagen concentration at
the bladder level.

Nitrergic pathway. Kadewaka et al. [16] also assessed the effect of
early oral tadalafil administration, a phosphodiesterase type 5
inhibitor, thought to improve bladder tissue oxygenation. When
comparing treated SCT rats with non-treated SCT rats, the authors
found a decrease in upregulation fibrosis markers and collagen
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concentration late after SCI, associated with an increase in bladder
compliance.

Purinergic pathway. Munoz et al. [17] assessed the effect of early
intrathecal instillation of P2X7R inhibitor in SCT rats. P2X7R is a
purinergic receptor expressed in microglia that downplays proper
tissue regeneration after SCI by enhancing inflammatory response
and contributing to long-term scar formation. The authors showed
a decrease in the number of non-voiding contractions (NVCs)
associated with a decrease in microglial activation at the spinal
cord level, and a concomitant decrease of urothelial P2X3—an
ionotropic purinergic receptor involved in the transmission of
bladder afferent activity—at the bladder level.

Glutamatergic pathway. Wang et al. [18] assessed the effect of a
replication-defective herpes simplex virus vector of kynurenine
aminotransferase (HSVrd KAT II) administered through an early
bladder wall injection in SCT rats. The N-methyl-D-aspartate
receptor (NMDAr), found in the lumbosacral spinal cord, is an
ionotropic glutamatergic receptor that has been reported to play
an essential role in the micturition reflex pathway. In parallel,
kynurenic acid, synthesis of which is catalysed by KAT II, acts as an
endogenous non-competitive antagonist at the glycine site of the
glutamate NMDAr and has been reported to directly influence the
micturition reflex. With KAT II protein and mRNA levels
significantly increased at the L6-S1 spinal cord level, the authors
found a significant decrease in maximum voiding pressure and
maximum urethral closure pressure, associated with an increase in
voiding efficiency in treated SCT rats when compared with non-
treated SCT rats. They hypothesised that transport of KAT II to
Onuf’s nucleus and then to L6-S1 parasympathetic preganglionic
neurons could reduce the urethral pressure by blocking NMDAr,

Fig. 2 Risk of bias assessment—SYRCLE tool—Summary.

Fig. 3 Risk of bias assessment—ROBINS-I tool—Traffic-light plot.

Fig. 1 PRISMA flow diagram.
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influencing neurotransmitter levels in the L6-S1 spinal cord and
even desensitising C-fibre afferents.

GABAergic pathway. Miyazato et al. [19] assessed the effect of
HSVrd Glutamic acid decarboxylase (GAD) administered through
an early bladder wall injection in SCT rats. GAD is an enzyme that
catalyses the decarboxylation of glutamate to GABA and
contributes to maintaining the significant physiological supply of
GABA. Hypofunction of inhibitory GABAergic neuronal activity in
the spinal cord after SCI has been suspected of contributing to the
genesis of DSD and DO. The authors reported a significant
association between GAD mRNA increased expression in L6-S1
dorsal root ganglia (DRG) and a voiding urethral pressure
decrease. Meanwhile, they did not identify associated differences
regarding bladder activity and baseline urethral pressure. The
intrathecal administration of a GABA antagonist almost comple-
tely reversed the decrease in the voiding urethral pressure. The
authors hypothesised that GABA synthesis in bladder afferent
pathways could inhibit Onuf’s nucleus that innervates the external
urethral sphincter (EUS) via the suppression of C-fibre bladder
afferent activity to decrease DSD.

TRPV1 desensitisation. Two studies assessed the effect of early
administration of resiniferatoxin [20] or capsaicin [21] in SCT rats,
using subcutaneous administration [21] or bladder [20] instillation.
Capsaicin and resiniferatoxin, one of its derivatives, are ultrapotent
desensitising agonists of the transient receptor potential vanilloid‐
1 (TRPV1) known to be increased in urothelial cells and nerve
fibres in the case of neurogenic DO. The authors reported an
increased bladder capacity [20] and a decrease in the number of
NVCs [21], with some of the rats presenting with complete
suppression of DO [21]. However, Thomas et al. reported no
significant improvement in the intercontraction interval, voiding
pressure or voiding efficiency, or in EUS activity during both NVCs
and voiding bladder contractions. Oliveira et al [20] showed after
bladder instillation of resiniferatoxin decreased expressions of
TRPV1, calcitonin gene‐related peptide (CGRP)—two markers of
peptidergic fibres—and growth‐associated protein 43 (GAP43)—a
marker of sprouting nerve fibres—at the bladder level, with no
modification of CGRP and GAP43 expression or in the number of
activating transcription factor 3 (ATF3) positive nuclei—a marker
of neuronal stress—in the L5-S1 DRG. The authors hypothesised
that the early administration of vanilloid therapy might mitigate
the development of high intra-vesical pressures, in a long‐lasting
manner. It might prevent C-fibre afferents becoming hyperexci-
table [21] by inhibiting peptidergic fibres at the bladder level [20],
without inducing damage to the DRG neurons [20].

Inflammatory response
Shunmugavel et al. [22] assessed the effect of early oral
administration of S-Nitrosoglutathione (GSNO) in SCC rats. GSNO,
an endogenous nitrosylating agent, has anti-inflammatory proper-
ties. Since it has been reported to ameliorate inflammatory
sequelae observed in the bladder and renal tissues after SCI, the
authors postulated that GSNO would improve the recovery of
micturition dysfunction by reducing the bladder tissue inflamma-
tion associated with SCI. They reported that GSNO-treated SCI rats
regained significant micturition control compared to vehicle-only
SCI rats. They also found a significant decrease in bladder weight,
proteinuria, urine osmolality, and immune cell infiltration and
collagen deposition at the bladder level. They also reported a
decrease in iNOS and ICAM-1 (mediator of inflammation expres-
sion) at the bladder and kidney level, associated with a decrease
of TUNEL-positive cells at the bladder level, indicating a decrease
in the apoptotic process.
David et al. [23] assessed the effect of early intrathecal instillation

of the Toll-like Receptor 9 (TR9L) inhibitor in SCC mice. TLR9 is a
receptor expressed in the immune system cells that triggers

signalling cascades, leading to a pro-inflammatory cytokine
response. The authors reported a significant decrease in urinary
retention associated with decreased bladder weight, bladder
volume and bladder wall thickness. At the spinal cord level, they
reported the white matter to be significantly more spared.

Neurotrophicity
Axonal growth inhibitors antagonists. Mothe et al. [24] and
Schneider et al. [25] assessed the effect of early antagonization
of axonal growth inhibitors using intravenous administration of
elazanumab [24], a human monoclonal antibody targeting
Repulsive Guidance Molecule (an RGMa), and intrathecal admin-
istration of anti-Nogo A [25] in SCC and SCT rats, respectively.
RGMa is a potent inhibitor of axonal growth that has been
reported to be rapidly upregulated after injury of the central
nervous system. In contrast, myelin-enriched membrane protein
Nogo-A, a potent nerve fibre growth inhibitory protein, has been
reported to be implicated in the low level of spontaneous
neuronal regeneration after SCI. The authors reported an earlier
spontaneous voiding ability [24] associated with a decrease in
bladder wall hypertrophy [24], a decrease in EUS EMG activity [24],
as well as a significant decrease of maximum bladder pressure
during voiding [25]. Mothe et al. [24] also found more remarkable
tissue preservation at the spinal cord level, characterised by
reduced lesion areas associated with increased perilesional
neuronal sparing as well as serotonergic and corticospinal axonal
plasticity. Schneider et al. [25] found higher densities of fibres
originating from the pontine micturition centre in the lumbosacral
grey matter, and a decreasing number of inhibitory interneurons
in lamina X. The authors hypothesised that early and temporary
neutralisation of the neurite growth inhibitory factor Nogo-A
might contribute to the reconfiguration of bladder control at
spinal and supraspinal levels.

Neurotrophic factors. Two studies assessed the effect of early
inhibition of neurotrophic factors in SCT mice, using oral adminis-
tration of brain‐derived neurotrophic factor (BDNF) [26] and nerve
growth factor (NGF) [27] inhibitors. Although both reported a
significant decrease in cystometric pressure parameters [26, 27],
BDNF inhibition only reduced NVCs in a late phase following SCI,
while NGF inhibition acted earlier after SCI. Furthermore, while BDNF
inhibitors improved voiding dysfunction [26], NGF inhibitors did not
modify EUS EMG activity [27]. After NGF-inhibitor treatment, NGF
expression was decreased at the bladder and the spinal cord level,
while TRPA1 and TRPV1 expressions—predominantly found in
C-fibre afferent pathways—were significantly decreased in L6/S1
dorsal root ganglia (DRG) [27]. The authors concluded that short- to
long-term BNDF inhibition could improve voiding dysfunction
associated with DSD, while a long‐term BNDF inhibition was required
to reduce the later‐phase development of C-fibres-dependent DO.
On the other hand, NGF inhibition could precociously slow down
TRPV1 upregulation, attenuate C-fibres activation and thus prevent
the early emergence of DO.
Mitsui et al. [28] assessed the effect of early intrathecal

administration of fibroblasts (Fb) expressing BDNF and Neurotro-
phin 3 (NT3) in SCC rats. According to the authors, BDNF and NT3
act as neurotrophic factors on specific neurons of the central and
peripheral nervous system, helping to support the survival of
existing neurons, and encouraging growth and differentiation of
new neurons and synapses. The authors reported a significant
decrease in voiding pressure and in the number of NVCs. The
density of small dorsal root axons increased in the superficial layers
of the dorsal horn in non-treated SCI rats but not in Fb-BDNF/NT3-
treated SCI rats, suggesting inhibition of sprouting of primary
afferents by Fb-BDNF/NT3. Synaptophysin immunoreactivity in the
lumbosacral dorsal horn was similar in treated and non-treated SCI
rats, consistent with restoring synaptic density after SCI in both
groups—probably through different pathways. The authors
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concluded that Fb-BDNF/NT3 transplants could contribute to
organisation of spinal circuitry after SCI.
Mure et al. [29] and Chung et al. [30] assessed the effect of early

administration of neurotrophic facilitators, including administration
of dehydroepiandrosterone (DHEA) [29] in SCC mice and inosine
[30] in SCC/SCT rats. DHEA as a neuroactive steroid could act as a
modulator of neurotrophic factor receptors and has previously been
shown to promote neurological recovery after SCI. As a purine
nucleoside with neurotrophic properties, inosine has been shown
to promote corticospinal tract fibres sprouting and improve motor
function in pre-clinical models of SCI. Mure et al. [29] reported a
faster recovery of autonomic bladder control in DHEA-treated SCI
mice while Chung et al [30] reported a significant decrease in the
frequency of NVC in inosine-treated SCC/SCT rats and a significant
decrease in the amplitude of NVCs in inosine-treated SCT rats. After
DHEA administration [29], change in function was associated with a
of collagen type3-type1 ratio similar to that seen in sham-operated
animals. At the same time, after inosine administration [30], bladder
analysis showed an increased expression of the pan-neuronal
marker SYP and Aδ-fibre marker NF200 and a decreased expression
of the C-fibre marker TRPV1. Mure et al. [29] concluded that DHEA
could prevent NLUTD after SCI through its neuroprotective and
neuroactive properties, including glucocorticoid and cyclooxygen-
ase-2,12 inhibition or even act directly on the bladder tissue
through the androgen and estrogen metabolism. In addition,
Chung et al. [30] concluded that inosine could prevent DO through
modulation of sensory neurotransmission.

Neural precursor cells. Mitsui et al. assessed in three distinct studies
[31–33]. the effect of early intrathecal implantation—at the lesion
site in SCC rats—of restricted neuronal precursor (NRP) and glial
restricted precursor (GRP) alone [33] or combined with 2,3-
dihydroxy-6-nitro-7 sulfamoylbenzo(f)quinoxaline (NBQX) [31] as
well as early intrathecal implantation of EG6 immortalised neural
stem cells [32]. Microinjection of NBQX has been shown to
significantly decrease the amount of tissue loss following SCI
through inhibition of AMPA/Kainite receptors contributing to the
excitotoxicity mediated tissue damage that ensues within minutes
following traumatic SCI. NRP/GRP alone [33] or in combination with
NBQX [31] was reported to increase voided volume per micturition
and improve cystometric pressure parameters, including a decrease
in micturition pressure and the number of NVCs. On the other hand,
EG6 cells [32] were reported to decrease the post-void residual
volume and increase voiding efficiency without impacting voided
volume or DO. NRP/GRP-treated and NBQX-treated SCI rats [31–33]
presented with increased sprouting, regeneration or sparing of
descending projections to the lumbosacral cord associated with a
decrease in the size of the lesion.
Similarly, these rats [31, 33] showed a decrease in the sprouting of

primary afferents in the lumbosacral cord. Furthermore, in NBQX +
NRP/GRP-treated SCI rats [33], the density of serotonergic,
noradrenergic, and corticotrophin-releasing factor-positive fibres
was increased, while the density of axons in the dorsal horn
appeared normal. The authors concluded that neural stem cell
transplantation could prevent NLUTD by providing local protection
consisting of increased sparing/sprouting of descending pathways,
thus preventing sprouting by dorsal root axons.

Electrical nerve modulation
Pudendal nerve modulation. Three studies assessed the effect of
early 5–10 Hz pudendal nerve modulation (PNM) in SCI minipigs [34]
and dogs [35, 36]. They all reported a significant decrease in the
number of NVCs and a significant increase in bladder capacity and
compliance. Interestingly, Chen et al. [36] assessed this effect at
different time points (early: day 30, delayed: day 180) and found??
significant changes after early PNM treatment compared to baseline,
while no significant change was found after delayed PNM treatment.
They also noted the presence of fewer collagen fibres associated with

more elastin fibres in early PNM-treated compared with delayed PNM-
treated SCI dogs. Keller et al. [34] directly compared 10Hz PNM to
10Hz SNM and noted a significant increase in bladder capacity
associated with a significant decrease in voiding pressure and DSD in
SNM-treated minipigs compared to PNM-treated and non-treated SCI
minipigs. Although structural results revealed SCI‐typical fibrotic
alterations in both SNM and PNM-treated SCI minipigs, SNM-treated
SCI minipigs showed a better‐balanced distribution of smooth muscle
to connective tissue, with a trend towards reduced progression of
bladder wall scarring.

Sacral nerve modulation. Five studies assessed the effect of early
10–60 Hz SNM in animals [34, 37–40]. For SCI minipigs [34] and
rats [37, 38], the authors found a significant improvement in DO,
including a decrease in the frequency and maximum pressure of
NVCs, associated with an increase in the time between contrac-
tions and the duration of contraction. In the Shi et al. [38] study,
SNM was proven to be able to decrease DO regardless of the delay
between SCI and implantation. However, the authors reported
SNM to be particularly effective when implanted 2–4 weeks after
SCI, at the end of the spinal shock phase and before the
development of DO. For SCI dogs, Hassouna et al. [39] and Li et al.
[40], on the basis of particularly elaborate studies, reported the
delay before the return of DO after spinal shock to be significantly
decreased in NMS-treated SCI dogs, when compared to SCI dogs
managed with indwelling or intermittent catheterization, with
SNM reported to ensure complete voiding up to 8 months [40].
Sievert et al. [41] assessed the effect of early SNM in supra-sacral

post-traumatic AIS A SCI humans. In early SNM-treated SCI
patients, the authors noted the persistence of low bladder
pressure (<30 cmH2O) without any NVCs or bladder compliance
disorders throughout the filling phase, without any pelvic activity,
during a mean follow-up period of 26 (range 5.4–38.9) months.
The bladder diaries revealed a mean catheterised volume of 582
ml (range 480–650 ml). The participants, who did not receive an
antimuscarinic or botulinum toxin before their last evaluation, did
not report involuntary urine leakage. On the contrary, despite
taking antimuscarinics, the non-treated SCI patients were reported
to present with lower bladder capacity (mean 208 ml; range
57–314ml) and higher bladder pressure (>30 cmH2O). Further-
more, they reported mean catheterised volumes of 294ml (range,
105–390ml), with more frequent CISC and a more frequent use of
urinary condoms because of urinary incontinence. The authors
concluded that early SNM implantation in SCI patients might
dramatically change NLUTD management, as it could prevent DO
and urinary incontinence and provide standard bladder capacity.

Multi-system neuroprosthetic training
Horst et al. [42] assessed the effect of a multi-system neuropros-
thetic training (MSNT) program in bilateral T7+ T11 SCHT rats. The
MSNT program included an electrochemical stimulation (epidural
S2-L1 electrical stimulation associated with serotonergic and
dopamine agonists administration) and locomotor treadmill-based
training. MSNT has been previously reported to trigger a massive
reorganisation of descending and intra-spinal pathways in SCI rats.
The authors reported a significant decrease in the number of NVCs
while bladder capacity increased 3-fold in complete MSNT SCI-rats
and 7-fold in partial MSNT SCI-rats. Bladder morphology was
similar in complete MSNT SCI and non-SCI rats, while partial MSNT
SCI rats exhibited detrusor hypertrophy characterised by increased
detrusor thickness and decreased connective tissue to smooth
muscle ratio. The authors also reported that nerve density was
significantly increased in complete MSNT SCI rats while it was
significantly decreased in partial MSNT SCI rats. The proportion of
NF200-positive afferent nerves was significantly decreased in
complete MSNT SCI rats compared to partial MSNT SCI and non-
SCI rats, while NPY-positive fibres density was significantly
decreased in partial MSNT SCI rats.
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DISCUSSION
To our knowledge, the present systematic review is the first to
synthesise the scientific literature focusing on early interventions
to prevent the emergence of NLUTD after acute supra-sacral SCI.
Since NLUTD remains the leading cause of hospitalisation and the
fifth largest cause of mortality after SCI [7]—despite multiple
advances in NLUTD management over the last three decades—its
prevention should be considered a priority by the scientific
community.
Even if we have regularly specified throughout the manuscript the

role of neurotransmitters and their receptors involved in the
micturitional reflex pathway [43, 44], the present review should not
be considered an attempt to precisely describe the complex
mechanisms underlying the genesis, consolidation and prevention
of LUTD after SCI. It should rather be seen as a guide for clinical
studies to prevent NLUTD in this specific population.
We can regret the lack of studies focusing on the prevention of

LUTD after SCI in humans. Animal models, mostly rodents, have
been widely used in the last two decades in the literature
focusing on LUTD after SCI. The validity of these models was
reinforced a decade ago by Andersson et al. [45] who participated
in the standardisation of the practice of urodynamic in rodent
models, and by Dietz and al. [46] who more recently emphasised
the importance of translational basic research in rodent SCI
models.
The high number of studies (29/30) reporting significant

improvement in urodynamic parameters clearly supports the
concept of a preventive approach, aiming to interfere in the
uncontrolled spinal pathways reorganisation occurring below the
level of SCI—at least in some animal models. Early post-SCI
interventions were mostly reported to inhibit C-fibres hyperexcit-
ability and promote neuroplasticity, including the promotion of
sprouting, regeneration or sparing of descending projections to
the lumbosacral cord as well as the inhibition of sprouting of
primary afferents in the lumbosacral cord. However, methodolo-
gical heterogeneity of the included studies in terms of rationals,
design, in-vivo model studied, outcomes considered, as well as
their frequent unclear or even high RoB—prevent us from
drawing any definitive conclusion on the best strategy to
promote. Although all the proposed approaches deserve to be
explored in humans, some of them will be difficult to implement
in the early phase of SCI, given the time-consuming, complex and
invasive care that will be needed. For these reasons, we feel that
some orally administered drugs (antimuscarinic, α-blocker and
phosphodiesterase type 5 inhibitor) and electrical nerve modula-
tion seem the most mature candidates for medium-term
application in humans. With 9 studies reported here, including 1
in humans, electrical nerve modulation is the therapeutic
approach with the longest history and greatest visibility, with
SNM and TNS—two minimally invasive therapies—already con-
sidered as second-line therapies to treat NLUTD [8, 9]. This finding
is supported by recent findings suggesting that manipulation of
neuronal activity can drive plasticity-related growth mechanisms
and increase collateral sprouting, thereby enhancing the func-
tional effect of axonal remodelling [47]. Furthermore, while
electrical stimulation has long been known to enhance regenera-
tion of peripheral axons [48], it has been reported recently that
electrical modulation can also enhance CNS plasticity in rodent
models, and modulate and strengthen spared circuitry in
individuals with SCI [49]. However, given the limited data available
in humans, it is impossible to propose electrical nerve modulation
therapies as a preventive approach for SCI-related NLUTD in
clinical practice. Clinical trials, such as the TASCI research protocol
(transcutaneous tibial nerve stimulation in patients with acute
spinal cord injury to prevent neurogenic detrusor overactivity)
proposed by Birkhäuser [50] et al., are mandatory to confirm the
value of such a preventive strategy in SCI humans, in both the
short and long term.

CONCLUSION
The present systematic review supports the concept of early
interventions to prevent NLUTD after SCI, allowing for the
emergence of a potential preventive approach. Electrical nerve
modulation should be considered as the most mature strategy for
medium-term application in humans.
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