


Abstract 

i 

ABSTRACT 

 

Electrical Impedance Epigastrography (EIE) has been used for many years to detect 

gastric emptying rates in humans. Previous work has found that the EIE signals also 

contain information relating to the contractility of the stomach that could additionally 

provide valuable information regarding the nature of gastric function. The electrical field 

generated by EIE was modelled using sets of equations based on representing the human 

torso as an elliptical cylinder. The equipotentials were plotted using a computer program 

to solve these equations. A software package called ACCESS (Analysis, Characterisation 

and Classification of Epigastrographic SignalS) was produced to provide comprehensive 

processing and analysis of EIE signals to extract several gastro-physiological parameters.  
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by EIE, made by superimposing pure sine waves and other mathematical functions. 

Furthermore, pure waveforms such as sinusoidal and chirp functions were examined by the 

software to assess the efficacy of the various signal processing and analysis functions and 

identify faults and weaknesses. Experiments to determine whether EIE could detect 

differences relating to the gastrointestinal processing of three liquid and semi-solid meals 

were carried out with 54 healthy volunteers (18 in each group). The meals were: meal A 

(mineral water), meal B (low fat semi-solid meal) and meal C (high fat semi-solid meal). 

 

The results from these studies indicated that gastric emptying rates were increasingly 

delayed by the presence of fat in the meal. The power of gastric contractions and duration 

of motile events decreased with fat content while the measurements of the frequency and 

velocity of the flow of gastric chyme increased. Following an extensive literature review, 

these data indicate that EIE is able to detect the half emptying time of liquid and semi-solid 

meals together with the power, frequency and velocity of gastric motile events but that EIE 

predominantly measures the flow of gastric chyme rather than the propagation of antral 

contractions. Since delayed gastric emptying and changes in the distribution of the ingested 

meal indicate gastric dysfunction, it is possible that EIE, in conjunction with ACCESS 

provides a novel and valuable contribution to the assessment of gastric function which 

could lead to the development of a safe, comprehensive, portable and inexpensive 

diagnostic test for gastric dysmotility disorders. 
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1 INTRODUCTION 
 

The billions of cells in the human body require oxygen and energy to function properly 

but are completely isolated from direct contact with the outside world. Just as our 

respiratory system extracts oxygen from the gaseous environment in which we live, 

energy must also be extracted from food in some way and absorbed into the bloodstream. 

To complicate matters, we eat food of many different varieties which consist of large and 

complex molecules and in order to provide nourishment, molecules must be small and 

simple so that they can be dissolved and absorbed into the bloodstream, carried through 

the body and easily taken in by the cells. For example, the proteins found in animals and 

plants are not always the same as human proteins. There are also elements within the food 

that can not be absorbed by humans and so these parts must be discarded. 

 

The digestive system is responsible for the processing of food into a useable form 

allowing the body to absorb it while discarding the waste. The stomach plays a critical 

role in the digestive process; while acting as a reservoir for ingested food, the stomach 

triturates and macerates the chyme to facilitate the absorption of nutrients throughout the 

gastrointestinal tract.  

 

Many conditions adversely affect gastric function, either directly or indirectly. Currently, 

there are a number of techniques used for the diagnosis of gastric dysfunction most of 

which measure the rates of gastric emptying, contractility or the distribution of the 

ingested meal. The most widely used techniques in Gastroenterology clinics include 

nuclear medicine imaging of the stomach using scintigraphy for the determination of 

gastric emptying rates or endoscopy that allows the Gastroenterologist to observe the 

inside of the stomach and perform surgical procedures.  

 

Dyspepsia is the general term that describes a set of symptoms related to disordered 

digestion given to patients complaining of early satiety, nausea or vomiting after eating, 

often accompanied by pain and discomfort in the abdominal region. In the Western world, 

the annual prevalence of Dyspepsia is approximately 25% and the condition accounts for 

between 2% and 5% of all primary care consultations [Talley NJ, 2002]. 
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However, more than half of dyspeptic patients referred by their general practitioner for 

gastroenterological assessment undergo conventional diagnostic tests that do not reveal 

any pathological cause for their symptoms [Bennett EJ, 1999]. In the absence of an 

�L�G�H�Q�W�L�I�L�D�E�O�H�� �R�U�J�D�Q�L�F�� �F�D�X�V�H�� �W�K�H�V�H�� �F�O�L�Q�L�F�D�O�� �F�R�Q�G�L�W�L�R�Q�V�� �D�U�H�� �O�D�E�H�O�O�H�G�� �D�V�� �µ�I�X�Q�F�W�L�R�Q�D�O�¶��

gastrointestinal disorders or Non-Ulcerative Dyspepsia (NUD). 

 

There has been much interest into the aetiology of NUD and hitherto abnormalities 

associated with NUD include delayed gastric emptying rates [Waldron B, 1991], abnormal 

distribution of food in the stomach [Troncon LEA, 1994] and several neuromuscular 

abnormalities including visceral hypersensitivity [Kanazawa M, 2000 and Coffin B, 1994] 

and impaired smooth muscle function [Koch KL, 1996]. Nevertheless, the diagnosis of 

NUD is controversial and its management remains the subject of considerable debate 

[Talley NJ, 2002]. These facts demonstrate that a multifaceted, comprehensive and reliable 

test that can be repeated at no risk to the patient is needed for the assessment of gastric 

function. If such a diagnostic tool was available, it would not only provide clinicians with a 

means of diagnosis, but it would facilitate the monitoring of treatment and help to 

determine the most effective management protocol while providing a better understanding 

of the nature of gastric dysfunction and the causes of dyspeptic symptoms. 

 

Electrical Impedance Epigastrography (EIE) has been used for almost 20 years to measure 

gastric emptying rates [Pickworth MJW, 1984, Sutton JA, 1985, McClelland GR, 1985 and 

Sutton JA, 1987]. Nevertheless, even in its early stages, researchers became aware that the 

measurements were also detecting changes in the signal that appeared to represent gastric 

contractility. Previously, there have been studies investigating the possibility of measuring 

contractility from EIE signals [Castillo FD, 1987; Ching EJ, 1992; and Giouvanoudi A, 

2000]. However, these studies did not significantly advance the prospect of EIE becoming a 

useful diagnostic tool.  

 

EIE operates by passing an alternating current with a frequency of 32kHz through the 

epigastric region of the abdomen, over the antral region of the stomach. The current can 

be varied by the operator to apply between 1mA and 4mA. Changes in the impedance of 

the abdomen will give rise to variations of potential difference, detected by the same six 

electrodes using digital multiplexing. These changes in impedance are caused by the 

change in conductivity of the measured area and volume changes in the stomach. 
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The ultimate goal of this work is to demonstrate that EIE could become a valuable 

diagnostic tool. The primary aim is to create a novel, effective and multifaceted software 

package that will provide a comprehensive analysis of EIE signals in order to extract 

valuable gastro-physiological information, while remaining accessible and user friendly.  

 

Rigorous testing of the software is critical and so modelling of the electrical field produced 

by EIE and the generation of pseudo-EIE signals will help to determine the limitations of 

the system as a whole and uncover faults and flaws in the software. The verification of the 

�(�,�(���V�\�V�W�H�P�¶�V���D�E�L�O�L�W�\���W�R���G�H�W�H�F�W���J�D�V�W�U�R-physiological phenomena will be achieved by analysis 

of the EIE signals produced from volunteers with no history of gastrointestinal abnormality, 

after the ingestion of one of three liquid and semi-solid test meals; meal A, (mineral water), 

meal B (low fat liquid meal) and meal C (high fat semi-solid meal). 

 

The detection of statistically significant differences in the quantitative values produced by 

the software and qualitative changes in the signals between the three meal types, which can 

be justified by established physiological explanations, will demonstrate that EIE is able to 

identify subtle differences in the gastric response to different meals. This will indicate that 

EIE can potentially contribute to the measurement of gastric dysmotility and that this 

technique merits further research to develop the system into a useful clinical tool. 
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2 GASTRIC ANATOMY AND PHYSIOLOGY 

 

2.1 The gastrointestinal system 

 

2.1.1 The process of digestion 

The role of the gastrointestinal system is to process food in order to separate and absorb 

nutrients into the body and dispose of waste products safely. The gastrointestinal tract is a 

long passage (approximately 8 metres) extending from the mouth to the anus. The major 

sections are the mouth, pharynx, oesophagus, stomach and the small and large intestines. 

The small intestine is divided into three sections: the duodenum, jejunum and ileum. The 

large intestine has five sections: the ascending colon, the transverse colon, the descending 

colon, the rectum and the anus (Fig. 2.1). 

 

 

Fig. 2.1 The gastrointestinal system [Reproduced from Tortora GJ, 2000] 

 

 



CHAPTER 2    Gastric Anatomy and Physiology 

5 

The technique for breaking down food so that it may be absorbed into the bloodstream 

may be divided into four distinct, but interrelated processes: motility, secretion, digestion 

and absorption. Motility refers to the mixing of the gastric contents in the stomach with 

the gastric juices (mucous, water, electrolytes and enzymes) secreted by glands and 

specialised cells in the stomach wall and the propulsive movement of chyme through the 

gastrointestinal tract. Digestion is the chemical process in which large particles of food 

disintegrate resulting in nutrient molecules small enough to permeate across the wall of 

the gastrointestinal tract. The absorption process is the method by which the nutrient 

molecules are taken into cells in the gastrointestinal tract so that they can enter the 

bloodstream. 

 

As food enters the mouth it is mixed with saliva produced from three salivary glands: the 

parotid in the cheek, the submandibular near the frenulum of the tongue and the 

sublingual found below the tongue. In addition to water, mucous and electrolytes, saliva 

contains an enzyme called amylase, which breaks down starch. The tongue compresses 

the food against the hard palate to form a soft bolus and it is forced into the oropharynx. 

The deglutition reflex takes over so that respiration is inhibited as the epiglottis closes off 

the larynx. The bolus enters the oesophagus, which passes it into the stomach by the 

process of peristalsis. The stomach then mixes the bolus with various gastric secretions 

(section 2.3). As the chyme passes through the gastrointestinal tract, the useful nutrients 

are absorbed into the blood while the waste products are allowed to pass through until 

they are expelled through the anus by defecation. 

 

2.1.2 The anatomy of the gastrointestinal tract 

The wall of the gastrointestinal tract consists of a number of different layers that vary in 

structure and function from region to region. The first and innermost layer is the mucosa, 

which consists of three components: the epithelium, the lamina propia and the muscularis 

mucosae. The epithelium comprises of a single layer of specialised cells which line the 

lumen of the entire gastrointestinal tract. The lamina propia is essentially connective 

tissue made from collagen (a class of proteins, primarily glycine that form inelastic fibres 

with large tensile strength) and elastin fibrils (another class of proteins whose fibres are 

highly elastic). There are also several glands, lymph nodules and capillaries that pervade 

the lamina propia. The muscularis mucosae is the thin layer of smooth muscle that forms 

part of the motile system in the gastrointestinal tract.  
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Fig. 2.2 The four layers that are found throughout the wall of the GI tract 

[Reproduced from Tortora GJ, 2000] 

 

The submucosa also comprises mainly of collagen and elatsin fibrils that make up the 

connective tissue and includes larger nerves and blood vessels. The muscularis is 

composed of two extensive layers of smooth muscle: an inner circular layer and outer 

longitudinal layer. It is the contractions of these smooth muscle layers that mix chyme in 

the stomach and propel it along the gastrointestinal tract. The outermost layer is the 

serosa and consists of connective tissue layer surrounded by an epithelium that contains 

squamous mesothelial cells. 

 

2.1.3 Location and structure of the stomach  

Essentially the stomach is an enlargement of the gastrointestinal tract between the 

oesophagus and duodenum. It primarily lies in the epigastric region of the abdomen on 

the left hand side, beneath the diaphragm. There are four anatomical regions of the 

stomach that are distinctive from a morphological, histological and physiological 

perspective: The cardia, fundus, body and pylorus. In the muscularis, the circular muscle 

layer is more prominent than the longitudinal layer, but the primary difference between 

these regions is the variation of the total thickness. The muscularis is fairly thin in the 

fundus and body but thickens towards the pylorus. However, the oblique layer of muscle 

is only complete in the fundic region. 
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The pylorus is divided into two sections: the pyloric antrum and the pyloric canal which 

leads to the duodenum. The pyloric sphincter which separates the stomach from the 

duodenum, coordinates and regulates gastric emptying and mixing (section 2.6). The 

rugae are large folds in the mucosa that are visible when the stomach is in the fasting 

state. As the stomach fills the stomach wall stretches and the rugae disappear. 

 

 

Fig. 2.3 Internal and external anatomy of the stomach showing the four regions; 

the cardia, the Fundus, the body and the pylorus [Reproduced from 

Tortora GJ, 2000] 

 

2.1.4 The role of the stomach in the digestive process 

The stomach plays a multifaceted role in the digestive process. Since it is possible to eat a 

meal more quickly than the time needed for the digestion and absorption processes, the 

stomach acts as a reservoir for the ingested food. While the food is held in the stomach it 

is mixed with a variety of gastric secretions which are essential in the digestive process 

(section 2.3), while some substances are absorbed. The gastric contractions (section 2.4) 

mix ingested food with the various gastric secretions to produce chyme while physically 

breaking down larger particles into smaller molecules. 
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2.2 Control mechanisms of the gastrointestinal system 

 

2.2.1 Neural control systems 

There are two subdivisions of the nervous system: the central nervous system (CNS) 

consisting of the brain and spinal chord and the peripheral nervous system (PNS) made up 

of the cranial and spinal nerves, ganglia and sensory perceptors. The PNS has three 

components. The first is the somatic nervous system (SNS) that consists of sensory 

receptors that convey information to the CNS from the head, body and limbs together 

with motor neurons for skeletal muscle. The second is the autonomic nervous system 

(ANS) contains sensory neurons and motor neurons that control smooth muscle, cardiac 

muscle, glands and adipose tissue. The ANS has sympathetic and parasympathetic 

divisions that control function by opposing one another. 

 

The third is the enteric nervous system (ENS), which directly controls the motor and 

secretory functions of the gut, describes all of the neural elements in the gastrointestinal 

system. It is an element of the autonomic nervous system (together with the sympathetic 

and parasympathetic nervous systems) and consists of two dense networks of neurons 

�F�D�O�O�H�G�� �W�K�H�� �V�X�E�P�X�F�R�V�D�O�� �S�O�H�[�X�V�� ���0�H�L�V�V�Q�H�U�¶�V�� �S�O�H�[�X�V������ �O�R�F�D�W�H�G�� �L�Q�� �W�K�H�� �V�X�E�P�X�F�R�V�D�� �D�Q�G�� �W�K�H��

�P�\�H�Q�W�H�U�L�F�� �S�O�H�[�X�V�� ���$�X�H�U�E�D�F�K�¶�V�� �S�O�H�[�X�V������ �O�R�F�D�W�H�G�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�L�U�F�X�O�D�U�� �D�Q�G�� �O�R�Q�J�L�W�X�G�L�Q�D�O��

muscle layers. The ENS is considered as an independent integrative nervous system that 

has anatomical and physiological properties similar to that of the CNS [Wood JD, 1987]. 

Fig. 2.4 shows how the ENS is integrated into the general nervous system of the body and 

the role it plays in controlling the function of the gut.  

 

Fig. 2.4 The organisation of the nervous system showing the integration of the 

ENS and the control pathways to the gastrointestinal system [Reproduced 

from Tortora GJ, 2000] 
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2.2.2 Endocrine and paracrine control systems 

An endocrine control describes the process whereby a stimulus triggers the secretion of a 

hormone that is transported through the bloodstream in order to interact with a target to 

cause a response. Paracrine mediated responses are those in which the chemical signal 

released by the cell is a local mediator acting only on those cells in the immediate 

locality. Endocrine and paracrine cells line the entire gut secreting a variety of peptides. 

The primary peptides that affect gastric function are given below. 

 

Gastrin is contained in G-cells located mainly in the gastric antrum and also in the 

beginning of the duodenum [Greider, 1972]. Gastrin is directly stimulated from G-cells by 

amino acids, peptides (formed from amino acids) and calcium. The neural mechanism for 

gastrin release is facilitated by the vagus nerve brought about by the thought, sight, smell, 

and taste of food (cephalic phase). Additionally, the distension of the stomach detected via 

the ENS and ANS and also has a stimulatory effect on gastrin secretion. Gastrin has a 

number of important effects on the stomach. In physiological doses, gastrin enhances the 

frequency of pacemaker potentials as well as the number of pacemaker potentials that result 

in antral contractions [Strunz UT, 1979].  

 

Cholecystokinin (CCK) is an important neuropeptide that is stimulated by lipids in the 

intestine and causes secretions from the pancreas that are high in digestive enzymes while 

inhibiting gastric secretions. It also triggers the gall bladder to contract while relaxing the 

hepatopancreatic ampullar sphincter leading to the release of bile into the small intestine. 

There has been considerable interest in the physiological role of CCK in the control of 

gastric acid secretion and gastric emptying and the consequential effects on appetite and 

satiety. However, there is also evidence that suggests that CCK has far reaching effects on 

cardiovascular and respiratory function, body temperature, seizures, cancer cell 

proliferation, sleep and memory [Crawley JN, 1994].  

 

Secretin is stimulated by the acidity of chyme released into the duodenum and 

intraluminal fatty acids. Its effects are to inhibit gastric secretions and gastric emptying, 

stimulate pancreatic secretions that are high in bicarbonate ions and increase the rate of 

bile and intestinal mucous secretion.  
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Somatostatin concentrations increase with fat and protein in the intestine and with 

acidification of the gastric antrum and duodenum. The effects of somatostatin with 

respect to the stomach are that it inhibits the secretion of secretin and CCK and also 

inhibits motility. Gastric inhibitory peptide (GIP) is produced in the duodenum and 

proximal jejunum and is also triggered by lipids. Its primary effects are to inhibit gastrin 

release and gastric acid secretion. 

 
Motilin producing cells are found in the mucosa of the upper small intestine. Motilin is 

released during the fasting state and at the initiation of fasting contractions known as 

migrating motor complexes (section 2.4.3). It has consequently been suggested that 

motilin regulates the fasting contractions, particularly in the stomach and duodenum 

[Walsh JH, 1987]. 

 

Histamine is an essential nonpeptide paracrine mediator that stimulates HCl secretion by 

interacting with histamine-H2 receptors on the cell. Histamine-H2-antagonists such as 

cimetidine inhibit gastric acid secretions. 
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2.3 Gastric secretions 

 

2.3.1 Histology of the gastric mucosa and the role of gastric secretions 

The gastric mucosal lining is covered with simple columnar epithelial cells with 

numerous tubular gastric glands that open at the surface of the mucosa through holes 

called gastric pits. Their role is to secrete mucous and an alkaline fluid to protect the 

stomach wall from physical damage and gastric acid. The mucosa is interspersed with 

gastric pits that are the opening of the gastric glands. They have the effect of significantly 

increasing the surface area of the stomach.  

 

 

Fig. 2.5 Histology of the gastric mucosa showing the specialised gastric glands 

and the types of cell that produce gastric secretions [Reproduced from 

Tortora GJ, 2000] 

 

A variety of chemicals are released from the gastric mucosa into the lumen to facilitate 

the digestion of ingested food. Gastric secretions include mucous, hydrochloric acid 

(HCl), gastric intrinsic factor and pepsinogen (the inactive form of pepsin which is an 

enzyme for digesting proteins). 
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The surface mucous cells and mucous neck cells secrete a viscous alkaline mucous that 

coats the surface of the epithelial cells with a thickness 1.0 to 1.5 mm. This layer of 

mucous protects the epithelial cells from the acidic chyme and lubricates the stomach 

wall. Additional mucosal secretion is stimulated by irritation of the stomach wall. The 

parietal cells, found particularly in the pyloric region, secrete intrinsic factor that is a 

glycoprotein (a protein that contains a carbohydrate group) that binds to vitamin B12 so 

that it can be absorbed in the ileum1.  

 

Hydrochloric acid (HCl) has a minor digestive effect on the ingested food but is primarily 

responsible for lowering the pH of the chyme to between 1 and 3 in order to kill the 

bacteria that are digested together with the food. Pathogenic bacteria that have an outer 

coat may avoid digestion in the stomach by resisting the acidic effect. The acidic nature 

of the stomach also deactivates the salivary amylase, consequently stopping the digestion 

of carbohydrates and denatures protein so that proteolytic enzymes can break the protein 

down. 

 

Pepsinogen, secreted from chief (zymogenic) cells is activated and converted into pepsin 

by the HCl secreted from the parietal cells for the digestion of proteins. Gastric lipase is 

also released by chief cells and splits short chain triglycerides into fatty acids and 

monoglycerides. The enteroendocrine or gastrin producing cells (G cells) secrete the 

hormone gastrin that stimulates the parietal and chief cells to secrete HCl and pepsinogen 

respectively.  

 

In general the stomach secretes approximately 2 to 3 litres of fluid per day and depending 

on the types of ingested food, approximately 700mL is secreted at each meal. The 

secretions are triggered by three overlapping phases (section 2.3.2) regulated by neural 

and hormonal pathways. Neural pathways involve primary reflexes in the medulla 

oblongata and regional stimulation from the myenteric and submucosal plexuses. The 

hormones responsible for regulation secretion are gastrin, secretin, cholecystokinin and 

gastric inhibitory peptide. 

 

 

 
1 Vitamin B12 is improtant in the production of deoxyribonucleic acid (DNA) and red blood cell formation. 
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2.3.2 The phases of gastric secretion 

The first phase of gastric secretion (the cephalic phase) occurs when the stomach begins 

to secrete chemicals for digestion into the lumen with the thought, sight, smell, and taste 

of food. Gastrin is produced (mediated by the vagus nerve and myenteric and submucosal 

plexuses) and carried through the bloodstream to other parts of the stomach where it 

stimulates the secretion of HCl and pepsinogen from parietal cells. 

 

Fig. 2.6 Diagram of phases of gastric secretion [Redrawn from Cheshire E, 1998] 

 

The largest volume of secretion occurs during the second (gastric) phase triggered by gastric 

distension and the presence of gastric peptides and amino acids in the ingested food. 

Mechanoreceptors detect the stretching of the smooth muscle wall initiating reflexes that 

result in the secretion of mucous, HCl, pepsinogen, intrinsic factor and gastrin. This increase 

in secretion is limited by negative feedback that blocks secretion when the pH of the chyme 

falls below 2. HCl secretion from parietal cells is activated by the amino acids (organic 

compounds that contain at least one from the amino and carboxyl groups) and peptides 

(formed from amino acids in which the amino group from one is joined to the carboxyl group 

of another), both of which are products of the pepsin-facilitated protein digestion. 

 

The third (intestinal) phase is controlled by the entry of acidic chyme into the duodenum. 

This activates neural and hormonal responses that either inhibit or stimulate gastric 

secretions depending on the acidity of the chyme. When the pH is above 3, the 

stimulatory response prevails and gastrin released in the duodenum is carried in the blood 

stream to the stomach, increasing the rate of secretion. When the pH of the chyme falls 

below 2, the inhibitory response predominates through the release of secretin, GIP and 

CCK. There are also neural reflexes in the myenteric and submucosal plexuses, which 

slow the rate gastric secretion. 
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2.4 Gastric motility 

 

2.4.1 Electrical properties of gastric smooth muscle as the basis for gastric motiltiy 

The gastrointestinal tract comprises of autorhythmic visceral smooth muscle that 

possesses an intrinsic electrical rhythm that may be observed both in vivo and in vitro. 

The interconnecting neural plexuses and the close contact between the cells establishes 

the physiological connections between the individual smooth muscle cells. 

 

The autorhythmic properties of the smooth muscle in the stomach induce action potentials 

known as slow waves, in a region situated high on the greater curvature in the corpus 

called the pacemaker region as shown in Fig. 2.7. In humans the frequency of the gastric 

slow waves is approximately three per minute. From an electrophysiological perspective 

the pacemaker region may be considered as the smooth muscle that produces a high 

frequency of spontaneous firing of action potentials with respect to the rest of the gastric 

smooth muscle. 

 

 

 

Fig. 2.7 Proximal (shaded) and distal gastric motor regions of the human stomach 

[Reproduced from Kelly KA, 1981] and recording of the canine gastric 

and duodenal electrical activity illustrating velocity of caudad conduction 

of gastric pacemaker potential. Velocity, indicated by the slope of lines 

connecting a cycle as it was detected in sequence by electrodes placed at 

equal intervals on the surface of the stomach, increases as the pacemaker 

potential approaches the pylorus [Reproduced from Kelly KA, 1969]. 
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The proximal area shown exhibits few changes in electrical activity whereas the area 

distal to the pacemaker region shows cyclic changes in potential that ultimately cause the 

tonal contractions. The slow waves propagate distally from the pacemaker zone towards 

the pylorus. When the wave reaches the pylorus, another is generated from the pacemaker 

�]�R�Q�H�� �>�.�H�O�O�\�� �.�$���� ���������@���� �7�K�H�� �V�S�H�H�G�� �R�I�� �W�K�H�� �Z�D�Y�H�¶�V�� �S�U�R�S�D�J�D�W�L�R�Q�� �L�Q�F�U�H�D�V�H�V�� �I�U�R�P�� �������� �W�R�� ��������

cms-1 in the pacemaker zone to 4.0 cms-1 in the antrum [Carlson HC, 1966].  

 

The electrical activity of the smooth muscle varies throughout the regions of the stomach. 

Fig. 2.8 illustrates these differences by showing the changes in the electrical properties of 

gastric smooth muscle in the canine stomach [Szurszewski JH, 1987]. The spikes in the 

plateau regions of the gastric action potentials increase in number and amplitude moving 

towards the pylorus and are clearly defined from the orad terminal antrum to the pyloric 

ring. The same is true for the human stomach and is shown in Fig. 2.9. 

 

The fact that gastric action potentials increase in amplitude and develop larger and more 

frequent action potential spikes in the plateau region may indicate that the contractile 

force progressively increases from the pacemaker region in the corpus until it reaches the 

terminal antrum. This concept will be examined in detail in section 2.3.2. 

 

A        B 

 

 

Fig. 2.8 A Intracellular resting potentials and spontaneous action potentials in 

different regions of the canine stomach. B schematic diagram of the canine 

stomach [Reproduced from Szurszewski JH, 1987]. 

 

Despite the paucity of information regarding the electrophysiological properties of human 

visceral smooth muscle, the regional differences found in canine stomachs are similar to 
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those found in human stomachs. Circular muscle cells in the fundus demonstrate little or 

no electrical activity, whereas the circular muscle cells of the orad antrum and terminal 

antrum generate spontaneous potentials. Figure 2.9 illustrates that the changes in 

intracellular potential of human gastric smooth muscle cells are similar to those obtained 

from the canine stomach. 

 

 

Fig. 2.9 Intracellular muscle activity recorded using electromyography from 

circular muscle cells in the orad antrum and terminal antrum (6cm 

proximal to the gastroduodenal junction) from A a human stomach and B a 

canine stomach [Redrawn from Szurszewski JH, 1987]. 

 

A B 
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2.4.2 The contractile response to the electrical properties of gastric smooth muscle 

The continuous pacemaker action potentials described in section 2.3.1 rarely produce 

direct the tonal contractions of the smooth muscle. Contractions are generated when the 

slow wave action potential exceeds a threshold level (Fig. 2.10A). 

 

 

Fig. 2.10 A Action potentials fire when the gastric slow waves exceed threshold, 

producing muscular contractions. The force and duration of the muscle 

contraction is related to the amplitude and number of action potentials 

[Silverthorn DU, 2001]. B The relationship between intracellular slow 

waves and the contraction of canine smooth muscle. The dashed line is the 

electrical threshold for contraction [Redrawn from Szurszewski JH, 1987]. 

 

Fig. 2.10B shows that the gastric slow waves in smooth muscle are biphasic. There is a 

sharp depolarisation causing an increase in the resting potential of the smooth muscle, 

immediately followed by an equally abrupt partial repolarisation (phase 1), followed by a 

sustained plateau in the membrane potential (phase 2). Contraction occurs when the 

depolarising phase exceeds the threshold for contraction (dashed line). The amplitude and 

duration of this plateau is directly related to the smooth muscle contractions. The greater 

the depolarisation and the longer the muscle cell remains above threshold, the greater the 

force of the contraction. However, in the presence of action potential spikes during the 

plateau region, the contractile force is even greater. 

 

Factors that affect whether the sweeping pacemaker potentials cause a plateau in the 

membrane potential which would result in a contraction, depends on the stretch of the 

muscularis, release of neurotransmitters and the presence of hormones or paracrine 

substances. However, if a plateau is triggered, the frequency, duration and character vary 

�Z�L�W�K���S�R�V�L�W�L�R�Q���D�O�R�Q�J���W�K�H���V�W�R�P�D�F�K�¶�V���D�[�L�V�� 

A B 
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The signals recorded from a canine stomach in Fig. 2.11 illustrate the electrical and 

mechanical differences found in physiologically different sections of the stomach.  

 

 

Fig. 2.11 Mechanical activity (top signal) and electrical activity (bottom signal) 

recorded simultaneously from the circular muscle layer in four different 

regions of the canine stomach: the fundus, corpus (body), antrum and 

terminal antrum [Reproduced from Szurszewski JH, 1987]. 

 

In the fundus there is usually no electrical or contractile activity. However, the effect of 

artificially increasing the levels of acetylcholine on fundal tissue is to trigger a small 

sustained depolarisation that results in a continuous tonal contraction. In the corpus (or 

body) the gastric action potentials at three cycles per minute produce biphasic contractions; 

one phase is the upstroke and the second is the plateau region. The upstroke is caused by 

the initial increase in potential whereas the plateau region initiates the contraction of the 

smooth muscle. In the antrum the upstroke of the action potential produces a rapid 

contraction unless the potential exceeds a certain threshold, in which case a second 

contraction occurs. In the terminal antrum the gastric action potentials demonstrate spike 

action potentials during the plateau region that are responsible for phasic contractions. 
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Neural and hormonal processes control the amplitude and frequency of gastric 

contractions. The neurotransmitter acetylcholine has a stimulatory effect while gastrin 

and cholecystokinin increase the amplitude of the contraction. The effects of gastrin and 

acetylcholine are given in Fig. 2.12 below.  

A      B 

 

Fig. 2.12 The effects of A gastrin (G-17) and B acetylcholine (ACh) on the mechanical 

activity (top signal) and electrical activity (bottom signal) in the orad antrum 

of the canine stomach [Reproduced from Szurszewski JH, 1987]. 

 

2.4.3 The Migrating Motor Complex (MMC)  

Invasive electrogastrography has been used for decades to measure the electrical activity of 

the entire gastrointestinal tract. The technique was employed by Szurszewski to analyse the 

electrical activity of the small bowel in fasted dogs over a period of 18-21 hours. 

 

The results showed a caudedly-moving band of intense action potential activity, sweeping 

the GI tract in recurring cycles of approximately 90�±180 minutes [Szurszewski JH, 1969]. 

Code and Martlett later demonstrated that the activity front is part of a complex (the 

migrating motor complex, MMC) that starts in the pyloric antrum and sweeps through the 

small intestine every 90-120 minutes [Code CF, 1975]. Four distinct phases in the MMC 

were identified.  

 

Phase I is a period of quiescence lasting for 45�±60 minutes. Although pacemaker 

potentials are generated in the antrum during this phase, they do not exhibit spike 

potentials and consequently few contractions are observed. This means that there is little 

or no movement of gastric contents. 
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Persistent or random spike potential marks the beginning of the phase II. During this 

phase there are intermittent contractions that initially occur at one per minute. These 

increase in frequency and amplitude for a period of 30 minutes and occur together with 

simultaneous bursts of duodenal contraction [Houghton LA, 1988]. During phase II there 

is some mixing of the gastric contents but little propulsion. 

 

Phase III comprises of a period of high electrical activity, between 5 and 15 minutes in 

duration. Each potential is followed by a contraction that sweeps down the pyloric antrum 

and small intestine. The frequency of the contractions in the pyloric antrum and canal are 

between 2.5 and 3.5 cycles per minute (cpm). Conversely, the contractions in the 

duodenum are more frequent at 10�±12 cpm [Houghton LA, 1988]. 

 

These contractions lead to the propulsion of chyme, thus clearing out the GI tract. Phase 

IV is identified by the abrupt and rapid decrease in incidence and intensity of the spike 

potentials, returning to phase I activity within a few minutes. The MMC may be 

responsible for producing the hunger pangs that we feel during the fasting period, 

especially when we first awake in the morning. 

 

Although the MMC is generally associated with the intestinal section of the alimentary 

canal, Code and Martlett attempted to investigate the repercussions of the MMC on 

gastric motility in the canine stomach. Twelve electrodes were sewn onto the serosa of 

the stomach and duodenum to measure the myoelectrical activity. They found that the 

MMC activity starts in the pylorus of the stomach and the duodenum before progressing 

through the GI tract [Code CF, 1975]. 

 

Subsequently, Itoh established that the fundus and body of the stomach also contract in 

association with the pyloric antrum during the MMC [Itoh Z, 1978]. This was confirmed 

by further research carried out in 1983 [Itoh Z, 1983] shown in Fig. 2.13. 
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Fig. 2.13 Contractile activity in the stomach and small intestine of an initially fasted 

canine in which periodic migrating myoelectric complexes are present. 

Note that the MMCs are abolished following feeding and contractile 

activity is continuous [Redrawn from Itoh Z, 1983]. 

 

Non-invasive electrogastrography has been used simultaneously with gastric intraluminal 

pressure recordings. It was concluded that the gastric myoelectrical frequency is less 

stable during motor activity than during periods of quiescence, particularly during phase 

III of the MMC. 

 

There was a consistent 4% drop in gastric myoelectrical frequency during the transition 

from phase I (quiescence) to phase II and an increase in the power by at least a factor of 

two of frequencies in the gastric bandwidth (0.04 to 0.06 Hz or 2.4 to 3.6 cpm). 

Additionally the study found that out of 21 recorded MMC activity fronts in ten 

volunteers, 16 (73%) originated in the stomach. Table 2.1 gives a summary of their 

results [Geldof H, 1986a]. 

     I              II          III 
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Table 2.1 Comparison of findings during different phases of the MMC  
 
IMC Phase I Phase II Phase III 
  Stomach (n=16)  
Gastric frequency (Hz) 0.049 0.047 0.048 
 0.043-0.052 0.041-0.052 0.041-0.056 
Standard deviation 0.0019 0.0029 0.0042 
 0.0014-0.0023 0.0021-0.0043 0.0024-0.0060 
Power increase  2.61�‚ 0.76�Á 

  2.06-5.20 0.05-3.95 
    
  Duodenum (n=5)  
Gastric frequency (Hz) 0.050 0.050 0.050 
 0.049-0.051 0.048-0.051 0.049-0.053 
Standard deviation 0.0022 0.0024 0.0023 
 0.0018-0.0026 0.0020-0.0029 0.0020-0.0026 
Power increase  1.17�‚ 0.81�Á 

  1.02-2.18 0.46-1.04 
 

Values represent medians and ranges. �‚Power increase at the changeover from phases I to II. 
�ÁPower increase at the changeover from phases II to III. [Reproduced from Geldof H, 1986a]. 

 

2.4.4 The regulation of gastric emptying 

Gastric emptying is the process by which chyme is periodically released from the 

stomach into the duodenum. The emptying rate is moderated by neural and hormonal 

reflexes as shown in Fig. 2.14 in order to ensure that the flow of chyme into the 

duodenum is at a rate suitable for optimal nutrient absorption. The emptying rate must be 

sufficiently low in order to maintain the correct levels of intestinal pH and osmolarity 

[Wingate DL, 1994].  

 

The rate of gastric emptying increases with distension of the stomach and the presence of 

protein, alcohol and caffeine. These trigger gastrin secretion and produce parasympathetic 

impulses in the vagus nerves. There is subsequently an increase in gastric motility, the 

contraction of the lower oesophageal sphincter and the relaxation of the pyloric sphincter 

resulting in the movement of gastric chyme into the duodenum. 
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Fig. 2.14 Basic neural and hormonal regulation of gastric emptying [Reproduced 

from Tortora GJ, 2000] 

 

Conversely, neural and hormonal reflexes also ensure that the stomach does not empty 

too quickly so that the duodenum cannot process the chyme. There is much evidence to 

suggest that duodenal chemoreceptors and mechanoreceptors play a vital role in feedback 

regulation of gastric emptying [Kelly KA, 1981]. Duodenal distension and the presence of 

fatty acids, glucose and proteins in the duodenum begin to inhibit gastric emptying by 

initiating the enterogatsric reflex. The duodenum then sends messages via nerve impulses 

to the medulla oblongata in the brain to inhibit parasympathetic stimuli and promote 

sympathetic activity that releases CCK.  

 

A number of studies have shown that the blocking of CCK with loxiglumide (a CCK 

antagonist which blocks CCK receptors) reverses the delay in gastric emptying brought 

about by the presence of nutrients in the small bowel [Fried M, 1991]. Other research 

using Loxiglumide successfully demonstrated that CCK exerts a potent inhibitory action 

on gastric secretions and gastrin release [Konturek JW, 1993]. Another study validated 

these findings and proved that CCK also has a key function in the control of gastric 

emptying, delaying the emptying rate of chyme into the duodenum in response to a fatty 

meal [Konturek JW, 1994]. 
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It is a well established physiological phenomenon that incorporating fat into a meal will 

delay gastric emptying from the feedback mechanisms described above. The mechanisms 

are activated in order to mix the chyme with a variety of gastric secretions. Further 

studies have shown that in aqueous meals mixed with fat in both human and canine 

models, the aqueous part of the meal emptied rapidly while the intra and extracellular fat 

emptied in parallel after a lag time. However, it was also shown that the majority of 

intracellular fat emptied within the solid food phase while most of the extracellular fat 

emptied as oil [Meyer JH, 1986]. 

 

All of the studies related to research into the effects of lipids and CCK on gastric 

emptying rates are of prime importance to the study of satiety, particularly with respect to 

dyspepsia (section 3.2.4). Many patients complain of unpleasant abdominal cramps and 

bloated feelings after eating meals with a high fat content [Stanghellini V, 1994]. Some 

studies have suggested that the presence of lipids in the duodenum may induce sensations 

of early satiety or symptoms of nausea [Drewe J, 1992]. 

 

There has also been interest in identifying a relationship between the calorific value of the 

chyme and the rate of emptying. Work by Hunt and Stubbs, shown in Fig. 2.15 

demonstrates that the rate of delivery of calories to the duodenum is relatively constant 

[Hunt JN, 1975]. 

 
Fig. 2.15 Relationship between ratio of T50/volume of original meal and e-K, where 

K=kcal/mL of meal. T50/V0=0.1797-0.167e-K (sem.�r0.005), V0���P�/���� �”�� ����������

�‘�������������|�������������v�����������…300, �|  200 [Reproduced from Hunt JN, 1975]. 
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McHugh and Moran showed that by doubling the volume of saline infused into 

unanaesthetised male Macaca Mulatta (a genus of monkey), the emptying rate increased 

so that the time taken to empty half of the volume (T50) remained constant (15 minutes). 

However, glucose meals emptied more slowly than saline progressively and linearly more 

slowly with increasing concentrations. 

 

Doubling the volume of the glucose meal did not change the emptying rate as it had with 

saline verifying the work of Hunt and Stubbs to show that rate of delivery of calories into 

the duodenum is constant. They calculated that the emptying rate in kcal per minute for 

glucose was approximately 0.4 kcal/min. The tests were repeated with medium 

triglyceride oil meals with similar results [McHugh PR, 1979]. 

 

There is also evidence that suggests that the osmolarity of the chyme in the duodenum 

also has an effect on gastric emptying rates. Meeroff found that emptying rates were 

fastest when the duodenal content was isotonic. Non-isotonic chyme slowed emptying but 

only in the duodenum. That is to say that the osmolarity of chyme in the stomach did not 

have an effect on the gastric emptying rate. Therefore, there are osmoreceptors which 

slow gastric emptying located in the duodenum, but not in the stomach or jejunum 

[Meeroff JC, 1975].  
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2.5 Post prandial gastric contractility 

 

2.5.1 Gastric contractility of the fed stomach 

 The stomach exhibits a number of mechanical functions following the consumption of a 

meal required for digestion and emptying. There are generally at least several seconds 

between each bolus of food entering the stomach, as effective swallowing would be 

impossible at a faster rate. Since the stomach is in essence a muscular bag, it possesses a 

reservoir function that means that it can expand in volume at a rate of at least 100mL/min 

from approximately 50mL in the fasted state to 1500mL or more in the fed state 

[Christensen J, 2001]. The initial effect of swallowing induces a relaxation in the fundic 

region of the stomach (Fig. 2.3) known as adaptive relaxation.  

 

Azpiroz and Malagelada demonstrated this phenomenon using a barostat and manometer 

and their results have been reproduced in Fig. 2.16. The barostat consists of a plastic bag 

tied to the end of a catheter and placed directly into the gut lumen. The air pressure inside 

the bag is kept constant by feedback control. Pressure increases inside the gut causes a 

withdrawal of air from the bag and vice versa. Consequently, gastrointestinal contractions 

are registered as volume decreases and relaxations as volume increases [Kreis ME, 2002]. 

 

Fig. 2.16 Gastrointestinal motor response to feeding in dogs recorded by barostat, 

which inversely measures changes in gastric tone and manometry 

[Redrawn from Azpiroz F, 1985a]. 
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It is clear from the Volume recordings in Fig. 2.16 that the direct consequence of 

deglutition is to relax the gastric tone in the fundic region. The tone recovers after a few 

minutes and momentarily increases to assist the emptying of chyme [Azpiroz F, 1985a].  

 

The results from Azpiroz and Malagelada also illustrate the increase in antral contractility 

following the ingestion of a meal. Fig. 2.13 indicates that gastric contractions begin as 

soon as food is ingested, following the cessation of any MMC activity. These antral 

contractions facilitate digestion as the sequence of motor events determines the way 

chyme is mixed in the stomach and emptied into the duodenum. Cineradiographic studies 

have provided evidence for the understanding of these events. Carlson studied this in the 

canine antrum by giving barium sulphate and acquiring pictures at 15 frames per second 

and tracing every fifteenth frame [Carlson HC, 1966]. Therefore the frames shown in Fig. 

2.17 are 1 second apart. 

 

Fig. 2.17 Cineradiographic sequence of pyloric and antral contractions in the 

stomach of an unanaesthetised dog. DB is the duodenal bulb, PC is the 

pyloric canal, TA is the position of the terminal antrum and TAC in frame 

3 is the terminal antrum contraction [Reproduced from Carlson HC, 1966]. 
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In section 2.3.2 it was explained that gastric action potentials (which trigger changes in 

muscle tone and bring about tonal contractions) are biphasic; there is an initial 

depolarisation (phase 1) followed by a plateau period (phase 2). Fig. 2.18 shows the two 

phases of the action potential that produce a two-component tonal contraction. The first 

component is caused by phase 1 of the action potential and the second component is caused 

by phase 2. The strength of the second component depends on the length of the plateau 

period and the presence of spike activity (Fig. 2.10). It has been suggested that emptying of 

chyme into the duodenum occurs between the two components of the contraction 

[Szurszewski JH, 1987]. The duration of the period between the two components is in the 

range of 2.0 and 3.2 seconds (mean 3.0) and may be seen in Fig. 2.18. 

 

Fig. 2.18 Electrical activity (lower signal) and subsequent tonal contraction (upper 

signal) in the canine orad antrum clearly showing the biphasic nature of 

the terminal antrum contraction [Redrawn from Morgan KG, 1981]. 

 

S�]�X�U�V�]�H�Z�V�N�L�¶�V hypothesis states that the characteristics of the two-component contraction 

govern the coordination between terminal antral contractions and the timing of the 

opening and closing of the pyloric sphincter. It is reasonable to say that these two factors 

control gastric emptying rates and in order to understand the procedure properly it is 

important to consider the sequence of antral contractions shown in Fig. 2.17. Frame 1 

shows the presence of an antral peristaltic contraction (P). Double arrows mark the likely 

location of the second component of the contraction. The first component is too weak to 

see anywhere except the terminal antrum. In the first five frames the contraction moves 

from the corpus to the antrum while the pyloric sphincter remains open and tiny amounts 

of chyme enter the duodenum.  
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Fig. 2.19 shows that since the leading edge of the action potential is the initial 

depolarization, as the action potential propagates towards the pylorus, the first component 

of the contraction closes the pylorus completely and separates the antrum from the 

duodenum. This can be seen clearly in frame 6 of Fig. 2.17. It is also possible to locate 

the plateau of the action potential, as it is responsible for the large contraction indicated 

by the double arrow in Fig. 2.17.  

 

Fig. 2.19 Schematic representation of the relationship between gastric action 

potentials and contractions during the digestive process. A The action 

potential propagates from the antrum towards the pylorus (compare the 

shape of the contraction with Fig. 2.18). B The magnitude of the plateau 

region increases which in turn increases the strength of the contraction. C 

As the action potential reaches the pylorus, phase 1 (Fig. 2.18) closes the 

pylorus completely [Redrawn from Szurszewski JH, 1981]. 

 

The pylorus remains closed as the antral contraction caused by the plateau potential 

continues to propagate towards it, gaining in power. Three seconds after the pylorus has 

closed the terminal antrum contraction closes the lumen off completely (frame 9 in Fig. 

2.17). The time lag corresponds with the time between the first and second components of 

the contraction caused by the two phases of the biphasic action potential (Fig. 2.18). The 

pyloric antrum remains closed for the next 4 seconds while the plateau potential 

progresses into it. During this time the orad antrum relaxes to allow the stomach to fill 

again (frames 9 to 12 in Fig. 2.17) [Carlson HC, 1966]. 
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It seems that the physiological role of the initial contraction is to close off the pylorus and 

this would consequently suggest that the pylorus would close regardless of the presence 

of a second phase in the action potential above threshold level (Fig. 2.10A). Explicitly 

this means that even if the threshold level for the second phase of the action potential is 

not reached and accordingly there is little or no antral contractility, the pylorus is still 

triggered to close and open, allowing passive control of gastric emptying. These pyloric 

contractions in the absence of antral contractility are called isolated pyloric pressure 

waves (IPPWs).  

 

When threshold level for the second phase of the action potential is reached, the 

physiological effect of the subsequent antral contraction is to generate a pressure 

difference between the antrum and the duodenum. When solid meals (or meals containing 

solid and liquid) are ingested, the coordination of these contractions with the closure of 

the pylorus allows the stomach to mix, triturate, sieve and decant the gastric contents as 

part of the digestive process before emptying can take place (Fig. 2.20). 

 

Fig. 2.20 Gastric sieving: A Food is swept into the distal stomach where B and C 

the small particles are emptied and the larger particles are retained and 

broken down further by the contraction. Gastric decanting: D Due to the 

elevated level of the pylorus, the liquid part of the meal is emptied leaving 

the solid part to be digested further. E The closure of the pyloric sphincter 

at the time when the antral contraction strengthens causes retropulsion of 

large particles into the antrum grinding and mixing them down [Redrawn 

from Rao SSC, 1993]. 


























































































































































































































































































































































































































































































































































































