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Abstract

Atrial fibrillation, a prevalent cardiac arrhythmia, requires precise and
effective treatments such as cardiac ablation. The efficacy of these
treatments is closely tied to a comprehensive understanding of the
dielectric properties of the heart, including both blood and cardiac
tissue. Any inaccuracies or gaps in this information can compromise
treatment success, leading to increased health risks and financial bur-

dens.

This thesis identifies several gaps including limited available data
on the dielectric properties of specific heart regions, inconsistency in
characterising the electrical conductivity of human blood across var-
ious frequencies, and the lack of specialised instruments for accurate
measurements in small, heterogeneous biological samples. To address
these issues, rigorous characterisations of the dielectric properties of
cardiac tissues at microwave frequencies ranging from 500 MHz to 20
GHz were performed, along with electrical conductivity measurements
of human blood from 100 Hz to 100 kHz.

As well as the contributions to dielectric properties, this research
also includes the development and microfabrication of a miniaturised
four-electrode probe. This innovative probe is designed to measure
the electrical conductivity of biological tissues over a wider frequency
range between 10 Hz and 100 kHz and enables accurate measurements

in small and heterogeneous samples, such as cardiac tissue.

Overall, the thesis advances the field by enhancing the understanding
of the dielectric properties of blood and cardiac tissue. By filling
critical gaps in the existing literature, it contributes to improving the

reliability and safety of cardiac ablation treatments.
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3.5 Dielectric properties of six parts of the heart in this study. Each
plot shows the relative permittivity and conductivity for each part
of the heart. Each of the colours corresponds to one of the hearts:
Alis blue, A2 is green, A3 is red and A4 is orange. Darker lines are
the relative permittivity and lighter lines are the conductivity. The
measurement results plotted with the green and the orange lines
are measured with the E5063A VNA. The measurement results
plotted with the blue and red lines represent the measurements
performed with the E8362B VNA. Each line is plotted with the
corresponding mean + 2 standard deviations confidence interval.
The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273,
277]. The model is based on the data from experimental studies on
several different species. The triangle markers are the data points
from measurements on human tissues from Gabriel et al. 1996
study [207], which did not differentiate between different tissue
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Introduction

1.1 Motivation

The interaction of electromagnetic (EM) fields with the human body is depen-
dent on the inherent dielectric properties of tissues, namely relative permittivity
and conductivity [1]. These properties dictate how EM waves are transmitted,
absorbed, and reflected by biological tissues in various proportions. A precise
understanding of these properties is crucial for dosimetry (safety) calculations
and advancing medical diagnostic, monitoring, and therapeutic technologies [2].

Various modalities of cardiac ablation for atrial fibrillation (AF) treatment
focus on ablating the cardiac tissue by delivering EM energy into the tissue.
To accurately quantify the EM energy being deposited into the tissue, an exact
knowledge of the dielectric properties of the cardiac tissue is necessary. This
knowledge is utilised in the design and optimisation of cardiac ablation treatment
and monitoring devices.

Moreover, the dielectric properties of cardiac tissues, specifically the change
in the conductivity of cardiac tissue, can potentially be employed to assess the
ablation treatment [3]. Currently, there is no modality to monitor the ablation
treatment in real-time, which makes the effectiveness of the treatment heavily
dependent on the clinician’s experience [4]. While the direction of change in
conductivity depends on the ablation modality employed, the conductivity does
change during all modalities, meaning conductivity can potentially be a marker

for successful ablation. Measuring these changes in the electrical conductivity of
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tissues during the ablation treatments could provide a means of monitoring and
assessing the ablation treatment in real-time, potentially improving the effective-
ness of the treatment and ultimately patient outcome.

This thesis contributes to the field of dielectric properties of tissues relevant for
treatment planning and treatment monitoring of different modalities of cardiac
ablation. The contributions to treatment planning include the characterisation of
cardiac tissue dielectric properties at microwave frequencies and the characterisa-
tion of human blood conductivity at frequencies lower than 100 kHz. Contribu-
tions to ablation treatment monitoring involve the development of a miniaturised
four-electrode probe for the assessment of the conductivity of biological tissue.

These contributions are discussed in more detail in the following section.

1.2 Thesis Contributions

This thesis presents several novel and significant contributions in the fields of
dielectric properties of tissues, dielectric spectroscopy, and electrical impedance

spectroscopy (EIS). The contributions are:

> Recording, reporting, and modelling of the dielectric properties of the heart
as a dielectrically heterogeneous organ at the important microwave appli-
cation frequencies of 915 MHz and 2.45 GHz;

> The design of a simple and low-cost four-electrode probe as a practical tool
for measuring the electrical conductivity of human blood in the 100 Hz-100

kHz frequency range.

> The measurement of the conductivity of human whole blood at room tem-
perature and at body temperature over the frequency range of 100 Hz-100
kHz.

> The design and microfabrication of a miniaturised four-electrode probe (900
pm in width) for the measurement of electrical conductivity of small bio-

logical samples in the wider 10 Hz-100 kHz frequency range.



1.2 Thesis Contributions

1.2.1 Journal and Conference Publications

The work presented in this thesis has been published across a range of peer-
reviewed journals and international conference papers. These publications are
summarised here for completeness.

Dielectric properties of cardiac tissue:

> N. Istuk, E. Porter, D. O'Loughlin, B. McDermott, A. Santorelli, S. Abedi,
N. Joachimowicz, H. Roussel, and M. O’Halloran, “Dielectric Properties of
Ovine Heart at Microwave Frequencies,” Diagnostics, vol. 11, no. 3, Art.
no. 3, Mar. 2021, doi: 10.3390/diagnostics11030531.

> N. Istuk et al., “Detailed Dielectric Characterisation of the Heart and
Great Vessels,” in 2020 14th European Conference on Antennas and Propa-

gation (EuCAP), Mar. 2020, pp. 1-5. doi: 10.23919/EuCAP48036.2020.9135896.

> N. Istuk, E. Porter, D. O'Loughlin, and M. O’Halloran, “Dielectric Prop-
erties Model of the Left Atrium and Left Atrial Appendage for Applications
in Cardiac Ablation,” in 2021 International Conference on Electromagnet-
ics in Advanced Applications (ICEAA), Aug. 2021, pp. 154-154. doi:
10.1109/ICEAA52647.2021.9539744.

Electrical conductivity of human blood:

> N. Istuk, A. L. Gioia, H. Benchakroun, A. Lowery, B. McDermott, and M.
O’Halloran, “Relationship Between the Conductivity of Human Blood and
Blood Counts,” IEEE J. Electromagn. RF Microw. Med. Biol., pp. 1-7,
2021, doi: 10.1109/JERM.2021.3130788.

> N. Istuk, A. L. Gioia, H. Benchakroun, A. Lowery, E. Porter, and M.
O’Halloran, “Measurement of Electrical Conductivity of Human Blood at
Frequencies Below 100 kHz with Four-electrode Probe Method,” in 2021
XXXIVth General Assembly and Scientific Symposium of the International
Union of Radio Science (URSI GASS), Aug. 2021, pp. 1-4. doi: 10.23919/UR-
SIGASS51995.2021.9560424.
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Miniaturised four-electrode probe for tissue electrical conductivity

measurements:

> N. Istuk, H. Benchakroun, A. Elahi, M. O’Halloran, R. Matta, D. Moreau,
R. O’Connor, and E. Dunne, “Reducing Sensing Volume Confounding Ef-
fects in Conductivity Measurements: The Use of a Miniaturised Four-

Electrode Probe,” in ICECOM 2023, Dubrovnik, Croatia: IEEE, Sep. 2023,
p. 4.

> N. Istuk, R. Matta, H. Benchakroun, J.M. Baena-Montes, L. Quinlan,
D. Moreau, R. O’Connor, E. Dunne, A. M. Elahi, M. O’Halloran, “Minia-
turised Four-Electrode Conductivity Probe with PEDOT:PSS Coating,” in
URSI GASS 2023, Sapporo, Japan: URSI GASS 2023, Aug. 2023.

> N. Istuk, C. DeCaro, H. Benchakroun, E. Dunne, A. Elahi, and M. O’Halloran,
“Eliminating the Geometric Error in Tissue Conductivity Measurements by
Increasing the Sample Size,” in BioEM2022, Nagoya, Japan, Jun. 2022, p.
3.

> H. Benchakroun, D. O’Loughlin, N. Istuk, M. O’Halloran, and A. L. Gioia,
“Evaluation of the Feasibility of Three Custom-made Tetrapolar Probes
for Electrical Characterization of Cardiac Tissue,” in 2021 15th European
Conference on Antennas and Propagation (EuCAP), Mar. 2021, pp. 1-5.
doi: 10.23919/EuCAP51087.2021.9410978.

Other related research contributions:

> N. Istuk, F. Kienberger, E. Porter, M. O’Halloran, A. Santorelli, I. Ali¢, M.
Ragulskis, A. Moradpour, and M. Kasper, “Fast Measurements of Dielectric
Properties with Small Size Microwave Transceiver,” in 2020 14th European
Conference on Antennas and Propagation (EuCAP), Mar. 2020, pp. 1-5.
doi: 10.23919/EuCAP48036.2020.9135361.

> N. Istuk, H. Benchakroun, E. Dunne, and M. O’Halloran, “Pressure De-
pendency of Conductivity Measurements: The Specific Case of the Lung,”
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in 21st International Conference on Biomedical Applications of Electri-
cal Impedance Tomography (EIT 2021), Jun. 2021. doi: 10.5281/zen-
0do.5113377.

> N. Istuk, A. Bottiglieri, E. Porter, M. O’Halloran, and L. Farina, “Changes
in the Dielectric Properties of ex-vivo Ovine Kidney Before and After Mi-
crowave Thermal Ablation,” in 2020 XXXIIIrd General Assembly and Sci-
entific Symposium of the International Union of Radio Science, Rome, Italy,
Aug. 2020, pp. 1-4. doi: 10.23919/URSIGASS49373.2020.9232147.

> A. La Gioia, A. Elahi, A. Bottiglieri, N. Istuk, C. Dowling, F. D’Arcy,
M. O’Halloran, and E. Porter, “Early-stage Dielectric Characterisation of
Renal Cell Carcinoma for Positive Surgical Margin Detection,” in 2019 13th
European Conference on Antennas and Propagation (EuCAP), Mar. 2019,

pp. 1-5.

> M. Savazzi, S. Abedi, N. Istuk, N. Joachimowicz, H. Roussel, E. Porter,
M. O’Halloran, J. R. Costa, C. A. Fernandes, J. M. Felicio, and R. C.
Conceicao, “Development of an Anthropomorphic Phantom of the Axillary

Region for Microwave Imaging Assessment,” Sensors, vol. 20, no. 17, p.
4968, Sep. 2020, doi: 10.3390/s20174968.

1.3 Aims and Objectives

The primary aim of this dissertation is to characterise the dielectric properties of
tissues relevant to different modalities of cardiac ablation for AF. The relevant
tissues examined in this dissertation include cardiac tissues, where the heart is
considered a heterogeneous organ, and blood, which is regarded as homogeneous.
The dielectric properties of the tissues were characterised at microwave frequen-
cies (i.e., 500 MHz to 20 GHz) for cardiac tissue and at frequencies from 100
Hz to 100 kHz for blood. These frequency ranges were chosen to correspond to
different modalities of cardiac ablation such as microwave (MW) ablation, ra-
diofrequency (RF) ablation, and pulsed-field (PF) ablation, and to address gaps

in the understanding of the dielectric properties of cardiac tissues and blood.
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This thesis presents its findings and addresses gaps in the literature in the

following ways:

> In Chapter 2, the aim is to provide a comprehensive overview of the anatomy
and physiology of the heart and to address the topic of dielectric properties
and impedance measurement. The first part is focusing on the condition
of AF. This includes a detailed examination of the electrophysiology of
AF, various treatments for the condition, and the applications of dielectric
properties in cardiac ablation for AF treatments. The second part aims to
provide a clear understanding of the principles behind dielectric properties
and impedance measurement, which are integral to the characterisation of

tissues relevant to cardiac ablation.

> In Chapter 3, the aim is to characterise the dielectric properties of dif-
ferent regions of the heart at MW frequencies, ranging from 500 MHz to
20 GHz. This characterisation will contribute to an understanding of the

heterogeneity of the heart in the context of cardiac ablation.

> In Chapter 4, the goal is to characterise the impedance properties of human
blood relevant for applications in PF ablation. This characterisation covers
frequencies from 100 Hz to 100 kHz, contributing to the understanding of
the dielectric properties of blood and how these properties might affect this
type of ablation therapy.

> In Chapter 5, the objective is to present the design and capabilities of a
miniaturised four-electrode probe for the measurement of the conductiv-
ity of biological tissues. This tool serves as a crucial part of the overall
goal to comprehensively characterise tissue properties for improved cardiac
ablation strategies. Moreover, it introduces a practical instrument for real-
time monitoring of ablation treatment, offering potential improvements in

treatment effectiveness and ultimately patient outcomes.

> In Chapter 6, the focus is on summarising the key findings of the disserta-
tion, reiterating its contributions to the field of cardiac ablation. This final

chapter also discusses potential areas for future work, aiming to identify how
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this thesis research can be built upon to further advance the understanding

of tissue dielectric properties and improve therapeutic technologies for AF.

In summary, this dissertation seeks to comprehensively investigate the dielec-
tric properties of cardiac tissues and blood, addressing current knowledge gaps
and providing actionable insights for the enhancement of AF treatment planning

and monitoring.

1.4 Thesis Outline

The remaining chapters of the thesis are:

Chapter 2 provides an overview of the anatomy and physiology of the heart,
with a specific focus on AF. The electrophysiology of AF is also discussed, along
with various treatments available for the condition. The applications of dielectric
properties in cardiac ablation for AF treatments are also examined in this chapter.
This chapter also contains a comprehensive review of the dielectric properties
and impedance measurement. This chapter explains the theoretical concepts and
measurement techniques related to dielectric properties and impedance.

Chapter 3 presents the dielectric characterisation of cardiac tissue, considering
the heart as a heterogeneous organ. The dielectric properties of different parts of
the heart are characterised at MW frequencies, highlighting their differences and
their relevance to cardiac ablation strategies.

Chapter 4 describes the impedance characterisation of human blood, focusing
on its applications in pulsed field (PF) ablation. The conductivity of the blood is
analysed in the context of frequencies relevant to PF ablation, providing crucial
insights for the development of effective ablation techniques.

Chapter 5 presents the design and fabrication of a miniaturised four-electrode
probe for the measurement of the conductivity of biological tissues. It demon-
strates the potential of this tool for characterising tissue properties and its po-
tential use for real-time monitoring during ablation treatments.

Chapter 6 draws conclusions from the presented studies and evaluates the

implications of these findings for the field of cardiac ablation treatments. This
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chapter also proposes potential for future work, based on the findings from this

dissertation.



2

Background

2.1 Introduction

The topic of dielectric properties for cardiac ablation for the treatment of AF
presents significant challenges and complexities. This chapter will provide a con-
text for the research questions addressed in this thesis, focusing specifically on
the dielectric properties of blood and cardiac tissue.

This chapter is divided into two distinct parts. The first part of this chapter
(Sections 2.2— 2.3) provides a background of the anatomy and physiology of the
heart, with a focus on AF. This part also discusses the electrophysiology of AF and
various treatments for the condition. The second part of the chapter (Section 2.4)
provides a comprehensive overview of dielectric properties of blood and cardiac
tissue, including the theoretical background, the measurement techniques, and

the applications in the context of AF ablation.

2.2 Anatomy and Physiology of the Heart

2.2.1 The Heart Anatomy and Regular Cardiac Cycle

The heart is a hollow, muscular organ and is at the centre of the circulatory
system. The heart acts as a dual muscular pump. Each "pump” takes blood from

low-pressure veins and propels the blood into high-pressure arteries. One pump
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supports the systemic circulation throughout the body, and the other manages
the circulation to and from the lungs [5].

On the right side of the heart (Fig. 2.1b), carbon dioxide-rich blood from the
vena cava enters the right atrium before being pumped out from the right ventricle
to the lungs through the pulmonary artery [6]. Oxygen-rich blood from the lungs
returns through the pulmonary vein to the left atrium (Fig. 2.1c), before being
pumped out from the left ventricle to the entire body via the aorta. Valves in the
heart allow blood to flow in one direction only and help maintain the pressure
required to pump the blood [5].

From a histological perspective, the parts of the heart are arranged to fit a
certain function. The endocardium is the inner lining of the heart, continuous
with the endothelium of blood vessels [7]. Inside this layer is the cardiac muscle
layer called the myocardium, which is thicker on the left side due to the need for
greater force in pumping blood to the entire body as opposed to the right side that
serves the lungs [6]. On the exterior surface of the heart is the epicardium, a serous
membrane. Finally, a layer of fibrocartilage separates the atria and ventricles
supporting the heart valves and forming openings between the chambers [7].

The blood is being pumped through the heart by the contractions that are
caused by electrical signals from the nervous system. The heart has a special
electrical system called the cardiac conduction system. This system controls the
rate and rhythm of the heartbeat.

With each normal heartbeat, an electrical signal travels from the top of the
heart to the bottom. As the signal travels, it causes the heart to contract and

pump blood. The heartbeat process includes the following steps (Fig. 2.2):

> The signal begins in a group of cells, called pacemaker cells, located in the
sinoatrial (SA) node in the right atrium [9]. The SA node generates the
signal through the process of automaticity, which is the property of cardiac

tissue to generate spontaneous action potentials [10].

> The electrical signal travels through the atria, depolarising the tissue and

causing it to pump blood into the ventricles [9].

10
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© JHU 201 7/AAAM

Figure 2.1: Anatomical drawings of the heart relevant to AF ablation. This series
of drawings shows the heart and associated relevant structures from four different
perspectives relevant to AF ablation. This drawing includes the phrenic nerves
and the esophagus. a) The heart viewed from the anterior perspective. b) The
heart viewed from the right lateral perspective. c¢) The heart viewed from the left
lateral perspective. d) The heart viewed from the posterior perspective. e) The left
atrium viewed from the posterior perspective. Illustration: Tim Phelps () 2017
Johns Hopkins University, AAM, reproduced with permission from [8].
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NORMAL
ELECTRICAL PATHWAYS

Sinoatrial
(SA) node

Left ventricle

Left bundle
branch

Atrioventricular

(AV) node

Right bundle
branch

Right ventricle Purkinje fibers

Figure 2.2: The conduction system of the heart. Normal excitation originates in
the sinoatrial (SA) node and then propagates through both atria. The atrial de-
polarisation spreads to the atrioventricular (AV) node, passes through the bundle
of His (not labelled), and then to the Purkinje fibres, which make up the left and
right bundle branches; subsequently, all ventricular muscle becomes activated [9)].
Hlustration: Vejthani Hospital (©), reproduced under Creative Commons Attribu-

tion 3.0 License.
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> The electrical signal then moves down to a group of pacemaker cells called
the atrioventricular (AV) node, located at the floor of the right atrium,
between the atria and the ventricles [9]. Here the signal is delayed, allowing
the ventricles time to finish filling with blood [11].

> Following the AV node excitation, the depolarisation proceeds through to
the bundle of His [9], which is the physical link that electrically bridges the

atria and ventricles of the heart [12].

> After leaving the bundle of His, the depolarisation spreads to both the left
and the right bundle branches [9]. These pathways carry depolarisation to
the left and right ventricles, respectively [9].

> The signal then travels through the remainder of the Purkinje fibres, which
are specialised cardiac muscle cells that conduct electrical impulses that
allow coordinated contraction of cardiac muscle [13], and ventricular my-
ocardial depolarisation spreads [9], causing the ventricles to contract and
pump blood out of the heart [11].

> The ventricles relax, and the heartbeat process starts all over again in the
SA node.

This entire process, called the cardiac cycle, relies on coordinated electrical
signals. Each of these steps happens in a single normal heartbeat, with this entire
cycle normally happening 60-100 times per minute [14].

A heart arrhythmia is an irregular heartbeat [10, 15]. Heart arrhythmias occur
when the electrical signals that coordinate the heartbeat do not work properly [10,
15]. Atrial fibrillation is the most common type of arrhythmia [16]and is discussed

in detail in the next section.
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2.3 Atrial Fibrillation: What is it? Prevalence,
How Does it Occur? And What are the Cur-

rent Treatment Options?

Atrial fibrillation is a clinically prevalent cardiac arrhythmia characterised by
rapid and irregular contractions of the atria (Fig. 2.3). The resulting effect is
inadequate blood flow from the atria to the ventricles [17, 18|. Potential compli-
cations caused by AF include stroke and heart failure [16, 19, 20]. Despite the
high incidence, accounting for approximately one-third of hospitalisations related
to cardiac rhythm disturbances [21], the optimal management strategy for AF
remains uncertain [16, 22-25].

Atrial fibrillation has a number of sub-classifications. By temporal classifi-
cation, AF can be classified as follows: If the event is the first instance of the
arrhythmia being ever detected, or if the event is a recurrence of a previously
recognised arrhythmia, the event is considered an incident episode [26]. Depend-
ing on the outcome, this episode may be further classified [26]. If the arrhythmia
self-terminates, the AF is termed paroxysmal [26]. If the arrhythmia continues un-
til medical intervention, the AF is described as persistent [26]. If the arrhythmia
lasts for more than a year or resists medical interventions, the AF is designated
as longstanding persistent [8]. Finally, if a decision is made not to pursue further
action to restore or maintain sinus rhythm, AF is designated as permanent [27].

The mechanisms underlying AF are thought to involve enhanced automatic-
ity (the property of cardiac cells to generate spontaneous action potentials)
[10, 28, 29] and self-sustaining re-entrant propagation, where the action potential
propagates in a circus-like closed loop manner [30, 31]. Multiple risk factors have
been identified for AF, including advanced age, male sex, European ancestry,
sedentary lifestyle, smoking, obesity, diabetes, obstructive sleep apnea, elevated
blood pressure [32], hypertension, valvular heart disease, and congestive heart
failure [33]. Additionally, there is a feed-forward loop between AF and heart

failure and myocardial infarction [32].
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ELECTRICAL PATHWAYS
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Figure 2.3: Atrial fibrillation is characterised by rapid and irregular contractions
of the atria. Illustration: Vejthani Hospital (C), reproduced under Creative Com-
mons Attribution 3.0 License.
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2.3.1 Epidemiology

Atrial fibrillation is the most common clinically significant cardiac arrhythmia [16].
In Australia, Europe, and the USA, the current estimated prevalence of AF ranges
between 1-4% [31]. A systematic review by Chugh et al. (2014) [34] estimated
the global number of individuals with AF in 2010 to be 33.5 million [35], with an
age-adjusted prevalence rate of 569.5 per 100000 population for men and 359.9
per 100000 population for women in 1990 [35]. The prevalence of AF is projected
to increase drastically in Europe, with an estimated 2.3-fold increase by 2060
(36, 37]. In the UK, projections from the Clinical Practice Research Database
suggest that AF will affect between 1.3 and 1.8 million people by 2060 [38]. In
the USA, the number of individuals affected by AF is expected to increase to
greater than 8 million by 2050 [39].

The age-specific prevalence is higher in men than in women. However, in the
older age groups, there is no gender difference. This finding was presented in
the Cardiovascular Health Study [40, 41]: the prevalence in the age group 65—
69 years was 5.8% and 2.8% in men and women, respectively; and in the age
group 70-79 years, the prevalence was almost equal in men and women: 5.9%
and 5.8%, respectively [42]. Because of longer life expectancy in women, the
absolute number of men and women with AF is about equal. In fact, after age
75 years, about 60% of the people with AF are women [43]. Therefore, although
male gender is a risk factor for AF, from a public health perspective, it should
not only be regarded as predominantly a male health problem [44]. Lifetime risks
for the development of AF are 1 in 4 for men and women 40 years of age and
older [45].

Having an understanding of the classification, risk factors, and epidemiology
of AF, the following subsection presents an overview of the electrophysiology of

AF, including the causes of atrial AF as well as the underlying mechanisms.

2.3.2 Electrophysiology

The mechanisms underlying AF are believed to involve enhanced automaticity
and self-sustaining re-entrant propagation, as reported by various studies [28-

31, 44]. Enhanced automaticity refers to the rapid depolarisation of aberrant

16
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foci, leading to fibrillatory conduction in other parts of the atria [28, 29, 46]. Self-
sustaining re-entrant propagation refers to the continuous circulation of waves of
excitation around stationary or spatiotemporally varying circuits [30, 31, 47—
49]. The involvement of the pulmonary veins, structural and histopathological
changes in the atria, and nonuniform conduction and reentrant circuits have also
been observed to play a role in the perpetuation of AF [31, 32, 50].

All theories proposed to explain AF are variations of the circus movement (a
continuous repetitive propagation of an excitatory wave travelling in a circular
path) and ectopic focus theories [31]. Moe et al. proposed that continuous prop-
agation of multiple wavelets in the atria, which are considered to be offspring of
atrial re-entry circuits, perpetuates AF without continuous focal discharge [31].
Allessie et al. [44] reported that there are two major underlying mechanisms of
AF, namely random wavelet re-entry and leading circle re-entry. A study con-
ducted by Haissaguerre et al. [29] in humans demonstrated that ectopic impulses
originating from the pulmonary veins can initiate AF, which can be eliminated
by catheter ablation of these ectopic foci. It is likely that most cases of AF in
humans are caused by more than one mechanism [44].

J. Cox et al. [50] conducted a study on AF in animals and humans. They
surgically created chronic mitral regurgitation in dogs, leading to enlarged atria
and sustained AF. Activation maps of the atria revealed a spectrum of rhythm
abnormalities, including atrial flutter and AF, caused by macroreentrant circuits.
In human patients with paroxysmal AF, nonuniform conduction and bidirectional
block were observed in both atria. While anatomic obstacles like the pulmonary
veins and vena cavae may contribute to reentrant circuits, functional conduction
block and inhomogeneities in the refractory period also play a role. These findings
highlight the presence of multiple wave fronts and reentrant circuits during AF.

As this section has highlighted the complicated nature of AF, the following
subsection discusses the various treatments available for atrial fibrillation, includ-
ing EM energy-based ablation treatments: RF ablation, MW ablation, and PF

ablation.
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Figure 2.4: Proposed mechanisms of AF. (a) Focal trigger arising from muscle
sleeve of PV propagating into the left atrium and initiating AF in the vulnerable
substrate. (b) Fixed or moving spiral rotor, a result of functional re-entry, acts as
a driver for AF. (c¢) Circus movement around anatomic structures or scars gener-
ates micro and macro re-entrant circuits. (d) Perpetual propagation of multiple
simultaneous wavelets mediated by both functional and structural re-entry. (e)
Point source with fibrillatory conduction acting as the driver for the persistence
of AF. (f) Electrical dissociation between myocardial layers enables re-entry in a
three-dimensional construct. [32]. Used with permission of Wolters Kluwer Health,

Inc., from [32]; permission conveyed through Copyright Clearance Center, Inc.
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2.3.3 Treatments

The management of patients with AF involves three main objectives: rate control,
prevention of thromboembolism, and correction of the rhythm disturbance [27,
51]. These objectives are not mutually exclusive and often require a combina-
tion of approaches to achieve optimal outcomes [27, 51]. In this section, the
various treatment options available for AF, including pharmacological and non-
pharmacological interventions are discussed. The indications, benefits, and risks
associated with each treatment option are reviewed to provide a brief overview of

the management of AF, with a focus on EM energy-based ablation treatments.

2.3.3.1 Pharmacological and Nonpharmacological Treatments

Pharmacological treatment options for AF include cardioversion (use of electric
shock to restore the heart rhythm [52]) and the use of antiarrhythmic drugs
to maintain sinus rhythm, or the use of rate-controlling drugs, allowing AF to
persist [22]. In both cases, anticoagulant therapy is recommended to prevent
thromboembolism [22, 53-55]. Treatment with antiarrhythmic drugs and antico-
agulation has been considered first-line therapy in patients with symptomatic AF
[56, 57]. However, anticoagulation is suboptimal in many cases, and antiarrhyth-
mic drugs are frequently ineffective and have serious potential adverse effects
[22, 51, 57-59)].

Surgical approaches to the treatment of AF are based on the hypothesis that
reentrant activity is the primary mechanism underlying the development and
maintenance of AF [60]. Studies by Cox et al. [61] suggest that the presence
of macroreentrant circuits and the absence of either microreentrant circuits or
evidence of atrial automaticity suggests that AF is amenable to surgical ablation.
The proposed mechanism is that atrial incisions made at critical locations create
barriers to conduction, thus preventing sustained AF. The procedure, known as
the "maze” procedure, is based on the concept of creating a geographical maze
within the atria and was developed to achieve this goal [62]. Despite the high
success rate, the maze procedure has not been widely adopted, primarily due to
the requirement of cardiopulmonary bypass [63-67]. In an effort to simplify and

shorten the procedure, groups around the world have used various alternative
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energy sources to create lesions with ablation to replace most of the incisions
of the original cut and sew Cox "maze” procedure less invasive. At the present
time, the interventional treatment of choice for patients with symptomatic and
drug-refractory lone AF is catheter ablation, based principally on isolating the
pulmonary veins [29, 63, 68-70]. Given that catheter ablation is considered a less
invasive option compared to the surgical maze procedure, any surgical approach
must now demonstrate favourable outcomes when compared with percutaneous

catheter ablation to be considered a viable alternative for treating lone AF [63].

2.3.3.2 Catheter Ablation for Atrial Fibrillation

Since the initial description of triggers in the pulmonary veins that initiate parox-
ysmal AF, catheter ablation of AF has developed from a specialised and experi-
mental procedure to a common treatment for preventing recurrent AF [8, 71-73].
Catheter ablation is an approach whereby a well-localised region of the endocar-
dial tissue mediating the arrhythmias is destroyed via energy applied through a
catheter [74]. The catheter is inserted into the heart through a vein [74]. Pul-
monary vein isolation (PVI), requiring complete isolation for full effectiveness,
along with additional ablation in the posterior left atrial wall (Fig. 2.5), primar-
ily achieves the desired result [75].

The PVT has the greatest efficacy as a stand-alone procedure in patients with
paroxysmal AF [77]. The techniques for PVI have undergone a profound evolution
over the years, moving from focal PV ablation of AF triggers to empirical ostial
isolation of the PVs and, more recently, to wide circumferential isolation of the
PVs, which includes a large portion of the left atrial posterior wall, the so-called
PV antrum [78].

PVI may be effective in curing AF, potentially eliminating the need for an-
tiarrhythmic drugs and anticoagulation in many patients. However, due to the
invasive nature of the procedure, AF ablation therapy carries potential risks.
These risks include procedural stroke and pulmonary vein stenosis. As a result,
in current clinical practice, AF ablation therapy is typically considered only after
drugs have failed. [16, 51, 56, 57]. However, based on Wazni et al. 2005 study [56],

PVI is a feasible first-line approach for the treatment of selected patients with
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Figure 2.5: Location of linear lesions made during PVI. Posterosuperior three-
dimensional computer tomography image of a segmented left atrium with the ap-
proximate location of linear lesions [76]. Used with permission of Springer Nature,
reproduced from [76]; permission conveyed through Copyright Clearance Center,

Inc.

symptomatic AF. Despite the effectiveness of PVI, AF still tends to reoccur after
the procedure [79-82].

According to several studies [83-85], AF ablation, when performed in expe-
rienced centres by adequately trained teams, is more effective than antiarrhyth-
mic drug therapy in maintaining sinus rhythm. Studies of RF ablation for the
treatment of AF report higher efficacy rates and lower complication rates com-
pared to studies of antiarrhythmic drug therapy [86]. Early RF catheter ablation
techniques emulated the surgical maze procedure by introducing linear scars in
the atrial endocardium [87]. However, while the success rate was approximately
40-50%, a relatively high complication rate diminished enthusiasm for this ap-
proach [28]. Despite the advances in catheter ablation, the long-term efficacy of
catheter ablation to prevent recurrent AF is still a subject for further study.

Depending on the source of energy used, there are various modalities of

catheter ablation [67]. These modalities include:

> RF Ablation is the most common type of cardiac ablation. RF energy
is used to generate heat that targets and ablates the problematic heart
tissue [8, 67, 88, 89].
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> (Cryoablation uses extremely cold temperatures to freeze the tissue, creating

a scar that disrupts the abnormal electrical pathway [8].

> Laser Ablation is the technique that uses laser energy to create controlled

scars in the heart tissue, effectively treating the abnormal pathways [8, 67].

> MW Ablation uses microwave energy to generate controlled heat that ab-
lates the targeted tissue [67, 90].

> Ultrasound Ablation applies high-intensity focused ultrasound energy to the
heart tissue to cause controlled thermal damage, interrupting the abnormal

electrical signals [8, 67].

> PF Ablation, also known as Irreversible Electroporation (IRE) ablation.
Though primarily used for cancer treatment, PF ablation has been investi-
gated in cardiac ablation as well. PF ablation uses short, intense electrical
pulses to create permanent defects in the cell membrane, leading to cell
death without generating heat [91-94].

In some cases, combinations of the above energy modalities may be used to
tailor the treatment to the specific condition and anatomy of the patient.

In this thesis, the focus is on improving EM energy-based treatment modali-
ties, specifically RF ablation, MW ablation, and PF ablation. Detailed explana-

tions of these modalities are provided in the subsequent subsections.

2.3.3.3 EM Energy-based Cardiac Ablation Modalities

Radiofrequency ablation is a technique where alternating electrical current with
frequencies of 350 kHz to 1 MHz is delivered through electrode catheters to my-
ocardial tissue creating a thermal lesion [88]. The use of RF energy for cardiac
ablation was introduced in the late 1980s and rapidly gained supremacy in the
field because of the ability to place a controlled lesion at any site within reach of
a catheter tip with no risk of barotrauma and greatly reduced risk of collateral
injury [95]. When the tip of the catheter is placed against cardiac tissue and an
RF current is applied, a 3 to 5 mm circular area of localised cardiac necrosis is

created within 10 to 30 seconds, mainly through the effect of local heating [96].
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Figure 2.6: Schematic representation of RF catheter ablation. The drawing
demonstrates the narrow rim of resistive (volume) heating and the much larger
region of conductive heating. The diagram also illustrates the convective heat
loss into the circulating blood pool and epicardial coronary arteries. Used with
permission of John Wiley & Sons - Books, from [88]; permission conveyed through

Copyright Clearance Center, Inc.

The mechanism by which RF current heats tissue is resistive heating of a
narrow rim (< 1 mm) of tissue that is in direct contact with the ablation elec-
trode [97]. Deeper tissue heating occurs as a result of passive heat conduction
from this small region of volume heating. Lesion size is proportional to the
temperature at the electrode-tissue interface and the size of the ablation elec-
trode [97]. Temperatures above 50°C are required for irreversible myocardial
injury, but temperatures above 100°C result in coagulum formation on the ab-
lation electrode, a rapid rise in electrical impedance, and loss of effective tissue
heating [97].

Lesion formation is also dependent on optimal electrode-tissue contact and
duration of RF delivery. Contact force is a major determinant of lesion size
and depth and, importantly, can predict procedure-related complications such as

steam pop, perforation and thrombus formation[77].
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Microwave ablation is an alternative modality in which microwave energy gen-
erates heat within the tissue by inducing oscillation of dielectric molecules such as
water [67]. The kinetic energy produced in these molecules by the microwave EM
field is imparted to the tissue as heat [90]. This form of heat production is known
as dielectric heating [90]. The depth of the microwave lesions is dependent on
the power, the duration of application, and the type of microwave antennae [90].
In MW ablation, the EM field is radiated by an antenna typically powered at
915 MHz or 2.45 GHz [98-101].

While it is often stated that microwave energy can create deeper lesions with
uniform penetration and minimal surface heating [102], this warrants further ex-
planation. In theory, higher frequencies such as those used in microwave ablation
could be expected to have greater attenuation than RF energy, potentially lead-
ing to shallower penetration. However, the advantage of microwave energy lies in
its ability to generate an electromagnetic field that propagates more effectively
through desiccated tissue, allowing for the maintenance of energy delivery and
deeper lesion formation without significant heating at the surface [102]. This re-
sults in tissue temperatures reaching above 50°C but staying below 100°C, thus
minimizing the risk of tissue charring and thromboembolism [103, 104]. It is
important to note that, while current MW ablation technology does not offer
real-time tissue feedback like RF ablation [105], advancements in imaging and
monitoring are expected to improve this aspect. Additionally, the concern re-
garding the focus of MW energy is based on the perception that higher frequen-
cies should lead to more localised effects. Nevertheless, the practical application
shows that MW ablation can affect a broader area due to the way the energy dis-
perses, raising considerations about the potential impact on surrounding healthy
tissues [105].

Pulsed-field ablation, also known as Pulsed Electric Field ablation or Irre-
versible Electroporation ablation, is a relatively newer modality of catheter abla-
tion for the treatment of AF [91]. PF ablation utilises brief, high-energy electric
pulses to create lesions in the cardiac tissue [91, 93, 94, 94]. PF stands out be-
cause it induces cell death through permanent membrane permeabilisation, unlike

other technologies that typically rely on thermal damage [106].
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One of the main advantages of PF ablation is that PF ablation can pro-
duce deeper lesions than RF or MW ablation with much less thermal injury to
surrounding tissue, based on the mechanism of PF ablation causes cell death
[92, 94, 107-118]. Additionally, PF ablation has been shown to have a lower
risk of the induction of vessel stenosis, particularly of the PVs, compared to the
current thermal techniques [92, 119-122].

However, PF ablation is still considered an experimental technique and is not
widely available. Further research is needed to determine the long-term efficacy

and safety of using PF in the treatment of AF.

2.3.4 Treatment Outcomes

The impact of different types of AF and ablation techniques on long-term out-
comes is discussed in this subsection. The effectiveness of ablation procedures
varies depending on whether patients have paroxysmal (PAF), persistent, or long-
standing persistent AF [123].

Published data in the literature suggest that while success rates following
ablation of AF are generally favourable, with reported rates between 50-70%,
these figures also highlight the challenges associated with the procedure, which
can contribute to the perception of a relatively low success rate [123-126]. PVI
is the mainstay therapy of paroxysmal AF, but the success of PVI is suboptimal
in the persistent population [125, 126].

For PAF, the success rates of single procedures were found to be 68.6% at
1 year, 61.1% at 3 years, and 62.3% at 5 years, with improved success rates after
multiple procedures [127]. In contrast, patients with persistent and longstanding
persistent AF had lower success rates after a single procedure (50.8% at 1 year,
41.6% at 3 years) but improved success rates after multiple procedures (77.8% in
the long term) [127]. Persistent AF was identified as an independent risk factor
for recurrence [128].

Long-term follow-up studies have shown that the majority of AF patients do
well over time, with sustainable ablation results [123, 124, 129, 130]. Ablation

procedures were also found to be more effective than pharmacologic therapy in
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preventing AF progression from paroxysmal to persistent form [123, 124, 131,
132].

For persistent and longstanding persistent AF, various strategies have been
developed to target the atrial substrate, such as ablation of complex fractionated
atrial electrograms, linear lesions, high dominant frequency spots, and rotor abla-
tion [133-136]. The success rates of these techniques vary, and a uniform strategy
is yet to be established.

Overall, while ablation procedures show promise in treating AF, the outcomes
are influenced by the type of AF and the chosen ablation technique. Further
research is needed to determine the long-term efficacy and optimal approach for

different patient populations.

2.3.5 Treatment Challenges

The relatively low success rate of AF ablation therapy can be attributed to many

different challenges, including:

> Heterogeneity of AF: AF is a complex arrhythmia with diverse underlying
mechanisms and substrates. The nature of AF can vary significantly be-
tween patients, making it challenging to develop a one-size-fits-all approach
to ablation therapy [123, 136, 137]. The success of the procedure depends
on accurately identifying and targeting the specific mechanisms causing AF

in each individual.

> Electrical remodelling: AF can lead to changes in the electrical properties of
the heart tissue, known as electrical remodeling [26, 138]. These changes can
result in the perpetuation and recurrence of AF even after ablation [139].
Electrical remodelling can affect the efficacy of the procedure and contribute

to lower success rates.

> Procedural complexity: AF ablation is a complex procedure that requires
precise mapping and ablation of abnormal electrical pathways in the heart [137].
The procedure involves navigating intricate anatomical structures and tar-
geting specific areas with catheters or other ablative techniques. The tech-

nical challenges and the steep learning curve associated with the procedure
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can influence success rates, particularly in less experienced centers [140,
141].

> Recurrence and reconnection: Despite successful ablation, AF can recur
in some patients [142]. The formation of new or reconnected electrical
pathways in the heart tissue can contribute to the recurrence of arrhyth-
mia [142-144]. These reconnections may occur due to incomplete ablation,

tissue healing, or progressive disease processes [145-147].

> Lack of standardisation: There is a lack of consensus on the optimal abla-
tion strategies and techniques for different types of AF [148-150]. Varia-
tions in energy sources, lesion sets, and endpoint definitions among different
centres and operators can affect the success rates and comparability of out-
comes [64, 65, 67, 151-157].

> Limitations in imaging and mapping technologies: The accuracy of mapping
and imaging technologies used during ablation procedures can influence the
success rates [158-162]. Limitations in spatial resolution [162], registra-
tion errors [163] may impact the effectiveness of targeting and ablating the

affected areas.

Addressing these challenges requires ongoing research, technological advance-
ments, and an improved understanding of the underlying mechanisms of AF.
The development of personalised treatment approaches, integration of advanced
imaging and mapping techniques, optimisation of ablation strategies, and stan-
dardised outcome assessments can contribute to improving the success rates and
long-term outcomes of AF ablation therapy.

While the existing literature primarily focuses on clinical interventions and
hard outcomes, such as success rates and recurrence of AF, there is a gap in
the understanding of the sources of uncertainties and errors related to the ba-
sic science of EM-based ablation modalities [164-166]. Specifically, what are
the dielectric properties of cardiac tissue and blood, how do the properties vary
inter-individually, as well as how do the properties change during the course of

treatment?
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2.4 Dielectric Properties of Blood and Cardiac

Tissue

This section explores the significant role that the dielectric properties of blood
and cardiac tissues play in cardiac ablation for AF treatments. Starting with an
overview of the fundamental dielectric properties of materials, the text explains
how these properties govern the interaction between EM fields and materials. Fol-
lowing this introduction, the section illustrates how dielectric properties relate to
impedance measurements and then moves on to describe the dielectric proper-
ties specific to biological tissues. A detailed review of the dielectric properties
of blood and cardiac tissue in the literature is given, focusing on RFs (below 1
MHz) and MW (500 MHz — 20 GHz) frequencies’. The section concludes with
an analysis of how these dielectric properties can be applied to optimise ablation

strategies through careful treatment planning and monitoring.

2.4.1 The Fundamentals of the Dielectric Properties of
Materials

The fundamental behaviour of electric and magnetic fields, whether in cases of

electrostatics, magnetostatics, or electrodynamics (electromagnetic fields), is gov-

erned by Maxwell’s equations [167]. Maxwell’s equations of classical electromag-
netism [167] are presented (2.1, 2.2, 2.3, 2.4) as:

0B

oD
V-D = p, (2.3)
V.B - 0 (2.4)

where V- and V x denote divergence and curl respectively. E is the electric

field, in volts per meter (V/m). H is the magnetic field, in amperes per meter

Various organisations, including ITU, IEEE, EU, NATO, and US ECM, use different fre-
quency band designations. However, in this thesis, frequencies below 1 MHz are categorised as
radiofrequencies, and those between 500 MHz and 20 GHz are defined as microwave frequencies.
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(A/m). D is the electric flux density, in coulombs per meter squared (Coul/m?).
B is the magnetic flux density, in webers per meter squared (Wb/m?). J is the
electric current density, in amperes per meter squared (A/m?). p is the electric
charge density, in coulombs per meter cubed (Coul/m®). 2 denotes the time
derivative.

Equations 2.1-2.4 are linear but are not independent of each other.

In free space, the following simple relations hold between the electric and

magnetic field intensities and flux densities [168]:

D = €0E (26)

where g = 47 x 1077 henry/m is the permeability of free-space, and &y =
8.854 x 1072 farad/m is the permittivity of free-space.

When electromagnetic fields exist in material media, the field vectors are re-
lated to each other by constitutive relations. For a dielectric material, an applied
electric field E causes the polarisation of the atoms or molecules of the material
to create electric dipole moments that augment the total displacement flux, D.

This additional polarisation vector is called P, the electric polarisation, where

D = ¢E + P.. (2.7)

In a linear medium, the electric polarisation is linearly related to the applied

electric field as

Pe = 50X6E> (28)

where Y., which may be complex, is called the electric susceptibility. Then,

D =¢E+P.=¢¢(1 + x.)E =c¢E, (2.9)

where

e=¢ —je" =¢eo(1+ xe) (2.10)
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is the complex permittivity of the medium.

The imaginary part of ¢ accounts for the loss in the medium (heat) due to
damping of the vibrating dipole moments [168]. Free space, having a real &,
is lossless [168]. Due to energy conservation, the imaginary part of £ must be
negative (&” positive) [168].

The loss of a dielectric material may also be considered an equivalent con-
ductor loss. In a material with conductivity o, a conduction current density will

exist:

J=0E (2.11)
which is Ohm’s law from an EM field point of view [168].

The above equations are valid for arbitrary time dependence. If the fields
have a sinusoidal, or harmonic, time dependence, with steady-state conditions
assumed, phasor notation can be used. With phasor notation in place, all field
quantities will be assumed to be complex vectors with an implied e/“! time de-
pendence. Assuming an e/“! time dependence, the time derivatives in 2.1-2.4 can

be replaced with jw. Maxwell’s equations in phasor form then become

VxE = —juB, (2.12)

VxH = juwD+J, (2.13)

V-D = p (2.14)

V-B = 0. (2.15)

If Ohm’s law from 2.11 is applied then H in 2.13 becomes
VxH=juwD+1J
= jweE + ocE
(2.16)

= jwe'E + (we" + o) E
o
= jw(e' - je" = j-)E,
w
where it is seen that loss due to dielectric damping (we”) is indistinguishable

from conductivity loss (o). The term we” 4+ o can then be considered as the total

effective conductivity [168].
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Typically for the purpose of analysing the behaviour of biological tissues in the
EM field, the tissues are characterised by defining two key parameters: the real
part of the relative permittivity (also known as the dielectric constant, although
the real part is often incorrectly referred to as relative permittivity e,), repre-
sented as ¢’ and the effective conductivity (simply called conductivity within the
scope of this thesis). These two parameters are generally recognised as the dielec-
tric properties of tissues and they are frequency dependant meaning the values
of these parameters change with the frequency of the EM field. The measure-
ments of these dielectric properties, namely the real part of relative permittivity
and conductivity of blood and cardiac tissue at different frequencies relevant to
various modalities of cardiac ablation are the focus of this thesis.

To comprehend the variations in relative permittivity and conductivity with
the frequency of the EM field, and to discern what these changes reveal about
the material, the next section explores the polarisation mechanisms responsible

for the change in the dielectric properties across different frequencies.

2.4.1.1 Polarisation Mechanisms and Dielectric Dispersion

Dielectric materials respond to an applied electric field through various polar-
isation mechanisms, dependent on the size, shape, and interactions of bound
charges [169]. Electronic polarisation is a rapid process involving the redistribu-
tion of the electron cloud around the nucleus of the atom, with effects observed in
the ultraviolet spectrum [170, 171]. Atomic or ionic polarisation, another mecha-
nism, shifts the distribution of ions in a crystal structure of the material, causing
an alternating dipole moment typically seen in the infrared spectrum [171, 172].
Both mechanisms have very short relaxation times of 107! s for the electronic
polarisation and 107 s to 107!2 s for the ionic polarisation.

Moving to the molecular level, orientation polarisation occurs when polar
molecules align their permanent dipolar moments with the electric field, con-
tributing to the material’s overall polarisation. The duration of this process varies
with the size of the molecule and is generally observed within the microwave re-
gion (7~ 1072 s to 10719 s) [171, 173, 174].

31



2. BACKGROUND

Two other mechanisms, interfacial and counterion polarisation, manifest in
heterogeneous media. Interfacial polarisation arises from the electrical boundary
between two media with different conductivities and permittivities, leading to
an accumulation of charges [175-177]. Counterion polarisation is a process where
counterions (the ions that accompany an ionic species in order to maintain electric
neutrality) in an electric double-layer structure of the electrolyte solution are
redistributed under an applied electric field [178]. The extent of polarisation
from this mechanism heavily relies on the size and shape of the particles [179].

Biological tissues are heterogeneous materials usually consisting of mostly
water with dissolved ions, organic molecules and insoluble matter. These con-
stituting elements are organised in cellular and subcellular structures. Biological
tissues interact with electromagnetic fields due to the presence of electrical charge,
namely ions, polar molecules and polarisable molecules.

As frequency increases, the net polarisation of the material drops as each
polarisation mechanism ceases to contribute, and hence its dielectric constant
drops. The frequency dependence of the polarisation mechanisms gives rise to
the frequency dependence of the dielectric constant. The frequency dependence
of the dielectric constant is known as dielectric dispersion. In other words, the
dielectric constant (or permittivity) of a material may vary depending on the
frequency of the applied electric field. It is closely related to the process of
polarisation within the material and can reveal information about the molecular
dynamics of a system.

In the next section, the mathematical formulations that have been developed
to capture the dielectric behaviour of biological tissues and other polar materials

are discussed.

2.4.1.2 Dielectric Models and Multiple Relaxation

Differential equations have been developed to model the dielectric dispersions
of biological tissues and other polar materials. A dispersion region is generally
described by first-order differential equations that lead to single-time constant

responses [180]. However, given the multiple relaxation processes in biological
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materials, the overall tissue response may be characterised by multiple time con-
stants. These time constants characterise the poles of the differential equations
constituting the dielectric model [181], of which there is one per relaxation pro-
cess.

Dielectric models find their primary use in fitting dielectric data, thereby re-
ducing measurement data points to closed-form equations and convenient graph-
ical representations [181, 182]. These models enable the calculation of relative
permittivity and conductivity (or the imaginary part of the complex permittiv-
ity) at any desired frequency within the valid range of the model [181, 183] and
they offer an easy way to transfer information that can be used in simulations.
Common models used for fitting dielectric data of aqueous electrolytic solutions
and tissues include the Debye, Cole-Cole, and Cole-Davidson models [184].

The Debye model, which denotes the dielectric relaxation response of an ideal,
non-interacting dielectric material to an alternating external electric field, can
express the dielectric response of a first-order system in the frequency domain as:

€s — E€x

e(w) = €00 + (2.17)

1+ jwr’
where €4, is the permittivity at infinite frequencies due to electronic polaris-
ability, and e is the static (low-frequency) permittivity. However, this equation

does not consider the static conductivity o, and can be expanded:

€s 7 € Os

(W) = €0 (2.18)

+ 1+ jwr  jweg

In 1941, Cole et al. [185] introduced the Cole-Cole equation as an empirical
model for the dielectric relaxation of materials. As an extension of the Debye
model, the Cole-Cole model serves as a physics-based representation of wideband
frequency-dependent dielectric properties. The first-order Cole-Cole equation in-

troduces the empirical variable o to account for the relaxation time distribution:

€s — Eoo
1+ (jwr)l—o

where ¢ denotes the complex permittivity, e, the permittivity at infinite

e(w) = €00 + (2.19)

frequency, €, the static permittivity, 7 the relaxation time constant, w the angular
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frequency and « an empirical parameter that ranges from 0 to 1 to facilitate
the modelling of different spectral shapes. Although the Cole-Cole equation is
effective for non-lossy materials [180, 186, 187], for lossy materials like biological
tissues, a conductivity term for accurate representation of tissue relaxation is
necessary [180, 186, 187]. The Cole-Cole model for biological tissues thus expands

to:

€s — € 0;

e(w) =€ + (2.20)

1+ (jwr)t—@ * Jwegy’
where o; signifies the static ionic conductivity and ¢y the permittivity of free
space.

The dielectric spectrum of biological tissues is typically characterised by three
major relaxation regions, each defined by a unique time constant, 7. However, due
to the complexity of both the composition and the structure of biological tissues,
there are multiple relaxation processes, resulting in a distribution of relaxation
time constants and a consequent broadening of the dispersion region [181].

To address the broadening of the dispersion region, Gabriel et al. [181] pro-
posed the decomposition of relaxation into a sum of single time constant com-
ponents, known as poles, in 1996. Each pole characterises a unique dispersion

region. The resulting multi-pole Cole-Cole model is expressed as:

Ae a;
=€+ L + —,
Z 14 (jwr,)(1 —ap)  jweg

(2.21)

where n represents the total number of poles and Ag, = 5 — €.

The Havriliak—Negami relaxation is a collective representation of the Debye,
Cole-Cole, and Cole-Davidson models, which is an empirical modification of the
Debye relaxation model, factoring in the asymmetry and broadness of the dielec-

tric dispersion curve:

e(w) = €00 +

(2.22)

Here, when o« = 0 and 8 = 1, the equation is equivalent to the Debye model.
For 0 < a < 1 and g = 1, it results in the Cole-Cole equation. And for a = 0
and 0 < 8 < 1, it corresponds to the Cole-Davidson equation, characterised by
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an asymmetrically broadened distribution of relaxation times. While all these
models find use in fitting polar aqueous solutions, the dielectric data of biological
tissues are generally fitted with Debye and Cole-Cole models [181, 182]. These
models enable the straightforward incorporation of the dielectric properties of
biological tissues into advanced computational models.

Considering that the dielectric behaviour of a material across a wide fre-
quency range involves multiple relaxation processes, more poles corresponding to
the different relaxation times of the material must be introduced to accurately
represent the material properties [180]. Biological tissues are typically described
in terms of multiple Cole-Cole dispersions, which offer a compact, physics-based
representation of wideband frequency-dependent dielectric properties [181].

Having understood the relationship between fields and materials as governed
by Maxwell’s equations, the next section will discuss how dielectric properties cor-
relate with impedance and the methodologies for measurement of both impedance

and dielectric properties.

2.4.2 Relationship Between Dielectric Properties and

Impedance

The extraction of dielectric properties typically involves interpreting impedance,
conventionally described as the voltage-current ratio within an electrical cir-
cuit [188]. However, at microwave frequencies, direct measurement of impedance
presents practical challenges, necessitating indirect methods or specialised tech-
niques for accurate characterisation. /par

This section aims to provide a fundamental understanding of impedance, the
key characteristics of impedance, and how impedance serves as a vital link con-
necting the dielectric properties of materials with practical applications. Through
this exploration, the endeavour is to bridge the gap between the theoretical con-
cepts and their tangible applications, offering a comprehensive understanding of
the subject at hand.

The impedance Z can be represented in complex form as

Z =R+ jX (2.23)
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and in polar form as

Z = |Z|0. (2.24)

The admittance Y, which is the inverse of impedance, is

1
Y =—=G+B. (2.25)

where G is conductance and B is susceptance. Impedance is measured in
Ohm (Q2) while admittance is measured in Siemens (S). When the real (R) and
imaginary (jX) components are connected in series, the impedance Z = R+ j X.
Conversely, when these components are connected in parallel, the impedance is
JRX
T R4jX

or it could be represented using the admittance as in 2.25. Reactance comes

(2.26)

in two forms: inductive reactance (X ) and capacitive reactance (X¢), defined

as

X, = 2nfL=uwl (2.27)
1 1
Xo = 27 fC wC’ (2.28)

where f is the frequency, ¢ is the inductance, and C'is the capacitance. Here,
w = 2nf is known as the angular frequency.

Impedance and related properties such as admittance, resistance, reactance,
conductance and susceptance are extensive properties, in the sense that these
properties not only depends on the electrical properties of the sample but also on
the geometry of the measurement system (the measurement cell) [188]. In con-
trast, relative permittivity and conductivity are examples of intensive properties,
which retain constancy and are dependent only on the electrical properties of the
sample and are not influenced by the geometry or dimensions [188].

Based on their ability to transmit electrical current when exposed to an electric
field, materials can generally be categorised as either conductors or dielectrics [3].

Conductors contain charges that under the action of an electric field can move
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relatively freely within the material. In contrast, the charges in dielectrics can
only shift a small distance from their equilibrium position.

Bioimpedance deals with passive electrical properties of tissue and is defined as
the ability to oppose (impede) electric current flow [188]. In the case of biological
tissues, there is a duality in the electrical properties. Tissue may be regarded as
a conductor (i.e. offers little or no resistance to the flow of electric current) or a
dielectric (i.e. insulating material or a very poor conductor of electric current).
At frequencies of 100 kHz or less, most tissues primarily function as electrolytic
conductors, with electrolytes serving as the main charge carriers [188]. At higher
frequencies the dielectric properties of tissue start to dominate. At the highest
frequencies, tissue properties become more and more equal to that of water [188].

Most conductive materials follow Ohm’s law which states a linear relationship
between the electric current and the applied voltage according to the resistance,
R, which is expressed in ohms (2). The resistance of a piece of material depends

on the intrinsic resistivity, p, of the material and on its geometry.

i
R=p. (2.29)
G = a% (2.30)

If a geometrical constant, k£ is designated as the ratio of A and ¢ then the
resistance and the resistivity or conductivity will be related by k, expressed in
m [3, 189-191] !:

1 1
= o= — 2.31
R=_p=1 (2.31)
From 2.31 and given that G = 1/R it follows
k ! G/ (2.32)
= — = ag. .
oR

In different studies cell constant can be defined slightly differently and can be expressed in
m, m~' and cm™'. In this thesis all the definitions and equations are adjusted for the definition

of the cell constant in m.
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Similarly to resistance R in 2.31, and in the case of material not being a good
conductor, the capacitance C' depends on an intrinsic property of the dielectric

material, the electric permittivity € and the geometry of the capacitor

A
C = ke. (2.34)
or
C = ke = ke, ey. (2.35)

Not unlike the parallel plate capacitor, in the standard form, the measurement
cell consists of two metallic flat electrodes, with area A, and a gap ¢ between them,
in which the material is confined (k = A//).

However, most materials are not ideal conductors nor ideal dielectrics so any
real material, including biological tissues, placed in the measurement cell (or
between the parallel plates) will act as a combination of a resistor and a capacitor
(Fig. 2.7). This combination of a resistor and a capacitor is the simplest equivalent
circuit mimicking the impedance found in tissue measurements [188, 192]. While
this model is the simplest, it is also the most important model because every

measurement on a specific frequency is reduced to such a circuit [188].

Ti_

@v
i
(7)o

Figure 2.7: Parallel resistor and capacitor is the most simple model of biological
tissue [188, 192].
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While parallel plates are the most simple geometry to analyse, a more realistic
measurement cell would be comprised of two-needle electrodes inserted into a
living tissue (two-electrode probe). For more general electrode geometries (i.e.
two-electrode probe, four-electrode probe), it will be necessary to compute the
cell constant by numerical methods [193] or to find it by measuring the resistance
of a sample with a well-known conductivity [191, 194]. For instance, in the field
of bioimpedance, the 0.9% aqueous sodium chloride (NaCl) solution is typically
used because its composition and conductivity (1.44 S/m at 20°C) are similar to
those of blood plasma [3].

The cell constant is typically determined during the calibration process of the
conductivity measurement system. It can be determined experimentally by using
a sample with a known conductivity or by performing simulations or calculations
based on the electrode geometry and sample dimensions. In the standard canon-
ical form, the measurement cell consists of two metallic flat electrodes, with area
A, and a gap ¢ between them, in which the material is confined (k = A//).

It is worth noting that scaling the measurement cell by a factor will result in
the change of the cell constant by that same factor, as the area A of the measure-
ment cell will scale by the square of the factor, while the gap ¢ is proportional
with the factor.

The volume (V') of the sample changes with the third power of the scaling
factor. For example, if the dimensions of the measurement cell are increased by a
factor of s, the cell constant would also increase by the same factor. The volume
of the sample that would fit inside the cell would be s* times that of the original
cell. Conversely, if the cell size is scaled down by a factor of s, the cell constant
would decrease by the same factor and the volume would be (1/s)® of the original.

The relationship between the cell constant (k), the electrode area (A), and
the gap distance (¢) can be expressed as:

A
=7 (2.36)
When scaling the measurement cell by a factor s, the new cell constant (k'),

area (A’), and gap distance (¢') can be calculated as follows:
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_A_SA_sA
T T s T

Therefore, the cell constant changes proportionally with the scaling factor.

K sk (2.37)

This change of the cell constant also extends to the electrode configurations other
than standard parallel plates, as is shown in the following subsection for the case
of a four-electrode probe.

Impedance is a complex magnitude that establishes a relation between the
sinusoidal voltage and the current for each frequency taking into account the
contribution of both, the resistive and the capacitive components. Therefore,
from impedance measurements performed with an electrode setup of known cell

constant k, it is possible to extract both ¢ and € [188].

11 1
J—R_j (1 2.
=i se k<a+j27rf5) (2.38)

It is important to note that both ¢ and € may depend on the frequency [3].
While it can be argued that k is constant for a given geometry, parasitic capaci-
tances and frequency-dependent distribution of field lines can yield a frequency-

dependent complex k [194].

2.4.2.1 Electrode Polarisation and Four-electrode Probe
Cell Constant

Water is one of the main constituents of any biological tissue. Water is a good
solvent for ions and other molecules found in biological tissues. Electrolytes
such as sodium, potassium, calcium, magnesium, chloride and others play an
important role in the functioning of biological systems. These ions produce ohmic
current and energy loss under the applied electric field. In addition, because of
the cellular structure of biological tissues, these ions produce polarisation due to
charge accumulation at the cell membrane.

Under the influence of an electric field, the ions tend to move towards the
electrode/sample interface, leading to the development of ionic double layers in
such regions (Fig. 2.8) [195]. The applied voltage drops rapidly in these layers,
which implies a huge electrical polarisation of the material and a near-absence of
the electric field in the bulk sample at low frequencies [196-198].
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Figure 2.8: This schematic illustrates the formation of ionic double layers at
the electrode/sample interfaces. The electric field, represented as E, is influenced
by the development of these double layers, resulting in E = Ey, + 2Ep, where
E}, is generally greater than Ep [195]. Used with permission of IOP Publishing,
reproduced from [195]; permission conveyed through Copyright Clearance Center,

Inc.
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The two most commonly used methods of mitigating electrode polarisation
(EP) are the electrode coating technique and the four-electrode method [195, 196].

In terms of a correction method to change the measured data to conductiv-
ity and relative permittivity (i.e., the cell constant), Jakosky [189, 199] solved
Laplace’s equation to show that the potential at any point in an infinite isotropic
homogeneous medium caused by a small source of current is given by V' = [ /4pnr,
where ¢ is the conductivity of the medium and r is the distance from the current
source to the point of measurement [189].

Fig. 2.9 identifies the potential V. at a point P between a pair of current-
carrying electrodes A, B in a volume conductor of conductivity o. The potential

V, is given by

V= (l - l) (2.39)

odr T T9

® >
® T
e 0

r1 r2

Figure 2.9: A point P between a pair of current-carrying electrodes A, B in a

volume conductor of conductivity o.

If a second electrode @) is placed symmetrically at a distance d from electrode
P on the line AB as shown in Fig. 2.10, it is possible to determine the potential
(Vp — Viy) appearing between electrodes P and Q. This difference in potential is
given by

(111
Codr \r r4+d r+d 7 (2.40)
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Figure 2.10: Two point P and @) between a pair of current-carrying electrodes

A, B in a volume conductor of conductivity o.

The resistance R, appearing between the potential measuring electrodes P, )

is given by

Vp—Vg
N I

! 1_ 1 (2.41)
Co2r \r r+d

For a symmetrical probe as in Fig. 2.10

R

L—d (2.42)

where L is the length of the probe.
Substituting r in 2.41 with 2.42

1 1 1
= — — . 2.4
R U7T<L—d L+d) (243)

If ratio of distance d over the length of the probe L is introduced as o« = d/L
then

1 1 1
R—UT{'L (1—a_1+a>

B 2 o
ConL \1—a2)"

And finally combined with 2.32 the cell constant is

(2.44)
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k:%c—oﬂ)_ (2.45)

a

If the same size/scaling analysis as in the previous section is conducted then
when scaling the four-electrode probe by a factor s, the new cell constant (k)
can be calculated from the scaled length (L'), and distance (d’)

I =sL (2.46)
d =sd (2.47)
(2.48)
and the ratio o/
d sd
[ = — =
a=g=_T=0 (2.49)

as

(1 - oz2> (2.50)

The cell constant of the four-electrode probe changes proportionally with the
scaling factor.

It is important to note here that while the resistance R in 2.31 is inversely
proportional to the cell constant k, the conductance C' is proportional to k. Typ-
ically, materials are neither perfect conductors nor perfect dielectrics [3]. That is,
it will be possible to define a conductivity value o, and also a permittivity value
€. These two values are typically referred to as the passive electrical properties
of the material [3].

Given that the measured impedance increases as the cell constant decreases,

it can be inferred that a smaller volume of the sample is engaged by the electric
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current. Thus, it can be concluded that a lower cell constant implies the require-
ment for a smaller sample volume. In essence, the sample size is proportional to
the cell constant, which in turn is proportional to the size of the probe.
Following on from a method to convert measured data to conductivity, the
specific methods to measure conductivity at RF as well as dielectric properties

at MW frequencies are discussed in the next subsection.

2.4.3 Impedance Measurement Methods

There are a number of measurement methods to choose from when measuring
impedance, each of which has advantages and disadvantages. Measurement re-
quirements and conditions must be considered, and then the most appropriate
method has to be chosen while considering such factors as frequency coverage,
measurement range, measurement accuracy, and ease of operation. The choice
requires tradeoffs as there is not a single measurement method that includes all
measurement capabilities.

Table 2.1 lists the advantages and disadvantages of six commonly used impedance
measurement methods, the applicable frequency range of the instrument, and the
typical applications for each method.

Dielectric spectroscopy, as defined in [200], involves the measurement of the
dielectric properties of a medium across varying frequencies. It is often discussed
within the broader context of impedance spectroscopy, which encompasses the
study of the impedance of a system as a function of frequency. There is a nuanced
overlap between the two methods, as each provides insights into the frequency-

dependent electrical properties of materials.

2.4.3.1 Open-ended Coaxial Probe Method for Measurement of

Dielectric Properties at Microwave Frequencies

In order to address the research questions from Chapter I the following approach
was taken. For the characterisation of dielectric properties of cardiac tissues in
Chapter 3, dielectric spectroscopy using an open-ended coaxial probe method was

performed.
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Table 2.1: Common impedance measurement methods (from Keysight, “Applica-
tion Note 5950:3000 - Impedance Measurement Handbook: A Guide to Measure-
ment Technology and Techniques, 6th Edition” [201])

. Applicable Common
Method  Advantages Disadvantages L.
frequency range applications
High accuracy Needs to be
Bridee (0.1% typ.), manually balanced,
methgo d Wide frequency Narrow frequency DC to 300 MHz Standard lab
coverage, coverage with a
Low cost single instrument
Needs to be tuned
to resonance, . .
Resonant  Good Q accuracy Low impedance 10 kHz to 70 MHz High Q device
method up to high Q measurement
measurement
accuracy
Grounded device Operating frequency
v measurement, range is limited by Grounded device
method Suitable for probe- transformer used 10 kHz to 100 MHz measurement
type test needs in probe
High accuracy Operating frequency
RF I-V .(1% typ.) and wide  range is limited by 1 MHz to 3 GHz RF component
method impedance range transformer used in measurement
at high frequencies test head
Wide frequency Recalibration
coverage from .
LF to RF required when
Network ’ the measurement
. Good accuracy . RF component
analysis frequency is 5 Hz and above
when the unknown measurement
method . . changed,
impedance is close .
. Narrow impedance
to characteristic
. measurement range
impedance
Wide frequency
coverage from
Auto- LF to HF, .
balancing High accuracy over  High frequency Generic
. S . 20 Hz to 120 MHz component
bridge a wide impedance range not available
measurement
method measurement range,

Grounded device
measurement
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The open-ended coaxial probe technique consists of placing a tissue sample
in contact with the probe and measuring the signal reflected to the port of a
vector network analyser (VNA). The open-ended coaxial probe method is based
on the theoretical assumption that the sample interrogated by the probe occupies
a semi-infinite volume so that the acquired signal is only due to the impedance
mismatch between the system and the sample [202-204].

A coaxial probe, generally, consists of an inner conductor of radius a, an
insulator of width ¢ having low relative permittivity e, (i.e., relative permittivity
close to that of air), and an outer conductor having an inner radius b. Ideally, in
order to minimise EM signal attenuation, the probe insulator is low-loss and the
inner and outer conductors are high conductivity. An illustration of the top view
of a coaxial probe, with its dimensions a, b and ¢, and the illustrations of the EM
propagation across the probe and the sample are shown in Fig. 2.11 [202].

In historical context, the fabrication of open-ended coaxial probe was tailored
to the needs of diverse studies [205-213]. In order to convert the measured com-
plex reflection coefficient into complex permittivity, different methods to model
the probe have been developed [203, 204, 211, 214-216]. These methods can be
divided into two categories: full wave formulation techniques and lumped equiv-
alent circuit models [216, 217].

Over the last decade, a growing number of dielectric studies have been con-
ducted using commercial probes, predominantly those manufactured by Keysight
Technologies (Keysight, Santa Rosa, CA, USA) [202]. The Keysight probes have
been used in most of the recent tissue dielectric studies [218-222]. The slim form
probe, because of the small diameter, is a common choice for tissue measure-
ments. The ability to steam-sterilise the probe allows for the use of the probe in
vivo. [218-220].

The slim form probe is typically used in conjunction with the Materials Mea-
surement Suite from Keysight Technologies (Keysight, Santa Rosa, CA, USA) [223],
which has been designed to automate the complex process of permittivity mea-
surements. The Materials Measurement Suite is equipped with a proprietary
model of the probe and employs this model to yield relative permittivity values
automatically, thereby eliminating the need for conversion from the reflection

coefficient to permittivity.
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Figure 2.11: Diagrams illustrating the EM transmission along an open-ended
coaxial probe and the electric probe-sample interaction: on the top, views of the
top cross-section of a coaxial probe with probe dimensions indicated on the left, and
generated EM signals on the right; on the bottom, side cross-section of a coaxial
probe placed in contact with a sample. In particular, the top left picture illustrates
the inner and outer conductors, and the insulator characterised by the relative per-
mittivity €., of a coaxial probe with dimensions a, b and ¢, which, specifically, are
inner conductor radius, outer conductor inner radius and insulator width, respec-
tively. Due to the TEM propagation mode generated by the application of a voltage
signal V between the two conductors, the top right picture depicts an electric field
component FE, along the radial direction p, and a magnetic field component Hg
along the azimuthal direction ®. In the top right diagram, the resulting generated
current I encircling the probe is also labelled. In the bottom picture, the side-view
cross-section of the interaction between the probe and the sample is illustrated by
highlighting the radial electric field within the probe and the fringing electric field
across the sample, due to the impedance mismatch between the probe and the
sample, which have impedances of Z and Zg, respectively. When the electric field
fringes, part of the signal is transmitted into the sample and the rest of the signal

is reflected back to the probe. Note that the diagrams are not to scale [202].
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The study presented in Chapter 3 utilised the Keysight slim form probe in

conjunction with the Materials Measurement Suite.

2.4.3.2 Four-electrode Probe Method for Electrical

Impedance Spectroscopy

For the characterisation of the electrical conductivity of human blood in Chapter 4,
an electrical impedance spectroscopy was performed using a custom-made four-
electrode probe. In Chapter 5, a miniaturised version of the four-electrode probe
working in the same configuration is detailed and utilised. In this subsection, the
four-electrode method basics are presented. The custom-made probes and the
measurement methods used in Chapter /4 and Chapter 5 are detailed within the
chapters.

In the simplest two-electrode measurement setup the stimulus is applied and
the measurement is done using the same two electrodes, named the working elec-
trode (WE) and the counter electrode (CE) [224]. In this case, the measured
impedance Z includes contributions due to the sample interface at both elec-
trodes [224]. If the effect of the zones proximal to the current-carrying (CC)
electrodes (WE and CE) and the polarisation impedance of the electrodes them-
selves are to be reduced, the four-electrode system is preferred. In addition to
CC electrodes, the four-electrode system has a separate circuit for measuring the
voltage. This circuit is connected by a separate pair of electrodes. These elec-
trodes are sensing electrode (SE) and reference electrode (RE) and as a pair of
electrodes are referred to as the pick-up (PU) electrodes. Such four-electrode sys-
tems correspond to a two-port, four-terminal network equivalent. Because there
are two ports in these systems, they measure transfer parameters between the
ports. If, for instance, impedance is measured to be 0 €2, it doesn’t convey that
there is high-conductivity tissue present. Instead, it may imply that there is no
signal transfer from the CC electrodes (WE and CE) to the PU electrodes (SE
and RE) [188].

Since no current is drawn at both SE and RE, the measured impedance is
independent of the electrode—sample interfaces [224].

Different types of four-electrode probes exist, and they typically fall into two
main categories: needle-type probes [225, 226] and planar-type probes [227-230].
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Figure 2.12: Measurement setup configurations featuring (a) two electrodes, (b)
three electrodes and (c) four electrodes. Reproduced from [224] under Creative

Commons Attribution 3.0 License.

While needle-type probes are more appropriate for measuring liquid samples, this
type of probe has also been utilised for assessing soft tissue conductivity [225, 226].
However, the impact of piercing the tissue on the structure and, subsequently,
on measurement results remains uncertain. For this reason, planar-type probes
are generally considered better suited for soft tissue conductivity measurements,

while needle-type probes remain an option for measurements on liquid samples.

2.4.4 Dielectric Properties of Blood and Cardiac Tissue

In this work, the dielectric properties of cardiac tissue and blood are of interest
at different frequencies relevant to various modalities of cardiac ablation. To
understand the state of the art, this section discusses the conductivity of cardiac
tissue at radiofrequencies, the dielectric properties of cardiac tissue at microwave
frequencies, the dielectric properties of blood at microwave frequencies, and the

conductivity of blood at radiofrequencies.

2.4.4.1 Conductivity of Cardiac Tissue at Radiofrequencies

The electrical conductivity of cardiac tissues at frequencies below 1 MHz has
been extensively studied with a variety of animal models and methodologies. A
1957 study by Schwan and Kay [231] was conducted on dogs in situ, measuring

the conductivity of the heart muscle across the 10 Hz to 10 kHz range using a
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two-electrode method. More recent studies listed in Table 2.2 have expanded on
this initial methodology and used the four-electrode method.

Fallert et al. 1993 study [232] and Ellenby et al. 1987 study [233] utilised a
four-electrode method to map the impedance of ischemic sheep hearts and left
ventricle myocardium of mongrel dogs, respectively. Cinca et al. 1997 study [234]
also conducted in vivo studies on the left ventricle myocardium of pig, employing a
four-electrode method. Their research was specialised towards understanding the
changes in myocardial electrical impedance induced by coronary artery occlusion.
Tsai et al. 2002 study [235] also conducted in vivo studies on pigs but focused
their research on the left ventricle myocardium. Gabriel et al. in 2009 study [191]
conducted in vivo studies on pigs, employing a four-electrode method to measure
the dielectric properties of the atrium, providing significant data in the 40 Hz to

1 MHz frequency range.

Table 2.2: Summary of animal studies measuring the dielectric properties of the

heart.
Source Animal (N) Tissue T [°C] Measurement Frequency
Method
Schywan Dog (In situ) Heart (muscle) 37 Two electrodes 10 Hz-10 kHz
1957 [231] S " u
Mongrel dogs .
Ellenby (In vitro) Left vent’rlcle 37 Four electrodes 1 kHz
1987 [233] myocardium
(N=21)
Fallert Sheep (In vivo)  Left ventricle 3
1993 [232]  (N=39) myocardium Body  Four electrodes 1 kHz—15 kHz
Cinca Pig (In vivo) Left ventricle
1997 [234]  (N=26) myocardium Body  Four electrodes 1110 Hz
Tsai Pig (In vivo) Left ventricle 3
2002 [235] (N=8) myocardium 38 Four electrodes 1 Hz-1 MHz
Gabriel Pig (In vivo) Heart (atrium) 37 Four electrodes 40 Hz-1 MHz

2009 [191]  (N=3+)

2.4.4.2 Dielectric Properties of Cardiac Tissue at

Microwave Frequencies

A number of previous studies have reported on the dielectric properties of the
heart (Table 2.3).
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Table 2.3: Summary of studies measuring the dielectric properties of the heart at

microwave frequencies.

Measurement

Source Animal Tissue T [°C] Method Frequency

Gabriel Human, Ovine Open ended B

1996 [236]  (Ex vivo) Heart 37 coaxial probe 200 KHz-20 GHz

Schwartz Bullfrog Open-ended .

1985 [237] (In vivo) Heart coaxial probe 200 MHz-8 GHz

X Canine Open ended

- (In vitro, Heart 20 per 100 MHz-11 GHz
1987 [238] . . coaxial probe
Immersed in saline)

Fornes-Leal Porcine Heart Open ended

2019 [239] (In vivo) (Epicardium) 37.2-38.5 coaxial probe 500 MHz-26.5 GHz
Heart

Salahuddin  Porcine (LA, LV, Open ended 3

2018 [240] (Ex vivo) RA, RV, coaxial probe 400 MHz-20 GHz
and PA)

The Gabriel et al. parametric model for the heart tissue is based on the
data gathered from the literature [236] as well as data from their experimen-
tal study [207]. In their experimental study, Gabriel et al. measured dielectric
properties ex vivo on excised animal tissue and human autopsy material. The di-
electric properties of the heart were measured ex vivo on human tissues obtained
from an autopsy performed between 24 and 48 h after death at frequencies be-
tween 300 kHz to 20 GHz, and ovine heart at frequencies between 10 Hz and 20
GHz, within 2 h of death. Both the human and ovine heart tissues were mea-
sured at 37 °C. Part of the data gathered from the literature that was measured
over the microwave frequency range includes data from in vivo experiments on
bullfrog [237] and in vitro experiments on canine tissue [238].

In their study from 1987, Xu et al. measured canine tissues in vitro [238].
The tissues were immersed in saline for up to 12 h, which is not considered best
practice by today’s standards since such immersion can modify the dielectric
properties [2]. While the room temperature is reported, the temperature of the
tissue is not.

In a more recent study by Fornes-Leal et al. from 2019 [239], dielectric prop-
erties of the porcine heart, among other porcine thoracic tissues, were measured
in vivo at the frequency range from 500 MHz to 26.5 GHz. In this study, the heart
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was treated as a homogeneous organ and while the measurements were made at
five different locations on each organ that was measured, the anatomical part of
the heart that was measured is not specified.

However, further work is needed to accurately characterise the dielectric prop-
erties of the heart. Challenges include the inherent variation in all tissues (both
within the patient and between patients) [241], well as the anatomical and func-
tional heterogeneity of the organ [6, 7]. Indeed in a recent study, Salahuddin et al.
experimentally demonstrated that treating the heart as a homogeneous organ may

not provide an accurate dielectric representation of the entire organ [240].

2.4.4.3 Dielectric Properties of Blood at Microwave Frequencies

There are a number of studies examining the dielectric properties of blood at
microwave frequencies. Alison and Sheppard [242] characterised human blood
dielectric properties at frequencies from 29 GHz to 90 GHz in a 1993 study. Wolf
et al. [243] measured dielectric spectra of human blood over a broad frequency
range from 1 Hz to 40 GHz using several different techniques across the frequency
range. In the frequency range from 1 Hz to 10 MHz, they applied the AC voltage
to a parallel plate capacitor made of platinum, containing the sample material
[243]. In a more recent study from 2018 Santorelli et al. [244] found that at mi-
crowave frequencies (i.e. 500 MHz—8.5 GHz) haemoglobin is the biggest predictor
of changes in complex permittivity of blood. They demonstrated that blood per-
mittivity at a single microwave frequency (i.e. 1 GHz) can detect anaemia with
high sensitivity and specificity [244].

All studies at microwave frequencies that are included in this review were
conducted by using the open-ended coaxial probe method [242-245]. This com-
prehensive understanding of dielectric properties of blood at microwave frequen-
cies highlights the depth and breadth of the current knowledge base and was not

further explored within this thesis.

2.4.4.4 Conductivity of Blood at Radiofrequencies

An overview of studies investigating blood conductivity is presented in Table 2.4.
The fields in the table are highlighted where the corresponding study has fulfilled
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one or more of the following criteria, which ensure the best practice:

> measured the conductivity of human blood;
> at body temperature (37°C);
> at frequencies below 1 MHz; and

> using the four-electrode technique.

It is worth noting here that none of the studies in the table fulfils all four
criteria.

Fricke et al. [246] in their 1925 study measured electrical resistance and
capacity of calf blood at the frequency range from 800 Hz to 4.5 MHz using a
custom two-electrode electrolytic cell [246, 247]. The effect of polarisation was
mitigated by the use of the platinum electrodes coated in platinum black [246].
They found that at lower frequencies, which they specified as being from 3.6 kHz
to 8.7 kHz, the resistance and the capacity of blood are frequency independent
[246]. At frequencies from 8.7 kHz to 4.5 MHz however, they found that both
resistance and capacity begin to decrease [246]. Hirsch et al. [248] and Texter
et al. [249] used a similar two-electrode electrolytic cell with platinised platinum
electrodes in their 1950 studies. They found that the conductivity of blood can be
used to measure red cell counts [249]. They used a variable frequency oscillator
operating at approximately 1 kHz, 5 kHz, 11 kHz and 19 kHz as their alternating
current source [248].

Both Fricke et al. [246] and Hirsch et al. [248] stressed the importance of stir-
ring blood samples before measuring the conductivity to ensure the homogeneity,
as letting blood settle can increase conductivity.

In 1973, Geddes and Sandler [250] measured the specific resistance of human,
canine, bovine and equine blood at 25 kHz, at body temperature with a Hct
range extending from 0 to 0.7 1/1. They eliminated the electrode impedance
errors by varying the length of their two-electrode measurement cell. They found
the resistivity of blood increases with increasing haematocrit [250]. In a 1975
study by Mohapatra and Hill [251] it was confirmed that the resistivity of blood
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2.4 Dielectric Properties of Blood and Cardiac Tissue

increases with an increase in haematocrit. The same study also shows resistivity
increases with a decrease in temperature [251].

Beving et al. [252] in 1994 measured the dielectric properties of human blood
at radiofrequencies (200 kHz—10 MHz) and investigated the dependence of the
properties on cell volume fraction. Beving et al. [252] were using a four-electrode
technique with the four electrodes being made of solid 24-carat gold pins in order
to mitigate the effect of electrode polarisation. In 2002, Chelidze et al. [253] cov-
ered the frequency range from 30 Hz to 30 MHz. Chelidze et al. [253] used a two-
electrode technique at lower frequencies. They excluded the effects of electrode
impedance by using the platinised platinum electrodes and varying the distance
between the electrodes [253]. Jaspard et al. [254] performed measurements on
bovine and ovine blood at body temperature at frequencies from 1 MHz to 1 GHz
in 2003. They used an open-ended coaxial probe method. They found that the
dielectric properties of blood are strongly dependent on haematocrit [254]. The
conductivity was found to decrease with the increase of haematocrit while the
relative permittivity would increase with the increase of haematocrit [254].

In a 2008 study, Chang et al. [255] find the four-electrode technique superior
to the two-electrode technique for accurate characterisation of blood impedance
in the low-frequency range (100 Hz up to 20 kHz). The four-electrode technique
also has been used to characterise the blood impedance by Gabriel et al. [191] in
2009 and Constantinou et al. [256] in 2017.

The study presented in Chapter 4 employs the method that was used by
Gabriel et al. in their 2009 study [191]. However, Gabriel et al. measured
porcine blood in vivo while in this study the measurement was performed on
human blood samples in vitro. This study, as far as existing knowledge suggests,

is the first to measure the conductivity of:
> human blood,
> at body temperature (37°C),
> at frequencies below 1 MHz, and

> using the four-electrode technique.
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2.5 Conclusion

AF is a prevalent medical condition frequently managed through electromagnetic-
based catheter ablation techniques. The success of these treatments hinges on
a deep understanding of the electrical properties of tissues. However, the cur-
rent literature reveals notable gaps, which could compromise the accuracy and
efficacy of these interventions. In this chapter, we have identified specific gaps
in the areas of tissue conductivity, electrode-tissue interaction, and mathemati-
cal modelling of electrical properties. Consequently, we formulated the following

research questions aimed at bridging these knowledge gaps:

> What are the dielectric properties of different regions of the heart at mi-
crowave frequencies ranging from 500 MHz to 20 GHz, and how does this
knowledge contribute to the understanding of heart heterogeneity in the

context of cardiac ablation?

> What is the conductivity of human blood across frequencies from 100 Hz
to 100 kHz?

> What are the design features and capabilities of a miniaturised four-electrode

probe for measuring the conductivity of biological tissues?

In the next chapter, the first research question is investigated.
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3

Dielectric Characterisation of
Cardiac Tissue as a

Heterogeneous Organ

3.1 Introduction

In Chapter 2, the importance of obtaining accurate knowledge of the dielectric
properties of biological tissues in dosimetry and medical applications was high-
lighted, particularly in the context of numerical simulations of radiofrequency and
microwave ablation of the heart. Despite this need for accurate dielectric prop-
erties of tissue, previous studies have largely treated the heart as a homogeneous
organ, neglecting variations in dielectric properties between different parts of the
heart. To address this matter, this work aims to characterise the dielectric prop-
erties of different parts of the heart, both within and external to the heart across
the frequency range of 500 MHz to 20 GHz. By utilising anatomical landmarks,
specific parts such as the epicardium, endocardium, myocardium, exterior and in-
terior surfaces of the atrial appendage, and the luminal surface of the great vessels

were identified. Next, the relative permittivity and conductivity of these parts of

This chapter is based on a published journal paper [257] N. Istuk et al., “Dielectric Prop-
erties of Ovine Heart at Microwave Frequencies,” Diagnostics, vol. 11, no. 3, Art. no. 3, Mar.
2021, doi: 10.3390/diagnostics11030531. For consistency with the rest of this thesis, parts of
the content are modified, and equations, figures, references, and tables are updated.
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the heart were measured and compared to determine the presence of statistically
significant variations between these parts of the heart. The obtained dielectric
properties for each region were reported at two specific frequencies (915 MHz and
2.45 GHz) relevant to microwave medical applications, as well as in the form of

parameters of a broadband Debye model [200].

3.2 Experimental Setup for Measurement of Di-
electric Properties of the Heart at Microwave

Frequencies

In this section, the method for measuring the dielectric properties of the heart at
microwave frequencies is outlined. The procedure for calibrating and validating
the setup is also described. Additionally, the preparation of the samples and the

measurement procedure are documented.

3.2.1 Open-Ended Coaxial Probe Measurement Method

In line with best practices for dielectric characterisation of biological tissues,
as was previously discussed in Chapter 2, all measurements in this work were
collected using the open-ended coaxial probe method. The method is simple,
requires minimum sample handling and is non-destructive [2]. The slim form
open-ended coaxial probes from 85070E Dielectric Probe Kit (Keysight, Santa
Rosa, CA, USA) were used in this study. The probes are suitable for both ex vivo
and in vivo measurements over the frequency range of interest [2, 211, 258]. The
open-ended coaxial probe method has been shown to be the most suitable method
for measuring the dielectric properties of biological tissues in the microwave fre-
quency range, with consideration given to factors such as temperature control of
the tissue, time since excision, and measurement uncertainties [2]. The following
sections describe the experimental setup, sample preparation, and data collection

procedures.
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3.2.1.1 Experimental Setup

Two VNAs were used to record the scattering parameter Si;: E8362B PNA (Ag-
ilent, now Keysight, Santa Rosa, CA, USA) (VNA1) and 5063A ENA (Keysight,
Santa Rosa, CA, USA) (VNA2).

Scattering parameters, which are commonly referred to as S-parameters, are
a parameter set that relates to the travelling power waves that are scattered or
reflected by an n-port network [259]. For a one-port network, the concept of
scattering parameters simplifies as it involves only the relationship between the
incident and reflected power waves at a single port. S-parameters describe how
power waves are scattered or reflected by an n-port network, and in the case of a
one-port network, this relationship can be represented by a single S-parameter,
S11, which is known as the reflection coefficient. It relates the amplitude of the
reflected wave (b;) to the amplitude of the incident wave (a;) at the port of the

network as follows:

b1 = SH s ay, (31)

where:
e a7 is the amplitude of the incident power wave,
e by is the amplitude of the reflected power wave,

e S is the reflection coefficient, indicating the proportion of the incident

wave that is reflected by the network.

The Sy, parameter of a network is equal to the ratio of the output voltage
of the port to the voltage going into the port. The physical meaning of Si; is
the input reflection coefficient with the output of the network terminated by a
matched load (a2 = 0). The Sy; represents how much power is reflected from
the open-ended coaxial probe back to the Port 1 of the VNA when the probe is
connected to the Port 1 of the VNA.

The S7; parameters were measured at different frequencies and then converted

into complex permittivity values [2]. The two VNAs and two probes were used
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to increase the measurement throughput by simultaneously conducting measure-
ments on two heart samples, thus minimising the time between the excision and
the measurements.

Both VNAs were set to record the S7; parameters at 101 discrete frequency
points. The frequency points were distributed logarithmically over the frequency
range from 200 MHz to 20 GHz for measurements performed with VNA1, and
over the frequency range from 200 MHz to 8.5 GHz for VNA2. The logarith-
mic distribution of frequency points results in more accurate modelling of the
measured data, especially at lower frequencies [260]. The frequency ranges were
determined by the respective VNA operating frequencies and they both cover the
most commonly used frequencies for MW ablation (915 MHz and 2.45 GHz [261]).

While data was acquired starting at 200 MHz, it has been reported that
the operating frequency range of the open-ended coaxial probe starts at 500
MHz [262]. To overcome this mismatch, the results were filtered to exclude the
measurements at frequencies from 200 MHz to 500 MHz. Therefore the final
frequency range was 500 MHz—20 GHz in the case of VNA1 (81 points) and
500 MHz-8.5 GHz in the case of VNA2 (77 points). Despite the reduced number
of points, it is believed there is still a sufficient number of points and that a Debye
model could be fitted. Also, measurements at the key frequencies of 915 MHz
and 2.45 GHz were not affected.

To eliminate noise from cable movement and reduce measurement uncertainty,
both of the slim form open-ended coaxial probes from 85070E Dielectric Probe
Kit (Keysight, Santa Rosa, CA, USA) were connected directly to the VNAs using
a right-angle SubMiniature Version A (SMA) connector. The measurement setup
with an open-ended coaxial probe connected to VNA2 can be seen in Fig. 3.1.
To reduce movement of the measurement setup, tissues were placed on top of a
lift table and brought into contact with the probe. While this method does exert
some pressure on the VNA ports, it is a recommended compromise that has been
validated by previous studies [2].

While the manufacturer recommends the probe should be inserted 5 mm into
the material under test, this penetration depth was avoided in this study as it
would cause damage to the tissue, resulting in the dielectric properties of the

structurally damaged tissue. Instead, a direct contact between the tissue and the
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probe has been considered to be adequate in numerous studies on dielectric prop-
erties of biological tissues [2, 239-241, 263, 264]. In these cases, direct contact
was considered when the entire surface of the probe was in contact with the tissue
sample. In order to make the entire surface of the probe contact the tissue sam-
ple some pressure needs to be applied between the probe and the tissue sample.
Excessive probe-sample pressure can cause inaccurate measurements [2]. There-
fore, a direct observation confirmed adequate probe contact. However, future
work may consider improvements to assessing direct contact, such as pressure
measurements.

The measured S1; parameters were converted to the dielectric properties using
the N1500A Materials Measurement Suite (Keysight, Santa Rosa, CA, USA).

VNA

— ﬂ”‘l‘?‘

(a) (b)

Figure 3.1: Measurement setup showing a schematic (a) and a photo (b) of the
measurement setup. VNA2 is directly connected to the slim form probe. The
sample is brought in contact with the probe by lifting the lift table, which helps
bring the sample into direct contact with the probe. The exclusion of the cable

from the setup eliminates one source of measurement uncertainty.
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3.2.1.2 Calibration and Validation

In order to correctly calculate the dielectric properties of the sample from the
S11 parameter, we need the Sp; value at the reference plane of the sample, which
in this case is the open end of the probe. However, the VNA measures the Si;
parameter at the port of the VNA. Therefore, to obtain the S7; parameter at the
sample reference plane we need to do the de-embedding of the probe.

The measured S;; parameter also suffers from the instrument’s systematic
(repeatable) errors which should be corrected in the error correction procedure.
Both the de-embedding of the probe and the error correction are done by the
one-port calibration procedure [259].

In Fig. 3.2, '), represents the measured value of S;; while the true value of
Sy is represented by I'. The four error coefficients are organised as S parameters
of a fictitious network called the error matrix. The error matrix is represented by
the error box which includes both the difference caused by measurements being
made in the VNA plane instead of the plane of the sample and the instrument’s

systematic errors. The error coefficients can be written as [259]:

bml €11 €12 am1
= : 3.2

From (3.2) we calculate the error-corrected reflection coefficient at the VNA

plane as [259]:

Iy, —en
s —— 3.3

where A is €11€22 — €12€91.

The error coefficients ejq, eg2 and A are calculated from [259]:

e B D e 1 €11 Lo
1 —Fgrmg —Fg €| = Fmg . (34)
1 —F3Fm3 —Fg A Pm?:

This calibration process is completed by measuring materials with known or
partially known characteristics and using these measurements to establish the

measurement reference planes [265]. Calibration also corrects the imperfections
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I a
WA | T, Frror Box | sample
bm1 b1

Figure 3.2: One-port calibration error box. I';, corresponds to the measured Si1

and I is the true reflection coefficient at the sample reference plane [259].

of the measurement system, which include the nonideal nature of cables and
probes as well as the internal characteristics of the VNA [265].

One-port calibration method [259] was used to correct the systematic errors
of the instrument. The calibration was performed before the first measurement
on each heart sample and was repeated approximately every 35 minutes to pre-
vent any system drift affecting the subsequent measurements. The three stan-
dard loads used in the calibration procedure were open circuit, short circuit,
and deionised water (DIW), which are commonly used in the literature [2]. The
temperature of DIW was measured for every calibration using a digital ther-
mometer. The temperature varied during the entire experiment from 23.5°C to
26.5°C.

Following calibration, a validation of the measurement system is typically
performed [18]. In order to validate that the calibration was successful, dielectric
measurements of a sample with known material properties are recorded [220, 266].
Then, the recorded data can be compared to the property values of the known
material in the literature and the accuracy of the measurement can be calculated.
If the accuracy is satisfactory (the exact required accuracy is study-dependent
and evaluated on a case-to-case basis), then the sample under investigation can
be measured with the confidence that the measurement equipment is performing
accurately.

The validation was performed after each calibration. The validation was
also performed each time the part of the heart that was being measured was
changed. Typical material/solutions used for validation are standard liquids,

such as deionised water, saline solution, or methanol [2, 220].
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Table 3.1: The mean and the maximum value of the validation error across all
frequency points, in percentage. The mean error is the mean across all 99 validation
measurements (with 81 or 77 frequency points per measurement, 99 x 81 points in
the case of VNA 1 and 99 x 77 points in the case of VNA 2). Similarly, the maximum

error is the maximum taken across all validation measurements.

Mean Error (£SD) [%] Maximum Error [%)]
Relative permittivity 1.36 £ 0.83 4.92
Conductivity 1.78 + 0.65 3.64

In this study, the standard liquid used was 0.9% sodium chloride (NaCl) in
aqueous solution. The 0.9% aqueous NaCl solution has similar dielectric prop-
erties as high water content tissues [267]. Heart tissue was considered to be a
high-water tissue in this work. The dielectric properties and the temperature
of the NaCl solution were measured. Recorded temperatures during validation
experiments exhibited a narrow range from 23.6°to 25.7°, suggesting a minimal
thermal influence on dielectric measurements.

The dielectric model for the NaCl solution was obtained from the litera-
ture [268] and was calculated for the given concentration and temperature over
the desired frequency range. The mean error over all frequencies between the
results of the validation measurement and values obtained from the model was
considered the validation error for that particular validation measurement. The
validation error was calculated separately for the relative permittivity and con-
ductivity. The mean and maximum validation errors across 99 validations are
reported in Table 3.1. The difference between the validation measurement and
the model was on average 1.36% in relative permittivity and 1.78% in conduc-
tivity resulting in a high degree of confidence in accurate measurement of the

dielectric properties with the experimental setup.

3.2.2 Preparation of Cardiac Tissue Samples

To obtain samples for measurement, thoracic contents were collected from four
sheep (labelled A1-A4). The thoracic contents were collected immediately af-
ter humane euthanasia, which was performed using a captive bolt and carotid

artery dissection. All animal tissues were sourced from a commercial abattoir in

66



3.2 Experimental Setup for Measurement of Dielectric Properties of
the Heart at Microwave Frequencies

compliance with Irish and EU law, and the study was conducted in accordance
with ethical guidelines at the University of Galway. The use of ex-vivo tissues in
place of live animals is considered a replacement method in accordance with the
3Rs principles for humane research (Replace, Reduce, Refine) [269]. The excised
thoracic contents were placed in an airtight container to limit tissue dehydra-
tion. The hearts were then dissected and the blood was drained by dissecting the
carotid artery. The times of excision, dissection, and measurement were recorded.
The time from excision to the first measurement was approximately 4 hours and
the time from excision to the last measurement was approximately 8.5 hours. The
hearts were dissected from the rest of the thoracic contents directly before the
beginning of the measurements. The time of heart dissection from the thoracic
content was considered to be the same as the time of the first measurement, as
the measurement occurred within one minute of dissection.

The blood was drained to mitigate the potential impact of blood perfusion on
dielectric properties.

In Fig. 3.3, two hearts (Al on the left, A2 on the right) are shown to illustrate
differences in the size and shape of the heart and the amount of pericardial fat.
Heart A2 has notably less fat, and parts of the epicardium may be covered with
a thin layer of fat that can be difficult to discern. Care must be taken to avoid
measuring a combination of epicardium and fat, as dielectric measurements can

be highly sensitive to tissue heterogeneity [264].

3.2.3 Measurement Procedure

A total of 19 distinct locations on the heart were identified by a veterinarian,
based on the anatomy and function of the heart. Measurements were conducted at
each location by moving the probe slightly (2-5 mm) between each measurement
in order to obtain repeatable results for a given region. However, measurements
performed on the mitral and tricuspid valves did not yield consistent results,
possibly due to the small size of the valves, and thus were omitted from the
analysis.

The measurement results from the remaining 17 locations were grouped into

six categories according to the part of the heart they belonged to epicardium,
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Figure 3.3: Two heart samples from A1 (left) and A2 (right). The hearts differ in
size, shape, and amount of pericardial fat covering the epicardium. The pericardial
fat extends around the whole heart, presenting a challenge when measuring the

dielectric properties of the tissues on the exterior surface.

myocardium, endocardium, the exterior surface of the atrial appendage, the inte-
rior surface of the atrial appendage, and the luminal surface of the great vessels.
Fig. 3.4 provides a schematic of the 17 measurement locations, each belonging to
one of the six categories based on the location and nature of the cardiac tissue.
The total number of measurements on a specific part of the heart was determined
by multiplying the number of repeated measurements on each location (15 mea-
surements per location) by the number of locations that corresponded to that
part of the heart.

After measurements on the exterior of the heart samples were completed, a
series of transverse sections of the heart were performed to access the endocardium
of the ventricles and the myocardium. Fifteen measurements were conducted on
the interior surface of the left atrium and 15 measurements were conducted on the
interior surface of the right atrium. The dielectric properties of the myocardium
were measured on the septum of the heart sample (15 measurements).

Further transverse sections were performed at the level of the atria and 15

measurements were conducted on the endocardium of the left atria and 15 mea-
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surements were conducted on the endocardium of the right atria. The measure-
ments on the vessels were performed on the luminal surface of the four great
vessels of the heart: the aorta, pulmonary artery, pulmonary vein, and the vena
cava (15 measurements on each for a total of 60 measurements). The luminal
surfaces were accessed using longitudinal cuts across vessel walls. This procedure
was repeated for each of the four heart samples, resulting in a total of 1,020
measurements with 17 locations on the four heart samples measured 15 times
each. Table 3.2 provides an overview of the distribution of measurements across
different parts of the heart.

The temperature of the tissue was recorded at the point of contact with the
probe before the first measurement and after the last measurement for that par-
ticular location. A Fluke 62 MAX+ (Fluke, Everett, WA, USA) infrared ther-
mometer was used to measure the temperature. The minimum temperature of
the tissue measured was 23.7°C and the maximum temperature was 25.6°C. The
temperature of the room was controlled during the measurements at 25°C. The
observed marginal temperature variation implies a negligible effect on measure-

ment outcomes.

3.2.4 Data Collection, Modelling, and Statistical Analysis

In this study, the data collected from the vector network analyzers (VNAs) were
analysed to determine the complex permittivity of the samples at each frequency
point. The data collection and analysis adhered to the Minimum information for
dielectric measurements of biological tissues (MINDER) guidelines for reporting
of dielectric data of biological tissues [266]. The dielectric properties data and
metadata were made available online following the FAIR principles [270] and can
be accessed through the online dielectric properties database [271].

To facilitate the incorporation of the dielectric data in the simulation of expo-
sure situations and the calculation of internal fields within the human body, it is
convenient to express frequency dependence of dielectric properties as parametric
mathematical models [181]. The two most commonly used parametric models of
dielectric properties are the Cole-Cole model and Debye model [185, 200, 272,
273]. The Cole-Cole model is considered the most reliable fitting tool to describe
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Figure 3.4: Schematic of measurement locations. Seventeen distinct locations
were selected on the ovine heart, with 15 measurements taken at each location.
These locations were divided into 6 groups: (1) epicardium, (2) endocardium of
the right atrium, (3) endocardium of the left atrium, (4) the exterior surface of
the left atrial appendage, (5) the interior surface of the left atrial appendage and
(6) the luminal surface of the great vessels. These groupings 1-6 are shown in the
figure, with each group represented by a different colour. The locations include
the right atrium (RA), left atrium (LA), right ventricle (RV), left ventricle (LV),
right atrioventricular valve (R-AV Valve), left atrioventricular valve (L-AV Valve),
pulmonary artery (PA), pulmonary vein (PV), right atrial appendage (RAA), and
left atrial appendage (LAA). The aim of measuring at different locations was to
study the variations in dielectric properties across different parts of the heart, in
order to gain a more accurate understanding of the dielectric characteristics of the

organ.
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3.2 Experimental Setup for Measurement of Dielectric Properties of
the Heart at Microwave Frequencies

Table 3.2: The number of measurements taken on various parts of the heart. The
measurements were taken at seventeen locations (listed in regular text) that were
grouped into six groups (listed in bold). The table provides an overview of the

distribution of measurements across different parts of the heart.

Al A2 A3 A4 Total

Epicardium 60 60 60 60 240
Epicardium (Left Ventricle) 15 15 15 15 60
Epicardium (Right Ventricle) 15 15 15 15 60
Epicardium (Left Atrium) 15 15 15 15 60
Epicardium (Right Atrium) 15 15 15 15 60
Myocardium 15 15 15 15 60
Endocardium 60 60 60 60 240
Endocardium (Left Ventricle) 15 15 15 15 60
Endocardium (Right Ventricle) 15 15 15 15 60
Endocardium (Left Atrium) 15 15 15 15 60
Endocardium (Right Atrium) 15 15 15 15 60

Atrial Appendage Exterior Surface 30 30 30 30 120

Left Atrial Appendage Exterior Surface 15 15 15 15 60

Right Atrial Appendage Exterior Surface 15 15 15 15 60

Atrial Appendage Interior Surface 30 30 30 30 120

Left Atrial Appendage Interior Surface 15 15 15 15 60

Right Atrial Appendage Interior Surface 15 15 15 15 60

Great Vessels 60 60 60 60 240
Pulmonary Artery 15 15 15 15 60
Pulmonary Vein 15 15 15 15 60
Vena Cava 15 15 15 15 60
Aorta 15 15 15 15 60
Total 225 225 225 225 1020

tissue dielectric properties, but it is not the most ideal for efficient numerical com-
putation of EM fields [274]. On the contrary, the Debye model permits very fast
computation and can easily be expressed in both time and frequency domains,
but it is not adequate to describe the tissue dispersion in the whole frequency

spectrum [272, 274]. However, it has been demonstrated that for a large class
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of actual wideband sources, the Debye model is sufficiently accurate by retaining
fast time and efficiency for EM field calculations [274] and therefore, it was used
in this study.

The Debye model [200] is defined as:

n A ;
é:£m+z ?p + .U , (3.5)

where 7, is the relaxation constant of pth dispersion, w is angular frequency, e is
the permittivity at frequencies where wt, > 1, o, is the static ionic conductivity,
€p is the magnitude of pth dispersion and ¢y is the permittivity of free space.

In this study, the mean of the measurements of all measured parts of the heart
for each of the four heart samples in this study was fitted to a three-pole Debye
model using the least squares method [187]. This approach is the most common
one to obtain the best parameters for the model [181]. The fit error between
the mean of the measured data and the resulting Debye model for each region
of the heart was calculated and is reported with the results in the Results and
Discussion section.

The results for relative permittivity and conductivity at selected single fre-
quencies (915 MHz and 2.45 GHz) are presented with mean and standard de-
viation (SD). One-way analysis of variance test (one-way ANOVA) was used to
compare the mean permittivity and mean conductivity values for each part of
the heart. This was repeated for each of the four hearts. A separate test was
performed for each of the 4 heart samples for a total of 4 tests. The one-way
ANOVA compares the means between the groups and determines whether any of
those means are significantly different from each other. Specifically, the one-way
ANOVA tests the null hypothesis:

H()ZILLl:IUQI/Lg:...:/Lk (36)

where g is group mean and k is number of groups. If, however, the one-
way ANOVA returns a statistically significant result, the null hypothesis (H4) is
rejected, which means that not all means are statistically significantly different

from each other. A p value of <0.01 was considered statistically significant [275].
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3.3 Results and Discussion
3.3.1 Dielectric Properties of the Heart as a Heteroge-

neous Organ and Comparison with the Literature

In this study, the dielectric properties of ovine heart samples were measured
and analysed. Fig. 3.5 displays the results of the measurements, which were
performed on four ovine heart samples and six different parts of the heart. The
results are presented as the mean of individual measurements on each part of the
heart. The shaded area represents the mean 4 two standard deviations, defined
as the confidence interval. The average temperature of the tissue during the
measurements was 23.5°C (£0.9°C). For comparison, a model from Gabriel et al.
[273, 276, 277] and data from Gabriel et al. for human tissue at 37°C are also
shown in the figure. We compared the data with the dielectric properties of the
heart reported by Gabriel et al. [273], which forms the basis of two most widely
used literature databases on the dielectric properties of tissues [277, 278].

The differences between the data measured in this study and the data from
Gabriel et al. [207] can be attributed to several factors, including variations
between species, temperature of the tissue, level of hydration, and variability
between different parts of the organ.

Firstly, the data in this study were acquired at room temperature (between
21.7 and 25.6°C), whereas all measurements reported by Gabriel et al. [273] were
acquired at body temperature (37°C). In historical dielectric studies, to measure
tissue at body temperatures, the same is normally heated. The exact method
used in Gabriel et al.[273] is not reported. In this study the decision was made
to avoid heating the tissue, which could impact tissue dehydration and lead to
non-representative measurements, despite the fact that dielectric properties are
temperature-dependent and measuring at body temperature would be more rep-
resentative [186, 279-281]. Consequently, it must be noted that the dielectric
properties reported herein reflect room temperature conditions and may not cor-
respond precisely to physiological temperatures within the human body. Fur-
ther quantitative analysis is required to assess the temperature-dependence of

dielectric properties to extrapolate these findings to clinical settings accurately.
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Measuring at room temperature was chosen to avoid the need to reheat the tis-
sue. Secondly, it is possible that there is inter-species variation in the dielectric
properties of the heart, but the differences between animal and human species
are not systematic and the variation in tissue properties within a species may
exceed variations between species [236]. Thirdly, the time from excision to mea-
surements was approximately 4 hours in this study, while the Gabriel et al. study
did not specify the time from excision to measurements. However, despite these
factors that could have impacted the differences between the measurements, this
study still provides valuable insights into the comparison of dielectric properties
variation in heart tissue at room temperature. The focus of this research is to ex-
amine the variability of the heart, with the expectation that the observed trends
would persist across a spectrum of temperatures, encompassing both room and
physiological conditions. However, without quantitative analysis of temperature
effects, further research is needed to clarify the temperature effect and ensure
accurate modelling.

In order to evaluate the impact of tissue dehydration on the measurement
results, Fig. 3.6 presents the measurements of relative permittivity at 2.45 GHz,
a frequency commonly used for microwave thermal ablation [261]. The data
points are plotted against the time elapsed from tissue excision in minutes, as
tissue dehydration could potentially lead to a decrease in relative permittivity
over time [282]. However, the analysis revealed that there was no noticeable
trend in the changes in dielectric properties with respect to time from excision.
The data points are closely grouped together without many outliers. The data
analysed suggests a minimal influence of tissue dehydration on the outcomes,
although this claim would benefit from further quantitative substantiation to
ascertain its validity across different experimental conditions.

Table 3.3 and Table 3.4 show the relative permittivity and conductivity for
each part of the heart for all four ovine heart samples at 915 MHz and 2.45 GHz
respectively. The results at these particular frequencies are suitable for modelling
MW ablative technologies, which often operate at 915 MHz and 2.45 GHz [98-
101]. These results as presented in Table 3.3 and Table 3.4 are suitable for use
in single-frequency numerical simulations, where each part of the heart dielectric

properties can be set using single frequency values for relative permittivity and
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a) Epicardium

Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from

Gabriel et al. 1996 study [207], which did not differentiate between different tissue
types.
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Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from
Gabriel et al. 1996 study [207], which did not differentiate between different tissue

types.
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Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from

Gabriel et al. 1996 study [207], which did not differentiate between different tissue
types.
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Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from
Gabriel et al. 1996 study [207], which did not differentiate between different tissue

types.
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Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from

Gabriel et al. 1996 study [207], which did not differentiate between different tissue
types.
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Figure 3.5: Dielectric properties of six parts of the heart in this study. Each plot
shows the relative permittivity and conductivity for each part of the heart. Each
of the colours corresponds to one of the hearts: Al is blue, A2 is green, A3 is red
and A4 is orange. Darker lines are the relative permittivity and lighter lines are
the conductivity. The measurement results plotted with the green and the orange
lines are measured with the E5063A VNA. The measurement results plotted with
the blue and red lines represent the measurements performed with the E8362B
VNA. Each line is plotted with the corresponding mean + 2 standard deviations
confidence interval. The thin black lines are the model for the relative permittivity
and conductivity of the heart muscle from the literature [181, 273, 277]. The
model is based on the data from experimental studies on several different species.
The triangle markers are the data points from measurements on human tissues from
Gabriel et al. 1996 study [207], which did not differentiate between different tissue

types.
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Figure 3.6: Relative permittivity measurements at a single frequency (2.45 GHz)
versus time from excision in minutes. Marker colours represent different parts of
the heart, while marker shapes denote measurements taken on different hearts.
No obvious trend was observed (R? = 0.07) in the changes of dielectric properties
relative to time from excision, suggesting that dehydration of the tissue over time
was not considerable enough to affect the dielectric properties of the heart over

time.
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conductivity. The values are given as the mean of all measurements for each part
of each of the hearts.

Table 3.3: The values of the relative permittivity and conductivity of different
parts of the heart at 915 MHz. The values are given as mean and SD for a particular
part of the heart. These values that are specific to a particular part of the heart

can be used in single frequency numerical simulations.

Animal Part of the Heart I SD (er) o [S/m)] SD (o) [S/m]
Al 56.30 7.86 1.06 0.15
A2 Atrial Appendage 54.95 6.28 1.04 0.12
A3 (Interior Surface) 58.46 2.54 1.08 0.05
A4 59.71 1.83 1.15 0.06
Al 52.46 7.04 0.99 0.14
A2 Atrial Appendage 47.39 9.92 0.94 0.21
A3 (Exterior Surface) 54.40 4.31 1.06 0.07
A4 54.87 6.18 1.08 0.15
Al 61.34 7.27 1.13 0.17
A2 Endocardium 60.05 4.63 1.12 0.10
A3 " 59.47 4.61 1.13 0.10
A4 59.52 5.46 1.09 0.13
Al 53.99 4.83 1.00 0.10
A2 Epicardium 53.49 3.76 1.03 0.07
A3 P " 47.56 8.33 0.90 0.16
A4 52.58 6.22 1.03 0.10
Al 55.23 6.23 0.97 0.12
A2 Mvocardium 49.42 4.80 0.88 0.09
A3 Y 56.52 1.18 1.01 0.02
A4 51.41 6.22 0.94 0.11
Al 53.50 5.54 1.02 0.10
A2 Great Vessel 54.16 4.65 1.06 0.10
A3 (Luminal Surface) 55.81 2.69 1.07 0.06
A4 53.66 3.03 1.06 0.07

At 915 MHz, the values for relative permittivity range from 47.39 for the atrial
appendage (exterior surface) of A2, to 61.34 for the endocardium of Al (a 29.4%
relative difference). The conductivity values range from 0.88 S/m measured on
the myocardium of A2, to 1.15 S/m, as measured on the atrial appendage (interior
surface) of A4 (approximately a 30.7% relative difference). All the values in the
table are given with the SD. The SD in relative permittivity was between 1.18
and 9.92, and in conductivity between 0.02 S/m and 0.35 S/m. The one-way
ANOVA tests the null hypothesis that the mean values of all parts of the heart
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Table 3.4: The values of the relative permittivity and conductivity of six measured
parts of the heart at 2.45 GHz. The values are given as mean and SD for a particular
part of the heart. These values that are specific to a particular part of the heart

can be used in single frequency numerical simulations.

Animal Part of the Heart Er SD (er) o [S/m] SD (o) [S/m]
Al 53.23 6.80 1.94 0.28
A2 Atrial Appendage 51.51 5.94 1.87 0.22
A3 (Interior Surface) 54.65 2.54 1.98 0.10
A4 56.68 1.98 2.03 0.09
Al 48.84 6.50 1.86 0.27
A2 Atrial Appendage 44.56 9.40 1.64 0.35
A3 (Exterior Surface) 51.11 4.11 1.93 0.15
A4 51.19 5.74 1.91 0.24
Al 57.83 6.73 2.10 0.28
A2 End di 57.03 4.42 2.02 0.18
A3 ndocardam 56.01 4.38 2.04 0.18
A4 56.14 5.31 1.99 0.23
Al 50.41 4.39 1.90 0.17
A2 Epicardium 50.69 3.91 1.80 0.12
A3 p 44.18 8.22 1.68 0.29
A4 49.31 6.28 1.83 0.17
Al 51.38 5.60 1.87 0.23
A2 M di 46.40 4.22 1.67 0.17
A3 yocarcidm 52.89 1.13 1.90 0.04
A4 47.76 5.54 1.81 0.19
Al 50.79 5.29 1.88 0.20
A2 Great Vessel 51.10 4.55 1.85 0.17
A3 (Luminal Surface) 52.00 2.77 1.93 0.09
A4 50.73 3.08 1.83 0.10

are equal. The hypothesis is rejected with p < 0.01 for all tests.

At 2.45 GHz, the values for relative permittivity range from 44.18 for the
epicardium of A3, to 57.83 for the endocardium of Al (26% relative difference).
The conductivity values range from 1.64 S/m measured on the exterior surface of
the appendage of A2, to 2.10 S/m, as measured on the endocardium of A1 (25%
relative difference). The standard deviation in relative permittivity was between
1.13 and 9.40 and in conductivity between 0.04 S/m and 0.35 S/m. The one-way
ANOVA tests the null hypothesis is that the mean values of all parts of the heart
are equal. The hypothesis is rejected with p < 0.01 for all tests.

This analysis shows that at these selected frequencies (915 MHz and 2.45
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Table 3.5: The mean and the maximum value of the fit error in percentage.
Error for the fit of each of the six parts of the heart for each of the four heart
measurements is calculated as the mean value across all frequency points. The
mean error is the mean across all parts of each of the hearts. The maximum error

is the maximum across all parts of each of the hearts.

Mean Error [%)] Maximum Error [%)]
Relative permittivity 0.35 0.51
Conductivity 0.61 0.75

GHz) not all parts of the heart have the same dielectric properties.

3.3.2 Debye Models

To support computer modelling, a broadband three-pole Debye model is fitted
to the mean of the measurement data. The parameters of the three-pole Debye
model fitted to the mean of the measurement data were obtained using the least
squares method and are presented in Table 3.6. The table includes the parameters
for each part of the heart, as determined from measurements on four ovine heart
samples. These parameters can be used in broadband simulation scenarios, within
the frequency range that the models were fitted and verified.

To verify the accuracy of the models, the mean percentage difference between
the mean of the measurement data and the model was calculated across all fre-
quency points. This mean difference, referred to as the fit error, is presented in
Table 3.5. The results indicate that the fit error is low, with the poorest observed
error being 0.51% for relative permittivity and 0.75% for conductivity. These

small errors suggest a good fit between the measurement data and the model.

3.4 Conclusions

In Chapter 3, the objective was to characterise the dielectric properties across
various regions of the heart within the microwave frequency range of 500 MHz to
20 GHz. This analysis aimed to enhance our understanding of the heterogeneity

of the heart, particularly in the context of cardiac ablation.
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3. DIELECTRIC CHARACTERISATION OF CARDIAC TISSUE
AS A HETEROGENEOUS ORGAN

In conclusion, this study has provided the most detailed dielectric charac-
terisation of the heart in the microwave frequency range to date, in terms of
measurement of different anatomical locations. The study has shown that not all
regions of the heart have the same dielectric properties and therefore a heteroge-
neous approach to modelling the heart may be necessary for accurate dielectric
characterisation.

The study highlights distinct dielectric properties across heart regions at 25°,
but the impact and magnitude of these differences at the physiological tempera-
ture of 37°remain unclear. Without quantitative analysis of temperature effects,
which may vary by region, the implications for cardiac ablation therapies could
be significant, potentially altering the dielectric profile used in treatment simu-
lations. Further research is needed to clarify these effects and ensure accurate
modelling.

The results of this study have been modelled using a three-pole Debye model,
and the parameters of the model have been fitted to the mean of the measurement
data. The models were found to have a good fit with the measurement data,
indicating they are suitable for use in numerical simulations of cardiac microwave
ablation treatment. These models can be used to build an anatomically accurate
model of the heart with a fully accurate dielectric profile, ultimately leading to
improved patient outcomes in cardiac microwave ablation treatment.

However, it should be noted that this study does not cover the dielectric
characterisation of blood and cardiac tissues at frequencies relevant to ablation
modalities other than microwaves. This will be addressed in the following chap-
ters as the characterisation of blood dielectric properties at lower frequencies is
addressed in Chapter 4.
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4

Impedance Characterisation of

Human Blood for Applications in
Pulsed Field Ablation

4.1 Introduction

In Chapter 2 the lack of knowledge and the gap in the literature regarding the
dielectric properties of blood at frequencies below 1 MHz was shown in the context
of the three cardiac ablation modalities, RF, MW, and PF ablation. To address
this gap in the literature, the following research question was formed: What is
the electrical conductivity of human blood at both room and body temperature
over the frequency range of 100 Hz to 100 kHz? This question is investigated in
this chapter.

Specifically, the gathering of samples, the designing of a custom probe and the
experimental procedure are discussed in Section 4.2; the results and discussion,
including a comparison of the measured data to the literature and the limitations

of the data collection, are discussed in Section 4.3; and finally, the main findings

This chapter is based on a published journal paper [283] N. Istuk et al., “Relationship
Between the Conductivity of Human Blood and Blood Counts,” IEEE J. Electromagn. RF
Microw. Med. Biol., pp. 1-7, 2021, doi: 10.1109/JERM.2021.3130788. For consistency with
the rest of this thesis, parts of the content are modified, and equations, figures, references, and

tables are updated.
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and takeaways in this study are summarised in Section 4.4.

4.2 Materials and Methods

In this section, the preparation of the blood samples and the methodology used
in this study for measuring the conductivity of human blood is described. The
design and characterisation of a four-electrode probe, including the determination

of the cell constant and the measurement uncertainty are also described.

4.2.1 Human Blood Samples

For this study, blood samples from oncology patients were gathered at the Uni-
versity Hospital Galway after ethical approval was obtained for the study.

Although this study is focused on investigating the electrical conductivity of
human blood in the general population, due to the limited availability, a compro-
mise was to utilise blood samples sourced from oncology patients.

A venous blood sample was taken from the antecubital veins of each of the thir-
teen oncology patients. Whole blood was collected in ethylenediaminetetraacetic
acid (EDTA) tubes and transferred directly to the laboratory for measurement.

With the goal of keeping the time gap between sampling and conductivity
testing as short as possible to preserve blood composition and maintain consistent
electrical conductivity, all blood samples in this study were collected roughly 30
minutes prior to conducting the measurements.

A single well of a 12-well cell culture plate was used as a sample holder. The
well of a 12-well cell culture plate was suitable in terms of size, as the well could
accommodate the probe with the required blood volume. Out of the thirteen
samples that were sourced for this study, ten tubes contained approximately
6 ml of blood, which was sufficient to fill the cell culture well. Hence, ten samples
(one per patient) were used in this study for conductivity measurement.

Further, the full blood count was obtained for eight out of ten samples. The
full blood count was performed by the Irish National Accreditation Board accred-

ited testing laboratory (Registration Number '239MT’). The counts are given in
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4.2 Materials and Methods

Table 4.1. The inclusion of blood counts enabled a comparison with reference val-
ues to assess whether the samples from oncology patients adequately represented
normal blood characteristics.

The samples were delivered to the laboratory at room temperature. The
first measurement on each sample was performed at room temperature (22.6°C,
SD = 0.8°C). The second measurement on each sample was performed at close to
body temperature (36.6°C, SD = 0.4°C). These two temperature measurements
allowed for the data collected in this study to be compared to studies performed in
the literature at both room and body temperatures. The experimental equipment

setup as well as the measurement procedure is discussed in the next section.

Table 4.1: Mean value and SD of each blood count across the N=8 samples. The
mean values of white cell count and lymphocytes are increased. The mean values

of other blood counts are within normal.

Normal range  Normal range

Test Mean result SD Units women men

White cell count 13.6 1 6.7 10°/1 4 to 10 4.5 to 11
RBC 4.7 0.9 102/1 3.8to 4.8 4.3 to 5.9
Hgb 13.6 2.2 g/dl 12 to 15 13.5 to 17.5
Hct 0.412 0.063 1/1 0.36 to 0.46 0.41 to 0.53
MCV 87.9 7.6 fl 84 to 96 84 to 96
MCH 29.1 3.9 pg 27 to 32 27 to 32
MCHC 32.9 1.8 g/dl 31.5 to 34.5 31.5 to 34.5
Platelet count 317 74 10°/1 150 to 400 150 to 400
Neutrophils 5.6 3.2 10°/1  2to7 2to 7
Lymphocytes 4.2 5.7 10°/1  1to4.5 1to 4.5
Monocytes 0.7 0.4 10°/1 0.2 t0 0.8 0.2t0 0.8
Eosinophils 0.19 0.13 10°/1  0.04 to 0.4 0.04 to 0.4
Basophils 0.05 0.02 10°/1  0to 0.1 0to0.1

An INAB accredited testing
laboratory Reg.No.”239M'T’
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4.3 Measurements of Conductivity with Custom
Made Four-electrode Probe

4.3.1 Custom Made Four-Electrode Probe

As was discussed in the review of the literature on electrical conductivity measure-
ments in Chapter 2, custom-made four-electrode probes are common in conduc-
tivity measurement studies. The four-electrode probe used in this study was as-
sembled with the parts from a standard electronics development kit and is shown
in Fig. 4.1. Four pins of a gold-plated pin header (Harvin, Portsmouth, United
Kingdom) were used as four electrodes in a linear array, as shown in Fig. 4.1.
The pin header has a pitch of 2.54 mm, which refers to the uniform distance
between the pins measured from centre to centre. Each pin has a square-shaped
cross-section with a width of 0.64 mm. The pins are 3 mm in length. Four male-
to-female breadboard jumper cables (MikroElektronika, Belgrade, Serbia) were
used to connect the pins to the PGSTAT204. The pins were connected to the
PGSTAT204 in a four-electrode configuration, as shown in Fig. 4.2.

The custom-made four-electrode probe offered the necessary adaptability and
optimisation to meet the specific needs of the conductivity measurement study.
Its construction with readily available components ensured cost-effectiveness,
while the chosen electrode configuration enabled accurate and reliable measure-

ments within the designated frequency range.

4.3.2 Conductivity Measurements

The conductivity of the human blood samples was extracted from the measured
electrical impedance. Measurements of electrical impedance were performed with
a four-electrode probe method. Electrical impedance was measured on 10 human
blood samples. Electrical impedance data was measured using the PGSTAT204
potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, The Netherlands) in
galvanostatic mode. The electrical conductivity was then determined from the
measured data for each sample.

The measurement setup is shown in Fig. 4.2. The measurement setup con-
sisted of the PGSTAT204, connected to a custom-made four-electrode probe
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4.3 Measurements of Conductivity with Custom Made Four-electrode
Probe

(a) probe schematic

HHHlll!lll!lllll!”l!ll
mm |.I®?
(IR AR TR

(b) probe

Figure 4.1: The schematic of the probe with the dimensions of the pins (a),
and the photo of the probe (b). The probe is designed to be connected to a four-
terminal impedance measurement device in a four-electrode configuration shown in
Fig. 4.2. The distance between the electrodes is 2.54 mm and the length is 3 mm.
The probe is sufficiently small to fit inside a well of a 12-well cell culture tray, is
cheap (less than 1.20 EUR per probe), easy to make, and has shown good stability
over the 100 Hz-100 kHz frequency range.
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(the design of which was discussed in Subsection 4.2.3). A personal computer
running NOVA 2.1.1 software including FRAM32M impedance analyses module
(Metrohm Autolab B.V., Utrecht, The Netherlands) was used to capture the
measurement data. A 12-well cell culture tray was used as a sample holder. The
temperature of the samples was controlled by the water thermal bath (Fisher
Scientific, [sotemp R, Waltham, MA, USA).

Before each measurement, the temperature of the samples was measured us-
ing the Checktemp 1 digital stick thermometer (Hanna Instruments, Woonsocket,
Rhode Island, United States). The thermometer was also used to stir the sample
before the measurement in order to avoid the effects of aggregation and sedimenta-
tion of RBCs or any other element of the blood, which can affect the conductivity
measurement [246, 248, 284].

When using the four-electrode probe method in galvanostatic mode, a con-
stant current is injected between the two working electrodes. In this study, the
value of the constant current was set to 10 mA root mean square (RMS). This
value is small enough in order to operate in a pseudo-linear region, where the
complex impedance does not depend on the value of current [224]. The voltage
drop is measured between the sensing electrode and the reference electrode. The
measurements were performed at 51 frequency points with a logarithmic distri-
bution across the range from 1 Hz to 100 kHz (10 frequency points per decade).
The logarithmic distribution was chosen as this distribution gives more weight
to the lower frequencies, where the most significant changes in impedance are

typically observed for biological samples.

4.3.3 Cell Constant and Measurement Uncertainty

While the primary objective of this research is to investigate conductivity, the
measurement setup directly measures the impedance. Consequently, it is crucial
to establish a relationship between the measured impedance and the conductivity
of the sample. By doing so, the impedance data can be accurately interpreted and
the conductivity values derived. In this study, impedance data is converted to the
electrical conductivity of the samples in two steps. The first step is determining

the cell constant, which is the factor that relates measured conductance (inverse
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FOUR-ELECTRODE

POTENTIOSTAT/
GALVANOSTAT

THERMAL
WATER
BATH

PC RUNNING
NOVA

(b) measurement setup

Figure 4.2: Four-electrode configuration measurement setup schematic (a), and
photo (b). The connections are the working electrode (red), working sensing elec-

trode (purple), reference electrode (blue), and counter electrode (black).
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of the real part of the measured impedance) and the corresponding reference con-
ductivity [191]. The second step is calculating the electrical conductivity from the
measured impedance data and the cell constant. The cell constant is determined
by measuring the impedance on standard liquids with known electrical conduc-
tivity. In this study, the cell constant was determined by using 0.01, 0.05, and
0.1 mol/1 aqueous NaCl solutions at room temperature (7' = 20°) as standard lig-
uids. Fig. 4.4a shows the measured conductance (from the measured impedance)

on these three standard liquids. The cell constant k& (in m) is calculated as:

k=GJo, (4.1)

where G is the measured conductance (in S) and o (in S/m) is electrical con-
ductivity of the standard liquid. The conductance for each of the three aqueous
NaCl solutions was measured 10 times (a total of 30 measurements). In theory,
there should be no dielectric dispersion in ionic aqueous solutions at frequencies
below 1 MHz [65]. Therefore, the conductivity is frequency-independent and only
varies with the concentration of the aqueous NaCl solution.

While the measurements were conducted across the range of 1 Hz — 100 kHz,
the probe exhibited a degradation in performance at lower frequencies (i.e. below
100 Hz), and the electrode polarisation effect was not completely eliminated. This
effect can be seen in Fig. 4.3. To ensure that the performance of the probe meets
the acceptable standards (i.e. matching the values from Gabriel et al. [191] 2009
study) within this study, the frequency range was narrowed down to 100 Hz — 100
kHz. Over this range, a correlation coefficient relating the measured conductance
and conductivity of the standard liquids was maintained at the value reported in
the study by Gabriel et al. [191], which was 0.993.

Fig. 4.4b shows the relationship between the measured conductance and ref-
erence conductivity, obtained from Peyman et al. [268]. The cell constant of the
probe in this experiment is 2.80 x 1072 m, which is suitable for measurements of
biological tissues and is the same order of magnitude as the cell constant used in
the Gabriel et al. [191] 2009 study (2.0 x 1072 m).

These 30 measurements on standard liquids were used to quantify the system-

atic and random error [191, 285]. In the ideal case, there should be no variation
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Figure 4.3: Conductance measured on standard liquids over the 1 Hz-100 kHz
frequency range. By discarding the data at lower frequencies (i.e. < 100 Hz), where
electrode polarisation effects are still present, the acceptable performance of the

custom four-electrode probe was ensured.

in the measured conductance over the frequency range [191]. The cell constant
and the measured conductance were used to calculate the ionic conductivity of
each aqueous saline solution. The standard deviation of the mean represents a
random error (Type A). The deviation of the mean calculated conductivity from
the actual conductivity of the standards corresponds to systematic error (Type
B). The combination of systematic and random errors is expressed as combined
uncertainty. The combined uncertainty is calculated as the square root of the

linear sum of squared standard uncertainty components [285, 286]:

Ucombined = 1/ Ui} + U2B (42)

where u 4 is Type A uncertainty and ug is Type B uncertainty.
Table 4.2 gives both the random and the systematic error values. If only the
values for 0.05 mol/l saline are considered, as it is standard with conductivity

closest to that of human blood, the combined uncertainty is 5.90% [285, 287, 288]
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0.040

0.035 1 0.01M NaCl 0.030 1
’ 0.05M NacCl 0.025
— 0.030 - —— 0.1M NaCl —_
ﬂ oee { ] 220 ﬂ
g 0.025 ¢ 0.020 1
5 0.020 - 5
e S 0.015 -
g 0.015 A g
© 0.010 - o 0.0107
0.005 - 0.005 -
0.000 tr—————r——————r : : : :
102 103 10* 10° 0.2 0.4 0.6 0.8
Frequency [Hz] Conductivity [S/m]
(a) (b)

Figure 4.4: Measured a) conductance and b) correlation with reference conduc-
tivity. The cell constant, k, relates conductance to conductivity, and r,, represents
the Pearson correlation coefficient. The conductance as a function of frequency plot
displays a flat pattern, in agreement with the expected behaviour of ionic aqueous
solutions at frequencies below 1 MHz [191]. The standard deviation, depicted by the
shaded area, is small, indicating a high degree of measurement repeatability. The
value of k is appropriate for conducting measurements on biological tissues [191].
The high value of r,, indicates a strong linear relationship between the measured
conductances and reference conductivities. The conductance measurements were
repeatable and showed a flat pattern consistent with the expected behaviour of
ionic aqueous solutions. The correlation between the measured conductance and
the reference conductivity was strong, with a high Pearson correlation coefficient
value. The cell constant was found to be suitable for conducting measurements on

biological tissues.
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Table 4.2: Mean conductivity [S/m], standard deviation [S/m], standard devia-
tion as a percentage of the mean [%], reference conductivity [S/m] [268] and the

percentage difference between the mean measured conductivity and reference values

[%).

NaCl o[S/m] SD(¢) SD (o) o [S/m] Error [%)]
[mol/l] average  [S/m] (%] literature [268]

0.01 0.097 0.006 6.05 0.094 3.27
0.05 0.457 0.026 5.79 0.466 -1.98

0.1 0.934 0.032 3.40 0.932 0.24

4.4 Results and Discussion

4.4.1 Blood Counts

The full blood count included the total white cell count (WCC), red blood cell
count (RBC), haemoglobin concentration (Hgb), haematocrit (Het), mean cor-
puscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpus-
cular haemoglobin concentration (MCHC), platelet count, and differential white
cell count (as neutrophil, lymphocyte, monocyte, eosinophils and basophils lev-
els). The mean WCC and lymphocyte values were increased. Mean WCC was
13.6 x 10%/1, while the normal range is 4 x 10%/1 to 10 x 10°/1. The mean lym-
phocyte count was 4.2 x 10%/1 and the normal range is 1 x 10%/1 to 3 x 10°/1. The
mean values of other blood counts were within the normal range.

Based on the analysis conducted in this study and the historical studies [248,
249], it was determined that the conductivity measurements were not highly im-
pacted by the increased blood counts of WCC and lymphocytes. This conclusion
is supported by the existing literature, which suggests that the electrical conduc-
tivity of blood is primarily influenced by blood counts such as Het, RBC, and
haemoglobin levels, which were within normal limits in this study.

By analyzing the correlation between conductivity and different blood counts
in this study across the frequency range, the strongest correlation was observed
at the lowest frequency (f = 100 Hz), indicating a notable association between
conductivity and blood counts in that specific frequency range. Furthermore,

weak correlations were identified between conductivity and WCC (R = —0.661)
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as well as lymphocytes (R = —0.575). In contrast, a strong correlation was
observed between conductivity and Het (R = —0.913), RBC (R = —0.834), and
haemoglobin levels (R = —0.825). These findings are in line with the literature
and support the claim that the electrical conductivity of blood is not highly
affected by increased blood counts of WCC and lymphocytes.

An important consideration in this study is the completeness of the dataset.
Of the intended ten samples, blood counts were only available for eight. This lim-
itation may introduce a degree of uncertainty in the generalisation of the findings.
The absence of data for two samples, while not undermining the overall trends
observed, does pose a constraint on the robustness of the statistical analyses con-
ducted. This shortfall in sample size could potentially limit the conclusiveness
of the findings, particularly in the context of a heterogeneous patient popula-
tion such as those with cancer. Future studies could benefit from ensuring a
more comprehensive data collection to mitigate such limitations and enhance the

reliability of the findings.

4.4.2 Measurements and Analysis of the Conductivity of
Blood over the 100 Hz—-100 kHz Frequency Range

The mean conductivity over the 10 samples measured is presented in Fig. 4.5
along with data from the literature. To provide a comprehensive overview of the
studies conducted in the literature, additional literature data at frequencies above
100 kHz were incorporated into this analysis.

The data from this study at body temperature matches well the data from
Hirsch et al. [248] and Texter et al. [249] at 30°C, as well as the data from
Rosenthal and Tobias [289] at body temperature. The one SD confidence intervals
for these three studies overlap with each other. The average difference between
the data from this study and the data from Hirsch et al. [248] is 2.55%. The
average difference between the data from this study and the data from Texter
et al. [249] is 13.56%. Rosenthal and Tobias [289] study data was acquired at a
single frequency f=1 kHz. The difference between the data from this study at
f=1 kHz and the data from Rosenthal and Tobias [289] at f=1 kHz is 12.65%.
The data from this study at 7=23 °C and at f=79 kHz matches well with the
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Figure 4.5: Mean conductivity in S/m of human blood samples at room temper-
ature (dark blue is data points, shaded is mean £+ SD); human blood samples at
body temperature (dark red is data points, shaded is mean + SD); and blood con-
ductivity value from literature for human blood conductivity (mean £+ SD) [246],
[248], [249], [251], [252], [277], [289]. The data from this study at body temperature
matches very closely the data from Hirsch et al. [248] (orange line) and Texter et
al. [249] at 30°C (green line) as well as the data from Rosenthal and Tobias [289]
at body temperature (red line). The average difference between the data from
this study and the data from Hirsch et al. [248] is 2.55%. The average difference
between the data from this study and the data from Texter et al. [249] is 13.56%.
The difference between the data from this study at 1 kHz and the data from Rosen-
thal and Tobias [289] at 1 kHz is 12.65%. The data from this study at T=23°C
and at f=79 kHz matches well with the data from Fricke and Morse [246] (blue
line) at T=21.6°C and at f=87 kHz, with 1.35% difference between the two values.
Other data from the literature are at either higher or lower frequencies and are
shown to illustrate the extent of human blood conductivity data available in the
literature. Mohapatra et al. [251] used the variable-path-length conductivity cell
method, which assumes the constancy of the EP impedance, rather than mitigat-
ing the effect of EP. The results of this study validate the methodology used and
provide valuable additional data to the literature on human blood conductivity.
The close match with previous studies highlights the consistency and reliability of

the obtained results.
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data from Fricke and Morse [246] at T=21.6 °C and at f=87 kHz. The difference
between the two values is 1.35%. The chosen comparison is made at the closest
frequency available between the two datasets. Other data from the literature is
at either higher or lower frequencies, outside of the operating range of the probe
used in this study [251], [252].

The measured conductivity is in good agreement with the data from the litera-
ture [246], [248], [249], [251], [252], [277], [289]. The mean conductivity measured
at room temperature is between 0.11 S/m and 0.12 S/m lower across the frequency
range than the mean conductivity measured at body temperature. The differ-
ence in percentage is between 23% and 26% and a Student’s t-test was conducted,
testing if the two means are equal. A p value of <0.05 was considered statisti-
cally significant. The hypothesis is rejected at all measurement frequencies. The
difference can be explained by blood conductivity increasing with temperature
as the mobility of the ions that transport the current increases with temperature
and the viscosity of the extracellular fluid decreases [251], [290].

The difference in mean conductivity between measurements taken at room
temperature and body temperature was examined using Student’s t-test [291].
The Student’s t-test was performed at each measurement frequency, and the
results were consistent across the frequency range. The t-test yielded a t-statistic
value ranging between 0.0075 and 0.01, with degrees of freedom (df) calculated as
follows: df =nl +1n2-2 =10+ 10- 2 = 18 (where nl and n2 are the sample sizes
of each group). The obtained p-value was less than 0.05, indicating a statistically
significant difference between the mean conductivities at room temperature and
body temperature.

The observed difference in conductivity can be attributed to blood conductiv-
ity increasing with temperature, as the mobility of ions transporting the current
rises with temperature, and the viscosity of the extracellular fluid decreases [251],
[290].

4.4.3 Limitations

One of the challenges in the measurement of the conductivity of human blood

is sourcing human blood samples. In this study, only eight samples satisfied the
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conditions to be included (size of the sample and availability of blood counts).
The small number of samples limits the scope and generalisability of this study.

The blood was sourced from oncology patients. These patients, by the nature
of their illness and treatment, may exhibit altered blood composition, which could
potentially influence the electrical conductivity measurements, thus limiting the
generalisability of the findings.

Despite the inherent differences in blood composition between oncology pa-
tients and healthy individuals, this study may still serve as a valuable preliminary
step for future investigations. The electrical conductivity measurements identi-
fied in this study could provide a basis for the design and execution of more
focused studies with more diverse and representative samples, including healthy
individuals.

Another limitation of this study is the impact of electrode polarisation on
conductivity measurements. Although a custom four-electrode probe design was
employed to mitigate this issue, the polarisation effect across the entire frequency
range was not entirely eliminated. As a result, the functional operating frequency
range of the probe was limited to 100 Hz-100 kHz. This limited frequency range
also limited the ability to explore the broader spectrum of electrical conductivity
in human blood samples. Future studies aiming to overcome this limitation could

consider optimising the electrode design.

4.5 Conclusion

In this chapter, electrical impedance measurements were performed in order to
help inform the selection of appropriate energy delivery parameters for ablation at
low frequencies (e.g. PF and RF ablation). The electrical conductivity of blood
was extracted for frequencies of 100 Hz—100 kHz. This data collection addressed
the gap of lack of data over the frequency range in the literature.

The conductivity of whole human blood was measured at two temperatures
(at 25 °C and at 37 °C), enabling a comparison between the room and body
temperature. The four-electrode technique was used to mitigate the problem
of electrode polarisation and allowed for accurate conductivity measurements

over the 100 Hz-100 kHz frequency range. The results of the study provide
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valuable information for the design of numerical models for radiofrequency and
pulsed electric field ablation treatments, as well as other medical electromagnetic
applications.

While the four-electrode probe employed in our previous studies was suitable
for measuring the conductivity of 6 ml blood samples, the application of the probe
to cardiac tissue is hindered by its invasiveness, size, and large sensing volume,
which are not compatible with the delicate nature of cardiac tissues. Recognising
this limitation, the subsequent chapter will not focus on characterising cardiac
tissue per se, but rather on developing a specialised probe designed for this pur-
pose. The new probe will feature a planar design with a smaller sensing volume
to accommodate the unique requirements of cardiac tissue measurement, thereby

advancing the methodologies previously described.
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5)

Miniaturised Four-electrode
Probe for the Measurement of

Conductivity of Cardiac Tissue

5.1 Introduction

In Chapter 2, limitations in existing literature concerning the conductivity of
cardiac tissue at frequencies below 1 MHz are highlighted. Beyond the issue of
electrode polarisation, which Chapter 4 tackled by employing the four-electrode
method, another persistent challenge arises: the problem of sensing volume. This
issue is particularly prevalent in studies that focus on measuring conductivity at
frequencies below 1 MHz. Larger sensing volumes can introduce discrepancies,
particularly when dealing with limited or small biological samples, such as those
from cardiac tissues [2, 294-296].

This chapter revolves around the development of a miniaturised four-electrode

This chapter is based on published conference papers [292] N. Istuk et al., “Reducing
Sensing Volume Confounding Effects in Conductivity Measurements: The Use of a Miniaturised
Four-Electrode Probe,” in ICECOM 2023, Dubrovnik, Croatia: IEEE, Sep. 2023, p. 4. and
[293] N. Istuk, R. Matta, H. Benchakroun, J.M. Baena-Montes, L. Quinlan, D. Moreau, R.
O’Connor, E. Dunne, A. M. Elahi, M. O’Halloran, “Miniaturised Four-Electrode Conductivity
Probe with PEDOT:PSS Coating,” in URSI GASS 2023, Sapporo, Japan: URSI GASS 2023,
Aug. 2023. For consistency with the rest of this thesis, parts of the content are modified, and
equations, figures, references, and tables are updated.
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probe designed for the precise assessment of biological tissue conductivity. The
primary targeted application of the probe is the measurement of the conductivity
of cardiac tissue at low frequencies.

This chapter answers the question: What are the design features and capa-
bilities of a miniaturised four-electrode probe for measuring the conductivity of
soft biological tissues such as cardiac tissue? Specifically, the probe is designed to
measure the conductivity of small-size biological tissue samples. In addition, the
design of the probe aims to minimise the electrode polarisation effect. The polar-
isation is mitigated by both using the four-electrode approach and by adopting a
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) electrode
coating. PEDOT:PSS is known for reducing electrode impedance and effectively
pushing the polarisation effect beyond the target frequency range [297, 298].

To assess the performance of the miniaturised design, the conductivity mea-
surements from two distinct probes are compared. The probes were: the larger,
conventional probe (8 mm in width) that was used in Chapter / study, and the
miniaturised (900 pm in width) probe designed for this study. The objective was
to examine if the miniaturised probe, with the inherent small sensing volume, pro-
vides consistent conductivity measurements across varying sample dimensions. If
confirmed, this study proposes the miniaturised probe as a potential tool for ac-
curately measuring the conductivity of biological tissues, addressing challenges
like tissue heterogeneity and conductivity underestimation in small samples.

The measurement setup and the impedance spectroscopy techniques used for
data collection are outlined in Section 5.3. The results, along with an in-depth
discussion that includes challenges encountered and the performance of the probe
analysis, are covered in Section 5.4. Finally, the chapter rounds off with key

findings and suggestions for future research in Section 5.5.

5.2 Design and Fabrication of the Miniaturised
Four-Electrode Probe

The conductivity probe was designed as a miniaturised four-electrode, planar-

type probe, with PEDOT:PSS coating. In the following sections, the reasons
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behind the design choices and the design and microfabrication of the probe are

delineated.

5.2.1 Probe Typology

The probe is designed as a miniaturised four-electrode, planar-type probe. As dis-
cussed in previous chapters (Chapter 2 and Chapter 4), a four-electrode design
is crucial in mitigating the electrode polarisation effect. While this configuration
does not entirely eliminate the EP, the configuration significantly reduces the
impact. By passing the current through the outer, CC electrodes and measuring
the voltage across the inner PU electrodes, this configuration diminishes the in-
fluence of electrode impedance and allows for a more accurate representation of
the intrinsic properties of the sample.

The planar-type probe design was chosen primarily because of the non-invasive
nature of planar probes. Different types of conductivity probes have been pro-
posed, generally categorised as either a needle-type [225, 226] or a planar-type
probes [227-230]. Although needle-type probes are suitable for liquid sample
measurements, they have also been applied in soft tissue conductivity assess-
ments [225, 226]. However, the invasiveness of such probes raises questions about
potential tissue damage that could skew the results. Given these concerns, planar-
type probes are considered more appropriate for soft tissue conductivity measure-
ments. Therefore the planar-type design of the probe was chosen for this par-
ticular study instead of the needle-type probe design employed in the Chapter 4
study.

Within the scope of this study, particular attention was paid to the evaluation
of different planar probe typologies, notably influenced by the 2023 study con-
ducted by Benchakroun et al. [299]. In their analysis, three distinct planar probe
configurations were tested on bovine heart samples: a) the large colinear probe,
b) the small colinear probe, and ¢) the polar probe. The findings from this study
reveal the small colinear probe demonstrated superior performance compared to
its counterparts, achieving a correlation coefficient (R = 0.99) and a coefficient
of variation (CV = 1%). This contrasts with the results for the other probes,

where the highest correlation coefficient reached was R = 0.95, accompanied by
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a CV ranging from 1% to 5%. This study advocates for the efficacy of the small
colinear probe, further reinforcing the decision to pursue a planar-type design
for the probe, which aligns with the non-invasive nature preferred for soft tissue
conductivity measurements.

Due to the need for carrying current, the CC electrodes are larger in order to
distribute the applied current more uniformly across the sample and to decrease
the current density at the electrodes. High current density can lead to issues
like electrode delamination, increased heat, or even tissue damage in biological
applications [300, 301]. Since voltage PU electrodes draw less current due to the
high impedance of the voltage measuring circuitry, the PU electrodes can be of

smaller size.

5.2.2 Miniaturisation of the Probe

The primary motivation behind the miniaturisation of the probe stems from the
need for increased precision in conductivity measurements, especially in smaller,
heterogeneous biological samples. Miniaturised probes offer a reduced sensing vol-
ume, which mitigates potential discrepancies arising from limited sample sizes.
By minimising the dimensions of the probe, the accuracy and reliability of the
readings are only representative of the small region in the vicinity of the probe,
and the interference from surrounding regions not of immediate interest is re-
duced.

However, the process of miniaturisation introduces its own set of challenges,
particularly concerning the capacity of the electrodes. As the electrodes become
smaller, their capacity decreases, which can adversely affect the ability of the
probe to mitigate EP. The capacity of an electrode is a critical factor in deter-
mining the onset frequency of EP; the higher the capacity, the lower the onset
frequency. This relationship is paramount because the onset frequency of EP
delineates the lower end of the operational frequency range of the probe. In
essence, a lower capacity resulting from miniaturisation elevates the onset fre-
quency of EP, potentially restricting the effective operational range of the probe.
This underscores the necessity of balancing the benefits of miniaturisation with

its impact on the functional characteristics of the probe.
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To address this issue and further reduce electrode polarisation, a PEDOT:PSS
coating was applied. The coating enhances the capacity of the electrodes, thereby
aiming to lower the onset frequency of EP to expand the operational range of
the probe. This adaptation illustrates the intricate balance required in probe
design—optimising for precision and measurement accuracy while mitigating the

inherent limitations introduced by miniaturisation.

5.2.3 Coating of the probe

To enhance the performance of the probe and mitigate the electrode polarisation
effect, the electrodes are coated with Poly(3,4-ethylenedioxythiophene) doped
with polystyrene sulfonate (PEDOT:PSS). This conducting polymer is known for
excellent conductive properties and biocompatibility, making it highly suitable
for use in biomedical devices [297, 298]|. An advantage of applying PEDOT:PSS
is the significant increase in the capacity of the electrodes, which leads to a
reduction in their impedance [297, 298]. Increased capacity leads to lowering the
onset frequency of EP, therefore expanding the operational range of the probe.

The electrode coating process involves stacking multiple spin-coated layers of
PEDOT:PSS (i.e. four layers). This method provides precise control over the
thickness of the coating without introducing electronic or ionic blocking elements
between the layers. The volumetric capacitance of PEDOT:PSS implies that each
additional layer contributes to an increase in the overall capacity of the electrodes.
This enhancement in capacity is crucial for reducing the effects of polarisation
by improving polymer-electrolyte interactions. Furthermore, thicker coatings can
sustain higher voltages without loss of performance, which enhances the lifetime
of the electrodes [297, 298].

This approach to the electrode coating process highlights the balance between
achieving optimal conductivity and ensuring biocompatibility, which is essential
for applications involving biological samples. The strategic use of PEDOT:PSS,
particularly through stacking spin-coated layers, reflects a sophisticated method
to boost electrode performance while effectively addressing the challenges of elec-

trode polarisation in precise measurements.
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By keeping in mind all the design considerations, the planar typology design

shown in Fig. 5.1 was chosen.
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Figure 5.1: The design of the smaller probe. The smaller, miniaturised probe has
a width of 900 pm.

The subsequent section will detail the fabrication process of the probe, dis-

cussing the steps undertaken to actualise this design.

5.2.4 Microfabrication of the Miniaturised Four-electrode
Probe

The probe was made using the microfabrication procedure. Firstly, glass slides
were cleaned using solvents followed by an oxygen plasma treatment. Metallic
electrodes were then obtained by lift-off with photolithographically patterned AZ
nLLOF 2070 photoresist (Microchemicals GmbH, Ulm, Germany) using a SUSS
MJB4 contact aligner (SUSS MicroTec SE, Garching, Germany), followed by the
deposition of 150 nm gold using a thermal evaporator (BOC Edwards, Burgess
Hill, UK). PEDOT:PSS coatings were patterned and deposited as follows: A 3 pm
sacrificial layer of parylene C (Specialty Coatin Systems, Inc., Indianapolis, IN,
USA) was deposited using an SCS Labcoater 2 (Specialty Coatin Systems, Inc.,
Indianapolis, IN, USA), and a positive photoresist AZ9260 (AZ Electronic Ma-
terials, Luxembourg) was then spin-coated and photolithographically patterned.
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The parylene C layer was then etched using a Plasmalab 80 (Oxford Instruments,
Abingdon, UK), followed by peel-off of the remaining photoresist.

Four layers of PEDOT:PSS were applied to increase the capacity of the four-
electrode probe. The mixture of Clevios PH1000 aqueous PEDOT:PSS dispersion
(Heraeus, Hanau, Germany), glycerol, dodecyl benzene sulfonic acid, and (3-
glycidyloxypropyl) trimethoxysilane [302] was used. The process involved spin-
coating the mixture, baking at 110°C, and cooling down before spin-coating the
next layer. This process was repeated until four layers were applied.

PEDOT:PSS is sensitive to harsh solvents and to high-energy processes which
are necessary for conventional patterning methods that rely almost exclusively
on lift-off or plasma etching techniques [303]. The fabrication of the devices was
based on an adapted version of a previously published protocol by Sessolo et
al. [303]. The critical step is a mechanical peel-off which does not involve the use
of chemical or ion etching of the active layer, making the process compatible with
any sensitive conducting materials [303].

Finally, the substrate was baked at 140°C for 1 hour and rinsed with deionised
water. After the final bake at 140°C for 1 hour, the devices were immersed in
deionised water and the sacrificial parylene C layer was peeled off, leaving the
four-electrode probe with four PEDOT:PSS layers.

The schematic of the section of the glass wafer containing the tip of the probe

is shown in Fig. 5.2.

5.3 Measurement Setup and Impedance Spec-

troscopy

The experimental setup involved linking the miniaturised probe to a PGSTAT204
potentiostat/galvanostat (Metrohm Autolab B.V. Utrecht, The Netherlands).
The pads of the probe were connected using a Zero Insertion Force (ZIF) flex
cable (Molex, LLC, Lisle, IL, USA). This connection was further secured with Z-
Axis Anisotropic Conductive Tape (3M Company, Maplewood, MN, USA). The
glass wafer, carrying the probe and the flex cable, was clamped together, with

the anisotropic tape sandwiched between the probe and the flex cable to ensure
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Figure 5.2: A schematic representation of the section of the glass wafer containing
the tip of the probe, illustrating the fabrication process. The procedure involves
cleaning glass slides, patterning metallic electrodes, and applying four layers of PE-
DOT:PSS, followed by baking and rinsing. The process results in a four-electrode
probe with four PEDOT:PSS layers. The combined thickness of the four layers of
PEDQOT:PSS is 550 nm. The PEDOT:PSS layers serve to increase the capacitance

and decrease the impedance of the electrodes.
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optimal contact. The opposite end of the flex cable was attached to a Flexible
Printed Circuit/Flexible Flat Cable (FPC/FFC) adapter board (FXI Electronics
Co., Ltd., Shenzhen, China). The adapter board converts the 1.0 mm pitch of the
flex cable to 2.54 mm pitch pins, which were then connected to the PGSTAT204
using standard cabling.

A variable volume pipette, specifically the Fisherbrand Elite Adjustable-Volume
Pipettes with a 1-10 pl range (Fisher Scientific, UK), was employed to measure
and transfer the sample volumes onto the surface of the probe. Due to the small
sample sizes of 10 pl and 20 pl, direct temperature measurements were imprac-
tical. Instead, room temperature was recorded as a proxy. The assumption was
that the sample and room temperatures would be equivalent, based on the ra-
tionale that the small sample sizes would quickly reach thermal equilibrium with
the ambient environment.

The setup is shown in Fig. 5.3.

The PGSTAT204 potentiostat/galvanostat was used to measure impedance
in a galvanostatic mode. The measured impedance was then converted to con-
ductivity by dividing the conductance by the respective cell constant from the

equation 4.1.

5.3.1 Cell Constant and Size Considerations

In order to compare the performance of the miniaturised four-electrode probe with
the more conventional larger four-electrode probe, both probes were characterised
within this study. Each probe has a corresponding cell constant, which is the
factor that relates measured conductance to the conductivity of the sample [191].

The larger probe (Fig. 4.1) is identical to the probe used in Chapter 4 and
the cell constant of the probe was already determined as k = 2.80 x 1072 m.

The miniaturised four-electrode probe, which has been micro-fabricated and
is displayed in Fig. 5.4, has a width of 900 pm.

In this study, the cell constant was determined by using 0.01, 0.05, and 0.1
mol/l aqueous NaCl solutions at room temperature (23°) as standard liquids.
Fig. 5.5b shows the measured conductance (from the measured impedance) on
these three standard liquids. The cell constant of the probe is k = 6.94 x 10~* m.
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Figure 5.3: Measurement setup a) schematic and b) photo. The sample in the
form of a droplet is placed onto the miniaturised probe. The probe and the mea-
surement setup are in a four-electrode configuration in order to mitigate the effect

of electrode polarisation.
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An error analysis, carried out in a manner analogous to that detailed in Chap-
ter 4, provides values for both random and systematic errors and are summarised
in Table 5.1. The combined uncertainty for 0.05 mol/l saline, which has a conduc-
tivity closest to that of human blood, is calculated to be 6.51% using equation 4.2.

Table 5.1 summarises the mean measured conductivities, standard deviations,
and the percent differences between the measured values and the values from the
literature. These discrepancies are particularly notable at lower concentrations,
where the high error is attributed to the elevated impedance of low-conductivity
samples and the effects of parasitic capacitances. Such factors compromise mea-

surement accuracy outside the optimal dynamic range of the probe.

Table 5.1: Mean conductivity [S/m], standard deviation [S/m], standard devia-
tion as a percentage of the mean [%], reference conductivity [S/m] [268] and the

percentage difference between the mean measured conductivity and reference values

%)

NaCl o [S/m] SD (o) SD (o) o [S/m] Error [%)]
[mol/l] average  [S/m] (%] literature [268]

0.01 0.126 1.35 x 1073 1.07 0.104 21.15
0.05 0.550 9.73 x 107% 177 0.518 6.17

0.1 0.968 2.75x 1072 2.84 1.029 -5.93

5.3.2 Small Size Sample Conductivity Measurement Ca-
pabilities

To showcase that the miniaturised probe remains consistent in measurements
irrespective of the sample size — too as low sample sizes as 10 pl — an experiment
was conducted. In this study, both the conventional and miniaturised probes were
used to measure the conductivity of 0.1 mol/l NaCl samples. For the conventional
probe, the sample volumes tested were 2 ml, 4 ml, and 6 ml, with ten separate
measurements for each volume. On the other hand, the miniaturised probe was
employed to test sample sizes of 20 pl and 10 pl, also with ten measurements
each. The frequency range for these tests was between 10 Hz and 100 kHz for
the miniaturised probe, and from 100 Hz to 100 kHz for the conventional probe,
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(a) (b)

Figure 5.4: The microscopy image of the miniaturised probe a) with PEDOT:PSS
and b) without PEDOT:PSS. The miniaturised probes have a width of 900 pm,
which makes the probe suitable for the measurement of conductivity of small sam-

ples.

using ten points per decade. The current applied with the conventional probe
was 10 mA RMS, which is equivalent to the current applied in the previous study
covered in Chapter 4. The miniaturised probe has a smaller electrode surface
area. Applying the same current levels as a conventional probe would increase the
current density, which might lead to issues like electrode delamination, increased
heat, or even tissue damage in biological applications [300, 301]. The current

applied with the miniaturised probe was therefore limited to 100 pA RMS.

5.3.3 Eliminating the Electrode Polarisation Effect by Us-
ing the PEDOT:PSS Coating

A second part of the study focused on understanding the impact of PEDOT:PSS
on electrode polarisation. Two versions of the miniaturised probe were compared:
one that had four layers of PEDOT:PSS and another without the PEDOT:PSS
coating. The conductance of the 20 nl samples was measured across a frequency
range of 10 Hz to 100 kHz (10 points per decade). The applied current for this
part of the experiment was consistent at 100 pA RMS. The findings from these

various tests are analysed and discussed in the results section.
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Figure 5.5: Measured a) conductance and b) correlation with reference conduc-
tivity. The cell constant, k, relates conductance to conductivity, and r,, represents
the Pearson correlation coefficient. The conductance over frequency plot displays
a flat pattern, in agreement with the expected behaviour of ionic aqueous solutions
at frequencies below 1 MHz [191]. The standard deviation, depicted by the shaded
area, is small, indicating a high degree of measurement repeatability. The high
value of r;, indicates a strong linear relationship between the measured conduc-

tances and reference conductivities.
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5.4 Results and Discussion

The results from the first part of the study, which compares the miniaturised
probe with the larger conventional probe, are visually summarised in Fig. 5.6.
Fig. 5.6 shows boxplots representing the distribution of conductivity measure-
ments obtained from the larger probe (labelled as "Probe 17) and the smaller,
miniaturised probe (labelled as ”Probe 2”). The boxplots allow for a qualitative
comparison of the conductivity measurements conducted with two distinctly sized

probes on various sample sizes.
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Figure 5.6: Conductivity measurements obtained from the larger probe (Probe
1, blue boxes) and the smaller, miniaturised probe (Probe 2, red boxes). The
boxplots allow for a qualitative comparison of the conductivity measurements con-
ducted with two distinctly sized probes on various sample sizes. The conductivity
measurements with the larger probe (Probe 1) change for different sample sizes.
The conductivity measurement for samples of different sizes measured with the

smaller probe (Probe 2) is more consistent.

In the case of the larger probe, the results demonstrate that the mean con-
ductivity varies noticeably with changes in the sample size. Specifically, smaller
samples tended to exhibit a lower apparent conductivity. This variation can be

attributed to the relatively larger sensing volume of the probe, which leads to a
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decrease in the available volume for the electrical current to flow through when
the sample size is reduced. Consequently, smaller samples may appear to have
lower conductivity than they truly possess, highlighting the confounding impact
of the sensing volume on the conductivity measurements.

On the contrary, the measurements obtained from the miniaturised probe pre-
sented a significantly different pattern. Notably, the mean conductivity measured
by the miniaturised probe remained relatively consistent across the two different
sample sizes, irrespective of the reduced sample volumes. This consistency is
reflective of the reduced sensing volume of the miniaturised probe. Due to the
smaller size of the miniaturised probe, the electrical current flows through a much
more confined space around the probe. As such, even with reduced sample sizes,
these samples appear semi-infinite from the perspective of the probe, minimising
the confounding effect of the sensing volume.

For the larger probe, pairwise Student’s t-tests [291] were conducted to com-
pare the conductivity measurements among three different sample volumes: 2
ml, 4 ml, and 6 ml. The tests yielded statistically significant differences in con-
ductivity measurements among all pairs of sample volumes, as confirmed by the
extremely low p-values in all comparisons. Similarly, a Student’s t-test [291] was
conducted to compare the conductivity measurements between 10 pl and 20 ul
samples using the miniaturised probe, which did not yield a statistically signifi-

cant difference as the p-value was above the alpha level of 0.05.

Table 5.2: Summary of t-test Results

Sample Sample

Volume 1 Volume 2 t-Statistic  p-value

2 ml 4 ml -79.932 < 0.001
Larger Probe 2 ml 6 ml -150.219 < 0.001

4 ml 6 ml -68.155 < 0.001
Miniaturised Probe 10 pl 20 nl 0.651 0.516

In Fig. 5.7 the effectiveness of PEDOT:PSS coating on the mitigation of elec-
trode polarisation effect can be seen. The conductance of the 20 ul 0.1 mol/l
NaCl solution samples measured with the miniaturised probe with PEDOT:PSS
coating shows consistent value across the 10 Hz-100 kHz frequency range. The

conductance of the same sample measured with the miniaturised probe without
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PEDOT:PSS coating shows lower conductance at the low end of the frequency

range. This can be explained by the electrode polarisation having a blocking

effect at lower frequencies.
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Figure 5.7: Comparison between the miniaturised probe with PEDOT:PSS and
without PEDOT:PSS. The probe without PEDOT:PSS failed to eliminate the EP
effect across the 10 Hz-100 kHz frequency range. The probe with PEDOT:PSS
completely shifts the EP outside of the 10 Hz—100 kHz frequency range.

5.5 Conclusion and Future Work

In Chapter 5, the focus was on developing a miniaturised four-electrode probe
specifically designed for measuring the conductivity of biological tissues, including
cardiac tissues. This innovation aimed to address the issue of sensing volume,
especially for studies conducted at 10 Hz-100 kHz frequency range.

This chapter stands as a significant technical contribution, detailing the de-
sign, development, and performance evaluation of a miniaturised four-electrode
probe. The ability to make accurate measurements of small samples makes the
miniaturised probe a potential tool for measuring the conductivity of biological
tissues, addressing challenges like tissue heterogeneity and conductivity underes-

timation in small samples.
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The chapter presents valuable insights into the challenges and solutions asso-
ciated with miniaturisation. It demonstrates the ability of the probe to reduce
sensing volume confounding effects, thereby enhancing the accuracy of conduc-
tivity measurements. Techniques like coating the electrodes with PEDOT:PSS,
a conductive polymer, were explored to optimise the performance of the probe in
regard to electrode polarisation.

This study highlighted the importance of electrode size and geometry, and
consequently, the sensing volume, when conducting conductivity measurements
in the context of small samples. The investigation revealed the inherent chal-
lenges and potential inaccuracies that may arise when utilising a larger probe
on small sample sizes, due to the relative size discrepancy between the sens-
ing volume and the sample volume. This confounding effect can result in lower
apparent conductivity measurements, and therefore, potentially misleading data
interpretation.

However, the study demonstrated that these challenges can be effectively mit-
igated using a miniaturised four-electrode probe. The results of the study suggest
that the miniaturised probe can deliver relatively consistent conductivity mea-
surements across two different sample sizes, exhibiting minimal influence of the
sensing volume on the obtained results. This consistency could be attributed to
the smaller sensing volume of the miniaturised probe. Due to the smaller di-
mensions of the probe and small sensing volume, even the small 10 pl sample is
effectively semi-infinite from the perspective of the probe, which helps mitigate
the volume limitation challenges experienced by the larger probe.

The positive implications of this study extend beyond the realm of conduc-
tivity measurements of aqueous NaCl solutions. This probe has the potential to
reliably measure conductivity in the context of biological tissue analysis, where
sample sizes are often limited, and sample heterogeneity can confound measure-
ment results. The miniaturised probe could greatly enhance the accuracy of
conductivity-based diagnosis or monitoring of various health conditions using
impedance-based sensors.

Future work should focus on testing and improving the durability and re-
silience of the miniaturised probe to enhance the applicability of the probe in

biological and other research fields. Moreover, conducting additional studies to
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further validate the effectiveness of the miniaturised probe in different experi-
mental setups and various sample types would be beneficial to more fully realise
the potential of the probe.

In conclusion, this study provides a good indication of the potential of minia-
turised four-electrode probes in overcoming sensing volume confounding effects
in conductivity measurements, paving the way for more accurate, reliable, tis-
sue property measurement and potentially, use of the technology in the medical

device applications.
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6

Conclusions and Future Work

In this chapter, a summary of the research objectives and a summary of the key
findings are presented. Then, potential future research directions are laid out
that could further build upon and extend the findings of this thesis.

6.1 Summary

Atrial fibrillation is a widespread cardiac arrhythmia that necessitates precise and
effective treatment modalities like cardiac ablation. The success of such treat-
ments is intricately tied to the accurate understanding of dielectric properties
within the heart, namely blood and cardiac tissue. Inaccuracies or lack of clarity
in these properties can compromise treatment outcomes, leading to both health
risks and financial burdens. The existing gaps and limitations in the understand-
ing of these dielectric properties were critically discussed in Chapter 2. These
shortcomings underscored the pressing need for advancements in the field, which
in turn required the development of specialised tools such as the miniaturised
four-electrode probe for more accurate conductivity measurements.

Chapter 2 laid the foundation by delving into AF, a widespread medical con-
dition that necessitates targeted management. The chapter underscored the role
of dielectric properties in cardiac ablation, a treatment for AF. It highlighted key
gaps in current research, especially the lack of studies acknowledging the hetero-
geneous nature of the heart and the limitations of the studies on low-frequency

(below 1 MHz) conductivity of blood and cardiac tissue. The importance of
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accurate impedance and dielectric property measurements was emphasised, as
inaccuracies could result in suboptimal treatment outcomes.

The chapter highlighted the pressing need for precise dielectric measurements,
a requirement made more urgent by existing gaps in the understanding. These
shortcomings included the complexities of measuring conductivity at lower fre-
quencies (below 1 MHz) and the absence of comprehensive studies that address
challenges like electrode polarisation and the importance of human sample mea-
surements. The chapter called for a nuanced approach to consider the hetero-
geneity of the heart and advocated for the development of specialised tools, such
as a miniaturised four-electrode probe with a small sensing volume, tailored for
cardiac tissue conductivity measurement.

Gaps in the literature were identified, particularly in the knowledge of the
dielectric properties of cardiac tissue at MW frequencies (500 MHz to 20 GHz)
and the conductivity of both blood and cardiac tissue at frequencies below 1
MHz. These identified gaps motivated the research questions posed in this thesis.
Given these gaps, Chapter 3 aimed to delve deeper into the dielectric properties
of cardiac tissue at MW frequencies, taking the initial steps to address these
research voids.

In Chapter 3, the lack of comprehensive examination (as discussed in Chap-
ter 2) of the dielectric properties of the heart as a heterogeneous organ at the
microwave frequency range was addressed. Measurements were conducted on six
different regions of the heart at room temperature for four ovine heart samples.
The data was compared with a model and data from Gabriel et al. [273], which
serve as a basis for two widely used literature databases on the dielectric prop-
erties of tissues [276, 277]. The observed differences between the multiple sets of
data were attributed to variations between different parts of the organ.

Furthermore, the study investigated the impact of tissue dehydration on mea-
surement results and discovered no noticeable trend in changes in dielectric prop-
erties with respect to time from excision. Relative permittivity and conductivity
for each part of the heart were reported at frequencies of 915 MHz and 2.45 GHz,
which are commonly used for MW thermal ablation. The results indicated that

the dielectric properties are not uniform across all regions of the heart.
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For the purpose of supporting computer modelling, a broadband three-pole
Debye model was fitted to the mean of the measurement data, with parameters
determined from the measurements on the four ovine heart samples. The fit
error between the measurement data and the model was calculated to be low,
suggesting a good fit.

The conclusion is that for accurate dielectric characterisation, a heterogeneous
approach to modelling the heart may be necessary. These models can potentially
be used to construct an anatomically accurate model of the heart, thereby im-
proving patient outcomes in cardiac MW ablation treatment.

In order to address the gaps in the literature in the knowledge of the con-
ductivity of blood and cardiac tissue for RF and PF ablation, the research was
shifted towards frequencies more relevant to these two ablation modalities.

Chapter 4 focused on the electrical conductivity measurements of human
blood, addressing the gap found in the literature. These shortcomings included
the complexities of measuring conductivity at lower frequencies (below 1 MHz)
and the absence of comprehensive studies that address challenges like electrode
polarisation and the importance of human sample measurements. The analysis
covers the conductivity of whole human blood measured at two different temper-
atures (25°C and 37°C), enabling a comparison between room and body temper-
ature conditions. These measurements spanned a frequency range from 100 Hz
to 100 kHz.

To mitigate the problem of electrode polarisation and to enable accurate con-
ductivity measurements over this frequency range, a custom four-electrode probe
was used. However, despite this mitigation strategy, the polarisation effect was
not entirely eliminated across the entire frequency range, which limited the func-
tional operating frequency range of the probe.

The study employed blood samples from oncology patients, introducing po-
tential variations in blood composition due to their illness and treatment. This
factor could have potentially influenced the electrical conductivity measurements
and thus posed a limitation on the generalisability of the findings. Nonetheless,
these results could serve as a basis for future investigations with more diverse
and representative samples. The study demonstrated a good agreement between

the measured conductivity and existing data from the literature and the data
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contributes to the understanding of the conductivity of human blood at body
temperature, measured over 100 Hz-100 kHz frequency range.

The four-electrode probe that was used in the study is suitable for accurately
measuring the conductivity of 6 ml blood samples, but the probe may not be
suitable for measuring the conductivity of soft tissues, such as cardiac tissue,
due to constraints related to invasiveness, probe size, and sensing volume. For
cardiac tissue, a smaller planar typology probe with a smaller sensing volume
may be more appropriate.

This finding created the need for developing a probe design for accurately
measuring the conductivity of cardiac tissue.

Chapter 5 focused on the development of a miniaturised four-electrode probe
designed to measure the conductivity of biological tissues, particularly cardiac
tissues. A probe was designed to address the issue of sensing volume when mea-
suring conductivity, especially among studies performed at frequency ranges be-
low 1 MHz. Larger sensing volumes can introduce discrepancies, particularly
when dealing with limited or small biological samples, such as those from cardiac
tissues.

The chapter also addressed the challenges associated with miniaturisation.
One significant issue is the reduction of the capacity of the electrodes. The limited
capacity of the probe can impede the electrical current, and this limitation could
have affected the measurements. To mitigate this problem, the chapter introduced
the innovative approach of coating the electrodes with PEDOT:PSS, a conductive
polymer. This coating served to increase the capacity of the electrodes, and
in turn, reduced the electrode polarisation effects. The chapter concluded by
underscoring the potential impact of this technology on medical diagnostics and
treatment.

Overall, this thesis contributed to the advancements in the knowledge of di-
electric properties of blood and cardiac tissue, thereby filling crucial gaps in the
existing literature that are of relevance to cardiac ablation. For the next steps
in this line of research, the design refinements, validation studies, and potential

clinical applications are outlined in the following section.
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6.2 Future Work

To further develop the miniaturised four-electrode probe, a redesign is needed.
While the probe overcame the limitations of sensing volume and tissue hetero-
geneity, the probe had limitations of lack of robustness and durability. To increase
robustness and durability, areas of material selection, electrode configuration, and
miniaturisation techniques will be scrutinised. Special attention is also required
to formalise the analysis of the sensing volume of the probe to further support
the finding that the probe has overcome the sensing volume challenges. Future
work could incorporate computational modelling and experimental validation to
ensure optimal results.

Once the redesigned probe has been developed, the next step is to test it on
ex vivo tissue samples. This initial testing phase will provide essential data on
the reliability, accuracy, and efficacy of the probe in a controlled environment
that mimics physiological conditions. Following successful ex vivo testing, the
research will then be extended to include in vivo studies and human cardiac
tissue samples from a diverse demographic. These further studies will validate
the clinical applicability of the probe and pave the way for its use in characterising
the conductivity of cardiac tissue for cardiac ablation procedures.

By focusing on these sequential steps, from design refinement to clinical ap-
plication, the research aims to contribute towards advancing catheter cardiac

ablation, helping to improve treatment outcomes and patient safety.
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