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Abstract

Objectives: Several central nervous system (CNS) centers affect muscle

groups of the lower urinary tract (LUT) and anorectal tract (ART) via

autonomic and somatic pathways, working in different modes (storage or

expulsion). Hence spinal cord dysfunction can affect the LUT and ART by

several possible mechanisms.

Methods: This review reports the discussions of a workshop at the 2023

meeting of the International Consultation on Incontinence Research Society,

which reviewed uncertainties and research priorities of spinal dysfunction.

Results: Discussion focussed on the levator ani nerve, mechanisms underpinning

sensory function and sensation, functional imaging, dyssynergia, and experimental

models. The following key research questions were identified. (1) Clinically, how

can we evaluate the levator ani muscle to support assessment and identify

prognosis for effective treatment selection? (2) How can we reliably measure levator

ani tone? (3) How can we evaluate sensory information and sensation for the LUT

and the ART? (4) What is the role of functional CNS imaging in development of

scientific insights and clinical evaluation? (5) What is the relationship of detrusor

sphincter dyssynergia to renal failure?

Conclusions: Spinal cord dysfunction can fundamentally disrupt LUT and

ART function, with considerable clinical impact. The evaluation needs to

reflect the full scope of potential problems, and new clinical and diagnostic

approaches are needed, for prognosis and treatment. The preclinical science

evaluating spinal cord function in both LUT and ART storage and elimination

remains a major priority, even though it is a challenging experimental context.

Without this underpinning evidence, development of new clinical evidence

may be held back.
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1 | INTRODUCTION

Neural input to the lower urinary tract (LUT) and the
anorectal tract (ART) coordinates several muscle groups to
prevent content being expelled for the majority of the time,
and to ensure that when expulsion does take place, it is in a
suitable context. The peripheral nerves to the LUT and ART
are carried in the parasympathetic and sympathetic divisions
of the autonomic nervous system, and the ART additionally
is regulated by the enteric nervous system. The somatic
nervous system is also important, notably via the pudendal
and levator ani nerves, which supply the LUT and ART
outlets, and also the levator ani muscle (LAM). The relevant
motor neurones are located in the spinal cord, predomi-
nantly the sacral part (LAM, the detrusor and Onuf's nucleus
supplying the sphincters), though the thoracolumbar spinal
cord contains the sympathetic nucleus (male bladder neck,
and detrusor storage regulation).

Higher central nervous system (CNS) centers provide
vital input which descends through the spinal cord to
ensure muscle function is appropriately integrated and
regulated. They also serve as the relay for ascending
sensory information to the cerebrum, the level at which
subconscious sensory information becomes consciously
perceived as a sensation. Key reflexes integrate sensory
and motor activity and underpin functions such as
guarding, voiding, and male genitourinary function
(emission and ejaculation).

The range of contributing centers and pathways, with
autonomic and somatic control of several muscle groups
working in different modes (storage or expulsion) means
that spinal cord dysfunction can affect the LUT and ART
by several possible mechanisms. Most obviously, one or
more of the spinal cord centers regulating the muscles
could be impaired, leading to reduced or absent muscle
contraction in the affected distribution. Lesions else-
where may increase muscle tone. Alternatively, sensory
information might be disrupted, either by interrupting
the sensory pathway from delivering information to the
spinal cord, or by impeding pathways by which the
information feeds through to the cerebrum.

This paper reports the discussions of a workshop at
the 2023 meeting of the International Consultation on
Incontinence Research Society, which reviewed uncer-
tainties and research priorities of spinal dysfunction for
the LUT and ART.

2 | MOTOR CONTROL

While the motor nerve supply delivered by the auto-
nomic divisions and by the pudendal nerve is relatively
well understood,1 the levator ani nerve (LAN) is little

researched. It is separate from the pudendal nerve and
potentially provides a substantial proportion of the motor
supply to the LAM.2 There is limited research investigat-
ing the normal course and variation of the LAN pathway
to the LAM.3,4 Without standard clinical ways to assess
normal variation and relative contribution of the LAN
pathway, functional assessment of spinal cord injuries,
lesions, or trauma on LAM and pelvic organ function, is
incomplete. Indeed, this applies to full pelvic floor
assessment of any urological, gynecological, or colorectal
patient.

This can be exemplified by clinical evaluation of LAM
in terms of over‐activity and increased muscle tone,
which is a problem relevant in many areas of pelvic floor
dysfunction. Over‐active LAM is the increase in muscle
tension resulting from pain, stress, trauma, or weakness,
which can be positively influenced by pelvic floor
physiotherapy.5–7 In comparison, hypertonic or nonre-
laxing LAM occurs as a result of increased excitability or
inflammation of the peripheral nerves, or as a result of
chronic stress or trauma.8

In clinical practice, diagnosing over‐activity or
hypertonicity of the LAM is affected by the subjectivity
of observation and palpation,9–11 such that accurately
differentiating between over‐activity and hypertonicity is
unreliable—noting that both reflect increased muscle
activity. When functionally assessing LAM strength
using either the PERFECT score12 or the Oxford grading
scale, there is inter‐ and intrarater variability.13 Ultra-
sound scanning is unable to identify tonal changes.14,15

There may be an argument for the use of electromyo-
graphy (EMG) with dynamometry to investigate neural
activity of the LAN and change to LAM tone.8,16,17

Nonetheless, both patient groups typically receive
conservative treatment through physiotherapy.
Unfortunately, hypertonic LAM are generally nonre-
sponsive to physiotherapy intervention,18 and if indivi-
duals do not respond to LAM physiotherapy, they are
considered for more medical interventions, for example,
botulinum toxin injection.19 Hence, there is a risk of
futile intervention and delay in patient care. Accordingly,
further exploration is needed both for understanding the
contribution of the LAN, and to establish a reliable and
objective measure for grading LAM strength.

3 | BLADDER AND BOWEL
AFFERENT PATHWAYS

Sensory information sent to the spinal cord from the ART
and LUT is complex, with uncertainty regarding what
information is encoded in the afferent nerve traffic, and
how it is transduced. Two key aspects of LUT afferent
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information report state of bladder filling, and presence
of urine flow in the urethra.20 Both structures (bladder
and urethra) additionally can report noxious stimuli. The
anorectal receptors report pressure and stretch.21

The afferent signaling from the pelvic viscera to the
spinal cord runs in all three peripheral nerve groups
innervating the organs: the hypogastric (sympathetic)
nerve toward spinal cord level T10‐L1, the pelvic
(parasympathetic) nerve toward S2–S4, and the somatic
pudendal nerve at S2–S5 (Table 1).

In the spinal cord, sensory information is transported
through different pathways.23 The dorsal columns
convey sensory information relevant to sensation of
filling and desire to void for the LUT. For the ART, they
convey information related to fullness, desire to defecate,
maximum tolerated volume, and fecal content. They also
carry sensory information from the pelvic floor. The
lateral spinothalamic tracts carry urgency, pain, touch,
temperature, and electrosensation (the ability to perceive
electrical stimuli) for the LUT, and similar sensations for
the anorectum, perhaps also with an immune and
microbial element. The anterior spinothalamic tracts
carry information about contraction for both organs.

For the LUT, spinal cord injury generally impairs LUT
sensation, however, in can be preserved in many, even with
a severe lesion.24 Electrosensation in different parts of the
organs may be related to a different sensory innervation.23

For the ART, sensation reported during anorectal balloon
inflation and electrosensation are equivalent modalities.
Here, disorder in sensory testing has been described in
different neurologic disturbances such as spinal cord injury,
dementia, postpelvic radiation, after surgical resection for
rectal cancer and diabetes.23

4 | HIGHER BRAIN CENTERS

The afferents from the bladder facilitate ascending input
signals that convey to the periaqueductal gray (PAG).
Different parts of the brainstem and brain receive and
distribute sensory information; bladder filling and rectal

distention activate regions of the brain involved in sensory
processing in healthy adults.25 Crucially, the prefrontal
cortex (PFC) is responsible for controlling the regulation of
the LUT and ART within the totality of an individual's
complex cognitive and social behaviors.26 The medial and
lateral prefrontal areas are involved in making the decision
whether micturition should take place. It is believed that, for
voiding to occur, the PMC requires both an excitatory signal
from the PAG and a “safe” signal from the hypothalamus.
Voiding is ultimately controlled by the external urethral
sphincter (EUS), which is normally constricted but relaxes at
the start of micturition by descending input from the
brainstem. Sphincter relaxation, which is normally under
voluntary control, is disinhibited when a lesion involves the
frontal lobe and hypothalamus.27 Using a retrovirus‐based
retrograde trans‐synaptic tracing strategy, morphological
results showed that urination‐related PAG neurons receive
dense inputs from multiple urination‐related higher brain
areas, such as the medial preoptic area, medial PFC, and
lateral hypothalamus.28

The function of the ART is regulated by the medulla
oblongata and the sacral spinal cord. Small intestine and
ascending colon are innervated by the vagus nerves
originating in the medulla. Both the sacral cord and the
vagus nuclei receive projecting fibers from Barrington's
nucleus (the pontine micturition/defecation center). The
lower bowel (descending colon, sigmoid colon, and
rectum) share sacral innervation with the LUT, modu-
lated by the higher brain structures including the frontal
lobe, the hypothalamus, and the basal ganglia.29 Most
areas activated in functional neuroimaging by bowel
distention30 strikingly overlap the area activated by
bladder distention.

5 | ADVANCED FUNCTION AND
IMAGING MODALITIES

Modern tests to evaluate neuronal control of
LUT function may include neurophysiological and
neuroimaging (i.e., flow/metabolic) brain‐mapping

TABLE 1 The different sensations
and the peripheral nerves through which
they run.

Pelvic Hypogastric Pudendal

Sensation of filling/fullness Yes Probably No

Desire to void/defecate Yes Probably No

Strong desire to void/maximum
tolerated rectal volume

Possibly Probably not Yes

Pain—bladder Yes Yes No

Pain—urethra/anorectum Probably Probably not Yes

Source: Adapted from Morrison.22
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techniques.31 This network analysis can help explore
structural‐functional mechanisms and etiological rela-
tionships that link connectivity abnormalities to neuro-
pathological diseases. Another approach to investigate
the central circuits may involve functional near‐infrared
spectroscopy which has the benefits of noninvasive,
portable, and optic‐based testing, and avoids excessive
restriction of physical mobility.32

Functional neuroimaging has emerged as a pivotal
tool in elucidating CNS control of many functions.
Functional magnetic resonance imaging (fMRI) enables
noninvasive assessment of activity patterns during
various phases of LUT control. The recent emergence
of ultrahigh field scanners improves the signal‐to‐noise
ratio, enabling individualized analysis, and facilitates
high‐resolution assessment of small CNS nuclei that
were previously inaccessible.33 Recent advances in
neuroimaging suggest that functional measurement of
activity in the sacral spinal cord may be feasible, which
would enable direct assessment of activity in Onuf's
nucleus and other relevant spinal nuclei.34

Neuroimaging studies have unraveled functional and
structural differences in the CNS between healthy adults
and patients with LUT dysfunction, such as idiopathic
overactive bladder syndrome (OAB).35,36 This potentially
can fine‐tune diagnostic procedures, identify predictors
of outcome, and enable objective assessment of responses
to therapeutic interventions. Evaluation of CNS activity
during manipulation of bladder sensations (using auto-
mated bladder filling via a catheter) in spinal cord injury
(SCI) patients has indicated that CNS processes associ-
ated with bladder sensations are, to some extent, present
in brain areas associated with vagal afferents in patients
with complete lesions between C7 and T5.37 Further-
more, in SCI patients with incomplete lesions between
C5 and T11, neuroimaging during a bladder filling
protocol, with simultaneous pudendal nerve stimulation
(acute and long‐term), enabled identification of changes
in CNS activity in brain areas associated with LUT
sensory processing (e.g., the insula) in conjunction with
the clinical effect of pudendal nerve stimulation.38 The
use of advanced neuroimaging methods such as resting‐
state assessment and identification of functional connec-
tivity,39 in particular in autonomic brain‐stem/mid‐brain
areas (notably the PAG, Barrington's nucleus/the PMC),
are essential to improve our understanding of (mal)
adaptive changes in CNS control.

Although neuroimaging advancements are promis-
ing, it remains challenging to design experiments that
reliably elicit sensations (let alone symptoms) in the
scanner. An obvious limitation is the necessity of the
supine position in fMRI experiments, which often limits
the extent to which patients exhibit detrusor overactivity

and experience adequate LUT sensations. Furthermore,
the relatively slow nature of natural diuresis limits
repetition of bladder filling within a scanning session.
Hence, researchers often rely on automated bladder
filling, with the associated risk of sensory artefacts, to
obtain the multiple measurements needed to conduct
robust analyses. Differentiating CNS activity directly
resulting from LUT stimuli versus CNS‐evoked sensa-
tions is a key challenge in using this technique. Fluid
infusion or withdrawal to vary the bladder volume can
influence a recognized trigger of LUT sensory processing
during a scan,40 so identification of different patterns of
activity on imaging could suggest relevant pathways
carrying the information. An interesting adaptation is to
elicit CNS‐evoked sensations by presenting visual psy-
chological stimuli,41 for example, images of “personal
urgency triggers” to elicit OAB symptoms during a scan.

6 | URODYNAMIC (UDS)
ASSESSMENT AND ALTERNATIVES

UDS is the principal means to assess LUT function in
patients with spinal cord dysfunction. It is the established
method to objectively evaluate intravesical pressure.
Combined with radiological imaging (videourodynamics;
VUDS), it enables identification of key risk factors of
upper urinary tract damage and renal failure, notably
vesicoureteric reflux (VUR), detrusor bladder neck
dyssynergia (DBND), detrusor sphincter dyssynergia
(DSD), and potentially sustained detrusor overactivity
(DO) and/or low bladder compliance.42–45

The specific features of neurogenic LUT dysfunction
depend on the level of the deficit.46,47 In general,
complete sacral or infrasacral lesions lead to an
acontractile detrusor (necessitating increases in intraab-
dominal pressure to enable bladder emptying, that is,
Valsalva straining) and intrinsic sphincter deficiency
(leading to stress urinary incontinence. Nonetheless,
some patients may have residual sphincter tome, that is,
sufficient to prevent bladder emptying. In suprasacral
lesions, 70%–80% of the patients will experience neuro-
genic DO, sometimes associated with DSD.48 Other
specific UDS patterns in SCI leading to high intravesical
pressure are associated with upper urinary tract
morbidity.

DSD is a detrusor contraction concurrent with an
involuntary contraction of the urethral and/or periur-
ethral striated muscle.49 There is a perceived relation-
ship between DSD and risk of deterioration in upper
urinary tract function. Nonetheless, DSD can be
categorized,50,51 raising the possibility of a more severe
phenotype which causes the greater renal risk, and

4 | WEBB ET AL.
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conversely a low‐risk DSD. The parameters under-
pinning this are likely to be influenced by absolute
pressure, duration of increased pressure and VUR, but
the thresholds which place someone at greater risk are
not known. Unfortunately, this would be difficult to
study, since VUDS is only a short duration test under
artificial conditions. Even ambulatory UDS, with a
longer duration and greater mobility (within the limits
of the patient's condition), can only provide a fragmen-
tary insight into DSD. Nevertheless, high storage
pressures are a red flag mandating particularly careful
clinical and diagnostic assessment.

DSD is related to an upper motor neuron suprasacral
lesion (with preserved sacral centers), leading to
impaired control, segmental spinal reflex (DO), and
impaired coordination between detrusor and EUS.52 One
key clinical element is the recognition of the basis of
onset. DSD in complete SCI is entirely involuntary;
typically, the patient experiences DO, with DSD evident
in some of the DO episodes. In contrast, some people
with an incomplete spinal cord lesion (notably in MS)
may have the facility to initiate voiding voluntarily, but
the spinal cord dysfunction affects the normal synergy of
outlet relaxation, so that sphincter relaxation may be
impaired. Hence the sphincter closure is a feature of their
voiding—akin to dysfunctional voiding, but neurologi-
cally driven over behavioral. This might be termed
dyssynergic voiding when the person decides to void.
Whereas DSD occurs when voiding is involuntary and
controlled by reflex actions outwith the voluntary control
of the person. For all these circumstances, the specific
pathways of the reflexes are poorly understood.

DSD can be diagnosed on UDS by the characteristic
hydrodynamic pattern that flow occurs when the
pressure drops (since pressure is high when the outlet
is contracted and preventing flow). Observing this
pattern in the relevant clinical context (suprasacral
spinal cord dysfunction) can be sufficient to diagnose
DSD. Use of EMG may also suggest the active contraction
of the sphincter,47 though most clinical evaluation uses
pelvic floor EMG, rather than recording directly from the
urethral sphincter. VUDS can give a visual indicator,
which can help distinguish DSD from DBND.53 The latter
reflects concomitant uncoordinated bladder and bladder
neck contractions resulting in bladder neck functional
obstruction.47 Using VUDS, DBND is defined as a narrow
bladder neck during voluntary or involuntary detrusor
contraction.54

The link between DBND and a specific neurological
level of injury remains unclear. In the series of Wang
et al., DBND was associated with the level of injury (most
common in cervical and high thoracic lesions) rather

than the completeness of the injury,54 contrasting with
the observations reported by Schurch and colleagues.47

For the ART, less is known about anorectal manometry
in spinal cord dysfunction; attempts to categorize on the
basis of rectal pressure and sphincter tone in response to
rectal distention have been described,55 but the area has
received comparatively limited attention.

7 | EXPERIMENTAL CONTEXT

The complex pathology of spinal cord dysfunction is not
static but evolves over time. Hence, it is not amenable to
the traditional, “one drug fits all,” treatment approach.
Furthermore, the circumstances of evaluation for thera-
peutic interventions is hugely restricted. Clearly ethical
constraints apply to human testing, but the difficulty of
the spinal cord as an experimental target (notably
complexity and access), plus the homeostatic disruption
due to the trauma, necessitate animal models for
fundamental insights.

In the LUT, the potential of this type of research can
be exemplified by work on the therapeutic potential of
three small molecule drugs to promote functional
recovery after severe (75 kDy) mid‐thoracic T8–T9 spinal
cord contusion (SCC) in mice. LM11A‐31, a p75
neurotrophin receptor modulator, counters the activation
of cell death pathways in early stages of SCC. LM22B‐10,
targeting tropomyosin‐related kinase receptors, is able to
promote neural survival, growth, and remodeling.
Cinaciguat, a soluble guanylate cyclase (sGC) activator,
enhances reperfusion/oxygenation to aid in the repair of
spinal cord lesions. It also inhibits/reverses fibrosis to
improve mobility and bladder function.56 Such work can
characterize mechanisms of action and therapeutic
windows for the underlying lesion. Potentially, there is
an additional therapeutic opportunity in ameliorating
abnormal reflex activity such as DSD and neurogenic
DO. LM11A‐31 and cinaciguat have passed phase I and
IIa clinical trials and have a significant potential for
accelerated clinical testing in patients with spinal cord‐
related LUTD. Experimental observations support the
mechanisms of action and therapeutic windows for these
three small molecule drugs in the treatment of the
SCC‐induced lesions, DSD, DO, and bladder fibrosis, to
help establish the scientific rationale for a multipronged
treatment approach to achieve measurable improvement
in motor and LUT dysfunction at central and peripheral
sites. Hence, this sort of research indicates that detailed
investigation and moderation of spinal cord dysfunction
can be studied, once constraints of the clinical context do
not apply.

WEBB ET AL. | 5
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8 | RESEARCH DIRECTIONS

1. Question. Clinically, how can we evaluate the LAM to
support assessment and identify prognosis for effec-
tive treatment selection?

Potential answer. This may necessitate adaptations
to the clinical history and examination, to identify the
normal variability in the LAN pathway and its
contribution to LAM motor function.

2. Question. How can we reliably measure LAM tone?
Potential answer. A clinically feasible way to

measure LAM tone may necessitate development of
an affordable and reliable device.

3. Question. How can we evaluate sensory information
and sensation for the LUT and the ART?

Potential answer. This has been a long‐standing
scientific challenge with only indirect means still
available, but it remains a high priority.

4. Question. What is the role of functional CNS imaging
in development of scientific insights and clinical
evaluation?

Potential answer. Functional imaging has made
initial progress, but consensus on the optimal trade‐off
between imaging and protocol is needed for advance-
ment in understanding the central CNS control and
whether the techniques are applicable for clinical use.

5. Question. What is the relationship of DSD to renal
failure?

Potential answer. Relevant classification of DSD for
clinical risk using longitudinal epidemiological studies
is still needed; even though protection of renal
function is a priority in neurological LUT dysfunction,
over‐treatment needs to be avoided.

Finally, the preclinical science evaluating spinal cord
function in both LUT and ART storage and elimination
remains a major priority, even though it is a challenging
experimental context. Without this underpinning evi-
dence, development of new clinical evidence may be
held back.

9 | CONCLUSIONS

Spinal cord dysfunction can fundamentally disrupt
LUT and ART function, with considerable clinical
impact. The evaluation needs to reflect the full scope of
potential problems, and new clinical and diagnostic
approaches are needed, for prognosis and treatment.
The preclinical science evaluating spinal cord function
in both LUT and ART storage and elimination remains
a major priority, even though it is a challenging
experimental context.

ACKNOWLEDGMENTS
International Consultation on Incontinence‐ Research
Society.

CONFLICT OF INTEREST STATEMENT
J. B. G. Meden‐Inmed Sp. Z.o.o. M. J. D. Astellas fees.
The remaining authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new
data were created or analyzed in this study.

ORCID
Mathijs M. de Rijk https://orcid.org/0000-0001-
8625-464X
Anthony J. Kanai https://orcid.org/0000-0003-
4780-7592
Marie‐Aimée Perrouin‐Verbe http://orcid.org/0000-
0002-0212-2840
Jean‐Jacques Wyndaele https://orcid.org/0000-0002-
0879-6854
Marcus J. Drake https://orcid.org/0000-0002-
6230-2552

REFERENCES
1. Birder L, de Groat W, Mills I, Morrison J, Thor K, Drake M.

Neural control of the lower urinary tract: peripheral and
spinal mechanisms. Neurourol Urodyn. 2010;29(1):128‐139.
doi:10.1002/nau.20837

2. Barber MD, Bremer RE, Thor KB, Dolber PC, Kuehl TJ,
Coates KW. Innervation of the female levator ani muscles. Am
J Obstet Gynecol. 2002;187(1):64‐71. doi:10.1067/mob.2002.124844

3. Wallner C, van Wissen J, Maas CP, Dabhoiwala NF,
DeRuiter MC, Lamers WH. The contribution of the levator
ani nerve and the pudendal nerve to the innervation of the
levator ani muscles; a study in human fetuses. Eur Urol.
2008;54(5):1136‐1144. doi:10.1016/j.eururo.2007.11.015

4. Loukas M, Joseph S, Etienne D, Linganna S, Hallner B,
Tubbs RS. Topography and landmarks for the nerve supply to
the levator ani and its relevance to pelvic floor pathologies.
Clin Anat. 2016;29(4):516‐523. doi:10.1002/ca.22668

5. Lukban J, Whitmore K, Kellogg‐Spadt S, Bologna R, Lesher A,
Fletcher E. The effect of manual physical therapy in patients
diagnosed with interstitial cystitis, high‐tone pelvic floor
dysfunction, and sacroiliac dysfunction. Urology. 2001;
57(6 suppl 1):121‐122. doi:10.1016/s0090-4295(01)01074-3

6. Gentilcore‐Saulnier E, McLean L, Goldfinger C, Pukall CF,
Chamberlain S. Pelvic floor muscle assessment outcomes in
women with and without provoked vestibulodynia and the
impact of a physical therapy program. J Sex Med. 2010;
7(2 Pt 2):1003‐1022. doi:10.1111/j.1743-6109.2009.01642.x

7. van Reijn‐Baggen DA, Han‐Geurts IJM, Voorham‐van der
Zalm PJ, Pelger RCM, Hagenaars‐van Miert CHAC,
Laan ETM. Pelvic floor physical therapy for pelvic floor
hypertonicity: a systematic review of treatment efficacy. Sex
Med Rev. 2022;10(2):209‐230. doi:10.1016/j.sxmr.2021.03.002

6 | WEBB ET AL.

 15206777, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nau.25347 by T

est, W
iley O

nline L
ibrary on [15/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-8625-464X
https://orcid.org/0000-0001-8625-464X
https://orcid.org/0000-0003-4780-7592
https://orcid.org/0000-0003-4780-7592
http://orcid.org/0000-0002-0212-2840
http://orcid.org/0000-0002-0212-2840
https://orcid.org/0000-0002-0879-6854
https://orcid.org/0000-0002-0879-6854
https://orcid.org/0000-0002-6230-2552
https://orcid.org/0000-0002-6230-2552
https://doi.org/10.1002/nau.20837
https://doi.org/10.1067/mob.2002.124844
https://doi.org/10.1016/j.eururo.2007.11.015
https://doi.org/10.1002/ca.22668
https://doi.org/10.1016/s0090-4295(01)01074-3
https://doi.org/10.1111/j.1743-6109.2009.01642.x
https://doi.org/10.1016/j.sxmr.2021.03.002


8. Padoa A, McLean L, Morin M, Vandyken C. The overactive
pelvic floor (OPF) and sexual dysfunction. Part 2: evaluation
and treatment of sexual dysfunction in OPF patients. Sex Med
Rev. 2021;9(1):76‐92. doi:10.1016/j.sxmr.2020.04.002

9. Bø K, Finckenhagen HB. Vaginal palpation of pelvic floor
muscle strength: inter‐test reproducibility and comparison
between palpation and vaginal squeeze pressure. Acta Obstet
Gynecol Scand. 2001;80(10):883‐887. doi:10.1034/j.1600-0412.
2001.801003.x

10. Dietz HP, Shek KL. The quantification of levator muscle
resting tone by digital assessment. Int Urogynecol J Pelvic Floor
Dysfunct. 2008;19(11):1489‐1493. doi:10.1007/s00192-008-
0682-z

11. Reissing E, Brown C, Lord M, Binik Y, Khalifé S. Pelvic floor
muscle functioning in women with vulvar vestibulitis
syndrome. J Psychosom Obstet Gynaecol. 2005;26(2):107‐113.
doi:10.1080/01443610400023106

12. Laycock J, Jerwood D. Pelvic floor muscle assessment: the
PERFECT scheme. Physiotherapy. 2001;87:631‐642.

13. da Silva JB, de Godoi Fernandes JG, Caracciolo BR,
Zanello SC, de Oliveira Sato T, Driusso P. Reliability of the
PERFECT scheme assessed by unidigital and bidigital vaginal
palpation. Int Urogynecol J Pelvic Floor Dysfunct. 2021;32(12):
3199‐3207. doi:10.1007/s00192-020-04629-2

14. Martinho N, Botelho S, Nagib A, et al. Four‐dimensional
translabial ultrasound concordance with digital palpation and
surface electromyography during dynamic pelvic floor mus-
cles assessment: a cross‐sectional study. Neurourol Urodyn.
2020;39(1):403‐411. doi:10.1002/nau.24220

15. Nyhus MØ, Oversand SH, Salvesen Ø, Salvesen KÅ,
Mathew S, Volløyhaug I. Ultrasound assessment of pelvic
floor muscle contraction: reliability and development of an
ultrasound‐based contraction scale. Ultrasound Obstet
Gynecol. 2020;55(1):125‐131. doi:10.1002/uog.20382

16. Morin M, Binik YM, Bourbonnais D, Khalifé S, Ouellet S,
Bergeron S. Heightened pelvic floor muscle tone and altered
contractility in women with provoked vestibulodynia. J Sex
Med. 2017;14(4):592‐600. doi:10.1016/j.jsxm.2017.02.012

17. Worman R, Stafford RE, Cowley D, Hodges PW. Methods used
to investigate tone of pelvic floor muscles in pelvic health
conditions: a systematic review. Continence. 2023;6:100593.

18. Chuang FC, Yang TH, Kuo HC. Botulinum toxin A injection
in the treatment of chronic pelvic pain with hypertonic pelvic
floor in women: treatment techniques and results. Low Urin
Tract Symptoms. 2021;13(1):5‐12. doi:10.1111/luts.12334

19. Meister MR, Brubaker A, Sutcliffe S, Lowder JL. Effectiveness
of botulinum toxin for treatment of symptomatic pelvic floor
myofascial pain in women: a systematic review and meta‐
analysis. Female Pelvic Med Reconstr Surg. 2021;27(1):
e152‐e160. doi:10.1097/SPV.0000000000000870

20. Sadananda P, Drake MJ, Paton JFR, Pickering AE. An
exploration of the control of micturition using a novel in situ
arterially perfused rat preparation. Front Neurosci. 2011;5:62.
doi:10.3389/fnins.2011.00062

21. Carrington EV, Evers J, Scott SM, Knowles CH, O'Connell PR,
Jones JFX. Mechanically evoked cortical potentials: a physio-
logical approach to assessment of anorectal sensory pathways.
J Neurosci Methods. 2015;256:198‐202. doi:10.1016/j.jneumeth.
2015.09.006

22. Morrison JFB. Sensations arising from the lower urinary tract.
In: Torrens M, Morrison JFB, eds. The Physiology of the Lower
Urinary Tract. Springer‐Verlag; 1987:89‐131.

23. Wyndaele J‐J. Sensation in the Pelvic Region. Springer
Nature; 2022.

24. Wyndaele JJ, Wyndaele M. Combining different evaluations of
sensation to assess the afferent innervation of the lower
urinary tract after SCI. Spinal Cord. 2021;59(2):201‐206.
doi:10.1038/s41393-020-00537-w

25. Halani PK, Andy UU, Rao H, Arya LA. Regions of the brain
activated in bladder filling vs rectal distention in healthy
adults: a meta‐analysis of neuroimaging studies. Neurourol
Urodyn. 2020;39(1):58‐65. doi:10.1002/nau.24221

26. Locke JA, Macnab A, Garg S, McKeown M, Stothers L.
Characterizing the cortical pathways underlying visual trigger
induced urinary urgency incontinence by functional MRI.
Neurourol Urodyn. 2022;41(1):48‐53. doi:10.1002/nau.24824

27. Sakakibara R, Hattori T, Yasuda K, Yamanishi T. Micturi-
tional disturbance after acute hemispheric stroke: analysis of
the lesion site by CT and MRI. J Neurol Sci. 1996;137(1):47‐56.
doi:10.1016/0022-510x(95)00322-s

28. Rao Y, Gao Z, Li X, et al. Ventrolateral periaqueductal gray
neurons are active during urination. Front Cell Neurosci.
2022;16:865186. doi:10.3389/fncel.2022.865186

29. Sakakibara R, Kishi M, Ogawa E, et al. Bladder, bowel, and
sexual dysfunction in Parkinson's disease. Parkinson's Dis.
2011;2011:924605. doi:10.4061/2011/924605

30. Jones MP, Dilley JB, Drossman D, Crowell MD. Brain‐gut
connections in functional GI disorders: anatomic and physio-
logic relationships. Neurogastroenterol Motility. 2006;18(2):
91‐103. doi:10.1111/j.1365-2982.2005.00730.x

31. Bruña R, Maestú F, López‐Sanz D, et al. Sex differences in
magnetoencephalography‐identified functional connectivity in
the human connectome project connectomics of brain aging
and dementia cohort. Brain Connect. 2022;12(6):561‐570.
doi:10.1089/brain.2021.0059

32. Geng S, Liu X, Biswal BB, Niu H. Effect of resting‐state fNIRS
scanning duration on functional brain connectivity and graph
theory metrics of brain network. Front Neurosci. 2017;11:392.
doi:10.3389/fnins.2017.00392

33. Duyn JH. The future of ultra‐high field MRI and fMRI for
study of the human brain. Neuroimage. 2012;62(2):1241‐1248.

34. Mazeaud C, Salazar B, Hoffman K, Karmonik C, Khavari R.
MP03‐12 functional MRI exploration of the sacral spinal cord:
a bulbocavernosus reflex task‐based stimulation. J Urol.
2023;209(suppl 4):e26.

35. Fernández Chadily S, de Rijk MM, Janssen JMW,
van den Hurk J, van Koeveringe GA. Assessment of brainstem
functional organization in healthy adults and overactive
bladder patients using ultra‐high field fMRI. Biomedicines.
2023;11(2):403.

36. Clarkson BD, Karim HT, Griffiths DJ, Resnick NM. Functional
connectivity of the brain in older women with urgency urinary
incontinence. Neurourol Urodyn. 2018;37(8):2763‐2775. doi:10.
1002/nau.23766

37. Krhut J, Tintera J, Bilkova K, et al. Brain activity on fMRI
associated with urinary bladder filling in patients with a
complete spinal cord injury. Neurourol Urodyn. 2017;36(1):
155‐159. doi:10.1002/nau.22901

WEBB ET AL. | 7

 15206777, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nau.25347 by T

est, W
iley O

nline L
ibrary on [15/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.sxmr.2020.04.002
https://doi.org/10.1034/j.1600-0412.2001.801003.x
https://doi.org/10.1034/j.1600-0412.2001.801003.x
https://doi.org/10.1007/s00192-008-0682-z
https://doi.org/10.1007/s00192-008-0682-z
https://doi.org/10.1080/01443610400023106
https://doi.org/10.1007/s00192-020-04629-2
https://doi.org/10.1002/nau.24220
https://doi.org/10.1002/uog.20382
https://doi.org/10.1016/j.jsxm.2017.02.012
https://doi.org/10.1111/luts.12334
https://doi.org/10.1097/SPV.0000000000000870
https://doi.org/10.3389/fnins.2011.00062
https://doi.org/10.1016/j.jneumeth.2015.09.006
https://doi.org/10.1016/j.jneumeth.2015.09.006
https://doi.org/10.1038/s41393-020-00537-w
https://doi.org/10.1002/nau.24221
https://doi.org/10.1002/nau.24824
https://doi.org/10.1016/0022-510x(95)00322-s
https://doi.org/10.3389/fncel.2022.865186
https://doi.org/10.4061/2011/924605
https://doi.org/10.1111/j.1365-2982.2005.00730.x
https://doi.org/10.1089/brain.2021.0059
https://doi.org/10.3389/fnins.2017.00392
https://doi.org/10.1002/nau.23766
https://doi.org/10.1002/nau.23766
https://doi.org/10.1002/nau.22901


38. Zempleni M‐Z, Michels L, Mehnert U, Schurch B, Kollias S.
Cortical substrate of bladder control in SCI and the effect of
peripheral pudendal stimulation. Neuroimage. 2010;49(4):
2983‐2994.

39. Hutchison RM, Womelsdorf T, Allen EA, et al. Dynamic
functional connectivity: promise, issues, and interpretations.
Neuroimage. 2013;80:360‐378.

40. Walter M, Leitner L, Michels L, et al. Reliability of supraspinal
correlates to lower urinary tract stimulation in healthy
participants–a fMRI study. Neuroimage. 2019;191:481‐492.

41. Clarkson BD, Wei Z, Karim HT, et al. Neuroimaging of
situational urgency and incontinence provoked by personal
urgency cues. Neurourol Urodyn. 2022;41(1):166‐173.

42. McGuire EJ, Woodside JR, Borden TA, Weiss RM. Prognostic
value of urodynamic testing in myelodysplastic patients.
J Urol. 1981;126(2):205‐209. doi:10.1016/s0022-5347(17)54449-3

43. Gerridzen RG, Thijssen AM, Dehoux E. Risk factors for upper
tract deterioration in chronic spinal cord injury patients. J Urol.
1992;147(2):416‐418. doi:10.1016/s0022-5347(17)37254-3

44. Elmelund M, Klarskov N, Bagi P, Oturai PS, Biering‐Sørensen
F. Renal deterioration after spinal cord injury is associated
with length of detrusor contractions during cystometry‐A
study with a median of 41 years follow‐up. Neurourol Urodyn.
2017;36(6):1607‐1615. doi:10.1002/nau.23163

45. Musco S, Padilla‐Fernández B, Del Popolo G, et al. Value of
urodynamic findings in predicting upper urinary tract damage
in neuro‐urological patients: a systematic review. Neurourol
Urodyn. 2018;37(5):1522‐1540. doi:10.1002/nau.23501

46. Panicker JN, Fowler CJ, Kessler TM. Lower urinary tract
dysfunction in the neurological patient: clinical assessment
and management. Lancet Neurol. 2015;14(7):720‐732. doi:10.
1016/S1474-4422(15)00070-8

47. Schurch B, Tawadros C, Carda S. Dysfunction of lower urinary
tract in patients with spinal cord injury. Handb Clin Neurol.
2015;130:247‐267. doi:10.1016/B978-0-444-63247-0.00014-6

48. Kreydin E, Welk B, Chung D, et al. Surveillance and management
of urologic complications after spinal cord injury. World J Urol.
2018;36(10):1545‐1553. doi:10.1007/s00345-018-2345-0

49. Gajewski JB, Schurch B, Hamid R, et al. An International
Continence Society (ICS) report on the terminology for adult
neurogenic lower urinary tract dysfunction (ANLUTD). Neurourol
Urodyn. 2018;37(3):1152‐1161. doi:10.1002/nau.23397

50. Blaivas JG, Sinha HP, Zayed AAH, Labib KB. Detrusor‐external
sphincter dyssynergia: a detailed electromyographic study. J Urol.
1981;125(4):545‐548. doi:10.1016/s0022-5347(17)55100-9

51. Weld KJ, Graney MJ, Dmochowski RR. Clinical significance of
detrusor sphincter dyssynergia type in patients with post‐
traumatic spinal cord injury. Urology. 2000;56(4):565‐568.
doi:10.1016/s0090-4295(00)00761-5

52. Panicker JN. Neurogenic bladder: epidemiology, diagnosis,
and management. Semin Neurol. 2020;40(5):569‐579. doi:10.
1055/s-0040-1713876

53. Wyndaele M, Rosier PFWM. Basics of videourodynamics for
adult patients with lower urinary tract dysfunction. Neurourol
Urodyn. 2018;37(S6):S61‐S66. doi:10.1002/nau.23778

54. Wang Z, Deng H, Li X, Liao L. The video‐urodynamic and
electrophysiological characteristics in patients with traumatic
spinal cord injury. Int Neurourol J. 2021;25(4):327‐336. doi:10.
5213/inj.2040376.188

55. Lynch A, Anthony A, Dobbs B, Frizelle F. Anorectal
physiology following spinal cord injury. Spinal Cord.
2000;38(10):573‐580. doi:10.1038/sj.sc.3101076

56. Ikeda Y, Zabbarova I, Tyagi P, et al. Targeting neurotrophin
and nitric oxide signaling to treat spinal cord injury and
associated neurogenic bladder overactivity. Continence.
2022;1:100014. doi:10.1016/j.cont.2022.100014

How to cite this article: Webb K, Rijk MM,
Gajewski JB, et al. Developing new ways to assess
neural control of pelvic organ function in spinal
conditions: ICI‐RS 2023. Neurourol Urodyn. 2023;
1‐8. doi:10.1002/nau.25347

8 | WEBB ET AL.

 15206777, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nau.25347 by T

est, W
iley O

nline L
ibrary on [15/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/s0022-5347(17)54449-3
https://doi.org/10.1016/s0022-5347(17)37254-3
https://doi.org/10.1002/nau.23163
https://doi.org/10.1002/nau.23501
https://doi.org/10.1016/S1474-4422(15)00070-8
https://doi.org/10.1016/S1474-4422(15)00070-8
https://doi.org/10.1016/B978-0-444-63247-0.00014-6
https://doi.org/10.1007/s00345-018-2345-0
https://doi.org/10.1002/nau.23397
https://doi.org/10.1016/s0022-5347(17)55100-9
https://doi.org/10.1016/s0090-4295(00)00761-5
https://doi.org/10.1055/s-0040-1713876
https://doi.org/10.1055/s-0040-1713876
https://doi.org/10.1002/nau.23778
https://doi.org/10.5213/inj.2040376.188
https://doi.org/10.5213/inj.2040376.188
https://doi.org/10.1038/sj.sc.3101076
https://doi.org/10.1016/j.cont.2022.100014
https://doi.org/10.1002/nau.25347

	Developing new ways to assess neural control of pelvic organ function in spinal conditions: ICI-RS 2023
	1 INTRODUCTION
	2 MOTOR CONTROL
	3 BLADDER AND BOWEL AFFERENT PATHWAYS
	4 HIGHER BRAIN CENTERS
	5 ADVANCED FUNCTION AND IMAGING MODALITIES
	6 URODYNAMIC (UDS) ASSESSMENT AND ALTERNATIVES
	7 EXPERIMENTAL CONTEXT
	8 RESEARCH DIRECTIONS
	9 CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES




