

Pediatric
encé




Thumbnail.jpg





Pediatric incontinence





Pediatric 
incontinence
Evaluation and clinical 
management

Editor

Israel Franco, MD
Professor of Urology, New York Medical College, Director of Pediatric Urology, Maria Fareri Children’s 

Hospital, Valhalla, NY, USA

Paul F. Austin, MD
Professor of Urologic Surgery, Director of Pediatric Urology Research

Washington University in St. Louis School of Medicine, St. Louis, MO, USA

Stuart B. Bauer, MD
Senior Associate in Urology, Associate Director, Neurourology

Boston Children’s Hospital, Boston, MA, USA

Alexander von Gontard, MD
Department of Child and Adolescent Psychiatry, Saarland University Hospital, Homburg, Germany

Yves Homsy, MD
Children’s Urology Group, Clinical Professor, University of South Florida, All Children’s Hospital/Johns 

Hopkins Medicine, Saint‐Joseph’s Children’s Hospital, Tampa/St. Petersburg, FL, USA



This edition first published 2015 © 2015 by John Wiley & Sons, Ltd.

Registered office 
John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

Editorial offices
9600 Garsington Road, Oxford, OX4 2DQ, UK
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
111 River Street, Hoboken, NJ 07030‐5774, USA

For details of our global editorial offices, for customer services and for information about how to  
apply for permission to reuse the copyright material in this book please see our website at  
www.wiley.com/wiley‐blackwell

The right of the author to be identified as the author of this work has been asserted in accordance with the 
UK Copyright, Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or 
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, 
except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior permission of 
the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand 
names and product names used in this book are trade names, service marks, trademarks or registered 
trademarks of their respective owners. The publisher is not associated with any product or vendor 
mentioned in this book. It is sold on the understanding that the publisher is not engaged in rendering 
professional services. If professional advice or other expert assistance is required, the services of a 
competent professional should be sought.

The contents of this work are intended to further general scientific research, understanding, and discussion 
only and are not intended and should not be relied upon as recommending or promoting a specific 
method, diagnosis, or treatment by health science practitioners for any particular patient. The publisher 
and the author make no representations or warranties with respect to the accuracy or completeness of 
the contents of this work and specifically disclaim all warranties, including without limitation any implied 
warranties of fitness for a particular purpose. In view of ongoing research, equipment modifications, 
changes in governmental regulations, and the constant flow of information relating to the use of medicines, 
equipment, and devices, the reader is urged to review and evaluate the information provided in the 
package insert or instructions for each medicine, equipment, or device for, among other things, any 
changes in the instructions or indication of usage and for added warnings and precautions. Readers should 
consult with a specialist where appropriate. The fact that an organization or Website is referred to in this 
work as a citation and/or a potential source of further information does not mean that the author or the 
publisher endorses the information the organization or Website may provide or recommendations it may 
make. Further, readers should be aware that Internet Websites listed in this work may have changed or 
disappeared between when this work was written and when it is read. No warranty may be created or 
extended by any promotional statements for this work. Neither the publisher nor the author shall be liable 
for any damages arising herefrom.

Library of Congress Cataloging‐in‐Publication Data

Pediatric incontinence : evaluation and clinical management / editor, Israel Franco, Paul F. Austin,  
Stuart B. Bauer, Alexander von Gontard, Yves Homsy.
    p. ; cm.
 I ncludes bibliographical references and index.
 I SBN 978-1-118-81479-6 (cloth)
I.  Franco, Israel (Pediatric urologist), editor. II .  Austin, Paul F., editor. III .  Bauer, Stuart B. (Stuart 
Barry), 1943– , editor. I V.  Gontard, Alexander von, editor.  V.  Homsy, Yves, editor.
[DNLM:  1.  Child.  2.  Fecal Incontinence.  3.  Adolescent.  4. I nfant.  5.  Neurogenic Bowel.   
6.  Urinary Bladder, Neurogenic.  7.  Urinary Incontinence.  WS 310]
 R C866.D43
  616.3′5–dc23
	 2015017764

A catalogue record for this book is available from the British Library.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not 
be available in electronic books.

Cover image: http://www.istockphoto.com/photo/selective-focus-three-children-in-grass-at-
picnic-19391555 photo/selective-focus-three-children-in-grass-at-picnic-19391555 copyright – yaruta

Set in 9.5/13pt Meridien by SPi Global, Pondicherry, India

1  2015

http://www.wiley.com/wiley-blackwell


The editors of this text would like to dedicate this book to two important groups 

of exceptional people in our lives, the first being our families and loved ones 

who endured with our absences while we were attending meetings, working 

during weekends, and preparing for courses at nights and formulating the 

manuscripts and lectures on the computer for countless hours to help educate 

others regarding the topics encompassed in this text.

We also dedicate this book to our second families, the children who have pro-

vided us with the opportunity to help them and at the same time learn from 

them the valuable skills and lessons to make advances in the field of bowel and 

bladder dysfunction.





vii

List of contributors, xi

Preface, xv

Section 1: Pathophysiology of bowel and bladder dysfunction
Israel Franco

1	 Neurophysiology of voiding, 3

Oreoluwa Ogunyemi and Hsi‐Yang Wu

2	 Neurophysiology of defecation, 15

Cecilie Ejerskov and Charlotte Siggaard Rittig

3	 Functional brain imaging in bowel and bladder control, 21

Israel Franco

Section 2: Epidemiological aspects of bowel and bladder 
dysfunction

Alexander von Gontard

4	 The epidemiology of childhood incontinence, 37

Anne J. Wright

5	 Quality of life factors in bladder and bowel dysfunction, 61

Eliane Garcez da Fonseca

6	 Psychological aspects in bladder and bowel dysfunction, 67

Alexander von Gontard

7	 Neuropsychiatric disorders and genetic aspects of bowel or bladder 

dysfunction, 73

Israel Franco

Section 3: Evaluation of bowel and bladder dysfunction
Yves Homsy

8	 Urodynamics in the pediatric patient, 91

Beth A. Drzewiecki and Stuart B. Bauer

9	 Uroflowmetry and postvoid residual urine tests in incontinent children, 99

Stephen Shei‐Dei Yang and Shang‐Jen Chang

Contents



viii      Contents

10	 Evaluation of the child with voiding dysfunction, 107

Yves Homsy

11	 Evaluation of constipation and fecal incontinence, 121

Marc A. Benninga

Section 4: Treatments of functional bowel 
and bladder dysfunction

Paul F. Austin

12	 Implementation of urotherapy, 133

Wendy F. Bower and Janet W. Chase

13	 The concept of physiotherapy for childhood BBD, 139

Janet W. Chase and Wendy F. Bower

14	 Biofeedback for the treatment of functional voiding problems, 145

Ann Raes and Catherine Renson

15	 Pharmacotherapy of the child with functional incontinence  

and retention, 153

Paul F. Austin and Israel Franco

16	 Treatment of functional constipation and fecal incontinence, 163

Vera Loening‐Baucke and Alexander Swidsinski

17	 Peripheral tibial nerve stimulation therapy for the treatment of functional 

voiding problems, 171

Mario De Gennaro and Maria Luisa Capitanucci

18	 Sacral nerve stimulation therapy for the treatment of functional voiding 

problems, 175

Alonso Carrasco Jr, Moira E. Dwyer and Yuri E. Reinberg

19	 Superficial stimulation therapy for the treatment of functional voiding 

problems, 183

Ubirajara Barroso, Jr

20	 Botulinum toxin in the treatment of the functional bladder, 189

Luitzen‐Albert Groen and Piet Hoebeke

21	 Psychological management of BBD, 201

Monika Equit and Alexander von Gontard

Section 5: Nocturnal enuresis
Israel Franco

22	 Pathophysiology of nocturnal enuresis, 209

Søren Rittig and Konstantinos Kamperis



Contents      ix

23	 Evaluation of the enuretic child, 221

Tryggve Nevéus

24	 Management of monosymptomatic nocturnal enuresis (enuresis), 227

Johan Vande Walle

25	 Psychological aspects in evaluation and management of nocturnal  

enuresis (NE), 245

Dieter Baeyens and Alexander von Gontard

Section 6: Neurogenic bladder and bowel dysfunction
Stuart Bauer

26	 Diagnostic evaluation in children with neurogenic bladder, 257

Tom P.V.M. de Jong, Aart J. Klijn, Pieter Dik and Rafal Chrzan

27	 Medical management of the neurogenic bladder, 263

Paul F. Austin and Stuart B. Bauer

28	 Treatment of constipation and fecal incontinence: Neuropathic, 273

Mark P. Cain

29	 Neuromodulation for neurogenic bladder in pediatric  

spinal dysraphism, 281

Elizabeth B. Yerkes and William E. Kaplan

30	 Botulinum toxin in the treatment of neuropathic lower urinary tract 

dysfunction, 293

Paul F. Austin and Israel Franco

31	 The surgical management of the neurogenic bladder, 299

Elias Wehbi and Antoine E. Khoury

32	 Surgery for bowel dysfunction, 309

Terry L. Buchmiller

33	 Neurological surgery for neurogenic bladder dysfunction, 317

Michael S. Park and Gerald F. Tuite

Index, 327





xi

Paul F. Austin, MD, FAAP
Professor of Urologic Surgery, Director of Pediatric Urology Research, Division of 

Urologic Surgery, Washington University in St. Louis, School of Medicine, St. Louis 

Children’s Hospital, St. Louis, MO, USA

Dieter Baeyens, PhD
Associate Professor, Psychology and Educational Sciences, Research Unit Parenting and 

Special Education, Leuven University, Leuven, Belgium

Ubirajara Barroso Jr., MD
Professor and Chief of Division of Urology, Federal University of Bahia and Professor of 

Pediatric Urology, Bahiana School of Medicine, Centro Médico Aliança, Salvador, Bahia, Brazil

Stuart B. Bauer, MD
Senior Associate in Urology, Associate Director, Neurourology, Department of Urology, 

Boston Children’s Hospital, Harvard University, Boston, MA, USA

Marc A. Benninga, MD
Professor in Pediatrics, Department of Pediatric Gastroenterology and Nutrition, 

Emma Children’s Hospital/Academic Medical Center, Amsterdam, The Netherlands

Wendy F. Bower, MD
Department of Epidemiology and Preventive Medicine, School of Public Health and 

Preventive Medicine, Health Services Unit, Monash University, Melbourne, Australia

Terry L. Buchmiller, MD,  FAAP, FACS
Assistant Professor, Surgery Harvard Medical School, Department of Surgery, 

Associate in Surgery, Boston Children’s Hospital, Boston, MA, USA

Mark P. Cain, MD
Department of Pediatric Urology, Riley Hospital for Children at IU Health,  

Indiana University School of Medicine, Indianapolis, IN, USA

Maria Luisa Capitanucci, MD
Urology Unit, Department of Nephrology and Urology, Children’s Hospital 

Bambino Gesu’, Rome, Italy

Alonso Carrasco Jr., MD
Department of Urology, Mayo Clinic Rochester, Rochester, MN, USA

Contributors



xii      Contributors

Shang‐Jen Chang, MD, MPH
Division of Urology, Taipei Tzu Chi Hospital, The Buddhist Medical Foundation,Tzu Chi 

University, New Taipei, and Buddhist Tzu Chi University, Hualien, Taiwan

Janet W. Chase, MD
Victorian Children’s Continence Clinic, Cabrini Hospital, Melbourne, Australia

Rafal Chrzan
University Children’s Hospitals UMC Utrecht and AMC Amsterdam, Utrecht, The 

Netherlands

Pieter Dik
University Children’s Hospitals UMC Utrecht and AMC Amsterdam, Utrecht, the 

Netherlands

Beth A. Drzewiecki, MD
Assistant Professor of Urology, Department of Urology, Children’s Hospital at Montefiore, 

Bronx, NY, USA

Moira E. Dwyer, MD
Department of Urology, Mayo Clinic Rochester, Rochester, MN, USA

Cecilie Ejerskov, MD
Gastroenterology Unit, Department of Pediatrics, Aarhus University Hospital, Aarhus, 

Denmark

Monika Equit, PhD
Clinical and Research Psychologist, Psychotherapist, Department of Clinical Psychology 

and Psychotherapy, University of Saarland, Saarbrücken, Germany

Eliane Garcez da Fonseca, MD, PhD
Associate Professor of Pediatrics, Pediatric Urodynamic & Continence Unit, Department 

of Pediatrics, The School of Medical Sciences, The University of the State of Rio de 

Janeiro & Souza Marques Medical School, Rio de Janeiro, Brazil

Israel Franco, MD FAAP, FACS
Professor of Urology, New York Medical College, Director of Pediatric Urology, Maria 

Fareri Children’s Hospital, Valhalla, NY, USA

Mario De Gennaro, MD
Urology Unit, Department of Nephrology and Urology, Children’s Hospital Bambino 

Gesu’, Rome, Italy

Alexander von Gontard, MD
Department of Child and Adolescent Psychiatry, Saarland University Hospital, 

Homburg, Germany



Contributors      xiii

Luitzen‐Albert Groen, MD
Department of Pediatric and Reconstructive Urology, Ghent University Hospital, 

Ghent, Belgium

Piet Hoebeke, MD, PhD
Department of Paediatric and Reconstructive Urology, Ghent University Hospital,  

Ghent, Belgium

Yves Homsy, MD, FAAP, FRCSC
Children’s Urology Group, Clinical Professor, University of South Florida, All Children’s 

Hospital/Johns Hopkins Medicine, Saint Joseph’s Children’s Hospital, Tampa/St. 

Petersburg, FL, USA

Tom P.V.M. de Jong, MD
University Children’s Hospitals UMC Utrecht and AMC Amsterdam, Utrecht, The 

Netherlands

Konstantinos Kamperis, MD
Department of Pediatrics, Aarhus University Hospital, Aarhus, Denmark

William E. Kaplan, MD
Professor of Urology, Division of Pediatric Urology, Northwestern University Feinberg 

School of Medicine, Ann and Robert H. Lurie Children’s Hospital of Chicago, 

Chicago, IL, USA

Antoine E. Khoury, MD, FRCSC, FAAP
Department of Urology, Children’s Hospital of Orange County, University of California in 

Irvine, Irvine, CA, USA

Aart J. Klijn, MD
University Children’s Hospitals UMC Utrecht and AMC Amsterdam, Utrecht, The Netherlands

Vera Loening‐Baucke, MD
Professor Emerita, Pediatrics Department, General Pediatric Division, University of Iowa, 

Iowa City, IA, USA

Tryggve Nevéus, MD, PhD
Associate Professor, Senior Consultant, Pediatric Nephrology Unit, Department of 

Women’s and Children’s Health, Uppsala University, Uppsala University Children’s 

Hospital, Uppsala, Sweden

Oreoluwa Ogunyemi, MD
Fellow in Pediatric Urology, Stanford University School of Medicine, Lucile Packard 

Children’s Hospital, Stanford, CA, USA

Michael S. Park, MD
Department of Neurosurgery & Brain Repair, Morsani College of Medicine, University of 

South Florida, Tampa, FL, USA



xiv      Contributors

Prof Dr Ann Raes
Department of Pediatric Nephrology, Ghent University Hospital, Ghent, Belgium

Catherine Renson
Department of Pediatric Nephrology, Ghent University Hospital, Ghent, Belgium

Yuri E. Reinberg, MD, MBA
Associate Professor of Urology, Department of Urological Surgery, Children’s Hospitals 

& Clinics of Minnesota, Pediatric Surgical Associates Ltd., Minneapolis, MN, USA and 

Mayo Clinic Medical School, Rochester, MN, USA

Søren Rittig, MD, PhD
Department of Pediatrics, Aarhus University Hospital, Aarhus, Denmark

Charlotte Siggaard Rittig
Gastroenterology Unit, Department of Pediatrics, Aarhus University Hospital, 

Aarhus, Denmark

Alexander Swidsinski, MD
Medizinische Klinik und Poliklinik, Gastroenterologie, Hepatologie and Endokrinologie, 

Charité, Universitaetsmedizin Berlin, Campus Charite Mitte, Berlin, Germany

Gerald F. Tuite, MD
Pediatric Neurosurgeon, All Children’s Hospital/Johns Hopkins Medicine, Saint 

Petersburg, FL, USA

Johan Vande Walle, MD, PhD
Professor in Pediatric Nephrology, University Hospital, Ghent, Belgium

Elias Wehbi, MD, FRCSC
Department of Urology, Children’s Hospital of Orange County, University of California 

in Irvine, Irvine, CA, USA

Anne J. Wright, MBBCH, RCPCH
Consultant Paediatrician in charge of Children’s Bladder Clinic, Paediatric Nephro‐

Urology Department, Evelina Children’s Hospital, Guy’s and St Thomas’ NHS 

Foundation Trust, London, UK

Hsi‐Yang Wu, MD
Associate Professor of Urology, Stanford University Medical Center Pediatric Urology 

Fellowship Program Director, Lucile Packard Children’s Hospital, Stanford, CA, USA

Stephen Shei‐Dei Yang, MD, PhD
Division of Urology, Taipei Tzu Chi Hospital, The Buddhist Medical Foundation,Tzu Chi 

University, New Taipei, and Buddhist Tzu Chi University, Hualien, Taiwan

Elizabeth B. Yerkes, MD
Associate Professor of Urology, Division of Pediatric Urology, Northwestern University 

Feinberg School of Medicine, Ann and Robert H. Lurie Children’s Hospital of Chicago, 

Chicago, IL, USA



xv

Treatment of children with urinary and bowel problems requires special people 

who are driven to help them achieve continence and reduce distress. The 

management of these children has often been neglected in the past although 

effective therapeutic approaches are available. It takes a very dedicated person to 

do this work. A group of such like‐minded individuals was formed to foster 

progress in the care of the child with bowel and bladder issues. The end result 

was the International Children’s Continence Society, with its multidisciplinary 

mentality to address this problem. This organization has brought together 

specialists from many disciplines including pediatricians, nephrologists, pediatric 

urologists, urotherapists, nurses, child psychiatrists, and psychologists in order to 

help establish guidelines and teaching tools so that others interested in taking 

care of children with incontinence will have a rational and workable blueprint 

for investigation and care.

Looking at the presently available literature, we saw the need for a book that 

addressed the issues of bowel and bladder incontinence in a comprehensive 

manner. Most texts rarely cover more than one or two of the topics that we 

touch upon in this volume, whether they are urologic, nephrologic pediatric, 

child psychiatric, or neurologic books. It was the vision of the editors to develop 

a textbook that covers all aspects of bowel and bladder incontinence in children 

within one volume and utilize the expertise that is available in the International 

Children’s Continence Society to put together what we feel is a truly compre-

hensive tome on the topic.

There has been increasing interest in the field and a drive to help these 

children with more practitioners entering into the discipline daily. A concise and 

directed document would be beneficial to all of them, whether they are experts 

or novices in the field. There have been other textbooks on urinary incontinence 

in children but none cover the breadth of information that is conveyed in this 

volume. We chose to make this a text that is useful to all who treat children with 

incontinence, whether it is due to neurogenic causes or functional problems.

The editors asked all the authors to provide the reader with a practical, 

evidence‐based “how I do it” guide to managing problems in children, which 

should allow the reader to replicate assessment and treatment procedures easily, 

without having to go to multiple sources. We felt that this should be a guidebook 

and a complementary compendium to the various ICCS courses that have been 

and are being given worldwide. We feel that we have accomplished this task and 

Preface



xvi      Preface

hope that the reader feels the same way so that ultimately children and families 

will benefit from this book.

The Editors

Israel Franco, MD

Stuart B. Bauer, MD

Paul Austin, MD

Yves Homsy, MD

Alexander von Gontard, MD
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Introduction

Francis Bacon wrote, “Knowledge is power.—Nam et ipsa scientia potestas 
est.”

Meditationes Sacræ. De Hæresibus.

To be able to understand the child with urinary and fecal incontinence, it is 

critical that we have the knowledge on how the systems function individually 

and interact with each other and the brain. There have been tremendous 

advances in the fields of neuroscience and neurophysiology that have opened up 

the doors to new treatments and mechanisms that explain how the systems 

function.

Without this power, we relied primarily on old models that excluded the 

higher cortical centers and trusted heavily on vesicocentric models to explain 

lower urinary tract symptoms as bladder or bowel only problems. These vesi-

cocentric concepts have been proven wrong, and it has become apparent that 

the system of bowel and bladder control is evermore complex than we imagined. 

We understand now that the bladder mucosa is a sensory organ in direct 

communication with the CNS and the bladder and bowel communicate with each 

other through connections in the spinal cord and other centers. These changes in 

how we perceive the neurophysiology of bowel and bladder control will help us 

understand better what is needed to better treat our patients in the future.

In Chapter 1, Drs. Wu and Ogunyemi have condensed decades of work on 

the neurophysiology of voiding. They help us understand where we are today 

regarding this topic in a concise and logical manner. Without this foundation, 

the reader is apt to be at a disadvantage when it comes to managing the treat-

ment of patients with bowel and bladder dysfunction.

Section 1

Pathophysiology of bowel 
and bladder dysfunction
Israel Franco
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In Chapter  2, Drs. Ejerskov and Siggard have gone about the business of 

explaining bowel physiology and functional anatomy. Again, understandings of 

these processes are essential for any practitioner who is actively taking care of 

children with BBD. Most of the readers will not have a background in this topic 

since the majority of us who take care of these children with BBD are in the 

fields that are directly related to the urologic and nephrologic management of 

these children. In this chapter, we see the overlap with the autonomic nervous 

system and the role that serotonin may play in these children affecting both 

systems.

In Chapter 3, I (Franco) have put together what we have available on the 

central control and processing of bladder signals. This is based on work in the 

field of neuroscience that has expanded in a geometric fashion from its early 

reports in 1997 to a multitude of publications in the last few years with more 

publications each year giving us more insight into the process. I have relied 

heavily on the work of Griffith and Fowler since they have contributed a 

tremendous amount to the literature helping explain the sensory processes that 

are taking place during micturition and bladder filling. There are numerous 

others who have contributed to this field and the synthesis of all these works has 

given us a better understanding of bladder control and voiding. It was the 

gastroenterologists who were prescient enough to begin to use functional MRI 

technology to evaluate functional bowel issues before it was on the urologic 

radar and we look at their data as well to better understand children with BBD.
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Anatomy of the lower urinary tract

The three main components of the bladder are the detrusor smooth muscle, 

connective tissue, and urothelium. The detrusor constitutes the bulk of the bladder 

and is arranged into inner longitudinal, middle circular, and outer longitudinal 

layers [1]. Elastin and collagen make up the connective tissue, which deter­

mines passive bladder compliance [2]. Elevated type III collagen and decreased 

elastin are associated with poorly compliant bladders [2]. Active compliance is 

determined by the detrusor, which is able to change its length over a wider 

range than skeletal muscle, allowing for a wide variation in bladder volume 

while maintaining a low pressure [2]. The detrusor maintains a baseline tension, 

which is modulated by hormones, local neurotransmitters, and the autonomic 

nervous system. Impedance studies reveal that compared to other smooth muscles, 

the detrusor is not electrically well coupled. This decreases the likelihood of 

detrusor overactivity (DO) during filling [2].

The urothelium has multiple layers, consisting of basal cells, intermediate 

cells, and luminal umbrella cells. The umbrella cells have tight junction 

complexes, lipid molecules, and uroplakin proteins that contribute to barrier 

function. A sulfated polysaccharide glycosaminoglycan layer covers the lumen 

of the bladder and defends against bacterial infection. Although the urothelium 

was previously thought to be an inert barrier, we now know that urothelial cells 

participate in afferent signaling. Bladder nerves terminate close to, as well as on 

urothelial cells. Urothelial cells have pain receptors and mechanoreceptors, 

which can be modulated by ATP to activate or inhibit sensory neurons. Abnormal 

activation of these channels by inflammation can lead to pain responses to 

Neurophysiology of voiding
Oreoluwa Ogunyemi and Hsi‐Yang Wu
Lucile Packard Children’s Hospital, Stanford, CA, USA

Chapter 1
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normally nonnoxious stimuli. Urothelial cells release factors such as acetylcholine, 

ATP, prostaglandins, and nitric oxide that affect sensory nerves [3].

The internal and external urethral sphincters (EUS) are vital for urinary 

continence. The internal urethral sphincter functions as a unit with the bladder 

base and trigone to store urine. The EUS is comprised of inner smooth muscle 

surrounded by outer skeletal muscle. It is omega shaped, with the majority of its 

muscle anterior to the urethra, and the opening of the omega sitting posteriorly. 

The smooth muscle is comprised of a thick longitudinal layer and an outer circular 

From
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nucleus Thoracolumbar

spinal cord
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Figure 1.1  Storage function. α‐AR, α adrenergic receptor; β‐AR, β adrenergic receptor; nAChR, 

nicotinic acetylcholine receptor. Source: Beckel and Holstege [4]. Reproduced with permission 

from Springer.
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layer. The smooth muscle of the female EUS has less sympathetic innervation 

than that of the male, and the male EUS is larger in size. The skeletal muscle of 

the EUS has both slow and fast twitch fibers, of which the slow twitch fibers are 

more important in maintaining tonic force in the urethra. Contraction of the 

EUS, coaptation of the mucosa, as well as engorgement of blood vessels in the 

lamina propria contribute to urinary continence [2].

The lower urinary tract (LUT) is innervated by both the autonomic and 

somatic nervous systems. Sympathetic nervous system control of the LUT travels 

via the hypogastric nerve (T
10

‐L
2
) (Figure 1.1, sympathetic preganglionic nucleus 

in thoracolumbar spinal cord), while parasympathetic control travels via the pelvic 

nerve (S
2–4

) (Figure 1.1, Gert’s nucleus in sacral spinal cord) [4, 5]. The somatic 

motor neurons control the skeletal muscle of the EUS via the pudendal nerve 

(S
2–4

) [4]. Its motor neurons are found in Onuf’s nucleus (Figure 1.1, sacral 

spinal cord). The sympathetic and somatic nervous systems promote storage, 

while the parasympathetic system promotes emptying.

Afferent mechanisms

The sensation of bladder fullness is carried by two types of afferent fibers via 

the pelvic, hypogastric, and pudendal nerves. A‐delta (Aδ) fibers, which are 

activated at low thresholds, are myelinated large diameter nerves that conduct 

action potentials quickly [3]. C‐fibers are high threshold, unmyelinated nerves 

that conduct signals more slowly, and usually transmit pain sensations. Normal 

bladder sensations are carried by Aδ fibers, whereas C‐fibers become more 

important in diseased bladders [3]. In humans, C‐fibers are found in the 

urothelial and suburothelial layers, whereas Aδ fibers are found in the smooth 

muscle [6]. A certain population of C‐fibers is called silent afferents, because 

they normally respond to chemical or irritative stimuli. While these stimuli are 

uncommon in the bladder, chemical irritation can sensitize the bladder, to 

cause abnormal responses to normal stretch [3]. The transient receptor poten­

tial vanilloid type 1 (TRPV
1
) receptor responds to pain, heat and acidity. 

Vanilloids, such as resiniferatoxin, desensitize C‐fibers and suppress painful 

sensation [7]. Although initial studies suggested that resiniferatoxin may 

improve neurogenic DO, it is currently being studied as a treatment for cancer 

related pain [8], rather than as a treatment of DO.

Although we have long known that acetylcholine (muscarinic agonist) and 

ATP (purinergic agonist) act via the parasympathetic nervous system to cause 

bladder contraction, they have been shown to play a role in afferent sensation as 

well. Muscarinic acetylcholine receptors are found on urothelial cells, suburothelial 

interstitial cells of Cajal, and on afferent nerves. The urothelium releases acetyl­

choline and ATP in response to stretch, both of which enhance spontaneous 

activity in interstitial cells of Cajal, to cause bladder smooth muscle contractions. 
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This enhancement of spontaneous contractions may cause an increase in “afferent 

noise” that may be interpreted as urgency [9]. In spinalized rats, botulinum 

toxin lowers ATP release from the urothelium and blocks detrusor contraction 

[2]. Another mechanism of botulinum toxin’s action is by decreasing afferent 

firing from the bladder [10].

Adjacent pelvic organs such as the colon and uterus can affect urinary continence 

[2]. This may be due to a common afferent system via the hypogastric nerve, or 

intermediary neurons allowing for cross talk between pelvic organs [3]. 

Distension of the colon from constipation is a well‐recognized cause of urinary 

incontinence in children. This is likely due to changes in bladder afferent signal­

ing arising from a chronically distended colon, which prevents the child from 

recognizing a full bladder [11].

Spinal cord and brainstem

During bladder storage, afferent signals from the hypogastric nerve and pelvic 

nerve travel to the thoracolumbar and sacral spinal cord, respectively 

(Figure 1.1). The hypogastric nerve sends signals via the sympathetic nervous 

system to block bladder contraction and contact the internal urethral sphincter. 

Onuf’s nucleus maintains contraction of the EUS, which is coordinated with 

bladder storage by the pontine micturition center (PMC) in the medial pons 

(Figure 1.1, L‐region).

Once the bladder pressure threshold is exceeded, afferent signals travel 

via the pelvic nerve to synapse on interneurons in Gert’s nucleus in the S
1–2

 

spinal cord [4] (Figure 1.2). These interneurons send projections up to the 

periaqueductal gray (PAG) in the midbrain to initiate voiding, which occurs 

if the cerebral cortex determines that it is appropriate to void. The PAG sends 

caudal projections to the PMC, which is the final efferent center of the LUT. 

The PMC sends projections caudally to the sacral parasympathetic nucleus, 

activating the neurons, which cause bladder contraction and EUS relaxation 

[4] (Figure 1.2).

Although the mechanism of sacral or pudendal neuromodulation remains 

unclear, the two likely locations would be the peripheral nervous system 

(including the autonomic nervous system efferents) or the brainstem (PAG 

and PMC) and cortex [12, 13]. Positron emission tomography imaging shows 

that sacral neuromodulation restores normal afferent midbrain activity in 

women with Fowler’s syndrome, which is characterized by EUS overactivity. 

Prior to neuromodulation, they exhibit continuous EUS activity and lack of 

bladder afferent activity reaching the PAG or PMC. After neuromodulation 

and reestablishment of normal bladder afferent activity, they regain control 

of EUS activity [14]. Functional MRI evaluation confirms that neuromodu­

lation reduced deactivation in the PAG, suggesting that exaggerated EUS 
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afferent activity is capable of blocking normal bladder afferent sensation 

from reaching the cortex [15]. Inhibition of DO is also believed to result 

from inhibition of abnormal afferent activity. Pudendal nerve neuromodula­

tion represents a more peripheral means to stimulate S
2–4

 and inhibit the 

voiding reflex, decreasing uninhibited detrusor contractions and increasing 

bladder capacity [12].

Descending �bers from
higher brain centers

Mesencephalon

Pons

Sacral spinal cord

Major pelvic
or intramural
ganglia

External
urethral
sphincter

mAChR

(+)

(+)

(+)
(+)

Periaqueductal gray

Pontine
micturition
center

GABAergic
and glyceinergic

interneurons

Parasympathetic
preganglionic

nucleus

(–)
Onuf’s nucleus

Gert’s
nucleus

Figure 1.2  Emptying function. mAChR, muscarinic acetylcholine receptor. Source: Beckel and 

Holstege [4]. Reproduced with permission from Springer.
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Cortex

The role of the cerebral cortex in controlling voiding function has recently been 

described using PET scanning and functional MRI, to reveal differences in patients 

with normal LUT function, and those with DO. The PAG gathers information 

from the median prefrontal cortex, anterior cingulate gyrus, and insula. It is 

unclear whether these connections function as a looped relay system to the PAG 

or if they individually connect to the PAG. The median prefrontal cortex is a 

decision‐making area, taking into account emotions and social context. The ante­

rior cingulate gyrus generates autonomic response to stress and conflict, and the 

insula processes visceral sensations. Patients with DO show decreased MRI 

response at small bladder volumes, but have exaggerated responses in the ante­

rior cingulate gyrus at large bladder volumes. When leakage occurs, deactivation 

of the anterior cingulate gyrus occurs. One hypothesis states that this is a learned 

response to imminent urinary leakage, which requires increased monitoring by 

the anterior cingulate gyrus in order to maintain continence [16–18].

Efferent mechanisms, peripheral

The hypogastric nerve causes detrusor relaxation via β‐adrenergic receptors and 

internal urethral sphincter contraction via α‐adrenergic receptors [4] 

(Figure 1.1). Both of these effects enhance storage function. α
1
 Antagonists are 

used off‐label to treat children with obstructive voiding patterns. β
3
 Adrenergic 

agonists increase bladder capacity without increasing voiding pressure or post 

void residual volume [19]. They are approved for treatment of DO in adults, but 

are not yet approved for children. In male rats, hypogastric nerve stimulation 

releases norepinephrine and raises urethral pressure, while in female rats the 

release of nitric oxide predominates over norepinephrine, resulting in a decrease 

in urethral pressure [20]. If this sex difference is present in humans, this would 

suggest that electrical stimulation of the hypogastric nerve to enhance internal 

urethral sphincter contraction would be more effective in males.

The axons of the pelvic nerve travel to two groups of postganglionic neurons in 

the detrusor and pelvic plexus [2]. The first group causes detrusor contraction by 

releasing acetylcholine and ATP, while the second group causes internal urethral 

sphincter relaxation by releasing nitric oxide [2, 4, 7] (Figure 1.2).

Muscarinic antagonists such as oxybutynin block muscarinic receptors. As 

previously discussed under afferent mechanisms, it is believed that muscarinic 

antagonists are effective at treating urgency during the storage phase by blocking 

the enhancement of afferent noise, which may be responsible for spontaneous 

contractions. M
3
 receptors cause detrusor contraction, while M

2
 receptors 

enhance M
3
 activity. Despite the relative abundance of M

2
 : M

3
 receptors in the 

bladder (3 : 1), M
2
 receptors play a secondary role in modulating M

3
 receptor 
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response. Although there is always a concern with causing urinary retention 

in patients when using muscarinic antagonists, there is a therapeutic window 

in which afferent signals can be blocked without affecting bladder contractility 

[7, 9]. There is one clinical scenario in which completely blocking bladder 

contractility is useful: neurogenic bladder patients who are already using clean 

intermittent catheterization to drain their bladders. In these cases, high doses 

of muscarinic antagonists or botulinum toxin can prevent bladder contractility. 

Botulinum toxin increases bladder capacity and decreases maximal detrusor 

pressure by preventing acetylcholine release [21].

ATP stimulates atropine‐resistant, noncholinergic, nonadrenergic detrusor 

contraction, modulates urothelial signaling, and regulates afferent nerve activity. 

Despite these multiple mechanisms, which would predict that purinergic (P2 × 3) 

antagonists would be effective in the treatment of DO, they are currently being 

developed as treatments for pain. The main obstacle for developing a safe and 

tolerable purinergic antagonist is the fact that ATP is an important molecule in 

every organ system in the body, so developing a bladder‐specific molecule has 

been difficult. It is proposed that purinergic signaling becomes more important 

in obstructed bladders [7, 22].

Prostaglandins facilitate voiding by altering neurotransmitter release or by 

inhibiting the breakdown of acetylcholine [2]. While there are multiple pro­

staglandins, it is believed that prostaglandin E2 (PGE2) interacts with EP1 

receptors to drive DO [23]. Urinary levels of PGE2 were found to be elevated in 

both men and women with OAB compared to controls [24, 25]. Nonsteroidal 

anti‐inflammatory drugs, which block prostaglandins, are commonly used after 

surgery to decrease bladder spasms in children.

Efferent mechanisms, central

The pudendal nerve has small neurons with both somatic and autonomic 

components. The skeletal muscle component of the EUS is regulated by GABA, 

the major inhibitory neurotransmitter in the spinal cord [7]. Baclofen (GABA 

agonist) can be used to treat detrusor sphincter dyssynergia, although it is more 

often used to treat limb spasticity via an intrathecal route [7, 26]. Injection of 

botulinum toxin into the EUS decreases its contractility, and is another means to 

temporarily block EUS contractility.

Imipramine, a tricyclic antidepressant drug, has been used for refractory 

nocturnal enuresis [27]. However, its mechanism of action in treatment of DO 

remains unclear. It may enhance serotonin and norepinephrine (NE) reuptake 

inhibition, directly relax smooth muscle, or increase urethral resistance [5, 28].

Serotonin (5‐HT) modulates the afferent system and may affect the bladder 

and EUS by supraspinal enhancement of bladder storage as well as EUS tonic 

activity at Onuf’s nucleus (Figure 1.3a) [2, 30, 31]. Glutamate is the major spinal 
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cord regulator of the EUS [32] (Figure 1.3a). In the presence of glutamate, both 

5‐HT and NE can enhance its contraction of the EUS. However, if glutamate is 

absent, neither 5‐HT nor NE can independently cause the EUS to relax 

(Figure 1.3b). Glutamate can be considered the on/off switch, while 5‐HT and 

NE adjust the gain in the system [31]. The major problem with developing 

glutamate agonists to enhance continence by increasing EUS activity is that they 

do not penetrate the blood–brain barrier; therefore, glutamate agonists require 

intrathecal administration [33]. Duloxetine (a combined serotonin and norepi­

nephrine reuptake inhibitor) decreases voiding frequency and incontinent 

episodes. Duloxetine reduced the motor threshold for EUS contraction and 

increased urethral phasic contractions in healthy women without affecting urethral 

resting pressure, suggesting that it both enhanced the afferent urethral response 

and increased signaling from the cortex to the EUS [34]. It is approved for stress 

incontinence in Europe, but not the United States.

Onuf’s nucleus

NE

5-HT

Glutamate
ON

EUS
(a)

(b)

ACH
+ Pudendal 
nerve activity

SSRI +

α1-R

5HT2-R

Onuf’s nucleus

NE

5-HT

Glutamate
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EUS
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pudendal
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Figure 1.3  (a) Serotonin and storage function. (b) Serotonin and emptying function. 5‐HT, 

serotonin; 5HT
2
‐R, serotonin type 2 receptor; Ach, acetylcholine; NE, norepinephrine; SSRI, 

selective serotonin reuptake inhibitor; α
1
‐R, alpha 1 adrenergic receptor. Source: Adapted 

from Franco [29]. © Elsevier.
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Development of urinary continence

The human neonate initially voids hourly [35], developing an increased bladder 

capacity in two phases: at birth and then at 3 years of age [36]. Since neonates 

do not have voluntary control of urination, it was believed that a local sacral 

reflex was responsible for emptying the bladder without involving the brain. 

However, electroencephalography suggests that most neonates experience cortical 

arousal and awaken before voiding, so the brain is always involved with voiding 

[37]. The interrupted infant voiding pattern results from a lack of coordination 

between the bladder and the external sphincter, which causes elevated voiding 

pressures until the child reaches the age of 18 months. One‐week‐old boys void 

with detrusor pressures of 117 cm H
2
O, and girls with pressures of 75 cm H

2
O 

[36, 38]. Overactive contractions are rarely seen during urodynamic studies carried 

out in asymptomatic infant [38, 39], indicating that the urinary frequency is due 

to a small bladder capacity rather than OAB.

Our understanding of neural control and smooth muscle function of the 

neonatal bladder is derived from animal models. Neonatal rats are unable to void 

spontaneously [40] and are dependent on their mother to lick the perigenital area 

to cause bladder emptying. By 3 weeks of age (the age of weaning), neonatal rats 

are able to void spontaneously in response to bladder filling [41]. At first glance, 

this might suggest that the neonatal nervous system is not mature, and additional 

maturation of the hypogastric, pelvic, or pudendal nerves needs to occur. However, 

this is not consistent with the fact that human and rat fetuses start to urinate by 

the second trimester, so the voiding reflex needs to be functional during prenatal 

life. What actually happens in rats is that the perigenital reflex inhibits the mature 

bladder emptying reflex at the sacral level, and this inhibition is removed at weaning 

[42, 43]. Experimental bladder distension does not change the onset of spontaneous 

voiding at 3 weeks, but prolongs the perigenital reflex for another 2 weeks [44]. 

Surgical reduction of bladder volume causes the immediate onset of spontaneous 

voiding in neonatal rats [45]. These findings suggest that maturation from immature 

and mature voiding reflexes requires central neural control, despite having afferent 

and efferent connections, which are ready for use at birth.

Animal studies show that the neonatal bladder smooth muscle produces 

more pressure per gram of tissue and is more dependent on local calcium levels 

than adult bladder smooth muscle [46–49]. Neonatal bladders also have large‐

amplitude spontaneous contractions, which are downregulated with maturation 

[50, 51]. The elevated voiding pressures seen in infants may represent immature 

smooth muscle function. Once the detrusor becomes more mature and less 

overactive, it becomes easier for the brain to control. Since the brain makes the 

decision to void by integrating emotions, social context, stress, and visceral 

sensation, toilet training can be derailed by multiple factors, resulting in persistent 

urinary incontinence.
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Conclusion

While the neurophysiology of voiding is based on a relatively simple circuit, our 

ability to improve the treatment of pediatric urinary incontinence will depend 

on finding more focused methods of regulating bladder sensation and coordinat­

ing bladder and EUS function. While there are many possible targets, most of 

our current therapies are aimed at peripheral efferent systems, and we are only 

beginning to understand and develop treatments aimed at the afferent system, 

such as neuromodulation. The challenges of developing treatments aimed at the 

cerebral cortex and central efferent systems are the next frontier for physicians 

and researchers treating pediatric urinary incontinence.
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