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Purpose of review

In this review, we summarize recent advances in the understanding of the neural control of the bladder,
bowel and sexual function, in both men and women.

Recent findings

Evidence of supraspinal areas controlling the storage of urine and micturition in animals, such as the

pontine micturition centre, emerged in the early 20th century. Neurological stimulation and lesion studies in
humans provided additional indirect evidence for additional bladder-related brain areas. Thereafter,
functional neuroimaging in humans with PET and fMRI provided more direct evidence of the involvement of
these brain areas. The areas involved in the storage and expulsion of urine also seem to be involved in the
central control of storage and expulsion of feces. Furthermore, most knowledge on the brain control of
sexual function is obtained from dynamic imaging in human volunteers. Relatively little is known about the

dysfunctional central circuits in patients with pelvic organ dysfunction.

Summary

fMRI has been the most widely used functional neuroimaging technique in the last decade to study the
central control of bladder function, anorectal function and sexual function. The studies described in this
review show which sensory and motor areas are involved, including cortical and subcortical areas. We
propose the existence of a switch-like phenomenon located in the pons controlling micturition, defecation

and orgasm.
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Functional neuroimaging techniques include func-
tional MRI (fMRI), positron emission tomography
(PET), electroencephalography (EEG), magnetoen-
cephalography (MEG), functional near infrared
spectroscopy (fNIRS) and single-photon emission
computed tomography (SPECT). These techniques
detect changes in neuronal activity with a specific
neuronal marker. Each functional neuroimaging
modality has its pros and cons. Imaging at 7T has
a significantly higher functional sensitivity and spa-
tial resolution compared to imaging at 3T, but at the
expense of an increase in motion artifacts [1]. How-
ever, fMRI has a limited temporal resolution com-
pared to EEG and NIRS [2]. Conversely, EEG and
fNIRS can only detect cortical activity and, there-
fore, have a lower spatial resolution than fMRI. The
present review focusses on functional neuroimaging
literature on the bladder, bowel and sexual function.
There exists a remarkable overlap in central activa-
tion in bladder, anorectal and sexual control. Mic-
turition, defecation and orgasm are switch-like
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phenomena, which are controlled by supraspinal
structures. We refer to the pelvic floor muscles
involved in these functions as the pelvic closure
muscles, these include the urethral and anal sphinc-
ters. The pelvic organs of which we describe the
neural control are the bladder, the anorectum and
the internal and external genitalia.

Bladder function

The lower urinary tract (LUT) has two functions:
storage of urine and micturition, which both require
coordinated neural control by the brainstem. Evi-
dence from studies in cats of the supraspinal areas
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KEY POINTS

o fMRI is the functional neuroimaging technique most
widely used fo study the central control urinary bladder
function, anorectal function and sexual function.

o fMRI is usually chosen as neuroimaging technique
because of its relatively high spatial resolution
compared to other functional neuroimaging techniques.

e We propose the existence of a switch-like mechanism
originating in the pons controlling the opening of the
pelvic closure muscles during micturition, defecation
and orgasm.

e We propose that suprapontine sensory, motor and
limbic brain areas modulate final common pathway
areas in the pons and spinal cord and, therefore,
influence both pelvic organ and pelvic closure
muscle functions.

controlling the storage of urine and micturition,
such as the pontine micturition centre (PMC),
emerged in the early 20th century and was con-
firmed by additional animal studies [3%,4"]. Subse-
quently,  functional  neuroimaging  studies
concerning LUT control in humans became avail-
able. A study, using PET, showed that the periaque-
ductal grey (PAG) and the PMC [also called
Barrington’s nucleus or the M(edial)-region, later
in this article referred to as the pelvic motor centre]
are involved, and the authors proposed that the
PMC functions as a switch that initiates micturition
[5%,6,77]. The pontine storage or continence centre
[PSC, also called L(ateral)-region], later in this article
referred to as the pelvic storage centre, is postulated
to be responsible for maintaining continence in-
between voids [8]. The peripheral nerves innervat-
ing the lower urinary tract are the hypogastric, the
pelvic, and the pudendal nerves. These nerves,
together with local connections within the spinal
cord, ensure necessary reflexes of the bladder and
pelvic floor muscle tone in response to changes in
bladder filling. Control of the micturition reflex
pathways by suprapontine brain areas ensures mic-
turition under the appropriate circumstances [9].

Bowel function

The rectum serves as a reservoir for stool produced
by the small and large intestines. The anus contains
an internal and external sphincter ensuring faecal
continence. Faecal continence and defecation are
partly controlled by the same brain structures as
micturition [10]. The spinal and supraspinal brain
areas involved in anorectal function are less often
studied than those involved in bladder function.
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The descending control of the external anal and
urethral sphincters comprises a common pathway
in the brainstem, the spinal cord and the pudendal
nerve [11]. There is evidence supporting the concept
that the PMC controls the distal colon, rectum and
internal anal sphincter [12-14]. Furthermore, the
hypothesis is that the external anal sphincter is
controlled by the PSC, which ensures faecal conti-
nence. The peripheral nerves innervating the ano-
rectum and the external anal sphincter are the
hypogastric, the pelvic and the pudendal nerves.
The recent advances in the understanding of the
central neural control of anorectal function and the
similarities to the control of bladder function are
discussed in this review.

Sexual function

The internal and external genitalia serve as organs
important for sexual function aimed at pleasure and
reproduction. The first evidence of the central areas
controlling sexual function came from experiments
in cats and monkeys. Electrical stimulation in mon-
keys revealed that several brain areas of the limbic
system are involved in penile erection: the hippo-
campus, anterior and medial parts of the thalamus,
the hypothalamus, the mammillary bodies, the fron-
tal lobe and the cingulate gyrus [15]. More recent
studies used a neuronal tracer injected in the penis or
clitoris in rats. These experiments revealed a possible
role for the nucleus paragigantocellularis and the
PMC in the brainstem in penile function and in
clitoral function [16,17]. A lesion of the nucleus para-
gigantocellularis abolishes inhibition of erection and
ejaculation [18]. Furthermore, electrical stimulation
of the paraventricular nucleus of the hypothalamus
induced penile erection and ejaculation in rats [19].
These animal studies implicate a function for higher
brain areas in sexual function in conjunction with
diencephalon, midbrain and brainstem areas.

NEUROIMAGING OF BRAIN AREAS
INVOLVED IN THE STORAGE OF URINE
AND MICTURITION

In the following two paragraphs, we first describe
the central control of the urinary bladder and, there-
after, the voluntary control of pelvic floor muscle
tone with regard to micturition.

Bladder

The bladder serves as a reservoir for urine. When the
amount of urine in the bladder exceeds a certain
individual threshold, an urge to void may arise. If
the circumstances are appropriate, micturition can
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start. A 3T fMRI study in healthy male and female
individuals investigating brain activity during blad-
der filling confirmed and extended the previous PET
studies with activation of the dorsolateral prefrontal
cortex, the orbitofrontal/frontopolar cortex, the ven-
trolateral prefrontal cortex, the anterior cingulate
cortex, the left insula, the right insula, the hypothal-
amus and the left basal ganglia [20]. In both healthy
male and female volunteers it was demonstrated
using fMRI that at the end of the storage phase, when
the bladder was filled and there was a strong desire to
void, the prefrontal cortex, the anterior cingulate
cortex, the hypothalamus, the temporal lobes and
the left caudate nucleus were active [21]. The PAG,
the pons, the insula, the thalamus, the prefrontal
cortex, the parietal operculum and the cingulate
cortex are active during the transition from urine
storage to micturition [22]. The insula, parts of the
prefrontal cortex, the cingulate cortex and the hypo-
thalamus are so-called limbic brain structures
involved in the processing of sensing the interior
and exterior of the individual and translate this
information to behaviour important for vital func-
tions. The basal ganglia are considered to be involved
in processing and modulation of motor activity. Arya
et al. [23"] performed a meta-analysis of neuroimag-
ing studies on bladder filling using activation likeli-
hood estimation, which showed significant
activation of the thalamus, the insula, the PAG and
the cerebellum during bladder filling.

Pelvic floor

Voluntary and involuntary pelvic floor muscle con-
tractions are controlled by different brain areas. A 3T
fMRI study during voluntary pelvic floor muscle
contraction in both healthy males and females
revealed activation in the primary motor cortex
and the supplementary motor area [24]. A 7T fMRI
study in individual healthy male subjects showed
activation in the primary motor cortex, the supple-
mentary motor area, the midcingulate gyrus, the
insula, the putamen, the thalamus and the anterior
and posterior lobes of the cerebellum during pelvic
floor muscle contraction [25]. Involuntary contrac-
tion of the pelvic floor musculature depends on the
PSC and is a brainstem and spinal cord mediated
reflex, continuously activated, which ensures conti-
nence during the storage of urine.

NEUROIMAGING OF BRAIN AREAS
INVOLVED IN ANORECTAL FUNCTION

In the following two paragraphs we describe the
neuroimaging of anorectal function during rectal
distension and anal sphincter contractions.
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Rectum

Rectal distension was studied in healthy volunteers
using both 1.5T and 3T fMRI. The 3T fMRI study
demonstrated activation during rectal distension in
the right mid-insula, the bilateral inferior parietal
lobe and the right operculum [26]. Activation was
found, using 1.5T fMRI, in the anterior cingulate
gyrus, the insula, the thalamus and the supplemen-
tary motor area bilaterally [27]. This coincided with
prefrontal deactivation. Increasing rectal disten-
sion to a level at which it was painful showed
increased activity in the aforementioned brain areas
without activation of any additional brain areas. A
meta-analysis was conducted by Halani et al. [28"]
showing that activation partly overlaps during
bladder filling and rectal distension. The right
insula and the right and left thalamus were acti-
vated during bladder filling and rectal distension.
Combining the evidence from animal studies locat-
ing the pontine defecation centre in the PMC, the
overlap of central micturition and defecation con-
trol becomes more evident. There is no evidence of
distinct neurons within the PMC involved in either
bladder control or rectal control [29]. Thus, it seems
that neurons in the PMC are involved in both
functions. To completely understand the neural
control of anorectal function, the act of defecation
should be studied.

Pelvic floor

A 1.5T fMRI study in healthy volunteers showed
activation of the primary motor cortex and the sup-
plementary motor area during external anal sphinc-
ter contractions [27]. Furthermore, activation was
present in the anterior and medial insula, the primary
somatosensory and the secondary somatosensory
cortex bilaterally. Another 1.5T fMRI study showed
activation of sensory areas, motor areas, the cingulate
gyrus, the prefrontal cortex, the insula and the pari-
etooccipital cortex [30]. The total volume of cortical
activity was higher when the volunteers exerted
maximal effort, which was monitored by measuring
pressure in the anal canal using a catheter, whereby
the subjects were instructed to contract their anal
sphincter both maximally and submaximally. Both
of the aforementioned studies describe the voluntary,
but not the involuntary, control of anal sphincter
muscle tone. In comparison to the 7T fMRI study
mentioned earlier in the section about pelvic floor
muscle tone in relation to micturition, we see that the
activated brain areas are partly the same [25]. How-
ever, the 7T fMRI study revealed additional activation
in the cerebellum, putamen and the thalamus which
was not shown in the aforementioned 1.5T fMRI
studies on anal sphincter contractions.
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NEUROIMAGING OF BRAIN AREAS
INVOLVED IN SEXUAL FUNCTION IN
WOMEN

A description of neuroimaging of sensory functions
of the female genitalia and neuroimaging of female
orgasm is given in the following two paragraphs.

Internal and external genitalia

Studies on the sensory representation of the genita-
lia in women used either tactile stimulation or
transcutaneous electrical stimulation. A 3T fMRI
study was performed to map the sensory represen-
tation of the vagina and cervix on the sensory cortex
[31]. Healthy right-handed women performed clito-
ral, vaginal and cervical self-stimulation, which all
showed activation of the medial paracentral lobule
in the sensory cortex. The activated areas were partly
overlapping but not completely, implicating sepa-
rate representations of the clitoris, vagina and cervix
in the sensory cortex. An fMRI study by Wise et al.
[32] compared tactile self-stimulation of the clitoris
to imagined tactile stimulation of the clitoris. Tac-
tile self-stimulation of the clitoris resulted in activa-
tion of the paracentral lobule, the right parietal
operculum, the frontal pole, the orbitofrontal cor-
tex, the cerebellum, the hand region of the primary
somatosensory cortex and the premotor cortex.
Imagined tactile stimulation of the clitoris activated
the same areas and, additionally, the left parietal
operculum, the insular cortex, the amygdala, the
hippocampus and the inferior parietal lobule. These
results are in line with previous descriptions locat-
ing the sensory representation of the clitoris in the
paracentral lobule [31]. On the contrary, another 3T
fMRI study located the sensory representation of the
clitoris on the convexity of the postcentral gyrus
[33]. fMRI scanning with increased magnetic field
strength might resolve these inconsistent findings
in the future.

Female orgasm

An tMRI study revealed activation of multiple brain
areas leading up to orgasm, followed by a decrease in
activity in the same areas, thereafter. Examples of
these areas are: the nucleus accumbens, the insula,
the anterior cingulate cortex, the orbitofrontal cor-
tex, the operculum, the right angular gyrus, the para-
central lobule, the cerebellum, the hippocampus, the
amygdala, the hypothalamus, the ventral tegmental
area and the dorsal raphe [34]. This study compared
self-stimulation to partner induced stimulation. The
two conditions showed similar activation patterns
during orgasm. However, there was a difference in the
level of activity during self-stimulation compared to
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partner-induced stimulation, showing more activity
mid-stimulation and less activity during late stimu-
lation in the self-stimulation condition.

NEUROIMAGING OF BRAIN AREAS
INVOLVED IN SEXUAL FUNCTION IN MEN

Firstly, we describe neuroimaging of the internal
and external genitalia in men and, thereafter, we
describe recent advances in neuroimaging of sexual
function in men.

Internal and external genitalia

No neuroimaging studies in healthy volunteers
about the neural control of the internal genitalia
in men, which are the prostate and the seminal
vesicles, were identified. A study using a retrograde
transneuronal tracer injected in the prostate of rats,
revealed labelling predominantly in the ventrolat-
eral medulla, the medullary raphe, the PMC and the
paraventricular nucleus of the hypothalamus [35].
The external genitalia in men comprise the penis
and the scrotum. A study in 2005 revealed that the
primary sensory representation of the penis lies on
the convexity of the postcentral gyrus in an area that
overlaps with the sensory representation of the
abdominal wall [36™]. Recently this result was con-
firmed in single subjects by tactile stimulation of the
penile shaft during 7T fMRI scanning [37]. This is in
contrast to earlier descriptions in which the external
male genital region was located on the medial wall
in the interhemispheric fissure.

Male orgasm

An fMRI study of healthy male individuals com-
pared visual sexual stimuli and visual nonsexual
stimuli [38]. Increased activation was observed after
presentation of visual sexual stimuli compared to
visual nonsexual stimuli in the bilateral medial
occipital gyrus, the fusiform gyrus, the praecuneus,
the inferior parietal cortex, the orbital frontal cor-
tex, the thalamus, the insula, the globus pallidus,
the putamen, and the amygdala. A study was con-
ducted in healthy male subjects using NIRS to see
whether this technique is capable of detecting pre-
frontal cortical changes in blood flow as a response
to visual sexual stimulation [39]. This study showed
alterations in oxygenated and deoxygenated hae-
moglobin in the prefrontal cortex in response to
visual sexual stimuli compared to visual nonsexual
stimuli. The studies described here do not show
which brain areas are involved in the male orgasm,
they merely describe which brain areas are involved
in arousal.
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FIGURE 1. Neural control of the pelvic organs. Overview of the central control of the pelvic organs and the pelvic closure
muscles in both women and men. Suprapontine brain areas modulate the core pathway originating in the pons, exerting its
effect through the spinal cord and the peripheral nerves innervating the pelvic organs and the pelvic floor closure muscles,
which are part of the pelvic floor (internal and external urethral sphincters, internal and external anal sphincters, m.
puborectalis, m. ischiocavernosus, m. bulbospongiosus). PAG, periaqueductal grey; PMC, pelvic motor centre (also referred

to as the pontine micturition centre); PSC, pelvic storage centre (also called pontine storage centre or pontine continence

centre).

CONCLUSION

Bladder, bowel (or more specific, anorectal) and
sexual functioning is controlled by central compo-
nents originating in the pons, specifically in the
pelvic motor centre (also referred to as the PMC)
and the pelvic storage centre (PSC, Fig. 1). We
propose a switch-like mechanism located in
the pelvic motor centre, of which the activity is
modulated by suprapontine brain areas, controlling
micturition, defecation and orgasm. These supra-
pontine brain areas are proposed to modulate the
control of the pelvic organs, including the bladder,
anorectum and pelvic closure muscles, including
the urethral and anal sphincters. Pelvic organ func-
tion is modulated by several common brain areas
including the insula, the cingulate gyrus and the
thalamus. Voluntary control of pelvic closure mus-
cle contractions for the control of micturition and
anorectal function shows common activation in the
primary motor cortex, the cingulate gyrus and the
insula. The neural control of the pelvic closure
muscles in continuous storage and sexual function
is involuntary, and therefore, other brain areas are
activated. fMRI studies have provided many
insights, however, further research into the interac-
tion between the different involved brain areas
is necessary.
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