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 Neurogastroenterology is certainly not an arcane or secretive branch of medicine. Still, if one 
were to judge from the proportion of physicians who are knowledgeable about the subject, 
especially in its pediatric version, one might come away with the idea that the tenets of neuro-
gastroenterology are imparted only to initiates who are sworn to secrecy in midnight rituals 
over pots fi lled with boiling entrails. In fact, Nikhil Thapar, Carlo Di Lorenzo, and Christophe 
Faure have succeeded masterfully in dispelling this aura of mystery in their wonderful text-
book  Pediatric Neurogastroenterology , which is now entering its second edition. There is no 
longer an excuse for medical ignorance. Pediatric neurogastroenterology is laid out clearly, 
logically, and encyclopedically for anyone who has mastered and enjoys the art of reading. The 
chapters are chosen to make the fi eld approachable and signifi cantly, in an age where clinical 
understanding has to compete with insurance companies for doctors’ attention, clinically rel-
evant. The authors of individual chapters are authorities, which is to be expected, but many are 
more than that. They are truly the leaders to whom other authorities direct their questions, and 
they are so because they are the actual discoverers of many of the answers. 

 It has always seemed to me to be to be axiomatic that there is too much known about any 
fi eld of medicine to be able to encompass all of it as a single compendium of facts. Indeed, 
those textbooks that try to do this tend to read like dictionaries, to become dated almost before 
they appear in print, and to be, in a word, useless. Valuable textbooks, like this one, deal with 
concepts and understanding. They present logical frameworks in which normal anatomy and 
physiology make the pathophysiology of a kaleidoscopic variety of disorders comprehensible 
and therefore easily learnable. If the structural/functional fl aws that give rise to disease can be 
understood, then diagnosis, prognosis, and treatment become logical and easily learned. Pithy 
sentences, rhymes, and words put to music are much more readily committed to memory than 
a series of unrelated words or phrases. This textbook of pediatric neurogastroenterology uses 
the basic science of neurogastroenterology as the music that makes the medicine, not just a 
good read but a retainable one as well. 

 The editors, of course, are distinguished scientists and clinicians. They have recruited an 
admirable list of cowriters to do individual chapters. It is impossible to mention all of them, but 
it would be hard to fi nd a better person than Alan J. Burns to write about the development of the 
enteric neuromuscular system. Alan traces his training back to Nicole Le Douarin who, with Alan 
at her side, brought on the modern understanding of the development of the enteric nervous sys-
tem from the neural crest. One person who might have done as well is the author of the chapter 
about Hirschsprung’s disease, Robert Heuckeroth, who probably understands that condition and 
knows more about it than Hirschsprung, who lacked the background knowledge that Alan J. Burns 
has provided in his earlier chapter. These chapters all fi t well with that of Cheryl Gariepy on the 
genetics of motility disorders and Nikhil Thapar on the future with cell- based therapies. All told, 
this is a great textbook that should bring all of pediatrics up to speed with its neurogastroentero-
logical branch and all of adult neurogastroenterology up to speed with its pediatric branch.  

  New York, NY, USA    Michael     D.     Gershon   
 Department of Pathology and Cell Biology 

 Columbia University              

   Foreword   
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 In the past 20 years, major advances have been achieved in the care of children with pediatric 
gastrointestinal motility and sensitivity disorders. This is a refl ection of the progress that has 
been made understanding such conditions at the developmental and molecular level as well as 
the development of novel tools to investigate and treat them. These progresses have led to the 
birth of a new “science,” namely,  neurogastroenterology , which is devoted to “study the inter-
face of all aspects of the digestive system with the different branches of the nervous system” 
and which has now established itself as a major area of clinical practice and research. In the 
past two decades, there has been an almost exponential increase in publications of scientifi c 
papers in the fi eld, a plethora of international fora for the discussion of such conditions and 
creation of dedicated journals with respectable citation indices. Pediatric neurogastroenterol-
ogy and motility has not lagged behind and arguably is fast becoming a major and popular 
subspecialty in its own right. 

 With this book, we aimed to draw upon an extensive international expertise to provide a 
contemporary state-of-the-art reference textbook for pediatric neurogastroenterology and 
motility that both specialists and generalists alike will fi nd helpful. 

    Overview of the Book 

 The fi rst chapters are dedicated to some of the success stories of the fi eld. Utilizing a range of 
animal models and studies in the human itself, we now have a remarkable understanding of the 
mechanisms involved in the formation of a functional enteric neuromusculature. It is clear that 
development is a complex spatiotemporal process involving the coordinated interplay of a 
number of genes regulating cellular properties and organogenesis. This complexity is refl ected 
in one of the most commonly recognized gut motility disorders, Hirschsprung’s disease, a 
condition caused by a failure of development of the enteric nervous system. The ontogeny of 
motility patterns within the GI tract is now understood in great detail. Utilizing new technolo-
gies, animal models, and some studies in humans, researchers have been able to show that GI 
motility is regulated by a number of mechanisms that vary in relation to stage of development, 
maturity, and region within the GI tract. It is very likely that the coming years will see an 
increasing recognition of the developmental and related functional pathogenic mechanisms 
underlying a range of disorders involving enteric nerves, muscles, and interstitial cells of Cajal. 
The rich sensory innervation that not only underlies the normal functioning of the GI tract but 
has increasingly been implicated in a range of functional GI disorders is thoroughly described. 
This sensory innervation and its processing appear to be plastic and infl uenced by a number of 
disease mechanisms and clinical states including infection, infl ammation, and psychological 
stress. How visceral sensation is modulated by the interplay among the CNS, neurogastrointes-
tinal system, infl ammation, and gut microbial ecosystem especially in relation to irritable 
bowel syndrome is addressed in a subsequent chapter. This theme is further developed with the 
discussion of the biopsychosocial infl uences on enteric neuromuscular function and how the 
social and cultural settings of patients act to modify physiologic responses. 

  Preface to the  First Edition   
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 The belly of the book summarizes the practical investigations that are available in the pedi-
atric neurogastroenterologist’s armamentarium. In many respects, this is where much of the 
recent strides of the fi eld have taken place, moving it into the realms of a high-tech futuristic 
specialty. Major highlights have been the advent of impedance and high-resolution manometry 
technologies, which did not exist when the fi rst textbook on pediatric gastrointestinal motility 
was published but are now well accepted and standardized diagnostic techniques. The role of 
sensitivity tests, namely, barostat and satiety drinking tests, in recognizing altered gut sensa-
tion as a key pathophysiologic component of functional gastrointestinal disorders is discussed. 
The application to clinical investigation of radionucleotide scintigraphy tests, which have seen 
in recent years a wider application given their improved tolerability, cost, and safety profi le, is 
described in detail. Older and newer technologies ranging from electrogastrography and transit 
studies to 3D ultrasonography and the wireless motility capsule are presented. Finally, there is 
a discussion of autonomic function testing as indirect measure of gastrointestinal function. The 
subsequent chapters deal with the practical approach to and description of the pathology of 
disorders of enteric neuromusculature and the genetic underpinning of motility disorders. 

 The next section of the book focuses on a journey through the GI tract, detailing motility 
disorders that occur in each region. Feeding and swallowing disorders in a range of GI and 
systemic diseases are discussed. Pediatric esophageal and gastric motor disorders are summa-
rized, and intestinal pseudo-obstruction syndrome and Hirschsprung’s diseases, the most 
severe forms of GI dysmotility, are discussed in great detail. The book then focuses on second-
ary (malformative) and postsurgical motor disorders. 

 The book then transitions from more classic motility disorders to functional GI disorders, 
arguably one of the most common and challenging group of conditions encountered by pri-
mary care providers and subspecialists. The role of the Rome criteria in developing the fi eld of 
pediatric functional disorders is highlighted. Infant regurgitation and gastroesophageal refl ux 
disease, infantile colic, functional dyspepsia, irritable bowel syndrome, cyclic vomiting syn-
drome, aerophagia, adolescent rumination syndrome, and functional constipation are 
discussed. 

 The fi nal section of the book is dedicated to therapy, including pharmacotherapy, cognitive 
behavioral therapy, gastric electrical stimulation, intestinal transplantation, and the potential 
use of stem cells.   

  Montreal, QC, Canada     Christophe     Faure    
 London, UK     Nikhil     Thapar    
 Columbus, OH, USA     Carlo     Di     Lorenzo     

Preface to the First Edition
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 We are thrilled to be able to present the second edition of our textbook. In 2012 when we 
launched the fi rst edition, we remarked on the rapid emergence of clinical pediatric neurogas-
troenterology and motility as a major focus within pediatrics and as a specialty in its own right. 
Only 4 years later did we come to realize that this transformation was occurring at an unprec-
edented rate (somewhat at odds with the normal rate of fl ow in the world of motility disorders!) 
and we needed to respond with a state-of-the-art revision of the textbook. This was followed 
by the recognition of the tremendous expertise that now exists within the fi eld and how attrac-
tive it had become among an up and coming genre of young clinicians and researchers. The 
plethora of experts that we are able to garner has of course made our task easier, and we are 
hugely grateful to all those who have kindly agreed to devote their valuable time to have their 
brain power harnessed and crammed it into this second edition of the textbook. 

 We have tried to make the book more practical and clinically applicable yet provide the 
reader with an up-to-date insight into the basic science that underlies the spectrum of motility 
disorders. 

 The overall layout of the book has remained the same but we have made key changes and 
additions. All chapters have been updated along with an emphasis on clinical application. 
Chapters on investigations contain color images and have been restructured to provide a uni-
form overview of techniques and their practical use. New chapters have been commissioned 
including, among others, the introductory section on the functional interconnectivity of the 
enteric nervous system, the microbiome, an update on the Rome criteria, chronic intestinal 
pseudo-obstruction, infantile colic, imperforate anus, rumination syndrome, constipation, 
electrical stimulation/pacing, and drugs affecting the brain. 

 We are pleased that this book has become the reference textbook for pediatric neurogastro-
enterology and motility and trust that both specialists and generalists will continue to fi nd this 
invaluable. Happy reading!  

  Montreal, QC, Canada     Christophe     Faure     
 London, UK     Nikhil     Thapar     
 Columbus, OH, USA      Carlo     Di     Lorenzo       

  Pref ace   



xiii

 To our wives (Sophie, Daniela, and Catherine) and children (Alexandre, Timothé, Clémentine, 
Gaspar, Mario, Cristina, Francesca, Valentina, Sachin, Nayan, and Kira) for all their love, sup-
port, and patience throughout the preparation of this book. 

 Montreal, QC, Canada Christophe Faure   
 Columbus, OH, USA Carlo Di Lorenzo   
 London, UK Nikhil Thapar    

  Acknowledgments  



xv

  Contents 

   Part I  Physiology and Development of Enteric Neuromuscular System 
and Gastrointestinal Motility   

    1     Introduction to Gut Motility and Sensitivity .........................................................  3   
    Christophe   Faure    ,     Nikhil   Thapar    , and     Carlo   Di   Lorenzo    

     2     Development of the Enteric Neuromuscular System ............................................  9   
    Tiffany   A.   Heanue     and     Alan   J.   Burns    

     3     Development of Gut Motility ..................................................................................  21   
    Elizabeth   A.   Beckett    ,     Heather   M.   Young    ,     Joel   C.   Bornstein    , 
and     Sudarshan   R.   Jadcherla    

     4     Visceral Sensitivity ...................................................................................................  39   
    Christophe   Faure     and     Franziska   Righini Grunder    

     5     The Microbiome in Neurogastroenterology ...........................................................  53   
    Geoffrey   A.   Preidis    ,     Bruno   P.   Chumpitazi    , and     Robert   J.   Shulman    

     6     Integration of Biomedical and Psychosocial Issues 
in Pediatric Functional Gastrointestinal and Motility Disorders ........................  71   
    Miranda   A.  L.   van   Tilburg     

   Part II Motility and Sensory Testing   

    7     Esophageal Manometry ...........................................................................................  83   
    Rossella   Turco     and     Annamaria   Staiano    

     8     Antroduodenal Manometry ....................................................................................  93   
    Efstratios   Saliakellis    ,     Anna   Rybak    ,     Nikhil   Thapar    , and     Osvaldo   Borrelli    

     9     Colonic Manometry .................................................................................................  107   
    Desale   Yacob     and     Carlo   Di   Lorenzo    

     10     Anorectal Manometry..............................................................................................  117   
    Claire   Zar-Kessler     and     Jaime   Belkind-Gerson    

     11     Assessment of Feeding and Swallowing Disorders ...............................................  129   
    Nathalie   Rommel    

     12     Esophageal pH and Impedance Monitoring ..........................................................  135   
    Eric   Chiou     and     Rachel   L.   Rosen    

     13     Barostat and Other Sensitivity Tests ......................................................................  149   
    Christophe   Faure    

     14     Radionuclide Gastrointestinal Transit Tests ..........................................................  155   
    Lorenzo   Biassoni    ,     Marina   Easty    , and     Osvaldo   Borrelli    



xvi

     15     Electrogastrography, Breath Tests, Ultrasonography, Transit Tests, 
and SmartPill ............................................................................................................  169   
    Ricardo   A.   Arbizu     and     Leonel   Rodriguez    

     16     Autonomic Nervous System Testing .......................................................................  181   
    Gisela   Chelimsky     and     Thomas   C.   Chelimsky     

   Part III Disorders of Digestive Motility   

    17     Pathology of Enteric Neuromuscular Disorders ...................................................  191   
    Raj   P. Kapur     

    18     Genetics of Motility Disorders: Gastroesophageal Reflux, 
Triple A Syndrome, Hirschsprung Disease, and Chronic Intestinal 
Pseudo-Obstruction .................................................................................................  211   
    Jonathan   M.   Gisser     and     Cheryl   E. Gariepy     

    19     Allergy and Neurogastroenterology .......................................................................  223   
    Osvaldo   Borrelli    ,     Roberto   Conti Nibali    , and     Nikhil   Thapar     

    20     Swallowing and Oropharyngeal Disorders ............................................................  235   
    Daniel   R.   Duncan     and     Rachel   L. Rosen     

    21     Esophageal Achalasia...............................................................................................  243   
    Ann   Aspirot    

     22     Other Esophageal Motility Disorders ....................................................................  253   
    Hayat   Mousa    

     23     Gastric Motor Disorders .........................................................................................  261   
    John   M.   Rosen     and     Miguel   Saps    

     24     Pediatric Chronic Intestinal Pseudo- obstruction ..................................................  273   
    Efstratios   Saliakellis    ,     Christophe   Faure    , and     Nikhil   Thapar    

     25     Hirschsprung Disease ..............................................................................................  291   
    Robert   O.   Heuckeroth    

     26     Motility Problems in Developmental Disorders: Cerebral Palsy, 
Down Syndrome, Williams Syndrome, Autism, Turner’s Syndrome, 
Noonan’s Syndrome, Rett Syndrome, and Prader-Willi Syndrome ....................  303   
    Massimo   Martinelli     and     Annamaria   Staiano     

    27     Familial Dysautonomia and Mitochondrial Disorders .........................................  311   
    Massimo   Martinelli     and     Annamaria     Staiano     

   Part IV  Motility Disorders After Surgery and Developmental Anomalies 
of the Enteric Neuromuscular System Secondary 
to Anatomical Malformations   

    28     Esophageal Atresia ...................................................................................................  317   
    Franziska   Righini Grunder     and     Christophe   Faure       

     29     Anorectal Malformations ........................................................................................  323   
    Ann   Aspirot       

     30     Motility After Small Bowel and Colonic Surgery .................................................  333   
    Roberto   Gomez     and     John   E.   Fortunato    

Contents



xvii

     31     Gastric Function After Fundoplication ..................................................................  343   
    Samuel   Nurko     

   Part V Functional Gastrointestinal Disorders   

    32     Rome Criteria for Functional Gastrointestinal Disorders ...................................  351   
    Samuel   Nurko     and     Carlo   Di   Lorenzo    

     33     Infant Regurgitation and Pediatric Gastroesophageal Reflux Disease ...............  355   
    Yvan   Vandenplas    

     34     Infant Colic ...............................................................................................................  369   
    Valerie   Sung     and     Ian   St   James-Roberts    

     35     Functional Diarrhea in Toddlers (Chronic Nonspecific Diarrhea) .....................  381   
    Ernesto   Guiraldes     and     José   Luis   Roessler    

     36     Functional Dyspepsia ...............................................................................................  385   
    John   M.   Rosen     and     Miguel   Saps    

     37     Irritable Bowel Syndrome .......................................................................................  399   
    Jasmeet   S.   Mokha     and     Jeffrey   S.   Hyams    

     38     Functional Abdominal Pain ....................................................................................  411   
    Manu   R.   Sood     and     Katja   Kovacic    

     39     Cyclic Vomiting Syndrome: Comorbidities and Treatment .................................  423   
    B.  U.  K.   Li     and     Katja   Kovacic    

     40     Aerophagia ................................................................................................................  433   
    Carlo   Di   Lorenzo    

     41     Rumination Syndrome .............................................................................................  437   
    Anthony   Alioto     and     Carlo   Di   Lorenzo    

     42     Functional Constipation in Children .....................................................................  445   
    Ilan   J.  N.   Koppen     and     Marc   A.   Benninga     

    43     Fecal Incontinence in Children ...............................................................................  459   
    Ilan   J.  N.   Koppen     and     Marc   A.   Benninga     

   Part VI Treatments   

    44     Drugs Acting on the Gut: Prokinetics, Antispasmodics, Laxatives .....................  469   
    Aileen   F. Har     and     Joseph     M.B. Croffi e     

    45     Drugs That Work in the Brain ................................................................................  489   
    Paul   E. Hyman     and     Rami     Arrouk     

    46     Electrical Stimulation of the GI Tract ....................................................................  499   
    Steven   Teich     

    47     Cognitive Behavioral Therapy for Functional Gastrointestinal Disorders ........  507   
    Miranda   A.L. van Tilburg     

    48     Complementary and Alternative Treatments for Motility 
and Sensory Disorders .............................................................................................  515   
    Arine   M.   Vlieger     and     Marc   A.   Benninga    

Contents



xviii

     49     Cellular-Based Therapies for Paediatric GI Motility Disorders .........................  523   
    Ryo   Hotta    ,     Dipa   Natarajan    ,     Alan   J.   Burns    , and     Nikhil   Thapar    

     50     Chronic Intestinal Pseudo-obstruction Syndrome: 
Surgical Approach and Intestinal Transplantation ..............................................  533   
    Olivier   Goulet     and     Sabine   Irtan     

   Index ..................................................................................................................................  541    

Contents



xix

     Anthony     Alioto  ,   Ph.D.       Division of Pediatric Psychology and Neuropsychology ,  Nationwide 
Children’s Hospital  ,  Columbus ,  OH ,  USA     

      Ricardo     A.     Arbizu  ,   M.D.       Gastroenterology Division, Department of Pediatrics ,  Medical 
University of South Carolina, MUSC Children’s Hospital  ,  Charleston ,  SC ,  USA

Gastroenterology Division, Department of Medicine, Harvard Medical School, Boston 
Children’s Hospital, Boston, MA, USA     

      Rami     Arrouk  ,   M.D.       Division of Gastroenterology ,  Children’s Hospital, Louisiana State 
University  ,  New Orleans ,  LA ,  USA     

      Ann     Aspirot  ,   M.D.       Department of Pediatric Surgery ,  Sainte-Justine University Hospital 
Center  ,  Montreal ,  QC ,  Canada     

      Elizabeth     A.     Beckett  ,   Ph.D.       Discipline of Physiology, School of Medical Sciences ,  University 
of Adelaide  ,  Adelaide ,  SA ,  Australia     

      Jaime     Belkind-Gerson  ,   M.D., M.Sc.       Pediatric Neurogastroenterology and Motility Program , 
 MassGeneral Hospital for Children  ,  Boston ,  MA ,  USA     

      Marc     A.     Benninga  ,   M.D., Ph.D.       Department of Pediatrics ,  Emma Children’s Hospital/AMC  , 
 Amsterdam ,  The Netherlands     

      Lorenzo     Biassoni  ,   M.Sc., F.R.C.P., F.E.B.N.M.       Division of Nuclear Medicine, Department 
of Radiology, Consultant in Nuclear Medicine ,  Great Ormond Street Hospital for Children 
NHS Foundation Trust  ,  London ,  UK     

      Joel     C.     Bornstein  ,   Ph.D.       Department of Physiology ,  University of Melbourne  ,  Melbourne , 
 VIC ,  Australia     

      Osvaldo     Borrelli  ,   M.D., Ph.D.       Department of Paediatric Gastroenterology, Division of 
Neurogastroenterology and Motility ,  Great Ormond Street Hospital for Children  ,  London ,  UK     

      Alan     J.     Burns  ,   Ph.D.       Stem Cells and Regenerative Medicine ,  UCL Institute of Child Health  , 
 London ,  UK     

      Gisela     Chelimsky  ,   M.D.       Division of Pediatric Gastroenterology ,  Medical College of 
Wisconsin  ,  Milwaukee ,  WI ,  USA     

      Thomas     C.     Chelimsky  ,   M.D.       Neurology Department ,  Medical College of Wisconsin  , 
 Milwaukee ,  WI ,  USA     

      Eric     Chiou  ,   M.D.       Department of Pediatrics ,  Baylor College of Medicine  ,  Houston ,  TX ,  USA   

  Center for Neurogastroenterology and Motility ,  Texas Children’s Hospital  ,  Houston ,  TX ,  USA     

      Bruno     P.     Chumpitazi  ,   M.D.       Section of Gastroenterology, Hepatology and Nutrition, 
Department of Pediatrics ,  Baylor College of Medicine, Texas Children’s Hospital  ,  Houston , 
 TX ,  USA     

  Contributors 



xx

      Roberto     Conti Nibali  ,   M.D.       Department of Paediatric Gastroenterology ,   Division of 
Neurogastroenterology and Motility, Great Ormond Street Hospital for Children  ,  London ,  UK     

      Joseph     M.  B.     Croffi e  ,   M.D., M.P.H.       Department of Pediatric Gastroenterology, Hepatology, 
and Nutrition ,  Riley Hospital for Children, Indiana University Health  ,  Indianapolis ,  IA ,  USA     

      Carlo     Di     Lorenzo  ,   M.D.       Division of Pediatric Gastroenterology, Hepatology, and Nutrition , 
 Nationwide Children’s Hospital  ,  Columbus ,  OH ,  USA     

      Daniel     R.     Duncan  ,   M.D.       Aerodigestive Center, Center for Motility and Functional 
Gastrointestinal Disorders, Division of Gastroenterology, Hepatology and Nutrition ,  Boston 
Children’s Hospital  ,  Boston ,  MA ,  USA     

      Marina     Easty  ,   M.B.B.S., M.R.C.P., F.R.C.R.       Pediatric Radiology ,  Great Ormond Street 
Hospital for Children NHS Foundation Trust  ,  London ,  UK     

      Christophe     Faure  ,   M.D.       Division of Pediatric Gastroenterology, Hepatology and Nutrition , 
 CHU Sainte-Justine  ,  Montreal ,  QC ,  Canada     

      John     E.     Fortunato  ,   M.D.       Pediatric Gastroenterology Hepatology and Nutrition ,  Lurie 
Children’s Hospital, Northwestern University Feinberg School of Medicine  ,  Chicago ,  IL ,  USA     

      Cheryl     E.     Gariepy  ,   M.D.       Division of Pediatric Gastroenterology, Hepatology and Nutrition  , 
 Nationwide Children’s Hospital and The Ohio State University, Columbus ,  OH ,  USA     

      Jonathan     M.     Gisser  ,   M.D., M.Sc.       Division of Pediatric Gastroenterology, Hepatology and 
Nutrition ,  Nationwide Children’s Hospital and The Ohio State University  ,  Columbus ,  OH ,  USA     

      Roberto     Gomez  ,   M.D.       Pediatric Gastroenterology Hepatology and Nutrition ,  Nemours 
Children’s Hospital, University of Central Florida  ,  Orlando ,  FL ,  USA     

      Olivier     Goulet  ,   M.D., Ph.D.       Department of Pediatric, Gastroenterology Hepatology and 
Nutrition, National Reference Center for Rare Digestive Diseases ,  Hospital Necker-Enfants 
Malades, University of Paris Descartes  ,  Paris ,  France     

      Ernesto     Guiraldes  ,   M.D.       Medical School ,  Pontifi cia Universidad Católica de Chile  ,  Santiago , 
 Chile   

  Universidad Mayor, Providencia  ,  Santiago ,  Chile     

      Aileen     F.     Har  ,   M.D., B.Ch.       Department of Pediatric Gastroenterology, Hepatology and 
Nutrition ,  Banner Children’s Diamond Medical Center/University of Arizona  ,  Tucson ,  AZ , 
 USA     

      Tiffany     A.     Heanue  ,   Ph.D.       The Francis Crick Institute ,  Mill Hill Laboratory  ,  London ,  UK     

      Robert     O.     Heuckeroth  ,   M.D., Ph.D.       Department of Pediatric Gastroenterology ,  The 
Children’s Hospital of Philadelphia—Research Institute  ,  Philadelphia ,  PA ,  USA     

      Ryo     Hotta  ,   M.D., Ph.D.       Department of Surgery ,  Harvard Medical School  ,  Boston ,  MA ,  USA     

      Jeffrey     S.     Hyams  ,   M.D.       Division of Digestive Diseases, Hepatology, and Nutrition , 
 Connecticut Children’s Medical Center  ,  Hartford ,  CT ,  USA     

      Paul     E.     Hyman  ,   M.D.       Division of Gastroenterology ,  Children’s Hospital, Louisiana State 
University  ,  New Orleans ,  LA ,  USA     

      Sabine     Irtan  ,   M.D., Ph.D.       Department of Pediatric, Gastroenterology Hepatology and 
Nutrition, National Reference Center for Rare Digestive Diseases ,  Hospital Necker-Enfants 
Malades, University of Paris Descartes  ,  Paris ,  France     

Contributors



xxi

      Sudarshan     R.     Jadcherla  ,   M.D., F.R.C.P.I., D.C.H., A.G.A.F.       Department of Pediatrics, 
Division of Neonatology, Pediatric Gastroenterology and Nutrition ,  The Ohio State University 
College of Medicine and Public Health  ,  Columbus ,  OH ,  USA   

  Section of Neonatology ,  Nationwide Children’s Hospital  ,  Columbus ,  OH ,  USA     

      Raj     P.     Kapur  ,   M.D., Ph.D.       Department of Medicine Pathology ,  University of Washington  , 
 Seattle ,  WA ,  USA     

      Ilan     J.  N.     Koppen  ,   M.D.       Department of Pediatric Gastroenterology and Nutrition ,  Emma 
Children’s Hospital/Academic Medical Center  ,  Amsterdam ,  The Netherlands     

      Katja     Kovacic  ,   M.D.       Division of Gastroenterology, Hepatology and Nutrition, Pediatrics 
Department ,  Medical College of Wisconsin/Children’s Hospital of Wisconsin  ,  Milwaukee , 
 WI ,  USA     

      B     U.  K.     Li  ,   M.D.       Division of Gastroenterology, Hepatology and Nutrition, Pediatrics 
Department ,  Medical College of Wisconsin/Children’s Hospital of Wisconsin  ,  Milwaukee , 
 WI ,  USA     

      Massimo     Martinelli  ,   M.D.       Department of Translational Medical Science, Section of 
Pediatrics ,  University of Naples “Federico II”  ,  Naples ,  Italy     

      Jasmeet     S.     Mokha  ,   M.D., M.P.H.       Division of Digestive Diseases, Hepatology, and Nutrition , 
 Connecticut Children’s Medical Center  ,  Hartford ,  CT ,  USA     

      Hayat     Mousa  ,   M.D.       Department of Pediatric Gastroenterology ,  Rady Children’s Hospital/
University of California  ,  San Diego ,  CA ,  USA     

      Dipa     Natarajan  ,   M.D.       Division of Neurogastroenterology and Motility, Department of 
Paediatric Gastroenterology ,  UCL Institute of Child Health and Great Ormond Street Hospital  , 
 London ,  UK     

      Samuel     Nurko  ,   M.D., M.P.H.       Center for Motility and Functional Gastrointestinal Disorders , 
 Children’s Hospital, Boston  ,  Boston ,  MA ,  USA     

      Geoffrey     A.     Preidis  ,   M.D., Ph.D.       Section of Gastroenterology, Hepatology and Nutrition, 
Department of Pediatrics ,  Baylor College of Medicine, and Texas Children’s Hospital  , 
 Houston ,  TX ,  USA     

      Franziska     Righini Grunder  ,   M.D.       Division of Pediatric Gastroenterology, Hepatology and 
Nutrition ,  CHU Ste Justine  ,  Montreal ,  QC ,  Canada     

      Leonel     Rodriguez  ,   M.D., M.S.       Gastroenterology Division, Department of Medicine ,  Harvard 
Medical School, Boston Children’s Hospital  ,  Boston ,  MA ,  USA     

      José     Luis     Roessler  ,   M.D.       Pediatric Gastroenterology Division, Pediatrics Department , 
 Hospital Félix Bulnes Cerda  ,  Santiago ,  Chile     

      Nathalie     Rommel  ,   Ph.D.       KU Leuven ,  Neurosciences, Experimental Otorhinolaryngology, 
Deglutology; University Hospitals Leuven, Gastroenterology, Neurogastroenterology & 
Motility  ,  Herestraat ,  Leuven ,  Belgium   

            John     M.     Rosen  ,   M.D.       Department of Pediatric Gastroenterology, Hepatology, and Nutrition , 
 Children’s Mercy    Kansas City ,  MO ,  USA     

      Rachel     L.     Rosen  ,   M.D., M.P.H.       Department of Pediatrics ,  Harvard Medical School  ,  Boston , 
 MA ,  USA   

  Aerodigestive Center, Department of Gastroenterology ,  Boston Children’s Hospital  ,  Boston , 
 MA ,  USA     

Contributors



xxii

      Anna     Rybak  ,   M.D., Ph.D.       Division of Neurogastroenterology and Motility, Department of 
Paediatric Gastroenterology ,  Great Ormond Street Hospital  ,  London ,  UK     

      Efstratios     Saliakellis  ,   M.D.       Division of Neurogastroenterology and Motility, Department of 
Paediatric Gastroenterology ,  Great Ormond Street Hospital  ,  London ,  UK     

      Miguel     Saps  ,   M.D.       Department of Pediatrics ,  Nationwide Children’s Hospital  ,  Columbus , 
 OH ,  USA     

      Robert     J.     Shulman  ,   M.D.       Section of Gastroenterology, Hepatology and Nutrition, 
Department of Pediatrics ,  Baylor College of Medicine, Children’s Nutrition Research Center, 
and Texas Children’s Hospital  ,  Houston ,  TX ,  USA     

      Manu     R.     Sood  ,   M.D., F.R.C.P.C.H.       Division of Pediatric Gastroenterology ,  Hepatology and 
Nutrition, Medical College of Wisconsin  ,  Milwaukee ,  WI ,  USA     

      Ian     St.     James-Roberts  ,   Ph.D.       Thomas Coram Research Unit ,  UCL Institute of Education, 
University College London  ,  London ,  UK     

      Annamaria     Staiano  ,   M.D.       Department of Translational Medical Science, Section of 
Pediatrics ,  University of Naples “Federico II”  ,  Naples ,  Italy     

      Valerie     Sung  ,   M.B.B.S.(Hons), F.R.A.C.P., M.P.H., Ph.D.       Centre for Community Child 
Health ,  The Royal Children’s Hospital, Murdoch Childrens Research Institute, University of 
Melbourne  ,  Melbourne ,  VIC ,  Australia     

      Steven     Teich  ,   M.D.       Department of Pediatric Surgery ,  Levine Children’s Hospital  ,  Charlotte , 
 NC ,  USA     

      Nikhil     Thapar  ,   M.D.    Department of Paediatric Gastroenterology, Division of 
Neurogastroenterology and Motility    ,   Great Ormond Street Hospital for Children  ,  London ,  UK     

      Rossella     Turco  ,   M.D.       Department of Translational Medical Science, Section of Pediatrics , 
 University of Naples “Federico II”  ,  Naples ,  Italy     

      Miranda     A.  L.     van     Tilburg  ,   Ph.D.       Division of Gastroenterology and Hepatology, Department 
of Medicine ,  University of North Carolina at Chapel Hill  ,  Chapel Hill ,  NC ,  USA     

      Yvan     Vandenplas  ,   M.D., Ph.D.       Department of Pediatrics  ,  Brussels ,  Belgium     

      Arine     M.     Vlieger  ,   M.D., Ph.D.       Department of Pediatrics ,  St. Antonius Hospital  ,  Utrecht ,  The 
Netherlands     

      Desale     Yacob  ,   M.D.       Motility Center ,  Nationwide Children’s Hospital  ,  Columbus ,  OH ,  USA     

      Heather     M.     Young  ,   Ph.D.       Department of Anatomy and Neuroscience ,  University of 
Melbourne  ,  Parkville ,  VIC ,  Australia     

      Claire     Zar-Kessler  ,   M.D.       Department of Pediatric Neurogastroenterology ,  MassGeneral 
Hospital for Children  ,  Boston ,  MA ,  USA      

Contributors



       

   Part I 

   Physiology and Development of Enteric 
Neuromuscular System and Gastrointestinal Motility 



3© Springer International Publishing Switzerland 2017
C. Faure et al. (eds.), Pediatric Neurogastroenterology, DOI 10.1007/978-3-319-43268-7_1

      Introduction to Gut Motility 
and Sensitivity                     

     Christophe     Faure      ,     Nikhil     Thapar     , and     Carlo     Di     Lorenzo    

  1

          Evolution, the Gastrointestinal Tract, 
and the “First Brain”? 

 Whether or not one believes in the  theory of evolution  , it is 
apparent that some of the fi rst multicellular organisms to have 
inhabited the earth, including the presumptive earliest ances-
tors of humans, were elongated structures with a core gut tube 
[ 1 ,  2 ]. In the absence of an obvious heart, brain, or liver, this 
core system helped sustain life by performing  fundamental 
processes   including respiration, the assimilation of nutrition, 
and metabolism. On this basis it is perhaps not surprising that 
the gastrointestinal (GI) tract has evolved to become one of 
the most complex and diverse organs of the human body, with 
an  incredible repertoire of activities   from digestion, absorp-
tion, and excretion to homeostatic, endocrine, and immune 
functions. Many of these  processes   are dependent on highly 
coordinated sensory and effector mechanisms, which monitor 
the GI lumen and wall and respond to specifi c cues. In con-
junction with a drive to maintain homeostasis within the 
body, the effector mechanisms regulate blood fl ow, adjust the 
balance between absorption and secretion, and coordinate 
mixing and propulsion of luminal contents along the length of 
the bowel. This latter “motility” activity is executed by 
region-specifi c peristaltic contractions and emptying mecha-
nisms, which are dependent on highly coordinated interac-
tions among the components of the gut neuromusculature. 

These components comprise the intrinsic nervous system of 
the gut (enteric nervous system—ENS), the smooth muscle 
coats, and the interstitial cells of Cajal (Fig.  1.1 ).

   It is the mere presence and  complex characteristics   of the  
ENS   that also lends itself to the notion of the gastrointestinal 
tract as a pioneer organ, with the potential emergence of the 
ENS prior to that of a recognizable brain. Therefore, perhaps, 
the ENS should be referred to as the “fi rst brain,” with the 
argument that the central nervous system (CNS) evolved sub-
sequently, as organisms acquired locomotion and more com-
plex interactions with the environment. Either way, perhaps 
refl ective of a common development, the ENS shares many 
similarities with the CNS, including an overall inherent com-
plexity in structure, organization, and function. It contains as 
many neurons as the spinal cord and a diversity of neuronal 
subtypes and properties of enteric glial cells akin to that seen 
in the CNS [ 3 ,  4 ]. Perhaps even more importantly, the brain 
and ENS appear to be  functionally   hardwired refl ected in an 
almost complete interrelation between stress or psychological 
factors and gut function. Many of the functional gastrointesti-
nal disorders discussed within this book appear to have a clear 
basis in complex interactions between biological, psychologi-
cal, and social factors. Equally, nonfunctional or organic con-
ditions have signifi cant impacts on psychosocial well-being. 
This interplay has made neurogastroenterology and motility 
one of the most interesting but challenging fi elds requiring a 
multidisciplinary approach.  

    The Enteric Nervous System 

 The enteric nervous system (ENS) represents the  intrinsic ner-
vous system   of the GI tract and is present along its entire length. 
The ENS is one of the largest and more complex  components   of 
the peripheral nervous system and organized as plexuses of 
interconnected ganglia that enmesh the GI tract. In the small 
and large intestine, these plexuses are present in two distinct 
layers, the outer myenteric plexus that sits between the inner 
circular and outer longitudinal muscle  layers and the inner sub-
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mucosal plexus present between the mucosa and the inner 
circular muscle layer. The ENS comprises neurons and glia 
organized into aggregates of cell bodies or  ganglia  . These are 
interconnected by bundles of nerve fi bers that run along the 
individual plexuses as well as those that run between them. The 
real complexity of the ENS is revealed at the ultrastructural level 
where an intricate  circuitry   is evident (Fig.  1.2 ). A variety of 
neuronal subtypes partakes in this and can be classed in terms of 
functional and structural characteristics. Subclasses include sen-
sory and motor, excitatory, and inhibitory. There are other neu-
ronal subtypes and neurotransmitters present within the ENS 
(Table  1.1 ) akin to and aligned with those present in the CNS 
befi tting the title conferred upon the ENS as the “second brain.”

    The  development   of the ENS is similarly complex 
(Chap.   2    ). The neurons and glia of the ENS all arise from 
precursor cells derived from the vagal, sacral, and rostral 
trunk neural crest [ 5 ,  6 ]. These cells migrate into the oral and 
anal ends of the embryo and enter the foregut and hindgut 
[ 7 ], colonizing the entire gastrointestinal tract. ENS maturity 
results from an adequate number of correctly differentiated 
neurons with suffi cient axon outgrowth and branching. 
Several lines of evidence show that enteric neuronal devel-
opment is not completed at birth. Indeed, in the murine gut, 
changes in morphology of the plexuses [ 8 ] and in the total 
number of neurons have been reported between the fi rst 4 

weeks of life [ 9 ]. Submucosal plexuses appear later than 
myenteric plexuses, and the number of submucosal neurons 
also increases during the same time period [ 10 ]. New post-
mitotic neurons continue to appear until 3 weeks of postnatal 
life in the rat gut [ 11 ]. Although the pan neuronal marker 
PGP9.5 is present very early in the embryonic gut (E10.5 in 
the mouse) [ 12 ,  13 ], neurochemical phenotypic differentia-
tion occurs later during embryonic development and even in 
postnatal life for cholinergic and peptidergic neurons [ 14 , 
 15 ]. ENS neurochemical maturation  reaches   an adult pattern 
only at 1 month of postnatal life. In infants, data on func-
tional maturation of the ENS are lacking but it has been 
reported that the number of cell bodies present within gan-
glia appears to change according to the age of the individual 
between 1 day of age and 15 years [ 16 ]. 

     Enteric Muscle Coats   

 The smooth muscle of the gastrointestinal tract, although 
present within the mucosa and the blood vessels of the sub-
mucosa, is primarily organized into three discrete muscle lay-
ers. The innermost, muscularis mucosa, sitting between the 
mucosa and submucosa, is the least developed of these layers, 
being only a few cells in thickness. The other two, grouped 

  Fig. 1.1    The organization of the ENS of  human and medium–large 
mammals  . The ENS has ganglionated plexuses, the myenteric plexus 
between the longitudinal and circular layers of the external muscula-
ture, and the SMP that has outer and inner components. Nerve fi ber 
bundles connect the ganglia and also form plexuses that innervate the 
longitudinal muscle, circular muscle, muscularis mucosae, intrinsic 

arteries, and the mucosa. Innervation of gastroenteropancreatic endo-
crine cells and gut-associated lymphoid tissue is also present, which is 
not illustrated here.  Abbreviations :  ENS  enteric nervous system,  SMP  
submucosal plexus (From Furness JB. The enteric nervous system and 
neurogastroenterology. Nat Rev Gastroenterol Hepatol. 2012;9(5):286–
94. Reprinted with permission from Nature Publishing Group)       
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  Fig. 1.2     Whole mount preparation of rat myenteric   ( a ) and submucosal 
( b ) plexuses (immunofl uorescent staining with an antibody to the neu-
ronal marker PGP9.5). Neuronal cells are grouped together in ganglia 
that interconnect both within and between the myenteric and submuco-

sal plexuses. The neuronal cells of the plexuses comprise the enteric 
nervous system, and along with the glial cells, smooth muscle cells and 
interstitial cells of Cajal are the intrinsic components of the enteric 
neuromusculature       

   Table 1.1    Multiple transmitters of neurons that  control digestive function     

 Type of neuron  Primary transmitter 
 Secondary transmitters, 
modulators  Other neurochemical markers 

 Enteric excitatory muscle motor 
neuron 

 ACh  Tachykinin, enkephalin 
(presynaptic inhibition) 

 Calretinin, γ-aminobutyric acid 

 Enteric inhibitory muscle motor 
neuron 

 Nitric oxide  VIP, ATP, or ATP-like 
compound, carbon monoxide 

 PACAP, opioids 

 Ascending interneuron  ACh  Tachykinin, ATP  Calretinin, enkephalin 

 ChAT, NOS descending 
interneuron 

 ATP, ACh  ND  Nitric oxide, VIP 

 ChAT, 5-HT descending 
interneuron 

 ACh  5-HT, ATP  ND 

 ChAT, somatostatin descending 
interneuron 

 ACh  ND  Somatostatin 

 Intrinsic sensory neuron  ACh, CGRP, tachykinin  ND  Calbindin, calretinin, IB4 
binding 

 Interneurons supplying 
secretomotor neuron 

 ACh  ATP, 5-HT  ND 

 Noncholinergic secretomotor 
neuron 

 VIP  PACAP  NPY (in most species) 

 Cholinergic secretomotor neuron  ACh  ND  Calretinin 

 Motor neuron to gastrin cells  GRP, ACh  ND  NPY 

 Motor neurons to parietal cells  ACh  Potentially VIP  ND 

 Sympathetic neurons, motility 
inhibiting 

 Noradrenaline  ND  NPY in some species 

 Sympathetic neurons, secretion 
inhibiting 

 Noradrenaline  Somatostatin (in guinea pig)  ND 

 Sympathetic neurons, 
vasoconstrictor 

 Noradrenaline, ATP  Potentially NPY  NPY 

 Intestinofugal neurons to 
sympathetic ganglia 

 ACh  VIP  Opioid peptides, CCK, GRP 

   5-HT  5-hydroxytryptamine,  Ach  acetylcholine,  CCK  cholecystokinin,  ChAT  choline acetyltransferase,  CGRP  calcitonin gene-related peptide,  GRP  
gastrin-releasing peptide,  ND  not determined,  NPY  neuropeptide Y,  NOS  nitric oxide synthase,  PACAP  pituitary adenylate cyclase-activating poly-
peptide,  VIP  vasoactive intestinal peptide 
 Adapted from Furness JB. The enteric nervous system and Neurogastroenterology. Nat Rev Gastroenterol Hepatol. 2012;9(5):286–94. Reprinted 

with permission from Nature Publishing Group  
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within the muscularis propria, are much thicker and comprise 
the inner circular muscle layer, with its cells arranged concen-
trically, placed between the submucosa and the myenteric 
plexus of the ENS, and the outer longitudinal muscle layer, 
with its cells running along the long axis of the gut, placed 
between the myenteric plexus and the outermost serosal layer. 
In the small intestine, the circular muscle appears well devel-
oped in sequential segments along its length giving the 
appearance of concentric rings. In the large intestine, bands of 
smooth muscle and connective tissue (taenia coli) run on its 
outside along its length. Their functional role is not com-
pletely clear. The enteric smooth muscle is organized in syn-
cytia of cells that are electrically coupled to elicit upon 
activation contractile activity of the muscle layers. The circu-
lar and longitudinal muscles work in concert by contracting to 
result in segmentation and shortening to execute peristalsis 
and aboral propulsion of gastrointestinal luminal contents. 
Contraction of smooth muscle  cells   derives from two basic 
patterns of electrical activity across the membranes of smooth 
muscle cells: slow waves and spike potentials. The membrane 
potential of smooth muscle cells fl uctuates spontaneously. 
These fl uctuations spread to adjacent cells, resulting in “slow 
waves” which are waves of partial depolarization. The fre-
quency of slow waves varies according to the localization in 
the GI tract: in the stomach, they occur at a frequency of 3 per 
min, in the duodenum jejunum 12–15 per min, and in the 
ileum 8 per min. Slow- wave activity is an intrinsic property of 
smooth muscle cells independent of intrinsic innervation. 
“Spike potentials” which result from exposition to excitatory 
transmitters occur at the crest of the slow waves and provoke 
muscle contractions at a maximal rhythm dependent upon 
slow-wave frequency.  

    Interstitial Cells of  Cajal   

 In 1893, a Spanish physician and professor of pathology pro-
vided the fi rst description of a distinct group of cells that 
appeared to reside in the “interstitium” between enteric nerves 
and smooth muscles. These cells, now termed interstitial cells 
of Cajal (ICC), are now established as critical components of 
the enteric neuromusculature regulating gastrointestinal motil-
ity, playing roles as pacemakers and as mediators of enteric 
motor neurotransmission. They are present in a number of 
subtypes and morphologies throughout the layers of the GI 
tract, each of which may relate to distinct physiological func-
tions. One of the key ICC subtypes, ICC-MY, is present in 
highly branching networks within the myenteric plexus of the 
small intestine and appears to initiate slow waves that are 
spread passively to the adjacent electrically coupled smooth 
muscle cells. Depolarization of neighboring smooth muscle 
cells leads to activation of the contractile apparatus. There has 
been considerable recent interest in the potential role of ICC 

disorders in the pathogenesis of human gut motility disorders 
(reviewed by Burns [ 17 ]), and loss and reduced ICC numbers 
have been implicated in Hirschsprung’s disease, slow transit 
constipation, chronic intestinal pseudo-obstruction, and 
esophageal achalasia. Some debate exists over whether there 
is true loss of ICCs, dedifferentiation, or loss of the cell sur-
face receptor that defi nes ICCs c-kit. ICCs appear capable of 
transdifferentiation to smooth muscle cells, a cell type with 
which they share the same mesenchymal progenitor. 
Regeneration of ICCs also appears possible [ 18 ]. Further stud-
ies are required to understand the role of ICCs in disease.  

    Control of the Enteric  Neuromusculature   
and the  Gut-Brain-Microbiota Axis   

 Although it has been recognized that the neuromusculature 
of the gut is capable of independent function, this largely 
relates to fairly rudimentary observations of the retention of 
basic functions such as contractility, which depend on the 
integrity of intrinsic refl ex circuits that integrate sensory 
inputs and effector outputs, both excitatory and inhibitory. 
Thus, in the experimental setting, segments of isolated gut 
dissected out of the body and placed in a water bath in vitro 
are capable of effi ciently propagating a bead introduced at its 
rostral end. However, as discussed above, it has long been 
recognized that the gastrointestinal tract is a portal for, and 
dependent on, a whole multitude of interactions that facili-
tate its many and varied functions. 

 In addition to the complex interactions with the  CNS  , it is 
clear that the autonomic nervous system (ANS) exerts critical 
control of gastrointestinal function. Like the ENS, the ANS is 
also part of the peripheral nervous system and traditionally 
further subdivided into the parasympathetic and sympathetic 
nervous systems with craniosacral and thoracolumbar out-
fl ows, respectively. Much of the parasympathetic innervation 
to the GI tract travels via the vagus nerve and sacral nerves and 
the sympathetic along mesenteric blood vessels from the pre-
vertebral ganglia. These tracts carry both sensory and motor 
innervation. Akin to their other functions, these two subdivi-
sions schematically function in opposition to each other with 
the parasympathetic primarily excitatory to gut function by 
promoting secretion and peristalsis and mainly mediating 
physiological (nature and composition of the intestinal content 
and motility and contractile tension of the smooth muscle) 
rather than harmful sensations and the sympathetic inhibitory 
by decreasing peristalsis and reducing perfusion of the GI tract 
and transmitting information on potentially noxious stimuli. 
As a consequence, disorders of the autonomic nervous system 
are related to disturbances in GI motility and sensing. 

 Beyond control by the  CNS   and  ANS  , the extrinsic mod-
ulation of the ENS is much more complex. This is refl ected 
in the multiplicity of factors involved in its development 
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from connective tissue and through to functional interac-
tion with other organ systems such as the immune and 
endocrine systems. In children, this process is further com-
plicated by ongoing growth, development, and maturation 
of the gut and its immune system as well as their interaction 
and adaptation to postnatal life including psychosocial 
infl uences, environmental and dietary factors, as well as 
establishment and changes in the microbiome. This concept 
of integrated activity across biological and psychosocial 
systems is one of the most fundamental that has arisen in 

the fi eld of neurogastroenterology and refl ected in the rec-
ognition and study of what is now referred to as the gut-
brain-microbiota axis, which also incorporates the 
neuro-immune interactions that occur within the gut itself 
(Chaps.   4     and   5    ) [ 19 ]. Using the example of childhood 
functional abdominal pain disorders, Fig.  1.3  illustrates the 
putative role of the bio-psycho-social model and gut-brain- 
microbiota axis in the pathogenesis of disease.

   Not only does disruption of these factors and their 
interactions contribute to symptoms, its integrated working 

Early life events Psychological factors

Poor gastric emptying
and poor antral motility

Abnormal gastric
accomodatation

Abnormal gastric
myoelectrial activity

Alteration of the
gut microbiota

Abnormal rectal
sensory threshold

Rectum
Manometry

balloon
Sphincter

Brain–gut
axis

Genetic predisposition

Gastrointestinal infections

Mast cell dysfunction
and serotonin

Functional
abdominal

pain

Nociceptive somatic
stimuli early in the
neonatal period

Abuse
Separation from a
best friend
Failure in an examination
Loss of parent’s job
Hospitalization

Neonatal gastric
suction

Bacterium

Neutrophil

Intestinal epithelial cells

Mast cell
Enteric
neuron

5-HT

Blood vessel

  Fig. 1.3     Pathogenesis of childhood   functional abdominal pain. Several 
risk factors are associated with changes in visceral hypersensitivity and 
motility and contribute to the development of functional abdominal 
pain.  Abbreviations :  5-HT  5-hydroxytryptamine,  FGID  functional gas-

trointestinal disorder (From Korterink J, Devanarayana NM, Rajindrajith 
S, et al. Childhood functional abdominal pain: mechanisms and manage-
ment.  Nature Reviews Gastroenterology & Hepatology,   12 , 159–171, 
2015. Reprinted by permission from Macmillan Publishers Ltd.)       
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appears susceptible to being “programmed” especially at an 
early age to give rise to pathology later on in life. Of these, 
recurrent abdominal pain (Chaps.   36     through   38    ) appears to 
provide a key paradigm for such “programming” (Fig.  1.3 ). 
It follows, therefore, that there are an enormous range of 
potential etiopathogenic factors acting over a considerable 
time period of development that could result in gut motility 
disorders. This functionality is of course affected by noxious 
and genetic infl uences occurring during development that 
determine the structural and functional viability of its 
components.   

     Sensory Function   and the Gastrointestinal 
Tract 

 Gut motility disorders are often seen as synonymous with 
dysfunction of motor activity of the GI tract. Certainly, the 
most severe disorders are predominated by disturbances or 
failure in propagation of luminal contents. It is clear, how-
ever, that sensory functions of the GI tract are similarly 
important and dysfunction often carries signifi cant bearing 
on the ultimate impact of disease. Although particularly evi-
dent in functional GI disorders, sensory symptoms are pres-
ent throughout the spectrum of GI motility disorders 
(Chap.   4    ). 

 Normally, most of the information originating from the  GI   
tract does not reach the level of conscious perception and is 
processed in the brainstem. Other sensations such as hunger, 
fullness, satiety, bloating, and need to defecate that involve 
adapted behaviors do reach the cortex. As previously stated, 
extrinsic innervation of the GI tract is composed of vagal, 
spinal visceral (sympathetic), and sacral nerves. These nerves 
contain afferent (or sensory) fi bers that transmit information 
from the viscera to the CNS and efferent fi bers that transmit 
information from the CNS to the gut. At the level of the gas-
trointestinal tract, sensory neurons and entero- endocrine cells 
serve as transducers. The central processing of visceral sensi-
tivity is complex and involves the somatosensory cortex 
which provides information about intensity and localization 
of the stimulus, the anterior cingulate cortex which mainly 
processes pain characteristics and cognitive aspects of the 
pain experience, the insula which integrates internal state of 
the organism, and the prefrontal cortex which is believed to 
 play   a key role in the integration of sensory information and 
in the affective aspect of the sensation. Therefore, it appears 
that, similar to motor disorders, visceral sensory disorders 
may result from multiple factors and are prone to be infl u-
enced by complex interactions with cognitive and behavioral 
components [ 20 ].     
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