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Glossary

Agar-Agar: a gelatinous substance obtained from certain red seaweeds and used in bio-

logical culture media.

bolus: small rounded mixture of food and saliva formed in the mouth during the chewing

process.
chyme: substance consisting of gastric juices and partly digested food.

excitation or measuring frequency: frequency at which impedance is measured. It
corresponds to the frequency of the excitation signal it is applied to measure the

impedance of the sample.

ex-vivo: experimentation or measurements performed in or on tissue from an organism

in an external environment with minimal alteration of natural conditions.

haustral sacs: are the small pouches caused by sacculation (sac formation), which give

the colon its segmented appearance.

in-silico: experimentation or measurements performed on a computer or via computer

simulation.

in-vitro: experimentation or measurements performed or taking place in a test tube,

culture dish, or elsewhere outside a living organism.

in-vivo: experimentation or measurements performed or taking place in a living organism
or cells, usually animals, including humans, and plants, as opposed to a tissue extract

or dead organism.
lumina: plural noun of lumen.
plexus: a network of nerves or vessels in the body.
plicae: a fold or ridge of tissue.

ripples: a small wave or series of waves.

xxi



GLOSSARY

rugae: is a term used in anatomy that refers to a series of ridges produced by folding of

the wall of an organ.

spatiotemporal: term indicating a characteristic or parameter belonging to both space

and time or to space—time.

steady state: an unvarying condition in a physical process.

xxii



Abstract

Gastrointestinal disorders and diseases are classified as either, functional, structural or
motile. Around one third of the population in Australia report symptoms related with
functional gastrointestinal disorders at some point during their lives. Approximately, 50

to 60 million US citizens were affected by gastrointestinal symptoms in 2010.

Electrical bioimpedance is used as a clinical tool in oesophageal studies, but it is still a
research tool on other parts of the gastrointestinal tract, especially in the lower gastroin-
testinal tract. That is why, I have focused on the use of electrical bioimpedance in the

lower gastrointestinal tract.

In this thesis, I have developed a bioimpedance measurement system, three impedance
measuring probes and multiple custom-made software packages to acquire, save and dis-
play data in real-time. The three devices, are as follows: 1) a four-electrode catheter,
2) a novel High-Resolution-Impedance-Manometry (HRIM) catheter with fibre optic pres-
sure sensors and closely spaced impedance electrodes, and 3) a novel four-electrode-contact
electrical impedance probe with fibre optic contact pressure and temperature sensors built
in it. Furthermore, a 3D model of the gastrointestinal tract was implemented that has

provided greater understanding of the experimental results obtained during this thesis.

Different in-vitro and in-silico experiments were performed to investigate: 1) the use of
different measuring frequencies and parameters (such as impedance magnitude and phase
angle) for bolus transit studies, 2) the differentiation between different luminal contents,
and 3) the effect of closer electrode separation on HRIM catheters. In addition, an in-
vitro animal and ez-vivo human experiments were performed to investigate the use of

monitoring the contact pressure on, and standardisation of bioimpedance measurements.

Results showed that the phase angle had much better correlation with changes in lumi-
nal diameter than impedance magnitude. The best frequency to use for differentiating
between content (liquid and mixed gas) depended on which impedance parameter was

selected, with larger differences observed at 177.81 kHz for phase angle, and 5.62 kHz

xxiii



ABSTRACT

for impedance magnitude. The custom HRIM catheter had twice the spatial resolution
of impedance electrodes compared to commercially available HRIM catheters. As a re-
sult, subtle muscular contractions in the colon were identified for the first time in in-vitro

animal models.

The results with the pencil probe corroborated the previously reported contact pressure
dependency on bioimpedance measurements; which demonstrates the importance of con-
trolling and monitoring the contact pressure. A new method to standardize bioimpedance
measurement is suggested. This method provides the resistivity normalised to a contact
pressure of 0 kPa and also the ratio of resistivity over contact pressure. Two distinct

regions of this ratio were observed during the trials, which might be indicative of damage.

The findings and improvements presented in this thesis will help clinical researchers to
gain insight on how the gastrointestinal tract works and to standardize bioimpedance
measurements for tissue characterization in the gastrointestinal tract in the following ways.
Firstly, it was found that the phase angle parameter can add extra information to lower
gastrointestinal bolus transit studies by providing information on bolus type. Secondly, the
increased spatial resolution achieved in the HRIM catheter allows initiating accurate bolus
transit studies in in-vivo animals, in which the use of an external camera will no longer
be possible. Finally, monitoring the contact pressure on bioimpedance measurements will

improve the consistency of measurements and allow more quantifiable results.

xxiv



Declaration

I certify that this thesis does not incorporate without acknowledgement any material pre-
viously submitted for a degree or diploma in any university; and that to the best of my
knowledge and belief it does not contain any material previously published or written by

another person except where due reference is made in the text.

Albert Ruiz-Vargas

February 20, 2019

XXV






Acknowledgements

Firstly, I wish to express my sincere gratitude to my principal PhD supervisor Professor
John Arkwright for giving me the opportunity to take this challenge, for his continuous
support throughout my candidature, for his patience, and motivation especially when
things did not work as expected. I am truly thankful for convincing me to present at sci-
entific conferences. Although I found my first conference to be a challenge, I am currently
eager to attend more conferences. Thank you for giving me the opportunity to attend a
very exciting conference this year in Hawaii. You always gave me freedom but you knew
when to push to achieve more and increase my potential, e.g., your insistence on my first
publication, this helped me infinitely to gain the confidence necessary to draft further

publications. I will forever be grateful.

Besides my principal supervisor, I would like to extend my gratitude to my second PhD
supervisor Associate Professor Antoni Ivorra for his support to take this challenge, for
his invaluable guidance on the bioimpedance topic and related research during my candi-
dature. Thank you for always being there on Skype to help me when I needed, and for
hosting me in your research group (BERG) in Barcelona at Universitat Pompeu Fabra.
Thank you. I would like to thank to Quim Castellvi, from the BERG group, for his help
during my stay in the group.

Thanks also to Karen Reynolds. Although we only had annual meetings, you always made

sure everything was on track.

I also extend my thanks to my team colleagues — Anthony Papageorgiou, Luke Parkinson,
Peter Cook, Alex Wall, and Andrew Karas — for their support and for sharing such a good
time during my candidature. Thanks also to the staff at Flinders Medical Centre for their

help with tissue preparation and protocol experimentation during my candidature.

Thanks also to my industry mentor Tom Melville for his mentoring and support during
the last year of my candidature. You always showed interest in my research and helped

me develop my network and industry skills but also my personal skills.

xXxVvii



ACKNOWLEDGEMENTS

A thanks to all the friends I made at the MDRI — Bryant Roberts, Dermot O’Rourke,
Dhara Amin, Laura Gell, Sophie Rapagna, Mark Gardner, Rowan Pivetta, Maged Awadalla,
Mark Williams, Ashwin Jeyakar — who became part of my personal life and made my time
in Adelaide and Flinders University more enjoyable during my candidature — without

doubt, best moments were during the Fringe Festival and our trips.

Finally, to my family — Mum, Dad and brother —, to whom I dedicate this thesis, without
them my achievements and goals to date would not have been possible. Your support,
love and motivation helped me through the most difficult moments, especially, being so

far from you. Words cannot express my deep gratitude.

Finalmente, a mi familia — a mis padres y hermano —, a quienes dedico esta tesis, sin
ellos, mis logros y objetivos hasta la fecha no hubieran sido posibles. Vuestro apoyo, amor
y motivacion me ayudaron en los momentos mds dificiles, especialmente al estar tan lejos

de vosotros. Las palabras mo pueden expresar mi profunda gratitud.

xxVviii



Statement of Ethical Conduct

Ethical approval for research undertaken in this thesis was obtained from the Animal
Welfare Committee of Flinders University (Animal Ethics Number: 845/12), and the
Southern Adelaide Clinical Human Research Ethics Committee (Ethics Approval Number:

50.07). All patients provided written informed consent prior to their involvement.

XXix






Publications

A number of publications, conference papers and presentations arose from the work con-
ducted in this thesis. These are listed collectively below, and publications noted individ-

ually at the beginning of each relevant chapter.

Journal papers

Ruiz-Vargas, A, Ivorra, A, Arkwright JW. Design, construction and validation of an
electrical impedance probe with contact force and temperature sensors suitable for
in-vivo measurements. Scientific Reports. 2018;8(1):14818. doi:10.1038/s41598-018-
33221-4.

Ruiz-Vargas, A, Mohd Rosli, R, Wiklendt, L, Arkwright, JW. Effect of electrode sep-
aration on High-Resolution Impedance Manometry catheters for ez-vivo animal ex-
periments. Neurogastroenterology & Motility. 2018;e13488. doi:10.1111/nmo.13488.

Parkinson LA, Cool, PR, Ruiz-Vargas, A, Arkwright, JW. Correction of peak tracking
Ripple in solid state spectrometers. Journal of Lightwave Technology. 2018;36(18):
3912-3918. doi:10.1109/JLT.2018.2854281.

Ruiz-Vargas, A, Mohd Rosli, R, Ivorra, A, Arkwright, JW. Impedance spectroscopy
measurements as a tool for distinguishing different luminal content during bolus tran-
sit studies. Neurogastroenterology & Motility. 2018;e13274. doi:10.1111/nmo.13274.

Conference Proceedings

Ruiz-Vargas A, Ivorra, A, Arkwright, JW. Monitoring the effect of contact pressure on
bioimpedance measurements. In: 2018 40" Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC). IEEE; 2018:4949-4952.
doi:10.1109/IECBES.2016.7843433. Podium presentation

XXX1


https://doi.org/10.1038/s41598-018-33221-4
https://doi.org/10.1038/s41598-018-33221-4
https://doi.org/10.1111/nmo.13488
https://ieeexplore.ieee.org/document/8408747
https://onlinelibrary.wiley.com/doi/abs/10.1111/nmo.13274
https://ieeexplore.ieee.org/document/8513173

PUBLICATIONS

Ruiz-Vargas, A, Arkwright, JW, Ivorra, A. A portable bioimpedance measurement
system based on Red Pitaya for monitoring and detecting abnormalities in the gas-
trointestinal tract. In: 2016 IEEE EMBS Conference on Biomedical Engineering
and Sciences (IECBES). IEEE; 2016:150-154. doi:10.1109/IECBES.2016.7843433.

Podium presentation

Ruiz-Vargas, A, Costa, M, Wiklendt, L, Dinning, PG, Arkwright, JW. The use of
fibre optic sensing technology with intraluminal impedance catheter for functional
gastrointestinal motility disorders. In: Australian and New Zealand Conference on
Optics and Photonics 2015 (ANZCOP 2015). Engineers Australia, 2015: 51-54.

Podium presentation

Xxxii


https://ieeexplore.ieee.org/document/7843433

Chapter 1

Introduction

1.1 Motivation

Gastrointestinal disorders (GIDs) can be structural, functional and /or motility (Drossman,
2016). Functional disorders (FD) are those in which the gastrointestinal (GI) tract does not
function properly but there is no apparent cause of the malfunction that can be seen with x-
ray, endoscopy or blood test; and usually they are diagnosed based on symptoms. Motility
disorders (MD) are associated with the abnormal visceral muscle activity. Structural
disorders (SD) are those in which the GI tract does not work properly and looks abnormal.
Therefore, GI disorders can affect functional, motile, and structural parts of the digestive
system causing characteristic symptoms such as heartburn, constipation, irritable bowel,
abdominal pain, bloating, diarrhoea or unspecified functional bowel disorders (Drossman,
2006).

To date, the most recent study on the burden gastrointestinal diseases in United states,
estimated that between 50 to 60 million US citizens were affected by GI symptoms in 2010
(Peery et al., 2015). The most common GI diagnosis in patients with GI symptoms was
abdominal pain accounting for approximately 17 million visits to health care providers,
followed by reflux oesophagitis with more than 7 million visits (Peery et al., 2015). Other
prevalent disorders and symptoms include haemorrhoids, constipation, nausea and vomit-
ing, abdominal wall hernia, malignant neoplasm of the colon/rectum, Diverticular disease,
diarrhoea, dyspepsia, Irritable Bowel Syndrome (IBS) and Chron’s disease (Peery et al.,
2015).

Furthermore, digestive diseases were the seventh leading cause of death worldwide in 2012

with 2.26 million deaths (American Cancer Society, 2015). According to the American
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Cancer Society, based on data from GLOBOCANI12 (Torre et al., 2015), stomach, colon
& rectum and oesophagus cancer were the third, the fourth and the sixth leading cancer
sites of death in men, and the fifth, the third and the ninth leading cancer sites of death
for women in 2012 worldwide (American Cancer Society, 2015). In 2012, an estimated
1.4 million, 951,600 and 455,800 new cases of colon/rectum, stomach and oesophagus
cancer occurred worldwide (American Cancer Society, 2015). According to the National
Cancer Institute in USA, mortality due to gastrointestinal cancers in 2017 was estimated
at 157,700 deaths and there were 310,440 estimated new cases, with 95,520 estimated new
cases of colon/rectum. Cancer of the colon/rectum was expected to be the fourth most
common type cancer in the US in 2017 (American Cancer Society, 2017). Similarly, in
2017 the second most common cancer in Australia was colon/rectal cancer with 16,682
estimated new cases, and was also the third leading cause of death from cancer (4,114

estimated deaths) (Australian Institute of Health and Welfare, 2017).

In 2004, GI disorders and diseases were responsible for approximately US$ 142 billion
in direct and indirect costs (Everhart, 2008). This cost could be significantly reduced if
the misdiagnosis rate was reduced. A review of 150 consecutive colorectal cancers at a
district hospital in the United Kingdom between August 2010 and July 2011 showed that
8% (12 patients) of the total number had a false negative diagnosis in the first instance
(Than et al., 2015). The diagnoses of these 12 false negative cases were delayed in time
from 21 to 456 days, and as a result were already in an advanced state at the time of
successful diagnosis (5 in stage II, 2 in stage III and 5 in stage IV). Colonoscopy is the
gold standard method and also has the lowest miss rate (Frenette and Strum, 2007; Than
et al., 2015), however, a study showed the reasons why cancer were missed, one of which

was misinterpretation of what was seen (Leaper et al., 2004).

For diagnosing functional disorders, The Rome Foundation classification of GIDs is used
(Drossman, 2016). This classification system is based on symptoms rather than physio-
logical changes. However, the overlap of GI symptoms and the limited knowledge of the
mechanism of functional GI can incur misdiagnosis, especially in the lower GI tract where
it has been shown that most of the GI symptoms are shared by different GIDs (Locke
et al., 2005; Talley et al., 2003). A misdiagnosed implies two things: a) the treatment
and therapy given to the patient is not cost effective and is often incorrect, and b) pa-
tient’s correct diagnosis is delayed, thus the cost of the correct treatment might be more

expensive.

There is a need for improved or new methods for helping clinicians to diagnose GI dis-
orders and diseases accurately (Fox et al., 2018). A set of available established methods

exist in the clinical environment (e.g. colonoscopy, barium enema, antroduodenal manom-
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etry, radiopaque markers, scintigraphy, ingestible capsules and so on. More methods are

shown in Chapter 2, Section 2.3.1). Other emerging methods are available for research,

but not yet available for clinical use (Chapter 2, Section 2.3.2). In the thesis, I present

bioimpedance spectroscopy techniques, and in some cases in combination with fibre optic

sensing technology, to develop and improved new tools for in-vivo diagnostics.

1.2

Aims

The primary aims of this thesis were to contribute to understanding the mechanism of

electrical bioimpedance, and develop medical tools/devices for bolus transit studies and

tissue characterization in the lower GI tract. The aims, more specifically, were:

Aim

Aim

Aim

Aim

Aim

1.3

1 To develop a theoretical model of the electrical properties of the GI tract with
different tissue layers, shapes and sizes of boluses. This model will allow us to: (1)
study the effect of different luminal content during GI studies, (2) study the effect of
the electrode separation, and (3) understand how impedance measurements change

due to the bolus volume between electrodes.

2 To develop a custom-made bioimpedance spectroscopy system to distinguish dif-
ferent luminal content by means of complex impedance spectroscopy. This is the
first time that complex impedance is used for bolus transit studies and will provide

information on the nature of luminal content.

3 To design and build an impedance manometry catheter using fibre optic sensing
technology that has improved spatial resolution compared to existing commercial
devices, and compare the results with the numerical results and with the commercial

High-Resolution-Impedance-Manometry (HRIM) catheter.

4 To monitor and control the force applied during bioimpedance measurements using
a fibre optic force sensor suitable for in-vivo via the port of an endoscope. This
is essential for viable in-vivo bioimpedance measurements as the effect of contact

pressure can significantly affect bioimpedance values.

5 To standardize bioimpedance measurements based on contact-pressure.

Thesis outline

The thesis is composed of eight chapters:
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Chapter 1 is an introduction to the motivation, outlines the aims, and the structure of
this thesis.

Chapter 2 describes the background and provides knowledge on the GI tract and its
disorders, a review of pertinent current and emerging methods on GI diagnosis with

a focus on bioimpedance methods.

Chapter 3 describes the design and implementation of a method to distinguish between
content (Aims 1 and 2). To do so, a GI model was implemented to study the
passage of a bolus with different content (Aim 1); then, the numerical results were
compared with experimental results by a custom-made catheter (Aim 2) with a

four-electrode configuration.

Chapter 4 reports the development of a custom made HRIM catheter based on fibre
optic sensing technology (Aim 3).

Chapter 5 studies the effect of the electrode separation on HRIM catheters (Aims 1
and 3). The same numerical model used in chapter 3 is used to study the effect of
the electrode separation (Aim 1). Furthermore, four ez-vivo studies were performed
on excised tissue from rabbits using the custom made HRIM catheter described in
Chapter 4 (Aim 3) and a commercial HRIM catheter to compare the results with

the numerical studies.

Chapter 6 describes the development and validation of a pencil probe for bioimpedance

measurements with a fibre optic contact-force sensor (Aim 4).

Chapter 7 evaluates the variability of bioimpedance data as a function of contact pres-
sure using the pencil probe developed in Chapter 6 in resected human colonic tissue.
A technique is proposed for standardizing bioimpedance measurements based on

continuous variations of contact pressure (Aim 5).

Chapter 8 concludes this thesis. It presents principal contributions of this work to GI

research, limitations and recommendations for future work.

Appendix A introduces the reader to the basics of electrical bioimpedance and fibre

optic sensing technology to understand the two main techniques used in this thesis.

Appendix B explains the design, development and validation of the bioimpedance mea-

surement system used in this thesis.

Appendix C contains additional information relevant to Chapter 3 including graphs

and statistical results.
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Background and literature review

2.1 Introduction

This chapter introduces to the reader to the anatomy of gastrointestinal tract, and the
main structure of the digestive tube at different parts. This is followed by a brief resume
of gastrointestinal disorders, and how its classification has become more rigorous thanks
to advancements in technology. A brief review of established and emerging techniques
is presented, with a more extensive review of electrical bioimpedance technique in gas-
trointestinal field. As mention in Chapter 1, this thesis has a strong focus on electrical
bioimpedance phenomena and fibre optic sensing. The reader will notice that this chapter
does not explain the basis of these two concepts; however, a brief explanation on electrical

bioimpedance and fibre optic sensing can be found in Appendix A.

2.2 Gastrointestinal tract

The Gastrointestinal (GI) tract is a hollow tube approximately 8-9 meters long. It is
responsible for the digestion process. Its main function is to take in food, transport it
along the digestive system, process it, absorb nutrients, water and electrolytes and finally
eject the waste. The GI tract is formed by different organs; mouth, pharynx, oesophagus,
stomach, intestines (small and large), rectum, and anus (Stanfield, 2010). Other organs
involved in the digestive system that do not belong to the tract are: pancreas, liver and

gallbladder.
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2.2.1 Upper GI tract

The mouth is the start of the digestive system. Food is broken into pieces, and at the same
time, saliva mixes with pieces to lubricate food and to start the digestion process. The food
is then passed to the pharynx, which connects the mouth with the oesophagus allowing
the passage of the food and protecting the airways from aspiration. The oesophagus
is connected to the pharynx and the stomach by means of two sphincters: the upper
oesophageal sphincter (UOS), which prevents air entering the oesophagus, and the lower
oesophageal sphincter (LOS) that prevents reflux of gastric contents. It is approximately
25 cm in length, and its main function is to deliver food and fluids to the stomach from

the mouth by means of coordinated motor patterns (peristalsis).

The stomach is a distensible bag of 2 — 3 litres capacity that receives food and fluids from
the oesophagus. The stomach mixes the food with secreted digestive juices with powerful
enzymes to break down the food and, finally, to form chyme. The contents are stored in the
stomach until these are sufficiently processed; then, the pyloric sphincter, which controls

the flow of gastric contents, release the contents to the small intestine (duodenum).

2.2.2 Lower GI tract

The small intestine are responsible for ending the digestive and starting the absorptive
processes. The small intestine are approximately 6 -7 meters in length, the longest part
of the GI tract, and is divided in three parts: the duodenum, jejunum and ileum. In
the duodenum, the muscular contractions mix the chyme with bile and pancreatic juices
that are released from the bile and pancreatic ducts, segment the content, and push it
forwards along the small intestine to the jejunum and ileum where nutrients are absorbed
into the bloodstream. The left-over food residue pass to the large intestine predominantly
as liquid through the ileocecal valve, which also prevents the return of faeces into the small
intestine. During digestion along the small intestine, mucus and gastrointestinal hormones
are secreted. The mucus lubricates the mucosal surface and avoids any damage from the
bolus during its passage through the intestine, and the gastrointestinal hormones help to

control the digestion process.

The large intestine runs from the ileocecal junction to the end of the digestive system,
and is about 1 m in length. It is divided in seven sections: the caecum and appendix,
the ascending colon, the transverse colon, the descending colon, the sigmoid colon, the
rectum and the anus. The absorption of water and electrolytes of the chyme occurs along

the colon, typically in compartments called haustra, by means of muscular contractions
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(segmentation movements and propulsive mass movements). Once the water and elec-
trolytes have been absorbed, the chyme becomes a semi-solid content called faeces. Faecal
matter is stored in the sigmoid colon waiting for mass movements to propel the faeces
to the rectum and is finally ejected during defecation. Distension of the rectum due to
the build-up of faeces triggers an urge to empty the faecal content, but the external anal
sphincter prevents this happening until the external anal sphincter is voluntarily relaxed

and the rectal muscles contract to evacuate the content.

2.2.3 (Gastrointestinal structure

The GI wall has between three and four layers along the GI tract but with differences in
the structure to adapt each of them to their specific function. Four layers from the lumen
(the internal volume of the GI tract) towards the outer surface form the GI wall structure:
mucosa, submucosa, muscularis (circular and longitudinal) and serosa (oesophagus lacks

the serosal layer). Figure 2.1 shows how sub-layers also form the different layers of the GI

tract.
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Figure 2.1: Different layers of different digestive parts. Reproduced with permission from

Elsevier Health Sciences, from Kierszenbaum and Tres (2015).

The mucosa is composed of three different layers: epithelium, lamina propria and mus-
cularis mucosae. The epithelium is the layer in contact with the luminal content, and
variations exist between different parts of the GI tract. E.g. oesophagus has a squamous,

stratified but not keratinized epithelium, while stomach, small and large intestine have a

7



CHAPTER 2

simple columnar epithelium with variances (Kierszenbaum and Tres, 2015). The stomach
also has thick longitudinal folds, rugae and tiny surface invaginations. The small intes-
tine is characteristic for having microscopic villous and macroscopic plicae with absorptive
cells. Large intestine has transverse mucosal fold, plicae semilunares with haustral sacs

between the folds.

The middle-layer or lamina propria, contains lymphatics (except in the large intestine),
and blood vessels, lymphocytes and plasma cell. The muscularis mucosae, which is the
outer layer of the mucosa, is composed of inner circular and outer longitudinal layer of

smooth muscle, except for the oesophagus which only has longitudinal muscle.

The submucosa layer is mainly composed of loose connective tissue, vessels and Meiss-
ner’s nerve plexus for all the parts of the GI tract except the stomach that has connective
tissue with elastic fibres with prominent blood vessels. Oesophagus also has a lymphovas-

cular network with developed venous plexi and glands.

The muscularis layer is composed of two layers of muscle: circular muscle (inner) and
longitudinal muscle (outer); the Auerbach’s nerve plexus is found between these two lay-
ers. This layer tends to be thicker in the intestines in order to propel the bolus forward
(peristalsis). Unlike the rest of the GI tract, the oesophagus presents striated muscle in
the upper, smooth in the lower and mixed in the middle. The stomach has three indistinct

layers: an inner oblique, middle circular and outer longitudinal layers.

The serosa layer is the outer most layer of the GI wall and is composed of connective

tissue. The oesophagus also has thick nerves, blood vessels and lymphatics.

2.2.4 Gastrointestinal disorders and diseases

In Chapter 1, functional, motility and structural gastrointestinal disorders, GIDs, were
briefly introduced. Table 2.1 shows a quick summary of primary domain, criterion and
measurement of the different GIDs. Obviously, functional, motility and /or structural GIDs
can sometimes coexist together. For example, a structural alteration such as ulcerative
colitis can be associated with symptoms of pain and diarrhoea and also disturb motility
(Drossman, 2016).

Furthermore, there is little known about the underlying causes of some functional gas-
trointestinal disorders (FGIDs), which makes them difficult to diagnose as it is based on
symptoms provided by the patient. The Rome classification (latest version (Drossman,

2016)) attempts to rigorously document FGIDs based on our current understanding, in
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Table 2.1: Summary of major clinical domains and its criterion and measurement in

gastroenterology. Reproduced with permission from Elsevier, Rome IV Drossman (2016)

Gastrointestinal disorder

Functional Motility Structural
Primary domain Illness experience Organ function Organ morphology
Criterion/Condition Symptoms Altered motility Pathology (disease)
Histolo
Motility &Y

. A Motility Pathology
Measurement /Diagnostic method Visceral sensitivity
o Visceral sensitivity Endoscopy

Symptom criteria (Rome) )
Radiology

which all the FGIDs are well documented. More information about the current FGIDs,
symptoms, treatment and so on, from the Rome criteria can be found in (Aziz et al.,
2016; Galmiche et al., 2006; Lacy et al., 2016; Longstreth et al., 2006; Rao et al., 2016;
Stanghellini et al., 2016; Tack et al., 2006; Van Oudenhove et al., 2016). The Rome crite-
ria has been updated since its first version in 1994 (Rome I) approximately every 6 years
(Camilleri, 1995; Mostafa, 2008; Spiller, 2000), except the last edition published in 2016
that took 10 years to update (Drossman, 2016). Every new version has been updated
or modified with sub-types disorders, changes in classification categories, criteria changes

and corrections of terminology.

These changes are in part due to the better understanding attributed to the increase in
study numbers in GIDs, the use of current techniques in other fields, and advancements
in technology. A clear example is the use of brain-imaging techniques for GIDs that has
helped to understand the psychosocial factors and its inclusion in the Rome criteria. Most
importantly, its use brought insight on how these factors affect the GI function in healthy
subjects, and in patients with FGIDs (Van Oudenhove et al., 2016).

Another example, reflux hypersensitivity diagnosis was included in the most recent Rome
criteria (Rome IV). In the previous version (Rome III), reflux hypersensitivity was di-
agnosed as a functional heartburn disorder when there was normal acid exposure with
positive symptom of reflux association (Aziz et al., 2016), but with the consensus of the
clinical community, and the combination of pH and impedance catheters, it is now possible

to identify/categorise refluxes with normal acid exposure (reflux hypersensitivity).

Furthermore, studies of normal GI function (colonic motility) to gain a greater insight
into the physiology were performed, and even though these attempts to understand the
physiology of the lower GI tract, this is still poorly understood as reported in a review by
Dinning (2018).
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It is obvious, that accurate diagnosis and sub-characterisation are often difficult and that
a better understanding of normal GI function is needed. Therefore, more studies and
improved diagnostic devices are needed to better characterize and understand the GIDs

and their subtypes in order to treat disorders appropriately.

2.3 Methods of diagnosis for GIDs

In this sub-section, the different methods for diagnosing and evaluating GIDs are briefly
presented. Firstly, the established methods in clinical environment are described, and
secondly the emerging methods (still in research, not yet used as a clinical tool) are

presented.

2.3.1 Established methods

Manometry

Manometry studies allow the measurement and evaluation of peristalsis and other muscu-
lar contractions along the gastrointestinal tract via the use of a small diameter catheter
containing one or more pressure sensing elements along its length (Szarka and Camilleri,
2009).

High-Resolution Manometry

In the past 3 decades, high resolution (HR) manometry catheters with closer pressure
sensor separation (spaced = 10 mm) have emerged for similar studies. These studies
have been shown to be a powerful method to classify different functional gastrointestinal
motility disorders (Pandolfino and Kahrilas, 2009).

Combined impedance-pH catheters

Multichannel intraluminal impedance (MII) and pH monitoring catheters were initially
used as two separate instruments (Kahrilas and Sifrim, 2008). MII catheters were used for
monitoring and studying the passage of bolus (Nguyen et al., 1999; Silny, 1991; Silny et al.,
1993), whereas pH monitoring catheters were used for detecting changes in acid content
in the oesophageal tract (Bredenoord and Smout, 2013). Combined multichannel intra-
luminal impedance (MII) and pH (MII-pH) catheters allow practitioners to diagnose and
classify functional disorders (heartburn and reflux hypersensitivity) and motility disorders

(gastroesophageal reflux disease) (Tutuian, Vela, Shay and Castell, 2003). Basically, intra-

10



2.3. METHODS OF DIAGNOSIS FOR GIDS

luminal impedance detects the presence of reflux and its content, and the pH characterises

the reflux as acid versus non-acid.
Combined impedance and HR manometry catheters

Similarly to the impedance - pH devices, impedance and high resolution manometry are
also combined to provide greater diagnostic capability. This is known as High-Resolution-
Impedance-Manometry (HRIM) catheter and is conventionally used for oesophageal stud-
ies (Kahrilas and Sifrim, 2008). The HRIM catheters provide a better understanding of
the intraluminal pressures changes, LOS relaxation and bolus transit in the oesophageal

lumen (Tutuian, Vela, Balaji, Wise, Murray, Peters, Shay and Castell, 2003).
Radiopaque markers

Radioopaque or radioisotope markers are ingested in order to follow their progression along
the colon by means of a set of radiographs or other imaging technology of the abdomen.
This method is useful to measure colonic transit and to differentiate slow colonic transit
and functional faecal retention, however, it is not viable for assessment of small bowel
function since it can be difficult to anatomically locate the markers (Szarka and Camilleri,
2012). In addition, the necessity of multiple radiographs and nuclear medicine make this

technique less acceptable when repeated evaluations are necessary (Cook et al., 2005).
Barostat

The barostat studies monitor changes in tone, compliance and sensation within the gas-
trointestinal tract by inflating a balloon to a known constant pressure. The volume of air
and/or change in volume can be used to assess the function of the gastric fundus, gas-
trointestinal lumen, or rectum. It is an invasive technique that involves the introduction
of an intraluminal bag into the section of the GI tract being studied and then inflating
the bag to a predetermined pressure. This pressure is held constant by means of injecting
or aspirating air when the surrounding organ contracts or relaxes(Sarnelli et al., 2001).
The limitations of this method are that the presence of an intraluminal bag interferes with

gastrointestinal physiology and the contraction patterns are irregular (Zwart et al., 2003).
EndoFLIP

EndoFLIP is a similar concept as the barostat bag, but instead of pumping air into the
bag a saline solution is injected, and simultaneously an array of electrodes along inside
the balloon measures the cross-section area along it (impedance planimetry) (Mary et al.,
1979; McMahon et al., 2005). Its main application is for assessment of oesophageal luminal

cross-section during volumetric distension. Similarly to the barostat method, a limitation
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is the assessment of the intraluminal bag (10 cm in length) that is reported by a single
pressure value when the pressure profile along the balloon will be irregular (Carlson et al.,
2015), but the EndoFLIP allows the cross-sectional shape of the bag to be monitored so

it is an improvement on the barostat.
Ingestible capsules

Ingestible capsules are devices that mimic the shape of a standard pill and contain sensors
capable of recording information such as pH, pressure, temperature and video images.
For example, the SmartPill GI monitoring System transmits wireless data on intraluminal
pressure, pH and temperature as it moves throughout the gastrointestinal tract (Cassilly
et al., 2008). It can evaluate the transit time throughout the gastrointestinal system (upper
and lower gastrointestinal). Another example of ingestible capsule is the Pillcam, which
records video images in order to determine gastric emptying, and transit times through
oesophagus, small bowel and colon (Li et al., 2014). A smaller Magnetic Pill, which is
tracked with a magnet tracking system, is also available. Its dimensions are generally
smaller than the other ingestible capsules. The Magnet Pill can obtain the transit times

and 3D configuration which makes it really valuable tool (Stathopoulos et al., 2005).

Ingestible capsules are unable to detect coordinated pressures at multiple locations within
the gut. Moreover, ingestible capsules are not suitable for those patients with obstructive

gastrointestinal symptoms (Tran et al., 2012).
Scintigraphy

This is the gold standard technique for gastric emptying. The scintigraphic measurement
can also evaluate whole and regional transit times (Madsen, 2014). The technique consist
of an oral ingestion of a radiolabelled (gamma-emitting, e.g. *™Tc and '3In) solid, liquid
or mixed meals, then multiple images are taken of the region of interest with a gamma

camera.
Breath testing

Two main breath tests are used in clinical studies; '*C breath test and hydrogen breath
test. The Bcarbon-labelled octatonic acid is used for gastric emptying studies whereas
the hydrogen breath test is used for orocaecal transit studies (Madsen, 2014). In the
first instance, the test consists of ingesting *C mixed with a meal. Once the substance
has passed to the small intestine, the meal is digested and absorbed, and '3C is excreted
in the breath as *COy (Madsen, 2014). The hydrogen breath test consists of ingesting
non-digestible carbohydrates (e.g. lactulose with rice), when the carbohydrates reach the

colon colonic bacteria produce hydrogen gases through fermentation. The hydrogen is
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then diffused across the mucosa to be transported to the lungs and excreted in the breath
(Madsen, 2014).

Ultrasonography

Ultrasonography (US) consists of acquiring real-time imaging of soft tissue. It is used to
assess injuries in muscles, malfunction of heart or any other organs. Its use in gastroen-
terology is not well established but some countries use it for assessing gastric emptying
(Odegaard et al., 2015), and monitoring anal sphincter damage (Albuquerque, 2015). Tt

is a non-invasive technique and can be repeated several times.

On the other hand, the combination of US and endoscopy has become useful for classifying
stages of oesophageal, gastric, rectal cancer, sub-epithelial lesions in the GI tract, and anal
sphincter function (Abdool et al., 2012; Shami and Waxman, 2005). In fact, in some areas
such as anal sphincter, US became as the gold standard for evaluating anal sphincter
pathology. However, in other areas, it has not become yet used as a gold standard due to
limitations such as concomitant treatment with drugs which can inhibit gastrointestinal
motility, inadequate visualization of the antrum or other soft tissue landmark points, and
possible errors due to the presence of air bubbles and antral contractions (Portincasa et al.,
2000).

Endoscopy

Endoscopy usually refers to a flexible tube with a single or multiple ports that is intro-
duced through either the upper or lower GI tract to introduce white light with a camera
and biopsy forceps to visualize, inspect and collect samples in order to be later analysed
in the laboratory. This procedure requires a highly-qualified user as it relies on the user’s
experience to select, inspect the area and make the decision to collect the sample. Fur-
thermore, it cannot evaluate the whole part of the small bowel, only the first and last part

of the GI tract.

2.3.2 Emerging methods

Electrogastrography

Electrogastrography (EGG) is a technique that records bio-potentials associated with the
stomach and is similar to other techniques well established in the clinical area, such as
electrocardiography (ECG) or electroencephalography (EEG). EGG measures the gastric
slow waves from the abdominal surface with cutaneous electrodes (Ogawa et al., 2004),

but does not measure contractions or emptying (Verhagen, 2005). This method, however,
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is not well established as a diagnostic tool because of its poor correlation between EGG
findings and symptoms and overlaps between healthy volunteers and patients (Abid and
Lindberg, 2007).

Combined impedance and HR manometry catheters

As seen in the established methods subsection, these tools are already in use for the diag-
nosis and sub-classification of oesophageal disorders; however, their use for assessment of
small bowel, colonic motility and bolus transit — bowel disorders — are not yet established.
Nonetheless, its use in research is becoming more common for gaining insight on the motor
complex patterns in the small and large bowel (Costa et al., 2013; Dinning et al., 2011;
Dinning, Costa, Brookes and Spencer, 2012; Dinning, Hunt, Arkwright, Patton, Szczes-
niak, Wiklendt, Davidson, Lubowski and Cook, 2012; Dinning et al., 2013, 2014; Kuizenga
et al., 2014). Most of the outcomes of these studies are presented by Dinning (2018).

Electrical bioimpedance

Electrical bioimpedance, and/or impedance consists of measuring electrical properties of
biological tissue at a given frequency. When different frequencies are being used, then,
the terminology is referred as impedance spectroscopy (more information can be found
in Appendix A). Impedance spectroscopy has been used in research environments in the
gastrointestinal tract for the last 20 years, although it has not got as much attention as
other forms of diagnosis. Impedance spectroscopy has been used to distinguish/classify
tissue malignancies in the oesophageal tract and stomach (Gonzalez-Correa et al., 1999),
to discriminate gastroesophageal reflux disease (GERD) from Non-GERD conditions (Ates
et al., 2015), and to monitor ischemic injury on the intestinal mucosa (Kassanos et al.,
2015; Othman et al., 2003). Although impedance spectroscopy is mainly used for tissue
characterization, attempts to assess the gastric emptying of food by means of electrical
impedance tomography (EIT) have also been tested. EIT is a variant of impedance spec-
troscopy but with multiple measurement sites used to build up an image based on the
different electrical properties of the volume of interest (Podczeck et al., 2008; Smallwood
et al., 1994).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) consists of acquiring a sequence of images of an area of
interest which are then put together in order to obtain a video. MRI has been extensively
used as a clinical tool in some areas (e.g. neuroscience, cardiovascular, musculoskeletal,
angiography, and so on); however, in gastroenterology its use is predominantly as a research

tool. MRI is currently being evaluated for gastrointestinal motility (de Jonge et al.,
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2018), assessment of gastric emptying (Menys et al., 2017), small bowel movements (Menys
et al., 2013; Wakamiya et al., 2011) and colonic motility (Hoad et al., 2016). The lack of
standardization and the difficulty of data interpretation have prevented MRI being used
as a clinical tool as yet (de Jonge et al., 2018).

2.3.3 Summary

A summary of the different methods with their purpose and regions of use are shown
in Tables 2.2 and 2.3. Interestingly, the established methods are mainly focused on the
diagnosis of the upper GI tract, especially in the oesophagus. Only a few established
methods are focused on the lower GI tract; however, these devices are mainly focused on

transit times and not in motility, which may bring insight on some of the GIDs.

Table 2.2: Established methods.

Established method Purpose GI part

Impdance - pH Transit, refluxes Oesophagus

Scintigraphy Transit Stomach and small intestine

Impedance & HR manometry Motility, transit Oesophagus

Hydrogen breath testing Transit Small intestine

Radiopaque markers Transit Whole GI

Table 2.3: Emerging methods.

Emerging method Purpose GI part

High-Resolution manometry  Motility Colorectal

Electrical impedance Tissue characterization, biopsy Whole GI
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techniques, but to address those related to diagnose motility problems. Further details of
emerging techniques can be found in the following references (Chao et al., 2013; Kassanos
et al., 2015; Podczeck et al., 2008; Smallwood et al., 1994).

For the purpose of this thesis, I am going to focus on the electrical bioimpedance and
impedance spectroscopy methods for the lower GI tract. Thus, an extensive review on the

most common methods for the GI tract is presented in the next section.

2.4 Studies using electrical impedance and bioimpedance

spectroscopy for GI disorders

The first impedance catheter for GI tract was reported by Silny (1991). He built an
impedance catheter of nine thin metal ring electrodes mounted on the lower part of a
2-m-long plastic catheter with a diameter of 3 mm, an electrode length of 4 mm with 2
cm spacing between electrodes. He used this catheter for the study of bolus transit along
the GI tract. He used an impedance-voltage transducer to measure the magnitude of the
impedance, at a measurement frequency of 1 kHz and measurement current < 6 pA (Silny,
1991).

After Silny’s first reported use of impedance, numerous studies have been conducted with
impedance alone, and in combination with pressure and pH sensors. Since this pioneer-
ing work, commercial systems from (Sandhill EFT catheter; Sandhill Scientific Inc. —
Diversatek Healthcare, Highlands Ranch, CO, USA) and (Solar GI HRIM, Medical Mea-
surement System - Laborie, Mississauga, ON, Canada) have been used in many studies
for recording impedance, pressure and pH measurements (Nguyen et al., 1999; Srinivasan
et al., 2001; Tutuian, Vela, Balaji, Wise, Murray, Peters, Shay and Castell, 2003; Tutuian,
Vela, Shay and Castell, 2003). These studies only reported a single impedance parameter,
as reported by Silny, which was the absolute value of the impedance. Silny reported the
frequency that he used for the impedance measurements, however, in these subsequent
studies the frequency used for the impedance measurement is unknown owing to the use

of commercial systems.

Commercial intraluminal impedance catheters — sometimes in combination with pressure
and/or pH sensors — have been used in order to monitor, assess and diagnose different
functional gastrointestinal motility disorders in the upper GI tract. Studies have also
been conducted using simultaneous video-fluoroscopy (Kahrilas and Sifrim, 2008). In
2013, impedance and manometry studies in conjunction with video recording of changes

in diameter in ez-vivo animal models were done by Costa et al. (2013), that revealed in-
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teresting insight in the motor activity of the colon by means of a combination of pressure,
impedance, and diameter data. These studies have also shown that admittance (the in-
verse of impedance) and the diameter of the specimen are in good agreement. Recently,
Omari et al. (2014) demonstrated that using impedance in pharyngeal-oesophageal studies
in conjunction with video-fluoroscopy in human beings also provides a means for quantita-
tively determining changes in internal diameter of the lumen to predict risk of aspiration.
However, impedance is not only dependent on geometry; it also depends on the electrical
properties of medium. In this instance, the experiments were done with a bolus of con-
stant conductivity — a parameter that can be easily controlled in the oesophagus, however,
in regions below the stomach the conductivity of the medium cannot be well controlled

making this form of measurement more challenging.

Further to the oesophageal studies, Al-Zaben and Chandrasekar (2004, 2005) conducted
simulations of an oesophageal model to study the configuration parameters — such as
electrode separation, electrode length and electrode diameter — on impedance catheters.
He demonstrated that space between electrodes was crucial for identifying the minimum

bolus length.

The first use of electrical impedance spectroscopy on GI tract, specifically in resected
oesophagus and stomach tissue from humans and rats, was reported by Gonzélez-Correa
et al. (1999). He used a 3.2-mm-diameter and four-electrode probe. By looking at the
electrical properties, at a frequency range of 9.6 kHz to 614.4 kHz, of squamous and

columnar epithelium, he could differentiate between these two epithelial structures.

Gonzalez-Correa went on and performed a most thorough ez-vivo study on human tissue
to compare the resistivity values of squamous and columnar epithelium (Gonzalez-Correa
et al., 2003). Their bioimpedance techniques found statistically significant differences (p
< 0.05) between non-inflamed columnar tissue (4.9 Qm) from inflamed (4.2 Qm) and dys-
plastic (3.4 Qm) columnar tissue (Gonzalez-Correa et al., 2003). However, no significant
differences were found between non-inflamed and inflamed squamous tissue and inflamed

and dysplastic columnar tissue.

In 2001 a research group from “Universidad Autonoma Metropolitana” based in Mexico
(Iztapalapa) patented a new impedance catheter for ischemic mucosal damage monitoring
in hollow viscous organs (Rock, 2012). The probe designed and employed by this group
is composed of 4 Ag/AgCl ring electrodes of 5.4mm in diameter, 0.5mm in length, and
1.5mm spaced from each other. Complex impedance and impedance spectroscopy data
was used (four-electrode configuration) over a range of frequencies (100 Hz - 1 MHz) to

measure, identify and classify different levels of ischemic injury in gastric mucosa in human
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and animal models in order to detect multiple organ failure due to hypoperfusion or shock
(Beltran et al., 2013, 2006; Gonzélez et al., 2007; Gonzalez et al., 2003; Othman et al.,
2003). This study used the so-called ‘Cole parameters’ (see Appendix A, Section A.2.4)
to evaluate the complex impedance data at different frequencies in order to assess the
health of the gastric mucosa (Beltran et al., 2006). In these studies, the reactance of the
complex impedance (in 2) was found out to be a very good predictor and diagnostic tool of
ischemic damage in gastric tissue, as it is insensitive due to changes in gastric contents and
the electrode to mucosa interface impedance (Beltran et al., 2013; Beltran and Sacristan,
2015).

In 2005, an ez-vivo study on resected gastric tissue of rats and humans again conducted
by the Gonzalez-Correa group determined that the bioimpedance measurements had a
pressure dependency — e.g. gastric human (columnar epithelium) tissue had an increment
of 80% for an exerted pressure range of 1 kPa to 5 kPa (Gonzélez-Correa et al., 2005).
The increase in resistivity is much higher than the small difference between non-inflamed
columnar tissue and inflamed or dysplastic columnar tissue showed in (Gonzalez-Correa
et al., 2003). Gonzalez-Correa concluded there is a need for controlling the contact force

of probe with sample during bioimpedance measurements, especially in-vivo situations.

These studies cannot precisely represent in-vivo situations, where the tissue is not sup-
ported by a hard surface and contact pressure is not constant over time. In addition, an
in-vivo study in dogs done by Lundin et al. (2011) showed a large variability in resistivity
values using a similar probe as described above — even though only one investigator was
used to standardize the measurements —, possibly due to uncontrolled variations in contact

pressure between the probe and the mucosa.

In 2011 a research group from “ Tabriz University of Medical Science” based in Iran (Tabriz)
presented its first and only study related to electrical bioimpedance of normal and abnor-
mal gastric tissue (Keshtkar, Salehnia, Somi and Eftekharsadat, 2012). Additionally, this
research group has a very strong background in impedance spectroscopy measurements
on bladder and cervical tissue (Keshtkar et al., 2006; Keshtkar, Salehnia, Keshtkar and
Shokouhi, 2012; Smallwood et al., 2002), where he concluded that probe size had an effect
on the bioimpedance variability — the larger the probe, the less variability since avoids the
expulsion of fluid below the tip (Keshtkar and Keshtkar, 2008). Nonetheless, due to the
size limitations of an endoscope port, a probe of 2 mm diameter — similar configuration as
Gonzalez-Correa used in his studies — with four gold wire electrodes of 0.5 mm diameter

located in the tip was designed for the gastric tissue studies.

Different types (normal, benign, dysplastic and adenocarcinoma) of gastric tissue in hu-
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man beings were measured in-vivo with the probe over a range frequency from 470 kHz
to 1 MHz. Similarly, the contact pressure was not controlled in this study, and the results
exhibited a large variability with overlapping resistivity values among the groups. Signifi-
cant differences (p < 0.05) between resistivity values of normal group and malignant group
were also observed. Nonetheless, overlapping resistivity values among the groups were ob-
served, which precludes any rigorous classification of individual measurements (Keshtkar,
Salehnia, Somi and Eftekharsadat, 2012).

Although research into bioimpedance for GI applications is growing, there are still multiple

issues to address before it can be included as a viable diagnostic test. These issues include:

e How can the varying conductivity of different luminal content be addressed? Espe-

cially below the stomach where the nature of the content is not fully known.

e Lack of HRIM catheters with closer electrode separation. Could an HRIM catheter

with closer electrode separation be beneficial for GI motility studies?

e How can the uncontrolled contact pressure exerted during bioimpedance measure-

ments be addressed in order to get more reliable and consistent measurements?
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The study presented in this chapter is the subject of the following paper:

Ruiz-Vargas, A, Mohd Rosli, R, Ivorra, A, Arkwright, JW. Impedance spectroscopy
measurements as a tool for distinguishing different luminal content during bolus transit

studies. Neurogastroenterology & Motility. 2018;e13274. doi:10.1111/nmo.13274.
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3.1. INTRODUCTION

3.1 Introduction

The electrical impedance method has been widely used for electrochemistry (Fischer et al.,
2011; Khafaji et al., 2011), food inspection (Abdul Rahman et al., 2014; Gonzélez-Sosa
et al., 2014) and biomedical applications (Nowakowski et al., 2005). The use of impedance
measurement in gastrointestinal studies is gaining popularity among clinicians for studying
bolus transit, motor patterns, and disorders along the gastrointestinal tract (Dinning et al.,
2010; Pandolfino and Kahrilas, 2009). Intraluminal impedance has been used in the human
oesophagus to record the transit of a controlled bolus, to measure the internal diameter, to
differentiate between acid and non-acid reflux, and to predict risk of aspiration (Nguyen
et al., 2013; Rommel et al., 2014; Zifan et al., 2015). In addition, it has been shown
that impedance measurements can be used to quantify the internal diameter in a rabbit
colon in a controlled in-vitro environment (Costa et al., 2013). However, using impedance
recordings to measure transit in the human colon is not straightforward, as the content
cannot be controlled and may include liquid, gas, solid or a mixture of these at any one

time.

Electrical impedance can be obtained at a single frequency but it can also be taken across
a range of frequencies. When this is done, it is referred to as electrical impedance spec-
troscopy. In living tissues, the impedance measurements will not be constant across the
range of frequencies. The variation in response is due to the electrolytic and dielectric na-
ture of biological tissue. Biological tissue can be thought of as cells with dielectric mem-
branes and junctions containing conductive fluid floating in a sea of similar conductive
extracellular fluid. At low frequencies, the electric current predominantly flows through
the conductive extracellular liquid whereas at high frequencies the cellular membranes act
as the dielectric in a capacitor allowing current flow through both the extracellular fluid

and the cells themselves.

Commercially available equipment (e.g. Solar GI HRM, Laborie/MMS, Mississauga, ON,
Canada and InSight GI, Diversatek Healthcare/Sandhill Scientific, Germatown, Wisconsin
USA) being used in clinical environments only measure impedance magnitude and do not
provide information on the real and imaginary components of impedance; hence important
information of the nature of the gastrointestinal wall and surrounding tissue may be lost.
Furthermore, the frequency used for impedance measurement is typically not provided
by equipment manufacturers. The first report of gastrointestinal intraluminal impedance
measurement by Silny, who quoted a measuring frequency of 1 kHz (Silny, 1991). Since
this initial publication, information on the measuring frequency used — from impedance

acquisition system (InSight GI) — to derive impedance measurements is rarely provided,
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the only exception to this that I am aware of is the work by Ates et al. (2015) who reported
a frequency of 2 kHz for mucosal impedance discrimination without giving any reason for

using such frequency.

The aim of the present study is to determine whether impedance spectroscopy (Aim 2) can
be used to differentiate two different forms of luminal content (liquid and gas) in an excised
section of guinea pig colon. I report an investigation into the spectral characteristics of
intraluminal impedance measurements conducted in an in-vitro organ bath that provides
insight into the effect of varying the frequency and an associated numerical model. 1

provide recommendations for the best frequencies to use in different situations.

3.2 Materials and methods

3.2.1 Catheter design

A custom designed four-electrode catheter was built for this experiment (Figure 3.1). Four
silver ring electrodes were assembled along a 3.5 mm diameter cylindrical piece of PEEK
(Polyether Ether Ketone). The electrodes were 1 mm in length and were separated by
1 mm intervals. The cylinder containing the electrodes was then attached to a length
of PTFE (PolyTetraFlouroEthelene) tube of 3 mm outer diameter (Figure 3.1). The
surface electrodes were roughed with sandpaper to minimize the tissue/electrolyte interface
impedance and to fix the half-cell potential that appear between metallic conductors and
biological tissue and that commonly cause impedance measurement errors (Grimnes and
Martinsen, 2008).

Electrodes

Figure 3.1: 3D model of impedance catheter used for the experiment and numerical study.
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3.2.2 Equipment

Two sets of data were recorded during the experiments: impedance spectroscopy and the
external diameter of segments determined from synchronous digital video imaging. This
allowed us to directly measure the bolus transit at different measuring frequencies, compare

them and correlate the impedance measurements with the external luminal diameter.

A digital video camera (iPhone 6, Apple, Cupertino, California, USA), positioned above
the preparation was used to record video images to create spatiotemporal maps of changes

in diameter, referred to as ‘Dmaps’(Hennig et al., 1999).

The four-electrode catheter was connected to a custom-made bioimpedance measurement
system (BMS), based on a Red Pitaya board (Redpitaya v1.1, Redpitaya, Slovenia), which
is capable of measuring impedance from 10 Hz to 1 MHz (more information about the
system can be found in the Appendix B). The unit used a tetrapolar configuration for
measuring the complex impedance; an alternating current with a maximum amplitude
of 10 nA was applied between the two outer electrodes at each predetermined measur-
ing frequencies, and simultaneously the voltage drop between the inner electrodes was
measured. The complex impedance at five different frequencies (from 1 kHz to 1MHz sep-
arated logarithmically) was calculated using the onboard processor of the Red Pitaya unit.
Impedance data was sent in real time to a custom software application built in LabVIEW
(National Instruments, Austin, Texas, USA) to be saved and displayed. The impedance
spectrograms were acquired at 10 samples per second which is an adequate sampling rate
for oesophageal transit testing, in which bolus transit passes considerably faster than in

the human colon, estimated by Bredenoord et al. (2004).

3.2.3 Ex-vivo study

A section of a proximal colon from a guinea pig was used. The section was removed
from the laboratory animals by methods approved by the Animal Welfare Committee of
Flinders University (Animal Ethics Number: 845/12). The removed section of colon was
placed into a beaker containing oxygenated Krebs solution (in mM: NaCl, 118; KCI, 4.7,
NaHyPOy, 1.0; NaHCOg, 25; MgCls, 1.2; D- Glucose, 11; CaCly, 2.5) and bubbled with
95% 02/ 5% COg. The faecal pellets were gently flushed out of the colonic segment with

Krebs solution.

The excised section of gut was then placed into an organ bath containing the same Krebs

solution warmed to 37°C. Spontaneous gut contractile activities could be present for hours
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while within the organ bath.

In the organ bath, the anal and oral ends of the proximal colon were attached to T-shaped
plastic connectors (Figure 3.2). The catheter was passed through the T-shaped connector
at the oral end and the vertical arm of the T-piece was connected to an infusion pump. In
the first part of the experiment, warm Krebs (36 - 37°C) solution was infused at 2 ml/min
through the oral end of the specimen to stimulate contractile activity. In the second part
of the experiment, ambient air was infused using the same infusion pump at the same
infusion rate. In both instances, the experiment lasted for 60 minutes, and after initial
recording of free flow through the gut, the anal end of the segment was blocked causing

the gut to swell to large diameters around the four-electrode catheter.

Digital video camera

Krebs inflow Outflow tube
Catheter.

> |
Warm Krebs solution

N\ |

Oral end Anal end

Electrodes Specimen preparation

Figure 3.2: Experimental set-up.

3.2.4 Numerical study

A model of the gut section was developed in Autodesk Inventor 2017 (Autodesk, San
Rafael, California, USA) and used for simulating transit of different conductivity content
along the segment. The segment model consists of a hollow tube (length = 150 mm)
composed of eight regions: luminal content, mucus layer (thickness = 50 pm), mucosa
layer (thickness = 900 pm), submucosa layer (thickness = 800 pm), circular muscularis
layer (thickness = 450 pm), longitudinal muscularis layer (thickness = 450 pm), serosa
layer (thickness = 50 pm) and surrounding tissue (thickness = 7 mm) (Kassanos et al.,
2015). A catheter (length = 150 mm; outer diameter = 3.5 mm) with four ring electrodes
(length = 1 mm; outer diameter = 3.5 mm) was positioned on the axis of the tube. Then, a
specific shape bolus (Figure 3.3) with an outer diameter of 10 mm was created. Twenty-six

different static models were created changing the bolus position by 2.5 mm each time to
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simulate bolus propulsion and the impedance was simulated for each bolus location using
the DC electrical conduction component of the ANSYS Finite Element Method (FEM)
software platform (ANSYS Electronics desktop, ANSYS Inc, Canonsburg, Pennsylvania,
USA). Each simulation was carried out on 12 CPUs Intel ® Xeon ® CPU E5 — 2630 v2
running at 2.60 GHz with 128 GB of RAM, with OS Windows 8.1 Enterprise. The models
were solved using 3D models method. The meshes used in the FEM simulations varied

from model to model but were composed from 465569 to 6329027 tetrahedral elements,

depending on the complexity.

Figure 3.3: Lateral cross-section views of the 3D gastrointestinal model with electrodes.
Bolus travels from left to right mimicking the passage of a bolus along the specimen with
all its layers from inside to outside (mucosa, submucosa, circularis muscularis, longitudinal

muscularis, serosa and surroundings).

The numerical values for electrical properties of different layers of the tissue at 1 kHz were
selected from (Kassanos et al., 2015), and electrical properties for the catheter tube and
electrodes were selected from the Material Library provided in ANSYS Electronics. The

electrical properties of the layers are presented in Table 3.1. Four different conductivity
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Table 3.1: Electrical properties of different GI tract layers used in the FEM model.

Electrical properties

Conductivity, 0 (S/m) Relative Permittivity, ¢,

Mucus 1.1 72
Mucosa 0.532 2.64x10°
Submucosa 0.383 3.03x10°
Circular muscularis 0.321 4.35%10°
Longitudinal muscularis 0.5 1x108
Serosa 0.383 3.03x10°
Surrounding tissue 0.148 1.97x10°

luminal contents from 0.1 S/m to 1.44 S/m for conductivity (0.1 S/m for humid gas, 0.5
S/m for watery content, 1 S/m for loose stool and 1.44 S/m for semi-solid stool) and 1 to
80 for relative permittivity (1, 80, 80 and 80), respectively were used, to simulate content

ranging from mixed of humid gas with mucus to liquid.

An excitation current of 10 pA was modelled between the outer electrodes, representing
the maximum current that the bioimpedance measurement system can provide, and, for

the calculations below, the voltage difference between the inner electrodes was measured.

Impedance sensitivity

The sensitivity distribution of the tetrapolar electrode system was also simulated within
the lumen to define the region of measurement when lumen is empty and when a bolus is
passing through. Sensitivity is defined as the contribution of a small volume to the total
measured impedance. Hence the sensitivity and the total measured impedance is given as
(Grimnes and Martinsen, 2007):

= =

g1 and Z:/p-de (3.1)
v

S = e

Where J; is the current density vector when current I is injected between the outer
electrodes, Jo is the current density vector when current [ is injected between the inner
electrodes, and p is the resistivity of the medium. Sensitivity can be positive, zero or
negative depending on the dot product of the two vectors (J_i and J;) If the two vectors
have an angle between them lower than 90 degrees, then S is positive, if the angle is

bigger than 90 degrees it is negative, and if it is equal to 90 degrees then § is zero. A
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positive § means that an increase in resistivity of the small volume will have an increment
of the total measured impedance, whereas, a negative S means that an increment of the
resistivity will decrease the total measured impedance. A zero S has no influence on the
total measured impedance. The higher the absolute value of S, the greater the influence

on the total measured impedance.

3.2.5 Statistical analysis

A set of 1500 samples of free flow through the gut — corresponding to approximately 5
minutes of recording data — were used for each content for the statistical analysis. Ex-
amination of the normality of data was tested by Shapiro-Wilks test. A non-parametric
Wilcoxon test was used to compare mean difference between contents for impedance mag-
nitude data phase angle at five different measuring frequencies (1 kHz, 5.6 kHz, 31.6 kHz,
177.18 kHz and 1 MHz). Correlation between the complete data sets of impedance magni-
tude and phase angle were compared against luminal diameter using Pearson’s correlation
coefficient (PCC). In all instances, p-values were less than 0.05 indicating statistical sig-
nificance. Statistical analyses were carried out using SPSS Statistics, version 23 (IBM
Corp., Armonk, NY, USA).

3.3 Results

3.3.1 Impedance sensitivity

Figure 3.4 shows the normalized sensitivity distribution of the catheter within the simu-
lated lumen when it was empty and when bolus was passing through. In both distributions,
negative sensitivities were found between the outer and inner electrodes, and positive sen-
sitivity were found between inner electrodes. This accords with the simulated tetrapolar
system model from Grimnes and Martinsen (2007). When the lumen is empty, posi-
tive sensitivity reaches to the mucosa and submucosa whereas when the bolus is passing
through, the positive sensitivity region reaches about 2 mm (not getting to the mucosa in

this case).

A larger volume of positive sensitivity can be seen in Figures 3.4(a) and 3.4(b), and this
can be seen in both the experimental and simulated data since an increase in resistivity
of luminal content corresponds to an increase in the total measured impedance baseline.
When different conductivity boluses pass through there is an increment in total impedance

for gas but a decrease for liquid (liquid equals to lower resistivity and gas equals to higher
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Figure 3.4: Normalised sensitivity distributions of the catheter in the simulated lumen

when: (a) no bolus is present and (b) when a bolus is present.

resistivity). This can be explained due to the resistivity being higher when the lumen is in
normal condition, due to the overall resistivity of content, mucus, mucosa and submucosa,
and lower when the bolus passes through since the overall resistivity is due predominantly

to the content.

3.3.2 Numerical and ex-vivo study

When the numerical model is in steady state, with a small but continuous flow of Krebs
going through the lumen, small changes in luminal diameter do not cause much variation
in baseline of the impedance magnitude measurement. Figure 3.5(a) shows the baseline
of impedance magnitude of the continuous flow and then the passage of the bolus for
different content conductivities in the simulation. The passage of the bolus travels from

left to right as shown in Figure 3.3. The impedance magnitude baseline range (when there
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is a continuous flow of Krebs) goes from 48.80 €2 for higher conductive content (liquid)
to 63.80 € for lower conductive content (moist air or gas), respectively. Similarly, the
experimental data of both bolus types (liquid and gas) are shown in the Figure 3.5(b).
The baseline impedance magnitude, for continuous flow of Krebs and gas, is 34.95 € and

45.00 € respectively.

200 200
< ——1.44Sm < — Liquid
k] —1.00 S/m © Gas
3 150 3 150
= 0.50 S/m =
= ——0.10 S/m =
€100 \ € 100
[0 (0]
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(a) (b)

Figure 3.5: Variation in impedance magnitude measured at 1 kHz for (a) a numerical
simulation of four different luminal contents ranging from gas (0.1 S/m) to liquid (1.44
S/m); and (b) measured data of the passage of liquid and gas bolus in the excised section

of guinea pig colon.

3.3.3 Impedance spectroscopy

Table 3.2 shows the specific (median, interquartile range (IQR), mean and standard de-
viation) and the summary statistics for the difference between impedance magnitude and
phase angle between content at each measuring frequency. There were significant differ-
ences between content for mean impedance magnitude and phase angle the only exception

to this being for impedance magnitude at 1 MHz.

The mean impedance magnitude for liquid content (34.9, 30.5, 28.8, 25.5 and 18.1 Q
at different frequencies from 1 kHz to 1 MHz) were lower than for gas content (48.4,
40.9, 37.2, 30.3 and 18.3 2). The Wilcoxon matched-pairs test showed that the difference
between the means over the frequency range 1 kHz to 177.81 kHz for impedance magnitude
(13.5, 10.4, 8.4 and 4.8 Q respectively) were significant beyond 0.001 level: asymptotic
p < 0.001 (two-tailed). The matched-pairs rank biseral correlation are 0.98, 0.98, 0.98
and 0.9, respectively (representing ‘large’ effects). No significant difference of means in

impedance magnitude at 1 MHz between contents was evident (asymptotic p = 0.485).
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Figure 3.6: Box plots of impedance magnitude (top) and phase angle (bottom) for different

content at different measuring frequencies. Star points represent the mean of the data set.

Similarly, the mean phase angles for liquid content (-11.5, -5, -5.4, -11.2 and -19.8° degree
at different frequencies from 1 kHz to 1 MHz) were lower than for gas content (-12.1, -6.8,
-8.3, -16.8 and -24.5° degree). The Wilcoxon matched-pairs test showed that the difference
between means of contents at frequency range 1 kHz to 1 MHz for phase angles (0.6, 1.8,

2.9, 5.6 and 4.7 ° degree respectively) were significant beyond 0.001 level: asymptotic
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p < 0.001 (two-tailed). The matched-pairs rank biseral correlation are 0.26, 0.98, 1.00,
1.00 and 0.89, with r values between 0.1 and 0.3 indicating a ‘small’ effect, and above 0.5

indicating a ‘large’ effect.

The difference between median and mean is small for liquid whereas for gas that difference
is bigger at lower frequencies and lower at bigger frequencies, Table 3.2. Furthermore, for
impedance magnitude measurements, no overlap in IQR was observed between contents
over the frequency range (1 kHz — 177.81 kHz), however, some overlap was seen at 1 MHz,
Figure 3.6. Standard deviation and IQR for impedance magnitude are smaller for liquid

than for gas content.

For phase angle, no difference between median and mean was observed for liquid and gas
content, Table 3.2. Conversely, the phase angle measurements did not overlap in the IQR
between contents at higher frequencies (5.62 kHz — 1 MHz, Figure 3.6), but did at the
lowest frequency. Further, no difference between IQR and standard deviation for liquid
and gas content were observed. In both instances, for impedance magnitude and phase
angle measurements, outliers are present. The causes of these outliers are explained in the

discussion section.

3.3.4 Impedance spectroscopy and DMaps

Table 3.3 shows the correlations and 95% confidence intervals between the impedance
magnitude and phase angle against the measured diameter with for the two extreme types
of content. All Pearson correlations were significant beyond 0.001 level (p-value < 0.001).
The impedance magnitude is negatively correlated for liquid (coefficient range: -0.78 — -
0.12 being the highest at 5.62 kHz), whereas for gas the correlation is positive (coefficient
range: 0.47 —0.39). Conversely, the phase angle correlation for liquid is positive (coefficient
range: 0.87 — 0.58 being the highest at 177.81 kHz) and for gas is negative (coefficient
range: -0.48 — -0.04), see Figures C.1 and C.2. Liquid content gives better correlation
coefficients than gas content. The correlation coefficients were stronger for phase angle

than impedance magnitude.

3.4 Discussion

This present study has demonstrated, for the first time, that complex impedance spec-
troscopy may be useful to differentiate between liquid and gas media inside the colon. Dif-

ferences between mean values between intra-luminal content were found significant (Table
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Table 3.3: Pearson correlation and 95% confidence intervals for magnitude and phase angle
of liquid and gas against diameter of the specimen. All p values for each correlation were

found significant, p-value < 0.001.

1 kHz 5.6 kHz 31.6 kHz 177.8 kHz 1 MHz
-0.78 -0.79 -0.76 -0.67 -0.13
Magnitude -0.77 -0.78 -0.75 -0.66 -0.12
-0.76 -0.77 -0.74 -0.65 -0.11
Liquid
0.83 0.82 0.75 0.87 0.56
Phase 0.83 0.82 0.74 0.87 0.55
0.82 0.81 0.73 0.87 0.54
0.48 0.47 0.46 0.45 0.39
Magnitude  0.47 0.46 0.45 0.44 0.38
0.46 0.47 0.44 0.43 0.37
Gas
-0.42 -0.49 -0.34 -0.18 -0.05
Phase -0.41 -0.48 -0.33 -0.17 -0.04
-0.40 -0.47 -0.32 -0.16 -0.03

3.2). For example, the difference between the impedance magnitude of contents is larger at
low frequency (1 kHz) and decreases at higher frequencies (up to 177.81 kHz). Contrarily,
the difference between phase angles of contents is larger at the highest frequency (1 MHz)

and decreases at lower frequencies (to 5.6 kHz).

In addition, the IQR and standard deviation for impedance magnitude of liquid are at least
two times smaller than for gas content. This makes sense as the conductivity of the mixed
gas varies more than the conductivity of liquid that is constantly flowing through the
specimen. Three reasons could explain this: a) when gas is passing through the specimen,
this is mixed with moisture and mucus but these are not homogeneously distributed and
b) the catheter may touch the walls due to gravity, affecting the measurement as well,
c) similarly, a few small bubbles were seen in the liquid bolus, which could alter the
impedance readings, however, this effect was less than was seen with gas content. This

could also be the reason for the outliers in the graphs.

The difference in impedance magnitude at different measuring frequencies shows that
dielectric materials are involved in the measurements during bolus transit studies. As
the content medium (Krebs) is purely electrolytic, this behaviour can only come from the
luminal wall. This decrease in impedance, when the frequency increases, is also seen in a
study in pigs for monitoring ischemic injury in the gastric mucosa performed by Gonzalez
et al. (2003).

The correlation between impedance magnitude and diameter partially agrees with previous

values calculated by Costa et al. (2013), however we cannot directly compare these data
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due to the unknown measuring frequency used by their system, the differences in the
geometry of electrodes, and the two element configuration used, compared to the 4 element
configuration used in this work. A strong correlation between changes in phase angle and

external diameter was shown in our studies.

The numerical model allowed us to further understand the bolus passage with different
conductivity content. The numerical data were compared with the two big boluses created
by clamping the end (liquid and gas bolus diameter were approximately 6 mm and 7.5
mm respectively). Bolus media with high conductivity (1 S/m and 1.44 S/m) had the
same trend (a decrease in impedance magnitude) as the liquid bolus from experimental
data. Similarly, bolus mediums with low conductivity (0.1 S/m) had the same trend (an
increase in impedance magnitude) as the gas bolus from the experimental data, these
trends are the same as those shown by Tutuian and Castell (2005). The total change in
both instances are lower in the experimental data but as mentioned before the diameter
of the bolus did not reach the 10 mm used in the simulation. Furthermore, the shape of
the bolus in the simulation stays constant unlike in the experimental data in which the

bolus shapes could vary with the spontaneous propagating contractions.

The impedance magnitude baseline from the numerical data (1.44 S/m had 48 Q and 0.1
S/m had 61 Q) were slightly higher than the mean from the experimental data at 1 kHz
(mean impedance magnitude for liquid and gas were 34 Q and 51 €, respectively). That
could be explained by the temperature effect on conductivity which was not included
in the simulations. Temperature increases conductivity of materials. For example, the
conductivity of 0.9% NaCl at 25°C is 1.44 S/m but at 37°C, temperature at which the

experiments were carried out, is 2 S/m (Grimnes and Martinsen, 2008).

When a high conductivity bolus passes the impedance sensor, the impedance magnitude
drops, while for low conductive bolus, the impedance magnitude goes up. The closer
the conductivity of the medium gets to the conductivities of the luminal wall the less
change occurs. The sensitivity of the overall impedance sensor is therefore related to the
conductivity of the content, the higher the conductivity of the content, the higher the
sensitivity of the sensor. Hence, where possible it is advisable to use a bolus with the
greatest contrast to that of the luminal wall. This is of direct interest to studies where a
controlled bolus can be used, except that any bolus used in the oesophagus must also be

palatable to the subject.

With regard to this study, some limitations need to be considered. Firstly, only one
specimen was used for this preliminary study; however, the strong agreement with our

FEM simulation gives us confidence in our results. Secondly, the lack of information on
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electrical and mechanical properties of faecal content made it impossible to generate a
suitable analogue material for semi-solid faeces, hence only two contents (liquid and gas)
were used in this preliminary study. And lastly, the minimum measuring frequency was
limited to 1 kHz as using measuring frequencies below this would affect the overall sample

frequency.

To conclude, we observed that the impedance measurements recorded during the passage of
a liquid or gas bolus are frequency dependent due to the electrical properties of the luminal
wall. Given the differences observed in complex impedance spectroscopy between liquid
and gas, a good frequency range is 5.62 kHz to 177.81 kHz, depending on what parameter
(impedance magnitude or phase angle) is used for the analysis. Frequencies closer to 5.62
kHz are recommended for impedance magnitude, closer to 177.81 kHz are recommended
for phase angle and/or a median frequency around 100 kHz if both parameters are to be
taken into account. Lastly, increasing the conductivity of the bolus content with respect

to the conductivity of the mucosa will increase the sensitivity of the impedance sensor.
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Chapter 4

Development of a High Resolution

Impedance Manometry catheter
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The study presented in this chapter is the subject of the following refereed conference

paper:

Ruiz-Vargas, A, Costa, M, Wiklendt, L, Dinning, PG, Arkwright, JW. The use of fibre
optic sensing technology with intraluminal impedance catheter for functional gastroin-
testinal motility disorders. In: Australian and New Zealand Conference on Optics and
Photonics 2015 (ANZCOP 2015). Engineers Australia, 2015: 51-54. Podium presentation
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4.1. INTRODUCTION

4.1 Introduction

As seen in Chapter 2, High-Resolution-Impedance-Manometry (HRIM) catheters are
one of the primarily tools in the diagnosis of swallowing disorders (Kahrilas and Sifrim,
2008; Tutuian, Vela, Balaji, Wise, Murray, Peters, Shay and Castell, 2003). This tool
combines two components; 1) the manometry component consisting of an array of sensors
that records the intraluminal pressure and contact force associated with gut contractions,
and 2) the impedance component that records resistance to alternating currents measured
between multiple electrode pairs. Impedance within the gut can be used to record the
transit of content (the electrical resistance changes as content moves over the electrode
pairs), and can also provide a measure of the cross-sectional area of the lumen (Zifan et al.,
2015).

In the human oesophagus, specific metrics, based upon pressure (manometry) and bolus
flow (impedance) have been developed to help assess the aspiration risk in patients with
swallowing disorders (Omari et al., 2011). Nevertheless, the use of HRIM catheters for
assessment of small bowel, colonic motility and bolus transit is not yet established. Al-
though, a set of studies have been performed with HRIM catheters on isolated segments
of colon from rabbits (Costa et al., 2013; Mohd Rosli et al., 2018), and examining the rela-
tionships that exist between the changes in diameter (measured as internal cross-sectional
area by impedance and with video recording of the external diameter) and change in

pressure (Costa et al., 2013).

A typical commercially available HRIM catheter has 32 pressure sensors (spaced 10 mm
apart) and 16 impedance sensors (spaced 20 mm apart). The large number of wires re-
quired — 128 and 17 wires for pressure and impedance sensors, respectively — to monitor
both impedance and pressure increases the catheter diameter and limits the impedance
sensor spacing to 20 mm intervals. Therefore, an impedance value can only be attributed
to every second pressure sensor, which in-vitro studies of animal models can be an incon-
venient, as sections of animal models are smaller than their human counterparts. There
is a need to have closer spaced electrodes (Aim 3) to understand how the gut works in

smaller models in order to know more about the human gut.

Previously our group have developed a fibre-optic manometry catheter based upon Fibre
Bragg Gratings (FBG) (Arkwright, Underhill, Maunder, Blenman, Szczesniak, Wiklendst,
Cook, Lubowski and Dinning, 2009). These manometry catheters have shown to be a
viable clinical tool for recording gut contractions over long sections of the GI tract (Ark-
wright, Blenman, Underhill, Maunder, Szczesniak, Dinning and Cook, 2009; Dinning et al.,

2014). Each fibre within these catheters can contain up to 36 sensors spaced at 10 mm
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intervals and as each catheter can have 4 separate fibres a total of 144 sensors can be in-
cluded while still maintaining a high degree of flexibility and an external diameter of just
3 mm (Arkwright, Underhill, Maunder, Blenman, Szczesniak, Wiklendt, Cook, Lubowski
and Dinning, 2009).

In this chapter, the evolution of this catheter is introduced. The additional space inside the
catheter provided by the fibre optic manometry sensors allowed us to space the impedance
sensors at 10 mm intervals in a catheter that is still less than 3 mm in diameter for use
in in-vitro animal models. Finally, the catheter was tested in an excised section of guinea

pig colon.

4.2 Methods

4.2.1 Catheter design

The fibre optic pressure sensors were formed from a pair of helically wound Draw Tower
Grating (Lindner et al., 2011) arrays each with fibre Bragg grating (FBG) elements space
10 mm apart and with Bragg wavelengths spaced at 2 nm intervals over the range 1510 nm
to 1590 nm. The winding was controlled so that the FBGs in each fibre at each sensing
location were oriented one above the other and either side of the FBG was bonded to a
rigid substrate using thermally cured epoxy (EPO-TEK 353 ND-T, Epoxy Technology,
Billerica, MA, USA), so that the applied pressure increased the strain in the lower FBG
and decreased it the upper FBG, as shown in Figure 4.1. This removes the characteristic
temperature sensitivity commonly seen with FBG sensors because the applied force results
in a differential change in wavelength whereas a change in temperature causes a common
mode change (Wang et al., 2012). The rigid substrates were 3D printed in stainless steel

using the design shown in Figure 4.1.

Applied Load l

Rigid Substrate

Figure 4.1: Pressure sensor formed by a pair of fibres containing FBGs arrays bonded into
the stainless-steel substrate. The FBGs are allocated in the middle of the window and one

above the other.
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The catheter was assembled in a dual lumen silicone extrusion of 2.8 mm outer diameter,
2.4 mm inner diameter and containing two semi-circular lumina, see Figure 4.2. The
fibre optic sensing array contained 35 pressure sensing regions spaced at 10 mm intervals;
fibres usually contain 36 gratings but one of the gratings was removed during the assembly
process to facilitate termination of the distal section of the catheter. The fibre optic sensing
array is contained in the upper lumen of the extrusion and the other lumen contains the
wires to connect the electrodes with the data acquisition system, see Figure 4.2. Sixteen
impedance electrodes were also spaced at 10 mm intervals and were located at one end
of substrates containing the pressure sensing elements, see Figure 4.3. The optical fibres
were connectorised with E-2000 connectors (Huber4Suhner, Sydney, NSW, Australia)
and wires from impedance sensors were connected to a 27 PIN ODU connector (ODU
MINISNAP PC PANEL SOCKET O-G13C1GP27QF000000, ODU GMBH & CO. KG,

M, Miihldorf a. Inn, Germany) and were compatible with the connectors on a Sandhill

impedance manometry system (InSight, Sandhill Scientific Inc., Highlands Ranch, CO,
USA).

Figure 4.2: Pressure sensor array (top lumen) and electrical wires (bottom lumen) as-
sembled in the dual lumen silicone tube prior to the addition of the external impedance

electrodes.

To form the electrodes, the wires are pulled through the outer skin of the second lumen
and wrapped around the catheter. The wires are then bonded in place with conductive
silver epoxy (EPO-TEK H20E, Epoxy Technology, Billerica, MA, USA), see Figure 4.3.
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Wires

Electrodes

Dual Silicone Extrusion

(a)

Substrates

(c)

Figure 4.3: (a) Schematic of a section of the impedance manometry catheter showing the
location of optical fibre sensors, electrical wires, electrodes and dual lumen extrusion. (b)
Catheter assembled with electrical wires wrapped around the lumen. (c) Silver electrodes

formed by silver-conductive epoxy.

4.2.2 Equipment

Three different data sets were used in the experiments; impedance, pressure, and diameter
of the segments. This allowed us to directly correlate contractile activity measured using
the optical pressure sensors with the luminal cross-section measured using impedance.

The luminal diameter was confirmed using direct video imaging of the preparation.

A digital video camera (Canon Legria HF S20. Ota, Tokyo, Japan), positioned above the

preparation was used to record video images to create spatiotemporal maps of changes in
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diameter, referred to as ‘DMaps’ (Hennig et al., 1999).

Intraluminal impedance data were recorded with an Insight system by Bioview impedance
manometry software (Sandhill Scientific Inc, Highlands Ranch, CO, USA), connected to
the electrodes to record the impedance of the two consecutive pairs of electrodes along the
catheter. Data was acquired at a rate of 50 samples per second. The measuring frequency
at which impedance is calculated from the system is unknown and has not been reported
in any datasheet or manual. Although, Ates et al. (2015) reported a measuring frequency

of 2 kHz on his studies for measuring oesophageal mucosal impedance.

A spectral interrogator unit (FBGS FBG-scan 804; FBGS International, Geel, Belgium)
with an optical bandwidth of 1510 nm to 1590 nm was used to monitor the manometry
sensors. The two fibres were connected to channels 1 and 2 on the interrogator. Custom-
software based on NI LabVIEW platform (version 2015 sp1, National Instruments, Austin,
Texas, USA) was developed to acquire data from the interrogator unit and to correct
data due to the intrinsic errors of spectrometers based on CCD arrays (Parkinson et al.,
2018). The interrogator system recorded the pressure profile along all the 35 sensors
simultaneously, at a sample rate of 10 Hz, to create spatiotemporal maps of changes in

pressure, referred to as ‘PMaps’ (Costa et al., 2013).

During the experiments, time stamps and an LED indicator at the edge of the bath were
recorded simultaneously in all recordings in order to synchronise impedance, pressure and

the video.

4.2.3 Calibration

The data measured from the optical interrogator system is given in wavelength (in units
of nm). To provide clinically applicable data, the changes in wavelength need to be
converted into pressure. In order to calibrate the pressure sensors, the catheter was put
in a calibration tube sealed and pressurized to 100 mmHg. The calibration constants
for each channel were then calculated by dividing the increase in pressure by the shift
in wavelength. This calibration process calibrates all the sensors at once. Note that in
gastrointestinal studies, impedance sensors are typically not calibrated, and output data
are given in ohms. However, for our studies, the catheter was immersed in a 0.9% NaCl

solution to calculate the cell constant prior to use in the organ bath.
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Figure 4.4: Lateral view of
the 3D model to simulate the
distributed sensitivity of the

3 [
electrode configuration. : o —

Impedance sensitivity

The sensitivity distribution of the bipolar electrode system used on the catheter was
simulated in ANSYS Electronics. Figure 4.4 depicts the model used to simulate the
sensitivity distribution of the catheter electrodes (bipolar system). The 3D model consists
of a catheter with 2 ring electrodes of 2 mm length and 3 mm outer diameter, which is

surrounded by a cylinder (20 mm outer diameter) of 0.9% NaCl, see Figure 4.4.

Analogously to the approach taken in Chapter 3, the sensitivity and the total measured
impedance for a two-electrode system is the same as given for a four-electrode system
(Equation 3.1):

T T

S = 2

and Z:/p-de (4.1)
\%4

Where J; is the current density vector when current I is injected between the outer
electrodes, Jo is the current density vector when current [ is injected between the inner
electrodes (for bipolar systems Jy = fl), and p is the resistivity of the medium. The
simulated sensitivity presented in Chapter 3 was positive, zero or negative depending on
the dot product of the current density vectors; however, in this instance (two-electrode
system), negative sensitivity never occurs as Ji and J are the same. S > 0 means that
an increase in resistivity of the small volume will increase the total measured impedance,
whereas, an S of zero will have no influence on the total measured impedance. The higher

the value of S, the greater the influence on the total measured impedance.
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4.2.4 FEx-vivo experiment

The impedance manometry catheter was tested in an excised section the proximal colon of
a guinea-pig. A section of the gut was removed from the laboratory animals by methods
approved by the Animal Welfare Committee of Flinders University. The removed section
of colon was placed into a beaker containing oxygenated Krebs solution (in mM: NaCl,
118; KCl, 4.7; NaH2PO,, 1.0; NaHCOg, 25; MgCly, 1.2; D- Glucose, 11; CaClg, 2.5) and
bubbled with 95% 02/ 5% CO,. The faecal pellets were gently flushed out of the colonic

segment with Krebs solution.

The excised section of gut was then placed into an organ bath containing the same Krebs
solution warmed to 36-37°C. The Krebs solution keeps the gut alive for many hours allowing

both spontaneous and stimulated muscular activity to occur.

In the organ bath, the anal and oral ends of the proximal colon were attached to T-shaped
plastic connectors (Figure 4.5). The catheter was passed through the oral end connector
and the vertical arm of the oral T-piece was connected to an infusion pump. Warm (36
- 37°C) Krebs solution was infused through the infusion pump at different rates (2 to 3

mL/min) in order to stimulate contractile activity.

Digital video camera

Krebs inflow Outflow tube
HRIM catheter
N

Warm Krebs solution

Oral end Anal end

Electrodes Specimen preparation

Figure 4.5: Experimental set-up used to carry out the experiments with the custom HRIM

catheter.

4.2.5 Construction of diameter maps (DMaps) and pressure maps (PMaps)

The videos were re-sampled down to ten frames per second in Quicktime (Apple, Cu-

pertino, California, USA). Each video was then converted into spatiotemporal maps of
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changes in diameter (DMaps) using a custom-written software in Matlab (MathWorks,
Natick, MA, USA) (Costa et al., 2013). Based upon the method developed by Hennig
et al. (1999), the diameter at each point along the length of the colon was calculated for
each frame and converted into grayscale pixels. Regions of minimal diameter (contraction)
were represented on maps as white pixels, whereas regions of maximal diameter (disten-
sion) were represented by black pixels. The DMaps presented here represent the section

of colon located between the inner extremities of the T-shaped connectors.

The recorded manometric and impedance traces were viewed and analysed using software
(PlotHRM). The software was written in Matlab (The MathWorks, MA, USA) and Java
(Sun Microsystems, CA, USA). The line traces of pressure were converted to spatiotem-

poral pressure maps (PMaps) using this software.

4.3 Results and discussion

The pressure calibration constants are shown in Figure 4.6. The average and standard
deviation sensitivity of the sensors was 1.44 4+ 0.18 mmHg/pm. The average and standard
deviation of the cell constant of the impedance sensors was 287.34 4+ 35.86 m™!. This
was compared with the simulated cell constant of similar configuration and electrode size.
The simulated cell constant was 117.41 m™! which differs considerably compared to the
experimental cell constant. This could be explained as the simulated uses smooth metal
ring electrodes whereas the actual electrodes were made of conductive silver epoxy formed
roughly around the wires, and the fact that the electrode length for the simulation may

not be the same as the one formed with epoxy.

2
) )
° L °
15} °® o ® ® °
— ° o ° oo *%e
g °® %% °
% ® ° ) °
e 1T
£
o
X
0.5}
0 , , , , , ,
5 10 15 20 25 30 35
Sensor

Figure 4.6: Pressure constants for the pressure sensor array of the 35 pressure sensors.
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The pressure constants were seen to vary slowly over time (days). This variation could be

due to the inherent nature of the silicone and manipulation of the catheter. Therefore, a

pressure calibration was carried out before each experiment.
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Figure 4.7: Wavelength shift of bottom and top fibres for sensors 5 to 8 along the pressure

range 0 to 100 mmHg.

After calibrating the device, the same set up was used to investigate the linearity and

symmetry of the pressure sensors by applying pressure increments of 10 mmHg up to 100

mmHg. Figure 4.7 shows the wavelength shift seen on the top and bottom fibres during

the pressure increments for sensors 5, 6, 7 and 8. Sensor 5 presents a perfect symmetry

which means the grating from top fibre is placed right above the other; sensors 6 and 8

have almost a perfect symmetry, whereas sensor 7 presents a bad symmetry. This means

that either the grating in the top fibre is not placed above the other or that the double

helix is not symmetric around a common linear axis. However, neither will adversely af-

fect the sensitivity of the device since taking the difference from bottom and top fibres,

49



CHAPTER 4

the difference should be approximately similar as seen in Figure 4.7 (0.105 nm, 0.108 nm,

0.101 nm and 0.105 nm from sensor 5 to sensor 8 at 100 mmHg).

Finally, Figure 4.8 shows the performance of the algorithm to correct the errors from the
spectrometer. Both graphs show the average, maximum and minimal readings of the 35
sensors. Typical error without correction is about = 10 mmHg at a pressure of 100 mmHg.
Using the custom-made software with the compensation method, the error was reduced

by a factor of five, resulting in a maximum error of 2%.
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Figure 4.8: No compensated (a) and compensated (b) data from a recording after calibra-

tion.
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Impedance sensitivity

Figure 4.9 shows the results from the simulated sensitivity of the catheter configuration.
The sensitivity values were normalised; values near to 1 have the highest influence on the

total measure impedance, and values near to 0 have very little influence.

The simulated sensitivity in the model shows how the volumes closest to the electrodes
have the most influence on the total measured impedance. On the other hand, volumes
closer to the mid-point between electrodes have much less influence. A more detailed
analysis on distributed sensitivity of the catheter built in this chapter and a commercial

High-Resolution-Impedance-Manometry (HRIM) catheter is performed in Chapter 5.

sensitivity
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Figure 4.9: Lateral cross-section of the 3D model showing the normalized distributed
sensitivity of the electrode configuration. Colours represent the sensitivity of the simulated
model; red regions indicate highest influence whereas blue regions indicate none influence

on the total measured impedance.

4.3.1 FEx-vivo experiment

Data collected from the experiment were processed and plotted in both PMap and DMap
formats with the impedance signals shown as line plots in Figures 4.10 (a) and (b). In the
PMap shown in Figure 4.10(a), the colours represent changes in pressure ranging from 0
to 60 mmHg. In the DMap shown in Figure 4.10(b), the greyscale represents diameters
ranging from 4 to 11 mm. The impedance measurements are only qualitative and are
displayed in arbitrary units since the electrical conductivity of the Krebs solution was not

quantified during this experiment.
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CHAPTER 4

Comparing pressure, impedance and video data shows that an increase in luminal diameter
due to the passage of a fluid bolus is closely followed by a contraction and an increase
in pressure. In the results, it can be seen these relations clearly. Observing the DMap
and PMaps representations, dark regions in DMap mean large diameters due to ingress of
content and muscle relaxation. The PMaps indicate that these are regions of low pressure,
also indicating that the muscles have relaxed. After relaxation (increase in diameter)
a muscular contraction generates a decrease in luminal diameter and increase in intra-
luminal pressure. This is also related to impedance as it is inversely proportional to

change in diameter when the conductivity of the content is constant.

4.4 Conclusions

This study represents the first truly high resolution (10 mm spaced sensors) impedance
fibre optic manometry data studying muscular contractions and the associated movement
of luminal content. The use of the FBGs as the pressure sensors has allowed us to form a
catheter with a large number of pressure sensors in a limited space and same number of
impedance sensors, which in turn has allowed a highly flexible composite catheter with a
diameter of < 3 mm which is smaller than commercially available HRIM catheters. The
dual lumen nature of the catheter provides additional real estate to run the electrical
wiring allowing the pressure and impedance functions to be assembled separately avoiding
any mechanical interference between electrical and optical sensors. The custom HRIM

catheter data has been validated against data obtained from direct video imaging.
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Experimental results from High
Resolution Impedance Manometry

catheters
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The study presented in this chapter is the subject of the following paper:

Ruiz-Vargas, A, Mohd Rosli, R, Wiklendt, L, Arkwright, JW. Effect of electrode separa-
tion on High-Resolution Impedance Manometry catheters for ex-vivo animal experiments.
Neurogastroenterology & Motility. 2018;e13488. doi:10.1111/nmo.13488.
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5.1. INTRODUCTION

5.1 Introduction

This chapter is a follows on from Chapter 4. In this chapter, evaluation of two differ-
ent electrode separations (10 and 20 mm) on HRIM catheters for assessment of colonic
motility and bolus transit studies are presented. In-silico and ex-vivo experiments were
performed to evaluate: 1) the effect of the electrode separation on HRIM catheters, and
2) the impedance signals during the passage of a single isolated bolus and a complex bo-
lus consisting of two closely spaced boluses with no clear gap between to simulate small

changes in luminal cross-section on the impedance measurement.

5.2 Materials and methods

5.2.1 Numerical study

The model of the gastrointestinal tract designed in Chapter 3 has been used for studying
the electrode separation of the intraluminal impedance catheter for bolus transit. In
this instance, the configuration of the catheter and electrodes were slightly different —
as commercial HRIM catheters differ from the catheter used in Chapter 3 — and had
the following dimensions: length = 150 mm; outer diameter = 3.2 mm, with two ring
electrodes (length = 4 mm; outer diameter = 3.2 mm) separated by either 10 mm or 20
mm. The catheter was positioned on the axis of the model, then, two specific shape boluses
were created; a single bolus of 11 mm outer diameter (Figure 5.1(a)), and two consecutive
overlapping boluses with different dimensions (first 10 mm and second 11 mm), see Figure
5.1(b). The size of the boluses was based on results from previous experimental studies
(Dinning, Costa, Brookes and Spencer, 2012). Twenty-six and thirty-five different static
models were created for the single and overlapping boluses, respectively, changing the

boluses position by 2.5 mm (from left to right) each time to simulate bolus propulsion.

The electrical properties (at 1 kHz) of different layers of the tissue in the model were the
same as used in Chapter 3 and used by Kassanos et al. (2015) and are shown again in Table
5.1. Similarly, the electrical properties for the catheter tube and electrodes were selected
from the Material Library provided in ANSYS Electronics (ANSYS Electronics desktop,
ANSYS Inc, Canonsburg, Pennsylvania, USA) as in Chapter 3. The luminal content used
for the simulations was a saline solution (0.9% NaCl) which has a conductivity of 1.44

S/m and a relative permittivity of 80.
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(b)

Figure 5.1: Lateral cross-section of the model simulating (a) one bolus and (b) two consec-
utive boluses. The electrodes are not represented here, but they are placed in the middle
of the model. In both instances, the passage of the bolus goes from left to right. The

layers of the GI tract are represented in different colours.

Table 5.1: Electrical properties of different GI tract layers used in the FEM model.

Electrical properties

Conductivity, 0 (S/m) Relative Permittivity, ¢,

Mucus 1.1 72
Mucosa 0.532 2.64x10°
Submucosa 0.383 3.03x10°
Circular muscularis 0.321 4.35x10°
Longitudinal muscularis 0.5 1x10°
Serosa 0.383 3.03x10°
Surrounding tissue 0.148 1.97x10°
Luminal content 1.44 80

An excitation current of 10 pA was applied between the pair of electrodes. The different
models (with bolus positions at different points along the tract) were then simulated using
the DC electrical conduction component of the ANSYS Maxwell software platform. Each
simulation was carried out on 12 CPUs Intel ® Xeon ® CPU E5 — 2630 v2 desktop computer
running at 2.60 GHz with 128 GB of RAM, with OS Windows 8.1 Enterprise. The models
were solved using the 3D model’s method. The meshes used in the simulations varied
from model to model, with a maximum number of tetrahedral elements of 1,074,087. The
tetrahedral elements of each model was dependent on the complexity and was determined

automatically by the Maxwell adaptive meshing algorithm.
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5.2. MATERIALS AND METHODS

Impedance sensitivity

Similarly to Chapters 3 and 4, the sensitivity distribution of the bipolar electrode system
was also simulated within the lumen to define the region of measurement when there is

no presence of a bolus and when a bolus is passing through.

5.2.2 Experimental studies

Four New Zealand rabbits (two rabbits per catheter), weighing 0.96 — 1.10 kg were eu-
thanized humanely by intravenous phenobarbitone sodium injection in accordance with
approval by the Animal Welfare Committee of Flinders University (Animal Ethics Num-
ber: 820/12). A midline ventral incision was made and the proximal colon was excised.
The specimen was placed into a beaker containing oxygenated Krebs solution (in mM:
NaCl, 118; KCI, 4.7; NaH3PO,, 1.0; NaHCO3, 25; MgCly, 1.2; D- Glucose, 11; CaCly, 2.5)
and bubbled with 95% 02/ 5% COjs. The faecal pellets were gently flushed out of the

colonic segment with Krebs solution.

Catheters

Two catheters were used for these experiments: (1) a high-resolution impedance manom-
etry (HRIM) catheter (Sandhill Scientific, Diversatek Healthcare, Milwaukee, WI, USA),
and (2) the custom-made impedance fibre optic manometry catheter presented in Chap-
ter 3. The commercial catheter contains 32 pressure sensors at 10 mm intervals and 16
impedance segments, with ring electrodes at 20 mm intervals (Figure 5.2(a)). The outside
diameter of the catheter body was 3 mm, 5 mm at the pressure sensors and 3 mm at
the impedance sensors. The custom-made catheter consists of 35 pressure sensors based
on fibre optic sensing technology (Arkwright et al., 2011; Arkwright, Underhill, Maunder,
Blenman, Szczesniak, Wiklendt, Cook, Lubowski and Dinning, 2009) at 10 mm intervals,
16 impedance segments with a diameter of 2.8 — 3 mm, and a 10 mm electrode separation
(Figure 5.2(b)).

The use of optical fibres provides additional space for impedance wiring without reducing
the flexibility or adding to the overall diameter of the catheter. In this instance, the
outside diameter along the custom-made catheter was 3 mm, and the flexibility of the

catheter was qualitatively similar to the Sandhill catheter.
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Figure 5.2: Representation of both catheters; (a) configuration of the custom-made fibre
optic catheter and (b) configuration of commercial HRIM impedance catheter. Black dots
represent the pressure sensors (named as P;) and dark-grey square represent the position
of the electrodes (the impedance values, Z;, are measured between two neighbouring pairs

of electrodes).

Equipment

Three different data sets were recorded in the experiments; impedance, pressure, and
diameter of the luminal segments. This allowed us to directly correlate contractile activity
measured using the solid state and optical pressure sensors with the luminal cross-section
measured using impedance. The dynamically varying luminal diameters were confirmed

using direct video imaging of the preparation.

A digital video camera (Canon Legria HF S20. Ota, Tokyo, Japan), positioned above the
preparation was used to record video images to create spatiotemporal maps of changes in

diameter, referred to as ‘Dmaps’ (Hennig et al., 1999).

Intraluminal impedance and pressure data from the commercial HRIM catheter were
recorded using the Bioview impedance manometry software (Sandhill Scientific Inc, High-
lands Ranch, CO, USA). For the custom catheter, two acquisition systems were used: (1)
the InSight system for intraluminal impedance data, and (2) an optical interrogator unit
(FBGS FBG-scan 804; FBGS International, Geel, Belgium) connected to the fibres for

the pressure profile along all the 35 pressure sensors simultaneously.
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During the experiments, time stamps were taken in all recordings in order to synchronise

impedance, pressure and diameter signals.

Experimental set-up and protocol

The excised sections of proximal colon were then placed into an organ bath containing the
same Krebs solution warmed to 36 - 37°C. The specimen was left to equilibrate for 20 to
30 minutes before recording began. The gut was prepared and place in the organ bath as
described in Chapter 4 (Section 4.2.4).

5.2.3 Construction of spatiotemporal and composite maps

The videos of each experiment were converted into spatiotemporal maps of changes in
diameter (DMaps), in the same way as reported in Chapter 4 (section 4.2.5). The
recorded pressure and impedance traces were also converted to spatiotemporal pressure
maps (PMaps) and impedance maps (IMaps), interpolating between points at 10 or 20
mm intervals, using a custom written program in Matlab (MathWorks, Natick, MA, USA).

Composite maps, such as DPMaps (DMaps and PMaps) and IPMaps (IMaps and PMaps),
were then created in Matlab. Spatial resolution of composite maps were adjusted to that
of the lowest resolution method, i.e. for the custom catheter was 10 mm and for the

commercial catheter was 20 mm.

5.3 Results

5.3.1 Numerical study

Impedance magnitudes were calculated by dividing the voltage drops across the pair of
electrodes by the frequency dependent current. The results are presented in admittance
(inverse of impedance) to be in agreement with the variations in diameter. The admittance
signals of 10 and 20 mm electrode separation for the passage of one and two consecutive
boluses are shown in Figure 5.3. In both instances, changes in admittance occurred slightly
earlier with 20 mm electrode separation, whereas for 10 mm electrode separation were seen
when the bolus was closer to the centre between the electrodes. In addition, the change
in admittance for 20 mm electrode separation is gradual unlike the 10 mm electrode

separation, which has a faster rise and fall rate, especially when only one bolus is passing
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Figure 5.3: Admittance magnitude signals for 10 mm and 20 mm electrode separation for
the passage of (a) a single bolus and (b) two consecutive boluses. The position (x-axis)
represents the different position of the bolus for each simulation, each position equals a

bolus travel of 2.5 mm.

The pertinent outcome, shown in Figure 5.3(b), is that the 20 mm electrode separation
is not able to fully resolve the passage of the two consecutive boluses; the admittance
magnitude is almost constant as the complex bolus passes through. On the other hand,
for 10 mm electrode separation the change in admittance clearly picks up the transition

of both boluses and the peaks are proportional to the bolus size.

Figure 5.4 shows the normalized distributed sensitivity on the simulated model with 10 mm
and 20 mm electrode separation for the passage of a bolus. When there is no presence of
a bolus, the sensitivity is evenly distributed and enclosed along the empty lumen for both
cases, see Figures 5.4(a) and 5.4(c). Surprisingly, the distributed sensitivity completely
changed when the bolus is in the middle between the electrodes; the volumes that had

most contribution were adjacent to the electrodes (Figures 5.4(b) and 5.4(d)).
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Figure 5.4: Normalised distributed sensitivity on the simulated model for: 10 mm electrode
separation (a) with no bolus presence and (b) with presence of a bolus; and for 20 mm

electrode separation (c¢) with no bolus presence and (d) with presence of a bolus.

5.3.2 Experimental studies

Figure 5.5 shows the DMaps produced from the video recordings of studies with each type
of catheter (Note: DMaps are produced from the video imaging of the preparation, not
from the catheter data). In both instances, myogenic and neurogenic contractions were
visible in the DMaps, as previously shown by Dinning, Costa, Brookes and Spencer (2012).
Both contractions cause changes in diameter as detected on DMaps, but myogenic con-
tractions are not necessarily propulsive and are initiated by non-neuronal pacemaker cells;
neurogenic contractions produce stronger, coordinated contractions causing propulsion of

luminal content (Costa et al., 2013; Dinning, Costa, Brookes and Spencer, 2012).
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In addition to the DMaps shown above, DPMaps and IPMaps were also obtained for both
set-ups. Figures 5.6(a) and 5.6(b) show DP and IP maps respectively for the custom made
HRIM catheter and Figures 5.6(c) and 5.6(d) show DP and IP maps respectively for the
commercial HRIM catheter respectively. The colour legends on the right correspond to
changes in both pressure and diameter, and pressure and admittance for the DPMaps
and IPMaps, respectively. Propagating boluses and myogenic contractions can be seen in
both DPMaps (striations in green and red colouring seen in Figures 5.6(a) and 5.6(c)),
however, myogenic contractions are only resolved in the [PMap from our custom made
HRIM catheter (striations in blue colouring seen in Figure 5.6(b)) and not in the IPMap
from commercial HRIM catheter (Figure 5.6(d)). On the right side of the composite
maps, the legend also shows the points of the selected regions indicated as white lines.
In Figure 5.6(a), the Diameter /Pressure legend shows a variation in diameter (~ 1 mm),
and simultaneously, in Figure 5.6(b), the Pressure/Admittance legend shows a considerable
variation in admittance (~ 0.1 mS). On the other hand, in Figure 5.6(c), there is a variation
in diameter (~ 2 mm) on the Diameter/Pressure legend but the variation in admittance

(Figure 5.6(d)) is too small (~ 0.02 mS) to be detected in the composite map (IPMap).

The experimental data for admittance, pressure and diameter recorded during the propa-
gation of a bolus and during a period of myogenic activity were then compared with the
simulated results shown in Figure 5.3. Figure 5.7 shows the admittance, pressure and
diameter recordings from the commercial and the custom-made HRIM catheters. Figures
5.7(a)-(c) correspond to the custom-made HRIM catheter (10 mm electrode-separation)
whereas Figure 5.7(d)-(f) corresponds to the commercial HRIM catheter (20 mm electrode-
separation). The admittance and pressure recordings during the propagation of a bolus
with its respective diameter signal on top are shown in Figures 5.7(a) and 5.7(d) re-
spectively, and Figures 5.7(b) and 5.7(e) show the admittance and diameter recording
of myogenic contractions, respectively for each catheter configuration. Figure 5.7(c) and
5.7(f) show the admittance plotted against diameter during the myogenic events seen in
Figures 5.7(b) and 5.7(d), the correlation between admittance and diameter using Pear-
son’s correlation coefficient and a linear fitting to the data points. The PCC values showed
a strong correlation for the custom HRIM catheter (PCC = 0.85 CI = 0.83 — 0.86, p <
0.05) during myogenic contractions whereas for the commercial HRIM catheter the cor-
relation was weaker (PCC = 0.55, CI = 0.5 — 0.59, p < 0.05). The linear fitting for the
custom catheter has a sensitivity of 0.047 mS/mm which is approximately ten times bigger

than the one for the commercial catheter (0.004 mS/mm).
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Figure 5.7: Experimental results of 10 mm electrode and 20 mm electrode-separation

catheters. (a), (b) and (c¢) correspond the data obtained with the custom-made catheter

(10 mm electrode separation); (d), (e) and (f) to the commercial catheter (20 mm electrode

separation. (a) and (d) show the admittance and pressure signal during the passage of

a bolus with the diameter signal on top; (b) and (e) show the admittance and diameter

signal during myogenic contractions. (c) and (f) show the admittance dispersion against

diameter during the myogenic event and the sensitivity of each catheter to changes in

diameter.
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5.4 Discussion

5.4.1 Numerical study

The normalised sensitivity analysis (Figure 5.4) showed us that regions near the electrodes
contribute more to the total measured impedance when there is a propagation of a bolus.
A large electrode separation will affect the measurement and prevent resolution of the fine
details corresponding to the myogenic activity. This agrees with the admittance magnitude
signals shown in Figure 5.3(a) and 5.3(b). In the simulations, the initiation of the changes
in measured admittance for the 20 mm electrode separation occurred at least two positions
earlier due to the larger separation between electrodes, and those changes were gradual
whereas for 10 mm electrode separation the changes were more localised to the bolus,
resulting in better spatial resolution, as would be expected for the closer spacing of the

electrodes.

Overall, according to the simulation, the 10 mm electrode separation is also more sensitive
as its admittance has larger increments as a function of luminal diameter than 20 mm
electrode separation. Our previous study shown in Chapter 3, showed that the sensitivity
of the impedance measurement can also be increased using luminal content with a higher

conductivity.

5.4.2 FEx-vivo studies

The DMaps (Figure 5.5), used as the gold standard for identifying myogenic and neurogenic
contractions, confirmed that these contractions were present in both sets of experiments
(see hatched lines in Figure 5.5). Both catheters were able to detect bolus propagation,
see Figures 5.6 and 5.7. The propagation of the bolus can be readily identified in the
DMaps due to the larger diameter (darker streaks) induced by the presence of the bolus,
and followed by a reduction in diameter (white regions indicating a narrower diameter). In
this instance, the propagation of the bolus is also identified from pressure and admittance
signals due to the large increase in pressure and decrease in admittance as luminal occlusion

occurs to propel the bolus forward, see Figure 5.7(a) and 5.7(d).

Perhaps the most unexpected finding was the detection of subtle myogenic ripples with
the admittance data from the custom HRIM catheter. These ripples were evident in the
DMaps and DPMaps for both configuration, but were only seen in IPMaps for the custom
HRIM catheter (10 mm electrode separation), and can be identified by the striations in

blue colouring in the lower plot of Figure 5.6(b). This is also shown in the graphs from
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Figure 5.7(b) and 5.7(e); the changes in admittance for the 10 mm electrode separation
are correlated with the changes in diameter. However, the changes in admittance for the
20 mm electrode separation did not show any significant correlation with the diameter
showing only small fluctuations close to the noise floor of the measurement. It is believed
that the identification of myogenic contractions with the custom HRIM catheter was at-
tributed to the increase in sensitivity to changes in diameter seen in Figures 5.7(c) and
5.7(f). Note, that the IPMap’s spatial resolution for the custom manometry impedance
catheter improved to 10 mm as the electrode intervals were also reduced from 20 mm to

10 mm.

5.4.3 Comparison of numerical and experimental results

The numerical results agree qualitatively with the experimental results during the propa-
gation of the bolus. The admittance values in the numerical data are in the range of 0.2 —
1 mS, which are in close agreement with the experimental data within 0.2 — 0.5 mS. Some
differences between the numerical and experimental results were seen (Figures 5.3, 5.7(a)
and 5.7(d)), for example during the bolus passage in the numerical results, there is a large
increase in admittance due to the passage of the bolus. However, in the experimental data
for bolus propagation during neurogenic contraction, only a slight increase in admittance
was seen by the custom HRIM catheter due to the bolus, followed by a decrease in admit-
tance (Figures 5.7(a) and 5.7(d)). This difference between the numerical and experimental
results could be explained by the fact that, to simplify the model and keep calculation
time to a manageable level, the simulation assumes that the catheter is on the axis of
the lumen and the lumen remained open. On the other hand, the observed decrease in
the experimental results is explained by the occlusion of the lumen at the trailing edge of
the bolus due to the neurogenic contraction, which helps propel the bolus, squeezing the
gut onto the catheter. The luminal wall has lower conductivity than the Krebs solution
content; hence when the lumen gets in contact or closer with the electrodes, a decrease in
admittance occurs according to Equation 4.1 (Chapter 4, Section 4.2.3) of total measured

impedance as a function of the distributed sensitivity.

The admittance trend during the two consecutive boluses from the simulated model agrees
with the admittance trend from the experimental results during myogenic contractions for
both configurations. It can be seen, in Figures 5.3(b) and 5.7(b) and 5.7(e), that the
changes in diameter are followed by a proportional change in admittance for the custom
HRIM catheter, however, for the commercial HRIM catheter, the changes in diameter
are not followed by the admittance signal. After the subtle changes in diameter due to

the small contractions, there is not a full occlusion of the lumen onto the catheter. That
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is why, the large decrease in admittance was not observed, unlike the ones observed for

neurogenic contractions.

5.4.4 Benefits of closely spaced HRIM catheters in small and large bowel

studies

The improvements in data from HRIM catheters with reduced electrode separation will
have the potential to provide additional information in all regions of the GI tract, especially
from regions below the stomach that are hard to monitor, and where contractions cannot
be initiated on demand. The ability for the closely spaced electrodes to pick up fine detail
of changes in luminal diameter linked to high resolution manometry data will allow more

complex motor patterns to be analysed without the need for video imaging modalities.

A significant advantage of using optical fibre sensors for the manometric function of the
catheter is that up to 36 pressure sensors can be located on a single length of 0.2 mm
diameter optical fibre. This allows us to manufacture catheters with up to 144 discrete
sensing elements (containing 4 optical fibres) without increasing the outer diameter of the
catheter. This leaves considerably more volume within the catheter to contain the wires
needed for the impedance electrodes. This approach will allow us to make catheters for
the lower gastrointestinal tract that are longer and contain more sensing elements than
conventional solid state catheters of the same diameter while at the same time providing
more space for impedance wiring. However, increasing the number of impedance wires
will still limit the flexibility of the catheter, and hence ultimately limit the number of

impedance electrodes that can be included in a given diameter.

5.5 Conclusions

The aim of the study was to examine the effect of electrode separation in HRIM catheters
for assessment of colonic motility. Both configurations were able to detect bolus propa-
gations; however, only the 10 mm electrode separation was able to differentiate between
two closely spaced boluses and also detect myogenic contractions from IPMaps from the
admittance signal. As the animal studies move towards in-vivo experiments, it would be a
significant improvement to be able to detect these ripples since video images of the luminal

activity would not be viable.
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Development of an electrical
impedance probe with built-in

pressure and temperature sensors
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The study presented in this chapter is the subject of the following paper:

Ruiz-Vargas, A, Ivorra, A, Arkwright JW. Design, construction and validation of an
electrical impedance probe with contact force and temperature sensors suitable for in-vivo
measurements. Scientific Reports. 2018;8(1):14818. doi:10.1038/s41598-018-33221-4.
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6.1. INTRODUCTION

6.1 Introduction

Chapter 6 describes the design, and construction of an electrical impedance pencil probe
incorporating a temperature compensated contact force sensor to address the variabil-
ity issue common to bioimpedance measurements (Aim 4). The pencil probe has been
designed to fit into the instrument port of an endoscope, making it suitable for in-vivo
diagnostics. An ex-vivo assay on a section of excised proximal colon from a guinea pig is

performed to validate the data and compare the results to previously published results.

Bioimpedance measurements can be performed by inserting needle electrodes into the tis-
sue or by surface electrodes in contact with the tissue (Rigaud et al., 1996). Using needles,
there is a risk of damaging the tissue. Contact electrodes avoid damaging the tissue. How-
ever, in in-vivo studies, it has been shown that contact electrodes produce measurements
with big variability (Gonzélez-Correa et al., 2005; Knabe et al., 2013; Lundin et al., 2011).
That is, measurements with contact electrodes are much less repetitive than those with
needle electrodes. It is thought that the main reason for such lack of repeatability is vari-
ability in the applied contact-force. This force causes an increase in the pressure within
the tissue which pushes away the extra-cellular fluids hence causing an increase in the
impedance (Zhou et al., 2016). In addition, if the sample is sandwiched between the probe
and an insulating surface (as it is the case in the present study), this force compresses the

tissue sample and reduces its thickness hence causing a further increase in the impedance.

The variability of readings of a small probe (diameter 3.2 mm) due to the force applied
has been demonstrated to be significant in in-vitro studies (Gonzalez-Correa et al., 2005;
Lundin et al., 2011). In these studies, the applied force was recorded by a weighing scale
and the contact pressure was calculated as the ratio between the force and the contact area
of the probe. Gonzilez-Correa et al. (2005) showed an increase up to 80% on resistivity
readings on human gastric tissue for a contact pressure range of 1 kPa to 50 kPa. Lundin
et al. (2011) reported the resistivity readings taken in a rabbit oesophagus when applying

light and hard force manually, showing a higher resistivity when hard force was applied.

Keshtkar and Keshtkar (2008) studied the effect of the probe size on the variability of
readings, where concluded that the smaller the probe, the bigger the variability. Because
larger probe size avoids the expulsion of fluid below the tip. However, the size of the probe

is critical for minimally invasive clinical procedures when using an endoscope.

In general, solid-state pressure sensors are not suitable for this application because of their
size. A further issue for electrical sensors for these sort of applications is that the long

leads are susceptible to electrical noise and cross-talk due to the close proximity with the
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impedance sensor wiring. For these reasons, an alternative option based on fibre optics
sensing technology was used. A similar approach, using fibre optic sensing technology,
has been used before on catheters for cardiac radio frequency ablation to prevent damage
during ablation (Ho et al., 2012).

As mentioned in Chapter 4, fibre optic techniques are particularly suitable for biomed-
ical applications due to the small size, high flexibility and immunity to electromagnetic
interference (Baldini et al., 2008; Dziuda et al., 2012; Peng-fei et al., 2011; Pleros et al.,
2009). In particular, fibre Bragg gratings (FBGs) have the advantage of high sensitivity
and stability and have been used to measure pressure, strain and temperature (Hung et al.,
2012; Kennedy et al., 2012; Mignani and Baldini, 1995; Peng-fei et al., 2011; Poeggel et al.,
2012) making them highly suitable for this application.

6.2 Materials and methods

6.2.1 Design and construction

Figure 6.1 shows the tip of the developed four-electrode probe with an integrated tem-
perature compensated fibre optic force sensor. The tip is composed of three parts; two
Polyether Ether Ketone (PEEK) (Ketron PEEK 1000, Dotmar Plastic Solutions, Ade-
laide, South Australia, Australia) parts and a compliant silicone pad. The design (see
6.1) consists of 5 holes; four for the electrodes arranged in a square configuration and
separated 0.9 mm from the axis, and one (in the centre) that holds two optical fibres con-
taining FBGs (draw tower gratings (DTG), FBGS, Geel, Belgium). The finished tip was
3.2 mm in diameter which makes it suitable for use in endoscope port. Polyether Ether Ke-
tone (PEEK) was used for its biocompatibility and good mechanical properties. The two
PEEK parts of the tip were CNC-machined in the Australian National Micro-Fabrication
(ANFF-SA) facilities.

The silicone part that acts as a compliant layer was formed in a mould made out of 3 pieces
of acrylic sheets. In order to clean and activate the PEEK’s surface to promote bonding
of the silicone part, the two PEEK parts were placed in an air plasma at < 1 mbar prior
to assembly. The two parts were then aligned and separated by pins and introduced into
the acrylic mould. Silicone (Sylgard 184 Silicone Elastomer Kit, Down Corning, Midland,
Michigan, USA) was poured into the mould and left in a vacuum to degas the silicone. At

the end, the tip was baked for an hour at 80°C.
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(a) (b)

1.5mm 1.0mm 1.5mm 1.5mm @ 3.2 mm

oaxial cables

Il Temp. fibre
[_Istrain fibre

Silicone (d) Electrodes

(c)
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Figure 6.1: Drawings and images of electrical impedance probe: (a) Lateral cross-section
of the probe design with coaxial cables, electrodes and fibres assembled. (b) Front view
of the probe design. (c) Lateral view and (d) front view of the pencil probe. (e) Device

end-effector after assembly.

The two optical fibres containing the FBGs were passed through the hole and then clamped
and placed under tension using a linear translation stage. The two gratings were positioned
next to each other and one of the fibres was broken off close to the distal end of the grating
(this grating was used as the temperature reference grating). Both fibres were glued with
UV light glue (EPO-TEK OG198-55, Epoxy Technology, Billerica, Massachusetts, USA)
at the proximal end of the tip, and the sensing fibre was glued to the distal end of the tip

(this fibre contained the contact-force sensing grating).

Electrodes were made of platinum wires (0.5 mm in diameter and 0.7 mm in length).

These were pressed into the tip and wedged in place using the core of the coaxial cables
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(Temp-Flex 50MCX-37, Molex, Lisle, Illinois, USA). UV glue (EPO-TEK OG198-55) was
then applied to the surface of the tip to seal any cavities. The parts were then cured for
another hour in the oven at 80°C. Once cured, the electrodes were filed and polished to

form the tip.

Finally, optical fibres and coaxial cables were passed through a 2.8 mm inner diameter and
3.3 mm outer diameter PolyTetraFlouroethelene tube (PTFE AWG 10T, Adtech Polymer
Engineering Ltd, Aston Down East, Stroud, UK). Then, the PTFE tube was attached to
the end of the tip with the same UV glue used before, see Figure 6.1(e). DB-9 connector

and E-2000 connectors were used for the coaxial cables and optical fibres respectively.

6.2.2 Equipment

Figure 6.2 shows a picture of the whole measurement system and experimental set-up. The
tip sensor was connected to a custom-made bioimpedance measurement system (BMS),
described in Appendix B, and a Micron Optics sm130 interrogator (MOI) (sm130, Micron
Optics, Atlanta, Georgia, USA).

Interface Optical interrogator ‘ L&

Figure 6.2: Experimental set-up used during the bioimpedance measurements on the tis-

sue.

The BMS is capable of measuring complex impedance from 10 Hz to 1 MHz in a four-
electrode configuration. An alternating current with a maximum amplitude of 10 pA,
which is below the maximum auxiliary current allowable by safety standard IEC 60601-
1 for any electromedical device, was applied between two opposite electrodes at each
predetermined measuring frequency, and simultaneously the voltage drop between the

other two electrodes was measured.

The MOI interrogator uses a scanning laser covering the range 1510 nm to 1590 nm
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wavelength to monitor FBGs at 1 kHz. To reduce the noise a 100 times average was used,

decreasing the effective sampling rate down to 10 Hz.

A force scale (Pioneer PA143, Ohaus, Parsippany, New Jersey, USA) was used to calibrate

the device and compare with the data from the force sensor.

Output data from the BMS, the MOI and the scale were displayed and recorded in real
time using a custom software application built in LabVIEW (version 2015 spl, National

Instruments, Austin, Texas, USA).

6.2.3 Impedance calibration

Agar-agar models (Ivorra et al., 2009) were used to calibrate the impedance probe. These
models consisted of gel phantoms that mimic the conductive properties of biological tissues.
Two Agar-Agar models prepared with 0.9% (0.150 M) and 0.09% (0.0150 M) NaCl saline
solutions were used to calibrate the impedance probe and determine the spectral range
of the whole impedance measurement system. The conductivities of these two samples
(1.440 S/m and 0.144 S/m) approximates the range of conductivities of gastrointestinal
tissue (Mulett-Vésquez et al., 2016). The probe was positioned on each Agar-Agar model
and the complex impedance values at 14 different frequencies in the frequency range of 1
kHz to 1MHz, separated logarithmically, were obtained. A hundred measurements were
taken to generate average values of the impedance magnitude and phase angle at each

frequency.

From those measurements, I evaluated the useful frequency range and calculated the cell
constant of the electrode configuration. The cell constant (K, units: m™) is a scale factor
for converting the resistance values (R, units: ) into resistivity (p, units: ©.m), and is

calculated from Equation A.8 from Appendix A.

k=t (6.1)
p
In addition, the cell constant was also computed through a simulation in ANSYS Maxwell
(ANSYS Electronics Desktop, ANSYS Inc, Canonsburg, Pennsylvania, USA). The model
consisted of a cylindrical PEEK part (length = 2 mm, outer diameter = 3.2 mm) containing
four platinum electrodes (length = 2mm, outer diameter = 0.5 mm, spread and separated
0.9 mm from the axis), a lower surface of glass and a layer of saline content between the
tip and the glass. The electrical properties for the model were obtained from the Material

Library provided in ANSYS Electronics as follows:
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o PEEK permittivity, ¢, = 3.2;
o Platinum electrodes permittivity, e, = 1, conductivity, o = 9.3 MS/m; and

o Glass permittivity, €, = 5.5.

The cell constant was analysed as a function of distance between the tip and the bed
surface. In addition, the sensitivity depth of the probe was analysed and calculated using

the method presented by Gonzilez-Correa et al. (1999).

6.2.4 Contact-force calibration and validation

The following set-up was prepared to characterize the contact force sensor. The probe was
held vertically in a hollow pin vice that was attached to a vertical translation stage. The
probe was then pushed down onto a weighing scale, wavelengths were recorded at 0 grams
and 100 grams to calculate the change in wavelength per gram. After the calibration of
the force sensor, the probe was pushed against the scale in increments of 0.01 mm until it
reached around 70 grams and then was retracted in increments of 0.01 mm until it reached
0 grams. The data from the tip was acquired at 10 Hz while the acquisition frequency of

the scale was fixed at 11.7 Hz.

Two additional experiments were performed to validate the contact force sensor using agar
models which have similar elastic properties as soft tissue (Li et al., 2011): Firstly I used
the same set up as for calibration, but in this case, different increments were used, and
were applied more rapidly; secondly the probe was handled manually to give different peak

intensities.

6.2.5 Temperature compensation

FBGs are inherently temperature dependent, and so to remove the temperature from the
measurement of a different parameter, it is common to use two FBGs; one sensitive to
both temperature and force, and the other to temperature alone. This was achieved by
bonding the temperature and force sensitive FBG under tension to the PEEK sections of
the probe and the temperature sensitive FBG to only one section of the PEEK probe so
that it was not affected by force applied to the probe tip. Figure 6.1(a) shows a schematic
of the functional components of the FBG sensing elements. The configuration was tested
in an oven using a separate thermocouple (U1186A, Keysight Technologies, Santa Rosa,

California, USA) to track the ambient temperature. The tip sensor was placed inside a
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hollow plastic tube inside of an oven to reduce air currents and to provide a more uniform
heating environment. The temperature was increased from 21 to 40°C and data was
recorded from both FBGs until the temperature measured on the thermocouple reached

a steady state.

6.2.6 Fx-vivo assay

A segment of proximal colon from a guinea pig was used. The section was removed from
the laboratory animal by methods approved by the Animal Welfare Committee of Flinders
University (Animal Ethics Number: 845/12). All methods were performed in accordance
with the relevant guidelines and regulations. The removed section of colon was placed into
a beaker containing oxygenated Krebs solution immediately after excision (in mM: NaCl,
118; KCl, 4.7; NaH3PO,, 1.0; NaHCOg, 25; MgCly, 1.2; D- Glucose, 11; CaClg, 2.5) and
bubbled with 95% 02/ 5% COjy. The colonic segment was cleaned with Krebs solution.
Then the segment was cut, opened and fixed with pins onto a tray with a hard silicone

surface, Figure 6.3.

Figure 6.3: Pinned open proximal colon of a guinea pig used on the experiment.

The preparation was placed on the electronic weighing scale, see Figure 6.2. The probe
was then lowered downwards onto the tissue while the system was recording the force from
the weighing scale and from the tip, and the bioimpedance measurements. The sampling

frequency for the force data was 10 Hz and 11.7 Hz for the tip and scale, respectively.
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Twenty bioimpedance measurement at different frequencies in the frequency range of 5 kHz
to 1 MHz were performed at a data acquisition rate of 1.5 Hz, which was the maximum

sample frequency achievable by the system under these conditions.

6.3 Results

6.3.1 Impedance calibration

Figure 6.4 shows the impedance magnitude and phase angle of the probe for the spectral
range 1 kHz to 1MHz. Saline solutions exhibit no dielectric dispersion at frequencies
up to 1 MHz, so impedance magnitude and phase angle should be constant. From the
results, it can be concluded that for conductivities similar to 0.150 M NaCl the error
in phase is < 4° and the relative error in magnitude is < 0.9% from 1 kHz to 1 MHz.
Whereas for conductivities similar to 0.0150 M NaCl, the error in phase and the relative
error in magnitude increased to 50° and 25%, respectively, due to the effect of the stray
capacitances of the probe and BMS system. When the systematic error is not significant
the scaling factor of the probe and BMS system is 53.8 m™'. This cell constant value
was calculated averaging the measured resistance values for the frequency range 1 kHz to
200 kHz and assuming that the resistivity of the 0.09% NaCl Agar-Agar model is 0.144

S/m. Mean and standard deviation of resistance for the interval were 373.61 2 and 1.12

), respectively.

The simulated cell constant was 78 m™! for sample thickness larger than 3 mm. However,
the cell constant was 6% and 19% larger if the distance between the probe surface and
the glass surface were changed to 2 mm and 1.5 mm respectively. Nonetheless, ninety
percent of the information of our probe comes from the region above a depth of 0.79 mm,
see Figure 6.5. These results of depth penetration are similar to those by Gonzalez-Correa

et al. (1999); they reported that their probe had a depth of 0.77 mm.
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Figure 6.4: Impedance measurement of the Agar-Agar samples made from 0.15 M and
0.015 M NaCl: (a) impedance magnitude and (b) phase angle along the frequency range
1 kHz to 1 MHz.
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Figure 6.5: Normalised sensitivity as a function of depth. The shaded area indicates the
90" percentile of the measurement and is confined to the region above a depth of 0.79

min.
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6.3.2 Contact-force calibration

The calibration factor determined from the change in wavelength between 0 and 100 grams
load was -0.01 nm/g. Figure 6.6 shows the points measured during a test while adding
force and then releasing it using the -0.01 nm/g calibration factor. A slight hysteresis was
observed between loading and unloading of the force sensor with a maximum difference
of 2 grams. For the purposes of this work, the sensor was assumed to be linear over the

region of interest.

Figure 6.7 shows two graphs of two different recordings of the tip sensor on the Agar-Agar
model. Figure 6.7(a) corresponds to the data obtained by loading the tip sensor with a
micromanipulator whereas Figure 6.7(b) corresponds to manual loading. Small differences
of 1 to 2 grams are observed between the tip sensor and the weight scale signals when the
force is applied. The variable baseline offset seen in Figure 6.7(b) was likely due to the

slight hysteresis in the response of the silicone returning to its initial state.
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Figure 6.6: Points measured during a test while adding force and then realising it.
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Figure 6.7: Force test done on an Agar-Agar model. (a) With a micromanipulator pushing

downwards, and (b) handled manually.

6.3.3 Temperature compensation

Figure 6.8 displays the results obtained from the temperature compensation test. The
graph on the left side shows the wavelength shift for the contact-force sensor fibre (6A;), the
temperature sensor fibre (§)\2), and the temperature profile measured from a thermocouple
(accuracy £ 1.1°C and temperature range -20 to 200°C) located next to the tip sensor. In
general, the wavelength shift of an FBG is dependent on both temperature and strain (see
Equation A.16), however, the design of the probe tip ensures that wavelength of FBG 1 is
susceptible to temperature and strain whereas FBG 2 is only susceptible to temperature.
The differential wavelength shifts between FBG 1 and FBG 2 seen in Figure 6.8 is due to

the strain induced from the thermal expansion of the package (g, ), see Figure 6.8(a).

It is worth noticing, that there is a delay on the heat transfer to the fibre. The thermo-
couple reacted to the change in temperature before the contact-force sensor due to the

thermal insulation of the tip sensor packaging.
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Figure 6.8: Temperature compensation: (a) Wavelength shift for the force sensor FBG
1 (6A\1) and temperature sensor FBG 2 (dA2), and the temperature profile during the
experiment. (b) Wavelength shift (6A\;1) and (6\2), and a comparison of the wavelength
shift after a correction factor, k, has been applied to dA2. (c) Temperature increment from

the thermocouple and the reference grating (d\z).

Figure 6.8(b) shows the wavelength shift of both FBG 1 and 2 (6A; and dA2) and compares
the wavelength shift of FBG 1 with wavelength shift of FBG 2 multiplied by a constant, k.
The k is the ratio of wavelength shift of fibre 1 and 2 (k = 2.038) when both fibres reach
steady state at a specific temperature and there is zero mechanical strain. The difference
between 0\ and dAs multiplied by the k factor due to temperature effect is very small.
The k factor was measured multiple times 2.050, 2.034 and 2.017 before and after the
experiment (mean = 2.036 and std = 0.012).

Figure 6.8(c) compares the temperature from the thermocouple and the temperature from
the reference grating obtained from Equation A.16. The difference in temperature between

thermocouple and reference grating was less than 1°C degree for steady state.
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6.3.4 FE=x-vivo assay

The results of the ex-vivo experiment are presented in Figure 6.9. Figure 6.9(a) shows the
force measured using the fibre optic force sensor, and the contact pressure values (derived
from the measured force divided by the surface of the distal tip of the probe; 8.0425 mm?)
shown in Figure 6.9(b). Points were selected in order to overcome the mismatch of sam-
ple frequencies of pressure and impedance, making sure that at least the three previous

pressure points of the selected resistivity points varied by less than 1 gram.
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Figure 6.9: Results of the ex-vivo experiment: (a) Force values in grams obtained during
a recording. The stared points in (a) are the points selected for representing the changes
in impedance versus contact pressure. (b) Resistivity values in the frequency range of
5 kHz to 1 MHz at different pressures. (c) Variability of resistivity measurements along
the frequency range 5 kHz to 1 MHz during the measurement shown in (a), note that
the shaded area from 200 kHz to 1 MHz indicates at which frequency data is unreliable

according to the validation presented above.
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Figure 6.9(b) compares the resistivity values obtained by dividing the real part of the
impedance by the cell constant, K, at the different contact pressure points indicated in
Figure 6.9(a) (0.28, 1.92, 4.7, 8.12 and 15.38 kPa) for frequencies of 5, 11.5, 20.2, 35.2,
81.3, 142, 248, 432.5 kHz and 1 MHz. However, only frequencies from 5 to 142 kHz were
considered since they are within the viable frequency range of the BMS and are close to the
frequencies used in a study performed by Gonzalez-Correa et al. (2005). The resistivity
readings, shown in Figure 6.9(b), increased considerably with contact pressure for the
frequency range of 5 kHz to 81.3 kHz, whereas at 142 kHz the change was much less
significant. Figure 6.9(c) shows the variability of resistivity measurements along the full
frequency range during the measurement for the full pressure range (0 to 15.38 kPa). The
shaded area indicates the frequencies (> 200 kHz) at which the data become unreliable
according to the validation performed with the 0.09% NaCl sample (see Section impedance
calibration above). As seen before in Figure 6.9(b) a large increase in resistivity can be
seen at low frequencies, whereas at high frequencies (~ 100 kHz) the increase in resistivity

decreases.

6.4 Discussion and conclusions

According to the in-vitro assays performed here, the developed system should be capable
of measuring the impedance of soft living tissues with an error in magnitude of less 0.9%
and an error in phase of less 4° degree in the frequency range from 1 kHz to 1 MHz
for conductivities of 1.44 S/m. Parasitic capacitances, which are a source of systematic
errors causing a decrease in the measured modulus of the impedance, become significant
at high frequencies (> 200 kHz) for tissue conductivities of 0.144 S/m, because it is at
high frequencies when the displacement currents through capacitances are relevant. It is
more noticeable for the highest resistivity because those parasitic paths to stray current
(instead of going through the sample) become more “preferable” as the impedance of the
sample increase. The frequency range is consistent with the frequency range found in
similar studies using four-electrode setups (Gonzalez-Correa et al., 2005). The lower limit
of the frequency range is imposed by the sample rate of the BMS needed to keep up with
the sample rate of the fibre optic sensors; the upper limit is mostly imposed by the stray
capacitances of the wires within the probe, and to a lesser degree in the bioimpedance

measurement system.

The difference between the simulated and the experimental cell constant might be at-
tributed to engineering tolerances in the electrode positioning. Inspection under a micro-

scope showed errors of about 250 pm in the fabricated tip. Simulations with such errors
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were performed, in which cell constant varied from about 50 m™ to about 100 m™! which

suggests this hypothesis is valid.

The FBG sensors provided a useful method to assess the contact force and temperature
during the bioimpedance measurements. The contact-force sensor was compared with
data recorded by an electronic scale. Maximum differences of 1 to 2 grams were observed

during the assays.

The temperature test showed that multiplying the reference grating by a constant factor
can compensate the temperature effect on the grating under strain. The standard devi-
ation of the k factor (£ 0.012) could induce an error of less than 1 gram, so would not
affect significantly the measurements; however, the k factor may change over time due
to degradation of silicone and further long-term studies would be needed to confirm this.
Furthermore, the temperature change from the thermocouple and the fibre are similar,
albeit with a slight lag in response of the fibre due to the insulating properties of the tip
sensor packaging. This could be improved by increasing the thermal conductivity of the
package. The delay in thermalisation was of the order of 120 s and so should not affect
in-vivo measurement to any great degree as body temperature is nominally constant and
measurements would take longer than this to set up and acquire data. Care may be needed

however if irrigation fluid is used as part of an endoscopic procedure.

In this instance, in the ex-vivo assay results, the maximum change in resistivity due to
variations in applied contact pressure was 33% over the range 0 to 15.38 kPa at 5 kHz. The
increase in resistivity was found to reduce at higher frequencies being a minimum of 6.6%
for at 142 kHz. This increase in apparent resistivity may be explained by the fact that the
tissue sample under test gets compressed resulting in both a thickness reduction, which
increases the cell constant, and an increase in tissue pressure which causes extracellular
fluid migration and an actual increase in tissue resistivity as explained by Zhou et al.
(2016).

During the experiment, we observed that the thickness of the sample always appeared to
be above 2 mm (not measured). This implies that, according to the simulation results,
the maximum increase in impedance we would observe due to a decrease in the sample of
3 to 2 mm would be in the order of 6%. Therefore, the 33% increase in impedance must
be mostly attributed to an actual increase in the resistivity of the tissue rather than the

proximity of the lower surface.

The above observations highlight the need to control contact pressure to make sure the

variability is as small as possible at low frequencies.
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The impact of contact force on the bioimpedance measurements is lower when impedance
is measured at a sufficiently high frequency, as it can be seen in Figure 6.9(c). This can
be explained by the fact that the current at high frequencies passes through extracellular
and intracellular liquid, and cell membranes (Pethig and Kell, 1987). Intracellular liquid
is constrained by the cells when a low mechanical compression is applied, unlike the extra-
cellular liquid that is rapidly pushed aside (Zhou et al., 2016). Therefore, the variability
is reduced at high frequencies due to the constrained nature of intracellular liquid and the

current’s path at high frequencies.

The resistivity results are consistent with resistivity values obtained in sections of rabbit
colon done by Mulett-Vasquez et al. (2016) where resistivity values at 19.2 kHz were
within the range of 8.7 to 6.6 2.m from proximal to distal colon, respectively. Also, these
results qualitatively agree with the ones obtained by Gonzalez et al on columnar gastric
tissue of rats (Gonzalez-Correa et al., 2005). Although, the resistivity values of the colon
are slightly larger than those for the columnar gastric tissue and much lower than those
for the squamous epithelium, these discrepancies can be attributed to both the difference
in animal tissue and the difference in structure between gastric columnar and colonic
columnar epithelium, which contains more glands surrounded by a vast array of secretory

and goblet cells than gastric columnar epithelium.

Reporting the resistivity values alone cannot provide details of structural changes or
ischemic damage. However, in this instance, data were reported as the real part of
impedance only (resistivity) for the sake of simplicity and to be in accordance with previ-
ous published data. Other parameters, that can be obtained from the data set — such as
phase angle, Cole parameters (a, 7z, Roo and Rp) and/or distribution of relaxation times
(DRT), can provide further information on tissue condition (Ramirez-Chavarria et al.,
2018; Rigaud et al., 1995; Zou and Guo, 2003). We have specifically focused on variations
in resistivity, in the knowledge that more complex data will also be more consistent if the

contact pressure is controlled.

This study set out to develop and evaluate a new medical device for measuring the contact-
force applied during bioimpedance measurements on biological samples up to 1 MHz;
however, our results indicate that stray capacitances limit the device performance above
200 kHz. The device will allow us to perform a more detail study on the data variability
due to the contact pressure effect on the bioimpedance measurements. Its small dimensions

make it suitable for endoscopic and colonoscopic procedures.
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Standardising bioimpedance
measurements based on electrode

contact pressure
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Part of the work presented in this chapter is the subject of the following refereed conference

paper:

Ruiz-Vargas A, Ivorra, A, Arkwright, JW. Monitoring the effect of contact pressure on
bioimpedance measurements. In: 2018 40" Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC). IEEE; 2018:4949-4952. do0i:10.1109
/IECBES.2016.7843433.
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7.1. INTRODUCTION

7.1 Introduction

This work is a continuation of Chapter 6 and presents a preliminary investigation into
the effect of large exerted contact pressure and address the variability on bioimpedance
measurements (Aim 5). To do that, a generalised linear contact pressure compensation
method was developed with a set of bioimpedance measurements on five segments of
resected human colon. This initial approach did not show the expected reduction of
variability, and so an alternative method based on data derived from each individual
measurement is presented. This chapter presents the results of the initial compensation
method and also the suggested method that promises to reduce the variability and add

extra information about tissue state.

7.2 Materials and methods

7.2.1 Equipment, probe and calibration

The equipment and pencil probe use for these experiments are the same ones presented in

Chapter 6.

The calibration process for the impedance sensor and contact pressure were the same as
in Chapter 6. Only this time sodium chloride solution with a concentration of 0.09%
(conductivity, o = 0.144 S/m) was used to calculate the cell constant at 9.6 kHz. These
calibrations (impedance and pressure) were carried out at the beginning of each experiment

as these were performed at different times.

7.2.2 Experiment protocol

Five sections of a human distal colon, each 1.5 cm in length, were obtained from larger sec-
tions resected surgically to remove malignancies and/or diseases. Methods were approved
by Southern Adelaide Clinical Human Research Ethics Committee (ethics approval no.
50.07), and all patients provided written informed consent prior to their involvement.
Within 4 hours following surgery the segment was placed onto a plastic tray (Figure
7.1(a)); cleaned, cut, opened and fixed with pins onto the tray. Note that some specimens

took longer to get in the laboratory than others due to the surgical procedure.
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Figure 7.1: (a) Resected specimen before preparation. (b) During a measurement of the

resected specimen after preparation.

The probe (held in the hollow vice pin) was then pushed manually onto the tissue while
the system was recording the contact pressure and the bioimpedance measurements (See
Figure 7.1(b)). Each user took measurements at one location repeatedly (3 times each
point). In the first two trials, the exerted contact force was incrementally increased, trying
not to exceed a contact pressure of 20 kPa. In the third trial, the exerted contact force
was increased considerably to exceed 20 kPa. Between trials, the probe was lifted off the
tissue for about 5 — 10 seconds to allow the tissue to recover, and then next trial was
made. Selection of measurement location on the specimen for each user was sufficiently
far apart to avoid any memory effects from previous measurements. The time difference
between users’ measurements was less than 5 minutes. In some instances, a drop of mucus

was observed on the tip of the probe which was removed using a lint-free tissue.

Bioimpedance measurements were performed at a measuring frequency of 9.6 kHz and
at a data acquisition rate of 10 Hz; the contact force was acquired simultaneously at 10
Hz. The measuring frequency was chosen based on previous experiments performed by
Gonzalez-Correa et al. (2003), as it was found that pathological changes are better picked

up at low frequencies.
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7.2.3 Statistical analysis

To evaluate the variability of contact pressure, resistivity data (from the three trials) were
categorized into four pressure groups: group 1 (< 5 kPa), group 2 (5 — 10 kPa), group 3
(10 — 20 kPa), and group 4 (> 20 kPa). A linear mixed model (LMM) was used to control
for nesting the measurements under specimen with a factor of user (2 levels) and a factor
of pressure (4 levels) entered as fixed factors; to compare the bioimpedance measurements
among the pressure groups. Statistical analyses were carried out using SPSS Statistics,
version 23 (IBM Corp., Armonk, NY, USA).

7.2.4 Generalised linear compensation method

The generalised linear contact pressure compensation method consists of applying a coef-
ficient, k, to the measured resistivity at a given pressure in order to convert it to that at

a given reference pressure. The corrected resistivity is then given by Equation 7.1:

Rreported =k x Rmeasured (71)

Where R, ¢ported is the compensated resistivity value at a given reference pressure, Rycasured
is the resistivity value measured at a specific pressure. The coefficient, k, is the ratio

(Equation 7.2) between the resistivity at a chosen reference pressure, r( and the

Pr'eference) )

resistivity at a given measured frequency, (p,, , calculated from the generalised lin-

easured)

ear curve fit (Equation 7.3), obtained previously from data set of different specimens from

the same anatomical region (see Figure 7.2).

r

k — (PT'efe'r'ence) (72)
T(}%neasured)

T(P) =m-P+ 70 (73)

Where, the parameters, ‘m’ and ‘ry’, are the gradient and the extrapolated resistivity
value at ‘zero contact pressure’ for the data set from different specimens, and P is the
pressure. Similar methods are used to compensate the effect of temperature on conduc-

tivity measurements in saline solution (Grimnes and Martinsen, 2008).

For example, if a resistivity value was obtained at a pressure of 2.5 kPa, and we wanted
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to report for standard pressure (5 kPa). The equation, then, will be:

T'(5kPa
R'reported = —(BkPa). X Rmeasured (74)
T(2.5kPa)
r(P)=m-P +, *

¢ Specimen 1
® Specimen 2
B Speciem 3

Resistivity (£2.m)

—
(=]

Generalised lin. fit.

2.5 5 10
Contact-pressure (kPa)
Figure 7.2: Example of contact-pressure compensation. The coefficient, k, is calculated
based on the linear curve fitting in which is then applied to convert the resistivity measured
at a specific contact-pressure to that at the reference contact-pressure (5 kPa). Simulated

data points.

The reference contact pressure used in the generalised linear compensation method was 0
kPa. Two data points from each user (one from each trial) per specimen were chosen to
apply the compensated method. Points were selected around 5 kPa and 15 kPa as contact

pressure above 20 kPa were considered to be excessive by the users.

7.2.5 Numerical study of mucus thickness

As mentioned above, sometimes during the experiments different quantities of mucus were
observed on the specimens and underneath the probe. For that reason, a simulation was
performed in ANSYS Maxwell (ANSYS Electronics Desktop, ANSYS Inc, Canonsburg,
Pennsylvania, USA) to model and quantify the effect of mucus thickness on our measure-
ments. Figure 7.3 shows the model used to perform such simulation. The model consisted
of a lower surface made out of glass (thickness = 1 mm), a human colon segment (thickness
= 4 mm), and a mucus layer (thickness variable from 0 to 200 pm). The probe had the

same dimensions as in the experimental set-up, and was placed in the middle of the model
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above the mucus layer.

X — ‘::T: B \‘Y
0 5 10 (mm)

Figure 7.3: Schematic of the 3D simulation performed in ANSYS Maxwell.

The electrical properties for the probe case (plastic: &, = 3.2), electrodes (platinum:
er = 1, 0 = 9.3MS/m) and glass surface (glass: ¢, = 5.5) were obtained from the
Material Library provided in ANSYS Electronics. The electrical properties for the human
colon (e, = 14230, 0 = 0.24 S/m at 9.6 kHz) and mucus (¢, = 72, 0 = 1.1.5/m at 9.6 kHz)
were obtained from (Gabriel, Lau and Gabriel, 1996b; Walker et al., 2002), respectively.

7.3 Results

7.3.1 FEx-vivo studies

Figure 7.4 shows a scatter plot of the resistivity data against pressure for all measurements
made by both users. A Pearson’s correlation test was performed on the combined data
set from both users to determine the linear relationship between resistivity and pressure,

giving a Pearson’s Correlation Coefficient equal to 0.79.

Results from the statistical analysis are presented in Figure 7.5 in combination with mean
and standard deviation values of resistivity for each contact pressure group. Resistivity
was different for all pressure groups with a p < 0.001, except between group 1 (< 5 kPa)
and group 2 (5-10 kPa) that had a p-value of 0.002 with a mean difference 0.318 Q.m. A

clear relationship can be seen be between resistivity and contact pressure.
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Figure 7.4: Scatter plot of all combined contact pressure and resistivity for each user.
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Figure 7.5: Results from the comparison between groups of contact pressure with combined
data from both users. P-values were lower than 0.001 between all the groups, except

between group 1 and 2 (as stated).

Effects of excessive contact pressure
Figure 7.6 shows the effect of exerting large contact pressure on bioimpedance measure-

ments during the third trial. In this instance, an extra trial was made after the third trial

to see the effect of large exerted pressure. As expected, large contact pressures did alter
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the tissue, increasing resistivity values by approximately 1 2.m. This is believed to be
due to migration of extracellular fluid away from the point of contact and possible due to

rupture of the cells beneath the probe tip.
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Figure 7.6: Effect of large exerted contact pressure. X-axis represent the contact pressure

exerted during resistivity measurements shown in Y-axis.

7.3.2 Generalised linear compensation

Looking at Figure 7.4 and the trend observed in Figure 7.5, it makes sense to apply a
generalised linear compensation method. To do this, only the data from the first two
trials were considered towards calculating the generalised linear fitting, since during the
third trial a large amount of contact pressure was exerted that compromised the tissue
making the values recorded during the 4*" trial significantly different. The generalised

linear fitted equation for the compensation method was the following;:

r(py = 0.0678 - P + 3.6178 (7.5)

Where r(p) is the pressure dependent resistivity.

Figure 7.7(a) shows selected points from each user, and Figure 7.7(b) shows the compen-
sated data points from the selected points using Equation 7.1. Observing the results, the
correction applied some compensation to the data which improved the spread in results
between 3 and 4 Q.m, and reduced the difference between trials and users (e.g. user 1 for

specimens 3 and 5, and user 2 for specimen 4), but for other cases, applying the correction
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actually increased the difference between samples (e.g. user 1 for specimens 1 and 4).
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Figure 7.7: Two (a) un-compensated and (b) generalised compensated data points (ex-
trapolated to 0 kPa, ry) for each user and specimen. (c) Extrapolated values, ry, obtained
from the individualised compensation method. Stared points belong to user 1 and dia-
mond points belong to user 2. Grey and green colours correspond to the first and second

trial respectively.

This increase in difference seen between some samples after applying the general method
is explained by the fact that some measurement sites had a different gradient compared to
that calculated from all the data sets. The variation in corrected resistivity data and the

effect of excessive pressure indicates that applying all previously acquired data may not be
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the best approach. Hence a second approach based on individualised linear compensation

of the data recorded during each trial was proposed. This modified method is presented

in the following sub-section.
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Figure 7.8: Plot of different data points for each user, specimen and trial. Individual

linear fitting curves for first and second trial are represented in dash and dash-point lines,

respectively. Grey and green colours correspond to the first and second trial respectively.
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7.3.3 Individualised linear compensation

The individual data for each user, trial and specimen are shown in Figure 7.8 in con-
junction with the individualised linear fittings. It can be seen how these are different in
some instances. Reporting individualised linear fittings is possible due to the number of
samples taken at different pressures during each trial. The extrapolated parameters, rg,
are represented in Figure 7.7(c), showing that the parameter values improve slightly with
respect to the generalised method, although in some instances more difference between
samples can again be seen (e.g. specimen 5). In general, the different resistivity values

converge between 3 and 4 Q.m.

The gradients for each user and each trial are represented in Figure 7.9. Looking at Fig-
ure 9, what stands out from the gradients is the dominance of two regions from 0 to 0.03
.m/kPa and 0.06 to 0.1 Q.m/kPa, possibly indicating variations in sub-surface morphol-
ogy or tissue damage. There is also a noticeable trend in the gradients of the first and
second trial. If the gradient of first trial is in the lower region, the second can be in either
the first region with almost no variation (specimens 1 and 2) or in the upper region with
a higher gradient. Whereas if the gradient of the first trial is in the upper region, the

gradient of the second trial is always in the same upper region.
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Figure 7.9: Parameters m for the suggested method. Stared points belong to user 1 and
diamond points belong to user 2. Grey and green colours correspond to the first and

second trial respectively.
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7.3.4 Numerical study of mucus thickness

Results from the in-silico study to investigate the effect of mucus thickness on bioimpedance
measurements are presented in Figure 7.10. A clear linear relationship can be seen be-
tween mucus thickness and change in resistivity. A mucus layer of 200 pm could lead to
a change in measurement of 33% (i.e. if the nominal resistivity value without mucus was

4.17 Q.m, the read value would be 2.79 Q.m).

o®
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Figure 7.10: Simulated resistivity of a sample with different thin layer of mucus. X-axis
represents the thickness of the mucus layer in pm, and Y-axis the change in the simulated

resistivity in percentage.

7.4 Discussion

A set of experiments were performed on five segments of resected human colon to study
the effect of contact pressure on bioimpedance measurements. The data were then used to
propose a generalised linear pressure compensation method, which showed a reduction on
variability of the measurements. However, in some instances, the method not only failed to
reduce the variability but in fact increased it. The increase in difference between samples
when the general method is applied is explained by the fact that applying this compensa-
tion method on bioimpedance measurements, we are assuming that all the samples under

test have same resistivity contact pressure gradient.

It can be seen in Figures 7.8 and 7.9 that this is not the case, contact-pressure does not have
the same effect on all the measurement sites, and in some instances the gradient changes

after performing a first measurement. We hypothesized that the change in gradient may
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be attributed to: 1) heterogeneities of living tissues, 2) sites, that are far from capillaries
and/or vessels that provide nutrients, might suffer of cell death sooner than other sites,

and 3) morphological changes induced after performing a first set of measurements.

Looking at Figure 7.7, it could be deduced that the individualised suggested method might
not add any improvement to the general method, but Figure 7.11 showed that, overall,
further improvement was achieved by the individualised proposed method. Furthermore,
although they have not been studied in detail, the individualised gradients may also provide

more information about subsurface morphology of the tissue.

0.8

Standard deviation (£2.m)

Raw data Generalised Individualised

Figure 7.11: Bar plots of the standard deviation from all raw data, generalised compen-

sated data and the individualised compensated data.

By reporting individual ry and m parameters, the problem of different gradients is solved
but the mucus layer is still a confounding factor on bioimpedance measurements that
might offset the 7y readings as shown in Figure 7.10. For example, this can be seen,
Figure 7.7(a), in specimen 5 for user 1 and 2, where the difference between the first and
the second attempt is quite large). Note that a 200 pm mucus layer can change up to 33%
the reading, which can explain the offset between the first and second trial in specimen 5.
It is believed that in this instance the added error for the general pressure compensation
method (due to the unmatched gradient from each site), it is actually helping to reduce
that difference between trials seen in Figure 7.7(b). On the other hand, surprisingly,
looking at the individual gradients, it seems that the m parameters behave differently; the
mucus layer seem to have less effect on the gradients (e.g. in specimen 5 for both users

the r0 values are apart whereas the m values are much closer, especially for user 2).
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This is the first time that resistivity-contact pressure gradients are being reported, albeit
other studies used the stiffness and elasticity (mechanical properties) readings of samples
to differentiate between normal and malignant tissue (Lekka, 2016; Prabhune et al., 2012).
Similarly, the gradient parameter, m, could be potentially valuable to add information on
bioimpedance measurements to distinguish between normal and malignant tissue since it

is dependent on electrical and mechanical (electromechanical) properties.

While this approach is starting to look promising, it still requires further investigation
to determine the maximum recommended contact pressure and also the protocol used to
gather the data. A suggested protocol for the individualised proposed method could be

as follows:

1. calibrate pressure and impedance sensors before use;

2. clean probe tip to remove any residual mucous layer;

3. perform the measurement slowly increasing the contact pressure;
4. reach a pre-determined target pressure; and

5. release contact pressure.

Then, data analysis will plot resistivity over contact pressure to individually fit a lin-
ear curve per measurement and determine extrapolated resistivity at 0 kPa, ry, and the

gradient, m.

Overall, the resistivity results obtained during these studies were consistent but slightly
lower than the data published (colon; resistivity 4.17 Q.m) in (Gabriel, Gabriel and
Corthout, 1996). The simulated results showed that this could be attributed to differ-

ent mucus layer.

7.5 Conclusion

A new method to standardize bioimpedance measurements is suggested here, based on
continuous variation of contact pressure from 0 up to pre-determined target pressure,
(below 20 kPa). The proposed method has taken into consideration the electromechanical
properties of the sample (i.e. resistivity changes over contact-pressure), which might have
the potential to differentiate tissue conditions. Ultimately both gradient and intercept

data may be required to accurately assess tissue condition, and protocols may need to
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be refined to ensure that confounding factors such as mucosal contamination are avoided.
Future work is required to fully validate this method and identify the usability for in-vivo

measurements.
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Conclusions and future directions
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8.1 Conclusions

The aims of the research reported in this thesis were to improve some of the current tech-
nologies based on bioimpedance for the diagnosis of FGIDs. Limitations of the technology
were found in the literature, and based on those limitations the aims of the thesis were

set out.

More specifically, the aims were:

1. To develop a method to distinguish between luminal content during in-vitro experi-

ments by means of impedance spectroscopy measurements.

2. To develop a new HRIM catheter based on fibre optic sensors with closer electrode

separation.

3. To evaluate the effect of closer electrode separation (10 mm) on animal models, and

compare the data with data from commercial HRIM catheters.

4. To monitor and control the contact pressure on bioimpedance measurements in a

manner suitable for in-vivo measurements.

5. To standardize bioimpedance measurements based on controlled variation of contact

pressure in order to reduce the variability in data.

To be able to carry out all the stated aims three catheters, instrumentation and multiple
software interfaces were designed, built, and implemented; and tested in either in-vitro or

er-vivo experiments. More specifically:

1. A bioimpedance measurement system to measure electrical impedance on biological
tissues, which was able to set different measuring frequencies, acquire and send data
to a computer or laptop, and to be used with the four-electrode catheter and the

pencil probe.

2. A four-electrode catheter for bolus transit studies to identify the nature of the lumi-
nal content, using five measuring frequencies from 1 kHz to 1 MHz logarithmically

spaced, tested in a section of guinea pig proximal colon.

3. A novel custom HRIM catheter with closely spaced electrodes, tested in a section of
a guinea-pig distal colon and two sections of rabbit proximal colon; and compared

with experimental results from a commercial HRIM catheter.
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. A novel pencil probe with four electrodes, contact pressure and temperature sensors,

tested in a section of guinea pig colon and five resected sections of human colon.

. A 3D simulated model to validate and provide insightful details to the experimental

results from the bolus transit studies.

. Three software applications were implemented to communicate and interface with

the built bioimpedance measurement system and the additional equipment (optical
interrogator units), set equipment’s parameters, save and display acquired data in

real-time.

The main conclusions of the work described in this thesis are as follows:

. This is the first time that complex impedance (impedance magnitude and phase

angle) and different measuring frequencies have been used for bolus transit studies.
Impedance magnitude and phase angle can differentiate between liquid and air mois-
ture content. The differences between impedance magnitude of liquid and gas were
found to be larger at low frequencies (~ 1 kHz), whereas for phase angle they were

larger at high frequencies (~ 177.81 kHz).

. Phase angle showed a better correlation with luminal diameter than impedance

magnitude for liquid content. The best correlation between phase angle and luminal

diameter (PCC = 0.87) was found at a measuring frequency of 177.81 kHz.

. The 3D simulated results provided strong qualitative agreement with respect the

experimental results.

. Fibre optic sensors reduce the need for excessive wire counts in HRIM catheters,

allowing closer spacing of impedance electrodes.

. Improving spatial resolution of impedance sensors gives better results for small an-

imal studies, allowing the detection of subtle changes in luminal diameter, such as

myogenic contractions, in composite Impedance Pressure Maps (IPMaps).

. Reducing the electrode separation increases the sensitivity to changes in diameter

and to spatial resolution of bolus measurements. That is, a small change in volume
or conductivity will be better picked up on closer electrode separation than wider
separation as the resulting impedance is dependent on the conductivity over the

volume between the pair of electrodes and the luminal wall.

. The variations commonly seen in bioimpedance measurements are largely due to

variations in contact force, and this has been addressed by designing a device that
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contains an in-built contact pressure sensor suitable for use via the instrument of an

endoscope.

. The experimental results showed that monitoring and controlling contact pressure

reduces the variability in bioimpedance measurements. Furthermore, by recording
the bioimpedance and contact pressure simultaneously provides a mean of standard-

izing in-vivo bioimpedance measurements.

A proposed technique for standardizing bioimpedance measurements based on con-
tinuous variation of contact pressure to generate individual intercept and gradient

is suggested.

The results presented in this thesis were limited in several ways. The limitations were:

8.2

. The number of specimens used to validate the devices was limited due to access to

suitable tissue types. The low specimen number could be a limitation, and a study
with more specimens might be required; however, the 3D simulated results in this

thesis and the agreement with other published works adds confidence to the results.

. Lateral forces have not been considered in the pencil probe, as it is easy to exert a

perpendicular measurement on in-vitro experiments; however, that may not be the
case during in-vivo measurements, where the probe accesses the tissue through the

port of the endoscope.

. Although the results from the suggested data compensation methods are promising,

the results have not been correlated with histological studies of the samples taken.
Histological examination is likely to provide more insights into correlations between

bioimpedance measurements and tissue sub-types.

Future work and directions

The work presented in this thesis set out to develop new and improved methods based on

electrical impedance to gain a better understanding of FGIDs. The findings in this thesis

add new knowledge and insight, and will lead to further work in GI diagnostics including

the following:

Firstly, the closer space impedance electrodes and the use of electrical impedance spec-

troscopy findings provide improved sensitivity and a way to characterize different luminal
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content. These findings will extend bolus presence techniques to small animal studies and

improve human measurements.

Secondly, the development of the pencil probe will allow further experimentation on
contact pressure dependency on bioimpedance measurements, and a possible compensation
method for tissue characterization on ez-vivo and in-vivo measurements. Further ez-vivo
experimentation including histology studies is required to validate this method and to link

gradient with tissue sub-type and/or condition.

These findings open the door to a new range of in-vivo human measurements and gain fur-
ther knowledge and insight on FGIDs (both functional and structural disorders); however,

further design and development of the devices are needed to enable in-vivo use.

Finally, it would be possible to combine both the custom HRIM catheter and the pencil
probe together. This would be possible due to the use of fibre optic pressure sensor that
provides a way to manufacture multiple pressure elements in a single fibre, and combine

it with bioimpedance devices suitable for in-vivo biopsy and assays.

8.3 Concluding statement

The work presented in this thesis provides with new and improved methods, based on
bioimpedance technique in combination with fibre optic sensing, for having a better un-
derstanding of functional and motility mechanisms of the lower GI tract. The additional
information provided by the developed methods will allow researchers and clinicians to
understand and gain insight on the physiology and pathophysiology of FGIDs. Further
work is now required to evaluate the potential of such methods on in-vivo experiments,
and to fully validate the proposed contact pressure compensation method for tissue char-
acterization. This may allow the identification of new motor patterns in more realistic

in-vivo environments.
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Appendix A

Electrical impedance and fibre

optic sensing technology basics

A.1 Introduction

This appendix provides the reader with the necessary knowledge of the electrical bioimpedance
and/or fibre optic sensing to be able to follow the concepts that appear in the chapters
in this thesis, and also some supplementary information on the techniques used. The
first section is focused on impedance phenomena in biological tissues, followed by the dif-
ferent models and ways to represent data, finishing with the different configurations to
perform bioimpedance measurements. The second section gives a brief introduction to
fibre optic sensing with a strong focus on Fibre Bragg Gratings (FBGs), interrogation and

multiplexing techniques.

A.2 Bioimpedance basics

A.2.1 Introduction

Electrical impedance of biological samples, referred to as electrical bioimpedance, or simply
bioimpedance, has been widely used in biomedical applications (Nowakowski et al., 2005),

food inspection and other areas (Gonzalez-Sosa et al., 2014). Electrical impedance is
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performed by injecting a small AC current and measuring the associated voltage drop by
means of metal electrodes. It can be obtained at a single frequency but it can also be taken
across a range of frequencies, in that instance it is referred to as Electrical Impedance
Spectroscopy (EIS) or Bioimpedance Spectroscopy (BIS). In the following sections, the

reader will have the opportunity to gain the basics to understand how BIS works.

A.2.2 Biological tissues

Living tissues and organs are complex and heterogeneous materials that can be considered
as a mixture of conducting and dielectric materials. Electrical conduction within biological
tissues is mostly due to unbound ions and molecules in the extracellular and intracellular
media. The ions within biological tissues are abundant and free to migrate, and conse-
quently, they are the main charge carriers for the electrical current (ionic current). The
structure of the tissues, which are formed by cells of different sizes, cellular membranes
and bound charges, may influence the current flow through them (Grimnes and Martinsen,
2008). A simple mechanism is proposed for explaining the frequency dependent behaviour
of bioimpedance up to about 10 MHz. At low frequencies (e.g. < 1 kHz), the current flows
mainly through the extracellular fluid, while at high frequencies, the cell walls, which act
as capacitors, also allow passage of current through the the extracellular and intracellular
fluid (inside cells).

Biological tissues show three dispersion regions in the frequency range of 10 Hz to 10 GHz.
Figure A.1 depicts those three regions as introduced by Schwan (1957). He characterized
these regions, and named them as alpha, beta, gamma («, 3, and 7 respectively) dispersion
(Schwan, 1957). He also explained their mechanisms of interaction. It is worth noticing
that most of the experiments carried out currently and before Schwan are and were made
in 8 dispersion (McAdams and Jossinet, 1995), between 1 kHz to several MHz, which is
associated with the dielectric properties of the cell membranes and their interactions with
the extra and intracellular medium. This thesis is focused specifically on this region. On
the other hand « dispersion, occurring at low frequencies (10 Hz to a few kHz), deals with
the ionic diffusion processes in the extracellular medium, whereas ~y dispersion (> 10 GHz)

is due to polarization of water molecules (Foster and Schwan, 1989).

A.2.3 Electrical properties of biological tissues

Bioimpedance measurement is the term used to express the relation between the mea-

sured voltage and the applied current. Other terms such as resistance, conductance and
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Figure A.1: Conductivity and relative permittivity of living tissue, showing the three

dispersion regions identified by Schwan (1957).

admittance are also used in this field. All these parameters are dependent both on the
passive electrical properties of the tissue and on the geometrical constraints (Grimnes
and Martinsen, 2008). On the other hand, the parameters resistivity, conductivity, and
relative permittivity are intrinsic properties of the material (electrical properties) and do
not dependent on the geometry used; hence, it is preferable to report the measurements
with these latter parameters instead to resistance, conductance and so on. In order to get
the passive electrical properties of tissue, the bioimpedance measurements are scaled by a
factor known as a cell constant (K; units m™!) that depends on the geometrical constraints
of the electrode configuration. Gabriel, Lau and Gabriel (1996a) proposed a method to
characterize the K factor of any electrode configuration. This method consists in measur-
ing the impedance values of different concentrations of NaCl (sodium chloride water), as

its conductivity is well known.

All the equations related to these parameters are shown below (Ivorra, 2005):
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Impedance
Z=R+jX [9] (A.1)
Impedance magnitude
1Z| =VR2+ X2 [Q] (A.2)
Phase angle
/7 =tan™? X [°] (A.3)
R
Admittance
1
Y:E—>Y:G+jB [S] (A.4)
Conductivity
S
Y =G+ jB=K(o+jwe) — 0 — GK [m] (A.5)
Permittivity
BK [F
Y — G+ jB = K(o + jwe) —» e = D2 [] (A.6)
w m
Relative permittivity
€
= — A7
=L (A7)
Resistivity
R
Z:R+jX—>p:? [Qm)] (A.8)
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Where:

R is the real part of the impedance and it is known as the resistance.

X is the imaginary part of the impedance and it is known as the reactance.

G is the real part of the admittance and it is known as the conductance.

B is the imaginary part of the admittance and it is known as the capacitance or sus-

ceptance.
K is the scaling factor of the measurement.
o is the conductivity of material.
€ is the permittivity of the material.
g,  is the relative permittivity of the material.

P is the resistivity of the material.

A.2.4 Models and data representation

Bioimpedance measurements can generate a large amount of data, especially when using
impedance spectroscopy. For this reason, the data is fitted into a model, that mimics
the living tissue behaviour, to simplify the data analysis. A common model used in the
literature consists of an electrical circuit model of a resistor in parallel with a capacitor
and resistor in series (Figure A.2(a)). Each component represents the dielectric properties
of the cell membranes and their interactions with the extra- and intra-cellular medium:
R, corresponds to the extracellular medium resistance, R; corresponds to the intracellular
medium resistance and C,, corresponds to the capacitance formed by the cell membrane.
From the electrical point of view, if we analyse the circuit as a function of frequency (from
f=0to f =00), at low frequencies (< 1 kHz) the current will flow through extracellular
medium making the impedance completely resistive whereas at very high frequencies (>
100 kHz), the cell membrane becomes transparent, and current will flow through the intra-

and extra-cellular mediums, see Figure A.2(b).

Another method to represent the data is the empirical expression proposed by Cole and
Cole (1941), known as the Cole equation (Equation A.9).

RO_ROO

Z=Ro+——r—=
+ 1+ (jwr)
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extra-cellular

Low frequency (< 1 kHz) High frequency (> 100 kHz)
(b)

Figure A.2: (a) An electrical circuit of a single model on the right is shown with its repre-
sentative components of the model on the left: extracellular resistance (R.), resistance due
to ionic and channels pumps (R,,), intracellular resistance (R;) and capacitive membrane

(Cp). (b) Current paths at low and high frequencies.

where Z is the impedance value at frequency w, j is the complex number /—1, Ry is the
impedance at infinite frequency, Ry is the impedance at zero frequency, 7 is the character-
istic time constant of the system corresponding to a characteristic angular frequency, and
« is a dimensionless constant with a value between zero and one (note that if its value is
1, the behaviour is the same as a capacitor). The parameters extracted from this model
can be used to monitor living tissue and identify possible tissue states (Ivorra et al., 2005;
Ivorra and Rubinsky, 2007). The representation of Cole equation is usually on a Nyquist
or Wessel diagram (Figure A.3). Its representation results in a semicircle with its centre
on or below the real axis and displaced away from the imaginary axis, the offset below
the real axis depends on the « value (if a is 1, then there is a perfect semicircle with its

centre on the real axis).
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Figure A.3: Cole plot representation with its different parameters.

The equations to pass from the electrical model to Cole-Cole model are shown below:

Ro = R. (A.10)
Re - R;
= el A1l
R Re + R’L ( )
T = Cm(Re + Rl) (A.12)

A.2.5 Impedance measurements

Bioimpedance measurements require a bioimpedance measurement system (BMS) and at
least a pair of metallic electrodes. These two parts (BMS and electrodes) are susceptible
to intrinsic and extrinsic errors that can affect the measurements (Barthel et al., 2012;
McEwan et al., 2007). This subsection considers these artefacts and how to overcome

these artefacts to improve bioimpedance measurements.

Impedance analyser

Currently, some commercial impedance analysers from are available, for example from
Solartron Analytical® or Keysight Technologies®. These systems are used for impedance
measurement in areas such as materials, bio-materials, solar cells, battery research and

fuel cells, civil engineering, corrosion studies, circuit boards (Keysight Technologies, n.d.).
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However, lacking an isolation stage, required so compliance with human safety require-
ments is met, their purpose is not tailored to biomedical applications. Additionally, the
cost of these commercial impedance analysers are around $30,000 to $60,000. This has
motivated some researchers to build their own impedance analysers for specific applica-
tions (Dudykevych et al., 2001; Li et al., 2013; Schroder et al., 2004). The complexity and
the required measurement speed of the measurements for applications such as impedance
tomography is another reason for the lack of suitable equipment, as found in (Brown,
2003). The characteristics that a commercial system can provide are achievable with cus-
tom systems (Dudykevych et al., 2001; Schroder et al., 2004). The system, developed by
Dudykevych et al. (2001), has achieved an error less than 0.5% for the magnitude and
0.5° for the phase measurement before any calibration to compensate systematic errors.
A commercially available model 1260A from (Solartron Analytical®) claims 0.1%, 0.1°
accuracy (Keysight Technologies, n.d.).

Electrodes

The electrode is the conductive element of an electrical circuit that allows the circulation
of current between two domains with different charge carriers (in bioimpedance measure-
ments, between the metallic conductors of the measuring circuit, which lead by electrons,
and the tissue that conducts by ions). So, the electrode is the critical interface for inter-
changing current between tissue and electronic devices. The electrodes are used in many
applications such as the detection of biosignals from endogenic sources, stimulation of
nerves and muscles or AC impedance measurements. Different metals are used depend-
ing on the application. For living tissue, noble metals such as gold, platinum, iridium,
rhodium, palladium and silver are preferred as they are highly biocompatible while provid-
ing the conductivity required for charge transfer. The electrode-tissue interface is where
the charge-transfer occurs, and electronic current (carried by electrodes) becomes ionic
current (carried by ions) and vice versa. This plays a key role in the impedance measure-

ments, as it can create undesired potentials and impedances that affect the measurements.

The contact between a metallic electrode and tissue creates an ion-electron exchange, and
an electrochemical reaction happens. Two important electrochemical reactions take place
in the interface: Oxidation and Reduction. Oxidation occurs when an atom from metal
"M’ loses 'n’ electrons and pass into the electrolyte (tissue) as metal ions "M ™"’ whereas
reduction occurs when ions in solution M+ take n electrons from the metal and deposit

onto the electrode as metal atoms 'M’(McAdams, 2006).
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M — M +ne” (A.13)
Mt +ne” — M (A.14)

When these two reactions are taking place under equilibrium conditions, two currents
in both directions exist. These are equal, and consequently result in zero net current.
Although the net current is zero, these reactions change the concentration of the ions in
solution close to the electrode surface, and as a result the electrical potential near by the
electrode changes with respect to the solution. This potential established between the
electrode and electrolyte is known as the ’half-cell potential’ (Neuman, 2010). However,
this half-cell potential (the charge distribution in the solution) can be affected when an
external electric field is applied to the electrodes due to a current that passes through the
electrode-electrolyte solution. Ions in the electrolyte (tissue) are attracted to the electrode-
tissue interface by electrostatic forces creating a layer of opposite charge near the electrode.
This is the double layer, and it is separated from the electrode surface by a small distance.
The double layer can be considered as a capacitor (Cy;), and induces an impedance to
the electrode-tissue interface, in which the current (capacitive current) will pass through
it when current is applied. In addition, some leakage currents (Faradic current) due to
the electrochemical reactions will take place at the interface. These reactions experience
a charge transfer resistance (RCT) and can cause the dissolution of metal and a change

of pH near the electrode-tissue interface (McAdams, 2006).

To avoid or minimize these errors a number of techniques have been employed. The most
common technique used to avoid electrode polarization is the four-electrode configuration
(Figure A.4(a)) proposed by Schwan (1968) — he also proposed that varying distance
between electrodes can improve the electrodes’ performance at low frequencies. This
method avoids the electrode polarization since at low frequencies the electrode impedance
can be very high (MQ) (Mazzeo and Flewitt, 2007).

However, at high frequencies a four electrode configuration is susceptible to errors due
to parasitic and stray capacitances, and as a consequence a two-electrode configuration

(Figure A.4(b)) is preferred at high frequency measurements (Mazzeo, 2009).

Increasing the effective surface area of the electrode by mechanically roughening (sand-
blasting) or electrochemical treatment (electroplating) are options used to improve elec-
trodes’ performance, as the area of the capacitance is inversely proportional to the interface
impedance. These techniques are specially employed in noble metals, (since noble met-
als are highly polarizable and present large interface impedances) and have been shown

to increase the effective capacitance of the electrode by four times. Malleo et al. (2010)
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Figure A.4: (a) Four- and (b) two-electrode configuration.

enhanced the performance of a bright platinum electrode with Platinum Black, Iridium
Oxide and conducting polymer electroplating. Best results are obtained if both treatments
(mechanical and electrochemical) are applied (Grimnes and Martinsen, 2008). Therefore,
the use of mechanical and electrochemical treatments has been demonstrated to overcome
part of the problem of the impedance polarization at low frequencies. It is worth men-
tioning, that the deposition of an interface layer on metal may have a deleterious effect

and eventually the layer will wear off so periodic recoating may be required.

Even the use of methods or techniques to improve the impedance measurements, and
reduce problems due to the electrode-tissue interface and impedance analyser system (sys-
tematic errors), errors persist. To overcome these, researchers (Dean et al., 2008; Laufer
et al., 2010) have been used Gabriel’s method presented in Section A.2.3 (Gabriel et al.,
2009). This method consists of characterizing the cell constant K’ in a saline (NaCl) so-
lution with similar conductivity of the soft tissue to be measured. Data on saline solutions
with different concentrations and conductivities is known (Peyman et al., 2007). Saline
solution has no dielectric properties in the frequency range DC - 1 MHz, therefore, no

imaginary part should appear in the measurements of impedance within this range.

These problems must be taken in consideration when selecting a good electrode for a
given application since they can interfere in the impedance measurements. Sometimes the
application will not require extra actions (techniques) to cope with these. For example, if
the frequency of interest is at high frequency no further actions will be necessary. However,
at low frequencies it has been shown how the impedance measurements can be affected.
That is why, before measurement in living tissue occurs it is advisable to characterize the
electrodes for two main reasons: to know the magnitude of the error and to compensate

with appropriate techniques that overcome the problems.
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A.3 Fibre optic sensing technology basics

A.3.1 Introduction

Optical fibre sensors (OFS) have been used, mainly, for exploration and mining, civil,
transportation and aerospace industry for long time. Lately, thanks to the advances
in the microfabrication technology, it has started being used in biomedical applications
due to its inherent attractive properties such as: small size, biocompatibility, multipoint
measurement, linear temperature effect and immunity to electromagnetic interferences
(Baldini et al., 2008; Mishra et al., 2011; Poeggel et al., 2015). These advantages overcomes
some of the problems of solid-state sensors such as the cross-talk between electronic devices,

non-linear temperature effect and so on.

Different OFS can be classified according to the structure of the sensor and the modulation
technique. The sensing element can be built in the fibre (intrinsic) or can be an extended
part of the fibre (extrinsic). The detection of any change in the sensing element is detected
by the intensity, frequency or phase. In this thesis, Fibre Bragg gating (FBG’s) sensors
and their interragoation and modulation techniques have been considered.

Coating
Fibre Bragg Grating

~ N \C

Cladding ore

Figure A.5: Optical fibre with a fibre Bragg grating. The periodicity of the grating
structure, A, is typically of the order of 500 nm.

The fibre is composed of a core surrounded by a cladding and a coating. The FBG is an
intrinsic sensor and it is possible to contain one or multiple sensing elements in a single
fibre, each with a different characteristic period. The FBGs used in this thesis are written
by UV light during the fabrication process. These sensing elements consist of a pattern
with a specific refractive index with a periodicity that reflects a specific wavelength know

as Bragg wavelength (Equation A.15).

)\B = 2neff x A (A.15)

Where A is the pitch of the grating, n.ss is the effective refractive index of the core and
Ap is the Bragg wavelength. When light is launched into the fibre core, these sensing
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elements reflect the light back at specific wavelength (see Figure A.6).
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Figure A.6: Schematic representation of light interacting with a fibre Bragg grating.
Broadband light is launched into the fibre, a narrow band of light is reflected and the

remaining spectral components are transmitted.

The pitch of the grating and the refractive index are sensitive to strain and temperature;
hence shifting the Bragg wavelength. The following equation (Equation A.16) represents

the changes in wavelength by strain and temperature:

ij\:k-€+a5-AT (A.16)
Where k is gauge factor, ¢ is the strain, a4 is the change of the refraction index, and AT
is the temperature change. The first term describes the wavelength shift induced to the
fibre due to mechanical and thermal strain and the second one describes the change of
refraction index caused by temperature. Equation A.17 is more detailed and takes into
account the thermal expansion coefficient of an external package, a,i, when the grating

is fixed at both ends or thermal expansion coefficient of glass, agiqss, when the grating is

only fixed at one end:

AN

TO = (1 - pE) “Em T ((1 - pe) " X(pk,glass) + 77) AT (A17)

Where:

AX  Wavelength shift.
Ao Initial wavelength.

De Photo-elastic coefficient of silica, p. = 0.22.
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Em Mechanical strain.

apr  Thermal expansion coefficient of package.

Oglass Thermal expansion coefficient of glass, agiass = 0.55 1076 /°C.

n Thermo-optic coefficient of the refractive index, n = 8.6 x 1079 /°C.

AT  Temperature change in °C.

Thus, a change in Bragg wavelength can be due to the strain applied or to the change
in ambient temperature. Therefore, when measuring strain with FBGs, a compensation
method is needed to avoid any change in Bragg wavelength due to variations in tempera-
ture. A few approaches have been described in the literature (Rao, 1998). In this thesis,

only two methods have been used and these are explained.

Reference FBG method: As one single fibre is not able to separate both effects strain
and temperature. A second strain-free fibre as close as possible to the first fibre is used.
This second fibre only measures the Bragg wavelength shift due to the temperature, then,
the temperature artefact can be removed by subtracting the Bragg wavelength shift due

to temperature effect.

Dual-wavelength superimposed FBGs method: This method also uses a similar
approach to the reference FBG method, with the difference that the second fibre is also
sensitive to strain. The two FBGs need to be close and under different sort of force, if
both fibres are under the same magnitude of force this method will not work as they will
exhibit the same wavelength shift. Assuming that the fibres are under different force and
the total wavelength shift for each fibre due to strain and temperature are linear, the

Bragg wavelength is given by:

A)\Bl _ Kgl I{T1 Ae (A.18>
A)p, K., K1, ] \AT
Where K. and K7 are the strain and temperature sensitivity. These calibration constants

must be determined against a known strain and temperature.

A.3.2 Interrogation techniques

To detect a change in strain or temperature, the FBG sensors needs to be interrogated
by guiding the light through the fibre by means of light source, and simultaneously read-
ing the intensity of the reflected light at specific wavelength with a photodetector. By
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interrogating the FBG’s continuously, any change in strain or temperature will shift the
reflected wavelength. Two configurations can be used to interrogate the FBG’s sensors
(Figure A.7); with a broadband light source and a spectrometer; or with a tunable

laser source and a photodetector (photodiode).

FBG
Broadband Optical
Source P irculator] €
66\
?
>
&
Dispersive
Element
(a)

FBG

Tunable Laser

N Optical ’ )

circulator

Photodetector

(b)

Figure A.7: Schematics of interrogation techniques: (a) broadband laser in conjunction

with a CCD pixel array and (b) tunable laser in conjunction with a photodetector.

The broadband light source emits light over a wide spectral range along the fibre, whereas
the tunable laser source has a high-powered narrow band light that sweeps along the full
spectrum of the source. In the former case, FBG sensors reflect back the Bragg wavelength
light to a dispersive element (diffraction grating), and the remaining components of the
spectrum will not be reflected; ending up at the other end of the fibre. Then, the dispersive
element separates the reflected wavelength into an array of sensors that converts the light
intensity into voltage. While, in the second configuration there is only one sensor that
converts the reflected light into a voltage and the spectra is defined by the wavelength
of the laser as it tunes through its spectral range; hence there is no need for a dispersive

element.
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A.3.3 Multiplexing techniques

It would not be viable to use an interrogation system for each sensing element due to
the high cost components of the interrogation system. To overcome this problem some
multiplexing techniques have been used. There are available three multiplexing techniques;
spatial division multiplexing (SDM), wavelength division multiplexing (WDM) and time
division multiplexing (TDM). Only WDM is explained as it is the multiplexing technique
used in this thesis, but more information about the others can be found in (Lépez-Amo

and Lopez-Higuera, 2011).

The WDM technique consist of interrogating a single fibre with multiple sensing points
along it. Sensing points can be separated at any given distance as long as the FBG sensor
does not physically overlap with the next and as long as the attenuation in the intervening
fibre is not too high for the dynamic range of the detector. However, the wavelength range
of the interrogator unit and the wavelength range of sensor’s operation limit the number
of sensing elements that a fibre can usefully contain. For example, if two consecutive FBG
sensors have a range of - 2 nm and are separated by 4 nm or both sensors are apart by 2
nm but both work on the same direction, these FBG sensors’ signal will not overlap. On
the other hand, if both FBG sensors move towards each other, then sensors’ wavelengths

will overlap causing sensor-to-sensor crosstalk (see Figure A.8), or the loss of one or both

SENSOrs.
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Figure A.8: Schematic representation of reflected wavelength peaks from two spectrally
adjacent FBGs. The required separation between peaks depends on the bandwidth of each
peak, and the mode of operation of both sensing elements. Cross talk will occur if the

spectral peaks start to merge.
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The work presented in this appendix is the subject of the following refereed conference

paper:

Ruiz-Vargas, A, Arkwright, JW, Ivorra, A. A portable bioimpedance measurement sys-
tem based on Red Pitaya for monitoring and detecting abnormalities in the gastrointesti-
nal tract. In: 2016 IEEE EMBS Conference on Biomedical Engineering and Sciences
(IECBES). IEEE; 2016:150-154. doi:10.1109/IECBES.2016.7843433.
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B.1. INTRODUCTION

B.1 Introduction

Commercial impedance analyser systems are available with high performance over a wide-
range of frequencies and impedance ranges. However, these systems have some disadvan-
tages: 1) Most commercial measurement systems exhibit low sampling rates because they
are not intended to monitor impedance evolution but to perform accurate static measure-
ments. 2) Most systems are 2-terminal systems not suitable for bioimpedance because of
the contact impedances that appear at the interface between the electrode and the sam-
ple. It should also be noted that even 4-terminal systems do not have ideal features to
take impedance measurements due to their low input impedance. 3) A majority of these

systems do not comply with electrical safety standards for in-vivo human measurement.

As part of my PhD, I have developed a bioimpedance measurement system (BMS) to
perform bioimpedance measurements with the developed devices under this thesis. In
this appendix, I present the design, construction and validation of a portable, low-cost
4-terminal bioimpedance measurement system with its interface software that have been
used during the experiments performed during this thesis. The BMS can be powered by
either a normal charger or a power bank, which makes it inherently safe, and suitable for

real-time ambulatory measurement.

B.2 System description

The system consists of a Red Pitaya board (www.redpitaya.com) and custom designed
front-end circuitry, see Figure B.1, with a software interface developed in NI LabView
(National Instruments Corporation, Austin, USA) and Matlab R2015 (Mathworks, Mas-
sachusetts, U.S.A) allowing dynamic reconfiguration of current and voltage, and real-time
data acquisition. Data acquisition is based on an auto-balancing bridge method in which
a sinusoidal current is injected through the sample, waits for 5 cycles to reach steady state
and then simultaneously acquires 2 cycles of the current flowing through and the voltage
across the sample. The impedance calculations are then executed in the Red Pitaya pro-
cessor. The data is sent in real-time to the PC, via an Ethernet cable and/or to an iPad

by via a wireless USB dongle.

The software application allows the user to take and record either single frequency mea-
surements or multi-frequency measurements in real time. In single-frequency measurement
mode, acquisition and calculations take about 72 ms at an excitation frequency of 1 kHz,

and for multi-frequency measurement mode, the acquisition of 5 different frequencies from
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1 kHz to 1 MHz, takes about 200 ms. The data is streamed to disk and stored dy-
namically in a text file. The user can make comments during acquisition in order to
synchronize the measurements with other devices. It also allows the user to fit and plot
the multi-frequency data in a Cole-Cole plot and display its four parameters: alpha («),

characteristic frequency (fc), Roo and Ry (Cole and Cole, 1941).

2x DAC Low pass filter

E M Xilinix ZYNQ :
(= xamio [
2xADC Low pass filter

Four-terminal

auto-balancing bridge

Impedance probe
connector

J3uva0udNIN

EMC filter
&
Dual DC-DC

(b)

Figure B.1: (a) Representation of the general hardware architecture of the bioimpedance
measurement system. (b) Picture of bioimpedance system with front-end. The green
shaded area shows the electromagnetic filter and dual power supply, the blue shaded area
shows the signal conditioning circuit (auto-balancing bridge), and the red shaded area

shows the connector where the impedance probe is connected.
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Figure B.2: Four-terminal auto-balancing bridge schematic used on the front-end.

B.3 General hardware design

Figure B.1 and B.2 show the hardware architecture of the BMS and the 4-terminal auto-
balancing bridge schematic. To minimize the development time, it was decided to employ
a Red Pitaya board to generate the signal and acquire both the current and voltage across
the sample under test. Red Pitaya boards have powerful digital signal generation and pro-
cessing capabilities (Dual Core ARM Cortex A94+FPGA) and FPGA (Xilinx Zynq 7010
SoC) able to generate sinusoidal signals and to process signals in real time. Output ana-
logue signals are generated by a high speed (125 MSamples/s) 14-bit Digital to Analogue
Converter (DAC) and afterwards passed through a low pass filter with 50 MHz cut off
frequency. The voltage and current are acquired through a low pass filter (50 MHz cut
off frequency) which is then digitized by the dual high speed (125 MSamples/s) 14-bits
Analogue to Digital Converter (ADC) which passes the data to the FPGA.

The Redpitaya board provides half of the system. The Redpitaya board output and inputs
are connected to the front-end input and outputs by means of coaxial cables (see Figure
B.1). Figure B.1(b) shows the different parts in the front-end. The green shaded area
corresponds to an electromagnetic filter and dual power supply to provide = 5 V to the
electronic components in the blue shaded area. The red shaded area is a D-9 connector
where the impedance probe is connected. The blue shaded area corresponds to the 4-

terminal auto-balancing bridge circuit.
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The auto-balancing bridge circuit applies the current to the sample and conditions the
voltage across and current through the sample. A resistor and capacitor are used in series
to limit the maximum applied current for patient’s safety. A 10 k) resistor was chosen to
limit the maximum current flowing through the living tissue. The Red Pitaya delivers +

1 V therefore the maximum current flowing through the system is limited to 100 pA.

The trans-impedance amplifier (AD844) is used as a current to voltage converter to read
the current flowing through the sample. The positive input is connected to ground which
takes the negative input to zero, channeling the current through the shunt resistance. The
voltage across this resistance will be Vout = —Rgpynt - I. The shunt resistance provides
gain, so once the signal is digitized it needs to be divided by the same value in order to

output the correct current value.

In order to measure the voltage across the sample the AD8130 differential amplifier was
used which provides a good common mode rejection ratio (CMRR) across the spectrum.
However, its input impedance is not as high as the instrumentation amplifiers. Thus, the
two operational amplifiers (AD845) prior to the differential amplifier inputs assures a high
input impedance in the system. The function of the capacitance and the resistance prior

to the input buffer is to avoid any DC current passing through the sample.

B.3.1 Signal processing

A digital coherent demodulation technique is applied to the digitized signal from the ADC
buffers taking advantage of the Red Pitaya on-board processor. Figure B.3 shows the
block diagram of this process. The digital coherent demodulation process extracts real
and imaginary part of a signal, by multiplying the signal, Equation B.1, by two reference
signals, one in phase and one in quadrature with same frequency as the injected signal,

obtaining then (Equation B.2 and B.3):

v(t) = Acos(2m fp) (B.1)
v (t) = v(t) cos(2m fo) (B.2)
vz (t) = v(t) sin(27 fo) (B.3)

Afterwards, a non-linear digital filter (mean filter) is applied to v,(t) and v,(t), to get
the values of the real and imaginary parts, as the important information is in the DC
component of v,(t) and v, (t). This process is applied to both signals to obtain the complex

numbers of voltage and current. Finally, Equation B.4 is applied to get the complex value
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of the impedance.
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Figure B.3: Block schematic of digital coherent demodulation signal.

B.3.2 Software

Data was acquired using a custom written LabVIEW program and additional graphical
user interface was developed in Matlab for post-processing. The user can visualize the data
on a table, and select sets of data to fit it in a Cole-Cole model (Cole and Cole, 1941) and
plot in four different graphs: 1) Cole-Cole plot, 2) Bode diagram, 3) Real and Imaginary
vs frequency, and 4) electrical properties (conductivity o and relative permittivity &, ).
The four known Cole-Cole parameters (a,fc , Ry and Ry) are also shown on the user

interface.

B.4 System evaluation

In order to validate the performance of the system, we employed an equivalent circuit
model of a cell suspension (0.9997 k) resistor in series with a 97.26 nF in parallel with
1.0007 k€2 resistor measured with an Agilent U1253B Multimeter with an accuracy of
0.05% + 5 LSD (least significance digit) for resistors and 1% =+ 5 LSD for capacitors).
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Table B.1: Impedance measurement system ’s accuracy of an equivalent circuit model of

a cell suspension from 10 Hz to 1 MHz.

Frequency True value Measured value Relative error (%)
|Z|(©2) Phase(®) |Z|(2) Phase(°) Mag Phase

10 Hz 999.64  -0.350  999.23 -0.35 < 0.1 0.0050

100 Hz 994.16  -3.470  993.69 -3.46 < 0.1 0.0009

1 kHz 741.94 -19.260 743.13 -19.15 < 0.1 0.0001

10 kHz 505.10  -4.610  505.51 -4.69 < 0.1 0.0009

100 kHz 500.19  -0.470  500.12 -0.58 < 0.1 0.0417

1 MHz 500.15  -0.047  499.66 -1.05 < 0.1 0.4704

0.9997 kQ

— AW

AN

1.0007 kQ 97.26 nF

Figure B.4: Equivalent circuit model of a cell suspension.

Eleven measurements were performed in the frequency range from 10 Hz to 1 MHz. Table
B.1 shows the range of true values measured with a PM6304LCR meter from Fluke (Fluke,
Washington, USA) with an accuracy of 0.1%, the mean value of results obtained with our
impedance measurement system and percentage deviation for magnitude and phase within
range frequency of 10 Hz — 1 MHz. The impedance measurement system has low standard
deviation in magnitude and phase (< 0.02% and < 0.47% respectively) from 10 Hz to 1
MHz.

A range of pure resistors from 1  to 1 MQ (1% tolerance) were employed to measure the
accuracy. These resistors were measured with the PM6304LCR meter. Table B.2 shows
the values obtained with the LCR meter and the percent error obtained with our system
from 10 Hz to 1 MHz for the impedance range 1 €2 to 1 M(). The system is capable of
measuring low impedances (< 10 §2) with accuracies of better than 0.55% up to 100 kHz,
however at higher frequencies the accuracy degrades to 34% at 1 MHz. The accuracy of the
system for impedances up to 10 kQ is < 2.02% up to IMHz. The accuracy for impedances
larger than 100 k) increases to 2.43% at 100 kHz. The system’s accuracy at lower (< 10 §2)
and larger (> 100 k) impedances at high frequencies (> 100 kHz) decreases noticeably.
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Table B.2: Impedance measurement system’s accuracy for an impedance range of 1 {2 to

1 MQ from 10 Hz to 1 MHz. Significant error values are shaded.

Percent error (%)
10Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz

1.05 0.86 1.25 1.05 1.04 2.04 3.004
10.07 Q 0.51 0.45 0.55 0.22 0.03 0.90
100.3 Q 0.07 0.07 0.07 0.06 0.05 0.04
0.9997 k2 0.69 0.69 0.69 0.70 0.70 0.81
9.963 k(2 0.08 0.08 0.07 0.10 0.18 2.02
100 k2 0.21 0.21 0.20 0.09 2.43 46.68
1 MQ 0.08 0.13 0.11 2.94 53.48 93.71

This could be explained by the parasitic capacitances and inductances in the system that

cause signal distortion and limit the bandwidth of the analogue path.

Finally, the effective CMRR (common mode rejection ratio) of the system was simulated
for the frequency range 1 Hz to 10 MHz with LTspice IV (Linear Technology, Milpitas,
CA, USA). Figure B.5 shows the results of the simulated CMRR of the front end depicted
in Figure B.1. The CMRR of a differential amplifier should be infinite; however, due to
the imperfections of the operational amplifiers, this is not achievable. A -60 dB CMRR
value is considered average, and -100 dB is considered high CMRR while below -60 dB is
considered quite poor CMMR value. The system presents a high CMRR of -100 dB at
low frequencies up to 10 kHz. From 10 kHz, there is a drop in the CMRR reaching -74
dB at 1 MHz.

B.5 Conclusions

Overall, the size and the power requirement makes our system portable and viable for
measuring bioimpedance in any environment. In addition, the bioimpedance spectroscopy
measurement system exhibits good accuracy in the impedance range of 10 €2 to 10 k2
between the range frequency 10 Hz to 1 MHz (10 Hz to 100 kHz for impedance values of
1Q).
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Figure B.5: Effective common mode rejection ratio vs frequency of the impedance signal

conditioning circuit.
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Figure C.1: Correlation graphs of impedance magnitude and phase angle against diameter

at frequency range 1 — 177.81 kHz for liquid content.
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at frequency range 1 — 177.81 kHz for gas content.

159

!
!
!
!

800

600

400

200

600

400

200

600
500
400
300
200

100

Density Counts

Density Counts

Density Counts

Density Counts



APPENDIX C

Table C.1: Nornality test results for impedance magnitude data.

Tests of Normality

Shapiro-Wilk
Statistic df Sig.

0.963 1501 0
0.882 1501 0
0.966 1501 0

0.88 1501 0
0.971 1501 0
0.876 1501 0
0.971 1501 0
0.868 1501 0
0.724 1501 0
0.802 1501 0
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Table C.2: Wilcoxon Signed Ranks Test for impedance magnitude.

Ranks
Sum of
N Mean Rank Ranks
Negative Ranks 792 161.59 12766
Positive Ranks b 783.74 1114485
F1 _Gas-F1_Liquid ] 1422
Ties o°
Total 1501
Negative Ranks 65 158 10270}
o Positive Ranks 1436° 777.84 1116981
F2_Gas - F2_Liquid )
Ties o'
Total 1501
Negative Ranks 789 177.42 13839
L Positive Ranks 1423" 782.44 1113412
F3_Gas - F3_Liquid ] .
Ties 0'
Total 1501
Negative Ranks 166 344.61 57205
o Positive Ranks 1335 801.53] 1070046
F4 _Gas - F4_Liquid ] |
Ties 0
Total 1501
Negative Ranks 859™ 669.81 575367
o Positive Ranks 642" 859.63 551884
F5 Gas - F5_Liquid )
Ties 0°
Total 1501

a. F1_Gas < F1_Liquid; b. F1_Gas > F1_Liquid; c. F1_Gas = F1_Liquid; d. F2_Gas

< F2_Liquid; e. F2_Gas > F2_Liquid; f. F2_Gas = F2_Liquid; g. F3_Gas <

F3_Liquid; h. F3_Gas > F3_Liquid; i. F3_Gas = F3_Liquid; j. F4_Gas < F4_Liquid;
k. F4_Gas > F4_Liquid; |. F4_Gas = F4_Liquid; m. F5_Gas < F5_Liquid; n. F5_Gas
> F5_Liquid; o. F5_Gas = F5_Liquid

Table C.3: Wilcoxon test statistics for impedance magnitude.

Test Statistics®

F1 Gas- | F2_Gas- | F3_Gas- | F4_Gas- | F5_Gas -

FliLiquid FZiLiquid FSiLiquid F4iLiquid F5 Liquid
z -32.798°]  -32.946°] -32.734°] -30.152° -.699°
Asymp. Sig. (2-tailed) 0 0 0 0 0.485

a. Wilcoxon Signed Ranks Test

b. Based on negative ranks.
c. Based on positive ranks.
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Table C.4: Nornality test results for phase angle data.

Tests of Normality

Shapiro-Wilk
Statistic df Sig.
F1_PA_Liquid 0.964 1501 0
F1_PA_Gas 0.958 1501 0
F2_PA_Liquid 0.978 1501 0
F2_PA_Gas 0.973 1501 0
F3_PA_Liquid 0.994 1501 0
F3_PA_Gas 0.997 1501 0.004
F4_PA_Liquid 0.979 1501 0
F4_PA_Gas 0.998 1501 0.086
F5_PA_Liquid 0.887 1501 0
F5_PA_Gas 0.879 1501 0
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Table C.5: Wilcoxon Signed Ranks Test for phase angle.

Ranks
N Mean Rank | Sum of Ranks
Negative Ranks 8722 818.56 713781
o Positive Ranks 629° 657.34 413470}
F1_PA_Gas - F1_PA_Liquid )
Ties 0°
Total 1501
Negative Ranks 1436° 779.67 1119603I
o Positive Ranks 65° 117.66 7648
F2_PA_Gas - F2_PA_Liquid .
Ties of
Total 1501
Negative Ranks 14879 757.84 1126914
o Positive Ranks 14" 24.07 337
F3_PA_Gas - F3_PA_Liquid ) )
Ties 0'
Total 1501
Negative Ranks 1500 751.5 1127250
o Positive Ranks 1 1 1
F4_PA_Gas - F4_PA_Liquid ) |
Ties 0
Total 1501
Negative Ranks 1366™ 781.28 1067234
o Positive Ranks 135" 44457 60017
F5_PA_Gas - F5_PA_Liquid _
Ties 0°
Total 1501

a. F1_PA_Gas < F1_PA_Liquid; b. F1_PA_Gas > F1_PA_Liquid; c. F1_PA_Gas = F1_PA_Liquid;
d. F2_PA_Gas < F2_PA_Liquid; e. F2_PA_Gas > F2_PA_Liquid; f. F2_PA_Gas = F2_PA_Liquid,;
g. F3_PA_Gas < F3_PA_Liquid; h. F3_PA_Gas > F3_PA_Liquid; i. F3_PA_Gas = F3_PA_Liquid; j.
F4_PA_Gas < F4_PA_Liquid; k. F4_PA_Gas > F4_PA_Liquid; |. F4_PA_Gas = F4_PA_Liquid; m.
F5_PA_Gas < F5_PA_Liquid; n. F5_PA_Gas > F5_PA_Liquid; 0. F5_PA_Gas = F5_PA_Liquid

Table C.6: Wilcoxon test statistics for phase angle.

Test Statistics®

F1 PA Gas- F2_PA Gas - F3_PA Gas - F4_PA Gas - F5 PA Gas -
F1_PA_ Liquid F2_PA_Liquid F3_PA_ Liquid F4_PA Liquid F5_PA_Liquid
z -8.940° -33.102" -33.538" -33.558" -29.984°
Asymp. Sig. (2-tailed) 0 0 0 0 of

a. Wilcoxon Signed Ranks Test

b. Based on positive ranks.
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