


Abstract

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 gastsiological 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 anécl@mnmeals

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

(mineral water), meal B (low fat sersolid meal) and meal C (high fat sesalid 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 arsiodidmi
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.



DO®IE2O + |

With sincere gratitude toR ¢, j - @

°2f£0  °¥§ Yo ol 2Y

To my parents, for their unconditional love, support,

encouragement and continuous faith in me.

To my brothers and siste#a taw who have not only encouraged
me and given me adidence during the last four years, but who
have made me an uncle and in doing so, have provided me with a

wonderful and necessary distraction from my work.

u$ PDQYY MRN LV JUHDWHVW ZKHQ KLV IDPI
Rabbi Shlomo Ephraim Lunshitz, 1551619



Acknowledgements

ACKNOWLEDGMENTS

| wish to firstly express my sincere gratitude to my supervisor, Professor Nicholas Spyrou
for his valuable and continuous support throughout my time at the University of Surrey.
His patient advice, direction and encouragement have inspired me to produce research,

culminating in this thesis that has exceeded my most positive expectations.

Sincere thanks to Dr. Andrew Sutton of Guildford Clinical Pharmacology for his invaluable
suggestions in matters regarding gastric physiology, dysfunction and pharmacology. His
support and enthusiasm was always encouraging. | would also like to also thank Dr. Richard

Bacon for his help and advice in matters regarding computer programming and mathematics.

| am especially indebted to Dr. Nadia Hadi for allowing me to use data from previous studies
carried out at the Kuwait Cancer Research Centre, for her help in carrying out EIE experiments,
for her suggestions related to the production of the analysis software and especially for her
continued academic advice and friendship during the last four years. | am also grateful to Dr.
Anastasia Giovanoudi and Dr. Behin Amaee for their advice during the early stages of my work.

| wish to also thank Miss. Imane Bouallal for her assistance in carrying out EIE experiments
and testing of the analysis software for her own work. | am also grateful to Mr. Abdulrahman
Alfuriah for his suggestions regarding bioimpedance, programming and signal processing, Mr.
Ali Alghamdi, Mr. Andy Ma, Miss. Loretta Admans, Mr. Elafatih Abuelhia, Mr. Daniel
Beasley and all of my colleagues at the University of Surrey for their patient support and
assistance when | have pestered them with my problems. | am grateful to Eric Worpe for his
important suggestions in issues related to the Epigastrograph and particularly for his
suggestions for the future development of the hardware and to Liz Griffiths, Dennis Libaert,
Dave Munro and Jeff Dahlke. In addition | must express sincere gratitude to Val Newey at the
&OLQLFDO 3K\VLFV 'HSDUWPHQW RI 6W *HRUJHYV +RVSE
Epigastrograph in good working order. | wish to acknowledge the support of the EPSRC and

the Grundy Educational Trust for awarding me one of their prestigious scholarships.

Lastly, | wish thank all of the volunteers who took part in EIE studies, without whom this

work would not have been possible.



Contents

CONTENTS

Abstract

Dedication

Acknowledgements

Contents

List of figures

List of tables

1

2.1

2.1.1
2.1.2
2.1.3
2.1.4

2.2
221
2.2.2

2.3
2.3.1
2.3.2

2.4

24.1
24.2
2.4.3
24.4

2.5
251
2.5.2

INTRODUCTION
GASTRIC ANATOMY AND PHYSIOLOGY

The gastrointestinal system

The process of digestion

The anatomy of the gastrointestinal tract
Location and structure of the stomach

The role of the stomach in the digestive process

Control mechanisms of the gastrointestinal system
Neural control systems

Endocrine and paracrine control systems

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

The phases of gastric secretion

Gastric motility

Electrical properties of gastric smooth muscle as the basis for gastric mo
The contractile response to the electrical properties of gastric smooth mu
The Migrating Motor Complex (MMC)

The regulation of gastric emptying

Post prandial gastric contractility
Gastriccontractility of the fed stomach

The effect of fat on the emptying of liquid meals

~N o o b~ b

11
11
13

14
14
17
19
22

26
26
32



2.6

2.6.1
2.6.1
2.6.3
2.6.4
2.6.5

3.1
3.1.1
3.1.2

3.2

3.2.1
3.2.2
3.2.3
3.24
3.25
3.2.6

4.1
41.1
4.1.2

4.2

42.1
4.2.2
4.2.3

4.3

43.1
4.3.2
4.3.3

Contents

Gastropyloro-duodenal coordination after the ingestion of liquid meals
The structure and function of the gastroduodenal junction
Postprandial changes in anttaodenal pressure

Postprandial changas the flow of chyme

Postprandial changes in the contractile power

Duodeno- gastric exchange and retropulsion

GASTRIC PATHOPHYSIOLOGY

Current methods of investigating gastric emptying rates and contractility
Diagnostic techniques

Summary of the characteristics of the techniques for measuring gastric fur

Gastric dysmotility

Vagotomy and pyloroplasty

Gastric dysrhythmia

Diabetes mellitus

Non Ulcerative (Functional) Dyspepsia (NUD)
Motion sickness

Stress

BIODIELECTRICS AND BIOIMPEDANCE

Dielectrics
Introduction to dielectrics

Biodielectrics

The basis for impedance measurements
The composition of biological tissue
Current flow in biological tissues

Effects of volume change on impedance

The origin of epigastrographic signals
The electrophysiological basis for epigastrographic signals
Geometrical analysis of electric field in Electrical Impedance Epigastrogri

Calculating the distance between electrodes using the elliptical model

33
33
34
36
37
38

40

40
40
41

42
42
42
42
44
47
47

48

48
48
49

52
52
53
53

54
54
57
60



4.3.4
4.3.5

5.1

5.1.1
5.1.2
5.1.3

5.2
5.2.1
5.2.2

5.3

53.1
5.3.2
5.3.3

5.4

5.4.1
5.4.2
5.4.3

6.1

6.1.1
6.1.2
6.1.3

6.2

6.2.1
6.2.2
6.2.3
6.2.4

The shape of field lines and equipotentials

Current density and sensitivity

ELECTRICAL IMPEDANCE EPIGASTROGRAPHY (EIE)

Introduction to EIE

The principle of Electrical Impedance Epigastrography (EIE)
The Epigastrograph

Ag/AgClI Electrodes

Methodology in acquiring EIE signals
Volunteer preconditions
Application of the electrodes

Advantages and limitations of EIE
Practical advantages
Efficacy in measuring gastric function

Limitations and complications

The choice of test meal

Ligquid and sembolid versus solid meals
Composition of the test meals

Typical results

ANALYSIS SOFTWARE

Introduction to EIE analysis software
The need for a comprehensive EIE analysis software package
The requirements for the analysis package

The base language

Design and functions of the EIE analysis software
Introduction

Time domain processing

Creation of a modelled emptying period

Calculation of half emptying times

Vi

Contents

69
70

72

72
72
73
74

75
75
76

78
78
78
79

82
82
82
84

86

86
86
86
88

89
89
90
94
97



6.2.5
6.2.6
6.2.7
6.2.8
6.2.9
6.2.10
6.2.11
6.2.12
6.2.13
6.2.14
6.2.15
6.2.16
6.2.17

7.1
7.1.1

7.2

7.2.1
71.2.2
7.2.3
7.2.4
7.2.5
7.2.6

8.1
8.1.1

8.2
8.2.1
8.2.2

Band pass filtering

Analysis of the power spectrum

Application of the Joint Timé&requency Transform (JTFT)

Application of the Wavelet Transform

Triangulative Impedance Mapping (TrIM) for measuring velocity

Velocity vector analysis for measuring velocity
Correlation of TrIM and vector velocity methods
Analysis of gastric frequency changes
Assessment of abnormal gastric frequency
Respiratory analysis

Classification of the emptying curve
Quantitative analysis

Report generation

MODELLING OF THE EIE SIGNALS

Software Quality Assurance (QA)
The concept of Quality Assurance (QA)

The PseuddIE signal generator for software QA
The pseudo EIE signal generator

PseudeEIE signal

Test signals

Artefacts

Electrode positioning

Phase differences for the simulation of velocity

RESULTS OF EXPERIMENTAL INVESTIGATIONS

Contents

100
102
104
107
111
117
121
127
129
130
132
140
145

146

146
146

146
146
148
151
155
155
157

159

Analysis of the effects of the fat content of meals on gastric physiology 159

Hypotheses

Verification of the hypotheses

Experimental method

Hypothesis 1: Gastric emptying rate and emptying curve

vii

159

161
161
162



Contents

8.2.3 Hypotheses 2 and 3: Antral contractility and gastropyloroduodenal coordin
8.2.4 Hypothesis 4: Frequency shift

8.2.5 Hypothesis 5: Anthropomorphic effects

8.2.6 Hypothesis 6: The effects of gender on gastric function

8.2.7 Hypothesis 7: Postprandial respiratory power increase

8.2.8 Summary of results

9 DISCUSSION AND CONCLUSIONS

9.1 Objective 1: The creation of analysis software for the EIE system
9.1.1 Assessment of ACCESS

9.1.2 Future software development

9.2 Objective 2: Modelling of EIE signals

9.2.1 PseudeEIE and test signals

9.2.2 Analysis of the geometrical field patterns produced by EIE

9.2.3 Testing of the software for quality assurance

9.3 Objective 3: The detection of physiological phenomena

9.3.1 The detection of the gastric half emptying time and class of emptying
9.3.2 Effects of fat on the antral contractility and gastropyloroduodenal coordin
9.3.3 Frequency shifts

9.3.4 Anthropomorphic measurements and effects of gender

9.3.5 Respiratory analysis

9.4 Conclusions and suggestions for further work

9.4.1 The Neurogastroenterology enigma

9.4.2 Clinical importance of the results

9.4.3 Modelling of EIE signals for quality assurance and testing of the softwi
9.4.4 The advantages of EIE over existing techniques

9.4.5 Further work

9.4.6 The future of EIE

Publications

References

Bibliography

viii

167
172
175
176
177
178

179

179
179
180

181
181
181
182
185
185
186
206
206
207

208
208
209
210
210
210
212

213
214
227



Appendix A: The 3D coordinate system

Appendix B: Proof of the equation for the radius of an ellipse
Appendix C: Forms used for EIE experiments

Appendix D: ACCESS 2.40 flow charts and manual
Appendix E: Curve fitting

Appendix F: Views of the 3D feature space

Appendix G: Typical report generated by ACCESS
Appendix H: Quality assurance and testing of ACCESS

Contents

1
\
XLIX
LI
LI
LXI



List of figures

LIST OF FIGURES

Figure Page Description

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

3.1
3.2

4

45
46

The gastrointestinal system

The four layers that are found throughout the wall of the Gl tract
Internal and external anatomy of the stomach

The organisation of the nervous system

Histology of the gastric mucosa

Diagram of the phases of gastric secretion

Proximal and distal gastric motor regions of the human stomach
Intracellular resting potentials and spontaneous action potentials
Intracellular muscle activity from circular muscle cells

Action potentials and the force and duration of the muscle contrac
Mechanical and electrical activity recorded from circular muscle la
Effects of gastrin and acetylcholine on mechanical and electrical acti
Migrating motor complexes in the canine stomach

Basic neural and hormonal regulation of gastric emptying

The rate of gastric emptying and calorific value

Gastrointestinal motor response to feeding in dogs recorded by be
Sequence of pyloric and antral contractions in the stomach
Electrical activity and tonal contraction in the canine orad antrum
Relationship between action potentials and contractions

Gastric sievingand decanting

Half-residence time of intact agar gel beads in the gastric lumen
Echaplanar magnetic resonance imaging of the gastric lumen
MRI dilution maps showing the mixing of chyme with secretions
The human gastroduodenal junction

Pressure gradients of ngeristaltic and peristaltic antral contraction
Level of antral pressure against gastric emptying rate

Flow towards and away from the pylorus observed with MRI

Forward and retrograde flow through the pylorus

Gamma camera images of a normal subject and patient with NUD

Multi-channel EGG im normal subject and patient with NUD



List of figures

Figure Page Description

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9

49
49
52
53
53
55
57
58
59
59
60
63
64
65
65
66
67
69
69
70
71

73
74
76
77
77
79
80
81
85

Ideal insulator and conductor with equivalent circuit for biological tis
Equivalent circuit for biological tissue with an alternating voltage so!
Potential applied to a cube of biological material

Variation of conduction and displacement current with frequency
Cylinder representing a homogenous medium with length, L
Equipootentials o&n electrode

Diagram of two electrodes in contact with a volume of tissue
Basic geometrical configuration of the electrodes in EIE

Elliptical cylindrical model of the abdomen

Modelling of the abdominal region an elliptical cylinder

The ellipse representing the cross section of the elliptical cylinder
Electrode plane and planes

Anterior left quarter of the red electrode plane

Diagram of an ellipse and the corresponding circle

Arbitrary 1 gsegment

Estimation of the angle subtended by the radius of an ellipse
Frontal view showing electrode positions

Field lines and equipotentials produced by a finite surface charge
Equipotentials produced by EIE in a homogenous elliptical model
The variation of current density with (homogenous) tissue depth
Change in current density with surface distance

The EIE hardware

ECG electrode and connection leads used in EIE

Position of the epigastric region

Surface anatomy of the human torso and position of the stomach
Electrode positions and surface anatomy

Effect of body weight on the resulting maximum impedance chang
Use of a glass rod in saline to test APT and EIE values
Impedance deflection of different meal volumes

Typical signal obtained for a 500ml| VolwWcmineral water test meal

Xi



List of figures

Figure Page Description

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
6.20
6.21
6.22
6.23
6.24
6.25
6.26
6.27
6.28
6.29
6.30
6.31
6.32

87

88

90

92

93

95

96

98

100
101
103
105
106
107
108
110
111
112
113
114
115
115
116
117
118
118
119
120
121
122
123
124

Gastric half emptying times using scintigraphy in NUD
Programming with Fortran, C and LabVIEW

Fourier transforms of a square wave graduating to a unit impulse
Application of the Motion Artifact Rejection Algorithm (MARA)
Application of the Spike Rejection Algorithm (SRA)

The three emptying curve fits

Problems with the exponential and moving average fits

The nine methods of calculating the half emptying time (T50)

The frequency response of a band pass filter

The effect of band pass filtering with frequency range of 2.4 to 3.6 ¢
The power spectrum of the time domain and band pass filtered sic
The JTFT spectrogram technique

JTFT spectrogram with 5 minute epochs with and without 90% owvt
The Morlet wavelet

The JTFT and CWT sampling grids

The DyWT scalogram before and after band pass filtering

The anterior and posterior views of the electrode arrangement in E
The principal of positional triangulation using three transmitters
The pixel grid for the region of interest employed in TrIM
Sequence of impedance maps showing one contraction

The cross sections used to calculate the velocity from the impedance
Displacementttime and corresponding velocititime graphs

The mean velocity measured by TrIM

The mean angle measured by TrIM and classification for the angle
Peaks of each contraction detected in the three signals obtained &
Coordinate system used with electrodes

The vector velocity at the propagation angle

The velocity and angle measurements for the vector analysis

The comparison between TrIM and vector analysis

Examination of the two clusters in the velocity comparison

Mean vector velocity measurements of Pseudo EIE signals

The change in vector velocity resolution with velocity

Xii



List of figures

Figure Page Description

6.33
6.34
6.35
6.36
6.37
6.38
6.39
6.40
6.41
6.42
6.43
6.44

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9

126
127
128
129
130
130
131
133
134
134
135
136

147
148
150
153
153
154
155
156
156
158

163
164
165
167
168
168
169
170
170

Comparison between the derived algorithm and the TrIM estimatior
The DyWT 2D peak search and statistically significant peaks
Grayscale plot of the EGG of a control subject showing frequency
EGG signals showing normal rhythm, bradygastria and tachygastr
EIE signal showing the gastric contractions and respiratory signal
The location of the stomach with respect to the diaphragm and lungs
Change irdominant respiratory power

The decision boundary calculated by the minimum distance classifie
Diagrams of the three classes of emptying curve with their derivati
Haar wavelet modeling of an exponential curve

3D Feature space with an approximate decision boundary

Three 2D feature spaces with their respective feature boundaries

The different signals generated by #seudo EIESoftware

Screen shot of the opening page ofRiseudo ElEsoftware
PseudeEIE signals representing exponential, linear and nonlinear emy
Sinusoidal, triangle, square wave @ad tooth test signals

Chirp signal

Uniform white noise Gaussian distributed white noise

Pseudo EIE signal with noise and spikes representing motion artif
Screen shot of the electrode placement page

Electrode coordinate system

Screen shot of the phase difference and velocity page

Box plots for the half emptying times of each meal type
Proportion of each class of emptying curve versus the meal type

R? values of the three types of curve fitting

Number of emptying curves classified into each class

Termination of the MMC contractions after the ingestion of meal C
The change of GCI with meal type

Mean power density against meal energy

Box and whisker plots showing the MVI for each meal type

Mean velocity vs. meal energy for all contractions above threshold

Xiii



List of figures

Figure Page Description

8.10
8.11
8.12
8.13
8.14
8.15
8.16

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9
9.10
9.11
9.12
9.13
9.14
9.15
9.16
9.17

171
172
173
173
175
176
177

181
182
188
190
192
193
194
195
198
199
199
201
202
203
205
220
220

Mean contractile duration against meal energy

Induction of bradygastria with distal gastric distension

Mean frequencygainst meal energy

Histograms of the frequency of gastric contractions

Mean impedance deflection per unit volume with BMI and girth
Maximum impedance deflection per unit volume for each meal typ
Respiratory signal

Plot of equipotentials in a resistively homogeneous cylinder
Wavelet power density and the original wavelet coefficients
Antropyloroduodenal motility during triglyceride infusions
Diagrammatic crossection of the abdomen over the epigastric regi
The distribution of a high fat meal using scintigraphy

Distribution of 10% glucose solution and meal C using scintigraph
Comparison of pressure activity in slow and fast emptying
Pressure and force in the proximal and distal antrum

Qualitative analysis of meal C

Retrograde flow in the gastric antrum measured by MRI
Radioactive counts in the antral region for 10% glucose meal and m
Qualitative analysis of meal B

Small change in the rate of emptying in meal A

Qualitative analysis of meal A with fast emptying

Qualitative analysis of meal A with slow emptying

Three possible solutions to the ramiformity of the electrical field

Modelling of the equipotentials using the suggested configurations

XV



List of tables

LIST OF TABLES

Table

2.1

3.1

5.1
5.2
5.3
5.4
5.5

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10

9.1

Page Description

22

41

81
83
83
83
84

111
125
126
129
137
138
139
139
140
144
144

162
164
166
166
169
170
171
171
174
178

206

Comparison of findings during different phases of the MMC
Summary of gastric measuring techniques

Impedance deflections with varying meal volumes

Composition and physicochemical properties of the test meals
Analysis of minerals found in Volvie mineral water
IXWULWLRQDO YD®dddile B¢aBiDLQVEXU\(V

The composition of spragiried maltodextrin

The format of *.eie files

Vector velocity resolution as a percentage of true velocity
Comparison between the sign of velocity and angle with vector velocity and
Percentage of gastric, bradnd tachygastric contractions

Scores for the classification of emptying curves in 2D feature spac
Weights for each test of nominal variables

Expected?? values for exponential, linear ant! drder polynomial fits
Predicted differences iR? values for the three curve fits
Quantitative variables

Scores given for the calculation of the DMI

Example of the calculation of the calculation of the DMI

Mann tWhitney U test of half emptying times

F tests between exponential and fexponential emptying
Significant differences iR between the three types of emptying curve
Percentage agreement in the classification of emptying curves
M-W test for the Mean Velocity Index (MVI) and Ratio (MVR)
T-test for mean velocity measured for all contractions above thres
6SHDUPDQTY UDQN FRUUHODWLRQ EHW:
T-test forcontractile duratiomeasured for all contractions
Percentages of bradygastric, gastric and tachygastric contractions

Summary of results

Comparisons of impedance deflection vs. BMI and girth with Fenlon T

XV



1 Introduction

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
LGHQWLILDEOH RUJDQLF FDXVH WKHVH FOLQLFDO FRC(

gastrointestinal disorders or Nd#cerative 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 gastrphysiological 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 psetdiE 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
(,( VIVWHP TV DEL O L¥yYhysdgical Hhahdrrana Wil) heVadbiBved by analysis

of the EIE signals produced from volunteers with no history of gastrointestinal abnormality,
after the ingestion of one of three liquid and seolid test meals; meal A, (mineral water),
meal B (low fat liquid meal) and meal C (high fat sesolid 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]
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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 jengieles 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 additim 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 thehyme 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 propthentuscularis
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 mucosathe 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 gastrointestinat. tidwe 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, histologicad @hysiological
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 vdety 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 autonmmwous 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 paasympathetic nervous systems) and consists of two dense networks of neurons
FDOOHG WKH VXEPXFRVDO SOH[XV OHLVVQHUTV SOH[XV
P\HOQWHULF SOH[XV $XHUEDFKfV SOH[XV ORFDWHG EH
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 ole 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 peptidesat affect gastric function are given below.

Gastrin is contained in Gells located mainly in the gastric antrum and also in the
beginning of the duodenum [Greider, 1972]. Gastrin is directly stimulated frogil$Gby

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 ahalso 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 qaeséial 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 inbeeagte tof

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 HCI secretion by
interacting with histaminél> receptors on the cell. Histane-H>-antagonists such as

cimetidine inhibit gastric acid secretions.

10
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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 ttieoéffegnificantly
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
(HCI), gastric intrinsic factor and pepsinogen (the inactive form of pepsin which is an

enzyme for digesting proteins).

11
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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 vitapso B

that it can be absorbed in the ilem

Hydrochloric acid (HCI) 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 HCI 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 HCI 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.

L Vitamin Bz is improtant in the production of deoxyribonucleic acid (DNA) and red blood cell formation.

12
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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 HCI| 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, HCI, pepsinogen, intrinsic factor and gastrin. This increase
in secretion is limited by negative feedback that blocks secretien the pH of the chyme

falls below 2. HCI 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 pefesiilitated protein digestion.

The third (intestinal) phase is controlled by the entry of acidic chyme into the duodenum.
This activates neural and hormonal resgsnshat 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.

13
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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 observednbatio andin 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 iadtige 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 KA9L96

14
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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
]JRQH >.HOO\ .% @ 7KH VSHHG RI WKH ZDYHfV SURSD.

cmstin the pacemaker zone to 4.0 chis 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 showg.i.Bi

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.

Fig. 2.8 A Intracellular resting potentials and spontaneous action potentials in
different regions of the canine stomaBhschematic 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

15
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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.

A B

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) frétra human stomach arla

canine stomach [Redrawn from Szurszewski JH, 1987].

16
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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).

A B

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 amsiaiphhere 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 celbmes 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, durati@haacter vary
ZLWK SRVLWLRQ DORQJ WKH VWRPDFK{V D[LV
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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 atinoous 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.nlthe terminal antrum the gastric action potentials demonstrate spike
action potentials during the plateau region that are responsible for phasic contractions.

18
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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 ofA gastrin (G17) andB 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-@fLiours.

The results showed a caudedipving band of intense action potential activity, sweeping
the Gl tract in recurring cycles of approximately#280 minutes [Szurszewski JH, 1969].
Code and Martlett later demdrested 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 9020 minutes [Code CF, 1975]. Four distinct phases in the MMC

were identified.

Phase | is a period of quiescence lasting fors605minutes. 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 maement of gastric contents.
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Persistent or random spike potential marks the beginning of the phase Il. 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 Il there

is some mixing of the gastric contents but little propulsion.

Phase Il comprises of a period of high electrical activity, between 5 and 15 minutes in
duration. Eah 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 atd2 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, returnig to phase | 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 Matrtlett 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 activiy. fobnd that the

MMC activity starts in the pylorus of the stomach and the duodenum before progressing
through the Gl 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 quéese, particularly during phase

[l of the MMC.

There was a consistent 4% drop in gastric myoelectrical frequency during the transition
from phase | (quiescence) to phase Il 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, 19864a].
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Table 2.1 Comparison of findings during different phases of the MMC

IMC Phase | Phase Il Phase Il
Stomach (n=16)
Gastric frequency (Hz) 0.049 0.047 0.048
0.0430.052 0.0410.052 0.0410.056
Standard deviation 0.0019 0.0029 0.0042
0.00140.0023 0.00210.0043 0.00240.0060
Power increase 2.61 0.76%
2.065.20 0.053.95
Duodenum (n=5)
Gastric frequency (Hz) 0.050 0.050 0.050
0.0490.051 0.0480.051 0.0490.053
Standard deviation 0.0022 0.0024 0.0023
0.00180.0026 0.002060.0029 0.00200.0026
Power increase 1.17 0.814
1.022.18 0.461.04

Values represent medians and rangeswer increase at the changeover from phases | to Il.

Power increase at the changeover from phases I fRéjproduced from Geldof H, 19864].

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 ireases 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 tbitigastric 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 sccessfully 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 agueous 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 majbri
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 firesence 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].

T50 / Vo (min/mL)

Fig. 2.15 Relationsip between ratio of /volume of original meal and™e where
K=kcal/mL of meal. Fo/V0=0.17970.167& (sem.r0.005), \6 P/ ”
‘ | v ..300, | 200 [Reproduced from Hunt JN, 1975].
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McHugh and Moran showed that by doubling the volume dinesainfused into
unanaesthetised maldacaca 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 duodenunis 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 raMseroff found that emptying rates were
fastest when the duodenal content was isotonic-islmionic chyme slowed emptying but

only in the duodenum. That is to sawnthhe 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 afal@®mL/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 prasglge i

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 MMQictiThese 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 ewarison 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 fanison 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 biphés&e is an initial
depolarisation (phase 1) followed by a plateau period (phagéd2)2.18 shows the two
phases of the action potential that produce adwoponent 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 theofetingtiplateau

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, 1987The 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 frMdorgan KG, 1981].

S] X UV ] H Aypethdsis states that the characteristics of thectmaponent 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 emptyim 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 proc&s3he action
potential propagates from the antrum towards the pylorus (compare the
shape of the contraction with Fig. 2.18).The magnitude of the plateau
region increases which in turn increases the strength of the contr&tion.
As the action potential reaches the pylorus, phase 1 (Fig. 2.18) closes the
pylorus completely [Redrawn from Szurszewski JH, 1981].

The pylorusremains 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. 2.10Qdrlson 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 comtf@astric 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 storola 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 whBrand C
the small particles are emptied and the larger particles are retained and
broken down further by the contractidBastric 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 furthErThe closure of the pyloric sphincter
at the time when the antral contraction strengthens causes retropulsion of
large particles into the antrum grinding and mixingnthdown [Redrawn
from Rao SSC, 1993].

30























































































































































































































































































































































































































































































































































































































































































































































































































































































