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      FOREWORD


    


  




  

    Bioengineering and biomechanics have impacted on orthopedics and cardiovascular science for years for the benefit of basic scientists, developers, health care personnel and patients. However, it never gained widespread impact in gastroenterology. There may be many reasons for the lack of use of bioengineering principles and biomechanics theory in gastroenterology, some may relate to ignorance and lack of recognition, others to difficulties changing the way of thinking. This is about to change and the book entitled Biomechanics of the Gastrointestinal Tract from 2002 by Hans Gregersen and the present book on clinical biomechanics in gastroenterology by Gregersen and Christensen will certainly change this.




    Bioengineering in its present concept was introduced by Professor YC Fung from University of California San Diego more than 40 years ago and Professor Fung is truly considered one of the founding notabilities of bioengineering and the father of modern biomechanics. Fung authored several books on continuum mechanics and biomechanics, and he tutored many students including Hans Gregersen, one of the authors of this book, and myself. Good ideas spread with the wind which certainly has been the case with Fung´s ideas. The present book is an example of how basic bioengineering principles can be used to change the look on gastrointestinal diseases. I sincerely hope that the ideas and concepts in this book will spread and that bioengineering principles will come into the mind of gastroenterologists.


  




  




  




  

    

      PREFACE


    


  




  

    All multicellular animals move fluids through themselves and move themselves through fluids. Evolution has created the most appropriate conceivable means for organisms to deal with the movements of fluids internally and externally.




    In animals, the management of fluids encompasses the flows that exist in internal organ systems. For most people, the cardiovascular system first comes to mind when they think about fluid mechanics in biological organ systems. Also, when they consider the alimentary tract, most physiologists think first of the biochemical processes involved in digestion and absorption rather than the mechanics. The fact that the gastrointestinal tract is basically a mechanical device should be so evident as to require no comment. Often, however, both the science and the practice of gastroenterology seem to disregard that insight. Walter B. Cannon's book on gastrointestinal mechanics, published in 1911, did little, in retrospect, to foster much further reflection about the gut as a machine. Also, the renewed dialog in both the laboratory and the clinic about gastrointestinal motility has not generally employed the perspectives of the engineer, the principles of physics and the tools of the mathematician.




    Even though the gastrointestinal tract constitutes a much more complex biohydraulic system than the cardiovascular system, much less attention has gone to its mechanical operations. But mechanical operations are primary in the digestive system. The physical treatment of materials, including their conveyance from one place to another, must precede their chemical treatments, digestion and absorption.




    Gastrointestinal motility, the familiar term used to refer to the mechanical behavior of the alimentary tract, actually encompasses three different and related operations:





    

      	the active wall movements that initiate the shift of the fluid contents,




      	the functions within the systems that regulate the active wall movements,




      	the flows that the active wall movements produce.


    




    Confusingly, the term, "motility" is used sometimes for the whole operation and sometimes for one or another of these three component processes alone. For that reason, we have used "mechanics" in the title of this book because that term seems to us to indicate our emphasis.




    The gastrointestinal tract constitutes a series of motor organs, each with its own pattern of motions and set of controlling mechanisms, and each serving as both conduit and pump. Each organ exhibits rostrocaudal polarity in function and, because the organs are linked "nose-to-tail" (except for the gallbladder), each one prepares the fluid it receives to make it suitable for treatment by the following organ.




    Animals need such a system of alimentary pumps and conduits in order to meet several needs:





    

      	to regulate the forward flow of nutrient-containing ingested substances




      	to enhance the enzymatic degradation that releases the nutrients from food




      	to optimize the extraction of the nutrients from the degraded materials




      	to control the disposition of the undigested residue


    




    Each kind of pump in the tract induces the specific pattern of flow required for the particular function of each part. At different places along the tract, these pumps provide different flow patterns to meet these nutritional requirements. These constitute antegrade flows, retrograde flows, laminar mixing flows and storage. Despite the different behaviors of the various organs, however, all parts of the gastrointestinal tract in all animals operate on the basis of fundamentally identical structures and systems. The organs differ from one another mainly quantitatively, in the degree to which they use one or another variation in the mechanism.




    To the engineer, the gastrointestinal tract presents a machine of extraordinary intricacy, one that refuses to remain stable. Its non-Newtonian fluids vary constantly and widely in physical properties as they move along the tract. The motions of the several organs vary continuously in both quality and quantity. Self-regulation differently characterizes each organ as well as in the system as a whole. This complexity gives the alimentary tract an adaptability that allows animals to use a wide variety of substrates having very different physical characteristics as a source of the energy needed to sustain life.




    This complex mechanical system, the alimentary canal long waited to be illuminated by the science of mechanics but biologists, lacking appropriate training, could not do the job. Now, however, a new discipline, bioengineering, promises to bring the concepts of engineering to the analysis of mechanical processes in all biological systems. Bioengineering, which has grown tremendously in the past decade, has found its most ready application in the examination of musculoskeletal mechanics and cardiovascular function.




    The alimentary canal remains almost untouched by bioengineers, but not entirely so. Some work in recent years has provided glimpses into the details of the flows of gastrointestinal fluids, hints about the kinds of motions that occur in the muscular walls of the tract, and clues about the regulating mechanisms. These advances have paved the way to a fuller examination of the tract as the mechanical device that it is, employing the perspective of the engineer as well as that of the descriptive biologist. This book attempts to introduce this fundamental change in outlook, to establish a new point of view about this biomechanical system.




    In respect to the practice of medicine, current concepts in gastrointestinal motor function continue to rest largely on empirical grounds, and the mechanical operation of the gut under various conditions remains hard to predict.




    The great problem in this area of study remains the gulf that separates biology from the physical sciences. Many biologists lack appropriate understanding of the physical sciences, while physical scientists generally fail to comprehend the complicated nature of gastrointestinal anatomy, flows, and forces. Greater shared understanding between biologists and physical scientists must contribute to the better management of the many clinical disorders of this biohydraulic system. It could also lead to the design of better mechanical devices to transport fluids in the wider world.




    By publishing this book, we hope to advance biomechanics and bioengineering in the thinking of both investigators and practitioners in gastrointestinal science. It builds on top of the book Biomechanics of the Gastrointestinal Tract by Gregersen from 2002 that had a focus on the basic science aspects of gastrointestinal biomechanics. We believe that the established methods and concepts of physical science will provide the framework for a keener understanding of the mechanics of the gut than we now have.
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      The Geometry of the System: The Structure of the Gastrointestinal Tract as a Mechanical Device


    


  




  

    

      



      1.1 INTRODUCTION




      The gastrointestinal tract constitutes an uninterrupted channel through the organism with separate ports for intake and output. The entrance port lies at the cephalic (or rostral) end of the animal and the exit port is found at the caudal extremity. Although the tract functions as a single pathway, it really constitutes a series of regions, the component organs of the tract (Fig. 1).
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        Figure 1)




        Diagram of the fetal and adult human gastrointestinal tract. It is drawn so to show the shapes and continuity of the various organs and parts and their proportionate dimensions. In both drawings, the esophagus is amputated: it extends through the thorax for approximately the length of the stomach.


      




      Each of these parts serves a different set of needs in animal nutrition but they all participate in the net transfer of material in the rostrocaudal direction.




      Even though the distinctive names of these organs suggest that they are distinct and separate structures, they actually resemble one another in their fundamental makeup. Each of them exhibits variations on a basic plan. Their structural modifications correlate to their special mechanical operations. Thus, the esophagus transfers swallowed matter to the stomach, and the stomach serves to retain material and to deliver it slowly to the intestine. The small and large intestines must create patterns of flow in intraluminal fluids that assure the efficient extraction of water and nutrient substances.




      The geometry described here applies to all higher animals. Animals occupy different ecological niches. They vary accordingly in diet and the structure of the gastrointestinal motor apparatus varies correspondingly. The generic description given here applies to man of course, and human specializations are pointed out appropriately.




      This chapter deals first with the basic structure of the wall of the alimentary conduit and then with the modifications encountered in each of the various organs. In accordance with convention, this discussion of gastrointestinal anatomy excludes the mouth, dealing only with the pharynx and the following parts of the system. The reader is referred to general textbooks for further reading on the anatomy of the gastrointestinal tract. In addition references [1 - 13] are very informative.




      

        



        1.2 THE GENERAL SCHEME




        The wall of the gastrointestinal tract is a laminar structure (Fig. 2). Its various layers necessarily operate mechanically as a unit because they are bound together. However, the layers differ from one another in that they possess dissimilar properties, both physical and physiological. Thus, they contribute differently to the mechanical function of the system. These layers constitute layers of tissues of different kinds: muscle, connective tissue, nerves, and epithelium.




        The muscle layers generate forces that distort the cylindrical conduit as they contract. The wall movements shift or propel the luminal contents appropriately. The connective tissue layers (as well as muscle when not contracted) provide a framework that determines the passive physical properties of the gut wall. The layers composed of nerves provide the controls that govern the spatiotemporal distribution of contractions. The epithelial layer that covers the luminal surface transfers dissolved substances from the gut lumen into the blood circulation.
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          Figure 2)




          Diagrams to show the various layers of the gastrointestinal wall and their components. A) is a cutaway to show especially the positions of the two plexuses of nerves. B) is a diagram showing the hypothetical interconnections of the two plexuses.


        




        Gastrointestinal muscle is visceral muscle, also called involuntary muscle because its behavior is independent of the will. This variety of muscle also constitutes the muscular wall in other internal organs, the blood vessels and the motile viscera of the genital and urinary tracts. It is also called “smooth” muscle because of the uniformity of its appearance under the light microscope.




        There is one exception to the general rule that gastrointestinal muscle is visceral muscle. In the most cephalic part of the tract, the pharynx and the rostral part of the esophagus, the muscle is striated (or somatic) muscle, like the muscle of the musculoskeletal system. This variety of muscle is also called voluntary muscle because its operation is generally regulated by the will.




        Gastrointestinal connective tissue makes up most of the thickness of the submucosa and the mucosa and a large part of the muscle layers. It consists of fibers of collagen and elastin, together with fibroblasts and other small cells. As in other parts of the body, the kind and the density of the fibrous components vary to supply the mechanical characteristics that the locus requires.




        Gastrointestinal nerves form a complex nervous system within the wall of the gut, the enteric nervous system. This system operates in considerable independence of the central nervous system. It contains a variety of kinds of nerve cells. They give off axons (the efferent processes of nerve cells, those that convey signals away from the nerve cell body) that are devoid of a myelin sheath. The myelin sheath is a coating that surrounds many axons in the central nervous system and thereby gives to them the ability to transmit nerve impulses very rapidly. The absence of myelin in the enteric nerves implies that there is no need in the gut for the very rapid transmission of the nerve impulse.




        The epithelial layer that lines the tract also varies from one organ to another to serve the general function of each part. Thus, in the esophagus it mainly protects the deeper layers of the organ from noxious substances that may come into the lumen. In the stomach, it elaborates the gastric juice. In the intestines it extracts water and nutrient substances from the luminal contents.




        The gut wall requires a rich blood supply both to provide the chemical environment necessary for the normal operation of all its different kinds of cells and to take up absorbed nutrients. The arteries and veins, traveling together, penetrate the main muscle layer as relatively large vessels and then branch between and within the inner layers of the wall. Their points of penetration form widely separated weak points in the major muscle coat but these discontinuities seem to have little effect on gastrointestinal mechanics.


      




      

        



        1.2.1. The Muscle Layers and Their Composition




        

          



          1.2.1.1. The Main Muscle Coat




          The principal muscle coat of the gut (also called the muscularis propria) constitutes two separate layers. In each layer, a network of collagen fibers forms the basic structure that defines the gross geometry of the sheet. This structure is termed the stroma (from the Latin word for a bed covering). Within the interstices of this web lie the muscle cells, tightly attached both to one another (Fig. 3) and to the fibrous elements of the mesh.
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            Figure 3)




            A diagram of a smooth muscle cell to show its internal structure and its connection to other such cells. Collagen stroma, not shown, fills the space between the muscle cells.


          




          The muscle cells themselves are commonly described as spindle-shaped or fusiform, but that is the general form they have only when they are examined in their most elongated conformation, which is never achieved in life. Although they change shape as they move, they can be viewed as generally cylindrical, each cell being capable of shortening separately in the process of contraction.




          In each of the principal muscle layers of the gut, the muscle cells all lie with their axes essentially parallel. Their common attachment to the connective tissue stroma integrates their separate actions. Since all the muscle cells within a field usually contract and relax essentially simultaneously or in a coordinated pattern, the whole layer of muscle cells appears to move as a unit. Since each cell is only a few hundred microns long, even a small contraction of the muscle involves many thousands of cells acting together.




          The two layers of muscle in the main muscle coat differ in the alignment of their muscle cells. The cells in the outer layer of the muscularis propria are oriented with their axes in the direction of the axis of the cylindrical conduit. Therefore, this layer is called the longitudinal muscle layer. In the inner layer of muscle, the axes of the cells lie in the direction of the circumference of the conduit. For this reason, this layer is called the circular muscle layer.




          Only about half the volume of a mass of gastrointestinal muscle is intracellular volume and most of that represents the interior space of muscle cells. The extracellular space constitutes principally extracellular water and the network of the collagen and elastin fibers that forms the connective tissue stroma.




          A small proportion of space in the muscle is occupied by other cellular structures. In the longitudinal muscle layer, these are principally the axons that ramify among the muscle cells and the cellular structures that make up the infrequent capillaries. The proportion of space occupied by such non-muscular components is trivial from the mechanical point of view.
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            Figure 4)




            A diagram of the principal planes of concentration of interstitial cells of Cajal in relation to the circular muscle layer in the various organs. Organs vary in the exact position of the planes of interstitial cells, which are marked as “X”s.


          




          The circular muscle layer contains a special set of modified muscle cells, the interstitial cells of Cajal (Fig. 4) that constitute only a small fraction of the total number of cells, probably less than five percent. These stellate cells give out long processes that extend widely to contact many muscle cells. The interstitial cells in the circular muscle layer possess an intimate relationship with the axons that regulate the operation of the muscle, seemingly being interposed between axons and muscle cells. Axons also contact muscle cells directly. The interstitial cells are akin to muscle cells, derived from the same ancestral cells but modified in form probably in such a way as to provide especially for the transmission of information between nerve and muscle and between muscle cells within the muscle mass.




          

            



            1.2.1.2. The Muscle of the Mucosa




            A third layer of muscle occurs throughout almost the entire tract, the muscle of the mucosa (muscularis mucosae). The submucosa separates it from the main muscle coat. The general structure of the mucosal muscle is the same as that of the other muscle layers, a collagen mesh forming a stroma that surrounds the muscle cells and attaches to them. The muscle cells are generally arranged with their axes lying in many directions with reference to the axis of the cylinder in the tract. It forms one layer of the mucosa, the deepest layer. The other two layers are the lamina propria, a thin sheet of connective tissue, and the epithelium, the layer of cells that lines the lumen


          


        


      




      

        



        1.2.2. The Connective Tissue Layers and Their Composition




        Connective tissue, like that found throughout the animal body, serves in the gut especially to provide the passive mechanical properties of the organs. It constitutes principally collagen fibers forming a loose and apparently unorganized mesh. Special studies, however, show them to have a clear organization, forming skeletons for the several layers of the wall.




        There are several different kinds of collagen, distinguished in the molecular structure of the fiber, and these have slightly different physical properties. These collagen fibers lie among the muscle cells in the muscular layers. Differences in the passive physical properties of the various layers could reflect differences in the proportions of the various types of collagen present, in the precise geometry of the collagen network, and in the proportion of the whole mass that constitutes collagen. Connective tissue also contains other kinds of cells that serve immune or other non-mechanical functions.




        

          



          1.2.2.1. The Submucosa




          In most gastrointestinal organs, the submucosa lies between the main muscle coat and the mucosa. This is a broad layer that makes up a large proportion of the wall, nearly half in the esophagus, but much less in the intestine. Quantitatively, it consists principally of connective tissue but it also contains many kinds of small cells with general maintenance and immune functions. Most of the submucosa, however, is open space occupied by water. Because of its thickness and structural laxity, this layer of the gut wall allows the mucosa to move easily and widely over the inner surface of the main muscle coat. The submucosa also contains the network of nerves called the submucosal plexus and the small blood vessels that supply the mucosa.


        




        

          



          1.2.2.2. The Subserosa




          A layer of epithelial cells, the serosa, covers the main muscle coat on the outside. The serosa is a membrane that envelops the whole of the intraabdominal gastrointestinal tract. It is continuous with the peritoneum, the lining of the abdomen. This serosal epithelium is tightly attached to the outer (longitudinal) muscle layer by the subserosa, a thin and dense layer of collagen fibers. The subserosa contains also a small number of nerve fibers.


        




        

          



          1.2.2.3. The Lamina Propria




          Another layer of connective tissue, the lamina propria, lies between the mucosal muscle layer and the gastrointestinal epithelium, the layer of cells that lines the lumen of the entire gastrointestinal tract. The lamina propria is somewhat denser in its composition than the submucosa. Fibers of collagen and elastin, lacking any obvious organization, constitute the principal matrix elements in this layer. The layer also contains many kinds of scattered small cells that act in immune function and in general maintenance function, as well as a few nerve fibers. It firmly joins the epithelium to the mucosal muscle.


        




        

          



          1.2.2.4 The Intermuscular Space




          The myenteric plexus occupies the space between the two layers of the main muscle coat. This plexus is embedded in a thin lamina of connective tissue that contains a scattering of other types of cells. Interstitial cells of Cajal form a network within the plane of the myenteric plexus in most regions, but not all.


        


      




      

        



        1.2.3 The Epithelial Layers and their Composition




        

          



          1.2.3.1 The Gastrointestinal Epithelium




          The gastrointestinal epithelium covers the innermost surface of the gastrointestinal tract. This layer of cells differs greatly in structure and function in the various parts of the tract. The epithelial cells are closely attached to one another through intercellular junctions to form a continuous and quite homogeneous sheet. These junctions serve an important mechanical function by sealing off the luminal space. The junctions are, however, fragile structures that cannot provide much physical strength to the epithelium as a membrane. That arises more from the adherence of the epithelial cells to the basal lamina, a thin sheet of amorphous material that lies between the epithelial cells and the lamina propria. The fragile epithelial cells are mounted, as it were, on a comparatively tough sheet. The mechanical properties of the basal lamina remain unknown.


        




        

          



          1.2.3.2 The Serosa




          The serosa, a sheet of epithelial cells that encloses the intraabdominal parts of the gastrointestinal tract in the abdominal cavity, is continuous with the identical membrane that lines the abdominal cavity. This membrane constitutes a single structure, called the serosa where it encloses the gut and called the peritoneum where it lines the cavity within which most of the gut lies. Its cells are adherent to one another other directly and through their position on the collagen mesh of the subserosa (see 1.2.2.2.). They secrete a fluid that lubricates the outer surface of the parts of the gastrointestinal tract that lie in the peritoneal cavity. This allows low friction movement of the loops of gut that are compacted within the abdominal cavity.


        


      




      

        



        1.2.4. Intramural Nerves




        A system of nerves extends throughout all layers of the gastrointestinal wall. Its operation is most conspicuously expressed in the motions of the muscular walls, although it also serves other functions, such as the regulation of secretion and absorption. It is usually thought of, however, principally in terms of its regulation of muscular contractions and relaxations in all three layers of muscle. Because of the conspicuous sensitivity of the motions of the walls of the alimentary canal to mechanical influences, this intramural system of nerves must include elements with the ability to sense motion in the wall of the gut. These receptors are yet not well characterized from a mechanical point of view. There seem to be chemoreceptors in the gut wall as well, nervous structures that detect changes in the chemical nature of the luminal content. Like mechanoreceptors, these receptors are yet not well characterized.




        

          



          1.2.4.1 The Myenteric Plexus




          The loose collagen matrix in the cleft between the two layers of the main muscle coat, the intermuscular plane, contains a particularly dense network of nerves, the myenteric plexus. This set of nerves is essential to the regulation of the contractions of the two adjacent muscle layers. The basic form of the nerve cells in this plexus, a single rounded cell body that gives off one or more long processes called axons, gives this network its structure (Fig. 5).
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            Figure 5)




            A diagram of various shapes of nerve cells showing the characteristic short dendrites and long axons. The functional implications of the different shapes remain to be discovered.


          




          The bodies of the nerve cell form clusters or nodes, the ganglia. Bundles of axons connect ganglia together to make a two-dimensional rhomboidal mesh (Fig. 6). The nodes in this network are the ganglia, clusters of nerve cell bodies, while the cords are bundles of axons, nerve processes that conduct impulses away from nerve cells.
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            Figure 6)




            Silhouette drawings of the myenteric plexus as traced from the colon (A) and the rectum (B) of the guinea pig. This illustrates the variation possible in the geometry of the myenteric plexus.


          




          The motions of the gastrointestinal wall might stretch or break the axons without the safeguard provided by the geometry of the myenteric plexus. The mesh can be considerably deformed without damage because its polygonal structure can accommodate great change in either the axial or the circumferential direction so long as a change in one dimension is compensated by a change in the other. Also, the whole plexus floats in the loose collagen stroma of the intermuscular space.




          Three functional categories of nerve cells (neurons) make up the myenteric plexus. They cannot be distinguished in geometric terms. They constitute:





          

            	cells that pick up information from the gut wall (sensory neurons),




            	cells that carry information directly to muscle or to other effector cells (motor neurons),




            	cells that connect sensory to motor nerve cells (internuncial neurons).


          




          Mechanoreceptors essential to the self-regulatory function of the gastrointestinal musculature must be present within the gastrointestinal wall. In at least two places, the esophagus and the rostral part of the stomach, special structures, the intraganglionic laminar endings (IGLE’s) of the myenteric plexus ganglia (Fig. 7) have been proposed as mechanoreceptors.
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            Figure 7)




            A diagram of the intraganglionic laminar endings in a ganglion of the esophageal myenteric plexus. They lie at the periphery of the ganglion. Morphological evidence indicates that these structures are vagal (parasympathetic) mechanoreceptors.


          


        




        

          



          1.2.4.2 The Submucosal Plexus




          The thick and gelatinous submucosa contains a network of nerves that resembles the myenteric plexus. This submucosal plexus regulates the whole mucosa, especially the mucosal muscle, as well as, in some places at least, the circular muscle layer of the muscularis propria. Its ganglia and interconnecting nerve bundles, however, are much less densely distributed than those of the myenteric plexus and the mesh they form has a less uniform polygonal pattern. The geometry of the submucosal plexus seems, similarly, to protect it from mechanical damage that might ensue from the motions of the muscular wall of the gastrointestinal tract.


        




        

          



          1.2.4.3 The Nerves of the Lamina Propria




          The lamina propria contains nerve processes connecting the submucosal plexus to the epithelium. For the most part, these fibers seem to extend mainly in the z-axis of the cylinder, perpendicular to the luminal surface, passing only a short distance in the axial and circumferential directions. They follow a convoluted track, accommodating themselves to the motions of the mucosa.


        




        

          



          1.2.4.4. The Nerves of the Serosa




          The serosa contains mechanoreceptive neural structures, the Pacinian corpuscles like those of the skin. They are the endings of sensory nerves but there seems to be little more information about them in the serosa.


        


      




      

        



        1.2.5 Extramural Nerves




        Despite the autonomy of the intramural nervous system in the gut (which justifies its common portrayal as a “little brain”), it must interact to some extent with regulatory centers in the brain and spinal cord. Major nerve trunks connect the gastrointestinal tract with the central nervous system (Fig. 8), forming two separate sets of such extramural connections, the craniosacral and thoracolumbar systems. Both systems contain both motor and sensory pathways, respectively carrying nerve traffic toward and away from the gut. The two systems function separately. forming two separate sets of such extramural connections, the craniosacral and thoracolumbar systems. Both systems contain both motor and sensory pathways, respectively carrying nerve traffic toward and away from the gut. The two systems function separately.




        The two terms, craniosacral and thoracolumbar, designate the anatomic arrangement of the extramural nerves. They are also commonly called sympathetic (thoracolumbar) and parasympathetic (craniosacral) connections. These latter two terms reflect the function of the two pathways as components of the autonomic nervous system. Together, these two components make up the autonomic nervous system, the system of nerves connecting the brain and the spinal cord to all visceral structures, including the gut.
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          Figure 8)




          A diagram of the relationship between the central nervous system and the enteric nervous system and their connections by way of the extrinsic innervation of the gut.


        




        

          



          1.2.5.1 The Craniosacral Innervation




          The craniosacral innervation links the gastrointestinal tract to the two parts of the central nervous system, the brainstem in the cranial part of the central nervous system and the sacral part of the spinal cord. The cranial component of the innervation constitutes the tenth cranial (vagus) nerves, joining the gastrointestinal tract to the sensory and motor centers of that cranial nerve in the region of the fourth ventricle of the brain. The sacral part passes through the pelvic nerves that arise from the sacral roots of those nerves.




          In the gut, the distribution of the fibers from the vagus nerves extends from the rostral end of the esophagus, to the midportion of the large intestine. The peripheral distribution of the sacral portion extends from the middle of the large intestine to the caudal extremity of the tract. The two distributions may overlap to some degree.




          Nerve fibers from the craniosacral innervation mainly contact intramural neurons within the myenteric plexus. Their distributions vary among organs, as discussed later.


        




        

          



          1.2.5.2 The Thoracolumbar Innervation




          The thoracolumbar innervation connects the gastrointestinal tract to the thoracic and lumbar segments of the spinal cord. These fibers, passing through the splanchnic nerves which are formed by the fusion of the segmental nerves that emanate from the thoracic part of the spinal cord, extend to the prevertebral (or retroperitoneal) ganglia, clusters of nerve cell bodies. The nerve fibers that originate in the thoracolumbar part of the spinal cord terminate here in synapse with nerve call bodies from which nerve fibers extend alongside the arterial blood supply to the gastrointestinal wall where they end in the myenteric plexus and in small arteries.




          A complete nerve pathway in the thoracolumbar system contains two neurons, one cell body lying in the spinal cord and the other in a prevertebral ganglion. Thus, the prevertebral ganglia provide a stage for sensorimotor integration outside both the central and the enteric nervous systems. This appears to be important in the transfer of information over long distances along the alimentary tract.


        


      




      

        



        1.3. THE SPECIALIZED GEOMETRY CHARACTERISTICs OF THE ORGANS




        

          



          1.3.1. Pharynx and Pharyngoesophageal Sphincter




          

            



            1.3.1.1. Musculature




            The pharyngeal musculature differs greatly from the general scheme. There is no mucosal muscle. The muscularis propria consists entirely of striated (somatic) muscle cells and the direction of their axes is exclusively circumferential rather that axial. Thus, the pharyngeal muscularis propria constitutes only one layer, a circular muscle layer.




            Three distinct somatic muscles encircle the lumen to form the wall of the pharynx. These are the superior, middle and inferior pharyngeal constrictors. They overlap one another to encase the whole pharynx. Each constrictor constitutes two parts, right and left. The halves are physically continuous, fused at the midline so that each constrictor acts as a single encircling unit.




            The inferior constrictor thickens at the junction of the pharynx to the esophagus to form the pharyngoesophageal sphincter, or cricopharyngeus muscle (Fig. 9).
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              Figure 9)




              A posterior oblique view of the pharynx and rostral end of the esophagus to show the relationship of the cricopharyngeus muscle (upper esophageal or pharyngoesophageal sphincter) to adjacent structures.


            




            Although this sphincter is continuous with the pharyngeal musculature, it is distinguishable in its greater thickness and in its gross anatomical relationship to the airway. Instead of encircling the pharynx like the rest of the pharyngeal constrictors, the sphincter muscle is attached at both ends to the ends of the cricoid cartilage. Thus, its contraction closes the lumen by compression of the pharyngoesophageal junction against the trachea, whereas the pharyngeal constrictors close the lumen by circumferential occlusion.


          


        




        

          



          1.3.1.2. Connective Tissue




          The pharynx is covered on the outside by a collagenous sheath that separates it from other structures in the neck. This allows the muscular organ to move without significant tethering. The very loose collagen attachment between the pharynx and adjacent structures does not influence the movements of the pharyngeal musculature.




          There is a similar sheath of connective tissue between the overlapping constrictors themselves that allows them to move a little over one another. Such a connective tissue sheath also covers the luminal surface of the musculature to form a base for the attachment of the epithelium. There are no layers corresponding to the submucosa and lamina propria that characterize the rest of the gut.


        




        

          



          1.3.1.3. Epithelium




          The epithelium lining the pharynx is squamous epithelium, like the skin but devoid of the relatively tough keratinized outer layer that characterizes the skin. As a squamous epithelium, it is tougher and less permeable than the epithelium of the more caudal parts of the gastrointestinal tract.




          There is no serosa surrounding the pharynx because it does not lie within a serosal cavity.


        




        

          



          1.3.1.4. Intramural Nerves




          The nerves in the pharyngeal wall are the terminal branches of the glossopharyngeal nerve, which supplies this striated musculature. Their motor nerve processes terminate as motor end plates, the classical neuromuscular junctions of somatic nerves and muscles. Somatic sensory nerve fibers in the pharynx end in muscle spindles, mechanoreceptors that appear to be identical to those found in somatic muscle elsewhere. Thus, this musculature functions as a striated or somatic muscle.




          The sensory innervation of the mucosa is sympathetic.


        




        

          



          1.3.1.5. Extrinsic Nerves




          Branches of the glossopharyngeal nerve provide the motor and sensory supply to the muscles of the pharynx, including the pharyngoesophageal sphincter. These pass directly between the pharynx and the nuclei of that nerve in the brain stem near the fourth ventricle.


        


      




      

        



        1.3.2. Esophagus and Esophagogastric Sphincter




        

          



          1.3.2.1. Musculature




          The muscle of the esophagus differs from the general scheme principally in the nature of the muscle cells. In man, from the rostral end of the organ, at the pharyngoesophageal junction, to a point about one-third of the way to the stomach, the musculature is striated (somatic) muscle, like that of the pharynx. At that level, the muscle becomes visceral (smooth) muscle, which makes up the muscle throughout the remainder of the gastrointestinal tract. The two kinds of muscle cells, striated and smooth (or somatic and visceral), are intermingled in the middle of the esophagus for only a very short distance within both main muscle layers. A slight thickening of the inner (circular) muscle layer in the last centimeter above the stomach characterizes the esophagogastric (lower esophageal) sphincter.




          The interstitial cells of Cajal in the circular smooth muscle layer are distributed diffusely throughout the thickness of that layer. There are none in the striated muscle of the rostral part of the organ.




          The muscle of the mucosa in the esophagus differs from the general scheme in two ways. It is very thick, fully as thick as the inner layer of the main muscle coat, and its cylindrical muscle fibers (visceral muscle throughout the whole organ) all lie with their axes parallel to the axis of the esophagus. This implies that the contraction of the mucosal muscle layer tends to shorten the esophagus, like the contractions of the outer (longitudinal) muscle layer of the main muscle coat.


        




        

          



          1.3.2.2. Connective Tissue




          The esophagus possesses a special connective tissue structure in the form of the phrenoesophageal ligament, a grommet-like collar made of collagen and elastin fibers that seals the organ within the opening in the diaphragm through which the organ passes, the esophageal hiatus. This ligament has two leaflets or layers, one that inserts on the circumference of the esophagus at about the rostral edge of the esophagogastric sphincter and one that inserts similarly at about the caudal border of the sphincter (Fig. 10).




          The phrenoesophageal ligament is extensive and elastic enough to allow the considerable axial movement of the esophagus through the diaphragm that must occur in breathing and swallowing. Since the rostral end of the organ is tethered to the cricoid cartilage, this ligamentous attachment to the diaphragm maintains the esophagus in its rostrocaudal orientation throughout the excursions that result from movements of the body, the diaphragm and the stomach.


        




        

          



          1.3.2.3. Epithelium




          The esophageal epithelium, like that of the pharynx, is a non-keratinized squamous epithelium. As such, it is relatively tough and impermeable. It ends almost exactly at the point where the musculature of the esophagus joins that of the stomach. In other words, the very different epithelia of the esophagus and stomach are strictly confined to their respective organs in normal circumstances. In a common disease state, chronic gastroesophageal reflux, the epithelial junction often lies well above the junction of the two organs.




          
[image: ]





          

            Figure 10)




            A diagram of the phrenoesophageal ligament and the other features of the esophagogastric junction.


          


        




        

          



          1.3.2.4. Intramural Nerves




          The myenteric plexus of the esophagus differs from the general scheme in its relative paucity of ganglia and in its lack of a regular polygonal pattern. The interganglionic bundles of axons extend mainly in the direction of the axis of the organ. Many large nerve bundles, branches from the tenth (vagus) nerves, run through the plexus parallel to the axis of the organ. The fact that axial elongation of the esophagus does not occur in its normal operation allows the presence of these axially oriented bundles of nerve fibers in the wall of the esophagus. Otherwise, they would be stretched or broken.




          The submucosal plexus in the esophagus also differs from the general scheme. There are no ganglia. The few nerve fiber bundles to be found in the submucosa contain axons that extend there from the myenteric plexus or the extrinsic nerves.




          A comparatively simple network of axons (arising from the submucosal plexus) in the lamina propria gives off single sensory (sympathetic) fibers that extend into the epithelium. As in other squamous epithelia (e.g. skin), these follow a zigzag course as they pass through the epithelium toward the luminal surface. Anatomically, these appear to be placed so as to respond to stimuli at that surface.


        




        

          



          1.3.2.5. Extramural Nerves




          The two vagus nerves pass from the skull through the neck and into the thorax alongside the esophagus. They extend down to a point about one-third of the length of that organ below the pharyngoesophageal junction where they break up into a few large branches that soon fuse again and then branch and fuse repeatedly, forming a plexus of coarse fiber bundles that surrounds the organ to a level just above the diaphragm (Fig. 11). At this point, the bundles fuse again to form two to four nerve trunks, the vagal trunks that pass into the abdomen through the esophageal hiatus in the diaphragm, adjacent to the esophagogastric sphincter.
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            Figure 11)




            A sketch of the vagus nerves, the esophageal plexus, and the vagal trunks (shown from the posterior).


          




          The network of vagal bundles surrounding the esophagus, the esophageal plexus, mingles nerve fibers from the right and left vagus nerves. It gives off small nerve fiber bundles that enter directly into the muscular wall of the organ. Some of these nerve fibers end in the myenteric plexus. Others pass through the myenteric plexus, to enter the stomach within the wall of the gut, supplying the myenteric plexus of the rostral parts of that organ (Fig. 12).
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            Figure 12)




            A sketch of the vagal nerve branches that pass from the esophagus into the rostral part of the stomach.


          


        


      




      

        



        1.3.3. Stomach and Pyloric Sphincter




        In embryogenesis, the gut first appears as a collapsible cylindrical tube of uniform caliber. The stomach arises very early in embryogenesis, beginning as a widening at the rostral end of this basic form. This enlargement occurs on the left side. With embryonic development, this dilatation grows to become a saccule, the fundus of the stomach, and the primordial tube elongates and rotates to produce the transversely oriented asymmetric oblate spheroid of the mature animal.




        The initial rostral dilation becomes the gastric fundus. It allows for the storage of ingested materials, ending the necessity for the organism to take in nutrients continuously. The caudal part of the embryonic dilatation retains a cylindrical and conical form as the embryo grows. It becomes the antrum of the stomach. It functions to grind and mix the luminal contents.




        

          



          1.3.3.1. Musculature




          The rostral part of the stomach possesses a third muscle layer, called the oblique muscle layer (Fig. 13).
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            Figure 13)




            A diagram of the three layers of muscle in the stomach.


          




          This arrangement reflects the storage function of this region. The oblique muscle layer lies on the luminal (inner) side of the circular layer of muscle. A thin sheet of connective tissue separates the oblique and circular muscle layers throughout the fundus but they fuse in the part of the organ that separates the fundus from the antrum. Thus, the oblique muscle layer seems to originate from the inner circular muscle layer, arising as a laminar splitting, with its fibers looping in such a way as to enclose the saccular part of the stomach, the fundus. When its cells shorten in contraction, this oblique muscle layer diminishes the volume of the fundus by reducing its radii quasi-symmetrically, pulling the apex of the fundus toward the antrum.




          The circular muscle layer of the stomach thickens progressively toward its junction with the duodenum. An even greater thickening characterizes the most distal segment, a region generally called the pylorus or the pyloric sphincter. This muscular structure is not simply a ring of thickened muscle encircling the lumen. Rather, it is one loop (the smaller loop) of an asymmetrical double torus, a geometrical configuration resembling a bent figure-of-eight, the other larger loop of which encircles the antrum obliquely some distance above the gastroduodenal junction (Fig. 14).
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            Figure 14)




            A diagram of the double torus of muscle in the pylorus and gastric antrum.


          




          The two loops of this double torus are joined along the right side of the antrum, on the side generally called the “lesser curvature”. Thus, contraction of this torus must both narrow the lumen at the pyloric opening and also narrow and angulate the organ between the distal antrum and the rostral part of the antrum. This probably explains, in part, the observation that the stomach may vary in configuration from a “cow's-horn” shape to a “J “ shape.




          The outer longitudinal muscle layer of the stomach possesses a special relationship to the pylorus. Most of this muscle layer inserts into the thickened muscle of the pyloric loop of the circular muscle layer. However, a very small part of the longitudinal musculature, the outermost layer of cells, passes over the outside of the pyloric loop to join with the longitudinal muscle layer of the duodenum. This arrangement implies that the longitudinal muscle layer of the stomach shortens the antrum as it contracts.




          The interstitial cells of Cajal are distributed throughout the thickness of the muscle in the gastric circular layer. They are very much more abundant in the antrum than in the fundus. They exhibit a gradient in density, there being essentially none in the circular musculature next to the esophagogastric junction, a maximal density in the region of the pylorus, and intermediate densities of distribution at intermediate levels throughout the stomach.


        




        

          



          1.3.3.2. Connective Tissue




          The stomach hangs in a mesentery, a fold of the peritoneum encasing the organ and attaching it to the posterior wall of the abdomen. The core of this fold, a shelf of connective tissue containing nerves and blood vessels, is covered on both sides by the serosa. The presence of a mesentery frees the organ of encumbrances in its movements. The phrenoesophageal ligament (see above) fixes the stomach loosely to the diaphragm at its rostral end, and the retroperitoneal position of the duodenum ties the caudal end of the stomach to the posterior abdominal wall.




          The thin sheet of connective tissue that separates the oblique and circular muscle layers in the gastric fundus contains no plexus of nerves. The plane between the longitudinal and circular muscle layers conforms to the general description given above in the section on the general structure of the gut.




          The very thick submucosa of the stomach allows the substantial mucosa in the rostral parts of the organ to be thrown into broad folds (often called the gastric rugae) that extend in the axial direction when the organ is only partly filled. Filling of the organ effaces these rugae. The submucosa and mucosa of the antrum are thinner and less generous so no rugae occur there.


        




        

          



          1.3.3.3. Intramural Nerves




          The myenteric plexus is very sparse in the gastric fundus as compared to the antrum, but the antrum contains the densest distribution of myenteric plexus neurons to be found anywhere in the alimentary canal. In both regions, the plexus forms the classical polygonal network of ganglia and interganglionic fascicles.




          The intramural extensions of the vagal nerves that pass from the esophagus into the stomach extend and ramify around the fundus. This pattern minimizes their vulnerability to the possibility of breakage with the radial expansion of the fundus that occurs in gastric filling.




          Despite the massive secretion that characterizes the gastric mucosa, the submucosal plexus is sparse in the stomach as compared to the small intestine. This fact suggests that the myenteric plexus and the extrinsic innervation may be more important in the control of secretion by the gastric epithelium.


        




        

          



          1.3.3.4. Epithelium




          The gastric mucosa is thick and succulent as compared to that in other parts of the gut. The gastric epithelium is dedicated to the secretion of a large volume of fluid, gastric acid as well as mucus, and this requires epithelial glands that enlarge the whole mucosa, thickening both the epithelium and the lamina propria. They even thicken the submucosa into which the epithelial glands protrude. The combined mass of the mucosa and submucosa contributes to the formation of the thick folds, the gastric rugae that are so characteristic a feature of the stomach upon gross inspection. The mass of the combined mucosa-submucosa is much diminished in the caudal part of the stomach, the antrum, in part because the secretory function of the epithelium is so much greater in the more rostral regions of the organ.


        




        

          



          1.3.3.5. Extramural Nerves




          The craniosacral innervation of the stomach is entirely vagal. In contrast to the vagal innervation of the gastric fundus, which comes especially through vagal extensions by way of the esophagus, the vagal innervation of the antrum enters the organ from the outside, from vagal branches that depart from the vagal trunks well below the diaphragm on the right side.




          The thoracolumbar innervation arises principally from the celiac ganglion (the most rostral element in the complex of prevertebral or retroperitoneal ganglia) passing to the stomach through the perivascular nerve plexus that follows the branches of the celiac artery. A small component also passes to the stomach through the vagus nerves, these thoracolumbar fibers entering into the vagus nerves in the neck.


        


      




      

        



        1.3.4. Small Intestine and Ileocecal Sphincter




        The general scheme of the structure of the gastrointestinal tract essentially describes the whole of the small intestine. The organ is, however, not quite uniform throughout its length in that it appears to be a little narrower, in general, at its caudal extremity than it is more rostrally.




        

          



          1.3.4.1. Muscle




          There is a slight gradient in the thickness of the main muscle coats exists so that the muscle layers appear to be a little thicker at the rostral end than at the caudal end.




          In the small intestine, the interstitial cells of Cajal lie especially concentrated in a single plane within the substance of the circular muscle layer. They appear to be a little more numerous in the duodenum than they are in the ileum.


        




        

          



          1.3.4.2. Connective Tissue




          The duodenum is relatively fixed in position, being retroperitoneal while the rest of the small intestine, like the stomach, is suspended from the posterior abdominal wall by a mesentery. This tethers the small intestine so that its freedom of movement is somewhat restricted.




          This intestinal mesentery, like all the mesenteries of the abdomen, consists of a shelf of connective tissue, covered on both sides by the serosa and holding the vessels and extrinsic nerves that must pass from the posterior abdominal wall to the gut. At the most rostral level of this small intestinal mesentery, it forms a special band, the ligament of Treitz that ties the small intestine to the posterior abdominal wall and holds the spleen and the splenic flexure of the large intestine in place. At the most caudal limit of the intestine, the ileocecal junction, the shortness of the intestinal mesenteric attachment ties that end of the small intestine in position.




          Between the ligament of Treitz and the ileocolic junction, the breadth of the mesentery allows considerable movement of the small intestine within the abdomen. The mesenteric attachment of the small intestine to the posterior abdominal wall does not affect the freedom of movement of the organ as its musculature contracts. However, the mesentery keeps the long and pliable intestine oriented in such a way as to prevent gross deformations. Too much mobility would allow this extremely motile tube to form obstructive twists or knots, while the considerable packing of the long tube into the small space of the abdomen requires some capacity for loops to move about.


        




        

          



          1.3.4.3. Epithelium




          The epithelium of the small intestine forms finger-like or leaf-like protrusions, the intestinal villi that greatly increase the surface available for absorption. These villi are actually formed by the lamina propria over which the epithelium lies as a single layer of cells. The villi give the mucosa a certain thickness that makes for the formation of thick folds in the collapsed organ.




          The mucosa itself is formed into fixed semi-circular folds, the plicae. These represent structures of the submucosa over which the mucosa lies.




          The actual absorptive cells of the small intestine cover the villi as a single layer. Since the villi are closely packed, the circulation of fluid over the absorptive surface at the sides of the villi would be compromised were it not for micro-movements known to occur in the villi. Only the general nature of such movements is known. They pump up and down individually and independently in a motion that must enhance this circulation. They also shift en masse in waves. Such mucosal movements, imparted by the contractions of the mucosal muscle, must exchange the fluid mass at the absorptive surface, thereby reducing the unstirred layer at this surface. Since the diffusion of molecules in this layer is the rate-limiting step in intestinal absorption, this stirring must be critical in nutrition.
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            Figure 15)




            The musculature of the large intestine as shown in cross section. In man, most of the organ possesses three thickened bundles of longitudinally oriented muscle, the taeniae, as diagrammed on the left. In the most caudal part of the human large intestine, the rectum, the three taeniae spread and fuse so that the longitudinal muscle layer is uniformly thick about the organ.


          


        


      




      

        



        1.3.5. Large Intestine and Anal Sphincter




        

          



          1.3.5.1. Musculature




          The outer or longitudinal muscle layer forms three thick bundles, the taeniae of the large intestine that extend from the tip of the cecum to the rostral end of the rectum (Fig. 15). A very thin layer of the longitudinal muscular layer covers the surface of the large intestine between these taeniae.




          The circular muscle layer forms narrow thickenings, the haustral markings, at fairly regular intervals along the colon. The wall of the organ bulges between these haustral markings as well as between the three taeniae. The colon, which is the whole of the large intestine, except for the cecum and rectum, is consequently sacculated in appearance, the saccules being defined both by the haustral markings and by the restriction that the taeniae impose (Fig. 16).
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            Figure 16)




            The gross appearance of the human large intestine.


          




          The circular muscle layer thickens at the caudal limit of the large intestine to form the internal anal sphincter. This sphincter lies enclosed within but separate from the external anal sphincter, a torus of muscle that is a part of the pelvic floor.




          As a somatic muscular structure derived from somatic muscle of the pelvic floor, the external anal sphincter is not actually a part of the gastrointestinal tract. The nature, position, and function of the external anal sphincter give it the responsibility for voluntary continence.


        




        

          



          1.3.5.2. Connective Tissue




          The large intestine is fixed in position at several points, but this fixation seems not to impede the movements that result from the contractions of its intrinsic musculature. However, the points of fixation keep the whole organ loosely in place. The mesentery is particularly short at the ileocecal junction, at the hepatic flexure, and at the splenic flexure where it forms structures sometimes called ligaments. These points establish the angulations called the flexures of the large intestine. The colonic mesentery is a little broader along the ascending and descending colon and even more generous along the transverse colon. At the rectosigmoid junction, the organ becomes extraperitoneal so that the most caudal part of the organ, the rectum, lies packed with the other pelvic viscera within the confines of the lesser pelvis and surrounded by a connective tissue matrix.


        




        

          



          1.3.5.3. Epithelium




          The epithelium of the large intestine is dedicated mainly to the absorption of water and the production of mucus. The volumes involved are generally less than those of absorption and secretion in the more rostral organs. Accordingly, the epithelium is not so thick in this organ as it is in the stomach and small intestine. When the organ is collapsed, the mucosa tends to form thinner folds than do the other organs.


        




        

          



          1.3.5.4. Extrinsic Innervation




          The craniosacral innervation of the large intestine arises from the pelvic plexus, a network of nerves formed by the branching of the pelvic nerves. The colonic branches from this plexus pierce the colonic wall at the level of the rectosigmoid junction and branch there to form a series of large trunks that extend in the rostral direction within the plane of the myenteric plexus up to the midpoint of the organ (Fig. 17).
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            Figure 17)




            A diagram of the distribution of the extrinsic innervation of the large intestine. The anal verge, at the left, is the level where the rectal epithelium abuts the skin. These are tracings from three cat intestines showing how the extrinsic (parasympathetic) nerves, after having pierced through the longitudinal muscle layer at the colorectal junction, extend between the two principal muscle layers. They distribute nerve fibers to the ganglia of the myenteric plexus of the large intestine from the anal verge to the midpoint of the colon.


          




          They supply nerve fibers to the ganglia of the myenteric plexus. Some branches extend toward the anus, forming a plexus of nerves of extrinsic origin within the intermuscular plane throughout the rectum, where there are comparatively few intrinsic nerves.


        


      




      

        



        1.3.6. The Biliary Tract




        The general function of the biliary tract is the transfer of fluids from the pancreas, liver, and gallbladder to the duodenum.




        In embryogenesis, the biliary tract develops as a bud sprouting from the simple tube that constitutes the primitive gastrointestinal tract. It remains, in essence, a blind tunnel although it evolves into an extensively branched tree with highly specialized structures at the extremities of its blind branches. These are the pancreas, liver, and gallbladder that serve critical secretory and excretory functions. The tract also develops specialization in parts of the conduit itself that serve specific mechanical functions. The spiral valve of Heister, a convolution in the duct system from the gallbladder to the bile duct appears to have a mechanical function, perhaps to enhance the resistance to outflow from the gallbladder.




        

          



          1.3.6.1. Musculature




          The system of ducts that form the biliary tract, the bile duct and its branches, lack an intrinsic musculature except for the thick and short segment adjacent to the duodenum. Here, a circular muscle layer, the sphincter of Oddi, makes up a single functional entity surrounding both the pancreatic and bile ducts. Elsewhere, most of the wall of the biliary tract consists of a rather tough layer of connective tissue forming comparatively rigid passive conduits. The wall of the gallbladder, however, contains poorly organized muscle bundles within a loose connective tissue stroma.


        




        

          



          1.3.6.2 Connective Tissue and Epithelium




          Throughout the biliary tract, there is a submucosa of loose connective tissue over which the epithelium lies. The epithelium is cuboidal, a term that denotes the shape of the individual epithelial cells. This shape allows them to flatten, in accordance with the large changes in intraluminal volume possible in the system.


        




        

          



          1.3.6.3. Intramural Nerves




          There is no intramural innervation in the biliary tract. Instead, the intrinsic innervation simply lies outside the system of ducts as an extension of the intestinal myenteric plexus.
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