l" frontiers
in Surgery

ORIGINAL RESEARCH
published: 07 December 2021
doi: 10.3389/fsurg.2021.751236

OPEN ACCESS

Edited by:

Hai-Hong Jiang,

First Affiliated Hospital of Wenzhou
Medical University, China

Reviewed by:

Becky Clarkson,

University of Pittsburgh, United States
Lorenz Leitner,

Balgrist University

Hospital, Switzerland

*Correspondence:

Hai Huang
huangh9@mail.sysu.edu.cn
Zhiying Liang
liangzhy3@mail2.sysu.edu.cn

*These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Genitourinary Surgery,

a section of the journal
Frontiers in Surgery

Received: 31 July 2021
Accepted: 26 October 2021
Published: 07 December 2021

Citation:

Wu W, Su Y, Huang H, Chen M, Fan F,
Zhu D, Li K, Guo Z, Liang Z and
Huang H (2021) Neuroimaging Study
Investigating the Supraspinal Control
of Lower Urinary Tract Function in
Man With Orthotopic lleal Neobladder.
Front. Surg. 8:751236.

doi: 10.3389/fsurg.2021.751236

Check for
updates

Neuroimaging Study Investigating
the Supraspinal Control of Lower
Urinary Tract Function in Man With
Orthotopic lleal Neobladder

Wanhua Wu "2, Yun Su®, Hao Huang'*, Meiwei Chen?, Fan Fan'2, Dingjun Zhu'?,
Kaiwen Li"2, Zhenghui Guo "2, Zhiying Liang®* and Hai Huang "**

" Department of Urology, The Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 2 Guangdong
Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University, Guangzhou, China, ° Department of Radiology, The Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
Guangzhou, China

Introduction: Recent studies employing functional imaging methodology have revealed
reference brain regions of urinary tract function, namely, the midbrain periaqueductal gray
matter, thalamus, and cingulate and prefrontal cortices. The orthotopic ileal neobladder
is a desirable method for urinary diversion after radical cystectomy, but its supraspinal
control remains unknown. We aimed to evaluate brain activity while maintaining urinary
urgency and voluntary urinary control in male subjects with ileal orthotopic neobladders
by performing functional MRI (fMRI) during a block design experiment.

Materials and Methods: Patients were recruited at the Sun Yat-sen Memorial Hospital
of the Sun Yat-sen University from October 2017 to May 2019. Two tasks were performed
during fMRI scanning: (1) repeated infusion and withdrawal of sterile saline solution into
and out of the neobladder to simulate urgency; and (2) repeated contraction of the pelvic
floor muscle with a full neobladder to induce inhibition of micturition since the subjects
were asked not to urinate. The obtained data were visualized and statistically analyzed.

Results: Sixteen subjects were recruited in the study, and data were obtained from 10
subjects: mean age 60.1 years, average postoperative time 20.2 months, and daytime
continence rate 100%. The parahippocampus, frontal lobe, vermis, and anterior cingulate
cortex were activated with large bladder volumes, and the thalamus and caudate nucleus
were deactivated during voluntary urinary control.

Conclusion: A complex supraspinal program is involved during ileal orthotopic
neobladder control, which is significantly different from that with normal bladders, in which
the original intestine visceral volume sensation is preserved.
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INTRODUCTION

Bladder cancer (BCa) is the 11th most common cancer among
humans and the seventh most common among men worldwide,
and its morbidity is increasing, placing a heavy burden on
society (1). Radical cystectomy (RC) is the standard treatment for
patients with resectable muscular invasive BCa, and orthotopic
ileal neobladder (OIN) is becoming the best urinary diversion
option after RC. This transition has occurred because OIN
provides patients with a favorable cosmetic outcome and better
quality of life after surgery (2). With adequate postoperative
training, the OIN can share many similar functions with
the original bladder, namely, storage of urine, voiding, and
continence, allowing patients to return to a close to, if not normal,
urinary routine (3). However, lower urinary tract dysfunction
remains one of the major concerns following OIN surgery.
The daytime and nighttime urinary incontinence rates of OIN
are 8-10 and 20-30%, respectively, and the urinary retention
rate ranges from 4 to 12% (2, 4). It is important to reduce
the incidence of urinary dysfunction of OIN and improve the
postoperative quality of life. Good urinary function depends on
complex spinal and cerebral neural control. Determining the
neural control of the lower urinary tract in OIN is crucial.

In recent years, functional imaging studies, such as functional
MRI (fMRI), have succeeded in discovering the brain regions
of micturition circuits in physiological and disease conditions,
such as urinary incontinence, urinary retention, and overactive
bladder. The midbrain periaqueductal gray matter (PAG) and the
pontine micturition center (PMC) are the central structures and
the modulating supratentorial regions. The PAG is the location
of the switch from storage to voiding, and it interconnects
with many parts of the forebrain, namely, the basal ganglia,
hypothalamus, thalamus, frontal cortex, and limbic system (5-7).
In disease situations, micturition-related brain activity changes
in active regions and with active intensity. This study aimed to
evaluate brain activity while maintaining urgency and voluntary
urinary control in male subjects with OIN by performing fMRI
during a block design experiment.

MATERIALS AND METHODS
Subjects

Male patients with BCa who underwent laparoscopic RC
followed by OIN at the Sun Yat-sen Memorial Hospital were
recruited according to the inclusion and exclusion criteria from
September 2017 to March 2019.

The inclusion criteria were: (1) more than 3 months
after surgery; (2) male sex; (3) right-handedness; (4) no
contraindications associated with MRI examination; and (5)
a signed informed consent form. The exclusion criteria were:
(1) open surgery; (2) history of radiotherapy; (3) history of
prostate cancer; (4) abnormal lower urinary tract or diseases
that affect abdominal pressure; (5) abnormal craniocerebral
anatomy or history of craniocerebral surgery, craniocerebral
tumors, or craniocerebral radiation therapy; (6) history of mental
illness, Parkinson’s disease, Alzheimer’s disease, epilepsy, cerebral
infarction, or cerebral hemorrhage; (7) claustrophobia or metal

implants not suitable for MR examination; (8) other diseases that
affect lower urinary tract function (such as spinal cord injury
and diabetic peripheral neuropathy); and (9) urethral strictures
(8,9).

Measurements During Scanning

Regarding subject preparation, rechecking for contraindications,
and patient education, subjects voided before entering the
scanner and were catheterized with 14F double-lumen latex
catheters (Weili Medical Devices Co., Ltd., Guangzhou, China).
The neobladder was drained of any residual urine. The subjects
then lay supine in the scanner (Achieva; Philips Medical Systems,
Best, the Netherlands, 3-T magnet) on an absorbent pad. The
catheters were connected to an MR injection system (Spectris
Solaris EP, MEDRAD, Warrendale, PA, USA).

T1-Weighted Imaging

Data were acquired on a Philips 3-T full-body scanner (Achieva;
Philips Medical Systems, Best, the Netherlands) equipped
with a standard eight-channel-phased array head coil (SENSE
XL-Torso coil, Achieva; Philips Medical Systems, Best, the
Netherlands). Head movements were restrained with foam
padding. Headphones and earplugs were used to reduce the
interference of noise.

High-resolution structural T1-weighted images (T1: turbo
field echo; TR = 8.2 ms; TE = 3.7 ms; matrix size 198 x 192; 160
sagittal slices; voxel size = 1 mm x 1 mm x 1 mm) were acquired
coplanar with functional scans (8, 9) (Figure 1A).

Task-Related fMRI: Neobladder Volume Sensation

We recorded a structural brain image followed by repeated
blocks of functional brain scans. The neobladder was filled
via an MR injection system (Spectris Solaris EP, MEDRAD,
USA) at 2 ml/s until the patient reported a strong desire to
void or to maximal bladder capacity (according to urodynamics
before fMRI scan); if the subject had no obvious bladder
sensation or urodynamics report, at most 400 ml were used.
After the patient rested for 60s, 60 ml of saline solution were
repeatedly infused into and withdrawn from the bladder at 2
ml/s, with 30s of rest between infusion and withdrawal. This
process was repeated for four cycles (10-13). These processes
were intended to obtain bladder volume sensory-related brain
activation signals by stimulating different bladder volumes
(Figures 1A,B).

Task-Related fMRI: Continence

A block design was used in this section. The neobladder was
emptied and then filled via the MR injection system at 2 ml/s
until the patient reported a strong desire to void or maximal
bladder capacity was reached (according to urodynamics before
fMRI scan). If no obvious bladder sensation or urodynamics
were reported, the volume was at most 400 ml. After the patient
rested for 60s, the patient was instructed to contract the pelvic
floor muscles for 15s and repeat the above process for six cycles
(13-15). These processes were intended to mimic the inhibition
of micturition reflex triggering since the subjects with a full
neobladder were asked not to urinate (Figures 1A,C).
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two conditions: (1) rest and (2) pelvic floor muscle contraction.
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FIGURE 1 | Flow diagram of MRI measurements. (A) Sequences of MRI scans. (B) Scan paradigm of task-related functional MRI (fMRI) about neobladder volume
sensation. Starting with a “baseline” rest (60 s, no specific stimulus or task was performed), it consisted of four repetitive blocks, each with four conditions: (1)
automated infusion of 60 ml of body warm saline into the neobladder; (2) rest; (3) withdrawal of 60 ml of saline from the neobladder; and (4) rest. (C) Scan paradigm of
task-related fMRI about continence. It started with a “baseline” rest (60 s, no specific stimulus or task is performed) and consisted of six repetitive blocks, each with

fMRI Scanning

Two functional scans, one lasting 9min and another lasting
3 min, were acquired (echo-planar T2*-weighted gradient-echo;
TR = 3,000ms; TE = 35ms; flip angle = 90°; matrix size
128 x 128; 33 axial slices; 1.8-mm in-plane resolution; and
4mm thick) spanning the dorsal-ventral extent of the anterior
cingulate cortex.

Data Postprocessing

The task-related fMRI images were preprocessed with Data
Processing Assistant for Resting-State fMRI (DPARSE http://
rfmri.org/DPARSF) based on Statistical Parametric Mapping
(SPM12, http://www filion.ucl.ac.uk/spm). First, we converted
the image format from DICOM to NIFTI. Then, after the removal
of the first 10 volumes of fMRI, the remaining volumes were
corrected for different signal acquisition times. The functional
volumes were motion corrected using a six-parameter rigid-
body transformation. The aligned images were coregistered
to T1 anatomical images and then subsequently normalized
to Montreal Neurological Institute (MNI) space (3 mm?
isotropic) using the Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra (DARTEL) tool (16). Each
normalized scan was smoothed with a Gaussian kernel full width
at half maximum (6 x 6 x 6 mm) to reduce residual noise and
inhomogeneity between individual brain images.

Given a possible confounding effect of micromovements on
intrinsic functional connectivity, we calculated the framewise
displacement (FD) values for each subject using the Jenkinson
formula, which reflects the temporal derivative of the movement
parameters (17, 18).

Each subject was analyzed separately [first-level analysis]
using a general linear model convolved with a canonical
hemodynamic response function (19). The design matrix of the
general linear model in the neobladder volume sensation task for
the first-level analysis consisted of the following three conditions:

INFUSION, WITHDRAWAL, and REST (30s). The design
matrix of the general linear model in the neobladder continence
task for the first-level analysis consisted of the following two
conditions: CONTRACTION and REST (15s). The first-level
contrasts were defined by subtraction logic (e.g., [I-1 0 0] to
calculate the difference between INFUSION and WITHDRAW).
Individual statistical maps were evaluated with a threshold of P <
0.001 (uncorrected). The resulting statistical maps were included
in group statistics [second-level analysis] using a one-sample ¢-
test. The results were considered significant if they had a voxel P
< 0.001 and a cluster P < 0.05 following Gaussian random field
(GRF) correction.

RESULTS

Sixteen patients met the criteria and provided written informed
consent, three of whom failed catheter insertion due to a lower
urinary tract. A total of 13 subjects were scanned. The average
age was 62.10 & 9.48 years old, and the average postoperative
period to the test date was 20.20 & 13.53 months. The daytime
urine continent rate was 100%, and all were able to void
voluntarily. The average international prostatic symptom scores
(20) during the storage and urination periods were 2.6 and
4, respectively, and the incontinence quality of life score (21)
was 72.5 £ 8.13, indicating that all patients had relatively
good neobladder function and good quality of life (Table 1 and
Supplementary Figure 1).

In the neobladder volume sensation task, four cases were
excluded because of image artifacts, and a total of nine cases
were included in the analysis. The first-level contrasts were
defined by subtraction logic to calculating the difference between
INFUSION and WITHDRAW. The main effect analysis showed
that, when the volume of the neobladder increased, hippocampal
gyrus (peak coordinates —15, —3, and —24), frontal lobe (peak
coordinates —54, 18, and —6), vermis (peak coordinates 0, —42,
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TABLE 1 | Baseline characteristics of subjects.

Subject Age (year) Time after Other Daytime Nighttime I-PSS I-PSS 1-QOL T N M
ID operation  chronic continence continence scored- scored- score stage stage stage
(month) diseases storage urination

1 72 10 / + - 4 5 74 2a 0 0
2 53 17 / + + 3 4 75 3b 0 0
3 77 14 Diabetes + + 2 4 75 2b 0 0
4 65 35 / + + 2 4 78 2a 0 0
5 55 24 Hypertension + + 1 4 80 2 1 0
6 62 12 diabetes + - 3 4 58 3a 0 0
7 51 7 / + - 3 6 57 1 0 0
8 70 4 / + - 3 3 75 a 0 0
9 66 37 / + + 3 3 75 3a 0 0
10 50 42 / + - 2 3 78 3a 0 0
Mean (SD) 62.10 20.20 2.6 4 72.50

(9.48) (13.53) (0.84) (0.94) (8.13)

I-PSS, international prostatic symptom score; I-QOL, incontinence quality of life score; +, achieve daytime or nighttime continence; —, daytime or nighttime incontinence.

TABLE 2 | Regions responding to neobladder volume sensation and neobladder
voluntary continence.

Task Region Peak MNI Peak Number
coordinate T-value of voxels
(x,y, and 2)
Volume Para hippocampal ~ —15, =3, —24 14.5829 7
sensation Frontal lobe —54,18, -6 11.56966 10
Vermis 0, —42,0 6.6498 10
Anterior cingulate 3,27,24 6.5075 9
cortex
Continence Thalamus, 12, =12, 21 —156.7218 6

caudate nucleus

The first-level contrasts were defined by subtraction logic between INFUSION and
WITHDRAW. MNI is the human brain coordinates of the Montreal Institute of Neurology.
GRF correction, voxel P < 0.001, cluster P < 0.05.

and 0), and anterior cingulate gyrus (peak coordinates 3, 27,
and 24) activity increased (Table2 and Figures2, 4B) (GRF
correction, voxel P < 0.001, cluster P < 0.05). There were
no significant activation changes when calculate the difference
between INFUSION and REST or between WITHDRAW
and REST.

In the neobladder continence task, five subjects who had
FD > 0.3mm or translation > 3mm or rotation > 3° were
excluded. And due to the severe image artifacts, two subjects
were excluded. A total of six cases were included in the
analysis. The main effect analysis showed that, when patients
repeatedly contracted the pelvic floor muscles to simulate urine
control, the thalamus and caudate nucleus (peak coordinates 12,
—12, and 21) were activity decreased (Table 2 and Figures 3A,
4B) (GRF correction, voxel P < 0.001, cluster P < 0.05). In
addition, activation changes in the supplementary motor area
(SMA) were observed in all six subjects in the single-subject
analysis but not in the overall group analysis, of whom five had
bilateral activation, and one patient had only left-side changes.

Five patients had decreased activation, and one had increased
activation (Table 3 and Figure 3B). Decreased activation of the
bilateral frontal orbital cortex was observed in all six subjects in
the single-subject analysis but not in the overall group analysis
(Table 3).

DISCUSSION

The physiological functions of the lower urinary tract are
to store and empty in appropriate times and conditions.
Involuntary micturition is largely intact at birth, while the
inhibition of micturition is achieved during a developmental
hierarchy of sensory-motor learning; reinforcement and is not
a “built-in” behavior present at birth, and the supraspinal
control of continence is more complicated (5). Determining
the supraspinal control of the lower urinary tract is of
great significance for the treatment of lower urinary tract
functional diseases.

The exploration of supraspinal control of lower urinary tract
functional function has a long history. Before the development
of functional imaging technology, scientists evaluated brain
activity through animal experiments or observation of the clinical
symptoms of patients with brain injury. Over the past 15 years,
functional brain imaging has emerged as the most powerful
technique for studying human brain function, particularly for
understanding the relationship between activity in certain brain
areas and specific functions (6). Since 1996, the Japanese
scientist Fukuyama and his coworkers have used functional
imaging to reveal the functional activities of the brain during
urination in healthy men for the first time (23). More brain
regions related to micturition function are being elucidated
with the development of functional brain imaging. De Groat
et al. (22) suggested that control was exerted by three
“loops” based on the results of existing research: Circuit 1:
PAG-thalamus-insula-prefrontal cortex-PAG, which is mainly
responsible for urination decisions; Circuit 2: PAG-dorsal
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FIGURE 2 | Main effect analysis of neobladder volume sensation in all subjects. There was significant activation in (A). Frontal lobe (—54, 18, and —6); (B)
parahippocampus (—15, —3, and —24); (C) anterior cingulate cortex (ACC) (3, 27, and 24); and (D) vermis (0, —42, and 0) (cluster-level P < 0.05, GRF correction).
The first-level contrasts were defined by subtraction logic between INFUSION and WITHDRAW. GRF, Gaussian random field.

anterior cingulate cortex/SMA-sphincter/pelvic floor muscles,
related to continence; and Circuit 3: parahippocampal PAG,
a hippocampal loop, which is active when the bladder fills
slowly without causing a strong bladder sensation (5, 22)
(Figure 4A). In addition, some studies have revealed changes in
brain activity in disease conditions, such as urinary retention,
urinary incontinence (13), overactive bladder (10), spinal cord
injury (24), and Parkinson’s disease (25), explaining the disease
occurrence from the perspective of supraspinal regulation
and providing new possibilities for treatment. BCa has high
morbidity worldwide (1). OIN is the desirable urinary diversion
option after RC (2). Reducing postoperative lower urinary tract
dysfunction and enabling patients to obtain a greater quality
of life have always been important topics. The lower urinary
tract neuromodulation of OIN has undergone greater changes
after surgery than with the normal bladder. Coupled with
postoperative rehabilitation training, the acquisition of new
bladder sensation and control causes greater changes in related
neural regulation. However, there has no related research for

reference. In this study, 18 male patients with BCa undergoing
laparoscopic RC and OIN were investigated using task-related
fMRI technology.

Neobladder Volume Sensation
In this study, saline solution was repeatedly infused into
and withdrawn from the neobladder, and functional magnetic
resonance scanning was performed at the same time to obtain
brain region activation while the bladder volume changed (10-
13). In this experiment, the regions activated during bladder
filling included the parahippocampus (peak coordinates —15,
—3, and —24), frontal lobe (peak coordinates —54, 18, and —6),
vermis (peak coordinates 0, —42, and 0), and anterior cingulate
cortex (peak coordinates 3, 27, and 24) (Table 2 and Figure 2).
In the original bladder, hippocampal activation occurs in
the small bladder volume and when the bladder volume slowly
increases (26). At this time, the volume change does not
sufficiently stimulate the volume receptors on the bladder wall,
and subjects usually have no obvious bladder sensation; therefore,
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FIGURE 3 | Brain activity during neobladder continence. (A) Main effect analysis of neobladder continence in all subjects. There was a significant activation decrease
in the thalamus and caudate nucleus (12, —12, and 21) (cluster-level P < 0.05, GRF correction). (B) Single-subject analysis of neobladder continence in subject no.
10. SMA showed a significant decrease in activation (arrows, also shown in Table 3) (cluster-level P < 0.05, GRF correction). The first-level contrasts were defined by
subtraction logic between CONTRACTION and REST. GRF, Gaussian random field; SMA, supplementary motor area.

A Circuit 1

o

Circuit 2
SMA/dACC
l« .........

Urethra, pelvic floor

Parasympathetic o
Voiding reflex

Circuit 3
Bladder

FIGURE 4 | Simple working model of the lower urinary tract control system. (A) Reproduced from De Groat et al. (22). Neural control of the lower urinary tract in
healthy people. (B) Modified from (A). Black shading shows regions active in healthy bladders but not in neobladders, which is a hypothesized difference of
mechanism based on small sample size. PAG, periaqueductal gray; PMC, pontine micturition center; th, thalamus; mPFC, medial prefrontal cortex; IPFC, lateral
prefrontal cortex; SMA, supplementary motor area; dACC, dorsal anterior cingulate cortex; Sa, Sacral spinal cord; ON, Onuf’s nucleus.

B Circuit 1

Circuit 2

Urethra, pelvic floor

Parasympathetic o
Voiding reflex

Circuit 3
Bladder

Urethra

brain regions that are active in high volumes are not active in
this condition, and the parahippocampal-PAG circuit is activated.
Among women with idiopathic inability bladder sensation,
restoration of bladder sensation by sacral neuromodulation leads
to changes in a similar brainstem/parahippocampal network (27),
suggesting that this network could be the route by which the PAG
normally monitors bladder behavior and exchanges bladder-
related signals with the rest of the brain (5). In this study, the
neobladder was filled rapidly until urgency or the maximum
bladder volume was reached. No activation was observed in the
insula, thalamus, and PAG, which are related to high bladder

volumes. According to recent studies, it might be suggested that
the neobladder cannot completely establish the original bladder
volume sensory response, while the hippocampal alternative
plays a role. The anterior cingulate belongs to the limbic system
and is responsible for motivation and modulation of bodily
arousal states. It is also related to cardiac rhythm and could
regulate visceral activity through beta- and alpha-adrenergic
receptors on these peripheral organs (28, 29). Anterior cingulate
gyrus activation not only increases during bladder filling in the
original bladder but is also involved in intestinal sensation (30—
33). We believe that the activation of the anterior cingulate gyrus
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TABLE 3 | Regions responding to neobladder voluntary continence in
single-subject analysis.

Bladder
volume? (ml)

Subject Activated regions

SMA Frontal orbital cortex

Left Right Left Right

250 - - - -

240 - - - -

300 /

300 + + - -
250 - - - -

0 300 - - - -

- © N o o b

The first-level contrasts were defined by subtraction logic between CONTRACTION and
REST. SMA, Supplementary motor area. @In this paradigm, neobladder was prefilled with
saline until the patient report a strong desire to void or to maximal bladder capacity
(according to urodynamics before fMRI scan) if no obvious bladder sensation and
urodynamics report, at most 400ml. +, Activation increase; —, activation decrease; /,
no activation change.

in the neobladder is a reflection of the intestinal sensation of
the intestinal segment used for the neobladder structure. The
prefrontal cortex is activated in the original bladder in high
bladder volumes and is generally considered to be involved in
micturition decisions (34, 35). The cerebellum has traditionally
been considered a center of secondary motor control and
coordination. A growing body of research has shown that the
cerebellum influences visceral functions. studies by Nishizawa
etal. (36) and Blok et al. (37) suggested that the cerebellum plays
a role in both the collecting and emptying phases. Siffert et al.
(38) found that children with postoperative cerebellar mutism
suffered from long-lasting urinary and fecal incontinence. These
studies indicate that the cerebellum plays a role in micturition,
but its specific role remains unclear (5).

Based on the results of this study, we considered that the
original volume sensation was absent in OIN and that the original
intestinal visceral volume sensation was preserved. The PAG and
PMC activation is absent in OIN.

Continence

Subjects were asked to repeatedly contract their pelvic floor
muscles during full bladder to mimic the inhibition of
micturition reflex triggering since the subjects were asked not to
urinate. The caudate and thalamus were active in this task. The
caudate belongs to the basal ganglia. The basal ganglia, such as
the putamen, play a role in lower urinary tract activity (14, 15, 39),
and in visceral function, the signal between the pons and limbic
system may be relayed by the basal ganglia (40, 41). Seseke et al.
(15) observed changes in the fMRI response in patients before
and after radical prostatectomy with special emphasis on pelvic
floor muscle control, and the basal ganglia and thalamus were
activated before and after surgery. Supplementary motor area
activation has been observed during repeated contractions of
the pelvic floor muscles in many studies (14, 15, 42). In this
study, activation of the supplementary motor area was observed
in five of the six subjects in the single-subject analysis but not

in the overall group analysis. Failure to detect activation in the
group analysis might have been due to the relatively longer
postoperative time interval, and subjects in our study accepted
different rehabilitation training, leading to different pelvic floor
muscle activity patterns. Similarly, in the frontal orbital frontal
cortex, which is related to micturition decisions, activity was
observed in all six subjects in the single-subject analysis but not
in the overall group analysis.

Limitations

The main limitation of this study was the small sample size, which
may affect the reliability of the results. Another limitation was
that this study fails to evaluate brain activity during micturition
because voiding while supine may pose a challenge to individuals
who can void normally while standing. The patients with OIN are
void by relaxing the pelvic floor and, if necessary, by abdominal
straining (Valsalva maneuver), which may lead to the difference
in the supraspinal program.

Conclusion

A complex supraspinal program is involved during OIN control
and is significantly different from that of the normal bladder. We
found that the original bladder volume sensation was absent in
OIN and that the original intestinal visceral volume sensation
was preserved. In addition, the PAG and PMC activation is
absent in OIN. In voluntary urinary control, we showed that
activation of the micturition circuit is different from that with
the original bladder. These differences could be attributed to
surgically induced damage, and different rehabilitation training
could play a role.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Research Ethics Committee, The Sun
Yat-sen Memorial Hospital, Sun Yat-sen University. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Nos: 81672550, 81974395, 81772733,
and 81972384) to ZG, the Guangdong Basic and Applied Basic
Research Foundation (No: 2019A1515011437), the Guangzhou
Science and Technology Cooperation Program (Foreign
research and development cooperation) (No: 201807010087),
the Sun Yat-sen University Clinical Research 5010 Program

Frontiers in Surgery | www.frontiersin.org

December 2021 | Volume 8 | Article 751236


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Wu et al.

Supraspinal Control of Neobladder

(No: 2019005), the Sun Yat-sen Clinical Research Cultivating
Program (No: 201702), the Guangdong Province Key Laboratory
of Malignant Tumor Epigenetics and Gene Regulation (No:
2020B12120600180F006), the Guangdong Science and
Technology Department (2017B030314026), Guangdong
Scientific Research Projects (Nos: 2016A020215011 and
2021A1515010223) to ZG, and was funded by the Chinese
national scholarship.

REFERENCES

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA Cancer
J Clin. (2005) 55:74-108. doi: 10.3322/canjclin.55.2.74

2. Lee RK, Abol-Enein H, Artibani W, Bochner B, Dalbagni G, Daneshmand
S, et al. Urinary diversion after radical cystectomy for bladder cancer:
options, patient selection, and outcomes. BJU Int. (2014) 113:11-23.
doi: 10.1111/bju.12121

3. Thurairaja R, Burkhard FC, Studer UE. The orthotopic neobladder.
BJU Int. (2008) 102(9Pt B):1307-13. doi: 10.1111/j.1464-410X.2008.0
7975.x

4. Steven K, Poulsen AL. The orthotopic Kock ileal neobladder: functional
results, urodynamic features, complications and survival in 166 men. J Urol.
(2000) 164:288-95. doi: 10.1016/S0022-5347(05)67343-0

5. Griffiths D. Functional imaging of structures involved in neural control
of the lower urinary tract. Handb Clin Neurol. (2015) 130:121-33.
doi: 10.1016/B978-0-444-63247-0.00007-9

6. Fowler CJ, Griffiths DJ. A decade of functional brain imaging applied to
bladder control. Neurourol Urodyn. (2010) 29:49-55. doi: 10.1002/nau.20740

7. Griffiths D. Neural control of micturition in humans: a working model. Nat
Rev Urol. (2015) 12:695-705. doi: 10.1038/nrurol.2015.266

8. Walter M, Michels L, Kollias S, van Kerrebroeck PE, Kessler TM, Mehnert U.
Protocol for a prospective neuroimaging study investigating the supraspinal
control of lower urinary tract function in healthy controls and patients with
non-neurogenic lower urinary tract symptoms. BMJ Open. (2014) 4:e004357.
doi: 10.1136/bmjopen-2013-004357

9. Leitner L, Walter M, Freund P, Mehnert U, Michels L, Kollias §,
et al. Protocol for a prospective magnetic resonance imaging study on
supraspinal lower urinary tract control in healthy subjects and spinal cord
injury patients undergoing intradetrusor onabotulinumtoxinA injections
for treating neurogenic detrusor overactivity. BMC Urol. (2014) 14:68.
doi: 10.1186/1471-2490-14-68

10. Griffiths D, Derbyshire S, Stenger A, Resnick N. Brain control
of normal and overactive bladder. J Urol (2005) 174:1862-7.
doi: 10.1097/01.ju.0000177450.34451.97

11. Mehnert U, Michels L, Zempleni MZ, Schurch B, Kollias S. The supraspinal
neural correlate of bladder cold sensation—-an fMRI study. Hum Brain Mapp.
(2011) 32:835-45. doi: 10.1002/hbm.21070

12. Komesu YM, Ketai LH, Mayer AR, Teshiba TM, Rogers RG. Functional
MRI of the brain in women with overactive bladder: brain activation
during urinary urgency. Female Pelvic Med Reconstr Surg. (2011) 17:50-4.
doi: 10.1097/SPV.0b013e3182065507

13. Di Gangi Herms AM, Veit R, Reisenauer C, Herms A, Grodd W, Enck P,
et al. Functional imaging of stress urinary incontinence. Neuroimage. (2006)
29:267-75. doi: 10.1016/j.neuroimage.2005.07.018

14. Zhang H, Reitz A, Kollias S, Summers P, Curt A, Schurch B. An fMRI
study of the role of suprapontine brain structures in the voluntary voiding
control induced by pelvic floor contraction. Neuroimage. (2005) 24:174-80.
doi: 10.1016/j.neuroimage.2004.08.027

15. Seseke S, Baudewig J, Ringert RH, Rebmann U, Dechent P. Monitoring
brain activation changes in the early postoperative period after
radical ~prostatectomy using fMRI.  Neuroimage. (2013) 78:1-6.
doi: 10.1016/j.neuroimage.2013.04.005

16. Klein A, Andersson J, Ardekani BA, Ashburner ], Avants B, Chiang
MC, et al. Evaluation of 14 nonlinear deformation algorithms applied

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fsurg.
2021.751236/full#supplementary-material

Supplementary Figure 1 | Urodynamic study at 6 months after reconstruction of
the ileal orthotopic neobladder. (A) Uroflowmetry; (B) pressure-flow study. Flow,
urinary flow rate; Pves, total bladder pressure; Pabd, abdominal pressure; Pdet,
detrusor (neobladder) pressure.

to human brain MRI registration. Neuroimage. (2009) 46:786-802.
doi: 10.1016/j.neuroimage.2008.12.037

17. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
Neuroimage. (2002) 17:825-41. doi: 10.1006/nimg.2002.1132

18. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE.
Spurious but systematic correlations in functional connectivity MRI
networks arise from subject motion. Neuroimage. (2012) 59:2142-54.
doi: 10.1016/j.neuroimage.2011.10.018

19. Friston KJ, Holmes AP, Poline JB, Grasby PJ, Williams SC, Frackowiak RS,
et al. Analysis of fMRI time-series revisited. Neuroimage. (1995) 2:45-53.
doi: 10.1006/nimg.1995.1007

20. Barry M]J, Fowler FJ, Jr., O’Leary MP, Bruskewitz RC, Holtgrewe HL,
et al. The American Urological Association symptom index for benign
prostatic hyperplasia. The Measurement Committee of the American
Urological Association. J Urol. (1992) 148:1549-57; discussion 64.
doi: 10.1016/50022-5347(17)36966-5

21. Wagner TH, Patrick DL, Bavendam TG, Martin ML, Buesching DP.
Quality of life of persons with urinary incontinence: development
of a new measure. Urology. (1996) 47:67-71; discussion 71-2.
doi: 10.1016/50090-4295(99)80384-7

22. de Groat WC, Griffiths D, Yoshimura N. Neural control of the lower urinary
tract. Compr Physiol. (2015) 5:327-96. doi: 10.1002/cphy.c130056

23. Fukuyama H, Matsuzaki S, Ouchi Y, Yamauchi H, Nagahama Y, Kimura J,
et al. Neural control of micturition in man examined with single photon
emission computed tomography using 99mTc-HMPAO. Neuroreport. (1996)
7:3009-12. doi: 10.1097/00001756-199611250-00042

24. Krhut J, Tintera ], Bilkova K, Holy P, Zachoval R, Zvara P, et al
Brain activity on fMRI associated with urinary bladder filling in patients
with a complete spinal cord injury. Neurourol Urodyn. (2017) 36:155-9.
doi: 10.1002/nau.22901

25. Kitta T, Kakizaki H, Furuno T, Moriya K, Tanaka H, Shiga T, et al. Brain
activation during detrusor overactivity in patients with Parkinson’s disease:
a positron emission tomography study. J Urol. (2006) 175(3 Pt 1):994-8.
doi: 10.1016/50022-5347(05)00324-1

26. Tadic SD, Tannenbaum C, Resnick NM, Griffiths D. Brain responses to
bladder filling in older women without urgency incontinence. Neurourol
Urodyn. (2013) 32:435-40. doi: 10.1002/nau.22320

27. Kavia R, Dasgupta R, Critchley H, Fowler C, Griffiths D. A functional
magnetic resonance imaging study of the effect of sacral neuromodulation
on brain responses in women with Fowler’s syndrome. BJU Int. (2010)
105:366-72. doi: 10.1111/j.1464-410X.2009.08819.x

28. Critchley HD, Mathias CJ, Josephs O, O’Doherty J, Zanini S, Dewar
BK, et al. Human cingulate cortex and autonomic control: converging
neuroimaging and clinical evidence. Brain. (2003) 126(Pt 10):2139-52.
doi: 10.1093/brain/awg216

29. Wager TD, Waugh CE, Lindquist M, Noll DC, Fredrickson BL, Taylor
SF. Brain mediators of cardiovascular responses to social threat: part
I: reciprocal dorsal and ventral sub-regions of the medial prefrontal
cortex and heart-rate reactivity. Neuroimage. (2009) 47:821-35.
doi: 10.1016/j.neuroimage.2009.05.043

30. Binkofski F, Schnitzler A, Enck P, Frieling T, Posse S, Seitz R], et al.
Somatic and limbic cortex activation in esophageal distention: a functional
magnetic resonance imaging study. Ann Neurol. (1998) 44:811-5.
doi: 10.1002/ana.410440516

Frontiers in Surgery | www.frontiersin.org

December 2021 | Volume 8 | Article 751236


https://www.frontiersin.org/articles/10.3389/fsurg.2021.751236/full#supplementary-material
https://doi.org/10.3322/canjclin.55.2.74
https://doi.org/10.1111/bju.12121
https://doi.org/10.1111/j.1464-410X.2008.07975.x
https://doi.org/10.1016/S0022-5347(05)67343-0
https://doi.org/10.1016/B978-0-444-63247-0.00007-9
https://doi.org/10.1002/nau.20740
https://doi.org/10.1038/nrurol.2015.266
https://doi.org/10.1136/bmjopen-2013-004357
https://doi.org/10.1186/1471-2490-14-68
https://doi.org/10.1097/01.ju.0000177450.34451.97
https://doi.org/10.1002/hbm.21070
https://doi.org/10.1097/SPV.0b013e3182065507
https://doi.org/10.1016/j.neuroimage.2005.07.018
https://doi.org/10.1016/j.neuroimage.2004.08.027
https://doi.org/10.1016/j.neuroimage.2013.04.005
https://doi.org/10.1016/j.neuroimage.2008.12.037
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1006/nimg.1995.1007
https://doi.org/10.1016/S0022-5347(17)36966-5
https://doi.org/10.1016/S0090-4295(99)80384-7
https://doi.org/10.1002/cphy.c130056
https://doi.org/10.1097/00001756-199611250-00042
https://doi.org/10.1002/nau.22901
https://doi.org/10.1016/S0022-5347(05)00324-1
https://doi.org/10.1002/nau.22320
https://doi.org/10.1111/j.1464-410X.2009.08819.x
https://doi.org/10.1093/brain/awg216
https://doi.org/10.1016/j.neuroimage.2009.05.043
https://doi.org/10.1002/ana.410440516
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Wu et al.

Supraspinal Control of Neobladder

31.

32.

33.

34,

35.

36.

37.

38.

39.

Hobday DI, Aziz Q, Thacker N, Hollander I, Jackson A, Thompson DG. A
study of the cortical processing of ano-rectal sensation using functional MRIL.
Brain. (2001) 124(Pt 2):361-8. doi: 10.1093/brain/124.2.361

Verne GN, Himes NC, Robinson ME, Gopinath KS, Briggs RW,
Crosson B, et al. Central representation of visceral and cutaneous
hypersensitivity in the irritable bowel syndrome. Pain. (2003) 103:99-110.
doi: 10.1016/S0304-3959(02)00416-5

Kern MK, Shaker R. Cerebral cortical registration of subliminal visceral
stimulation. Gastroenterology. (2002) 122:290-8. doi: 10.1053/gast.2002.30989
Bechara A, Damasio H, Damasio AR. Emotion, decision making
and the orbitofrontal cortex. Cereb Cortex. (2000) 10:295-307.
doi: 10.1093/cercor/10.3.295

Damasio AR. The somatic marker hypothesis and the possible functions of
the prefrontal cortex. Philos Trans R Soc Lond B Biol Sci. (1996) 351:1413-20.
doi: 10.1098/rstb.1996.0125

Nishizawa O, Ebina K, Sugaya K, Noto H, Satoh K, Kohama T, et al. Effect of
cerebellectomy on reflex micturition in the decerebrate dog as determined by
urodynamic evaluation. Urol Int. (1989) 44:152-6. doi: 10.1159/000281492
Blok BE Sturms LM, Holstege G. A PET study on cortical and
subcortical control of pelvic floor musculature in women. J Comp Neurol.
(1997) 389:535-44. doi: 10.1002/(SICI)1096-9861(19971222)389:3<535::AID-
CNE12>3.0.CO;2-K

Siffert J, Poussaint TY, Goumnerova LC, Scott RM, LaValley B, Tarbell NJ, et al.
Neurological dysfunction associated with postoperative cerebellar mutism. J
Neurooncol. (2000) 48:75-81. doi: 10.1023/A:1006483531811

Pazo JH. Caudate-putamen and globus pallidus influences on a visceral reflex.
Acta Physiol Lat Am. (1976) 26:260-6.

40. Kavia RB, Dasgupta R, Fowler CJ. Functional imaging and the central control
of the bladder. ] Comp Neurol. (2005) 493:27-32. doi: 10.1002/cne.20753

41. Holstege G. Micturition and the soul. ] Comp Neurol. (2005) 493:15-20.
doi: 10.1002/cne.20785

42. Matsui M, Yoneyama E, Sumiyoshi T, Noguchi K, Nohara S, Suzuki M,
et al. Lack of self-control as assessed by a personality inventory is related
to reduced volume of supplementary motor area. Psychiatry Res. (2002)
116:53-61. doi: 10.1016/50925-4927(02)00070-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wu, Su, Huang, Chen, Fan, Zhu, Li, Guo, Liang and Huang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Surgery | www.frontiersin.org

December 2021 | Volume 8 | Article 751236


https://doi.org/10.1093/brain/124.2.361
https://doi.org/10.1016/S0304-3959(02)00416-5
https://doi.org/10.1053/gast.2002.30989
https://doi.org/10.1093/cercor/10.3.295
https://doi.org/10.1098/rstb.1996.0125
https://doi.org/10.1159/000281492
https://doi.org/10.1002/(SICI)1096-9861(19971222)389:3<535::AID-CNE12>3.0.CO;2-K
https://doi.org/10.1023/A:1006483531811
https://doi.org/10.1002/cne.20753
https://doi.org/10.1002/cne.20785
https://doi.org/10.1016/S0925-4927(02)00070-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

	Neuroimaging Study Investigating the Supraspinal Control of Lower Urinary Tract Function in Man With Orthotopic Ileal Neobladder
	Introduction
	Materials and Methods
	Subjects
	Measurements During Scanning
	T1-Weighted Imaging
	Task-Related fMRI: Neobladder Volume Sensation
	Task-Related fMRI: Continence
	fMRI Scanning
	Data Postprocessing


	Results
	Discussion
	Neobladder Volume Sensation
	Continence
	Limitations
	Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


