(OLLSCOILNAGAILLIMHE

[JNIVERSITY oF GALWAY

Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the
published version when available.

Electromagnetic modelling and experimentation for the
Title development of a novel microwave thermal ablation therapy for
adrenal tumours

Author(s) | Bottiglieri, Anna

Publication
Date 2021-11-29

Publisher | NUI Galway

Item record | http://hdl.handle.net/10379/17081

Downloaded 2024-04-29T00:35:59Z

Some rights reserved. For more information, please see the item record link above.

@Jese



https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/

Electromagnetic Modelling and
Experimentation for the
Development of a Novel

Microwave Thermal Ablation

Therapy for Adrenal Tumours

Presented by:
Anna Bottiglieri

to:
Electrical and Electronic Engineering,
College of Engineering and Informatics,
National University of Ireland Galway,

In fulfillment of the requirement for the degree of
Doctor of Philosophy.

Supervised by
Martin O’Halloran and Laura Farina



Contents

(O0] 01 (=] 0 | £ TSP OUPTRROPRURN i
N 0151 - (o SR i
ACKNOWIBAGEMENTS. ... e ettt ettt sneenne s %
I FS Ao o U] =TSP SSPRTRTRRPRN Vi
LISt OF TADIES ..o Xix
o] 0] 1Y/ 1 LT TSP TR ST UPT PSPPI PPPPROPIN XXIV
R 11 (oo (3 o4 T o [P RRTOPTRRPRR 1
1.1 MOTIVALION ...ttt bbb enes 1
1.2 TheSiS CONTIIDULIONS .....c.veiiieieiiciie e 4
1.2.1  PUBHCAIONS ..c.veeieeiece et 6

1.3 THESIS OULIING ..ottt sre e 8

2. BACKQIOUNG.......oiiiiiiiiiiiiieiee ettt bbbt 11
2.1 INTrOAUCTION ...ttt bbb nes 11
2.2 Primary Aldosteronism: biological prinCiples ..o 12
2.2.1  Causes and Effects of Primary AldOSteronism...........cccocevvvienvnnnnnn 13

2.3 Epidemiology of Primary AldOStEroniSm ..........ccceevveieiieiesie e 15
2.3.1  Initial diagnoStiC CrtErIa........cceeiveieiieie e 15

2.3.2  NoVvel diagnoStIC CrITEITA. ........evirieieieie e 16

2.4 Established Treatments for Primary AldOSteronism ...........cccceveveniiennnnnnenn 24
2.4.1  Laparoscopic AdrenaleCtomy ........ccccevvieiiiiiiiieiiie e 24

2.4.2  Mineralocorticoid receptor antagonistsS ...........cccovvvveeveereiieseese e 24

2.5 Emerging treatment modalities for Primary Aldosteronism.............cccocevvennene. 25
2.5.1  Chemical ADIAtION.......c.cooi i s 26

2.5.2  Cry0ablation .........cccooiiiiiiii e 27

2.5.3  Hyperthermic ablation teChNIQUES...........cceivieiieii i 29

2.6 CONCIUSIONS ..ottt ettt bbbt 38

3. Dielectric properties of the adrenal gland ... 41
I8 A 1o 0o [0 Tox 1 To o PSRRI 41
3.2 Dielectric properties of biological tISSUES ..........cccvevveieiieiieecece e 42



CONTENTS

3.3 Measurement methodology ..........cccveiviiiiicic e 45
3.3.1  Dielectric measurement SYSteM .........ccovveieiiiereeresieseesiesee e see e 45
3.3.2  Experimental protocols and data analysis ..........ccccoocerevereninninernsenne. 50

B RESUITS ..ttt ettt et e e 54
3.4.1  Measurement UNCEMAINTY ........ccccvevveiierieeie e 54
3.4.2  Dielectric properties of ex vivo ovine adrenal glands.............c.cccocue..... 56
3.4.3 Dielectric properties of ex vivo human adrenal glands...........c............. 61

3.5 CONCIUSIONS ...ttt nne e e 66

. Design of applicators and computational models for MWA............cccovevveenee. 68

A1 INTOTUCTION ...ttt bbb 68

4.2 Biophysical mechanisms underlying MWA and mathematical expressions for the
EM and thermal problem ... 69
4.2.1 Interactions between EM field and biological tissues............c.cccocu...... 69

4.3 Definition of the EM and thermal problem...........cccccove i 72
4.3.1  Numerical solution of the EM and thermal problem.............cc.coooeee. 74

4.4 Applicators TOr MWA ... 76

1Y, =11 ToTo (o] (oo Y AU ORI RRTPSN 80
451  ANeNNa MOUEIS........oiiiiiiiieeee s 80
4.5.2  Framework for EM and thermal simulations.............cccoevvvvvierneennne. 83

4.6 RESUIES ...ttt ettt nne s 86
4.6.1  ANntenna PerforManCeS........cccvuieiieiiieiie e 86
4.6.2 EM and thermal simulations: factors of influence .............ccccocvevnnnne. 91

4.7 CONCIUSTONS ...ttt bbbttt bbb ne e 92

. Shaping the ablation zone through tissue dielectric properties...........cccccoeeve.. 95

TR [ 0T [FTox o] o SO PRPR PSR 95

5.2 MEthOAOIOQY .....eeveeieeie et 97
521 NUMEFICAl STUAY.....ceiiiiiiiiieii s 97
5.2.2  Experimental eX VIVO StUAY..........coeririiiiiiniiinieeee s 99

5.3 RESUITS ... 100



8.

CONTENTS

5.3.1  NUMETICAl STUAY.....ccviiiiieiieie e 100
5.3.2  Experimental eX VIVO @SSESSMENL.......ccoiiiiririiirieieiesesie e 109
5.4 CONCIUSIONS ...ttt et ns 110

Numerical and experimental evaluation of asymmetric ablation zones in adrenal

GIANAS ... 112
TN I a1 oo [0 Tod T o PSP 112
IV [=1 1 g ToTo (o] (oo VAPPSR 114
6.2.1  NUMENICAl STUAY......ceeiiiiiiiieie e 114
6.2.2  Experimental X VIVO StUAY........cccccveveiieiiere e 118
6.2.3  Histology analysis ..o 119
8.3 RESUITS ...ttt 122
6.3.1  NUMETICAl STUAY......ceeiiiiiiciieie e 122
6.3.2  Experimental X VIVO aSSESSMENL.........ccueivverieiieereeiesiesieesee e e 128
6.3.3  Histology analysis ..........cccooiiiiiiiiie e 131
R B o4 Tod [ ] o] < PSP 136

MWA on adrenal glands through ‘side firing’ approach: an in vivo study.... 139

0 g oo 1 Tod 1 oo SRS 139
7.2 MENOAOIOGY ... s 141
7.2 NUMETICAl STUAY.....coiiiiiiiiiee e 141
7.2.2  Experimental in vivo animal study ...........ccccceeveiiiiiiie i 143
T3 RESUIES ... 146
7.3.1  NUMEFICAl STUAY.....cuviiiiiiiiieieeee e 146
7.3.2  Experimental in vivo assessment and histology analysis ................... 152
7.4 CONCIUSIONS ...ttt ettt ettt st besbesneeneeneas 155

MWA performed at 5.8 GHz through ‘side firing’ approach: an exploring study

................................................................................................................................ 158
8.1 INErOAUCTION ...ttt ns 158
8.2 MEthOdOIOQY .....vocvieiece e 160
8.2.1  NUMENICAl STUAY.....ccveiiiiecieee e 160
8.2.2  Experimental eX VIVO StUAY..........ccevrriiiiiniiesieiee e 163



CONTENTS

B3 RESUIES ... 165
8.3.1  NUMENICAl STUAY.....c.eeiiiiiiiiiiiiieeee e 165
8.3.2  Experimental ex vivo assessment of the ablation zone and temperature
INCTEIMEIES ..ttt b et sbe b b e reeneenes 170
8.3.3  Effect of the water vaporisation on the temperature increase ............ 172
I 00 Tod [1ES] o] SRS 175
9. Conclusions and fULUIE WOFK .........ccociiiiiiiiiiie st 177
9.1 Summary and CONCIUSIONS..........ceiveiieieiie e 177
9.2 FULUIE WOTK ..ottt bbb 182
BIDIOGIapNY ... 184

A. Performances of ablation procedures and gold standard techniques in the
MAaNAGEMENT OF PA ... nae s 205

B. Influence of the temperature dependent dielectric properties on the

asymmetrical ablation Patterns ...........ccccv o 220



Declaration of Originality

I, the Candidate Anna Bottiglieri, certify that the thesis entitled “Electromagnetic
Modelling and Experimentation for the Development of a Novel Microwave
Thermal Ablation Therapy for Adrenal Tumours” is:

all my own work;

has not been previously submitted for any degree or qualification at this University
or any other institution;

and where any work in this thesis was conducted in collaboration, appropriate
reference to published work by my collaborators has been made and the nature and
extent of my contribution has been clearly stated.

Name: A/\/\,&\?Dn'rrd'skk

Anna Bottiglieri



Abstract

Primary Aldosteronism is the main cause of the secondary hypertension, due to the
abnormal functioning of the adrenal glands. Adreno-cortical adenomas and bilateral
hyperplasia are the most common causes of the abnormal release of the hormone
regulating the blood pressure in the adrenal glands. Eradicating the tumours and restoring
the normal activity of the adrenal gland is crucial to address this condition. To date,
surgical removal of the gland and pharmacotherapy are the gold standard techniques
adopted in the management of unilateral adenomas and bilateral hyperplasia,
respectively. Both techniques present drawbacks linked to invasiveness and

ineffectiveness.

Currently, alternative techniques to the standard therapies are under investigation for the
treatment of adrenal neoplasms. Recent clinical studies showed promising results in
adopting thermal ablation techniques to eradicate solitary and encapsulated adrenal
adenomas, and restore normal values of blood pressure and blood-hormone
concentrations. However, most of the functional adrenal anomalies arise from the
external part of the adrenal cortex and are covered by a fat layer enveloping the adrenal
gland. In all these cases, the conventional approach to pierce the tumour and induce
extremely high or low temperatures may increase the risk to compound the entire gland
and the surrounding structures, with detrimental effects on the outcomes of the

procedure.

In this thesis, the use of microwave thermal ablation is studied for the selective removal
of shallow adenomas. In particular, a ‘side firing’ approach is proposed. This new
approach relies on the intrinsic anatomical and dielectric characteristics of the adrenal
gland and its surrounding fat capsule. More specifically, this thesis explores the
possibility of using the fat layer enveloping the adrenal gland as a tool to selectively

direct the electromagnetic energy into the tumour and shield the surrounding tissues.

Firstly, an animal model is chosen to study the dielectric properties of the adrenal gland.
Next, the dielectric properties of ex vivo human adrenal tissues, both healthy and
diseased, are measured and compared with those of the animal model. The dielectric

properties of the target tissues are characterised at the operational frequencies typically



ABSTRACT

adopted for microwave thermal ablation. The degree of dielectric contrast with fat tissue

is assessed. This contrast supports the proposed ‘side firing” approach.

Secondly, a proof-of-concept study is completed to investigate the effect of the fat layer
on the distribution of the electromagnetic energy and temperature in a simplified
scenario. A microwave applicator operating at 2.45 GHz is placed at the interface
between a muscle and fat layer. The outcomes show that the fat acts as a natural shield,
helping to focus the electromagnetic energy toward a preferential direction. The fat-
muscle interface is adopted in this preliminary study due to the conservative degree of
dielectric contrast existing between muscle and fat compared to the contrast between the
adrenal tissues and fat. Also, the large availability both of muscle and fat has facilitated

the experimental assessment of the numerical study.

Given the positive results of the proof-of-concept study, the same ‘side firing’ approach
at the same operating frequency (2.45 GHz) is applied using planar and 3D adrenal
models representing the adrenal gland and its fat capsule. The effect of different
geometrical characteristics of the target and different orientations of the microwave
applicator on the shielding effect of the fat layer is studied numerically. Two levels of
energy are considered both for ex vivo and in vivo conditions. Ex vivo and in vivo
experimental microwave ablation procedures validate the proposed ‘side firing’
approach. Histology analyses of the ex vivo and in vivo samples confirmed the capability
of the fat layer to induce asymmetric ablations and protect the surrounding sensitive

structures (i.e. blood vessel).

Lastly, a higher MWA operating frequency, 5.8 GHz, is investigated. The higher
dielectric contrast observed at higher frequencies compared with 2.45 GHz, suggests that
a more focused ‘side firing’ effect is achievable. The shielding effect of the fat layer is
confirmed also at 5.8 GHz. Moreover, the increase of the contrast in the electrical
conductivity between the fat layer and the adrenal tissue helps to improve the thermal

coverage and the sphericity of the ablation zone in the tissue target.

In summary, this thesis provides a comprehensive understanding of the role of the fat
enveloping the tissue target during microwave ablation procedures and the possibility of
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using this anatomical characteristic to create directional ablation zones. The results
included in this thesis may provide additional information to improve the clinical
protocols for the treatment of adreno-cortical adenomas through microwave thermal

ablation.
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Figure 4.3: Equivalent circuit representing the transmitting system of the electric field to
be radiated by the antenna. The circuit is composed by the voltage of the generator, the
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Figure 4.4: Graphical representation of the omnidirectional pattern provided by a dipole
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Figure 4.5: Schematisation of a coaxial monopole applicator (A) and a triaxial monopole
applicator (B) provided in longitudinal (left) and transversal (right) sections. The length
of the radiating element (l)) and the overall length (I) are highlighted for the two
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Figure 4.6: Percentage of the water content in the tissue modelled over the temperature
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Figure 4.7: Comparison in terms of reflection coefficients between a monopole coaxial
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Figure 4.8: Comparison in terms of SAR obtained in a homogenous tissue model between
a monopole coaxial applicator operating at 2.45 GHz (A), a monopole triaxial applicator
operating at 2.45 GHz (B) and a monopole triaxial applicator operating at 5.8 GHz (C).
Values of SAR are normalised and expressed in decibel (dB). The results are presented
on the frontal plane (xy-plane) with reference to the longitudinal axis (y-axis) of the
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Figure 4.9: Representation of the power attenuation (dB/m) provided by the manufacturer
datasheet of each coaxial cable at different frequencies (marker). Then, the values of
power attenuation were interpolated over the frequencies. The equations describing the
trend and the related squared error are indicated for each cable. The coaxial cables
reported are: UT-047 (green) used to fabricate the monopole coaxial applicator operating
at 2.45 GHz; UT-020 (red line) used to fabricate the monopole triaxial applicator
operating at 2.45 GHz; UT-034 (yellow line) used to fabricate the monopole triaxial
applicator operating at 5.8 GHz. .........cooiiiiiic e 89

Figure 4.10: Comparison between temperatures achieved through standard BHE (dot
line) and BHE implementing vaporisation model (solid line) at 2.45 GHz (A) and 5.8
GHz (B). Values of temperature are monitored up to 120 s at three radial distances from

the feed point of the antenna: 2 mm (red line), 4 mm (yellow line), 7 mm (green line).

Figure 5.1: Experimental setup including: microwave applicator (A) powered at 2.45
GHz by a microwave generator (B). A peristaltic dispensing pump (C) connected to the
inner tube of the applicator. Three fibre optic sensors connected to a laptop (D) for the
monitoring of the temperature and inserted at three different radial distances from the

antenna feed in the tissue (E) under treatment. ..........ccocviveveeii s 99

Figure 5. 2: Simulated temperature patterns in the homogeneous muscle scenario shown
both in a coronal plane (first column) and transverse plane (second column) with
reference to the antenna feed. Two different power-time settings are reported: 30 W- 60s
(A-B); 60W- 60s (C-D). The dash-and-dot lines represent 55°C boundary and the dot
lines represent 90°C DOUNTAIY. ........ooiiiiiie e 101


file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438225
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438226
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438227
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438227
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438227
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438227
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438227
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438532
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438532
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438532
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438532
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438532
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438533
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438533
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438533
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438533
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87438533

LIST OF FIGURES

Figure 5. 3: Simulated temperature patterns in muscle-fat (fat width = 10 mm) interface
scenario shown both in a coronal plane (first column) and transverse plane (second
column) with reference to the antenna feed. Two different power-time settings are
reported: 30 W- 60s (A-B); 60W- 60s (C-D). The dash-and-dot lines represent 55°C
boundary and the dot lines represent 90°C boundary. .........cccccevvrieiiveiesie e 102

Figure 5.4: Simulated temperature patterns in muscle-fat interface scenario shown in a
coronal plane with reference to the antenna feed for two different fat layer widths: 15
mm (A) — (C) and 5 mm (B) — (D). Two different power-time settings are reported: 30
W-60S (A-B); B0W-60S (C-D). ..cveerieieieiiesie et eeeiesie et eneens 103

Figure 5.5: Variations of the radial (A) — (B) and longitudinal (C) — (D) dimensions of
the ablation zone over time at 30 W in muscle (A) — (C) and in fat (B-D). Interface
scenarios (red line: 5 mm wide fat case; yellow line: 10 mm wide fat case; green line: 15

mm wide fat case) and homogenous scenario (black line) are compared.................... 105

Figure 5.6: Variations of the radial (A) — (B) and longitudinal (C) — (D) dimensions of
the ablation zone over time at 60 W in muscle (A) — (C) and in fat (B) — (D). Interface
scenarios (red line: 5 mm wide fat case; yellow line: 10 mm wide fat case; green line: 15

mm wide fat case) and homogenous scenario (black line) are compared.................... 105

Figure 5.7: Simulated temperature patterns in muscle-fat interface scenario shown in a
coronal plane with reference to the antenna feed for 1.5 mm displacement of the antenna
along x-axis in fat (A) — (C) and in muscle (B) — (D). Two different power-time settings
are reported: 30 W-60s (A) — (B); 60W-60s (C) — (D). ..ceevvveeiieiiiieiie e 107

Figure 5. 8: Section of a MWA obtained in ex vivo porcine sample: the applicator (MW
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Figure 6.3: Setup adopted for the experimental validation of the computational results
(top) and related schematisation (bottom). The setup includes the microwave applicator
(A) powered for 60 s at the input power selected at the microwave generator (B); a
peristaltic pump (C) connected to the inflow and outflow tubes of the refrigerating system
integrated in the applicator; two fiber optic sensors connected to a laptop (D) to acquire

values of temperature at 0.1 S tIMe STEP. ..ooveeiiiiii e 117

Figure 6. 4: Schematisation of the main phases of the protocol adopted for the histology
analysis of each tissue sample following the MWA procedure. The workflow includes
pre-processing of the tissue to fix the cellular structure and to prevent the breakdown of
the tissue, embedding of the tissue in the wax blocks then sectioned by a microtome at a
thickness of 5 um; staining of the tissue slices with haematoxylin and eosin (H&E) to
visualise the microstructure of the tissue through the digital scanner, i.e. the cellular
nuclei stained by haematoxylin (purple or dark blue) and the cytoplasm stained by eosin
(0 L] TSR 119

Figure 6.5: Definitions of radial and longitudinal dimensions of the ablation zones
obtained in fat and in the adrenal layers both for the simplified model and the 3D model.
For the 3D model both the orientations for the MW applicator are represented. With
reference to the local coordinates system (u,v,w), the radial dimension is defined as the
maximum extent of the ablation zone both in fat and in the adrenal tissue along the u-

axis. The longitudinal dimension is defined as the maximum extent of the ablation zone
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both in fat and the adrenal tissues along the v-axis. Inthe 3D model the radial dimensions
are visible for the Orientation #1 while the longitudinal dimensions are visible for
Orientation #2, on the frontal plane of the global coordinates systems (x,y,z)............ 122

Figure 6.6: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained numerically
in the simplified model at 30 W and 60 W. Profiles of SAR and temperature are presented
both in the frontal plane (xy-plane) and in the coronal plane (xz-plane) and in the coronal

(xz) with reference to the feed of the antenna. ............cccooeveici e, 123

Figure 6.7: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D
model at 30 W and 60 W considering the applicator aligned at the interface between fat
and adrenal gland as depicted in Figure 6.6 (Orientation #1). Profiles of SAR and
temperature are presented both in the frontal plane (xy-plane) and in the coronal plane

(xz-plane) with reference to the feed of the antenna. ............cccveeve i, 125

Figure 6.8: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D
model at 30 W and 60 W considering the applicator aligned at the interface between fat
and adrenal gland as depicted in Figure 6.6 (Orientation #2). Profiles of SAR and
temperature are presented both in the frontal plane (xy-plane) and in the coronal plane
(xz-plane) with reference to the feed of the antenna.............ccoovvveieiiien i, 126

Figure 6.9: Section of a MWA zone obtained in ex vivo ovine adrenal gland: the
applicator (MW antenna) is placed at the visible interface between the adrenal gland and
the surrounding perinephric fat, and the ablation zone obtained in the adrenal gland is

marked. The ablation zone is NOt VISIDIE 1N Fat. ........eveeeeiee e 129

Figure 6.10: Numerical (num.) and experimental (exp.) values of temperature along the
radial distance from the MW antenna axis (applicator) both in the fat and adrenal gland
at 30 s and 60 s for 30 W (A) and 60 W (B). Temperature value obtained from the 3D
model accounting for the orientation #1 (solid lines) and orientation #2 (dash-dot lines).

Horizontal line highlights the temperature threshold at 55 °C..........ccccvviiiiiiiinnns 130

Figure 6.11: A histological section of the adrenal gland stained with H&E after an
ablation procedure performed at 30 W for 60 s and the placement of the MW applicator
(A). Three zones with different histological features are recognised at different distances

from the placement of the applicator (B): coagulative necrosis characterised by a more
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eosinophilic region due to the damage of the cellular nuclei (Zone 1); a transition zone
from the injury zone and the untreated region characterised by a mixture of ‘ghost’ cells
and morphologically normal cells (Zone 2); non-targeted adrenal zone distal from the

applicator position, which contains cells morphologically normal (Zone 3)............... 131

Figure 6.12: A histological section of the adrenal gland stained with H&E after an
ablation procedure performed at 60 W for 60 s and the placement of the MW applicator
(A). Three zones with different histological features are recognised at different distances
from the placement of the applicator (B): coagulative necrosis characterised by spots of
charred tissue in the zone adjacent to the applicator (Zone 1); a transition zone from the
injury zone and the untreated region characterised by a mixture of ‘ghost’ cells and
morphologically normal cells (Zone 2); non-targeted adrenal zone distal from the

applicator position, which contains cells morphologically normal (Zone 3)............... 132

Figure 6.13: A histological section of the fat layer surrounding the adrenal gland stained
with H&E after an ablation procedure performed at 60 W for 60 s. (A) Two different
zones with different histological features are recognised at different distances from the
applicator (B): an inflammatory zone denoted by the enlargement of the
microvasculature within adipocytes and the microphages (Zone 1); a distal zone where a
normal microvasculature within adipocytes indicate that no increase in temperatures
OCCUITEA (ZONE 2). ..ttt bbbttt bbb b s 134

Figure 6.14: A histological section of a blood vessel after an ablation procedure
performed at 60 W for 60 s. The blood vessel was adjacent to the fat layer which
separated the vessel from the adrenal gland. (A) The integrity of the structure of the blood
vessel is indicted by the presence the intact internal elastic lamina and the aperture of the
lumen (in the case of damage the blood vessel collapses, and the lumen occludes). All
the three main structures of the blood vessel (B) and their histological features (B) — (C)
are intact: Tunica adventitia mainly characterised by connective tissues; Tunica media
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Figure 7.1:Three-dimensional model for the adrenal gland and the surrounding fat

capsule. Each scenario accounts for a different orientation of the MW applicator with
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respect to the interface between fat and adrenal cortex. In both models, a block of blood
surrounded the geometry of the tissues. The feeding of the coaxial cable (i.e. waveguide
port) was kept outside the block of blood, as required to adequately excite the signal for

the electromagnetic and thermal SIMUlations. ............c.cccevveve e 142

Figure 7.2: Models for blood perfusion as function of the temperature, both for adrenal
gland and fat. The rectangular function accounts for the collapsing of the blood supply
to the tissue due to the coagulation effect when ablative temperatures (above 55°C) are
approached. The coefficients for blood perfusions were assigned according to the values
reported in [265]: 1,626 Wm™= °Cin fat and 155,163 Wm™ °C? in adrenal tissues. 143

Figure 7.3: Positioning of the MW applicator at the interface between the ovine adrenal
gland and the surrounding fat during the in vivo experimental study (top). Related
schematisation of the experimental setup including the microwave applicator (A),
connected to a microwave generator (B) through a low loss coaxial cable; a peristaltic
dispensing pump (C) was connected to the inflow and outflow tubes of the refrigerating
system integrated in the apPlICALON. ........cciiiiiiiiicee s 144

Figure 7.4: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D
model considering the in vivo numerical scenario (i.e. blood surrounding the geometry
and 37°C) at 30 W and 60 W. Consistent with the previous study (Chapter 6), the
applicator was aligned at the interface between fat and adrenal gland as described for
Orientation #1. Profiles of SAR and temperature are presented both in the frontal plane

(xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the antenna.

Figure 7.5: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D
model considering the in vivo numerical scenario (i.e. blood surrounding the geometry
and 37°C) at 30 W and 60 W. Consistent with the previous study (Chapter 6), the
applicator was aligned at the interface between fat and adrenal gland as described for
Orientation #2. Profiles of SAR and temperature are presented both in the frontal plane

(xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the antenna.
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Figure 7.6: Maps of temperature obtained in the 3D model considering the blood
perfusion both in fat and adrenal tissues to better represent numerically the in vivo
scenario at 30 W and 60 W. Consistently with the previous numerical studies, the thermal
maps refer to the two different orientations of the MW applicator: orientation #1 (A) —
(B) and orientation #2 (C) — (D). Profiles of temperature are presented both in the frontal
plane (xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the

L= 1] AT VTP 150

Figure 7.7: Ablation zone obtained in the ovine adrenal gland after MWA procedure
executed in vivo at 30 W for a duration of 60 s. The applicator was placed on the external
surface of the adrenal cortex beneath the fat layer surrounding the gland. The section of
ablation zone was obtained by cutting the sample along the longitudinal tract of the
applicator, thus reaching the maximum exposure of the ablation zone. In addition, the
normal cortex (outer tissue) and medulla (inner tissue) of the adrenal gland are
RIGNIIGNTEA........eec e 153

Figure 7.8: Histological section of an ovine adrenal gland treated in vivo with a
microwave thermal ablation performed at 30 W for 60 s. Two zones with different
histological features are recognised: hylinisation of the cells both in the adrenal tissue
and in the adjacent rim of fat layer indicating the cellular apoptosis in the tissue in close
contact with the MW applicator (zone 1); cascade inflammatory and blood extravasation
caused by the immune system as response to the thermal insult occurring in the whole

adrenal cortex up to the non-ablated medulla. ...........ccccooooeiiiiiii e, 154

Figure 8.1: Multilayer simplified model (A) and 3D model (B) of the adrenal tissues and
the adjacent fat layer. The triaxial MW applicator optimised to operate at 5.8 GHz was
placed parallel to the interface between fat and the adrenal cortex. For the 3D model,
only the half right side was considered to reduce the computational load. The dimensions

of the tissue layers are the same as those described in chapter 6 (§ 6.1.1). ................. 160

Figure 8.2: Setup adopted for the experimental validation of the computational results
(top) and related schematisation (bottom). The setup includes the microwave applicator
(A) powered for 60 s at the input power provided by the microwave amplifier (C) which
amplifies the signal at the designed operating frequency (D); a peristaltic pump (E)
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connected to the inflow and outflow tubes of the refrigerating system integrated in the
applicator; four fiber optic sensors connected to a laptop (F) to acquire values of
temperature at 0.1 S tIME STEP......eiueieeieiie ettt 162

Figure 8.3: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained numerically
in the simplified model at 30 W and 60 W, adopting 5.8 GHz as operating frequency.
Profiles of SAR and temperature are presented both in the frontal plane (xy-plane) and
in the coronal plane (xz-plane) and in the coronal (xz) with reference to the feed of the

T L= 1] 4T VTR 165

Figure 8.4: Maps of SAR (A: frontal plane (xy-plane)) — (B: coronal plane (xz-plane))
and of temperature (C: frontal plane (xy-plane)) — (D: coronal plane (xz-plane)) obtained
in the 3D model at 30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface
between fat and adrenal gland orientating the longitudinal axis parallel to the z-axis of
the reference system (orientation #1). Frontal plane (xz-plane) and coronal plane (xy-

plane) are indicated with reference to the axis of the antenna. ...........c.ccccceevverveeenne. 168

Figure 8.5: Maps of SAR (A: frontal plane (xy-plane)) — (B: coronal plane (xz-plane))
and of temperature (C: frontal plane (xy-plane)) — (D: coronal plane (xz-plane)) obtained
in the 3D model at 30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface
between fat and adrenal gland orientating the longitudinal axis parallel to the y-axis of
the reference system (orientation #2). Frontal plane (xy-plane) and coronal plane (xz-

plane) are indicated with reference to the longitudinal axis of the antenna................. 167

Figure 8.6: Section of the ablation zone obtained ex vivo in a porcine adrenal gland: the
triaxial monopole MW applicator (§ 4.2.1) is placed on the surface of the gland and
covered by fat, then it is excited at 5.8 GHz. The ablation zone in adrenal gland is marked
(NOt VISIDIE TN FAL). ... 170

Figure 8.7: Numerical and experimental values of temperature along the radial distance
from the MW antenna axis (applicator) both in the fat and adrenal gland at 30 s and 60 s
for 30 W (A) and 60 W (B). Numerical values include the temperature obtained from
standard BHE (dot lines) and from the modified BHE, accounting for the effect of water

vaporisation (solid lines). Horizontal line highlights the temperature threshold at 55 °C.

XVi


file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440933
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440933
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440933
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440934
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440934
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440934
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440934
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440934
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440935
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440936
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440937
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440937
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440937
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440937
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938
file:///C:/Users/anna/Dropbox/Thermal%20Ablation_PhD%20Project/Thesis/Thesis/Thesis_Draft_v9_Figures_Table%20-%20Copy.docx%23_Toc87440938

LIST OF FIGURES

Figure 8. 8: Comparison between the numerical results (solid lines) obtained in the case
of standard BHE (A) — (C) and implementing the model of water vaporisation (C) — (D).
The increments of temperature were considered for two input powers: 30 W (A) — (B)
and 60 W (C) — (D). The temperature values distances from the MW applicator are 4 mm
and 7 mm. Mean values of temperatures measured over the time through fiber optic

sensors were also reported along with the related standard deviation values (markers).

Figure A.1: Mean and standard deviations values of SBP data reported in 11 studies
before and after LA or MRAs administration and related effect size (A); Mean and
standard deviations values of SBP data reported in 8 studies before and after the ablation
treatments and related effect size (A). SBP: systolic blood pressure, LA: laparoscopic

adrenalectomy, MRA: mineralcorticoid antagonists...........cccuvurrrriereneieniseseeeenns 208

Figure A.2: Mean and standard deviations values of DBP (mmHg) data reported in 11
studies before and after LA or MRAs administration and related effect size (B); Mean
and standard deviations values of DBP data reported in 8 studies before and after the
ablation treatments and related effect size (A). DBP: diastolic blood pressure, LA:

laparoscopic adrenalectomy, MRA: mineralocorticoid antagonists. ............ccccceevennin. 209

Figure A.3: Mean and standard deviations values of PRA (ng-mL-1-h-1) data reported
in 5 studies before and after LA or MRAs administration and related effect size (A);
Mean and standard deviations values of PRA data reported in 4 studies before and after
the ablation treatments and related effect size (B). PRA: plasma renin activity, LA:

laparoscopic adrenalectomy, MRA: mineralocorticoid antagonists. .............cccceveenene 210

Figure A.4: Mean and standard deviations values of PAC (ng-dL-1) data reported in 7
studies before and after LA or MRAs administration and related effect size (A); Mean
and standard deviations values of PAC data reported in 7 studies before and after the
ablation treatments and related effect size (B). PAC: plasma aldosterone concentration,

LA: laparoscopic adrenalectomy, MRA: mineralocorticoid antagonists. .................... 212

Figure A.5: Mean and standard deviations values of ARR (ng-dL-1-ng-1-mL-h) data
reported in 5 studies before and after LA or MRAs administration and related effect size

(A); mean and standard deviations values of ARR data reported in 3 studies before and
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Motivation

Primary aldosteronism (PA) is the main cause of secondary hypertension which is
currently recognised in approximately 11% of the hypertensive population worldwide
[1]. PA is caused by unilateral adenomas or bilateral hyperplasia arising from adrenal
glands [1]-[3]. These abnormalities are responsible for the uncontrolled release of the
aldosterone hormone. Besides hypertension, persistently high levels of aldosterone are
the cause of comorbidities such as hypokalaemia, ventricular hypertrophy,

cerebrovascular ischemic events [4]-[7].

Conventional techniques currently used to manage PA are adrenalectomy and
pharmacotherapy. The complete resection of the gland through adrenalectomy is the gold
standard procedure for patients affected by unilateral adenoma. Pharmacotherapy based
on the administration of hormonal antagonists is adopted to manage PA in non-surgical
candidates, such as subjects affected by bilateral hyperplasia. These approaches show the

following limitations:

. Pharmacotherapy is a life-long therapy whose side-effects are poorly tolerated, such

as gynecomastia, menstrual disorders, mastodynia, obesity-related insulin resistance
(81, [9];
« Adrenalectomy is a challenging surgical procedure at high risk of haemorrhages and

damages to the surrounding organs, e.g. renal artery, inferior vena cava (IVC),

diaphragm, spleen, liver, nerves;

. Adrenalectomy requires the removal of the entire gland, including the healthy
functional adrenal tissues. Most of the patients living only with the contralateral
adrenal gland needs hormonal supplement. Moreover, pharmacotherapy is required

in case of recurrence of the disease in the contralateral gland.
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Ablation techniques have been recently investigated to address some of the above-
mentioned limitations. This thesis focuses on the use of microwave thermal ablation
(MWA). The potentiality of a new MWA approach is investigated to selectively treat the
tumour, preserving the integrity of the healthy tissues of the gland and of the surrounding

sensitive structures.

MWA is an electromagnetic-based thermal technique designed to work at selected ISM
frequencies in the microwave frequency range (500 MHz — 10 GHz). The operating
frequencies typically used are 915 MHz and 2.45 GHz [10]-[13]. MWA relies on the
interaction between the electromagnetic field (EMF) and the biological tissues to induce
cytotoxic temperatures (> 55 °C) in the target tissue. Coagulation necrosis results from
such an increase of temperature. MWA has been demonstrated to be a potent tool to
locally destroy cancerous cells. Over the last twenty years, significant results have been
obtained in the treatment of a range of tumours, such as hepatocellular carcinomas, liver
metastasis, renal carcinomas [14]-[16]. Historically, MWA has been used to treat
tumours larger than 30 mm in diameter. The increase in the tissue impedance with the
temperature does not impede microwaves to reach the periphery of the target tissue.
Moreover, microwaves are poorly affected by the heat sink effect induced due to adjacent
big vessels or arteries. Such a characteristic makes MWA less susceptible to suboptimal
results and the risk of local recurrence of the tumour. Recently, MWA has been
investigated to also treat small critical targets. Adrenal neoplasms (< 20 mm diameter)
in patients who refuse surgical procedures or are not surgical candidates are an example
of these critical targets [17]-[19]. In these cases, the possibility of obtaining focused
temperature increases in short timeframes has been exploited [20], [21]. Compared to
other ablation procedures explored for PA treatment (i.e. chemical ablation, cryoablation,

radiofrequency ablation), MWA has shown:
« Areduced number of hypertensive crises during the procedure [22];

« The possibility to reach complete coverage of the adenoma after a single procedure
[17], [19];
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« The possibility of treating functional adrenal tumours without the use, or with a
minimal use, of alpha adrenergic blockade drugs in patients with pre-existing
cardiovascular diseases [23].

Although promising performances has been observed in the most recent studies, further
investigations are required to have a comprehensive understanding of the feasibility of
MWA for PA treatment. In particular, the risk of damages to organs surrounding the
adrenal glands remain a concern. The available clinical studies have adopted the MWA
technique based on the infusion of a saline solution to create artificial ascites between
the tumour target and the surrounding structures [17], [19]. The main purpose of this
technique is to use the properties of the saline solution to isolate the ablation zone from
the surrounding structures. Successful results are observed only where a separation of at
least 5 mm is ensured during the MWA procedure. In addition, this procedure involves
the use of a further catheter for the injection of the liquid, which enhances the
invasiveness of the treatment [17], [23], [24]. An alternative technique recently explored
is based on the use of reflector-based antennas to create directional heating patterns [25].
However, translation into a clinical application remains a concern. First, the diameter of
the applicator must be increased in order to accommodate the metallic cable working as
reflector. Then, reflector-based antennas need an accurate orientation in order to achieve

satisfying results. This requirement could be challenging in a clinical scenario.

A different solution to create asymmetrical ablation was preliminary investigated in [20].
This new solution relies on the anatomical characteristics of the gland have to refine the
MWA procedure. In particular, the fat layer surrounding the adrenal gland was exploited

to shape the asymmetrical ablation zones.

In this thesis, the role of the fat layer in shaping microwave ablation zones is investigated
in depth.

The areas for improvement identified above have informed the objectives of this thesis,

which are as follows:

« Defining and optimising suitable adrenal models for accurate numerical simulations

and experimental tests. For instance, identifying animal models whose properties are
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a good representation of the properties of the human adrenal glands. Designing and
prototyping microwave (MW) applicators given the operating conditions, e.g. size
and shape of the tissue, frequency. Evaluating the factors which may influence the
ultimate dimensions of the ablation zone (e.g. temperature-dependent dielectric
properties, water vaporisation, blood perfusion). Implementing the models

accounting for these factors to refine the numerical simulations;

« Characterising the role of the fat layer surrounding the adrenal gland through
numerical and experimental studies. For instance, analysing the distribution of the
electromagnetic energy and temperature accounting for different tissues geometries,
orientations of the MW applicator, levels of energy dose (i.e. power and time
settings), type of background material, effect of the blood perfusion and operating

frequency;

o Evaluating the thermal effects of the ‘side firing’ approach on the microscopic
structure of the tissue. For instance, correlating the changes in the cellular structures
of the functional tissue with the treatment protocol used. Studying the effect of the
temperature increase on the adipose cells. Evaluating the ability of the fat to preserve

the closest structures from the transmural thermal lesion.

The research contributions of the thesis are summarised in the following sections. These

include the journal and conference publications which resulted from these contributions.

1.2 Thesis contributions

This thesis investigates a new MWA approach that aims to use the fat surrounding the
target to focus the electromagnetic energy in the target, whilst sparing the surrounding
anatomical structures. This new approach is formulated given the anatomical
characteristics of the adrenal gland and the dielectric contrast between the adrenal tissues
and the surrounding fat capsule. A further objective is to limit unintended ablation of
healthy functional adrenal tissues. To this end, the new method prioritises a lateral
approach, named in the thesis as ‘side firing” approach, which does not involve piercing
the target tissue. The lateral approach takes advantage of the natural envelope of the

adrenal gland in the fat capsule. As a result, the outermost fat and the underlying adrenal
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tissue create the dielectric contrast used in this thesis to shape the ablation zone during
the MWA treatment.

The principal contributions of the thesis based on the objectives mentioned in the

previous section are:

1

Characterisation of the dielectric properties of the adrenal gland within the
microwave frequency range. Firstly, the dielectric properties are measured ex vivo on
each functional tissue of ovine adrenal glands. Then, these values are compared with
those measured ex vivo on human adrenal tissues, both normal and diseased. The
accuracy of the proposed animal model in representing human adrenal tissues is
evaluated across a broadband frequency range including operating frequencies
suitable for MWA procedure (i.e. 915 MHz, 2.45 GHz. 5.8 GHz).

Prototyping of the MW applicators and designing of the workflow for
electromagnetic and thermal simulations. The characteristics and performances of
three different MW applicators are compared. Each applicator is adopted based on
the specific operating conditions (e.g. operating frequency, ex vivo or in Vivo
application). The main parameters of influence to consider in the numerical
simulations are identified (based on the levels of energy dose and the operating
frequency). Then, the workflow for electromagnetic and thermal simulations is
defined.

Analysis of the effect induced by the fat tissue adjacent to the tissue target on the
distribution of the electromagnetic energy and temperature using 2.45 GHz as
operating frequency. First, the performances of the proposed ‘side firing’ approach
are assessed in a proof-of-concept study, where an interface between fat and muscle
is represented. The variation in the shape and size of the ablation patterns is evaluated
in comparison with an homogeneous muscle scenario. Then, the same approach is
adopted in two different models representing adrenal glands. A number of
electromagnetic and thermal simulations was conducted. The ’side firing’ approach
is evaluated considering a range of factors in the numerical simulations. These factors
include the orientation of the MW applicator, the geometry of the tissues, the level
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of energy delivered in the tissue, the type of background material and the blood

perfusion.

Analysis of the histological features of the tissue after ex vivo and in vivo MWA
treatments conducted at 2.45 GHz using the ‘side firing’ approach. The histology
analysis is used to evaluate the ability of the ‘side firing’ approach to confine the
ablation zone in proximity to the applicator, whilst sparing the remaining part of the
functional tissues. Finally, the ability of the fat layer to protect the structure of the

abutting blood vessel is examined.

The analysis of the performances of the proposed MWA method using a higher
operating frequency. Numerical simulations are conducted in adrenal tissues model
to evaluate how the increase in the operating frequency affects the asymmetric
ablation profiles. In addition, the potential advantages of the higher frequency versus
2.45 GHz are discussed in terms of the shape and the size of the ablation zones. To
this end, numerical simulations were conducted at the designed frequency,
accounting for the geometry of the tissue, level of energy dose and water
vaporisation. The temperature values obtained experimentally were compared to the

values obtained from the numerical simulations.

1.2.1 Publications
The publications resulting from this research are as follows:

Journal Publications

A. Bottiglieri, G. Ruvio, M.O’Halloran, L. Farina, “Exploiting fat tissue boundaries
to shape microwave thermal ablation zones”, Sensors, vol. 20, no. 14, pp. 3960 —
3975, 2020.

A. Bottiglieri, A. Shahzad, P. Donlon, M. C. Dennedy, A. Lowery, M. O’Halloran,
L. Farina, “Dielectric Characterization of Ex Vivo Ovine and Human Adrenal Glands
for Microwave Thermal Ablation Applications”, IEEE Journal of Electromagnetics,

RF and Microwaves in Medicine and Biology, vol. 5, n. 3, pp. 254 — 261, 2021.

Conference Publications
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A. Bottiglieri, A. M. Elahi, A. Shahzad, P. Donlon, M. Dennedy, M. O’Halloran,
“Experimental evaluation of the effective ablation zone on ex-vivo bovine liver
samples”, EMF-Med 1st World Conference on Biomedical Applications of
Electromagnetic Fields (EMF-Med), Split, Croatia, Sept. 10 — 13, 2018.

A. Bottiglieri, M. A. Elahi, G. Ruvio, J. Eaton-Evans, A. Shahzad, M.C. Dennedy,
M. O’Halloran, L. Farina, “Microwave thermal ablation: focusing energy in target
tissue using fat layer”, European Conference on Antennas and Propagation (EuCAP),

Krakow, Poland, Mar. 31 — Apr. 5, 2019.

L. Farina, A.J. de Marco, A. Bottiglieri, G. Ruvio, J. Eaton-Evans, M.C. Dennedy,
A.M. Elahi, M. O’Halloran, “Microwave ablation antenna for functional adenomas
in the adrenal gland”, Photonics in Electromagnetics Research Symposium (PIERS-
Spring), Rome, Italy, Jun. 17 — 20, 2019.

Other contributions

G. Ruvio, L. Farina, A. Bottiglieri, J. Eaton-Evans, M. Elahi, M. O’Halloran, R.
Pinto, V. Lopresto, M. Cavagnaro, “Comparison of the coaxial open-ended probe
based dielectric properties measurements on ex-vivo thermally ablated liver tissue”,
European Conference on Antennas and Propagation (EuCAP), Krakow, Poland,
Mar. 31 — Apr. 5, 2019.

A. Bottiglieri, E. Dunne, B. McDermott, M. Cavagnaro, E. Porter, L. Farina,
“Monitoring Microwave Thermal Ablation using Electrical Impedance Tomography:
an experimental feasibility study”, European Conference on Antennas and

Propagation (EuCAP), Copenhagen, Denmark, Mar. 15 — 20, 2020.

N.P. Silva, A. Bottiglieri, R. C. Conceicao, M. O’Halloran, L. Farina, “Thermal
properties of ex vivo biological tissue at room and body temperature”, European
Conference on Antennas and Propagation (EuCAP), Copenhagen, Denmark, Mar. 15
—20, 2020.
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1.3 Thesis Outline

The remainder of this thesis describes the background, the numerical studies, the

experimental tests and the results to address the primary research objectives.

Chapter 2 provides a review of the anatomy of the adrenal gland, the biological
mechanism regulating the levels of aldosterone and blood pressure and the types of
adrenal abnormalities responsible for PA. The gold standard techniques for PA treatment
are described, along with the advantages and main limitations that each technique
presents. Ablation techniques recently proposed to address these limitations are
described and compared. The chapter focuses on the current understanding of the MWA

and the potential advantages compared to the other techniques in the PA treatment.

Chapter 3 presents the experimental dielectric data measured ex vivo on ovine and human
adrenal tissues. The motivation, experimental setup and protocol, and procedure for the
analysis of the results are described. The dielectric properties of the ovine adrenal models
are compared with those measured ex vivo on human adrenal glands to estimate the
discrepancy between the animal model and human adrenal tissues. In addition, the
variation in the dielectric properties of a range of different types of diseased adrenal
glands was observed. The dielectric values are shown both in the frequency range from
500 MHz to 8.5 GHz and at single operating frequencies used for MWA procedures, 915
MHz, 2.45 GHz, 5.8 GHz. In particular, the values of ovine adrenal tissues at 2.45 GHz
are used to define the dielectric properties in the numerical simulations described in
Chapter 6 and Chapter 7. The values at 5.8 GHz are used for the numerical study
described in Chapter 8.

Chapter 4 reviews the cause-effect mechanisms underlying the interactions between
EMF and biological tissues. The chapter reviews the main parameters and related

mathematical expressions that will be used to evaluate the performances of the MW
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applicator and the MWA procedure (e.g. reflection coefficient, specific absorption rate
(SAR), increment of temperature). Additionally, the electromagnetic and thermal
problems are defined and the methodology for the numerical solutions is presented. Next,
the performances of three different MWA applicators are compared in terms of reflection
coefficient and distribution of SAR. These applicators are designed and prototyped
taking into account the operating conditions (i.e. 2.45 GHz or 5.8 GHz operating
frequency) and the experimental scenario (i.e. in vivo or ex vivo scenario). Finally, the
workflow for EM and thermal simulations is defined and the main factors of influence

are discussed in relation to the operating frequency, power and time settings adopted.

Chapter 5 presents a proof-of-concept study where a numerical simplified scenario is
characterised by a dielectric contrast between fat and muscle at 2.45 GHz. The numerical
distributions of temperature are compared in terms of different widths of the fat layer and
alignments of the MW applicator. Then, the temperature values obtained in the interface
scenario are compared and contrasted with the results obtained in a reference scenario
composed of homogenous tissue. Finally, experimental tests are conducted to support the

numerical simulation.

Chapter 6 evaluates the distribution of SAR and temperature both in a simplified and 3D
model, representing the structure of adrenal glands at 2.45 GHz. The simplified
multilayered model is designed, and the MW applicator is placed parallel to the interface
between fat and target tissue (i.e. adrenal cortex). The different dielectric contrast
between fat and the adjacent tissue is compared with the scenario presented in Chapter
5. These two scenarios are compared in terms of shape and size of the ablation zones for
each power and time setting adopted. Then, the numerical results obtained in the
simplified model are compared with those achieved in the 3D model. In particular, the
SAR and temperature distributions are described in relation to the influence of the
geometry of the tissue and orientation of the MW applicator. Experimental tests are
conducted by translating the ‘side firing’ approach investigated numerically into an ex
vivo animal scenario. The extent of the ablation zones in the tissue target and the
increments of temperature are correlated with the numerical. Finally, the chapter

describes the procedure to conduct a histology analysis after a MWA procedure and
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describes the changes in the cellular structure of the functional adrenal tissues, fat and

adjacent blood vessels.

Chapter 7 evaluates the influence on the distribution of temperature of the background
material and tissue blood perfusion in the same 3D adrenal models described in Chapter
6. First, the background material of the geometrical model is changed from air (used in
Chapter 6) to blood. The distribution of SAR, the temperature and the ultimate extent of
the ablation zones are discussed in relation to the results presented in Chapter 6. Next,
two numerical models for blood perfusion are added to fat and adrenal tissues. The results
are compared with those obtained in the absence of blood perfusion. Finally, the
numerical findings are supported by an experimental in vivo study and by the histological
analysis of the tissues after the MWA procedure.

Chapter 8 evaluates the impact of the higher operating frequency (i.e. 5.8 GHz) on the
distribution of SAR and temperature both in the fat layer and in the adrenal gland.
Simplified and 3D adrenal models and orientations of the MW applicator are used,
consistent with Chapter 6. Next, a similar experimental MWA procedure as described in
Chapter 6 is adopted. Thus, the temperature values and the extent of the ablation zones
in the target tissue are compared with the values obtained in the numerical study. Finally,
the comparison between numerical and experimental results helps to evaluate the
influence of the water vaporisation on the peak temperature values and extent of the

ablation zone.

Chapter 9 summarises the main results and conclusions of the thesis. In addition, future
work is identified to improve the assessment of the MWA procedure in PA treatment and

the next steps required for the acceptance of the method proposed.
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Chapter 2

Background

2.1 Introduction
In this chapter, the biological mechanism underlying Primary Aldosteronism (PA) and
the resulting hypertension are reviewed. Then, the chapter discusses the clinical

approaches to manage PA and identifies the needs which new strategies should meet.

The main goal of new treatment approaches is to manage PA condition in a less invasive
way compared with the gold standard techniques. To this end, different ablation
techniques have been reviewed in terms of fundamental physical principles, treatment
protocol and current clinical applications. Within these relatively new approaches,
microwave thermal ablation (MWA) has been identified as the optimal candidate. The

work of this thesis is focused on this technique.
The chapter aims to:

. Describe the renin-angiotensin system and the key role in the regulation of blood

pressure both in the normal conditions and in presence of PA;

. Provide an overview of PA incidence on the hypertensive population and the state-

of-the art of the diagnostic criteria;

. Describe the treatment modalities typically adopted in the clinical practice to solve

or contain PA along with the drawbacks that need to be addressed;

. Discuss the recent ablation techniques that may potentially overcome the limitations

of the traditional procedures.

The reminder of the chapter is as follows: the biological principles of PA are presented
in Section 2.1. The development in methods to diagnose PA in recent years and the
consequent changes in the incidence rates of the PA are discussed in Section 2.2. The

techniques currently adopted for the treatment of PA are described in Section 2.3. Finally,
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Figure 2.1: (A) Physiology of the renin-angiotensin system related to the synthesis, secretion and
mechanism of action at the renal distal tubule of the aldosterone hormone. The synthesis of
aldosterone is triggered from the renin protein contained in the renal proximal tubule. Then, the
aldosterone is released from the zona glomerulosa of the adrenal cortex. The effect is the absorption
of sodium (Na*), the release of potassium (K*) and the osmotic water (H20) reabsorption in the
extracellular fluid; (B) three different regions composing the functional tissue of the adrenal cortex
and responsible for the release of different types of hormones: zona glomerulosa, zona fasciculata and
zona reticularis.
the available ablation techniques considered for the treatment of PA are reviewed in

Section 2.4.

2.2 Primary Aldosteronism: biological principles
According to the data reported by World Health Organisation in September 2019, an
estimated 1.13 billion people worldwide suffer from hypertension, with less than 1 in 5

hypertensive people having the problem under control.

The key mechanism regulating blood pressure is the renin-angiotensin-system, shown in
Figure 2.1. In normal conditions, a decrease in the arterial blood pressure triggers the
release of renin protein from the kidney. As a consequence, the renin concentration in
the blood increases. Renin is a protein that catalyses the conversion from the protein

angiotensinogen to the protein angiotensin I, which is converted in angiotensin II.
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Angiotensin Il is the most important stimulus activating the release of the aldosterone
hormone from the adrenal glands [26]. Once the release of the aldosterone is activated,
the concentration of sodium chloride (Na*CI) in the extracellular fluids increases as well
as the excretion of the potassium (K*) by the renal cells. The reabsorption of the sodium
by the renal cells enables simultaneously the osmotic absorption of water.

Vasoconstriction and increase of the blood pressure are the consequent effects.

In the cases of autonomous and persistent aldosterone secretion, the renin activity is
suppressed. In turn, an excessive amount of both sodium and water are absorbed by
extracellular fluids. In response to the high absorption of sodium, high level of potassium
is excreted through the urine, in order to restore a balance between the intra- and
extracellular concentration of sodium (Na*) and potassium (K*). The excessive decrease
of potassium concentration is responsible for the hypokalaemia, whereas excessive levels
of sodium and water in the extracellular fluids induce an uncontrolled increase of blood
pressure responsible for hypertension. The parameter indicating the concentration of
aldosterone in the blood is called plasma aldosterone concentration (PAC). When
hypertension is developed, the levels of PAC can be up to ten times higher than the
baseline value (i.e. PAC > 16ng dI'%). Systolic blood pressure (SBP) and diastolic blood
pressure (DBP) can exceed 120 mm Hg and 80 mm Hg [27], [28].

2.2.1 Causes and Effects of Primary Aldosteronism

The condition known as essential hyperthension (EH) occurs when pathological levels
of blood pressure are not correlated to a specific cause. Essential hypertension accounts
for approximately 90% of all cases of hypertension and, generally different patients have
different causal factors leading to high levels of blood pressure [29], [30]. In contrast to
EH, the hypertension associated to Primary Aldosteronism (PA) is generally linked to
abnormalities arising from the zona glomerulosa of the adrenal cortex. Abnormalities
such as adenomas, clusters of nodules and hyperplasia are the principal cause for the

secretion of large amount of aldosterone and for high levels of blood pressure.
The two major PA subtypes are:

. Aldosterone producing adenoma (APA);
. Bilateral idiopathic hyperplasia (BIH).
13
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« APA s caused by an adenoma of approximately 20 mm in diameter arising from the
outer surface of the adrenal cortex. In the case of BIH, the abnormal enlargements of
both adrenal glands are induced by an excessive rate of cells proliferation [7], [31].

+ Other less common causes for PA include:

« Congenital hyperplasia;
« Aldosterone-producing adrenocortical carcinoma;
. Familial hyperaldosteronism.

Congenital hyperplasia is caused by mutations of genes responsible for
mineralocorticoids production, whereas the familial hyperaldosteronism is an inherited
condition where the adrenal glands produce excessive amount of aldosterone. The
aldosterone-producing adrenocortical carcinoma is an uncommon malignant disease
(<1% of cases) affecting the adrenal cortex [31], [32].

The hypertension caused by PA could vary from moderate to severe levels and may be
resistant to pharmacological treatments [32]. Patients affected by PA may also
experience hypokalaemia which induces muscle spasms, weakness, palpitations,
polyuria (i.e. abnormal production of urine), polydipsia (i.e. excessive thirst), nocturia
(i.e. excessive urination at night). Moreover, the American Diabetes Association states

hypokalaemia induced by APA as the second cause of type 2 diabetes mellitus [33].

Beside hypertension and hypokalaemia, further effects due to PA are cardiovascular,
renal and metabolic disorders. In [7], a history of stroke was observed in 12.9% of PA
patients against 3.4% of patients affected by EH. In the same study, atrial fibrillation was
diagnosed in 7.3% of PA patients and only in 0.6% EH patients. In [4] cardiovascular
complications were found in 34% of PA patients, within which strokes, cerebral
infarctions and cerebral haemorrhages were found in 15.5%, 6.9% and 8.6% of the
patients. A further medical condition associated with hypertension is the left ventricular
hypertrophy (LVH) responsible for cardiac dysfunctions. In [34] LVH was observed in
53.3% PA patients and in 45.5% of EH patients. In [35] LVH was found in 57% PA
patients whereas only 22% EH patients presented the same hypertrophy. In [36],
metabolic abnormalities including high levels of triglycerides (>1.69 mmol-L™), low
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levels of cholesterol (<1.1 mmol-L™?), fasting glucose (>6.1 mmol-L1) were identified in
41.1 % PA patients and 29.6% EH patients. Finally, [37] observed diabetes mellitus and
hyperglycaemia in 37.6% and 54.9% PA patients against 25.0% and 38.2% cases found
within EH patients.

In summary, PA can have a significant impact on a range of serious medical conditions
from stroke to metabolic complications. Each of these conditions may have considerable
morbidity and mortality. By effectively treating PA, many of these conditions could be

resolved or avoided, improving the quality of life of patients.

2.3 Epidemiology of Primary Aldosteronism

2.3.1 Initial diagnostic criteria

As discussed in the sections above, in patients affected by PA, a high amount of
potassium is released to balance the excessive absorption of sodium and water due to the
abnormal production of aldosterone. The release of large amount of potassium may give
rise to hypokalaemia. Up to 15 years ago, the diagnosis of the PA was based on evidence
of hypokalaemia within patients. Thus, the first studies considered the hypokalaemia as
a unique parameter to determine PA condition. This measure underestimated the
incidence of PA in the population affected by hypertension [8], [31]. For example, [38]-
[40] showed an incidence of PA across the hypertensive population of approximately

1%, based on the blood potassium concentration test.

In [41] plasma aldosterone concentration (PAC) was for the first time investigated as an
additional diagnostic method to be combined with the blood potassium concentration
test. However, the combination of the two diagnostic criteria was adopted only for 22 of
the 1036 patients included in the study. The remaining patients were tested by measuring
the levels of potassium concentration in the blood (bK). As a result, PA diagnosis
revealed only 2.2% positive cases in the patients showing levels of plasma aldosterone
concentration higher than 8.0 ng-dL}(baseline condition). The low evidence of PA cases
(22/1036) [41] is likely due to the nature of the study, as the plasma aldosterone

concentration was tested only on a small number of the patients involved in the study.
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Table 2.1: Main clinical (SBP and DBP) and biochemical parameters (PAC, PRA, ARR and bK)
evaluated during PA screening procedure. The listed baseline ranges in normal condition mention the
Mayo Clinic reference values [44].

Baseline values

Clinical Parameters Biochemical Parameters
SBP DBP PAC PRA ARR bK
(mmHg) (mmHg) (ng-dL?) (ng-mL1-h?) (ng-dLt-mL-ng?-h) (mmol-L?)
90-120 60 — 80 1-15 0.6-3.0 1-20 2.6-55

In [42] Aldosterone-to-renin ratio (ARR) was proposed as a novel diagnosis parameter
in an attempt to design a reliable screening protocol and to reduce the number of
undiagnosed PA cases. The ARR parameter is the ratio between the plasma aldosterone
concentration (ng-dL™) and the level of renin activity (ng-mL™- hl) (PRA). According
to these new criteria, in [42] 9 over 348 hypertensive patients showed values of ARR
higher than 60, which is three times the upper normal value. Scintigraphy test confirmed
the presence of APA for the selected patients. For all the other patients, ARR was within
the baseline values and the diagnosis of essential hypertension was confirmed. It is worth
noting that the level of potassium was within the normal values range in six of the nine
patients affected by APA. The diagnosis criteria used in [42] showed accurate results in
the screening of APA subtypes, while the performances in the screening of BIH subtype
were untested. However, the study presented in [42] was the precursor of screening

protocols currently adopted for PA diagnosing.

2.3.2 Novel diagnostic criteria

In the last two decades, progress in diagnosis criteria changed the assumed rate of PA
cases over the hypertensive population, denying hypokalaemia as a condicio sine qua
non for PA. Both clinical and biochemical parameters are currently evaluated in the
screening procedures [6]. The main clinical and biochemical parameters and their values
in normal conditions (baseline values) are reported in Table 2.1 [43], [44]. Firstly, clinical
parameters including systolic and diastolic blood pressure (SBP and DBP) must be
measured to verify the existing of hypertension. Then, biochemical parameters (PAC,
PRA, ARR, bK) measure the levels in the blood of aldosterone released by the adrenal

cortex, the level of activity of the renin and the concentration of potassium in the blood.
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It is worth noting that in the current clinical protocol, the blood potassium concentration
is evaluated alongside the other biochemical parameters.

The combined use of multiple biochemical tests led to an increase in the number of PA
diagnosis by 500 —1500% [3]. However, the above-mentioned tests must not be intended
as definitive diagnostic tools. The abnormal secretions of aldosterone hormone need
further investigation. Thus, all the positive cases resulting from the testing of clinical and
biochemical parameters should be followed by at least one of the following confirmatory
tests: captopril test (CPT), saline- or fludrocortisone-based suppression tests (SIT or
FST), oral saline loading test (SLT) [3]. These tests are described in detail below.

Captopril test (CPT)—ARR itself is a biochemical parameter that could not lead a
conclusive PA diagnosis. A number of false positive, linked to ARR could be due to the
high levels of renin activity not related to PA condition [45]. In more recent clinical
protocols, ARR is measured after the administration of a single captopril dose [46], [47].
In non-PA patients, captopril causes the inhibition of the conversion mechanism from
Angiotensin | to Angiotensin Il, thus a decrease in the release of the aldosterone
hormone. In the presence of PA, the autonomous aldosterone production is not affected
by the effects of the captopril administration. Thus, in patients affected by PA, high levels
of ARR are persistent. This method allows a more reliable screening of PA patients,
avoiding the misinterpretation of high levels of ARR due to low activity of renin
unrelated to PA.

Suppression test (SIT, FST)—Suppression tests are generally adopted to confirm that high
levels of PAC are linked to PA condition. It is worth noting that the release of the
aldosterone in the blood induces the absorption of the sodium and water and the release
of potassium. Hence, the main goal of these suppression tests is to evaluate if the release
of high amounts of the aldosterone hormone persists even after the administration of
sodium and water. Both sodium and water are administrated through the intravenous
saline (saline infusion test -SIT) or fludrocortisone acetate infusion (fludrocortisone
suppression test — FST). The SIT is based on the administration of 2L of 0.9% NaCl over
4h, whereas FST generally implies the administration of 0.1 mg fludrocortisone every 6h
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[3]. Then, aldosterone levels are measured. If values of aldosterone concentration are

approximately above 6 ng dI, PA diagnosis is confirmed [6], [48], [49].

Saline loading test (SLT)—A further method to confirm PA diagnosis involves the
evaluation of the levels of urinary aldosterone and sodium after three days of a high
sodium diet. The test relies on administrating 12.8g NaCl per day [3]. PA is confirmed
in the case of levels of aldosterone higher than 12ug/day and levels of sodium lower than
200 mmol/day [3]. As this test is based on the increase of dietary sodium, it is not

recommended in cases of patients affected by severe hypertension [6], [8], [46], [49].

Once PA diagnosis is confirmed, a computer tomography (CT) scan is required to
identify the PA subtype and to exclude the presence of adrenal carcinomas. CT-scans
show accurate results in identifying solitary, unilateral, hypodense adenomas with a
diameter larger than 1 cm and up to 2 cm. However, CT-scans have difficulties
distinguishing between small unilateral adenomas (< 1 cm diameter) and hyperplasia.
Therefore, an additional test is required to accurately differentiate unilateral from
bilateral PA subtype. This is achieved using adrenal venous sampling (AVS).

AVS is the reference standard test to identify PA subtype. During AVS test, adrenal veins
are catheterised and blood samples are collected from adrenal veins and inferior vena
cava (IVC). Then, the aldosterone-cortisol concentration ratio is calculated for each
blood sample. In the cases of autonomous aldosterone release involving one of the
adrenal glands, blood samples from the adrenal veins typically show aldosterone-cortisol
ratios four-folds higher than those collected from IVVC [3]. In patients with BIH, the mean
aldosterone-cortisol ratios are approximately three-folds higher compared to the

aldosterone-cortisol concentration ratios of the blood samples acquired from the I'VC.

The above-described gold standard procedures for the lateralisation of PA disease are not
without limitations. CT-scan shows low-performances for adenomas less than 1 cm
diameter. AVS is an invasive diagnostic test and a technically demanding procedure due
to the catheterisation of the adrenal veins and of IVVC. The potential of PET-CT-scan is
currently under investigation to overcome such limitations. In [50] *'C-metomidate as a

PET radiotracer was used to selectively identify unilateral or bilateral nodularity. The
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Figure 2 2: Main phases of the screening protocol for PA diagnosis: 1) Evaluation of the clinical
parameters (SBP and DBP), 2) evaluation of the biochemical parameters (PAC, PRA, ARR, bK) in
case of persistent hypertension, 3) test to confirm PA diagnosis (CPT, SIT, FST, SLT), 4) CT-scan to
detect abnormalities in the adrenal glands, 5) Test to investigate the lateralisation (AVS test) of the
abnormalities and reveal PA subtype.

procedure is based on the intravenous injection of 1!C-metomidate while the PET camera
is centred to focus the adrenal mass via CT guidance. The main property of the *C-
metomidate is to inhibit the enzymes (CYP11B2 and CYP11B1) responsible for the
synthesis of aldosterone and cortisol in the adrenal cortex. Thus, an increase in the uptake
of 1C-metomidate from the adrenal glands can be observed during the PET-CT scan, in
the presence of unilateral or bilateral functional nodularity. The 'C-metomidate PET-
CT showed promising results in the lateralisation of PA [51]-[53], however further
investigations must be conducted in order to determine the specificity and sensitivity of

the test and to evaluate the radioactivity concentrations in other organs.

To summarise, the clinical protocol for PA diagnosis recommended by the Endocrine

Society [47] is schematised in Figure 2.2.
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To complete the discussion about diagnosis strategies, data across 14 studies published
in the last two decades were summarised in Table 2.2. In order to highlight the impact
of the new strategies of screening on the rate of PA diagnosis, studies reporting at least
one biochemical parameter, one confirmatory and the lateralisation test (AVS and/or CT-
scan) were selected. Table 2.2 includes the name of the author and the country where the
study was conducted, the type of study (i.e. retrospective or prospective) and the size of
the sample. The same table lists the biochemical parameters examined in each study and
the confirmatory test adopted. Ultimately, the percentage incidences of PA and of the
subtype (i.e. APA or BIH) are reported. According to the results of the reported survey,
the range of PA incidence ranges from 4.6% to 34.8%, with a median of 11.2%. The CT-
scan and the AVS tests confirmed a prevalence of the APA and BIH subtypes ranging
from 9.1 % to 50 % and from 22.2 % to 88.9 %, respectively.

The outcome of the review highlights the controversial consensus around the protocol
adopted for PA diagnosis. The data gathered in Table 2.2 show non-uniform cut-off
values for the biochemical parameters. In the case of ARR parameter, the threshold value
to establish the positive patients ranges from 50 ng-dL*-ngt-mL-h reported in [54] to 20
ng-dLt-ng-mL-h reported in [55]-[58]. For the PAC parameter, the cut-off values vary
between 6 ng-dL indicated in [57] and 16 ng-dL™ reported in [59]. With reference to
PRA, the upper limit value ranges between 0.3 ng-mL?-h" reported in [56] [55] and 2
ng-mLt-h? assumed by [57], [58]. An additional discrepancy includes the type and
number of confirmatory tests adopted. According to the data reported in Table 2.2, SIT
and SLT are the confirmatory tests widely used. A combination of two confirmatory tests
is adopted in [28], [57], [58], while most of the studies use one confirmatory test for PA
diagnosis. Absence of agreement is also visible around the procedures for PA
lateralisation. The protocol (Figure 2.2) suggests an AVS test following the CT-scan to
determine the PA subtype. However only one of the two procedures was adopted in four
out of 14 studies reported in Table 2.2. Specifically, in [57] and [58] only AVS was

conducted to establish the lateralisation. In [59] and [55] only CT-scan was executed.

This review of the progresses in the diagnostic criteria highlights the change over the last

two decades in the prevalence of PA cases within the hypertensive population. The lack
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of appropriate screening parameters leaves PA to be considered as a “needle in a
haystack”, thus PA remained considerably underdiagnosed [28], [60]. Progress in the
clinical protocol led to an increase of approximately ten-fold the number of PA patients.
However, further efforts are still required to overcome the existing inconsistency in the
clinical protocols and diagnosis criteria adopted by different clinical centres (Table 2.2).
A prompt diagnosis of PA followed by an identification of the subtype would help to
identify a suitable cure and to avoid harmful effects, such as cardiometabolic injuries
[28], [47], [61] [62]
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Table 2.2:Summary of the main characteristics of the 14 studies included in the survey for the assessment of PA prevalence. Name and type of the studies (R:
retrospective, P: prospective), size of the cohorts of hypertensive patients, values of the biochemical parameters measured, type of confirmatory test, percentage of PA

cases and incidence of the PA subtypes (APA and BIH) are listed.

Diagnosis approach PA subtype
Stud Study e::kensive Biochemical t t-off val Subtype o
y type yp _ iochemical parameters cut-off values Confirmatory  gistinguichin prevalence APA  BIH
patients g g (%)
PAC PRA ARR bK test test (%) (%)
(ng-dL?) (ng-mL*-h?)  (ng-dL?-ng*-mL-h) (mmol-L1)
[56] CT-scan +
) R 350 > 15 <03 > 20 <35 SIT 28.6 50.0 NA
(Singapore) AVS
[59]
) P 609 > 16 <1 >25 <35 FST CT-scan 6.1 5.4 18.9
(Chile)
[54]
CT-scan +
(Czech P 402 > 15 <0.7 >50 <35 SIT 19.0 36.0 420
) AVS
Republic)
[55]
. CT-scan +
(Minnesota, R 1112 >15 NA >20 NA SLT AVS 10.8 28.0 72.0
USA)
[55] CT-scan +
R 7343 > 15 <0.1 >40 NA SIT 8.0 30.0 70.0
(Italy) AVS
[55] CT-scan +
) R 3850 > 15 <07 >20 NA SLT 4.6 50.0 50.0
(Singapore) AVS
[55]
) R 914 > 10 <03 >25 NA FST CT-scan 7.2 9.1 88.9
(Chile)
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[46]
P 1125
(Italy)
[63]
(Georgia, P 100
USA)
(541 254
(Italy)
71 155
(Japan)
[58] 66
(Australia)
[5] 100
(Italy)
[4_8] 531
(China)

NA

>15

> 15

>6

>10

> 10

<0.1

<0.2

<2

<1

NA

>40

> 30

> 40

> 20

>20

> 30

>30

<22

<4

NA

<4

<338

SIT+CPT

SLT

SIT

SIT+CPT

SIT + FST

SIT

SIT
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CT-scan +
AVS

NA

CT-scan or

AVS

AVS

AVS

CT-scan +
AVS
CT-scan +
AVS

11.2

14.0

7.1

29.1

34.8

25.0

25.2

42.8

NA

27.8

311

34.8

20.0

48.1

57.2

NA

72.2

68.9

47.8

60.0

22.2
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2.4 Established Treatments for Primary
Aldosteronism

A range of existing treatments will be described in the following of the section. Based
on the Endocrine Society guidelines, APA is generally treated via unilateral laparoscopic
adrenalectomy, whereas the BIH is managed through pharmacotherapy based on the
administration of mineralcorticoids receptors antagonists (MRAS) [47].

2.4.1 Laparoscopic Adrenalectomy

Laparoscopic adrenalectomy (LA) is the treatment method generally adopted for APA or
unilateral hyperplasia [47],[66],[67]. The technique requires resection of the entire gland

to ensure the complete removal of the adenoma.

Retroperitoneal access is the preferred surgical approach both for the right and left
adrenalectomy. In order to finalise the resection of the gland, several small branches of
the adrenal artery are removed [68]. Although the rate of mortality due to LA is less than
1%, post- and peri-operative complications are reported in different studies [69]-[72].
Firstly, the complete resection of the gland can induce adrenal insufficiencies and a
consequent risk of developing a adrenal crisis. In these cases, a supplement therapy of
steroid hormone is required [73]. Bleeding accounts for up to 40% of total complications,
because of the extensive blood vessels network supplying the adrenal glands [69].
Further common complications include possible injuries to the surrounding vasculature,

bowel, liver, spleen, pancreas and pleura [74], [75].

2.4.2 Mineralocorticoid receptor antagonists

The biological mechanism of the mineralocorticoids receptor antagonists (MRAS) is to
block the abnormal activity of the aldosterone. The most commonly available options are
the spironolactone and the eplerenone [76]-[78]. Spironolactone is a pharmacological
treatment typically adopted in the presence of bilateral hyperplasia (BIH). Side-effects
are observed following the administration of the spironolactone, such as gynecomastia
in men and menstrual dysfunctions in women. Eplerenone is a relatively new
pharmacotherapy. It was observed that eplerenone improved the patient’s tolerability
because of the reduced number of endocrine side-effects compared with spironolactone.

However, different studies showed better results in the management of the hypertension
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by the administration of spironolactone compared with eplerenone [77], [79]. As a result,

the Endocrine Society recommends spironolactone as primary treatment for BIH [47].

2.5 Emerging treatment modalities for Primary
Aldosteronism

The limitations observed for both adrenalectomy and MRASs pharmacotherapy suggest
that new therapeutic strategies should be investigated for the treatment of PA. Alternative
therapeutic techniques are required in the following cases:

« Unsatisfying results from the adrenalectomy and impossibility of administrating a

life-long pharmacotherapy;

. Patients affected by bilateral PA condition showing poor tolerance to the effects
induced by the administration of MRAs;

. Refusal of a surgical procedure;

. Both the surgical approach and the pharmacotherapy show no substantial

improvements;

« Existing multiple comorbidities such as cardiovascular diseases, renal failure, or

cerebral infarctions.

Ablation techniques could be a promising alternative to the traditional therapeutic
solutions for PA and could enable the treatment of a larger number of patients. To date,
ablation techniques including chemical ablation, cryoablation, radiofrequency ablation
(RFA) and microwave ablation (MWA) are routinely adopted in the clinical practice for
the treatments of different types of tumours, such as liver lesions, renal carcinoma and
gastro-intestinal tumours [10], [80], [81]. Currently, ablation techniques are under
investigation in order to extend their applications to other target such as lung and breast

lesions, adrenal metastasis, adrenal adenomas and thyroids tumours [19], [82]-[85].

In this section, the abovementioned ablation techniques are introduced. The state of the
art of each technique is briefly discussed, together with the potential application for the

treatment of Primary Aldosteronism.
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2.5.1 Chemical Ablation

Chemical ablation is performed through the direct injection of ethanol or acetic acid into
the tumour. The biological mechanism inducing cell death involves the dehydration of
the cytoplasm and the consequent necrosis of tumour cells [86]. The chemical agents
induce the necrosis of endothelial cells and the consequent thrombosis of the vasculature
system surrounding the tumour tissue [22], [87]. The equipment includes a syringe
typically containing a solution of 95% ethanol or 50% acetic acid. The chemical agent
flows through the connecting tubing from the syringe to the tip of a needle used for the
direct injection into the tissue target. In clinical practice, the treatment is performed under
ultrasound (US) guidance [80].

In the cases of lesions characterised by a high degree of vascularisation (such as hepatic
malignancies), the de-vascularisation of the tumour through chemoembolisation
represents an effective option to induce the ischemic necrosis of tumours [84], [87]. The
embolisation is performed by injecting chemotherapeutic drugs and embolic agents
directly into the main artery feeding the tumour. Chemical ablation is mainly used in the
treatment of masses localised in the gastrointestinal tract, such as hepatocellular

carcinomas [88], [89].

Nowadays, chemical ablation and chemoembolisation are mostly adopted as adjuvant of
the thermal ablation techniques [90]-[94]. In recent years, chemoembolisation followed
by thermal ablation has been widely applied to increase the necrotic effect of the thermal
procedure by lessening the blood flow of the vasculature system surrounding the tumour
[94].

Concerning the application of chemical ablation to the treatment of adrenal neoplasms,
the first application of the ethanol-injection procedure in a patient affected by APA was
presented in [34]. After one month follow up, the levels of the aldosterone (PAC) and
the renin activity (PRA) in the blood were normalised, however the patient remained
hypertensive. The normalisation of the biochemical parameters was obtained also in [95],
where a single patient affected by unilateral adrenal adenoma (APA) was treated by CT-
guided acetic acid-injection. The same procedure was performed in [96] in a cohort of

ten patients affected by unilateral adrenal tumours; normalisation of the blood pressure
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was found in seven of the ten patients. In [97], normal levels of blood pressure, potassium
and aldosterone-to-renin ratio (ARR) were achieved after a second ethanol-injection
procedure performed four years after the first one. In [98], normal levels of aldosterone
and blood potassium were achieved one week after the acetic acid injection, whereas the
blood pressure values decreased gradually up to the normal levels one month after the

chemical ablation.

The performances of chemoembolisation for the treatment of PA were investigated only
in two studies. In [99], ten patients affected by unilateral PA (APA) were treated through
the injection of absolute ethanol to embolise the adrenal artery feeding the adrenocortical
adenomas. A further clinical study on thirty-three patients was performed in [100] to treat
unilateral adreno-cortical adenomas through the chemoembolisation of the adrenal
artery. Both [99] and [100] showed normalisation of biochemical parameters and blood
pressure levels after the procedure and during the follow-up period. In conclusion, the
successful response ranged from a minimum of 30% in [99] to a maximum of 82% in
[100].

Although the above-mentioned studies showed promising results, some concerns remain
related to the use of the chemical ablation or chemoembolisation procedures in the cases
of adrenocortical adenomas. In the cases where more than one injection is required to
completely cover the target through the fluid, the risk to damage surrounding sensitive
structures should be considered [95], [96]. Then, as the procedure is stopped, the injected
fluid could leak outside the tumour and the downward diffusion of the acetic acid or
ethanol could damage the kidneys [98]. Finally, the penetration of the tumour through
the needle could increase the risk of pneumothorax when the lower edge of the lungs
extends to the adrenal glands [95], [96].

2.5.2 Cryoablation

Cryoablation is an ablation method which uses subfreezing temperatures to induce the
death of tumour cells. Those temperatures are delivered through the circulation of a
cryogen gas within a cryoprobe that is then inserted in the tissue target. Irreversible tissue
damage occurs at temperatures below -20°C. Current cryoablation systems use the

combination of the compression and expansion of a specific gas (Joule-Thomson effect)
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to reach temperature in the range of -20 — -40°C [80]. Nitrous oxide or argon gases are

the cryoagents commonly used.

The freezing phase is the first phase of the procedure and it is followed by a thaw phase.
Depending on the tumour size, one or multiple probes are placed in the middle of the
lesion, with the tip touching the distal edge of the tumour. During the freezing phase,
pressurised argon is pumped in the chamber placed at the distal end of the probe. Because
of the gas expansion, the local temperature drops to -160 °C. An ice ball is created around
the tip of the probe during the freeze phase of the treatment (generally 5-15 min duration)
that causes the decrease of temperature in the surrounding tissue. In the following phase,
the flow of the cryogen gas (e.g. argon) is interrupted and the frozen mass is allowed to
thaw passively [80], [87], [101]. When the procedure is completed, the cryoprobe is

heated and removed.

Cryoablation is used in the treatment of thoracic and abdominal masses such as lung
tumours, endobronchial neoplasms, liver and kidney tumours. Contrary to hyperthermic
thermal ablation techniques (described below), cryoablation can prevent irreversible
damages to the pleura and the perforation of the organ [102], [103]. Few studies reported
cryoablation as a potentially effective method for the treatments of adrenal functional
neoplasms [104], [105]. In [104] a retrospective study was conducted on eleven patients
to evaluate the clinical effectiveness of CT-guided cryoablation in the treatment of
adreno-cortical adenomas. The complete normalisation of the biochemical parameters
and blood pressure levels were achieved in all the patients treated. However, the study
presented in [104] is the only study available where the performances of cryoablation
were clinically explored. Because of the retrospective nature of the study and the lack of
further available data, the feasibility of cryoablation for the treatment of adrenal
adenomas cannot be confirmed. The main limitation of the technique relates to the
thermal gradient between the cryoprobe surface and the distal zone of the freeze
temperature. Commonly two freeze-thaw cycles are applied to mitigate the
inhomogeneities in the temperature distribution in the target tissue. Thus, the procedure

could cause excessive thermal stress in the cases of functional tissues such as in adrenal
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glands. A further concern linked to cryoablation is the risk of “cryoshock” responsible
for intravascular coagulation [106], [107].

2.5.3 Hyperthermic ablation techniques

The main goal of hyperthermic ablation techniques is to destroy the tumour cells by
inducing a high temperature in the tumour [80]. The heating of the tissue target causes
cell death by thermal coagulation necrosis [10], [80], [108]. The volume of the heating
induced by hyperthermic ablation techniques depends on the distribution of temperature
within the tissue. When the temperature is increased up to 46°C for approximately 60
minutes, irreversible damages of the cells occur. A further increase in temperature, even
by a small degree, can shortens the time for cell death from 60 minutes to 4 — 5 minutes.
Between 50 — 100°C, instantaneous coagulation necrosis occurs, which involves
irreversible denaturation of the proteins and of cytoplasmatic and mitochondrial enzymes
that are crucial for the DNA duplication [10], [80], [81]. Temperatures above
approximately 110°C result in tissue carbonisation. A tumour is successfully treated

when the entire lesion uniformly achieves cytotoxic temperatures (i.e. above 50°C).

The increase in temperature of the tissue is obtained through the interaction of an external
source with the biological tissue. Electromagnetic (radiofrequency and microwave
ablation), optic (laser ablation) and acoustic (ultrasound ablation) sources are typically
adopted [109].

Electromagnetic based hyperthermic ablation techniques induce the temperature increase
in the tissue. Specifically, the ionic conduction in the radiofrequency range (100 — 500
kHz) is the biophysical mechanism underlying the radiofrequency ablation (RFA). The
polarisation and/or vibration of molecular dipoles in the microwave frequency range (500
MHz — 10 GHz) is the biophysical mechanism of the microwave ablation (MWA).

Radiofrequency ablation. During radiofrequency ablation (RFA), a needle-shaped
electrode is placed into the tumour via CT, US or MRI-guidance. The RF electrode is a
metal shaft completely insulated (with the exception of the exposed tip). In a monopolar
system, an active electrode is placed directly inside the tumour and a ground pad is placed
on the patient’s skin. In a bipolar system, a passive electrode is generally placed in

proximity of the active one. A RF generator is used to supply RF power to the active
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electrode inserted in the tissue. The RF generator provides an alternating differential
voltage between the two electrodes. A fixed frequency is selected in a range of 450 kHz
— 500 kHz [110]. When the generator is switched on, the electric charge is transferred
from the electrons inside the electrodes to the ions in the biological tissues. Thus, electric
current flows from the active electrode to the passive electrode or to the ground pad
through the tissue [80].

Essentially, the heating is produced by Joule effect caused by the resistive energy loss
associated to ionic current into the biological tissues [10], [108]. Most of the heating
occurs in the area of the tissues with the highest current density, while the peripheral part
of the thermal lesion is caused by heat conduction [111]. The size and the shape of the
ablation zone achievable by RFA depend on the characteristics of the tissue such as
electrical conductivity, thermal conductivity, heat specific capacity and the degree of
blood perfusion of the tissue [110]-[112]. In particular, the RFA procedure is highly
affected by the impedance of the tissue. Indeed, the impedance of the tissue increases
with a rise of temperature, inducing the risk of incomplete thermal coverage [112]-[114].
In addition, RFA is sensitive to the blood perfusion and the related risk of heat sink effect
which also may contribute to suboptimal thermal coverage [115]. Strategies including
the optimisation of the electrode design were developed to improve the energy deposition
in the target tissue. Concerning the electrode design, multiprobe arrays were developed
to increase the area of the coagulation zone in the case of larger tumours (up to 5 cm)
[80]. Internally cooled electrodes also were designed to minimise the tissue charring
around the electrode [116], [117] and bipolar systems were adopted in order to create
more focal ablation zones in the tissue target. Combined with the optimisation of the
electrode design, the optimisation of the clinical protocol helps to overcome the
dehydration of the tissue and extend the coagulation area. One of the most used clinical
protocol for RFA procedures is the impedance-controlled pulsing protocol. This protocol
prevents the excessive increase in the electrical impedance by alternating periods of low
current to periods of peak currents. Generally, the RF generator is switched off when the
impedance exceeds 20 — 30 Q [110], [114], [118].
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Nowadays, RFA is adopted in clinical practice primarily for the treatment of cardiac
arrhythmias, liver malignancies such as hepatocellular carcinoma (HCC) and hepatic
metastases that cannot be treated surgically [119]-[122]. Other RFA applications include
the treatment of gastrointestinal carcinomas, colorectal metastases, osteoid osteomas,

metastatic bony lesions, and renal tumours [123]-[125].

Recently, RFA is under investigation for the treatment of adrenocortical neoplasms
responsible for PA. In the case of patients not eligible both for pharmacotherapy and
adrenalectomy, different studies suggested RFA as alternative therapeutic technique. The
treatment is generally performed under CT- or laparoscopic US-guidance, after the
evaluation of the clinical and the chemical parameters and the confirming test to evaluate
the lateralisation of the disease. Based on the results reported in [126]-[131], RFA
supports the successful treatment of functional APAs. In these studies, the outcomes of
the procedure were evaluated through the investigation of the blood pressure levels, the
biochemical parameters and the CT-scan of the adrenal gland, during each follow-up. In
the most recent study [127], a long-term follow-up (6 + 2 years) confirmed hypertension
improvements in more than 50% patients. However, the studies reporting the success of
the RFA application are limited to unilateral PA. The performances of RFA for the
treatment of bilateral PA subtype are unclear, as no study about the application of RFA
on bilateral functional adrenal masses has been performed so far.

Microwave ablation. Microwave thermal ablation (MWA) exploits the electromagnetic
field radiated from an antenna to induce high (above 50°C) and localised temperature
increases in diseased tissues [10], [80], [81]. Because of the applied alternating electric
field, the dipolar water molecules attempt to align with the electric field. The continuous
rotations of the dipoles and the collisions between adjacent molecules cause the loss of
energy that is converted in heat. The ability of the electromagnetic field to propagate in
low water-content tissues (e.g. bone, lung) as well as in high water-content tissues (e.g.
liver, kidney) allows for ablation zones up to 50 mm in diameter. As a result, MWA is
less susceptible to the characteristics of the tissue compared with RFA. MWA procedures
show better performances in tissues characterised by a high degree of vascularisation in

comparison with RFA. In particular, microwaves are able to overcome the convective
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cooling effect due to blood flow which counters with the heat generation due to the
ablation procedure [132]. The energy from the MW generator is delivered to the antenna
through coaxial cables. Overheating of the cable and a risk of unintended injuries to the

tissue is minimised by adding a cooling jacket around the applicator [80], [133].

A clinical MWA setup typically includes a power generator, a coaxial cable terminated
by a MW antenna and a cooling system. Omnidirectional antennas such as dipoles or
monopoles are widely adopted for MWA procedures. These antennas can be miniaturised
by using thin coaxial cables which are easily introduced in the targeted area through
biopsy needles. The diameter of the feeding coaxial cables typically ranges from 11

gauge (2.5 mm) to 17 gauge (1.2 mm).

The MWA devices currently available include antennas optimised to operate at 2.45 GHz
or 915 MHz. Such devices include HS Medical Amica™ (HS Hospital Service, Rome,
Italy), Emprint™ (Medtronic, MN, USA), Ethicon NeuWave™ (Johnson & Johnson,
WI, USA), Acculis (AngioDynamics, NY, USA) and the Solero (AngioDynamics, NY,
USA), the MicrothermX™ (Varian Medical Systems Inc., CA, USA), MedWaves
AveCure™ (San Diego, CA, USA) [81]. MW applicators operating at higher frequencies
(e.g. 5.8 GHZz) are currently being researched. Recent studies showed that frequencies as
high as 5.8 GHz are able to create more spherical ablation zones in a shorter time

compared with the operating frequencies traditionally adopted [134], [135].

One of the parameters to be considered for the design of the MW applicators is the
reflection coefficient. The reflection coefficient indicates the amount of power
transmitted in the tissue target by the antenna with respect to the power delivered by the
MW generator. The mismatch between the characteristic impedance of the coaxial cable
and the impedance of the antenna causes the electromagnetic field to be partially reflected
along the feeding coaxial cable. Thus, the length of the radiating element of the antenna
should be optimised in order to have the minimum value (i.e. lower than 10 dB) of the
reflected power at the operating frequency. The length of the radiating element also
influences the length of the ablation zone and the sphericity index of the coagulation area.
Further parameters that should be optimised when treatment planning include the

position of the applicator inside the tumour, the power to be radiated by the antenna and
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the time of irradiation. Power and time settings greatly influence the performances of the
MWA procedure. Generally, the largest ablation zones are reached when delivering into
the tissue high levels of input power (> 80 W) for relatively short time (< 3 min). These
settings are able to overcome the heat-sink effect more effectively due to the blood
perfusion. When high levels of power are maintained for longer time, the sphericity of
the ablation zone degrades, because of the rapid increase of the ablation zone along the
longitudinal dimension [109], [136], [137]. In addition, the boiling and carbonisation of
the tissue may affect the operating conditions of the procedure. For example, the
excessive dehydration of the tissue could induce the detuning of the antenna, which is a
potential risk for the integrity of the MW applicator. On the other hand, excessively low
input power levels (< 30 W) are unable to generate heating fast enough to overcome the
effect of the blood perfusion [138]-[140].

The clinical practice currently used consists of positioning the MW applicator in the
centre of the tumour, through image-guided procedures. The imaging guidance
techniques include computer tomography (CT), ultrasound (US) or magnetic resonance
imaging (MRI). One or more of the aforementioned imaging techniques are adopted at

the different stages of the procedure. The stages of the clinical procedure include:
« Visualisation of the size and the position of the tumour;

« Proper placement of the MW applicator into the target tissue, avoiding surrounding

sensitive structures;
« Real-time monitoring of the growth of the ablation zone during the treatment;

« Evaluation of the result of the procedure immediately after the procedure and during

the follow-up periods.

US is generally used to introduce the ablation applicator in the target region, while it
shows low performances for the real-time evaluation of the ablation areas. The hyper-
echogenicity of the microbubbles arising during the ablation procedure impedes a clear
visualisation of the applicator and the treated area. MRI is the most accurate technique
to localise the position of the tumour and to visualise the coagulation effects after the
procedure. The main limitations of MRI are the high cost and the low compatibility with
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most commonly available MW applicators. Thus, CT is generally adopted for the real-

time monitoring of the growth of the ablation zone during the procedure.

The real-time monitoring of the temperature is a further aspect of the microwave thermal
ablation treatment that must be taken into account. The continuous measurement of the
temperature during the procedure is crucial to ensure the thermal coverage of the tumour
areas and to minimise the risk of thermal damage to critical structures such as blood
vessels. To date, the temperature during MWA procedures can be monitored through
single or multi-sensor probes including thermocouples or fiber optic sensors. The major
limitations of these measurement techniques are the necessity of penetrating the tissue,
and the ability to provide temperature readings only in a single point. Magnetic resonance
thermometry (MRT) is a non-invasive temperature monitoring technique which provides
3D temperature maps. However, the main source of errors in temperature measurements
through MRT is linked to the magnetic susceptibility of the applicator and the
background noise.

All the factors of influence described so far must be considered in the treatment planning.
MWA treatment planning workflow generally consists of:
. Development of the numerical models reproducing the target anatomical region to

evaluate the distributions of the specific absorption rate (SAR) and the temperature;

« Numerical simulations aiming to optimise of the antenna design according to the
operating frequency, the power to be delivered into the tissue and the duration of the

treatment;

« Monitoring of the of the MW ablation procedure to ensure the quality of the treatment

and the appropriate delivery of the thermal dose.

The distributions of SAR and temperature are influenced by the geometry and
characteristics of the tissue target, such as thermal and dielectric properties [141]-[145].
Accurate knowledge of the tissue properties is required for reliable predictions of SAR
and temperature distributions. Moreover, the changes in the blood perfusion occurring
during the MW heating is a further component which should be characterised, since it
influences the extent of the ablation areas especially for targets with an high degree of
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vascularisation or in proximity to blood vessels (e.g. hepatic artery, inferior vena cava,
portal vein) [146]-[148].

MWA is in routine clinical use for a number of tumours such as hepatocellular (HCC)
carcinoma, lung tumours, renal cell carcinoma, liver and adrenal metastases. In the
clinical practice, MWA showed effectiveness (> 90%), safety (> 95%) and survival rate
(> 60%) for the treatment of HCC, hepatic metastatic diseases and liver metastasis of
gastric cancer [122], [149]-[151]. Technical success (> 90 %) and high survival rates (>
80 %) have also been demonstrated in the treatment of renal cell carcinoma [16], [152].
MWA also reported promising results in the treatment of lung tumours and in the local
tumour control of colorectal lung metastases [82], [153]. Recently, MWA is being
investigated for the treatment of osteoid osteomas [154], [155], pancreatic tumours [156],
[157], parathyroid glands [158], [159] and adrenal metastases [84], [160] .

Successful performances for the MWA treatment of adreno-cortical neoplasms were
observed in a single-centre experience reported in [19]. However, no further
investigations have been conducted to prove the effectiveness of MWA for other adreno-

cortical pathologies, included PA.

Table 2.3 provides a schematic summary of the relatively new therapeutic techniques for
tumour treatment that are reviewed in this chapter, and evaluated in the context of
treatment of PA. The main characteristics of the experimental setup are schematised for
each ablation technique. The fundamental cause-effect mechanism of each technique, as
well as the main application pitfalls are highlighted. In addition, the table includes the
number of available studies showing the performances of one of the emerging techniques
employed for PA treatment. Only the studies reporting the results of biochemical and/or

clinical parameters before and after the treatment were included in the table.

A detailed analysis of the results across the available studies is provided in Appendix A.
This review provides a better understanding of the performances of ablation techniques
in the management of PA [19], [99], [104], [126]-[131] compared to the established
treatment approaches [72], [129], [131], [161]-[168]
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Following the comparative evaluation of the ablation techniques reviewed in this study
(see Appendix A), MWA is selected for an in-depth analysis conducted in the thesis. The

evaluation was based on key factors arising from the review:

« The therapeutic effect of MWA s based on the interaction between the
electromagnetic field and dielectric properties of the tissue. Thus, the dielectric
characteristic of the target area may offer an alternative tool to locally shape the

profile of the ablation zone;

. Compared with other ablation techniques (e.g. RFA), the time required to achieve the
therapeutic effect in the tissue target is lower with MWA. Lower treatment time helps

to minimise the treatment-related distress of the patient;

« MWA is able to overcome the ‘heat-sink’ effect more effectively than RFA. This
characteristic is particularly important for tissues highly vascularised, as for adrenal

glands;

« Risks such as “cryoshock” responsible for multiorgan failure and disseminated
intravascular coagulation observed in the cryoablation or intoxications due to acetic

acid or ethanol used in chemical ablation are absent in the case of MWA;

. Laser ablation and ultrasound ablation have not been included in the comparative

study due to lack of technical success reported in literature [169], [170].
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Table 2.3: Summary of the emerging therapeutic technique for tumours treatment in terms of cause-effect mechanism, tissue targets generally treated, challenges in the
application of each technique, number of available studies showing the performances regarding PA treatment.

Chemical Ablation

—

Injection in the
tissue target

Cryoablation

Cryoprobe .

Radiofrequency ablation
. 2

N

Microwave ablation

MW generator

Cooling systcm
Peristaltic pump »D

Antenna

Ultrasound 6‘

Cause-effect
mechanism

Acid or ethanol injection —
dehydration of the cytoplasm
and coagulation necrosis.

Gas expansion or compression
- lethal subfreezing
temperatures (-40 — -20°C).

Electric current — heating (above 50 °C)
due to ionic conduction in the tissue
target.

Electromagnetic field — heating (above
50°C) due to rotations, vibrations and
collisions of water dipoles of the tissue.

Main targets

Hepatocellular carcinoma.

Hepatic tumours, colorectal
metastases, lung tumours and
renal cancers.

Hepatic  tumours,  gastrointestinal
carcinomas, colorectal metastases, and
renal tumours.

Hepatic tumours, lung tumours, renal
cell carcinomas, thyroid tumours, breast
lesions; pancreatic tumours.

Application
challenges

Poor and uneven diffusion of
injected drugs over the
tumour;

Intoxication due to diffusion
of the acetic acid or ethanol
through the surrounding
tissues.

Inhomogeneous
distribution.
Cryoshock causing multiorgan
failure and  disseminated
intravascular coagulation.

temperature

Increase of circuit impedance with the
increase of temperature;
Difficulty to cover
volume;

Susceptibility to heat sink due to
perfusion.

large tumour

Higher risks of unintended injuries to
surrounding tissues;

Antennas prone to heating when higher
levels of power are carried;
Cumbersome applicator designs
(especially compared to the simple
electrodes used in RFA).

No. of available
studies for PA
management
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2.6 Conclusions

In this chapter, the biological principles of Primary Aldosteronism (PA) responsible for

secondary hypertension are presented with a focus on the two most common PA

subtypes: aldosterone-producing adenoma (APA) and bilateral idiopathic hyperplasia

(BIH). The chapter also discusses the state-of-the-art for the treatment of unilateral and

bilateral PA, and the most recent developments in the minimally invasive treatment.

The review conducted in the chapter highlights:

PA is the prevalent cause of secondary hypertension. Beside hypertension, PA is
responsible for further medical conditions such as hypokalaemia, ventricular
hypertrophy and cerebrovascular ischemia. Some of these conditions may represent
life-threatening conditions. Existing treatment approaches (including surgical
resections and medication treatments) show limitations that need to be addressed.
Surgical resection is suitable only in the case of unilateral PA and only in patients
not affected by other diseases. Treatments based on mineralocorticoid antagonists are
generally administrated in the cases of bilateral PA. Pharmacotherapy helps to better
manage the disease but does not solve the original condition. Thus, alternative and

minimally invasive approaches should be investigated for PA treatment;

Ablation techniques may represent a good alternative to the traditional techniques
currently adopted for the management of PA. In particular, these new clinical
approaches may help to overcome the limitations that adrenalectomy or the
pharmacotherapy involve. Among the ablation techniques reviewed, MWA has the
potential to address the limitations observed in standard techniques. For example,
MWA may be applied both in the case of unilateral and bilateral PA. In addition,
MWA is a valuable treatment strategy in the case of patients who poorly tolerate
pharmacotherapy and/or are not candidate for surgical procedure. Compared with
other ablation techniques, MWA is minimally invasive, relatively fast and effective
also in the case of highly vascularised tissues. Ultimately, the effect induced by
MWA relies on the dielectric characteristics of the tissue. It is worth noting that the
structure of the adrenal gland is composed of two functional tissues (cortex and
medulla) surrounded by a fat capsule. Different tissues present different behaviours

to the microwaves depending on their dielectric properties. Thus, the dielectric
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characteristics of the adrenal tissues and the fat capsule will be explored in the context
of MWA in order to improve the effectiveness and reduce the invasiveness of the

procedure.

Hypertensive population ~ 1.28 billion

(Warld Health Organization Report, 2021)
12% |
58.6%

Primary Aldosteronism m Essential Hypertension mAPA mBIH m Other

Figure 2.3: PA prevalence of 12% of the total population; within this, 31.1% has APA diagnosis,
58.6% has BIH diagnosis and 10.3% has an undetermined diagnosis.

Figure 2.3 highlights the size of PA population and the prevalence of PA subtypes,
according to the data reported by World Health Organisation in 2021 and the results of
the research studies gathered in Table 2.2. To summarise, approximately 48 million
patients who are diagnosed with APA may benefit from ablation therapies. It should be
mentioned that refining the ablation approach, as proposed in this thesis, the size of target

population may increase to approximately 130 million patients.

The review presented in this chapter informs the remainder of this thesis. The next
chapters will evaluate the effect of the dielectric contrast between the adrenal glands and
their surrounding fat capsule on the shaping of the ablation patterns. The purpose is to
investigate whether the dielectric contrast can maximise the therapeutic ablation effect
into the tissue target, minimising the heating of the surrounding tissues. To help address
the main research objective of this thesis, the dielectric properties of ex vivo adrenal
glands were measured over the frequency range of microwave ablation applications. The
dielectric characterisation of the adrenal gland and the rationale for choosing adrenal
models are presented in Chapter 3. The chapter also describes the dielectric properties
measured ex vivo on human adrenal glands affected by different types of diseases,

including unilateral PA.
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Chapter 3

Dielectric properties of the adrenal gland

3.1 Introduction

Chapter 2 described the key role of the aldosterone hormone in the regulation of blood
pressure both where adrenal glands are in a normal condition and in the case of PA
disease. The gold standard techniques (LA and MRAs) for the management of PA were
described in relation to the PA subtype. The limitations observed for each technique
opened a discussion for new strategies in PA treatment, especially in the cases of patients
who are not surgical candidates. The state-of-the art in emerging ablation technique was
reviewed in order to propose a potential solution to treat PA and the related hypertension
using a minimally invasive approach suitable for a large cohort of PA patients. A
particular focus was given to MWA, because of some theoretical advantages compared
to the other technologies, such as the relatively short procedure and the minimal

susceptibility to the heat sink effect due to blood vessels.

In this thesis, MWA is investigated with the aim of exploiting the dielectric composition
of the tissues to selectively treat the target region while sparing adjacent structures. Thus,
accurate knowledge of the dielectric properties of the tissues is essential in the design
and optimisation of microwave hyperthermic techniques. Numerical models based on the
dielectric properties of the anatomical target area are required during the planning phase.
Numerical simulations are adopted to predict the distribution of the absorbed

electromagnetic power and the consequent increase of temperature.

Animal models are widely adopted to conduct preclinical studies aiming to validate the
numerical investigations. Therefore, numerical studies should be conducted using
models with accurate dielectric properties of tissue which are able to represent an
experimental scenario. With reference to the adrenal glands, multiple studies showed
similar biological mechanisms in the release of hormones such as steroids and
mineralocorticoids between human and ovine adrenal glands [171]-[173]. Ovine adrenal
gland models are also adopted in endocrinology to study the disorders in the biosynthesis

of hormones such as aldosterone, or the effects of endocrine diseases on the aldosterone
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hormone levels [174]-[179]. Finally, ovine adrenal glands represent better the
anatomical dimensions of human adrenal glands compared to other species such as
bovine [180], [181].

Nevertheless, a comprehensive understanding of the dielectric properties of adrenal
glands is still lacking. Only two studies described the dielectric properties of porcine and

bovine adrenal glands, with no available data about the ovine adrenal glands.

This chapter describes:
. The dielectric characteristics of the adrenal cortex and medulla of the ex vivo ovine
adrenal gland and the variability in the dielectric properties between ovine and bovine

adrenal tissues;

. Ex vivo human adrenal glands affected by different types of diseases including
unilateral PA. These data are then compared with the dielectric data acquired from

ovine tissues;

. The values of the dielectric properties in relation to the operating frequencies

typically adopted in microwave ablation devices.

The structure of this chapter is as follows: the physical basics of the dielectric properties
and the link with the microwave thermal ablation are reviewed in Section 3.1. The
measurement technique and the experimental protocol adopted are described in Section
3.2. The results relating to the dielectric properties of ex vivo animal adrenal glands and
ex vivo human adrenal glands are described in Section 3.3, both in wideband (0.5-8.5
GHz) and at MWA operating frequencies (915 MHz, 2.45 GHz, 5.8 GHz). Section 3.4

concludes the chapter.

3.2 Dielectric properties of biological tissues
The interaction between the tissue and the external electric field is described by the

complex relative permittivity e(w)*, defined as:

0(w)
J wEy

c(w) = d(w) —j&'(w) = ¢(w) — (3.1)
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where w (rad s?) is the angular frequency. The real part of the complex permittivity
describes the ability of the tissue to store the electromagnetic energy, whereas the
imaginary part describes the dissipative nature of the tissue. Equation (3.1) shows also
that the imaginary part is linked to the effective conductivity o(w) of the material:
o(w) = weye". The effective conductivity describes the ability of the tissue to absorb

the electromagnetic energy and dissipate part of the energy as heat.

The mechanism of interaction between the biological material and the applied electric
field depends on the frequency. Thus, dielectric properties vary with the frequency of the
applied electric field. In the frequency range of the microwave ablation applications (500
MHz — 20 GHz), the main interaction is between the electric field and the water dipoles
of the tissue. Due to the intrinsic dipole moment, each dipole rotates in the attempt to
align along the same direction as the applied electric field. Vibrations and collisions also
occur between adjacent dipoles. All of these interactions are responsible for the
dissipation of energy in the material and the consequent conversion in heat [81], [182]-
[184].

Several studies have been conducted to characterise the dielectric properties of different
biological tissues [185]-[187]. The most comprehensive spectroscopic investigation of
ex vivo animal tissues was conducted in [183]. Knowledge of the dielectric properties
has improved due to several studies conducted not only on ex vivo animal tissues, but
also on ex vivo human tissues in the last twenty years. In particular, differences between
diseased and normal human tissues were dielectrically characterised for a selection of
tissues, including liver and breast tissues [188], [189]. In addition, studies were
conducted to evaluate the impact of the variability in dielectric properties on the MWA
treatment [190]. Finally, the influence of temperature on the values of relative
permittivity and effective conductivity was studied during and immediately after MWA
treatment [143], [144], [191].

Despite progress in the knowledge of the dielectric properties of biological tissues, there
is still a lack of investigation into the adrenal functional tissues. Only two studies were
conducted on ex vivo animal adrenal glands [192], [193]. In [192] the relative permittivity

and effective conductivity of the adrenal cortex tissue were measured in vivo on porcine
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Inner conductor

Insulator

__[—>0uter conductor

Slim form

coaxial probe

(«
rru((

Sample

Figure 3.1: (left) Experimental set-up of the open-ended coaxial probe technique including the
Vector Network Analyser, the slim form coaxial probe in contact with the sample under
measurement and the lift table where the sample is placed; (right) section of the slim form probe
composed by the inner conductor, the insulator (i.e. Teflon) and the outer conductor. The electric
field propagate into the coaxial cable and it is partially reflected at the end of the probe, because
of the impedance mismatch between the transmission line and the sample under test.
adrenal glands in the frequency range between 500 MHz —20 GHz. Because of the
anatomical structure of the gland, only the external functional tissue of the adrenal gland
(cortex) was accessible. In [193] the relative permittivity and effective conductivity were

measured ex vivo both for the cortex and medulla bovine adrenal glands.

To date, the dielectric characterisation of both adrenal functional tissues relies only on
the data measured ex vivo on bovine adrenal glands [193]. A lack of knowledge in the
dielectric properties of ovine adrenal models exists. Ovine adrenal models are used to
understand the mechanism underlying the synthesis of the hormones, such as aldosterone
[171], [194]. Thus, ovine adrenal gland is a suitable model for a comprehensive
investigation of novel ablative approaches. To aid this goal, it is first required the
characterise the relative permittivity and effective conductivity of ovine adrenal gland
within the MWA frequency range, 0.5 — 8.5 GHz.
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In this study, dielectric properties were measured ex vivo on freshly excised ovine
samples, distinguishing between outer adrenal layer (cortex) and the inner adrenal layer
(medulla). The study also provides new insights into the knowledge of the dielectric
composition of human adrenal glands affected by different diseases (i.e.
pheochromocytoma, paraganglioma, non-functional nodule and adreno-cortical
adenoma). Where available, the dielectric properties were also acquired on the rim of

normal tissue surrounding the diseased tissue.

3.3 Measurement methodology

In the section below, the dielectric properties of ovine adrenal glands will be presented
and discussed along with the experimental data acquired on human adrenal glands after

their surgical removal.

The dielectric properties of ex vivo ovine adrenal glands were measured on eight samples
(No = 8). The excised samples were collected from a local slaughterhouse and

transported in sealed bags to the laboratory of National University of Ireland Galway.

The protocol for measuring dielectric properties on human adrenal glands after excision
was approved by the Galway University Hospitals Research Ethics Committee. The
study included six patients (N1 = 6) with diagnosed adrenal abnormalities who were
scheduled to undergo unilateral adrenalectomy. The sample was excluded from the study
in cases where the pathologist did not provide either the histology analysis or the gross
description of the removed gland.

3.3.1 Dielectric measurement system

Open-ended coaxial method. Measurements of complex permittivity were performed
using the open-ended coaxial probe technique [182], [185], [188], [189]. Currently, the
open-ended coaxial technique is the technique most commonly used to measure dielectric
properties [182]. The open-ended coaxial probe allows a good fit between the sample
and the measurement, reducing the preparation time and the risk of destructive handling
of the sample [195]. Also, the open-ended coaxial technique enables reliable
measurements across a broad frequency range both in vivo and ex vivo tissues [182],
[196].

45



CHAPTER 3. DIELECTRIC PROPERTIES OF THE ADRENAL GLAND

Experimental setup. Figure 3.1 depicts the measurement setup. The open-ended coaxial
probe includes a section of transmission line which is connected to a vector network
analyser (VNA) (Keysight VNA E5063A). A VNA consists of a signal source, a receiver
and a display. The signal source transmits the input signal at a single frequency. The
signal propagates through the transmission line up to the material under test where it is
reflected due to the mismatch between the characteristic impedance of the transmission
line and the impedance of the material under test. The reflected signal measured by the
receiver differs from the input signal in terms of phase and magnitude. The process is
repeated, stepping to the next frequency. Finally, the response of the material under test
based on the reflected signal is shown as a function of the frequency [182], [195]. In this
study, a frequency range equal to 0.5 — 8.5 GHz was selected in order to include 915
MHz and 2.45 GHz, i.e. the operating frequencies commonly used in microwave ablation
applications [80], [81], [197], and 5.8 GHz, i.e. a further operating frequency currently
under investigation for microwave thermal ablation therapies [135]. A total of 101
linearly spaced frequency points were considered within the selected frequency band (0.5
— 8.5 GHz). Such choice provided a good trade-off between the accuracy of
measurements and the speed of data collection. The reflection coefficient acquired at
each frequency point within the selected frequency band was then converted into
complex permittivity values. Finally, the software (Keysight N1500A, Santa Rosa, CA,
US) included in the VNA automatically converted the reflected signals to the complex

permittivity.

The slim form open-ended coaxial probe was adopted both for animal and human studies.
The probe was connected to the output port of the VNA without using an additional cable.
The slim form probe is a common choice for measurements of biological tissues due to
its small diameter, i.e. 2.2 mm [182], [188], [189] and the sensing radius comparable to
the probe tip. Several studies showed that a distance of about 1 mm from the sample edge
is sufficient to avoid reflections which may affect the measurements [198]. Additionally,
[199] demonstrated that within a bulk heterogeneous tissue, approximately the first 1 mm
material close to the tip of the probe significantly influences the dielectric properties. As
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a result, this probe is appropriate for samples of small size, both liquids and semi-solid
materials [195].

During each measurement, a lift table was used to guarantee firm contact between the
probe and the sample. A right-angle connector was used for a tight connection between
the input of the probe and the VNA, in order to minimise the effect of the cable movement

in the dielectric data.

Confounders. Several factors could impact on the reliability of the measurements, such
as a the change in the environmental parameters, the contamination of the probe, and the
poor electrical connection in the experimental setup [182], [200]. To account for these
confounders, a calibration process was required before the ex vivo measurement of the
dielectric properties, both in animal and human samples. The accuracy of the calibration
and potential anomalies which could occur during the measurement process were

monitored through a validation process [182], [200].

Calibration. Firstly, the room temperature was monitored as changes in the
environmental conditions could affect the measurements. All the connections were
checked, and the tip of the probe was cleaned with alcohol wipes before each
measurement. Then, the setup was calibrated through a standard procedure at the
reference plane of the probe, with the probe connected to the VNA [182]. Three loads
characterised by well-known dielectric properties were used for the calibration process:
open circuit, short circuit and a broadband load. Regarding the broadband load, deionised
water (DW) was used. The cleanliness of the probe (in the case of the open circuit) and
the good contact (in the case of the short circuit) were monitored through the Smith Chart.
Smith Chart is a graphical representation of the normalised complex impedance, which
depends on the reflection coefficient between the load and the VNA. In the case of the
open circuit load, the impedance marker indicates ohm — oo. In the case of short circuit,
the impedance marker is around zero ohm [195]. When, the probe is immersed in
deionised water, the jar containing the liquid is inspected before the measurement to
eliminate air bubbles between the tip of the probe and the liquid. Air bubbles have the

potential to introduce up to 20% deviations from the dielectric measurements [182],
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[201]. The temperature of the liquid was also monitored, since the dielectric properties

are temperature dependent [202], [203].

Measurements on a further material of well-known dielectric properties were performed,

in order to validate the accuracy of the calibration.

Validation and measurement uncertainty. Validation was conducted immediately after
the calibration and at the end of each measurement session. The validation procedure
allows for accounting of systematic errors such as the error linked to the VNA drift over
time. To this end, the dielectric properties of a reference material different from the
material used during the calibration were measured at room temperature [182], [200],

[204]. In this study, 0.1 M NaCl was chosen for the following reasons:

« The relative permittivity and effective conductivity of different concentrations of

NaCl are well-characterised in the microwave frequency range [204]-[206];

. Among all of the different saline solutions, the dielectric properties of 0.1M NaCl are

comparable to those of most biological tissues [186], [200], [204];

. The solution is relatively easy to obtain, without requiring particular handling [182].

Uncertainty was also reported along with the mean dielectric values, according to the
National Institute of Standards and Technologies (NIST) guidelines [207]. The
repeatability and accuracy associated with the measurements were determined over
multiple measurements (at least three) acquired on the known material. According to the
definition of uncertainty reported in [207], repeatability is expressed as the standard
deviation across the measurements repeatedly acquired under the same measurement
conditions. Accuracy is the averaged percentage difference between the acquired data
and the reference model. In this study, the reference study adopted is [204]. The
uncertainties related to accuracy and repeatability both contribute to the combined
uncertainty. The combined uncertainty was calculated as the root sum squared of each
uncertainty component. To calculate the uncertainty component, each standard deviation
was divided by a factor to differentiate between Type A and Type B uncertainties, as
reported in [204]. Type A uncertainty is expressed through the standard deviation
calculated across the measurements. As a result, Type A uncertainty is linked to the
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number of measurements acquired. In the case of Type B uncertainty, the evaluation is
based on other information such as prior measurement experiences, instrument
datasheets, calibration specifications. Thus, the distribution of probability for Type B
uncertainty is assumed to be rectangular, as the true value might equally be between the
upper and the lower of uncertainty distribution. These uncertainties were determined
using 0.1M NacCl as reference material. However, further uncertainties mainly related to
the complexity of the biological structure of the tissue under investigation may affect the
dielectric measurements. According to NIST guidelines, the averaged value of the
measurements should be reported alongside the 95% confidence interval (Cl). Thus, the
expanded uncertainty (k = 2) was calculated both for the relative permittivity and the

effective conductivity.

Measurements on ex vivo human

Measurements on ex vivo ovine
A adrenal glands (B) adrenal glands
Resection of the ovine ‘ Surgical operation
adrenal gland
Sample handling
I Temperature measurement (surgeon)

Description of the sample

Sample handling (e.g. ( )
surgeon

positioning on lift table,
optimal contact with the
slim form probe).

Temperature measurement

Dielectric properties

Dielectric properties
measurements

measurements of the cortex

If available histology analysis

Cleaning of the probe

Inking (engineer)

Dielectric properties
measurements of the
medulla

Slice preparation
(pathologist)

Histological examination
(pathologist)

Figure 3.2:Protocol for measurement of dielectric properties of: (A) functional tissues identified on
ex vivo ovine adrenal glands; (B) diseased adrenal glands of Ny = 6 patients scheduled for surgical
operations and affected by different types of adrenal diseases. Histology analysis was also conducted
after the excision for each ex vivo human adrenal gland.

49



CHAPTER 3. DIELECTRIC PROPERTIES OF THE ADRENAL GLAND

3.3.2 Experimental protocols and data analysis

Ex vivo ovine adrenal glands. Eight ovine adrenal glands (No = 8) were excised and
transported in sealed containers to the laboratory where the measurement process was
conducted. The dielectric data was collected following the experimental protocol
reported in Figure 3.2 (A). The average measured dimensions the adrenal glands are 16.0
+ 1.0 mm (length), 8.0 £ 1.0 mm (width), 6.0 £ 1.0 mm (thickness), with medulla sizes
ranging between 3 — 4 mm in width and 8 — 9 mm in length. Each adrenal gland was
preserved by the surrounding fat layer, in order to avoid the excessive dehydration of the
sample. The temperature of each sample was repeatedly measured using an infrared
thermometer in order to monitor the integrity of the tissue. The ovine samples were
sectioned to provide access to both cortex and medulla layers and one measurement
location was identified for each layer. Three measurements were subsequently repeated
on each selected measurement point for a total of 48 measurements and 16 measurement
points (8 for the cortex and 8 for the medulla). All the measurements were completed
within 2h after the excision. On average, the temperature of the ex vivo ovine samples
was 22.2 +1.5 °C.

Ex vivo human adrenal glands. Six patients (N4 = 6) with diagnosed adrenal
abnormalities and scheduled to undergo adrenalectomy were included in this study.
Figure 3.2 (B) depicts the experimental protocol adopted to measure the dielectric

properties ex vivo on human adrenal glands. After the resection, each sample was

Table 3.1:Summary of the number of dielectric measurements for six patients, including the locations
measurement points (i.e. normal tissue, diseased tissue), the type of analysis performed after the
surgical excision (i.e. gross description, histology analysis), the type of adrenal disease (i.e.
paraganglioma, pheochromocytoma, aldosterone-producing adenoma (APA) encapsulated non-
functioning nodule).

Patient Measurement points Post-excision Disease type
#) Normal tissue  Diseased tissue analysis
1 0 3 GD+H Paraganglioma
2 0 2 GD+H Pheochromocytoma
3 0 1 GD+H Aldosterone-producing

adenoma

4 0 3 GD+H Pheochromocytoma
5 1 1 GD+H Encapsulated nodule
6 1 1 GD+H Pheochromocytoma

GD: gross description; H: histology analysis; APA: aldosterone-producing adenoma
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transported in a sealed container to the pathology suite at University Hospital Galway
(UHG). Measurements were performed within approximately 30 minutes of the excision
on different diseased tissue and, if available, on the surrounding healthy tissue. Before
each measurement, the slim form probe was cleaned with alcohol wipes. The temperature
of the samples varied between 20°C and 23°C. For each sample included in the study,
three measurements were subsequently repeated on the selected measurement points of
the tissue sample following the indication of the pathologist. The measurement locations
were inked and preserved for histological identification in order to confirm the gross
examination. The type of tissue at the designed measurement location was then
univocally identified by the histology analysis. Where the histological identification was
not possible, the measurement location was discarded. Table 3.1 summarises the number
of measurements points acquired for each tissue type (i.e. normal or diseased tissue) and
for each patient. The same also table reports the type of analysis conducted after excision
(gross description and histology analysis) and the type of adrenal disease. For patients 5
and 6, the dielectric properties were measured, both on the diseased tissue and the region

surrounding the tumour identified as normal tissue.

Analytical models. The data was analysed with MATLAB (R2017a, The MathWorks,
Inc., Natick, MA, US). The mean and standard deviation values both for the relative
permittivity and the conductivity over the frequency band of interest were calculated.
Debye and Cole-Cole models were used in this study to describe analytically the
frequency-dependent dielectric spectrum. Both models are represented collectively by

Equation 3.2:

€n 0;

A
(@)= o + Zn 1+ (jwt,)d-am) * jwe, (3.2)

Here w (rad s?) is the angular frequency, &, is the permittivity at infinite frequencies

(i.e. terahertz frequency range) related to the electronic polarisation, n indicates the
number of poles, Ag, is the drop in permittivity in the frequency range, o; (S-m™) is the
ionic conductivity, g, is the permittivity of the vacuum, « is the empirical variable that
accounts for the distribution of the relaxation time and 7 is the relaxation time
characterising each dispersion region of the tissue [182], [183]. The relaxation time is
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the time necessary for the molecules of the material under test to return to the low energy
state (relaxation state) after the perturbation due to the applied electric field. Equation
(3.2) indicates the link between the Debye model and the Cole-Cole model through the
parameter . When a = 0, Equation (3.2) corresponds to the Debye model; in the case of
0 <a <1, Equation (3.2) results in the Cole-Cole model. Both for Debye and Cole-Cole
model, the parameters are optimised to find the best fit to the measured dielectric data
[208], [209].

In this work, the non-linear weighted least square method was used to fit the dielectric
data according to [208]. The algorithm was developed in MATLAB (R2017a, The
MathWorks, Inc., Natick, MA, US). The minimum squared weighted error was
calculated as described by Equation (3.3), considering a total of 5,000 iterations and a

maximum error value of 0.1%.
Ny
2 _ N [(Cre(@) = dre(@D)? | (crm(@)) = dim(@))? 33
B = T ot o 43

N is the number of frequency points which was set equal to 101 for this study, w; (rad-s’

1 is the angular frequency, cg, and c;,, are the real and the imaginary parts of the
calculated complex permittivity, dg, and d;,, are the real and imaginary parts of the
experimental data, eg, and e;,, are the real and imaginary parts of the allowable error
which was chosen dependent on the complex permittivity as e; (w;) = (¢*(w;)). In
accordance with [208], the power factor & was set equal to 0.75 in order to put more
weighting on lower frequency data, where higher values of relative permittivity are
obtained. In this study, Cole-Cole model was used for a reliable comparison with the
experimental data related to the adrenal glands reported in [193]. The same fitting method
was used to optimise the parameters also for the two poles Debye model. Thus, the
performances of the two models were compared in terms of quality of fitting of the

experimental data.

The mean values of relative permittivity and effective conductivity were highlighted at
915 MHz, 2.45 GHz, 5.8 GHz both for the cortex and medulla tissues and both for ovine

and human samples. Such frequencies are included in the Industrial Scientific Medical
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Table 3.2: Calculation of uncertainty components (u;), combined uncertainty (u.) and expanded

uncertainty (u,) for measured permittivity and conductivity of 0.1M NaCl, in the frequency range
0.5-8.5 GHz

N = normal distribution, R = rectangular distribution

Relative permittivity

Standard
Uncertainty component Probability Divisor Uncertainty (%)
(%) a distribution b a
u; = E
Ex vivo Ex vivo Ex vivo Ex vivo
ovine human ovine human
study study study study
Repeatability 1.6 0.5 N 1 1.6 0.5
Accuracy 2.4 0.7 R V3 1.4 0.4
Drift 0.05 0.04 R V3 0.03 0.02
Combined
Uncertainty 2.2 0.7 U, = Zuiz
(uc)
Expanded
Uncertainty 4.4 1.4 u, = ku,
(e, k = 2)
Effective conductivity
Uncertainty component Probability Divisor ~ Standard Uncertainty
(%) a distribution b %) u; =7
Ex vivo Ex vivo Ex vivo I.EX
. . vivo
ovine human ovine human
study study study study
Repeatability 0.9 0.7 N 1 0.9 1.1
Accuracy 2.2 3.1 R 3 1.3 1.8
Drift 0.06 0.05 R V3 0.06 0.03
Combined
Uncertainty 1.6 2.0 U, = Zuiz
(uc)
Expanded
Uncertainty 3.2 4.0 u, = ku,
(ue, k = 2)

(ISM) frequency band and are three frequencies of interest to MWA devices. In
particular, 915 MHz and 2.45 GHz are the operating frequencies commonly used in
clinical applications of MWA and 5.8 GHz is a further operating frequency recently
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under investigation. In the context of MWA, the increase in the operating frequencies is
linked to the increase of the effective conductivity of the tissue. As a result, the rate of
electromagnetic power absorbed by the tissue is influenced by the frequency at which
the MWA applicator operates. More details about the relation between the rate of the
absorbed electromagnetic power and the operating frequency will be provided in Chapter
4,

3.4 Results

3.4.1 Measurement uncertainty

Table 3.2 reports the main steps to calculate the expanded uncertainty associated with
the relative permittivity and effective conductivity of 0.1M NaCl. The same calculation
protocol was adopted both for animal and human studies. The uncertainty component
related to the random errors (repeatability) can be assumed as normally (N) distributed,
according to the guidelines defined by the National Institute of Standard and Technology
(NIST). The uncertainty components related to the systematic errors (accuracy and drift
error) can be modelled by a rectangular (R) distribution [207]. The values of the
expanded uncertainty related to the ex vivo ovine study are 4.4% for the relative

permittivity and 3.2% for the effective conductivity. The values of the expanded
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Figure 3.3: Relative permittivity and effective conductivity values across the frequency range of 0.5
— 8.5 GHz obtained during the validation procedures performed before the studies concerning the
dielectric characterisation of ex vivo ovine adrenal glands (A) and ex vivo human adrenal glands (B).
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uncertainty related to the ex vivo human study are 1.4% for the relative permittivity and
4.0% for the effective conductivity. This data is affected by the different number of
measurements when compared with animal data, and by the different environmental
parameters of the pathology room.

Figure 3.3 shows a direct comparison between the dielectric properties acquired on 0.1M
NaCl and the reference data reported in [204], to support the validity and the reliability
of the dielectric data.
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Figure 3.4: Values of relative permittivity (A-B) and effective conductivity (C-D) obtained from the
measurements performed on ex vivo ovine adrenal glands (No = 8) within 0.5 — 8.5 GHz. The curves
represent the average value calculated over three consecutive measurements performed on each
functional tissue: cortex (A—C) and medulla (B-D).
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Overall, the values of relative permittivity and effective conductivity of 0.1M NaCl are
comparable to the reference values across 0.5 — 8.5 GHz frequency range both for the ex
vivo animal study (Figure 3.3 (A)) and ex vivo human study (Figure 3.3 (B)).

3.4.2 Dielectric properties of ex vivo ovine adrenal glands

Analysis in 0.5 — 8.5 GHz frequency band. Figure 3.4 shows the relative permittivity (A-
B) and the effective conductivity (C-D) within the 0.5 — 8.5 GHz frequency range. The
values of the dielectric properties refer to each ex vivo ovine adrenal gland used in the
study. Each curve represents the mean and the standard deviation calculated over three
consecutive measurements acquired on a single location in the cortex (Figure 3.4 (A-C))
and medulla (Figure 3.4 (B-D)). A good agreement can be observed in the values of

relative permittivity and effective conductivity across all the samples.

Figure 3.5 shows the dielectric data for each functional tissue (cortex and medulla) along
with the data acquired ex vivo on bovine adrenal glands reported in [193]. Each curve
represents the mean values of relative permittivity and conductivity for all the given
samples. In addition, Figure 3.5 shows two pole Cole-Cole and Debye models fitted to
the ex vivo ovine adrenal tissues from 0.5 to 8.5 GHz. The fitting error is less than 3%

for both models. However, the two pole Cole-Cole model shows an excellent fit to the
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Figure 3.5: Average values of relative permittivity and effective conductivity calculated across all the
measurements performed on ex vivo ovine cortex tissue (A) and medulla tissue (B) and reported along
with the two poles Cole-Cole fitting model, the two pole Debye fitting model and the reference data
[193].
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experimental data, in agreement with the findings observed in [193]. Table 3.3 lists the
optimised parameters both of the Debye and Cole-Cole models. The table also includes
the parameters for the Cole-Cole models used in [193] to fit the related experimental
data. A good agreement can be observed between the Cole-Cole parameters calculated
in this study for the ex vivo ovine adrenal gland and the literature data of [193]. Debye
and Cole-Cole models also show similar values in the two relaxation times (7, and 7,).
An higher difference between the two models can be observed in the values of
permittivity delta associated with the polarisation of cellular membrane (Ae,). This
phenomenon occurs from 500 kHz up to about 1 GHz, as observed in Figure 3.5. The
superior performances of the Cole-Cole model compared to the Debye model are visible
mainly at these lower frequencies (i.e. between 500 MHz and 1 GHz). The end of the tail
of the dispersion region linked to the polarisation of the cell membrane (region ) may
overlap with the dispersion region linked to the polarisation of the water molecules
(region y) [183], [210]. The overlapping between the two dispersion regions is better
modelled by the Cole-Cole model compared with the Debye model. This is because of
the parameter alpha (o) in the Cole-Cole model (Equation 3.2) which accounts for
multiple polarisations. Comparing the Cole-Cole model related to the data of ovine

Table 3.3: Parameters of the two poles Debye model and the two poles Cole-Cole model fitted (5,000
iterations) to the measured adrenal data related to the cortex and medulla in the frequency ranges of
0.5 — 8.5 GHz. For comparison, the reference parameters of the two poles Cole-Cole model fitted to
the ex vivo bovine adrenal tissues [193] are also reported.

Two poles Debye model Two poles Cole-Cole model
Parameters This study This study Reference [193]
Cortex Medulla Cortex Medulla Cortex Medulla
€0 10.0 8.8 1.0 1.8 3.57 3.88
Ag; 34.5 42.6 45.3 51.1 47.08 52.95
Ty 8.7 ps 8.5ps 6.4 ps 7.1ps 8.33 ps 7.01 ps
a, - - 0.1 0.1 0.16 0.17
Ag, 55 5.1 54.6 60.5 52.31 62.05
T, 0.1ns 0.1ns 1.7ns 1.3ns 1.69 ns 4.28 ns
a, - - 0.1 0.1 0.03 0.14
O 0.6 0.8 0.4 0.4 0.46 0.62
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adrenal tissues presented in this study, and the Cole-Cole model presented in [193]
related to the data acquired from bovine glands, similar dispersion trends are visible,
considering the same frequency range. For relative permittivity, the curves describing

the Cole-Cole fit to the data of ovine medulla and cortex tissues are approximately 5%

Table 3.4: Average (calculated over three consecutive measurements) and standard deviation values
of relative permittivity and effective conductivity for the cortex tissue of ex vivo adrenal samples
(No=8) at 915 MHz, 2.45 GHz and 5.8 GHz.

Ex vivo ovine adrenal cortex

Tissue 915 MHz 2.45 GHz 5.8 GHz
type o o

& (s ) & o (Sm?) & (s )
1 471+0.3 0.9+0.01 442 +0.3 15+£0.01 40.7+£03 41x01
2 485%0.2 0.8 +0.01 458+0.2 15+£0.01 420+02 43x01
3 444 +0.4 0.8 +0.01 42.1+0.3 14+0.01 387+£01 4001
4 48.4+0.9 09+0.1 449+09 16+0.1 409+08 4201
5 535+0.2 1.0+0.1 49.8+0.2 1.7+0.1 455+0.2 4601
6 447+1.6 08+0.1 412+15 15+0.1 372+13 38+0.2
7 48.3+0.9 09+0.1 447+0.9 16+01 40607 42+02
8 52.2+0.1 0.9+0.01 48.7+0.1 16+0.01 443+01 4501
Mean 48.4+0.6 09+0.1 452+3.0 16+01 412+28 42+02

Table 3.5: Average (calculated over three consecutive measurements) and standard deviation values
of relative permittivity and effective conductivity for the medulla tissue of ex vivo adrenal samples
(N=8) at 915 MHz, 2.45 GHz and 5.8 GHz.

Ex vivo ovine adrenal medulla

Tissue 915 MHz 2.45 GHz 5.8 GHz
type o o
& (s m & o(Smh) & s

1 54.7+0.2 1.1+0.01 51.5+0.2 19+0.01 470+02 5101
2 546 +0.1 1.0+0.01 51.7+0.1 1.8+0.01 477+01 50%0.1
3 53.7+£0.3 1.0+0.01 51.0+£0.3 1.8+0.01 465+02 52x0.1
4 535+£11 09+0.1 499+1.0 17+£0.1 457+09 47x0.1
5 57.1+£0.3 1.0x0.01 53.6£0.2 1.8+0.01 493+02 52x0.1
6 56.5+0.2 1.0x0.01 52.6 £0.3 19+0.01 480+0.2 5101
7 54.8+0.3 0.9+0.01 51.0+£0.3 1.7+0.01 464+02 49x0.1
8 58.0+£0.4 10x0.1 54.4+£0.3 19+0.1 499+03 52%0.1

Mean 55.4+04 10x0.1 52.0+£04 18+0.1 476+03 5101
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lower than the Cole-Cole fit to data of the ex vivo bovine adrenal gland presented in
[193]. On the other hand, an excellent match in the Cole-Cole fitting between the two
different species is visible for the effective conductivity.

Overall, the values in relative permittivity and effective conductivity investigated in this
study are comparable with the reference data [193]. The slight difference (less than 5%)
in the relative permittivity for lower frequency may be linked to the different mammalian
species, performances of the fitting algorithm or the variability in the experimental
measurements. A difference in the relative permittivity and effective conductivity is
visible between cortex and medulla within 0.5 — 8.5 GHz frequency range, in agreement
with what was already observed in [193]. In the context of MWA, this information
indicates that the two functional tissues of the gland could have a different degree of
interaction with the electromagnetic field. In particular, medulla would absorb more
electromagnetic power because of the higher effective conductivity compared with
cortex. Medulla is the tissue responsible for the release of hormones (epinephrine and
norepinephrine) which excite the heart rate and allow for the contracting of the blood
vessels during stress conditions (8 2.1). Thus, the heating of the medulla should be

carefully managed to avoid the risk of cardiac failures during the MWA procedure.

Comparison of single frequency dielectric data. Tables 3.4 and 3.5 summarise the
dielectric properties of ex vivo ovine adrenal cortex and medulla at 915 MHz, 2.45 GHz
and 5.8 GHz. The mean and standard deviation values both for the relative permittivity
and effective conductivity were computed for each sample. At 5.8 GHz, the mean value
of conductivity is 367% higher compared with the conductivity at 915 MHz and 163%
higher compared with the value at 2.45 GHz. A less evident difference was observed in
the relative permittivity values. At 5.8 GHz, the value of relative permittivity is 15% and
9% lower than the values observed at 915 MHz and 2.45 GHz, respectively. Examining
the medulla, at 5.8 GHz the mean value of the effective conductivity is 410% higher
compared with 915 MHz and 183% higher compared with 2.45 GHz. The relative
permittivity is 14% and 8% lower compared with the values at 915 MHz and 2.45 GHz,
respectively.
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Figure 3.6: Relative permittivity and effective conductivity related to paraganglioma (Patient 1),
pheochromocytoma (Patient 2, Patient 4, Patient 6), aldosterone-producing adenoma (Patient 3) and
encapsulated nodule (Patient 5).

100

=
o

-
< o

[=2]
(=]
(<]

N
o

Relative Permittivity
s
Effective conductivty (S/m)

2 4 6 8 2 4 6 8
Frequency (GHz) Frequency (GHz)

I-Patient no.5 ' Patient no.6

Figure 3.7: Relative permittivity and effective conductivity measured on the available healthy tissue
identified by the pathologist in two samples (Patient 5 and Patient 6) in the frequency range of 0.5 —
8.5 GHz.

Previous studies showed that the performances of the MWA devices change with the
operating frequency. The study conducted in [197] showed that the higher value of
effective conductivity of liver at 2.45 GHz compared with 915 MHz results in a higher
deposition of the electromagnetic power in the tissue. The result is linked to the
proportional relationship between the effective conductivity and the electromagnetic

power absorbed by the tissue. In light of the results included [197], this study suggests
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Figure 3.8: Excised hyperfunctioning adrenal adenoma responsible for primary aldosteronism clearly
visible due to the yellow colour typically characterising lipid-rich masses, like adreno-cortical
adenomas.

that the higher effective conductivity at 5.8 GHz compared with the other frequencies
results in a greater absorption of the electromagnetic power in the tissue. The
performances of the MWA applicator at 5.8 GHz compared to 2.45 GHz will be
discussed in Chapter 4, while Chapter 8 will be dedicated to the effects of the higher

frequency on the ultimate ablation zone.

3.4.3 Dielectric properties of ex vivo human adrenal glands
Analysis in 0.5 — 8.5 GHz frequency band. Figure 3.6 shows the relative permittivity and
effective conductivity as a function of frequency for six diseased adrenal glands excised

from six different patients. The dielectric data refer to:

. Paraganglioma for Patient 1;
. Pheochromocytoma for Patient 2, Patient 4 and Patient 6;
« Adreno-cortical adenoma for Patient 3;

« Benign nodule for Patient 5.

The histology analysis supports the gross description provided by the pathologist
following the excision of the tissue. Figure 3.7 shows the values of the dielectric
properties related to the available normal tissue of the ex vivo human sample (Patient 5
and Patient 6). Comparable results are obtained between the normal ex vivo human

adrenal cortex (Figure 3.7) and the ovine adrenal cortex (Figure 3.5). The average values
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of relative permittivity and effective conductivity are both 6% higher in healthy cortical

human tissue compared with the ovine adrenal cortex within 0.5 — 8.5 GHz.

Hereafter, the relative permittivity and effective conductivity measured on diseased
adrenal tissues will be compared with the normal adrenal tissue. The condition of the
tissue, normal or diseased, was indicated by the pathologist according to the

histopathological findings.

For the non-functioning nodule, arising from the cortex, data were collected only from
one sample. When compared to the normal human cortical tissue, the non-functioning
nodule appears to differ less than 3% in relative permittivity and less than 6% in effective
conductivity values. With respect to the normal ex vivo human dielectric values,
paraganglioma appears noticeably more conductive than normal cortical tissue. Data
collected from only one sample showed relative permittivity and effective conductivity
were 4% and 13% higher than normal human adrenal cortex. Looking at the
pheochromocytoma data (collected from 3 different samples), a difference of less than
1% in relative permittivity and less than 4% in effective conductivity can be observed in
comparison with the normal human adrenal cortex data. Adreno-cortical adenoma is
approximately 33% lower both in relative permittivity and effective conductivity values,

compared with the normal ex vivo human dielectric values.

It can be observed that human adenoma presents dielectric properties visibly different
from the other diseased tissues. These substantial differences may be attributed to the
abundant lipid composition of the adreno-cortical adenoma due to the infiltration of the
tumour into the adipose tissue of the external capsule. In addition, the histology analysis
also revealed the infiltration of collagen fibres into the adenoma. The collagen may
further contribute to the lower dielectric values of the adreno-cortical adenoma, as
collagen is typically characterised by low dielectric properties (e-=13.0, o = 0.08 Sm™ at
1GHz) [183], [211]. Figure 3.8 shows a picture of the sample of functioning adenoma
excised from the patient affected by unilateral PA (Patient 3). The surface (yellow in

colour) is typical for cortical adenomas infiltrating the adjacent layer of fat tissue.

Given the small number of samples, the results presented above should be considered
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with caution. In particular, only one sample of adrenocortical adenoma was included in
the study. This sample is characterised by adipose and collagen infiltration, which
contributed to lower the dielectric properties of such diseased tissue. However, the
percentage of adipose tissue can vary depending on the degree of infiltration of the
adenoma in the fat capsule. Further investigations are needed to include a broader number

of adenomas characterised by different content of adipose tissue.

Comparison of single-frequency dielectric data. Tables 3.6 and 3.7 summarise the
dielectric properties of ex vivo diseased and normal human adrenal glands, respectively,
at 915 MHz, 2.45 GHz and 5.8 GHz.

Echoing the results of the ex vivo ovine adrenal tissue tests, an increase in the effective
conductivity is observed with an increase in frequency (i.e. 915 MHz, 2.45 GHz and 5.8

Table 3.6: Averaged and standard deviation values for relative permittivity and effective conductivity
of diseased adrenal glands excised from six patients at 915 MHz, 2.45 GHz and 5.8 GHz.
Diseased adrenal tissue
Patient 915 MHz 2.45 GHz 5.8 GHz
# o o o

o ) o (s mY (s mY)
54.1+0.8 1.1+01 50.7 £ 0.8 1.9+01 459+07 5202
52.3+0.2 11+01 49.1+£0.2 1.8+01 446+£02 4901
34.8+0.2 0701 32.4+0.2 1.2+01 292+02 3.0zx02
49.8+0.3 1.0+01 46.6 £0.3 1.7+01 426+03 4501
525+0.2 1.1+01 49.6 £0.2 1.8+01 456+£02 4801

6 52.7+0.1 1.0+01 50.2+0.1 1.8+01 46.0+£01 4901

Mean  49.4+0.3 1.0+01 46.4+0.3 1.7+0.1 423+03 46%02

&r

a A W N -

Table 3.7: Averaged and standard deviation values for relative permittivity and effective conductivity
of normal tissue of adrenal glands measured in two over six patients at 915 MHz, 2.45 GHz and 5.8
GHz.

Normal adrenal tissue
Patient 915 MHz 2.45 GHz 5.8 GHz
# o o o
v (sm?) T (s m?) Er (sm?)
5 49.8 +0.3 1.0+0.1 47.2+0.2 1.7+0.1 43.1+0.2 46+0.2
6 52.2+05 09+0.2 495+04 1.6+0.2 452+04 46+0.2

Mean 51.0+04 1.0+£0.2 48.4+0.3 1.7+0.2 442 +0.3 46+0.2
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GHz) in ex vivo human tissues both for normal and diseased tissues. Regarding the
relative permittivity, a decrease can be noticed with the increase in frequency, both for
normal and diseased tissues. At 5.8 GHz, the effective conductivity is 360% and 171%
higher than the values at 915 MHz and 2.45 GHz in normal tissues. Considering relative
permittivity in normal tissue, the values in relative permittivity at 5.8 GHz are 9% and
13% lower compared with 915 MHz and 2.45 GHz. Similar exchange rates were obtained
in effective conductivity and relative permittivity for the ex vivo human diseased adrenal

tissues.

It is worth noting that a considerable increase in effective conductivity also involves the
adreno-cortical adenoma. For this type of diseased tissue, the effective conductivity at
5.8 GHz is 329% and 150% higher than the values reported at 915 MHz and at 2.45 GHz.
Considering the relative permittivity, a decrease of 16% and 10% is observed in the
adreno-cortical adenoma with the increase of frequency from 915 MHz to 5.8 GHz and
from 2.45 GHz to 5.8, respectively. As discussed above, the infiltration of fat in the
adenoma is responsible for the lower values in dielectric properties compared with the
normal tissue, and also compared with other types of diseased tissues. However, the

increase in effective conductivity at 5.8 GHz remains considerably high compared with
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Figure 3.9: Mean and standard deviation values of relative permittivity and effective conductivity
reported for ex vivo ovine adrenal cortex, ex vivo ovine adrenal medulla, ex vivo human normal tissue
and ex vivo human aldosterone-producing adenoma responsible for PA.
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915 MHz and 2.45 GHz. As already observed for the values regarding ex vivo ovine
adrenal glands, the higher values in effective conductivity at 5.8 GHz compared to other
frequencies would suggest that higher rates of deposition of electromagnetic power are

achievable at this frequency.

Figure 3.9 summarises the key findings of the broadband dielectric analysis of ex vivo
ovine adrenal glands and ex vivo human adrenal glands. The figure shows the mean
values both for cortex and medulla tissues of ex vivo ovine models, ex vivo human normal
adrenal tissue and ex vivo human adreno-cortical adenoma. In addition, the dielectric
properties related to the functioning adenoma responsible for PA are shown, since this

tissue is the ablation target of interest for this project.

Similar values in relative permittivity and effective conductivity between the ex vivo
ovine cortex tissue and the normal human tissue suggests that ovine adrenal glands can
be exploited as models for the human adrenal glands. Thus, in the modeling of MWA
systems the dielectric properties derived for ovine adrenal samples can be used as good
approximation for the dielectric properties of human adrenal glands. Most of the ex vivo
human diseased adrenal tissues examined in this study shows relative permittivity and
effective conductivity close to the values in normal conditions (Figure 3.6 — Figure 3.7).
The highest difference between normal and diseased tissue was observed for the adreno-
cortical adenoma in the values of effective conductivity. As already discussed, lower
values in relative permittivity and effective conductivity are observed for the functioning
adenoma compared to normal adrenal tissues. This result is in agreement with the
features observed in a range of adreno-cortical adenomas [212], [213]. Adreno-cortical
adenomas contain intracytoplasmic fat in different percentage. This feature is likely
responsible for the lower values of dielectric properties compared with the other adrenal
tissues observed in this study (Figures 3.6 — Figure 3.9). The presence of intracytoplasmic
fat is a parameter used to differentiate between benign adenomas and malignant adrenal
masses in the imaging scanning tests, e.g. CT. Lipid content is rarely present in malignant
adrenal lesions. Approximately 60 — 70% of adrenal adenomas are lipid-rich, thus they
are easily to detect through CT or MRI [214]-[217]. However, about 30-40% of adrenal

adenomas are lipid-poor as well as other types of adrenal tumours [212], [218], [219].
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Further features of adrenal adenomas may include cystic foci, hemorrhagic areas,
calcification, degeneration in macroscopic fat (myelolipoma) [215], [220]. The relatively
wide range of histological features of the adreno-cortical adenomas suggests that further

measurements of the dielectric properties are required.

3.5 Conclusions

In this chapter, a dielectric study of adrenal glands is conducted over the frequency range
used in microwave thermal ablation applications. The primary research objective of this
chapter was to develop accurate knowledge of the relative permittivity and effective
conductivity of the adrenal gland. This knowledge could then be exploited to numerically
predict the rate of the electromagnetic power absorbed by the tissue (SAR), and

ultimately the size and shape of the ablation zone.

A literature survey concerning dielectric studies of adrenal glands revealed two
significant gaps: (1) a lack of studies considering the dielectric properties of ovine
adrenal tissues, the animal model widely used to study endocrine disorders; (2) no
available studies on the dielectric properties of healthy and diseased human adrenal

tissues.
This chapter presents some important findings, including:

« No substantial differences are observed in the dielectric properties of ex vivo ovine
adrenal glands reported in this study and the ex vivo bovine adrenal glands reported
in the reference study [193]. However, ovine adrenal glands provide a better
representation of the human adrenal glands because of the similar anatomical

dimensions;

« The dielectric properties of ex vivo ovine adrenal functional tissues represent a good
approximation of the ex vivo human adrenal tissues in normal conditions. Thus, the
relative permittivity and the effective conductivity of ex vivo ovine adrenal tissues
will be exploited for the numerical simulations. The accurate dielectric values of the
animal model adopted will enable a more reliable comparison between the numerical

results and the data obtained from the experimental assessment;
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. Relative permittivity and effective conductivity in the case of the adreno-cortical
adenoma are lower compared to the dielectric properties of pheochromocytomas,
paraganglioma and non-functioning adrenal nodules. The low dielectric values of the
adenoma between 0.5 — 8.5 GHz are most likely attributable to the higher lipid

content characterising some types of adreno-cortical adenoma;

Since the effective conductivity determines the SAR distribution over the tissue, the
values of conductivity are highlighted at the frequencies of interest for MWA devices. It
is worth noting that the conductivity at 5.8 GHz is 150% higher than the value at 2.45
GHz. This result would suggest that 5.8 GHz is worth investigating as a potential tool to

obtain high and localised levels of SAR in adrenal tumours.

67



Chapter 4

Design of applicators and computational
models for MWA

4.1 Introduction

Chapter 3 reported the relative permittivity and effective conductivity of ovine adrenal
glands, as well as those of normal and diseased human adrenal tissues measured through
the open-ended coaxial method. The study showed comparable dielectric properties
between ex vivo human and ovine adrenal tissues within the frequency range from 0.5
GHz to 8.5 GHz. The results support the use of ovine adrenal models for pre-clinical

assessing of MWA procedures on adrenal glands.

The dielectric properties of the target tissue are a key factor in assessing a MWA
procedure. Other factors influencing the outcome of the MWA procedures include the
design of the MWA applicator and the operating frequency. The influence of these
factors is typically assessed through numerical methods aimed at modelling the
distributions of the electromagnetic power and the increase of temperature over the
region of interest [21], [144], [221], [222].

This chapter aims to illustrate the theoretical aspects of the electromagnetic modelling
and the workflow adopted to design and prototype the MWA applicators used throughout
this thesis. This chapter reviews:

. The cause-effect mechanisms underlying the interaction between biological tissues
and electromagnetic fields. In addition, the numerical approaches to solve the
electromagnetic and thermal problems are described,;

« The performances of the applicators in terms of antenna reflection coefficient (S11)
and distribution of specific absorption ratio (SAR) over the tissue model. At this
stage, liver is used as a testing model to evaluate the performances of each applicator
in a homogeneous and well-characterised scenario [144], [223];

« The main parameters of influence on the temperature increase during MWA

procedures. To this end, electromagnetic and thermal simulations were completed at

68



CHAPTER 4. DESIGN OF APPLICATORS AND COMPUTATIONAL MODELS FOR MWA

« 60 W for 60 s in the homogeneous tissue model, considered as a reference scenario.
In this chapter, Section 4.1 reviews the principles of interaction between
electromagnetic fields and biological tissues. The section also describes the
numerical approaches to obtain the distribution of the electric field and the
temperature over the region of interest. Section 4.2 presents the workflow adopted to
model and prototype the MW applicators. The section also details the methodology
used to set electromagnetic and thermal simulations aiming to reproduce ex vivo and
in vivo experimental scenarios. Section 4.3 describes the performances of the
proposed MW applicators and the relevant parameters of influence during MWA. In
particular, the models for water vaporisation and for changes in the dielectric
properties with temperature are discussed in relation to the designed frequency and

to the power and time settings adopted in the thesis.

4.2 Biophysical mechanisms underlying MWA and
mathematical expressions for the EM and thermal
problem

4.2.1 Interactions between EM field and biological tissues
The therapeutic effect of MWA relies on the temperature increment induced by the

electromagnetic (EM) field interacting with the biological tissues in the microwave
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Figure 4.1: Electric field impinging perpendicularly on a multilayer structure where multiple tissues
of different dimensions (d) are schematised as a succession of two-dimensional layers (A);
representation of the equivalent transmission line where each tissue layer is identified by the specific
propagation constant k and intrinsic impedance # (B).
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frequency range. The increment of tissue temperature results from the absorption of the
electromagnetic power. The amount of the electromagnetic power deposited in the
biological tissue is evaluated numerically solving the Maxwell’s equations. The actual
configuration of the energy source in contact with the biological tissue should be
accounted in the solution of the Maxwell’s equations [224]-[226]. The antenna and the
surrounding biological tissues are generally complex structures, which make the
electromagnetic problem difficult to solve. A method used to simplify the study of the
interactions between the EM field and the tissues is the assumption of a plane wave
incident on a one-dimensional multi-layered structure, as represented in Figure 4.1 (A).
The multi-layered structure can be studied using the equivalence with transmission line
[227]. Each section of the transmission line represents a tissue layer, as depicted in Figure
4.1 (B). The propagation constant (k) and the intrinsic impedance (») identifying each
layer depend on the properties of the biological tissue. The direct wave impinging on the
layer will split in a reflected wave and a wave which continues to propagate through the
structure. Equations (4.1) and (4.2) express the reflected and directed waves.

Vi= Ve Ik 4 v elkir (4.1)
1= 5 gmitir Y gjkir (4.2)
Fom ; '

V;* and V;~ represent the amplitudes of the direct and reflected waves at the boundary
between two adjacent layers; k; and n; are the propagation constant and the characteristic

impedance described by equations (4.3) and (4.4).

ki = /(1)2‘111'82k (43)

l/l.
n== (4.4)

&

u; and ;" are the magnetic permeability and the complex permittivity (Equation (3.1)) of
the specific tissue, w (rad s?) is the angular frequency. As the biological tissues are lossy
materials, while the waves propagate through a layer, the magnitude of the wave
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decreases exponentially. The propagation constant k in a lossy material is indicated as a
complex quantity k =  — ja. Thus, equations (4.3) and (4.4) turn to equations (4.5) and
(4.6).

Vi= Ve @ireIBir  yme~®imelBir (4.5)
Ilzi (Vi+e_aire_jﬁir - Vi_e_airejﬁir)7 (46)

where «a is the attenuation undergone by the wave while propagating in the tissue and S
is the term indicating the phase of the electromagnetic wave. Equations (4.7) and (4.8)
provide the mathematical expressions for the attenuation coefficient (a) and the

propagation coefficient ().

o=o e fi (2 1) “

frEr o \?
= 4.8
p=w [ 1+(wgr) +1 (4.8)

&, Is the relative permittivity, i.e. the real part of the complex permittivity (¢*), and (o)
is the effective conductivity (§ 3.1). Both attenuation coefficient (Equation 4.7) and
propagation coefficient (Equation 4.8) depend on the dielectric properties of the tissue
(&, o) and the frequency (w = 21tf) of the applied alternating electric field. In particular,
the attenuation of the electromagnetic field and the phase shift undergone by the wave
increase with the effective conductivity and the frequency (f). This is due to the

dissipative nature of the tissue (83.1).

When the electromagnetic wave propagates between two adjacent tissues with different
dielectric properties, part of the electric field is reflected at the interface between the two
layers. Equation (4.9) defines the reflection coefficient, which provides a measure of the
wave reflected at the boundary between two tissue layers with respect to the incident

wave.
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Vi (M

Sll = V-+ (,r)

(4.9)

For an electromagnetic wave propagating from a medium of intrinsic impedance n; to a
medium of intrinsic impedance n,, the reflection coefficient can be expressed as
indicated in Equation (4.10):

Syp = T dL (4.10)

Ni+1+ M

In the case of two adjacent tissues characterised by similar dielectric properties (i.e. n;

is approximately close to n;,4), the reflection of the electric wave is minimum.

In MWA procedures, a therapeutic applicator is inserted in the anatomical region of
interest. The electromagnetic field is excited from the antenna at the designed operating
conditions (i.e. frequency, power and time). Thus, part of the electric field is deposited
in the tissues [224], [226]. The amount of EM energy absorbed by each tissue, and the
consequent temperature increment are of particular relevance in thermal-based therapies
such as MWA, as detailed below.

4.3 Definition of the EM and thermal problem

The distribution of the electric field over the region of interest derives from the solution
of the Helmholtz’s equation, expressed in homogeneous form by Equation (4.11). The
equation considers the electric field vector (E).
jo
\72E—k2( ——)E=0 :

G (4.11)
ko, (m™) is the propagation constant in the free space, w (rad s) is the angular frequency,
Uo 1S the permeability of free space, ¢, is the relative permittivity in free space, ¢, and o

(S m™) are the relative permittivity and the effective conductivity of the tissue.

The parameter commonly used to quantify the amount of electromagnetic energy
deposited in the tissue is the specific absorption rate — SAR (W kg?) [224], [228]. SAR
defines the power transferred in an infinitesimal volume of tissue divided by the mass of
the object. Equation (4.12) provides the mathematical expression for SAR.
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o |E|?

SAR =
2p

(4.12)

o (S m?) is the effective conductivity, |E|? is the intensity of the electric field (V m™)
and p (kg m™) is the density of the tissue. According to the Equation (4.12), SAR varies
with the effective conductivity (o). Therefore, tissues with higher water content (such as
liver) are able to absorb a higher amount of electromagnetic energy when compared with

tissues characterised by lower values of o (such as fat).

Once SAR is known, the increase of temperature can be determined. The bioheat
equation (BHE) described through Equation (4.13) links the rate of temperature

increment to the heat accumulated per unit volume in each point of the tissue.

pcge =V (KVT) + pSAR + pQ ~ myppycy(T = Ty), (4.13)

T (°C) is the temperature, t (s) is the time, k (W °C m™) is the thermal conductivity of
the biological tissue, Q (W kg™) indicates the metabolic heat generation rate, SAR (W
kg™?) is the rate of absorption of the electromagnetic power by the biological tissues, m,,
(m* kg s1) is the blood mass perfusion rate, ¢, (J kg °C™?) heat capacity of the blood,
pp (kg m3) and p (kg m™) are the densities of blood and tissue respectively, T, (°C) is
the temperature of the blood. Equation (4.13) shows the multiple factors that determine
the increment of temperature other than the heat induced by the external source (SAR).
Those factors include: the heat transfer via thermal conduction through the tissues (V -
(kVT)), the heat developed by the metabolic processes (pQ), and the heat dissipated
because of the blood flow through the tissues (my,pp,cp (T — Tp)) [226], [229], [230].

For short durations (<30 s), the contribution of thermal conduction (V - (kVT)) in
Equation (4.13) is negligible. Thus, the initial increment of temperature over the time
(slope) can be correlated to the rate of the absorbed electromagnetic power in the tissue.
Under this condition, SAR can be derived according to Equation (4.14) [222], [231].

SAR = — (4.14)
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AT (°C) is the temperature increment, ¢ (J kg °C™?) is the specific heat capacity of the
tissue and At (s) is the time interval within which the increment of temperature AT is
measured. With a longer time of exposure, the heat transfer associated with the thermal
conduction of the tissue becomes dominant, and the temperature increases non-linearly.
4.3.1 Numerical solution of the EM and thermal problem

As observed so far, the solution of the EM and thermal problem is provided from the
Maxwell’s equations and the BHE equation respectively. Several numerical techniques
were developed to solve the EM and thermal problem. Within them, the Finite Difference
(FD) decomposition is the method widely adopted to approach the EM problem
expressed in time domain and the thermal problem [225]. Equation (4.15) describes
finite-difference (FD) decomposition along x direction in a general form (F represents
the function of interest, i.e. electric field, temperature). The same expression is used to

discretise the space also along y and z dimensions.
Ax Ax
OF (x,y,z,t) _ F(X +7,y,z,t) - F(x — 5% t)

(4.15)
ox 0x

For the EM problem, the FD method requires the expression of the electric and magnetic
field of Maxwell’s equations in time domain (TD). Thus, each component of the electric
and magnetic field at a specific time point is calculated as a function of the adjacent
component obtained in the previous time point. The calculation domain is divided in a
finite number of cuboid cells, and the EM field is considered uniform within each cell.
Therefore, a single meshing cell can be filled by a unique material. The solution of the
thermal problem is found using the explicit FD method, as expressed by Equation (4.15).
Another method used to calculate the solutions of the electromagnetic and thermal
problem is the Finite Integration technique (FIT). For the EM problem, FIT calculates
the electric field and magnetic field by solving the Maxwell’s equation in time domain,
as observed also for finite-difference time-domain (FDTD). However, in the case of FIT,
the Maxwell’s equations are solved in the integral form rather than the differential form.
The electric and magnetic fields are calculated through the integral over each cell
discretising the model [232]. As a result, FIT provides a better approximation of curved
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and complex geometries (i.e. characterised by multiple materials), overcoming the

‘staircase’ effect resulting from the simplification of the geometry occurring with FDTD.

Once the distribution of the electric field over the region of interest is obtained, the
distribution of SAR can be calculated according to Equation (4.12). Then, the solution
of the EM problem is coupled to the BHE as described by Equation (4.13), which
provides the distribution of temperature.

In this thesis, a three dimensional (3D) full-wave electromagnetic software (CST MWS
Suite 2018, Darmstadt, Germany) based on FIT algorithm is used. The tissue model is
discretised accounting for at least ten cells per wavelength considering the shortest
wavelength. This standard was adopted in order to achieve a sufficient level of accuracy
in the results [233]. As the wavelength depends on the relative permittivity of the
material, it is worth noticing the importance of the dielectric properties of the material
under test as input parameters for the electromagnetic simulations. In addition, the
smallest size of the mesh cells is determined by the least relevant geometrical detail of
the geometry that needs to be discretised for the simulation [222]. In MWA application,
the smallest relevant features are related to the components of the MW applicator. To
limit the computational domain, absorption boundary conditions (ABCs) need to be
specified at the edges of the model. Perfectly matched layer (or ‘open’ condition) is the
boundary condition adopted to minimise the reflection of the electromagnetic waves

while propagating within the geometrical domain.

The EM simulation will stop when the energy decayed to the user-defined level
(generally lower than -40dB), described as the convergence level. The faster the time-
domain signal propagates through the model, the faster the simulation will provide the
numerical solution. However, the maximum time-step should satisfy the stability
condition expressed by Equation (4.16).

1 1
Atmax <
- 1 1 1
Umax m'{'m‘l‘ 22 (4. 16)

Umax 1S the propagation velocity of the wave through the model, which is determined

by the material properties; Ax, Ay, Az are the size of the meshing cells. According to
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Electromagnetic simulations Thermal simulations
Maxwell’s SAR Bioheat Temperature
equations disteibution equation distribution
P— Dielectric Thermal
of the tiss?;e properties of characteristics
and the the tissue (c,k,my, cp) and
— (&r) Oerf) density (p) of the
tissue

Figure 4.2: Workflow of the numerical electromagnetic and thermal simulations: the calculation of
SAR is performed through the electromagnetic simulations considering the model of the tissue and
of the antenna other than the dielectric properties of the tissue as input parameters; then SAR
distribution is the input parameter for the bioheat equation other than the thermal properties and the
density of the tissue model, to calculate the distribution of temperature.

Equation (4.16), the maximum time-step is determined by the size of the meshing cells:
the smaller the meshing cell, the smaller the time-step must be. In the case of geometries
discretised by cells varying in size, the time-step is determined by the mesh cell with the

smallest dimension.

Convective boundary conditions expressing the continuity of the heat flow perpendicular
to the external surface of the geometry should be settled for the solution of the thermal
problem, according to Equation (4.17) [234].

0T (r)

—k
on

=h(T(@)-T,) (4.17)
S

n is the vector perpendicular to the boundary of the surface S, r is the vector indicating
the position in the space domain, h (W m™°C) is the convection coefficient and T, (°C)
is the temperature of the surrounding environment. Figure 4.2 summarises the workflow

for the electromagnetic and thermal numerical simulations used for this study.

4.4 Applicators for MWA

In MWA, the EM field is applied by interstitial applicators that generally consist of

feeding transmission lines terminated by a radiating element, i.e. an antenna. Dipoles and
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Xy

Transmission line i Antenna
Zy=(Ry+ R + X,

Figure 4.3:; Equivalent circuit representing the transmitting system of the electric field to be radiated
by the antenna. The circuit is composed by the voltage of the generator, the intrinsic impedance of
the transmission line and the impedance of the antenna. The impedance of the antenna accounts for
the losses due to conductive materials of the antenna and the impedance associated to the radiation
of the antenna.

monopoles are the types of antenna mostly used for MWA [225]. The dipole antenna is
important for theoretical reasons because any other linear antenna, such as monopole,
can be derived from a dipole structure. Thus, the basic radiation concepts of a dipole

antenna can be also extended to the monopole.

Both for dipole and monopole antennas, the feed point is connected to a transmission
line, which guides the electromagnetic energy from the MW generator to the antenna.
Figure 4.3 shows the equivalent circuit representing the source of energy, the
transmission line and the radiating element. The source is represented by an ideal
generator and the related impedance (Z,), Z. indicates the characteristic impedance of
the transmission line and Z, is the impedance of the antenna, i.e. the load of the
transmission line. The impedance of the antenna accounts for the resistive losses (R,)
due to the antenna structure and the radiation impedance (R, + jX,.). The voltage applied
across the two conductors of the transmission line creates a travelling wave current.
Because the two conductors are parallel, the field radiated by the first wire is essentially
cancelled out by the field radiated by the second wire, thus no net radiation occurs. When
the terminating part is approached, the radiation begins, as the electromagnetic field
generated is not cancelled by the second wire. Under ideal circumstances, the energy

provided by the generator should be transferred to the antenna. However, several losses
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are generated by the mismatch between the transmission line and the antenna. The
amount of the reflected wave generated at the load is quantified through the reflection

coefficient, according to Equation (4.9).

The antenna radiation pattern is defined as the representation of the radiation properties
of the antenna as a function of the space coordinates. Both dipoles and monopoles
provide omnidirectional radiation pattern. Omnidirectionality consists of an infinite
number of principal planes for the electric field and the single plane for the magnetic
field. Thus, along the direction of the antenna there is no radiation, while the maximum
radiation lies along the orthogonal planes where symmetric radiation patterns are
observed [225]. A graphical representation of the omnidirectional pattern is provided in
Figure 4.4. In this figure, the plane related to the electric field (E) is xz-plane, while the
reference plane for the magnetic field (H) is xy-plane. In the space surrounding the
antenna, three different regions can be identified: the reactive near-field, the radiated near
field and the far-field regions. The reactive near field region is the portion of space
immediately surrounding the antenna, where the magnitude of the electric field varies
with the spatial coordinates. The radiating near field is the intermediate region between
the reaction near field and the far field. Far field is the region where the angular field

distribution is essentially independent of the distance from the antenna. Generally, this

2
region exists at distances greater than %, where D is the maximum dimension of the

antenna. In the case of MWA, the distribution of the electromagnetic energy within the
tissue is highly dependent of the antenna-tissue interactions, falling within the near field
conditions [197], [227], [235]. The performances of the antennas used for MWA must
be evaluated considering the matching characteristics of the target tissue, and the
behaviour of the antenna when the physical properties of the surrounding tissue change.
Further factors to be evaluated include the shape and dimension of the tissue, and the

orientation of the antenna with respect to the target.

For MWA applications, dipoles or monopoles are generally fabricated from coaxial
cables. Dipole antennas are created by connecting the inner conductor of a coaxial cable
with the outer conductor of another cable with a known length. Thus, one arm of the
dipole antenna is the feeding line [236], [237]. Monopole antennas are commonly made
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by removing the outer conductor of a semirigid coaxial cable and exposing the length of
the central conductor at a designed length [225]. In both dipole and monopole antennas,
the insertion depth of the applicator into the biological tissue influences the reflection
coefficient and deposition of SAR. This is caused by an unsuitable match of the antenna
with the surrounding material, which results in reflected currents along the coaxial cable.
Strategies to limit these problems include the use of a third metallic axis [238], [239] or
a choke [237], [240]. In the case of the third axis, the residual currents flowing along the

external surface of the coaxial cable are shielded by the third axis. In the case of the
choke, a metallic cable of% length is soldered on the surface of the coaxial line, such that
an open-end impedance is seen from the antenna to the feed line. Thus, the insertion

depth has no influence on the input impedance of the applicator.

In this thesis, a monopole antenna is used. The relatively simple design of the monopole
allows for easier miniaturisation, manufacturing and optimisation of the cooling path.

Finally, monopole antennas exhibit lower sensitivity in the reflection coefficient with

Antenna

Radiation
pattern

Figure 4.4: Graphical representation of the omnidirectional pattern provided by a dipole antenna,
where xz-planes refer to the electric field (E) and xy-plane refers to the magnetic field (H). The
omnidirectional patterns are characterised by infinite reference planes of the electric field and one
reference plane for the magnetic field, while along the direction of the antenna no radiation is
provided. The figure is obtained from [225].
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respect to the dielectric properties of the surrounding medium when compared with
dipoles [241].

4.5 Methodology

45.1 Antenna models
Three different antennas are now described, which will be employed in the following
chapters: a coaxial monopole antenna operating at 2.45 GHz, a triaxial monopole antenna

operating at 2.45 GHz and a triaxial monopole antenna operating at 5.8 GHz.

Numerical modelling. In this work, MW applicators were modelled within CST MWS
software. The first objective was to establish the suitable length of the radiating element.
To this end, a parametric simulation was used within the appropriate frequency range.
Frequency ranges from 0.5 to 3 GHz and from 4 GHz to 6.5 GHz were considered to
include 2.45 GHz and 5.8 GHz operating frequencies, respectively. The length (I;) of the
radiating element was optimised in order to obtain 1) the minimum value in amplitude
of the reflection coefficient (S11) at the operating frequency; 2) values of the Si11 lower
than -10dB within the largest possible bandwidth. The resonance of the reflection
coefficient over the selected frequency band was evaluated for different lengths of the
radiating element: from 1 mm to 10 mm at 0.5 mm step. The analysis was conducted
considering the model of the applicator inserted in a 60 mm cube of water (er =83.0; 6 =
1.4 Smat2.45 GHz, & =78.0; 6 = 7.1 S m™ at 5.8 GHz). Each applicator was placed
in water with an insertion depth of 30 mm; such length was measured between the
insertion point and the feed of the applicator. Then, the insertion depth was reduced from
30 mm to 15 mm to evaluate the effect of the insertion depth on the reflection coefficient
for each applicator. The maximum threshold for the reflection coefficient amplitude was
set at -10 dB, which corresponds to 10% in reflected power. In the case of triaxial
applicators, a stainless-steel cable was added to the coaxial monopole structure to limit
electrical currents flowing along the outer conductor of the coaxial cable. Those
backwards electrical currents resulted from the impedance mismatch between the
transmission line and the radiating element. Because of resistive losses occurring in the
metallic cable, the backward electrical currents can induce overheating of the cable and

the surrounding tissue. A further parametric study was conducted to evaluate the optimal
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distance (d) of the third metallic cable from the feed of the antenna. To this end, the
amplitude of the reflection coefficient and the resonance shape were evaluated
considering seven different positions (0:0.5:3 mm) for the triaxial cable with reference
to the feed point. Two concentric polyamide tubes embedded in the coaxial structure
were also modelled, to account for the cooling system. For each antenna design, a fully
cooled applicator was used to limit the increase of the temperature within the cables. The
water acts as a matching medium, preventing detuning between the antenna and tissue
during the procedure. The temperature of the water circulating in the cooling system was
set equal to 18°C, to provide a suitable refrigeration. Convective boundary conditions
represented by Equation (4.17) were applied between the external surface of the
applicator and the tissue. The convection coefficient h was set equal to 1000 (W m2°C"
1) to account for the forced convection induced by the cooling system [234]. Figure 4.5
shows the fully cooled monopole coaxial applicator (A) and monopole triaxial applicator

(B) both in the longitudinal and cross sections.

Experimental setup. The designed applicators were then fabricated by exposing the

suitable length for the radiating element (l;) from the inner conductor of a semirigid

Plastic coat
(A) J— Water
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| r - Stainless tube

1 ' +
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Figure 4.5: Schematisation of a coaxial monopole applicator (A) and a triaxial monopole applicator
(B) provided in longitudinal (left) and transversal (right) sections. The length of the radiating element
(Ir) and the overall length (I) are highlighted for the two applicators. In the case of the triaxial
structure, the distance (d) of the third metallic cable from the feed-point is indicated. For both
applicators, an integrated water refrigerating system was modelled.
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coaxial cable. A SMA connector was connected to the input of the coaxial transmission
line, to power the antenna by the MW generator (Sairem, SAS, France). The SMA
connector of the antenna was connected to the MW generator through a low loss coaxial
cable. The impedance matching of the fabricated antennas was evaluated in terms of
reflection coefficient (S11), by connecting the antenna to an antenna analyzer (Rohde &
Schwarz® ZVH8 100 kHz — 8 GHz). A full one-port calibration of the analyser was
performed, considering three different calibration standards: open circuit, short circuit
and 50 Q load. Five measurements were conducted loading the test device (ablation
antenna) with water at room temperature. The values of reflection coefficient were
recorded at 201 linearly spaced frequency points over 0.5 — 3 GHz or 4 — 6.5 GHz,
depending on the operating frequency. The design of the applicator was completed with
the cooling system. In the case of a monopole applicator, two polyimide tubes were used
to provide the inward and outward path for the cooling water. In the case of triaxial
design, the stainless tube was used to provide the inward path, while an external polymide

casing was used for the outward water flow.

Table 4.1 summarises the geometrical characteristics of each applicator. The table
includes the length of the radiating element and the distance of the third cable from the
feed-point, which were optimised during the numerical modelling. The table also reports
the overall length of each applicator and the type of coaxial cable used.

Cable losses and passive heating. A further numerical analysis was conducted to evaluate
the power losses occurring along the length of the cable in the real scenario. Losses,
named also as attenuation, are defined in manufacturer datasheets of the coaxial cable as
decibel (dB) per unit length expressed at given frequencies [242]. The resistive losses
due to the electrical current flowing in the conductive materials vary depending on the
operating frequency and on the diameter of the metallic cables. In this study, the losses
of each coaxial cable were calculated based on the specifications included in the
datasheet. For each applicator, the power losses were provided at the corresponding
operating frequency. The calculation of the power losses along the cable enables to set
the appropriate power at the MW generator in order to obtain the suitable power at the

tip of the antenna, according to the experimental protocol.
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Table 4.1: Characteristics of a monopole coaxial applicator operating at 2.45 GHz (first line),
monopole triaxial applicator operating at 2.45 GHz (second line), monopole triaxial applicator
operating at 5.8 GHz (third line). For each applicator, the descriptive information reported include:
the type of coaxial cable (third column), the length of the radiating element (fourth column), the
distance of the third cable from the feed-point (fifth column), the length of the entire applicator (sixth
column).

Operating Type of Length radiating Feed - triaxial ~ Overall

Applicator 4 element base distance length
frequency  coaxial cable
(Ir) (d) 0)
Monopole *UT-047
coaxial 2.45 GHz 6 mm - 190 mm
applicator [242]
Monopole *UT-020
jaxial 2.45 GHz 6 mm 0.5 mm 220 mm
trqum [242]
applicator
Monopole ‘UT-034
iy 5.8 GHz 3 mm 0.5mm 165 mm
tr|§X|aI [242]
applicator

*cable outer diameter = 1.194 mm; ““cable outer diameter = 0.584 mm:; *cable outer diameter = 0.864
mm

4.5.2 Framework for EM and thermal simulations

After the optimisation procedure, each modelled applicator was immersed in a 60 mm
cube of material mimicking liver. Liver represents a control scenario for MWA, thanks
to its homogeneity and well-known dielectric and thermal characteristics [136], [221],
[243], [244]. Table 4.2 lists thermal and dielectric properties of the tissue model used for

the numerical simulations, as reported in [245].

The initial temperature of the tissue model was set at 25°C. The convection coefficient
in the boundary conditions expressed by Equation (4.17) was set equal to 20 (W m2°C"
1, to account for the air-free convection between the tissue model and the surrounding
medium [141], [234].

The models were meshed in order to have a finer mesh in the regions characterised by
the smallest size, (i.e. within the antenna) and a coarser mesh in the homogeneous tissue.
First a minimum meshing size was considered (i.e. ten cells per wavelength in the tissue
model). The number of cells per wavelength was then increased until two consecutive
simulations showed a discrepancy in the amplitude of the reflection coefficient lower
than 0.1% between (Cauchy convergence test) [222].
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Table 4.2: Dielectric and thermal properties at room temperature of liver employed in the numerical
simulations. Relative permittivity and effective conductivity are provided at the two operating
frequencies adopted, 2.45 GHz and 5.8 GHz.

Parameter Liver
Frequency (GHz) 2.45 5.8
Relative permittivity, & 43.0 38.0
Effective conductivity, cefr (S/m) 1.7 4.6
Heat capacity, ¢ (J kg °C?) 3540 3540
Thermal conductivity, k (Wm1K?) 0.39 0.39
Density, p (kg m?) 1079 1079

Electromagnetic and thermal-transient simulations were executed as schematised in
Figure 4.2. The distribution of SAR was calculated as expressed by Equation (4.12)
considering 60 W delivered for 60 s. Then the temperature in the tissue model was
obtained by solving the BHE (4.13).

Tissue-descriptive parameters. The increase of temperature in proximity to the applicator
may induce changes in the characteristics of the tissue during the MWA procedure. These
changes should be accounted for in the numerical simulations, as they may affect the
distribution of the electromagnetic energy and the increase of temperature. In [143],
[144] relative permittivity and effective conductivity were measured in liver during a
MWA procedure performed at 2.45 GHz. In both studies the experimental values of
relative permittivity and effective conductivity were fitted over the temperature. As a
result, both [143], [144] developed mathematical functions describing the changes in
dielectric properties with the increase of tissue temperature. It is noteworthy that the
above-mentioned models were developed following MWA procedures only at 2.45 GHz.
The same models may be not suitable to reproduce the changes in the dielectric properties
occurring during MWA procedures conducted at 5.8 GHz. Water loss due to vaporisation
is another effect resulting from the increase of tissue temperature. In [145] the losses in
water content over the temperature were considered for a MWA procedure conducted at
2.45 GHz in a bovine liver tissue. The water losses due to phase change from liquid to
vapour, and the release of water through condensation, were modelled in BHE as a

change in specific heat of the tissue.
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In this work, the above-mentioned temperature-dependent models for relative
permittivity and effective conductivity [143], [144] were neglected in the numerical
simulations. Firstly, the lack of available data at 5.8 GHz makes the temperature-
dependent models unsuitable for operating frequencies different from 2.45 GHz.
Secondly, the studies [142], [143] show a relatively small influence of those models on
the increase in temperature within 60 s (Appendix B). Based on those evaluations, first
standard BHE (Equation 4.13) was implemented neglecting the terms for blood perfusion

and metabolic heat to reproduce the ex vivo conditions.

Then, a modified BHE was used to account for the vaporisation phenomena when
temperatures approached 100°C. BHE was modified to incorporate a model for changes
in specific heat of the tissue linked to the water vaporisation. This study adopted the
model reported in [142] to describe the changes in water content (W) over the
temperature. The expression (4.18) also represented in Figure 4.6 described the changes

in the tissue’s water content over the temperature.
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Figure 4.6: Percentage of the water content in the tissue modelled over the temperature according to
the model expressed in [142]. A starting water content of 80% was considered as baseline condition.
Then, this content drops when temperature approaches 100°C, due to water vaporisation. Ultimately,
a decrease in water loss with a slower rate is modelled after 104°C in order to account for the release
of water through the tissue due to condensation.
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T-106
0.778 - <1 —e 3.42 ) 70°C < T < 100°C

7.053 — 0.064096 - T 100°C < T < 104°C (4.18)
T-80
0.778 - e 3437 T > 104°C

The above model defined the modified specific heat in agreement with [145]:

, a ow
cC =C— ;ﬁ (419)

Where c is the specific heat of tissue at room temperature, a indicates the water latent
heat constant which is equal to 2260 (kJ kg™), T (°C) is the temperature and W is the
percentage of water content (Figure 4.6). The derivative of water content (W) over the
temperature was implemented in the thermal simulations to solve the BHE. The
numerical study was conducted considering 60 W, radiated by the antenna for 120 s. A
longer time window was set in order to observe the mechanism of influence of the
vaporisation including the temperatures (100°C < T > 104°C) at which the drop in the
water content of the tissue occurs. The temperature was evaluated at three different radial
distances from the feed-point: 2 mm, 4 mm, 7 mm. The temperature values obtained by
the standard BHE equation were then compared with those achieved using the
vaporisation model in BHE.

In BHE, the blood flow rate through the tissue was considered to better represent the in
vivo scenario. Chapter 7 is devoted to discussing the influence of blood perfusion on the

increase of temperature, in the scenario of interest (adrenal gland).

4.6 Results

4.6.1 Antenna performances

Reflection coefficient. Figure 4.7 shows the amplitude of the antenna reflection
coefficient obtained for the monopole coaxial applicator operating at 2.45 GHz (A), for
the monopole triaxial applicator operating at 2.45 GHz (B), and for the monopole triaxial
applicator operating at 5.8 GHz (C) inserted in water. The antenna reflection coefficients
are reported within the frequency range suitable to include the MWA operating
frequencies discussed in this thesis, i.e. 2.45 GHz (A) — (B) or 5.8 GHz (C). The
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numerical results refer to two different insertion depths of each applicator inserted in
water: 30 mm and 15 mm. Ablation antennas are inserted in biological tissues which vary
depending on the composition, thus it is important to acknowledge the impact of the
antenna insertion depth. A broad bandwidth of the antenna is desirable; this requirement
is to ensure a good match between the antenna and the tissue regardless of any variation
in the characteristics of the tissue. All the applicators show values of reflection
coefficient lower than -10 dB at the frequencies of interest. Values of the refection
coefficient lower than -10 dB expand from 1.5 GHz to 3 GHz, for the monopole coaxial
applicator. In the case of the triaxial applicators, reflection coefficients are lower than -
10 dB from 2.2 GHz to 3 GHz (B) and from 4.5 GHz to 6.2 GHz (C). It can be observed
that for the two applicators operating at 2.45 GHz, numerical results show a narrower
bandwidth in the case of the triaxial structure. But in the coaxial applicator, the insertion
depth influences the amplitude of the reflection coefficient and the resonance shape
(Figure 4.7 (A)). Changing the insertion depth from 30 mm to 15 mm, the amplitude in
reflection coefficient increases from -23 dB to -17 dB at 2.45 GHz and spurious peaks
appear in the shape of resonance around 2.45 GHz. However, the reflection coefficient
is lower than the threshold fixed at -10 dB both at 30 mm and 15 mm of insertion depth.
In the triaxial structure, the amplitude of the reflection coefficient and the resonance
shape is independent from the insertion depth. Triaxial applicators guarantee a better
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Figure 4.7: Comparison in terms of reflection coefficients between a monopole coaxial applicator
operating at 2.45 GHz (A), a monopole triaxial applicator operating at 2.45 GHz (B) and a monopole
triaxial applicator operating at 5.8 GHz (C). The amplitude of the reflection coefficients (dB) is
provided over the 0.5 — 3 GHz in order to include 2.45 GHz (A) — (B) and over 4 — 6.5 GHz (C) in
order to include 5.8 GHz.
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Figure 4.8: Comparison in terms of SAR obtained in a homogenous tissue model between a
monopole coaxial applicator operating at 2.45 GHz (A), a monopole triaxial applicator operating
at 2.45 GHz (B) and a monopole triaxial applicator operating at 5.8 GHz (C). Values of SAR are
normalised and expressed in decibel (dB). The results are presented on the frontal plane (xy-plane)
with reference to the longitudinal axis (y-axis) of the applicator.

match between the feed line and the antenna, independent of the insertion depth of the
applicator in the tissue. Thus, higher energy can be deposited in the tissue, allowing the
focusing of most of the SAR around the tip of the radiating element. The reflection
coefficients of the antennas described in the chapter were validated experimentally as

reported in Figure 4.7.

SAR. Figure 4.8 illustrates numerical SAR distributions obtained over a homogeneous
material (liver) by the monopole coaxial applicator at 2.45 GHz (A), the monopole
triaxial applicator at 2.45 GHz (B) and the monopole triaxial applicator at 5.8 GHz (C).
The distributions of SAR provide information regarding the ability of each applicator to
deposit the electromagnetic field in the tissue surrounding the radiating element. All SAR
values are normalised with respect to the maximum values in the xy-plane. The monopole
coaxial applicator (Figure 4.8(A)) shows SAR values along the feed line higher than
those observed in the triaxial applicator (Figure 4.8(B)) operating at the same frequency,
i.e. 2.45 GHz. For the monopole coaxial applicator, SAR higher than -20 dB are visible
along the overall length of the applicator. In the triaxial applicator, values of SAR higher
than -20 dB are confined within 15 mm below the feed point. Figure 4.8 (C) shows values
of SAR higher than -20 dB extend no further than 8 mm along the longitudinal distance

from the feed point, when the operating frequency is 5.8 GHz.

These results highlight the ability of the third metallic axis to reduce the backward

currents arising at the feed-point because of the impedance mismatch between the
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transmission line and the radiating element. As a result, most of the SAR is focused
around the tip of the antenna in the case of triaxial applicator. The sphericity in the SAR
profile is enhanced, increasing the operating frequency from 2.45 GHz to 5.8 GHz. The
short length of the radiating element (3 mm) compared with the length used at 2.45 GHz
(6 mm) contributes to the spherical pattern of SAR. In addition, a higher operating
frequency provides a faster deposition of the electromagnetic power in the tissue, because
of the higher effective conductivity of the tissue at higher frequencies (Table 4.2).

On the other hand at 5.8 GHz, an higher attenuation in power is achievable along the
coaxial cable compared with 2.45 GHz. The diameter of the coaxial cable is another
factor that can contribute to the increase in power attenuation. The following section
discusses the influence of the operating frequency and geometry of the feeding cable on

the power losses.

30
y= 2.3945x0-5175
— 25 RZ = 0_999?“”"..
e
B 20 .............. F B y ) 1.5768’(0.5261
3 ......... P -
s 18 T o
: v e
E ...... ]
g 10 -0 y =1.1139x0335°
)] .... R? = 0.9995
ﬁ o
< 5 .' .
.‘.
0
0 20 40 0 -
Frequency (GHz)

cable type: UT-047 cable type: UT-034 e cable type: UT-020

Figure 4.9: Representation of the power attenuation (dB/m) provided by the manufacturer datasheet
of each coaxial cable at different frequencies (marker). Then, the values of power attenuation were
interpolated over the frequencies. The equations describing the trend and the related squared error
are indicated for each cable. The coaxial cables reported are: UT-047 (green) used to fabricate the
monopole coaxial applicator operating at 2.45 GHz; UT-020 (red line) used to fabricate the
monopole triaxial applicator operating at 2.45 GHz; UT-034 (yellow line) used to fabricate the
monopole triaxial applicator operating at 5.8 GHz.
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Cable losses. Figure 4.9 shows the power attenuation along each semi-rigid coaxial cable
used to fabricate the above-mentioned MW applicators. The attenuation is expressed in
decibels per unit of length (meter —m) over 0.5 — 90 GHz frequencies, as reported in the
datasheet of each type of cable [242]. Losses in power depend on different factors.
Resistive losses and resulting heating are caused by the dissipation of the current flowing
into the conductor materials. Generally, the resistive losses rise with the increase in
frequency and with the decrease of the area of the conductor cable [225]. The equations
fitting the data reported in each manufacturer datasheet (Figure 4.9) show that resistive
losses increase with respected to the root square of the frequency. Such equations are
used to calculate the losses (attenuation) for each MW applicator described in this work,
considering the type of coaxial cable and the operating frequency. Table 4.3 reports the
losses along each realistic length of the applicator. Given the losses calculated for each
cable, the power was set on MW generator in order to ensure the designed power at the
tip of the antenna. Coaxial cable with the largest diameter, i.e. UT-047, shows a
percentage in losses over the overall length below 8%. For UT-020, the increase in the
percentage losses per unit length is correlated to the smaller diameter of the cable. Similar

percentage losses per unit length are observed in the case of UT-034 cable. In the latter,

Table 4.3: Calculation of the power losses (%), for each type of applicator operating at the designed
frequency. The percentage losses were calculated according to the datasheet of the coaxial cable
used to fabricate each applicator. Depending on the power needed at the tip of the antenna, the power
at the MW generator was set accounting for the attenuation occurring along the length of the coaxial
cable. Specifically, two powers were accounted at the tip of the antenna: 30 W and 60 W.

. Outer LOS%ES Overall  Losses Power Power
. Frequency  Coaxial . unit antenna
Applicator Diameter length  length  generator .
(GHz) cable (mm) length (mm) (%) W) tip
(%) (W)
Monopole
coaxial 2.45 U[;O;r 1.194 0.04 190 7.6 32 64 30 60
applicator
Monopole UT-020 0584
triaxial 2.45 [242] ' 0.08 220 17.8 3% 71 30 60
applicator
Monopole
triaxial 5.8 U[;O23]4 0.864 0.09 165 14.2 34 68 30 60
applicator
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the resistive losses are mainly associated with an increase of the operating frequency
instead of the diameter of the cable, which is comparable to the cable UT-047. Overall,
coaxial cables with larger diameters ensure better operative conditions. This is due to the
robustness of the applicator to the resistive losses. However, a reduced section of the
cable is desirable for a less invasive applicator to be inserted in the target tissue. In the
following chapters of the thesis, coaxial cable larger in diameters were adopted for ex
vivo applications. The coaxial cable with a smaller diameter was preferred for the in vivo
test. This was to reduce the invasiveness of the MWA procedure, especially in the

presence of relatively small organs such as adrenal glands.

4.6.2 EM and thermal simulations: factors of influence

Figure 4.10 compares the temperature values achieved by the standard BHE and the BHE
implementing the vaporisation model for two operating frequencies, 2.45 GHz and 5.8
GHz. At 2.45 GHz, the values of temperature reached considering the vaporisation model
differ less than 0.5°C from those achieved through the standard BHE. Overall, the
temperatures remain below 70°C within the considered time interval. Thus, vaporisation
has a null impact at 2.45 GHz for the power and time set. Increasing the frequency from
2.45 GHz to 5.8 GHz, higher temperatures are observed. At 2 mm and 4 mm distance
from the feed point, temperatures reach 101°C and 90°C after 120 s respectively, in the
case of standard BHE. Such temperatures decrease to 87°C and 85°C, when water
vaporisation model (Equation 4.24) is implemented in the numerical simulations. At
further distances from the feed point, vaporisation has a poor impact because of the lower
temperatures reached (< 70 °C). At 7 mm, the temperature achieved through the modified
BHE differ less than 2°C from the value obtained through the standard BHE. Results
show a considerable impact of the vaporisation model when severe temperature increases
(above 70°C) are observed. In particular, when water vaporisation is considered in the
numerical simulations, the results show a plateau when temperature approaches 100°C,
as observed in [142]. When the vaporisation model is neglected in the numerical
simulations, the temperature increases steadily beyond 100°C. The plateau in

temperature is linked to the increase in the specific heat capacity of the tissue due to
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water vaporisation (4.25). At approximately 100°C, the thermal energy supplied is
partially spent for the transition phase of water from liquid to vapour.
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Figure 4.10: Comparison between temperatures achieved through standard BHE (dot line) and BHE
implementing vaporisation model (solid line) at 2.45 GHz (A) and 5.8 GHz (B). Values of
temperature are monitored up to 120 s at three radial distances from the feed point of the antenna: 2
mm (red line), 4 mm (yellow line), 7 mm (green line).

For the power and time setting adopted in the thesis, vaporisation plays a critical role in
the increase of temperature only at 5.8 GHz. Thus, the vaporisation model is adopted for
the studies conducted at 5.8 GHz for the development of more accurate numerical models
(see Chapter 8); while vaporisation is absent for the studies conducted at 2.45 GHz
(Chapter 5-7).

4.7 Conclusions

This chapter describes the numerical and practical approaches adopted to model and
prototype the MW applicators used in the following chapters of this thesis. This chapter
also discusses the criteria adopted to set electromagnetic and thermal simulations in order
to adequately represent the realistic testing scenarios. In particular, primary contributing
factors, such as tissue water vaporisation and modifications of the dielectric properties
with the tissue temperature, are discussed in relation to the operating conditions adopted

in the thesis.

The study shows:
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The methodology used to design and optimise the MW applicators adopted
throughout the thesis. Depending on the operating frequency, parameters such as the
length of the radiating element and of the third axis of the applicator were
investigated. The reflection coefficient and SAR deposition were evaluated to assess
the performances of three MW applicators. Two geometries (coaxial and triaxial) and
operating frequencies (2.45 GHz and 5.8 GHz) were investigated. Results show good
correlation in the values of the reflection coefficients between the numerical models

and the prototyped applicators.

The criteria adopted to create accurate electromagnetic and thermal simulations with
the main purpose of representing the corresponding experimental scenario.
Numerical simulations also aim to reduce time and cost linked with the experimental

testing iterations, and to accomplish “The Three Rs” requirements (Replacement,

Table 4.4:Summary of the characteristics of each MW applicator (i.e. type of structure, length of
the radiating element, operating frequency), assumptions adopted for the numerical simulations
(i.e. standard BHE, blood perfusion, vaporisation model), description of the study and related
chapter.

Type of Operating Numerical Chapter
. . T f st
MW applicator  frequency assumptions ype of study Number
Proof-of-concept
Coaxial study in muscle — fat
OD=1194mm; 2.45GHz Standard BHE interface model 5
=6 mm (Ex vivo)

Adrenal gland

Coaxial multilayered
OD=1.194mm; 2.45 GHz Standard BHE simplified and 3D 6
I.= 6 mm models
. (Ex vivo)
Triaxial Adrenal gland 3D
riaxia
- : Standard BHE + model
oD —_0.584 mm;  2.45 GHz blood perfusion (In vivo) 7
ll=6 mm
Triaxial Adrenal gland
OD=0.864 mm: 5.8 GHz Modified BHE + multilayered model 8
=3 mm Vaporisation model (Ex vivo)

OD: outer diameter feeding coaxial cable; I; = length radiating element; Standard BHE (Equation
4.13) must be intended without the terms of blood perfusion (mypp,c, (T — Tp)) and metabolic
heat (pQ); Modified BHE must be intended as standard BHE (Equation 4.13) modified to account
to for the change in the heat specific capacity (Equation 4.19).
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Reduction and Refinement) [246] for developing faster and better tools for scientific
purposes. The loss in water content of the tissue due to vaporisation was included in
the numerical simulations to better foresee temperatures exceeding 70 °C given the
frequency, power and time setting chosen (i.e. at 5.8 GHz, 60 W, > 30 s). At 2.45
GHz, the standard bioheat equation was evaluated sufficiently to represent the ex vivo
scenario, neglecting the blood perfusion and heat developed for metabolic processes.
The variation in the baseline tissue temperature was considered when modelling ex
vivo and in vivo scenarios. The impact of the background material and the blood
perfusion are considered for the in vivo scenario; the standard bioheat equation was
used accounting for the blood perfusion. Blood flow rate through the tissue was also
considered, to better represent the high degree of vascularisation characterising the

adrenal gland (more in details in Chapter 7).

Table 4.4 summarises the main results discussed in this chapter that will be used in the
following chapters of the thesis. In particular, the table includes the models of each MW

applicator and the numerical assumptions defined in relation to the operating conditions.

94



Chapter 5

Shaping the ablation zone through tissue
dielectric properties

5.1 Introduction

Chapter 4 presented the numerical models and antenna prototypes used in this thesis.
Then, the workflows adopted to solve the electromagnetic and thermal problems were
examined. Chapters 2, 3 and 4 explored the technical and clinical background of this
thesis. This exploration was fundamental to support and understand the investigations
presented in the following chapters. As mentioned in Chapter 2, the main clinical
objective in MWA procedures is to achieve ablative temperatures (at least 55°C) in the

target tissue, while sparing the surrounding healthy tissues.

A piercing approach is traditionally adopted in MWA therapies. According to this
approach, the needle-shaped MW applicator is placed approximately in the middle of the
tissue target. However, this approach is undesirable in the case of small functional tissues
in proximity to sensitive structures, e.g. large blood vessels such as renal artery, renal
vein, inferior vena cava (IVC). A ‘side firing’ approach was recently proposed as an
alternative to the traditional piercing methods in the above-mentioned critical scenarios.
In [25], [247], the ‘side firing’ approach consists of placing directional antennas adjacent
to the tissue target, avoiding piercing the organ. Such type of antennas are equipped by
a metallic cable which works as shield for the electromagnetic field. When adequately
orientated, the directional antennas focus most of the electromagnetic energy only into
the tissue target. To reach satisfactory results, the tissue target must lie along the same

direction as the focal point of the metallic shield.

The main objective of the thesis is to pursue the ‘side firing” approach mentioned above.
In particular, the thesis intends to provide an alternative to the directional antennas in
achieving asymmetrical ablation patterns. The role of the fat layer surrounding the tissue

target is investigated as natural ‘shield’ to the electromagnetic energy. The approach
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proposed in the thesis aims to achieve effective MWA procedures and to minimise the
risk of unintended damages to surrounding sensitive structures, as in the approach using
directional antennas [25], [247]. However, the use of the dielectric contrast between the
tissue to be treated and the surrounding fat may help to overcome some limitations linked
to the directional antennas. Such limitations include the increase in the transversal
dimension of the applicator due to the presence of the metallic ‘shield’ cable.
Additionally, the directional antennas require accurate orientation to achieve the desired
effect. Thus, the ultimate results of the MWA procedure through directional antennas
depend on the ability of the surgeon to find the correct orientation with respect to the

tissue to be treated.

In this chapter, a proof-of-concept study is conducted to explore the feasibility of
exploiting the fat layer to purposely and effectively direct the ablation zone. To this end,
fat and muscle tissues are selected in order to reproduce a simple geometry, characterised
by a high dielectric contrast between the two tissues. For a comprehensive understanding
of the deposition of the electromagnetic power and the consequent temperature increase

in the presence of a dielectric contrast, this study explores:

. The temperature distribution obtained numerically in a two-layers scenario
positioning the interstitial coaxial monopole antenna operating at 2.45 GHz (84.2)
parallel to the interface of the two tissues;

« The influence of the width of the fat layer on the growth of the ablation zone in both

tissue layers;

« The influence of the antenna alignment along the layers’ interface on the ablation

zone asymmetry;

« The ‘shielding effect’ of the fat layer through ex vivo experiments which exploit the

natural interface between fat and muscle of porcine tissue samples.

In Section 5.1, the methodology adopted for the numerical simulations and the
experimental tests is described. In Section 5.2 the results are described comparing the
numerical and experimental outcomes in terms of the temperature distributions. Section

5.3 concludes the chapter.
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5.2 Methodology

5.2.1 Numerical study

Geometrical model. Two tissue models were considered in this study: a homogeneous
muscle scenario and an interface scenario including two adjacent layers of muscle and
fat. The dielectric and thermal properties of both muscle and fat are listed in Table 5.1.
The dielectric properties were obtained experimentally and loaded into the material
library of the CST MWS software. Measurements were conducted ex vivo on porcine
tissue using the measurement protocol described in Chapter 3 (8 3.2). The values related
to heat capacity, thermal conductivity and density were obtained from the literature [245]
and manually loaded into the material settings of the CST MWS software. The tissue
geometries were created using the same software. A 60 mm cube was modelled for the
homogeneous scenario. Two adjacent cuboids were modelled for the interface scenario,
considering two different widths: 30 mm muscle and 10 mm fat. Then, the width of the
fat layer was varied. Overall, three different widths for the fat layer were considered: 15

mm, 10 mm and 5 mm.

The coaxial monopole applicator operating at 2.45 GHz and described in Chapter 4 (8§
4.2) was positioned in the middle of the geometry both for the homogeneous and interface
scenario. In the case of the interface scenario, the applicator was aligned along the margin
between fat and muscle. The influence of the antenna positioning was also explored, by
shifting the antenna by 1.5 mm in the fat layer and 1.5 mm in the muscle layer with
reference to the initial position.

Table 5.1: Tissue dielectric properties, i.e. relative permittivity and effective conductivity, density
and thermal properties, i.e. specific heat capacity and thermal conductivity, employed in the
numerical simulations.

Parameter Fat Muscle
Relative permittivity, & 8.7+0.5 41.0+21
Effective conductivity, 6 (Sm™) 0.1+£01 0.7+£0.1
Specific heat capacity, ¢ (JkgtK™?) 2065+0.2 3322+0.3
Density, p (kg m?®) 909+ 0.1 1103 +0.1
Thermal conductivity, k (WmK?) 0.2+0.2 05+0.1
Frequency (GHz) 2.45
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Electromagnetic and thermal simulations. The entire geometry was discretised by a finite
number of tetrahedral elements. This was done in order to numerically calculate the
distribution of the electromagnetic field in the tissue, hence of the SAR. The models were
meshed in order to have denser mesh in the regions charcaterised by the smallest details,
i.e. MW applicator (8 4.2). Overall, the geometry was discretised with tetrahedral cells
ranging between 0.1 mm and 3.3 mm. Boundary conditions according to Equation (4.17)
were applied between the surface of the applicator and the tissue model to account for

Table 5.2; Summary of the numerical simulations performed considering, for each input power (30 W,
60 W), different scenarios including the homogeneous muscle scenario and the interface scenario
consisting of muscle and fat. For the interface scenario, there different widths for the fat layers were
considered for each input power; 5 mm, 10 mm, 15 mm. For two different interface scenarios (5 mm
and 10 mm width of the fat layer), two cases of misalignment of the antenna were considered: 1.5 mm
shift in the fat and 1.5 mm shift in muscle with reference to the middle position.

Tissue Thickness Antenna Input Duration
# scenario Fat position Power (s)
(W)
1 Homogeneous - Aligned 30 60
2 Homogenous - Aligned 60 60
3 Interface 15 Aligned 30 60
4 Interface 10 Aligned 30 60
5 Interface 5 Aligned 30 60
6 Interface 15 Aligned 60 60
7 Interface 10 Aligned 60 60
8 Interface 5 Aligned 60 60
9 Interface 10 Shifted in fat 30 60
10 Interface 5 Shifted in fat 30 60
11 Interface 10 Shifted in fat 60 60
12 Interface 5 Shifted in fat 60 60
Shifted in
13 Interface 10 30 60
muscle
Shifted in
14 Interface 5 30 60
muscle
Shifted in
15 Interface 10 60 60
muscle
Shifted in
16 Interface 5 60 60
muscle
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the forced convection due to the cooling system (h = 1000 W m2°C™?). They were also
applied between the outer surface of the modelled region and surrounding background

material (h = 20 W m2°C™) to represent free convection (§ 4.2).

For the tissue models, the starting temperature was set to 25 °C. The effect of two power
levels commonly used were compared over 60 s: 30 W and 60 W. All the numerical
simulations performed are summarised in Table 5.2 considering the input power level
and the type of scenario (homogeneous or interface). In the case of the interface scenario,
the width of the fat layer and the position of the antenna are detailed. In total, 16

numerical simulations were performed.

The values obtained from the numerical simulations were exported and analysed in
MATLAB (R2017a, The MathWorks, Inc., Natick, MA, US); the error introduced for

the representation of the ablation profiles is around 0.1%.

5.2.2 Experimental ex vivo study
Experiments were conducted ex vivo on porcine tissue to validate the results of the

numerical study. The temperature of the material under test (porcine tissue) was

measured using an infrared thermometer (Fluxe 62 Max IR Thermometer, -30°C—500°C

=%
Peristaltic pump

Microwave Thermal Sensor
(B) generator , 7"1""
muscle +/ | | Thermal Sensor
| ] 4 mm
o0 Microwave | fat + Thermal Sensor
applicator ' 4 rrI\m
1
A | |
® (E) :
PC

(D)

Figure 5.1: Experimental setup including: microwave applicator (A) powered at 2.45 GHz by a
microwave generator (B). A peristaltic dispensing pump (C) connected to the inner tube of the
applicator. Three fibre optic sensors connected to a laptop (D) for the monitoring of the temperature
and inserted at three different radial distances from the antenna feed in the tissue (E) under treatment.
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temperature range, accuracy of 1.5°C of reading at temperature > 0°C). The applicator
was placed along the interface between fat and muscle layers, and covered by another
layer of tissue with the same pattern. Two power and time settings were experimentally
considered: 30 W for 60 s and 60 W for 60 s. The output powers at the microwave
generator (Sairem, SAS, France) were set at 32 W and 64 W (8 4.3) in order to ensure
the designed operating conditions (i.e. 30 W and 60 W respectively) at the feed of the
antenna (8 4.5.1). A peristaltic dispensing pump (DP2000, Thermo-Fisher Scientific Inc.,
Waltham, Massachusetts, US) was connected to the inflow channel of the ablation
applicator, operating at 50 ml min. For each experiment, the temperature was monitored
using three fiber optic sensors (Neoptix Inc., Québec, CA) placed at three different
distances from the antenna axis (reference axis) in correspondence with the antenna feed.
Two fiber optic sensors were placed at a radial distance of 4 mm from the antenna feed
in the muscle tissue and fat tissue. This was done in order to ascertain the increase of
temperature caused by the direct heating in proximity to the antenna. One fiber optic
sensor was placed at 7 mm from the antenna feed in the muscle. This was done in order
to account for the heat transfer due to diffusion phenomena through the tissue (i.e.
muscle) at a higher distance from the antenna feed. At t= 0 s the power supply from the
MW generator was switched on, then the temperature was monitored over 60 s. The
experimental setup adopted is schematized in Figure 5.1.

5.3 Results

5.3.1 Numerical study

The optimised monopole coaxial antenna described in Chapter 4 was adopted to conduct
the numerical studies discussed in this section, accounting for different tissue models and
antenna placements. In the following figures, the thermal distributions achieved after 60
s in each tissue model are mapped for both power settings considered, i.e. 30 W and 60
W. Two temperature profiles are highlighted. An isothermal contour at 55°C marks the
area where instantaneous coagulation occurs (i.e. ablation zone). An isothermal contour
at 90°C indicates the area where phenomena linked to a high increase in temperature may

occur, such as vaporisation of the tissue water content or tissue contraction [145], [248]
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Figure 5.2: Simulated temperature patterns in the homogeneous muscle scenario shown both in a
coronal plane (first column) and transverse plane (second column) with reference to the antenna
feed. Two different power-time settings are reported: 30 W- 60s (A-B); 60W- 60s (C-D). The dash-
and-dot lines represent 55°C boundary and the dot lines represent 90°C boundary.

Comparison between muscle and fat-muscle scenarios. Figure 5.2 and Figure 5.3 show
the temperature profiles obtained in the homogeneous muscle model and in the muscle-
fat interface model (fat layer: 10 mm wide), respectively. The temperature profiles refer
to two different input power levels, both delivered in the tissue for 60 s: 30 W (A) — (B)
and 60 W (C) — (D). Figure 5.3 shows the asymmetry in the ablation zone due to the
dielectric contrast between the two different tissues (muscle and fat) with respect to the

homogeneous muscle scenario (Figure 5.2).

For the low input power (30 W), the temperature in the tissue close to the antenna is
below 90 °C both in the homogenous scenario (Figure 5.2 (A) — (B)) and in the interface
scenario (Figure 5.3 (A) — (B)). The area enclosed in the 55°C contour is 10 mm? each
side (20 mm? overall) in the case of homogeneous scenario. In the case of the interface
scenario, the extent of the area exceeding 55°C is 3 mm? in fat and 41 mm? in muscle.

Increasing the input power (60 W), the MW heating affects larger areas both in muscle
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Figure 5.3: Simulated temperature patterns in muscle-fat (fat width = 10 mm) interface scenario

shown both in a coronal plane (first column) and transverse plane (second column) with reference

to the antenna feed. Two different power-time settings are reported: 30 W- 60s (A-B); 60W- 60s

(C-D). The dash-and-dot lines represent 55°C boundary and the dot lines represent 90°C boundary.
homogeneous (Figure 5.2 (C) — (D)) and in muscle-fat interface scenario (Figure 5.3 (C)
—(D)). In the case of 60 W setting, temperatures higher than 90°C are found in proximity
to the antenna feed both in the homogeneous muscle and muscle-fat interface scenarios.
However, temperature values exceeding 90 °C involve a smaller area in fat (< 3 mm?)
compared to the muscle (< 30 mm?) in the case of muscle-fat interface model. The area
where the temperature exceeds 55 °C is around 65 mm? each side (130 mm? overall) in
the homogeneous muscle model. In the interface scenario this area is approximately 31

mm? in fat and 117 mm? in muscle.

Overall, at 30 W the interface scenario shows that the ablation area in muscle is about
ten times bigger than the area in fat, and four times the area in muscle in the homogeneous
scenario. At 60 W, the ablation area in muscle is about four times the area in fat
considering the interface scenario, and two times the area in muscle in the homogeneous

case.

102



CHAPTER 5. SHAPING THE ABLATION ZONE THROUGH TISSUE DIELECTRIC PROPERTIES

Interface scenario with different fat widths. Figure 5.4 shows the impact of the fat layer
width on the profiles of the ablation zone. Starting from the initial condition (Figure 5.3)
where the width of the fat layer was set at 10 mm, here the width of the fat layer was in
one case reduced to 5 mm (Figure 5.4 (A) — (B)) and in the other case increased to 15
mm (Figure 5.4 (C) — (D)). The temperature distributions are illustrated for the two
different settings above mentioned: 30 W — 60 s in Figure 5.4 (A-B) and 60 W — 60 s in
Figure 5.4 (C-D)).

It is notable that the changes in the width of the fat layer do not show noticeable variations
in the extent of the ablation zone compared with the scenario of a 10 mm fat layer (Figure
5.3). In the case of 15 mm wide fat layer and at 30 W input power, the areas where the
temperature exceeds 55 °C are 39 mm? in muscle and 3 mm? in fat. Increasing the input
power to 60 W, the areas delineated by 55 °C isothermal contour are 112 mm? in muscle

and 30 mm? in fat. In the case of smallest width of the fat layer (5 mm), at 30 W the areas

(A)30

20

20

10 10

I 100 (B) 30
90
180

70

0

T(°C)

60 -

LY (mm)
o
T(°C)
y (mm)

50 -10

Y (mm)
T (°C)

.y (mm)
T (°C)

-30 -30
-30 20 10 0 10 30 20 10 O
x (mm) x (mm)

Figure 5.4: Simulated temperature patterns in muscle-fat interface scenario shown in a coronal plane

with reference to the antenna feed for two different fat layer widths: 15 mm (A-C) and 5 mm (B-D).
Two different power-time settings are reported: 30 W-60s (A-B); 60W-60s (C-D).
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Table 5.3: Areas of ablation zones calculated at 30 W (first line) and at 60 W (second line) in
muscle in the case of homogeneous scenario and both in muscle and in fat in the interface scenario
considering 15 mm, 10 mm and 5 mm fat layer width.

Area enclosed in 55°C contour

Settings Interface Interface Interface
Homogeneous Fat width: Fat width: Fat width:
15 mm 10 mm 5mm
P t
Muscle* Fat Muscle Fat Muscle Fat Muscle
W) ()

30 60 10mm? 3 mm? 39 mm? 3 mm? 41 mm? 4 mm? 43 mm?
60 60 65mm?2 30mm? 112mm? 31mm? 117mm? 31mm? 114 mm?

delimited by 55 °C isothermal contour are 43 mm? in muscle and 4 mm? in fat. At 60 W,

those areas are 114 mm? in muscle and 31 mm? in fat.

Table 5.3 lists the extent of the ablation areas calculated at 30 W and 60 W both for the
homogeneous scenario and for muscle-fat interface scenario, considering the three
different widths of the fat layer. The asymmetric patterns observed in Figure 5.3 and
Figure 5.4 compared with Figure 5.2 respond to the different interaction mechanism with
the EM field between fat and muscle. Because of the lower values in relative permittivity
and effective conductivity, ablation zones in the fat layer are observed to be constantly
smaller and more spherical compared to the muscle layer, independent of the width of
the fat layer. Different ratios in the asymmetric ablation profiles were observed between
muscle and fat for the two power settings investigated. The ablation zone in fat was at
least ten times smaller than in muscle for the lower power (30 W) and about four times
for the higher power (60 W).

The high contrast in effective conductivity between fat and muscle at the interface
induces higher levels of electromagnetic energy (and consequently of heating) in the
muscle layer compared to the homogeneous scenario. Thus, it is conceivable that the fat
layer not only shields the electromagnetic radiation, but also reflects the electromagnetic
power into the adjacent tissue characterised by higher values of relative permittivity and
effective conductivity. Part of the electromagnetic field reflected in the muscle (at the
interface with fat) is redistributed along the antenna axis inducing a noticeable, yet not

desirable, elongation of the ablation zone in muscle. In the used applicator, back-heating
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over time at 30 W in muscle (A-C) and in fat (B-D). Interface scenarios (red line: 5 mm wide fat
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Figure 5.5: Variations of the radial (A-B) and longitudinal (C-D) dimensions of the ablation zone
over time at 60 W in muscle (A-C) and in fat (B-D). Interface scenarios (red line: 5 mm wide fat
case; yellow line: 10 mm wide fat case; green line: 15 mm wide fat case) and homogenous scenario
(black line) are compared.

along the antenna axis is limited only by the active cooling that balances the temperatures
increase. Thus, such increase in the longitudinal direction would be expected, but could

be further minimised by adopting a different antenna design.

Figure 5.5 and Figure 5.6 show the variations in the radial and longitudinal dimensions

of the ablation zone against the time of the ablation procedure (up to 60 s, at 10 s time
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step). The changes in the radial and longitudinal dimensions are reported for the
homogenous scenario and for the interface scenario, considering all the different widths
of the fat layer (5, 10, 15 mm). It can be observed that the growth rate of the ablation
zone in both tissues of the interface scenario is independent of the width of fat.

In the case of the 30 W setting (Figure 5.5), the ablation zone appears after 10 s in muscle
and only after 20 s in fat. In the interface scenario, the radial dimension of the ablation
zone in muscle starts increasing with respect to the homogeneous scenario after 20 s.
This difference becomes sizeable after about 40 s. In fat, the radial dimension of the
ablation zone reaches the steady state after 40 s. Longitudinally, the growth of the
ablation zone in fat is limited during the whole procedure. A substantial increase of the
ablation zone in muscle with respect to the homogeneous case is observed also along the
longitudinal dimension. In particular, the longitudinal dimension in muscle grows of
about 0.3 mm/s steadily from 10 s to 40 s. At 40 s, the rate of the increment in the
longitudinal dimension decreases to approximately about 0.5 mm/s, before reaching a
plateau.

In the case of the 60 W setting (Figure 5.6), higher values of the radial dimension of the
ablation zone in muscle compared to the homogeneous scenario are visible already after
10 s. This difference remains constant over time. In fat, the radial dimension of the
ablation zone reaches a plateau after 10 s, and slowly starts increasing again after 40 s.
In contrast to the 30 W case, at 60 W the growth of the ablation zone along the
longitudinal dimension is noticeable in fat. Longitudinally the ablation zone in fat is
limited for the first 30 s. Then, at 30 s a change in the slope of the curves leads to a
substantial increase in the ablation zone length over the following 30 s (up to the end of
the procedure). A similar change of slope can be observed in muscle at the same time (at
30 s). A worsening of the capability of the fat to shield the ablation zone in the case of

high power (i.e. 60 W) can be observed.

Both at 30 W and 60 W, the change in the slope of the curves related to the longitudinal
dimension of the ablation zone occurs when the radial dimension of the ablation zone in
muscle in the interface scenario becomes noticeably higher (at least 10%) than the
equivalent dimension in the homogeneous scenario. At 40 s in the case of 30 W, and at

30 s in the case of 60 W, the ablation length in muscle increases faster than the
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corresponding one in the homogenous scenario, inducing the elongation of the ablation
zones. A similar behavior was observed for MWA in thin tissue samples [141]. These
differences suggest that the success of this approach is highly dependent on the power
and time settings of the procedure. Lower power and relatively short ablation time enable

more controlled ablation zones and promising results.

Misalignment of the antenna along fat and muscle interface. The ability of the fat layer
to create asymmetric ablation zones was also evaluated in the case of antenna
misalignments. Figure 5.7 shows the results obtained for 30 W - 60 s (Figure 5.7 (A) —
(B)) and 60 W - 60 s (Figure 5.7 (C) — (D)) settings. The influence of the antenna
misalignment was investigated considering in one case the antenna shifted by 1.5 mm in
fat (Figure 5.7 (A) — (C)), then in muscle (Figure 5.7 (B) — (D)), with respect to the initial
condition (Figure 5.3).

In the case of 1.5 mm displacement of the antenna in fat, the longitudinal axis of the

antenna is positioned inside the fat layer, thus the antenna is immersed in fat. In the case
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Figure 5.6: Simulated temperature patterns in muscle-fat interface scenario shown in a coronal
plane with reference to the antenna feed for 1.5 mm displacement of the antenna along x-axis in
fat (A-C) and in muscle (B-D). Two different power-time settings are reported: 30 W-60s (A-B);
60W-60s (C-D).
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of 1.5 shift of the antenna in muscle, the longitudinal axis of the antenna is positioned
inside the muscle region, thus the antenna is immersed in muscle. Considering 1.5 mm
misalignment in fat and 30 W input power, the sizes of the ablation zones are 7 mm? in
muscle and 4 mm? in fat. At the same power, the areas exceeding 55°C are 20 mm? in
muscle and 10 mm? in fat in the case of antenna misalignment in muscle. At 60 W, the
ablation zones become 67 mm? in muscle and 28 mm? in fat, when the antenna is in fat.
For the antenna misalignment in muscle, such areas increase up to 89 mm? in muscle and

47 mm? in fat.

Compared to the scenario of perfect alignment of the antenna along the interface between
fat and muscle (Figure 5.3), the asymmetric ablation profiles are less pronounced. The
ablation areas in muscle are only two times the ablation areas in fat. For both the
misalignment scenarios, the fat-muscle interface has less impact on the reflection of the
electromagnetic energy in the target tissue. However, a two-fold asymmetry is still
observed independently of the power applied. These findings suggest that the precise
orientation of the antenna is not strictly required to create the shielding effect induced by
the fat, but it should be considered to properly predict the resulting dimension of the

ablated zone.

Figure 5.7: Section of a MWA obtained in ex vivo porcine sample: the applicator (MW antenna)
and fibre optic sensors placement in the tissue is showed. The antenna is placed at the visible
interface between the muscle and the fat, and the ablation zone obtained in the muscle is marked.
The ablation zone is not visible in fat.
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5.3.2 Experimental ex vivo assessment

Finally, the numerical results have been experimentally validated. Experimental MWAS
(N=10, five at 30 W for 60 s and five at 60 W for 60 s) were obtained using the natural
muscle-fat interface of ex vivo porcine tissue. The MW antenna was placed adjacent to
the interface between muscle and fat. The increase in temperature at different radial
distances from the antenna axis was monitored, with fiber optic sensors placed in fat at
4 + 1 mm from the antenna axis and in muscle at 4 + 1 mm and at 7 £ 1 mm from the

antenna axis (Figure 5.8).

Figure 5.9 provides a comparison between the thermal profiles observed numerically and
the experimental values obtained from the fiber optic sensors. The figure shows the
temperature values at 30 s and 60 s during the MWA procedure conducted at 30 W (A)
and 60 W (B). The increase in temperature is reported as a function of the radial distances

from the feed of the antenna.

The experimental data well match the numerical trends. The impact of the differences in
electrical and thermal characteristics between the two tissues is visible. A minimal
discrepancy between the numerical and experimental data can be observed in muscle
only in the case of 60 W input power setting. This mismatch is likely related to the
transient deformations (i.e. shrinkage) occurring in the tissue in proximity to the antenna
[249]-[251]. Moreover, the thermal lesions obtained from the numerical simulations are

calculated considering 55 °C as the suitable temperature to obtain the coagulation effect.
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Figure 5.8: Numerical (num.) and experimental (exp.) values of temperature over the radial distance
from the MW antenna axis (applicator) both in muscle (negative x axis) and fat (positive x axis) at
30 s and 60s for 30 W (A) and 60 W (B). The horizontal line highlights the temperature threshold
at 55°C.
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However, such a value can vary within 50 — 60 °C depending on the tissue types and the

initial conditions of the tissue (e.g. initial temperature) [252].

5.4 Conclusions

This chapter explores the ability of the fat layer to reflect the electromagnetic power into
the tissue target while reducing the heating in the opposite direction. Thus, this work
aims to highlight the role of the fat layer at the interface with the tissue target to
potentially act as a ‘shield” for the electromagnetic energy in the context of MWA
procedures. In the following chapters the presented strategy will be applied to the adrenal
scenario, in order to achieve shallow ablation zones and to spare the surrounding healthy

tissue.

The results of this study shows that when a MWA antenna is placed at the interface
between a layer of fat tissue and a tissue characterised by higher dielectric properties
(e.g. muscle):

« The area of the ablation zone in the latter tissue increases with respect to the scenario
where such an interface is absent (i.e. homogeneous scenario). This increase is caused
by the dielectric contrast between the two adjacent tissues. Because of this dielectric
gap, the electromagnetic field is reflected into the tissue characterised by higher
dielectric properties, while only a small portion of the field propagates through the
“shielding” tissue (i.e. fat). It is conceivable that the fat layer not only shields from
the electromagnetic energy, but also redirects the energy into the tissue characterised
by higher values of relative permittivity and effective conductivity;

« The ablation zone achieved in the “higher-dielectric” tissue is larger than the ablation
zone achieved in the fat layer, regardless of the width of the fat layer. The ratio in the
asymmetric ablation area depends on the power settings used; the asymmetry ratio
decreases when the power increases. In the interface scenario, ablation zones in
muscle are larger when compared with the homogeneous muscle scenario of
approximately ten times at 30 W and four times in the case of 60 W;

« Asymmetric ablation patterns are also achievable in the case of antenna
misalignment. At least two-fold asymmetry ratio is guaranteed even when the

antenna is slightly shifted (up to 1.5 mm) into one of the two tissues (misalignment).
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This result suggests that precise orientation of the antenna is not strictly required to
obtain asymmetric ablation zones. However, better alignment of the MWA applicator
improves the asymmetry in the ablation zones.

« Ablative temperatures (i.e. above 55°C) are achieved only in close proximity to the
applicator (< 4mm), in the tissue characterised by lower dielectric and thermal

properties (i.e. fat tissue).

Given the results presented in the chapter, it is conceivable that the presence of the
periadrenal fat capsule surrounding adrenal glands, target of thesis, may be capable of
preserving the surrounding healthy structures from damage caused by unintended heating
(e.g. blood vessels shielded by at least 4-5 mm of fat). Thus, Chapter 6 is devoted to
studying the effect of the fat layer in relation to the dielectric and geometrical

characteristics of the adrenal glands.
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Chapter 6

Numerical and experimental evaluation of
asymmetric ablation zones in adrenal glands

6.1 Introduction

Chapter 5 showed that asymmetric ablation profiles can be created by exploiting the
contrast in dielectric properties between a fat layer and an adjacent target tissue. The
discrepancy in relative permittivity and effective conductivity between the two tissues
redirects the electromagnetic field toward the tissue characterised by higher dielectric
properties compared to fat. Therefore, the MW applicator should be positioned parallel
to the interface between the target tissue and the fat layer. This interface was numerically
modelled using two contiguous layers of muscle and fat. In this interface scenario it was
observed that the ablation zones increased in muscle of approximately four times at 30
W — 60 s and two times at 60 W — 60 s compared with the homogeneous scenario (i.e.
muscle-muscle). In the fat layer, ablation zones were approximately ten times (30 W —
60 s) and four times (60 s — 60 s) smaller than in muscle. The study showed comparable
asymmetries in the ablation patterns while varying the width of the fat layer and shifting
the position of the applicator with respect to the interface of the two tissues. The
experimental validation conducted ex vivo on porcine muscle confirmed the ability of the

fat layer to lag the increase of temperature during the MWA procedure.

This chapter investigates whether the above-described ‘side firing” approach can be
translated in the case of the adrenal gland encapsulated in the fat layer. In the adrenal
tissues, both in the cortex and in the medulla, relative permittivity and effective
conductivity are up to 27% and 157% higher, respectively, compared with muscle
(83.4.2). The higher dielectric properties of the adrenal tissues result in a higher dielectric
contrast with the surrounding fat which may emphasise the ‘side firing’ effect observed

(85.3). The study investigates:
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The effect of the higher dielectric properties of the tissue target on the ablation
profiles. The dimensions of the ablation zones were compared with those achieved
in the previous study (i.e. fat-muscle) at the same settings: 30 W — 60 s and 60 W —
60 s. To this purpose, a simplified geometry similar to the model showed in the
previous chapter was used to represent the adrenal tissues and the surrounding fat
layer. The dielectric properties experimentally acquired ex vivo on ovine adrenal
tissues (83.3.2) were used to characterise each tissue layer representing the adrenal

numerical model;

The influence of the geometry of the tissue target on the deposition of the
electromagnetic power in the region of interest and on the ablation profiles. The
extent of the ablation zones was also evaluated in a three-dimensional (3D) geometry
representing the adrenal gland structure. The numerical findings obtained from the
3D model were compared with the dimensions of the ablation zone obtained in the
simplified model. The 3D model included a model of a kidney to observe the

distribution of the electromagnetic field through non-targeted tissues;

The changes in temperature on ex vivo ovine adrenal tissues and the surrounding fat
over the radial distance from the axis of the MW applicator. The experimental results
were compared with those obtained from the numerical simulations at two power
levels (30 W and 60 W). Radial and longitudinal dimensions of the coagulation area
in the tissue were evaluated by visual inspection. The extent of the tissue whitening

induced by the MW heating was estimated;

The features of the cellular microstructure of the tissue treated by MWA and the
surrounding structures including the fat layer and the adjacent blood vessel.

Section 6.1 describes the numerical models specifying the orientation of the MW

applicator in each model and the setup for the experimental assessment. Section 6.2

explores the ablation profiles for each numerical geometry, the temperature
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Figure 6.1: Simplified geometry for modelling each functional tissue composing the adrenal gland
and the surrounding fat layer. The entire geometry is 60 mm in height, 60 mm in thickness and 30
mm in width. In detail: fat layer (yellow) is 15 mm wide, the outer part of the cortex adjacent to the
fat layer (dark pink) and medulla layer (light pink) are both 4 mm wide and the inner layer of cortex
(dark pink) is 7 mm width.

valuesvarying over the radial distance from the applicator and the changes in the cellular

structure of the tissue. Section 6.3 concludes the chapter.

6.2 Methodology

6.2.1 Numerical study

Simplified model. Figure 6.1 depicts a multi-layer geometry drawn within the CST MW
Studio software to model the adrenal tissues and the adjacent fat layer. The multilayer
structure — four 3D geometries of 30 mm in height, 30 mm in thickness and varying
widths — is a simplified representation of the adrenal gland. In the model, the medulla
was enclosed within two layers named ‘outer cortex’ (adjacent to the fat layer) and ‘inner
cortex’ (far from the fat layer) representing the adrenal cortex. Depending on the type of

tissue, different widths were assigned to each layer: 15 mm for fat, 4 mm both for the
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Table 6.1:Tissue dielectric and thermal properties employed in the numerical simulations

Parameter Fat Cortex Medulla

Relative permittivity, & 8.7x0.5 452 +3.0 52.0+0.4
Effective conductivity, et (Sm™) 0.1+0.1 1.6+0.1 1.8+0.1
Specific heat capacity, ¢ (Jkg'K™) 2065+0.2 3425+0.1 3425+0.1
Density, p (kg m®) 909+0.1 1030+0.1 1030+0.1

Thermal conductivity, k (WmK?) 0.2+0.2 0.4+0.2 0.4+0.2

Frequency (GHz) 245

inner part of the cortex and the medulla, 7 mm for the outer layer of cortex. The width of
the fat layer was set equal to 15 mm, as the previous study (85.2.1) showed comparable
asymmetric ablation profiles for different widths of the fat layer (15, 10, 5 mm). The
width of the medulla and the inner layer of cortex represents a realistic margin between
the two functional adrenal tissues [253]-[255]. The width of the outer layer of cortex was
set at 7 mm to minimise the impact of the boundary effects between the geometry and
the surrounding medium (air). Table 6.1 lists dielectric and thermal properties assigned
to each layer. For cortex and medulla, the dielectric properties at the operating frequency
of 2.45 GHz described in Chapter 3 (83.3.2) were loaded into the material library of the
CST MW Studio software. The dielectric properties of fat as well as the values related to
heat capacity, thermal conductivity and density of each material were acquired from the
literature [245] and manually loaded into the material settings of the simulation software.
The fully refrigerated coaxial monopole applicator optimised to work at the operating
frequency of 2.45 GHz (8 4.2.1) was aligned at the margin between fat and the inner
layer of the cortex, as shown in Figure 6.1. A total of 3,003,520 tetrahedral meshing cells
ranging between 0.2 mm and 3.3 mm in size discretised the entire model. A denser mesh
was created in the regions where geometrical details are of smaller size compared to the
other elements of the geometry, i.e. the applicator and the tissue surrounding the
applicator.

Three-dimensional model. Figure 6.2 shows a second model representing a pyramidal-
shaped adrenal gland and the position of the gland on the top of the kidney [26]. First a
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Figure 6.2: Three-dimensional geometry for modelling each functional tissue composing the adrenal
gland and the surrounding fat layer. The entire geometry is 60 mm in height, 60 mm in thickness and
30 mm in width. In detail: fat layer (yellow) is 15 mm wide, the outer part of the cortex adjacent to
the fat layer (dark pink) and medulla layer (light pink) are both 4 mm wide and the inner layer of
cortex (dark pink) is 7 mm width.

pyramidal shell was designed within CST MW Studio software. The shell was scaled to
reproduce the dimensions of medulla (inner shell) and the cortex (outer shell). The
geometries representing medulla and cortex were 13 mm and 24 mm in height, 40 mm
and 60 mm in width, 20 mm and 30 mm in thickness. A fat capsule enveloped the
modelled adrenal tissues. The dimensions of the fat capsule were 45 mm in height, 108
mm in width and 30 mm in thickness. Finally, the model of the adrenal gland was
arranged on the top of a kidney model (49 mm in height, 32 mm in width and 33 mm in
thickness) in agreement with the first model presented in [20]. The same dielectric and
thermal properties listed in Table 6.1 were used for the components of the adrenal
geometry. The dielectric and thermal properties from the IT’IS database [245] were used
to characterise the geometry representing the kidney. The same MW applicator used for

the simplified model was positioned at the boundary between fat and cortex considering
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two different orientations, Orientation #1 (Figure 6.2 (A)) and Orientation #2 (Figure 6.2
(B)). In the case of Orientation #1, the angle between the longitudinal axis of the
applicator and the y-axis of the adrenal model approximates 90°. For Orientation #2, the
longitudinal axis of the applicator is approximately parallel to the y-axis. A total of
11,856,00 tetrahedral cells ranging between 0.04 mm and 0.4 mm discretised the entire
geometry. Because of the excessive computational load, only half of the three-
dimensional model (right side in Figure 6.2) was used to compute the electromagnetic
and thermal simulations. In this configuration, the number of meshing cells was reduced
t0 6,278,052 and the computational time decreased accordingly.

Electromagnetic and thermal simulations. The distribution of the electromagnetic power
and temperature over the geometry were computed using CST MW Studio software as
described in Chapter 4 (8 4.2). Boundary conditions accounting for convection heat

exchange between the tissue model and the surrounding environment completed the

©
(. Peristaltic pump

Microwave
generator

‘//—4 Thermal sensor |
|:l »" Adrenal tissue
o

‘ 1 Thermal sensor |

Microwave

. . applicator Fat tissue
@ ‘ )

F eed-point D re

D)

Figure 6.3: Setup adopted for the experimental validation of the computational results (top) and
related schematisation (bottom). The setup includes the microwave applicator (A) powered for 60 s
at the input power selected at the microwave generator (B); a peristaltic pump (C) connected to the
inflow and outflow tubes of the refrigerating system integrated in the applicator; two fiber optic
sensors connected to a laptop (D) to acquire values of temperature at 0.1 s time step.
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bioheat equation (8 4.2). The dielectric properties of the air (g, = 1,0 = 0) were set as
the background material, which is representative of the ex vivo conditions of the
experimental scenario. Two different input power levels were used in the
electromagnetic-thermal simulations, i.e. 30 W and 60 W both for 60 s, for both the
simplified and 3D models. The values obtained from each simulation were exported and
analysed in MATLAB (R2017a, The MathWorks, Inc., Natick, MA, US).

6.2.2 Experimental ex vivo study

Microwave ablation experiments were conducted on a total of six ex vivo ovine adrenal
glands with the objective of assessing the validity of the computational models. The
glands were obtained from a local abattoir together with the corresponding kidneys and
the surrounding fat. Each adrenal gland was then dissected in our laboratories, within one
hour of excision. The procedure for the resection of the adrenal gland and the surrounding
fat capsule was detailed in Chapter 3 (83.3.2).

Figure 6.3 provides an overview of the experimental setup along with the related
schematisation of each component included in the setup. The temperature of the material
under test was measured by an infrared thermometer (Fluxe 62 Max IR Thermometer, -
30°C-500°C temperature range, 1.5°C accuracy at temperature > 0°C). The fully
refrigerated monopole applicator was placed between the surface of the gland and the
periadrenal fat. In agreement with the numerical study, two different power settings were
supplied for a duration of 60 s: 30 W and 60 W. A total of six ablations were performed
on six different adrenal glands: three applying 60 W for 60 s and three applying 30 W
for 60 s. The input power was supplied at 2.45 GHz from a microwave generator (Sairem,
SAS, France) connected to the applicator through a low loss coaxial cable and an SMA
connector attached to the distal end of the MW applicator. A peristaltic dispensing pump
(DP2000, Thermo-Fisher Scientific Inc., Waltham, Massachusetts, US) was connected
to the inner and outer tube of the applicator and a continuous water flow was ensured for
the duration of the microwave heating at a flow rate of 50 ml/min. The temperature of

the cooling water was maintained within 16 - 18.5 °C.
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Table 6.2: Summary of the power and time settings and of the radial distances of fibre optic
sensors from the antenna feed adopted for each MWA experimental procedure.

Settings Fibre optic positions
Sar?r;ple Power Time Fat Adrenal
(W) (s) gland
1 60 60 1 mm 2 mm
2 60 60 1 mm 5mm
3 30 60 1 mm 2 mm
4 30 60 6 mm 3mm
5 30 60 1 mm 4 mm
6 60 60 - -

For five of the six experiments, two fibre optic sensors (Neoptix Inc., Québec, CA) were
placed in the adrenal and fat tissues along the radial direction from the antenna feed of
the applicator to continuously monitor the temperature of the tissue. For the Sample #6,
drawbacks were encountered during the experimental procedure which hindered the
reading of the temperature values. The thermal sensors system was connected to a laptop
equipped with a dedicated MATLAB code for automatic temperature recording. Table
6.2 detailed each experiment, providing the levels of input power, duration of the MWA

procedure and the positions of the fibre optic sensors.

6.2.3 Histology analysis

Histology analysis qualitatively assessed the degree of injury in the cellular structure of
the ablated adrenal tissue and the adjacent fat layer. The histology analysis also helped
to verify the integrity of the structures surrounding the ablation site, i.e. blood vessels.
Sections of 9 £ 2 mm in length, 4 £ 1 mm in width and 2 £ 1 mm in thickness of each

adrenal sample were cut and processed for histology analysis. Figure 6.4 details the

—" Embedding ’—" Sectioning ’—’ Staining |—| Images scanning

Figure 6.4: Schematisation of the main phases of the protocol adopted for the histology analysis of
each tissue sample following the MWA procedure. The workflow includes pre-processing of the
tissue to fix the cellular structure and to prevent the breakdown of the tissue, embedding of the tissue
in the wax blocks then sectioned by a microtome at a thickness of 5 pm; staining of the tissue slices
with haematoxylin and eosin (H&E) to visualise the microstructure of the tissue through the digital
scanner, i.e. the cellular nuclei stained by haematoxylin (purple or dark blue) and the cytoplasm
stained by eosin (pink).

Tissue sample

Pre-processing
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workflow for the histology analysis consisting of straightforward consecutive phases
[256], [257].

During the pre-processing, adrenal sections were placed into processing cassettes. Each
cassette was labelled specifying the type of tissue, the progression number, the power
and time settings of the MWA procedure and the date of the experiment (e.g.
AG#P#t#_ddmmyy). Then, the cassettes were immersed in a fixative solution of 10%
neutral buffered formalin (Sigma-Aldrich, Steinheim, DE) to prevent the degradation of
the tissue. Within 48h after the MWA procedure, the cassettes containing the samples
were transported to the pre-processing suite and placed in the tissue processor (Thermo
Scientific™ Excelsior AS Tissue Processor, Waltham, Massachusetts, US). Inside the
processor, alcohols (i.e. 75% NaCl solution) and xylene were distributed into the tissue.
This process removed water from the tissues (dehydration) replacing it with molten

paraffin wax.

Once the pre-processing was completed (after about 12h), the histology cassettes were
removed from the reaction chamber of the tissue processor. An embedding process was
executed immediately after the pre-processing in order to fix each section of tissue in a
block of supporting material. During the embedding process, each tissue was placed at
the base of a mould and liquid paraffin was poured until entirely covering the tissue.
Finally, the mould containing the tissue and the base of the histology cassette were placed
on a cooling plate in order to solidify the paraffin. As a result, the tissue samples were

surrounded and impregnated by paraffin in solid tissues blocks.

The paraffin embedded tissues were sectioned using a rotary microtome (Essential
Microtome, Leica RM2125 RTS, Wetzlar, DE). First, each tissue block was clamped in
a position parallel to the blade of the rotary microtome. Then the wheel of the machine
was unlocked; slices of the tissue and the surrounding wax were trimmed at a thickness
of 5 um, starting from the tissue surface. Each slice was placed for a few seconds in a
water bath at a temperature of 37°C (i.e. below the melting point of the wax ~ 40°C).
Warm water smoothed possible wrinkles or creases occurring on the surfaces of the tissue

slices. Each slice was picked up from the water bath and placed onto a glass slide. The
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details of each tissue slice (i.e. AG#P#t# _ddmmyy) were written on the frosted edge of

the slide. Then, the slices were placed on a drying rack at room temperature overnight.

A staining procedure was then performed to examine the cellular structure of the tissue
sections under a digital scanner. The staining technique based on haematoxylin and eosin
(H&E) was adopted. Haematoxylin binds on basophilic components of the cellular
structure, i.e. DNA and RNA of the tissue, as a result cellular nucleus is dark blue or
purple. Eosin binds with acidophilic components such as amino-acids contained in the
cellular cytoplasm; as a result the cytoplasm is pink or orange. The staining process
consists of three different phases: deparaffination/rehydration, dying and dehydration.
First, the tissues were placed in xylene for 10 minutes, to remove paraffin from the
tissues. Second, the tissues were rehydrated using different concentrations of ethanol
solution for 30 minutes: 100% ethanol solution for 10 minutes, 95% ethanol solution of
10 minutes and 70% ethanol solution for the remaining 10 minutes. The tissues were
rinsed in deionised water for 10 minutes. After the deparaffination and rehydration of the
tissues, the tissues were placed in a jar containing haematoxylin (powder, 302.28 g/mol,
Sigma-Aldrich, Steinheim, DE) for 20 — 30 seconds. The tissues were washed with tap
water. For the second dyeing, i.e. with eosin, the tissues were immersed in a solution of
95% ethanol for 2 minutes and then into a container with eosin (90% dye content, 624.06
g/mol, Sigma-Aldrich, Steinheim, DE) for another 2 minutes. The tissue slices were
immersed in three different concentrations of ethanol solution for 12 minutes for
dehydration (70% ethanol for 4 minutes, 95% ethanol for 4 minutes, 100% ethanol for
the last 4 minutes). To conclude the dehydration phase, the tissues were immersed in
hystoclear (Histo-Clear™ Tissue Clearing Agent, Thermo Scientific™, Waltham,
Massachusetts, US) solution for 10 minutes. Compared to xylene, hystoclear is not toxic
and leaves the tissues more flexible. At the end of the staining process, a synthetic resin
mountant (DPX mountant, Sigma-Aldrich, Steinheim, DE) was applied on the glass
where the slices of the tissues were placed in order to fix the cover glass.

Finally, the microstructure of each tissue section was visualised through a digital scanner
(Olympus VS120-S5, Hamburg, DE) using the integrated software (Olympus VS-ASW-
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S6). The name of each slide was specified consistently with the nomenclature used during
the previous steps (i.e. AG#P#t#ddmmyy). For this study, the suitable magnification to
clearly visualise the details of each slide was 20X, corresponding to 0.33um/pixel. The
number of focus points describing the space domain were adjusted manually in order to
cover the entire area of interest. At the end of each scanning, the images were exported
and then qualitatively analysed with a dedicated program (OlyVIA v3.2.1, 64bit Installer,
Olympus, Tokyo, JP).

6.3 Results

6.3.1 Numerical study

Figure 6.5 depicts the geometrical assumptions adopted to charcaterise the radial and
longitudinal dimensions of the ablation patterns in the simplified model and in the 3D
model with reference to the local coordinates system (u-axis, v-axis and w-axis). The

radial dimension (R) refers to the distance from the longitudinal axis of the applicator to

Simplified model 3D model
Ablation zone _
Ablation zone SOk Ablation i“'“' L
v T // u< B2 2\ v ,t - >
u \ . \ u N\
A W =N/ B (l)i
X @ \
o b B
o -
4)
Orientation #1 Orientation #2
Ya
> X
2
(1) Longitudinal dimension ablation zone in fat region (3) Longitudinal dimension ablation zone in adrenal layer
(2) Radial dimension ablation zone in fat region (4) Radial dimension ablation zone in adrenal region

Figure 6.5: Definitions of radial and longitudinal dimensions of the ablation zones obtained in fat
and in the adrenal layers both for the simplified model and the 3D model. For the 3D model both the
orientations for the MW applicator are represented. With reference to the local coordinates system
(u,v,w), the radial dimension is defined as the maximum extent of the ablation zone both in fat and in
the adrenal tissue along the u-axis. The longitudinal dimension is defined as the maximum extent of
the ablation zone both in fat and the adrenal tissues along the v-axis. In the 3D model the radial
dimensions are visible for the Orientation #1 while the longitudinal dimensions are visible for
Orientation #2, on the frontal plane of the global coordinates systems (x,y,z)
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Figure 6.6: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained numerically in the
simplified model at 30 W and 60 W. Profiles of SAR and temperature are presented both in the frontal
plane (xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the antenna.

the maximum extent of ablation zone along the u-axis. The logitudinal dimension (L)
refers to the distance between the maximum and the minimum points in the extent of the
ablation zone along the v-axis.

Simplified model. Figure 6.6 maps the distributions of SAR (A) — (B) and temperature
(C) — (D) in the simplified geometry of the adrenal gland at 30 W and 60 W input powers.
SAR, normalised to the maximum and expressed in decibel (dB), and thermal profiles at
60 s are depicted in the frontal (A) — (C) and coronal (B) — (D) planes. The isothermal
contour at 55°C indicates the temperature threshold suitable to achieve instantaneous
coagulation (i.e. ablation zone). The isothermal contour at 90°C indicates the temperature
at which vaporisation in the tissue may occur. Values of SAR higher than -20 dB extend
up to 3 mm (at 30 W) and 5 mm (at 60 W) radially from the axis of the applicator in the
adrenal tissue. In the fat tissue, values of SAR higher than -20 dB are absent in the case
of 30 W and extend no farther than 2 mm from the longitudinal axis of the applicator at
60 W. As a result, the asymmetry in the thermal profile due to shielding effect of the fat
layer is visible for both input power levels. In the case of low power (i.e. 30 W),
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temperature values higher than 55°C are visibile only in the adrenal region. Increasing
the input power up to 60 W, a larger ablation zone is achieved in the adrenal layer, while

only a ‘hot spot’ in proximity to the applicator is visible in the fat layer.

Table 6.3 reports radial (R) and longitudinal (L) dimensions of the ablation zone. The
table also shows the ratio between the radial and the longitudinal dimension indicating
the sphericity of the ablation zone in the target tissue (i.e. the aspect ratio). For low input
power, the radial and longitudinal dimensions of the ablation zone extend up to 7 mm
and 19 mm in the adrenal layer, while the ablation zone is negligible in the fat layer. At
60 W, ablation zone reaches 9 mm and 27 mm along radial and longitudinal dimensions
in the adrenal layer, while it slightly increases up to 2 mm along both directions in the
fat layer. Table 6.3 also provides the dimensions of the ablation zones and the related
aspect ratio achieved in muscle and fat. These values refer to the muscle - fat interface
scenario presented in Chapter 5 at the same power and time settings, i.e. 30 W — 60 s and
60 W — 60 s. The differences in the extent of the ablation zones between the two
simplified models show the impact of higher values in relative permittivity (one-fold)
and effective conductivity (two-fold) of the adreno-cortical tissue adjacent to the fat
layer, compared with the fat-muscle case. This contrast helps achieve larger ablation
zones in the adrenal gland compared with muscle. The ablation zones in the adrenal layer
increase in the radial direction up to 75% at 30 W and 50% at 60 W, compared to the fat-
muscle scenario. In the adjacent fat layer the ablation zones are more than 50% smaller
than the muscle-fat interface scenario, along both directions. Thus, the results indicate

that the degree of contrast in dielectric properties between the two adjacent tissues

Table 6.3: Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line) in
the simplified geometry including fat and adrenal tissue reported along with the dimensions of the
ablation zones previously calculated (Chapter 5) in the simplified interface model including fat and
muscle. To compare the sphericity of the ablation between the two scenarios, the aspect ratio of the
ablation zone achieved in target tissues, i.e. adrenal gland and muscle, are reported.

Settings Simplified model Simplified model
Fat-adrenal Fat-muscle (Chapter 5, 85.3)

P t Fat Adrenal gland Fat Muscle
(W) (s) R L R L AR R L R L AR
30 60 0 0 7 19 0.4 2 2 4 15 0.3
60 60 2 2 9 27 0.3 4 13 6 26 0.2
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Figure 6.7: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D model at 30
W and 60 W considering the applicator aligned at the interface between fat and adrenal gland as
depicted in Figure 6.6 (Orientation #1). Profiles of SAR and temperature are presented both in the
frontal plane (xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the
antenna.

influences the asymmetry in the ablation zones. A higher dielectric contrast emphasises
the asymmetric profile and the ability of the tissue characterised by lower dielectric
properties (i.e. fat) to shield the electromagnetic field. Moreover, the higher dielectric
contrast induces larger ablation zones and slightly improves the aspect ratio (AR) of the
ablation zone in the target tissue, as observed comparing the two different planar

interface scenarios (i.e. muscle — fat and adrenal gland — fat).

The impact of the variation in relative permittivty and effective conductivity on the length
and diameter of the ablation was investigated in previous studies across the literature.
Sensitivity analyses were conducted in [190] and [258] considering liver as reference
tissue. The analysis conducted in [190] showed that a variability of £25% in effective
conductivity of the tissue results in discrepancies in the dimensions of the ablation zone
up to 5.6% (length) and 7.5% (diameter). In [258] a variability of 38% upon the reference
value of effective conductivity resulted in a size of the ablation zone fourteen times

higher than the reference scenario.
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Figure 6.8: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D model at 30
W and 60 W considering the applicator aligned at the interface between fat and adrenal gland as
depicted in Figure 6.6 (Orientation #2). Profiles of SAR and temperature are presented both in the
frontal plane (xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the antenna.

In the present study, the ‘side firing” approach emphasises the influence of the higher
values in relative permittivity and effective conductivity of the adrenal gland on the
ablation zone. Because of the higher values in dielectric properties, the adrenal gland is
characterised by a lower intrinsic impedance (Equation 4.4) than fat. Thus, part of the
electric field emitted by the antenna is reflected from the fat layer into the tissue
characterised by lower impedance, i.e. adrenal gland. The interface scenario between
adrenal tissues and the fat layer contributes to achieving a larger ablation zone in the
target tissue, i.e. adrenal tissue, while minimising the increase of temperature in the fat

layer.

Three-dimensional model. Figures 6.7 and 6.8 map the distributions of SAR (A) — (B)
and temperature (C) — (D) obtained in the 3D model at 30 W — 60 s and 60 W — 60 s. The
maps refer to the two orientations, Orientation #1 and Orientation #2, of the MW
applicator with respect to the boundary between fat and the adrenal cortex (Figure 6.2).
The frontal view and coronal view provide two different planar perspectives for SAR and
thermal profiles in the 3D model. For both orientations of the MW applicator, SAR
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values higher than -20 dB expand through the adrenal layers while they remain confined
in proximity to the applicator in the fat layer. This is consistent with the findings observed
in the simplified model. The temperature profiles in the 3D geometry differ depending
on the level of the input power. At 30 W, temperatures exceeding 55°C are confined
within a few millimetres in the adrenal tissues while the fat tissue is entirely spared. Thus,
at low power the shielding effect of the fat layer lessens the temperature below 55°C and
drives the ablation zone toward the adrenal tissue (Figure 6.8(C)). At 60 W, ablation
zones increase both in fat and in the adrenal gland, resulting in less asymmetric ablation

profiles compared with the lower input power scenario.

Table 6.4 lists the radial and longitudinal dimensions of the ablation zone obtained in the
simplified model and in the 3D model, for the two different orientations of the applicator.
At 30 W, the ablation zone in the fat layer is visible in the 3D model. Comparable
dimensions are reached for both orientations of the MW applicator. Results show that
low input power induces a relatively small and spherical ablation zone in the fat layer. In
the adrenal tissue, the ablation zone is bigger than in fat as expected. However, the radial
and longitudinal dimensions in the adrenal gland vary depending on the orientation of
the MW applicator. Radial and longitudinal dimensions are 29% and 21% smaller in the
case of Orientation #1 and 29% and 63% smaller in the case of Orientation #2, compared

with the simplified model.

At 60 W, the ablation zone in fat becomes visibly larger and more elongated compared

with the low power case. This change in the ablation profile is linked to the curvature of

Table 6.4: Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line)
in the simplified geometry and in the 3D model. The radial and the longitudinal dimensions of
ablation zones measured experimentally are reported in terms of mean and standard deviation for
each power and time setting considered.

Settinas Simplified 3D model 3D model Experimental
g model Orientation # 1 Orientation #2 P
Adrenal Adrenal Adrenal Adrenal
P t Fat gland Fat gland Fat gland gland
W)y o "R L R L L R L L R L R L
30 60 0 0 7 19 4 5 15 3 5 7 4+2 14 +2
60 60 2 2 9 27 21 7 17 13 8 20 | 8x2 16%2
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the geometry in the 3D scenario, which weakens the ability of the fat to lag the
temperature increase. As a result, a reduced amount of the electric field is reflected from
the fat layer to the adrenal tissue, and the ablation zones in the adrenal tissue are smaller
compared with the simplified model. In particular, radial dimensions decrease by 22%
for Orientation #1 and by 11% for Orientation #2; the longitudinal dimensions decrease
by 37% for Orientation #1 and by 26% for Orientation #2.

It is worth noting that the 3D model has an impact on the longitudinal dimension of the
ablation zone more than on the radial dimension. The pronounced curvature of the
surfaces of the 3D model shapes the space around the applicator forcing the ablation zone
to grow toward the longitudinal direction in fat. This effect becomes noticeable in the
case of high power for Orientation #1. A similar effect was observed in [221] and [141],
after a microwave ablation procedure conducted in liver at 60 W for 10 min. These
studies show the ablation zone progresses along the longitudinal dimension rather than
the radial dimension in samples where the height is smaller than the achievable radial
extent. In the thin samples, the ablation zone increases up to 13% [221] and 22% [141]

in longitudinal dimension compared with unrestricted samples.

Compared with Orientation #1, Orientation #2 guarantees a better contact area between
the applicator and the tissue and better alignment of the antenna at the interface between
the fat and adrenal gland. Thus, an improvement in the shielding effect of the fat layer
and the consequent asymmetric ablation zones can be observed both at low and high

input powers.

Finally, it can be noted that kidney is unaffected by the increase in temperature for both

antenna orientations and both input power settings adopted.

6.3.2 Experimental ex vivo assessment

The shielding effect caused by the presence of the fat layer at the interface with the
adreno-cortical tissues was investigated experimentally on N = 6 ex vivo ovine adrenal
glands surrounded by the adrenal fat capsule. A total of N = 6 MWASs were performed,
N =3at30Wand N =3 at 60 W. Figure 6.9 shows an example of ablation zone achieved

ex vivo in an ovine adrenal gland. A shallow coagulation area is visible through the
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Figure 6.9: Section of a MWA zone obtained in ex vivo ovine adrenal gland: the applicator (MW
antenna) is placed at the visible interface between the adrenal gland and the surrounding perinephric
fat, and the ablation zone obtained in the adrenal gland is marked. The ablation zone is not visible in
fat.

whitened tissue resulting from the MWA procedure. Also, it can be seen from Figure 6.9
that the applicator is placed at the interface between the adreno-cortical tissue and the

surrounding fat.

Table 6.4 reports the experimental radial and longitudinal dimensions of the ablation
zone measured in the adrenal gland. It can be observed that the highest discrepancy in
the extent of the ablation zone is visible between the experimental scenario and the
simplified model. The ablation dimensions achieved in the 3D numerical model agree
with the experimental findings, at both 30 W and 60 W. It should be noted that the ovine
samples appear rounded shaped [259]. Thus, the 3D model better represents the
convexity of the external surfaces of the adrenal gland compared with the simplified

model.

Figure 6.10 shows the temperature values acquired by the fibre optic sensors. The data
refer to 30 W (A) and 60 W (B) input power and to two-time steps (30 s and 60 s). The
experimental values are compared with the values achieved in the 3D model, considering
the same settings. All the data is presented as a function of the radial distance from the
longitudinal axis of the MW applicator. The comparison reported in Figure 6.10 also
accounts for the two different orientations of the MW applicator with respect to the

interface between fat and adrenal gland. In addition, a temperature threshold equal to
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55°C is highlighted to assess the extension of the coagulation necrosis [80], [184], [260].
The two different orientations of the MW applicator highlight a discrepancy in the
temperature results between a minimum of 0.2°C and a maximum of 11°C observed at
high input power in the adrenal layer. The shape and the size of the fat and adrenal gland
layers surrounding the applicator vary due to the curvature of the surfaces modelled in
the 3D geometry. The radial dimensions of the adrenal and fat layers at the antenna feed
are 7 mm and 8 mm for Orientation #2, and 10 mm and 12 mm for Orientation #1. The
variability in the geometry together with the convex profile of the surfaces in the 3D
model correlate with the variability observed in the simulated temperatures between the
two orientations. Nevertheless, the experimental values lie within the values obtained
from the numerical simulations, suggesting numerical results reasonably estimate the

extent of the ablation zone.

The curves in Figure 6.10 show that a high power setting (i.e. 60W) allows for an
improved ablation zone in the target adrenal tissue. However, a sizable undesired heating
is observed in the fat layer within the first 30 seconds of ablation. Conversely, at a low
power setting (i.e. 30 W) temperatures below 55°C are observed for most of the fat tissue
even after 60 s; while sizable ablation zones in the target tissue are induced. Thus, the
results suggest that a low power setting (i.e. 30 W) may allow a more cautious approach
to be translated in the in vivo study (Chapter 7).

120 — 30s num - orientation #1 120 30s num - orientation #1
—_ Adrenal Fat 30s num - orientation #2 — Adrenal Fat 30s num - orientation #2
O 400 gland —60s num - orientation #1 © 100 gland A\ I‘. n —60s num - orientation #1
e e ~=60s num - orientation #2 g A\ h 1 ~-60s num - orientation #2

g o s
5 80 2 30s exp. 5 = 30s exp.
& 8 © 60s exp. 5 8 60s exp.
3 A @ 4| B | '
=3 B = - B
g < N/ E il = .“u‘
2 ~ 40 \ 1
N e
-5 0 5 -5 0 5
Radial dimension (mm) Radial dimension (mm)

Figure 6.10: Numerical (num.) and experimental (exp.) values of temperature along the radial
distance from the MW antenna axis (applicator) both in the fat and adrenal gland at 30 s and 60 s
for 30 W (A) and 60 W (B). Temperature value obtained from the 3D model accounting for the
orientation #1 (solid lines) and orientation #2 (dash-dot lines). Horizontal line highlights the
temperature threshold at 55 °C.
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6.3.3 Histology analysis

The thermal injury induced in the tissue by the MWA procedures was evaluated on two
out of six available samples. Figures 6.11 and 6.12 show the histological results obtained
in the adrenal sample after MWA procedures conducted at 30 W (Figure 6.11) and 60 W
(Figure 6.12) for 60 s. Figures 6.13 and 6.14 show the histological findings related to the
periadrenal fat (Figure 6.13) and the adjacent blood vessel (Figure 6.14) after a MWA
procedure conducted at 60 W for 60 s.

The changes in the cellular structure due to the thermal effect are visible to a certain
extent in the adrenal glands. Three different zones are defined with respect to distance

from the applicator:

« Zone 1: proximal zone
« Zone 2: transition zone

« Zone 3: distal zone

Zone 1 is a more eosinophilic region of the adrenal sample, due to an absence of the

cellular nuclei. This characteristic indicates that complete cell death occurred both at high

* » = ®) Zone 1

Zone_ 2

. Zone 3 '_ .

©) \ § ]
e : a8

Zone 1 Zone 2 Zone 3

Figure 6.11: A histological section of the adrenal gland stained with H&E after an ablation procedure
performed at 30 W for 60 s and the placement of the MW applicator (A). Three zones with different
histological features are recognised at different distances from the placement of the applicator (B):
coagulative necrosis characterised by a more eosinophilic region due to the damage of the cellular
nuclei (Zone 1); a transition zone from the injury zone and the untreated region characterised by a
mixture of ‘ghost’ cells and morphologically normal cells (Zone 2); non-targeted adrenal zone distal
from the applicator position, which contains cells morphologically normal (Zone 3).
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Figure 6.12: A histological section of the adrenal gland stained with H&E after an ablation
procedure performed at 60 W for 60 s and the placement of the MW applicator (A). Three zones
with different histological features are recognised at different distances from the placement of the
applicator (B): coagulative necrosis characterised by spots of charred tissue in the zone adjacent to
the applicator (Zone 1); a transition zone from the injury zone and the untreated region characterised
by a mixture of ‘ghost’ cells and morphologically normal cells (Zone 2); non-targeted adrenal zone
distal from the applicator position, which contains cells morphologically normal (Zone 3).

and low input powers. The main difference between the two power settings is determined
by the presence of brown-coloured spots visible only at 60 W. These spots indicate
charred areas in the tissue in contact with the applicator. Zone 2 and Zone 3 show similar
histological features regardless of the input power at which the MWA procedure was
conducted. Zone 2 presents a mixture between intact areas of tissue and areas injured by
thermal insult. The cells of this transitional zone closer to Zone 1 show a cytological
architecture compromised by the high temperatures. The cells far from the margin with
Zone 1 show elongated cellular nuclei and/or partially damaged cellular membrane. In
Zone 3, cells appear with rounded blue-coloured nuclei and well-defined cytological
architecture. The rounded shapes of the cellular nuclei indicate that the tissue remained
intact after the MWA procedure.

The histological findings suggest that low input power prevents the risk of charred spots
in the tissue. In addition, the cautious approach provided by low input power helps to
avoid extremely high temperature which can compromise the functionality of the gland.

The ‘zonation’ observed in the adrenal gland (Figures 6.11 — 6.12) is in agreement with
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the histological results provided by other studies. In [261] a histology analysis showed
the changes occurring in ten porcine hepatic tissues. The samples were analysed after
MWA procedures conducted in vivo at 60 — 70 W for 5 -10 min. In [261] irreversible
impairments characterised by the absence of nuclei is observed solely in the centre of the
ablation zone. In [148] a section of porcine renal tissue was examined after a MWA
procedure conducted in vivo at 50 W for 10 min. The results showed a region of complete
cell death characterised by interstitial haemorrhage only in the region surrounding the
axis of the MW applicator. In a recent study, [262] evaluated the histological changes in
porcine adrenal tissue immediately after MWA procedures conducted in vivo at 45 W
and 70 W for 60 s. Regardless of the input power used, the histological findings
demonstrated evidence of coagulation necrosis only in the area adjacent to the probe
placement. All the aforementioned studies also reported consistency in the histology
characteristics of the transition zone (between the distal and proximal zones). Essentially,
in this zone the cellular membranes were partially deformed, and the images appeared
faded (“ghost effect”), as observed in the present study. In addition, the present study
offered a complete understanding of the effects of the MWA procedure not only on the

microstructure of the adrenal gland, but also on the fat and adjacent blood vessel.

The effects of the heating on the microstructure of the periadrenal fat and the adjacent
blood vessel were studied only in the case of the highest input power (i.e. 60 W). At 60
W, temperatures above 55 °C were observed numerically up to 5 mm from the axis of
the applicator in fat (Figures 6.6 — 6.8, Figure 6.10). Thus, 60 W showed a higher
potential to cause unintended damages to the structures surrounding the gland (e.g. blood
vessels).

Two different zones are identified in the fat layer, by reference to distance from the

applicator (Figure 6.13).

Zone 1 is the proximal region, thus more susceptible to the heating due to MWA.
Vascular congestion is visible within adipocytes (i.e. fat cells) in this zone.

Zone 2 is the area far from the applicator and closer to the blood vessel reported in Figure

6.14. This region shows no inflammatory areas or changes in the microvasculature within
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adipocytes. This result suggests that the area of fat abutting the blood vessel was not
affected by the increase in temperature. The integrity of the vessel morphology (Figure
6.14) confirms the ability of the fat layer to spare the surrounding sensitive structures
from the thermal injury. The blood vessel examined here is a large artery surrounded by
the periadrenal fat. All the three main structures which typically compose the wall of the
blood vessel are distinguishable and their histologic features are visibly intact [263].

These structures include:

. Tunica adventitia
« Tunica media

« Internal elastic lamina

The tunica adventitia is the external component of the vasculature wall. This layer
consists mainly of connective tissue (Figure 6.14 (C)). The tunica media is the middle
layer including smooth muscle cells, which appear as elastic lamellae. These cells appear
in vessels of at least 2 mm in diameter and regulate the blood pressure through

vasodilation and vasoconstriction. Finally, the internal elastic lamina consists of
(Ve ®)
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Figure 6.13: A histological section of the fat layer surrounding the adrenal gland stained with
H&E after an ablation procedure performed at 60 W for 60 s. (A) Two different zones with
different histological features are recognised at different distances from the applicator (B): an
inflammatory zone denoted by the enlargement of the microvasculature within adipocytes (Zone
1); a distal zone where a normal microvasculature within adipocytes indicates that no increase in
temperatures occurred (Zone 2).
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Figure 6.14: A histological section of a blood vessel after an ablation procedure performed at 60 W
for 60 s. The blood vessel was adjacent to the fat layer which separated the vessel from the adrenal
gland. (A) The integrity of the structure of the blood vessel is indicted by the presence the intact
internal elastic lamina and the aperture of the lumen (in the case of damage the blood vessel
collapses, and the lumen occludes). All the three main structures of the blood vessel (B) and their
histological features (B) — (C) are intact: Tunica adventitia mainly characterised by connective
tissues; Tunica media composed of smooth muscle cells; Internal elastic lamina characterised by
endothelial cells.

squamous and elongated endothelial cells. The endothelium acts as an antithrombogenic
barrier and ensures the tone of the vasculature wall [263]. When the barrier of endothelial
cells is damaged, the entire structure of the blood vessel collapses and a cascade of
platelets aggregations obstructs the normal blood flow. This phenomenon results in the
formation of intravascular clots or thrombi, which are potentially life-threatening
conditions [264]. Blood vessels abutting ablation targets are exposed to higher risks of

thrombotic events induced by the coagulation necrosis.

In this study, the histology analysis revealed the microscopic features after MWA
procedure not only in the tissue target (i.e. adrenal gland) but also in the surrounding fat
layer and the adjacent blood vessel. This analysis helped to overcome drawbacks
encountered during the experimental assessment. As described in the previous sections,
visual inspection was adopted to estimate the extents of the ablation area in the adrenal
gland (Figure 6.9). However, the whitening effect observed immediately after the MWA
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procedure made it difficult to evaluate to what extent the ablation zone affected the fat
layer. Thermal sensors (e.g. fiber optic sensors, thermocouples) were used only to
monitor the local temperature increase in the tissue during the ablation procedure (Figure
6.10). Overall, the histological findings confirmed the ability of the fat layer to confine
the thermal effects induced by the increase of temperature in the area proximate to the
applicator. The presence of the fat layer helped to preserve the integrity of the blood
vessel abutting the adrenal gland. As a result, the coagulation necrosis of the tissue was
observed only in the adrenal gland and it was particularly visible in the case of the highest
input power. The scattered brown-coloured areas identified in the case of 60 W suggest
that the charring of tissue ensued from the very high temperatures reached in proximity
to the applicator (Figure 6.10). It is worth noting that the time (60 s) at which MWA
procedures were conducted helped to spare the medulla, even in the case of the highest
power. Relatively short times may contribute to preserving the functionalities of the
adrenal tissues, which are crucial to the release of hormones. In addition, short durations
help to minimise the stress induced to the adrenal medulla. The heating of the gland
during the MWA induces the medulla to release a higher amount of catecholamines

which contribute to the increasing of the cardiac rate of the patient.

6.4 Conclusions

This chapter examines the influence of dielectric and geometrical characteristics of the
adrenal tissues on shaping asymmetric ablation profiles. In the numerical study, the
extent of the ablation zone both in the adrenal gland and in the adjacent fat layer was
estimated at two levels of input power (30 W and 60 W). Two different numerical models
were accounted for: a simplified multilayer structure and a 3D model. An experimental
ex vivo study was conducted on ovine adrenal glands to support the numerical
investigation. The same power settings (30 W and 60 W) supplied for 60 s were used for

both the numerical and experimental investigations.

The results of the study show that:
« The electromagnetic field in the planar adrenal-fat scenario — facing an higher

contrast in relative permittivity and effective conductivity — induces more

136



CHAPTER 6. NUMERICAL AND EXPERIMENTAL EVALUATION OF ASYMMETRIC
ABLATION ZONES IN ADRENAL GLANDS

pronounced asymmetric ablation patterns when compared with the planar muscle-fat
scenario (Chapter 5);

The geometry of the tissues influences the shape and the size of the ablation zones.
In the fat layer, the curvature of the 3D geometry reduces the radial space achievable
by the ablation zone. Thus, the electromagnetic field redistributes along the
longitudinal dimension, resulting in longer ablation zones compared with the
simplified model. The final shape and size of the ablation zone also depend on the
orientation of the antenna at the interface between the two tissues. Thus, in the 3D
geometry, the alignment of the antenna has a higher impact on the ablation
asymmetry than in the 2D multilayer scenario.

The 3D model adopted in this study provides a reliable representation of the
experimental ex vivo scenario. The experimental data are in good agreement with the
numerical findings. Thus, the study suggests that potential pitfalls during the
treatment planning can be avoided or reduced by considering the orientation of the
applicator, the geometrical characteristics of the target and the surrounding tissue;
The histological analysis conducted within 48h after the MWA procedures on ex vivo
ovine adrenal tissues confirms the presence of coagulated tissue only in the target
area. Critical structures in proximity to the applicator (such as blood vessels) are
preserved thanks to the effect of the fat lagging the temperature increase. In the
adrenal gland, the cell death is observed only in the area closer to the MW applicator.
In the fat layer, the inflammation response is the only visible effect to the thermal
insult. This response is limited to the zone of the tissue closer to the MW applicator.
Thanks to the presence of fat, the abutting blood vessel showed an integer structure

without any sign of the effect of the temperature increase.

Following the proof-of-concept study presented in Chapter 5, this study provides a

broader description of the ‘side firing’ approach in the case of the adrenal gland and its

surrounding fat layer. The entire investigation was conducted accounting for the ex vivo

scenario. Thus, the effects of the blood surrounding the target and the blood perfusion
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rate of each tissue were neglected. Chapter 7 is dedicated to evaluating the feasibility of

the ‘side firing” approach in the in vivo scenario.
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Chapter 7

MWA on adrenal glands through “side firing’
approach: an in vivo study

7.1 Introduction

Chapter 6 described the influence of the dielectric and geometrical characteristics of the
tissue target, i.e. adrenal cortex, on the ability of the fat layer to shield the EM field and
to shape asymmetric ablation profiles. The ability to perform a side firing ablation
exploiting the shielding effect of the fat layer was also validated experimentally and

confirmed histologically.

First, a simplified model reproduced the dielectric contrast between fat and adrenal
cortex. The contrast was 13% higher in terms of relative permittivity and 150% higher
in terms of effective conductivity compared with the muscle-fat contrast. This contrast
was shown to produce up to 75% larger ablation zones in the adrenal tissue and up to
50% smaller ablation zones in the fat layer compared with the muscle-fat scenario. The
increased contrast in the adrenal-fat scenario enhanced the shielding effect of the fat

tissue.

Next, a 3D geometry was used to investigate the influence of anatomically realistic
shapes and sizes of the target tissues on the thermal patterns. Two different orientations
of the MW applicator were considered to account for the cases of best and worst
alignment with respect to the interface. Results also showed asymmetric ablation profiles
in the 3D model. However, the extent of the ablation zones was affected by the curvature

of the geometry and the alignment of the applicator at the interface.

The ‘side firing’ approach was tested on N = 6 ex vivo ovine adrenal glands. The resulting
ablation zones were in agreement with the dimensions predicted by the 3D model, laying
within the variability observed in the numerical findings. Finally, histology analysis was
used to map the thermal damage in the target tissue, the surrounding fat layer and the

adjacent blood vessel. The histological findings revealed an impairment in the cellular
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structure only in the adrenal tissue in proximity to the applicator. No coagulation necrosis
was observed in the fat layer surrounding the adrenal gland and in the adjacent blood
vessel.

This chapter seeks to translate the investigation into an in vivo scenario. The 3D model
presented in Chapter 6 (8 6.1.1) was used as a test platform and modified to better
represent the in vivo scenario. The background material was set to mimic blood properties
and the starting temperature was set equal to 37°C. Blood perfusion rates were assigned
to both the adrenal and fat layers to account for the effect of blood perfusion on the final
extent of the ablation zones. Two different levels of volumetric blood flow rate were
assigned to the layers representing cortex and medulla (4-10° m®kg?s™') and the
surrounding fat layer (5-107 m®kg*s™) according to [265]. The study aims to:

. Compare the extent of the ablation zone achieved in the case of background material
set as blood with the findings achieved in the ex vivo numerical scenario. The MW
applicator was placed at the interface between fat and adrenal cortex according to the
two orientations presented in Chapter 6, i.e. Orientation #1 and Orientation #2 (8
6.1.1). The distributions of the EM power and of temperature in the model were
computed considering two input powers, 30 W and 60 W, delivered for 60 s;

. Evaluate the extent of the ablation zone achieved for each orientation and setting
combination with and without blood perfusion;

« Translate the ‘side firing” approach in vivo using an adult sheep model. For the in
vivo study, 30 W was supplied for 60 s and the MW applicator was placed on the
surface of the adrenal gland at the interface with the periadrenal fat. The analysis
includes both visual and histological inspection.

The structure of the chapter is as follows: section 7.1 describes the numerical models
adopted to represent the in vivo scenario. The section also describes the protocol adopted
for the acute animal study. Section 7.2 presents the ablation profiles obtained numerically
for each orientation of the MW applicator and for each setting, along with the

experimental results. Section 7.3 concludes the chapter.
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7.2 Methodology

7.2.1 Numerical study

The 3D numerical model used in the previous study (86.1.1) was adopted in the present
study to represent the adrenal gland and the surrounding fat capsule. The same thermal
and dielectric properties reported in Table 6.1 (86.1.1) were used to characterise each
tissue. The triaxial MW applicator described in Chapter 4 was positioned at the interface
between fat and adrenal tissue according to the two different orientations already
presented, i.e. Orientation #1 and Orientation #2 (86.1.1).

First, blood was assigned as the background material instead of air (used in Chapter 6 to
simulate the ex vivo scenario) to better represent the in vivo scenario. The values of the
thermal and dielectric properties for blood were acquired from [245] and reported in
Table 7.1. The blood surrounding the tissue model and the MW applicator placed at the
interface between fat and adrenal cortex was modelled by a cuboid of 126 mm in height,
148 mm in width and 60 mm in the case of Orientation #1; the surrounding blood was
modelled by a cuboid of 80 mm in height, 102 mm in width, 76 mm in thickness, in the
case of Orientation #2. The entire geometry was discretised by a total number of
tetrahedral meshing cells equal to 5,085,045 ranging from 0.1 mm to 6.1 mm in the case
of Orientation #1. The total number of meshing cells was equal to 3,876,880 ranging
from 0.1 mm to 6.4 mm, for Orientation #2. The convergence criteria adopted to establish
the suitable number of meshing cells are the same as those presented in Chapter 4. A

minimum of ten cells per wavelength (frequency = 2.45 GHz) was considered, then the

Table 7.1: Dielectric and thermal properties of blood employed in the numerical simulations

Parameter Blood
Relative permittivity, & 58.3+3.0
Effective conductivity, cerr (Sm™) 25+02
Specific heat capacity, ¢ (Jkg*K™) 3651 +0.1
Density, p (kg m™) 1046 £ 0.1
Thermal conductivity, k (Wm™K™?) 05+0.1
Frequency (GHz) 2.45
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A)

Figure 7.1:Three-dimensional model for the adrenal gland and the surrounding fat capsule. Each
scenario accounts for a different orientation of the MW applicator with respect to the interface between
fat and adrenal cortex. In both models, a block of blood surrounded the geometry of the tissues. The
feeding of the coaxial cable (i.e. waveguide port) was kept outside the block of blood, as required to
adequately excite the signal for the electromagnetic and thermal simulations.

number of the cells was increased until the mismatch in the magnitude values of the
reflection coefficient between two consecutive simulations was less than 0.1%. Figure
7.1 depicts the two numerical scenarios investigated, including blood surrounding the

geometry.

Electromagnetic and thermal simulations were performed using CST MW Studio to
obtain the distributions of SAR and temperature. The boundary conditions between the
applicator and the surrounding tissue were assigned as reported in Chapter 4 (8§ 4.2), to
account for the forced convection heat exchange. Boundary conditions were modelled as
described in Chapter 4 (§ 4.2) to account for the free convection exchange between the
tissue model and the surrounding blood. The initial temperature of the tissue model was
set equal to 37°C to reproduce the initial body conditions of the in vivo scenario. As well
as for the previous study, two different input power levels were supplied for 60 s for each
orientation of the MW applicator (30 W and 60 W).

Next, the numerical model was further refined to represent the in vivo scenario
accounting for the influence of the blood perfusion of the tissues on the ablation zone.

Two different volumetric blood flow rates were assigned to the adrenal and fat tissues
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Figure 7.2: Models for blood perfusion as function of the temperature, both for adrenal gland and
fat. The rectangular function accounts for the collapsing of the blood supply to the tissue due to the
coagulation effect when ablative temperatures (above 55°C) are approached. The coefficients for
blood perfusions were assigned according to the values reported in [265]: 1,626 Wm=°C in fat and
155,163 Wm °C1 in adrenal tissues.

according to the values reported in [265]: 5-107 m3*kg s for fat and 4-10° m*kg s for
adrenal cortex and medulla. As a result, the terms of blood perfusion in Equation 4.13
become equal to 1,626 Wm™=3°C for the fat tissue and to 155,163 Wm=°C™ for adrenal
tissues.

Figure 7.2 shows the curves for blood perfusion both in the adrenal gland and in the fat
tissue against temperature. The rectangular function aims to account for the disruption of
the microvasculature of the region of interest. When the temperature exceeds 55°C, the
coagulation effect induces the collapse of the blood supply in the area of the tissue under
treatment [266]-[268]. The functions were first modelled in MATLAB and then
integrated in the simulations to enable the iterative calculation of the tissue temperature.
In total, four simulations were performed accounting for the same set of input power and

duration and the same two orientations of MW applicator as described above.

7.2.2 Experimental in vivo animal study
An acute animal study was conducted at the Hospital Virtual Valdecilla (HvV),
Santander, Cantabria, Spain, according to an approved protocol (National Regulatory

Body approval and HvV Ethical Committee authorisation). First, a bilateral sham test

143



CHAPTER 7. MWA ON ADRENAL GLANDS THROUGH ‘SIDE FIRING” APPROACH: AN IN
VIVO STUDY

was performed ex vivo on swine tissue to allow the surgeon to familiarise themselves
with the experimental setup. The optimal strategy to access the adrenal gland and to
position the antenna at the interface between fat and adrenal gland was identified. Next,
an adult 20 kg sheep was used to test the directive ablation hypothesis in vivo on the left
adrenal gland (note: generally, in ovine the second adrenal gland is too small to be
representative of a human gland and it lies slightly distant from the apex of the

correspondent kidney therefore it was not used).

The animal was positioned on dorsal recumbency and anesthetised by Ketamine (15-35
mg/kg) and xylazine (5 mg/kg). The anaesthesia was maintained by halothane or
isofluorane for the duration of the procedure. To access the adrenal gland, a ventral
midline celiotomy was executed and the triaxial MW applicator (Chapter 4) was placed

in direct contact with the surface of the adrenal gland beneath the adrenal layer. The use

©
| Peristaltic pump
Microwave
(B)
generator
Adrenal tissue
Microwave )
. . applicator Fat tissue
(A) (D)

Figure 7.3: Positioning of the MW applicator at the interface between the ovine adrenal gland and
the surrounding fat during the in vivo experimental study (top). Related schematisation of the
experimental setup including the microwave applicator (A), connected to a microwave generator (B)
through a low loss coaxial cable; a peristaltic dispensing pump (C) was connected to the inflow and
outflow tubes of the refrigerating system integrated in the applicator.
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of a triaxial antenna made the access to the adrenal gland easier and less invasive due to
the smaller diameter compared with the monopole antenna used in the ex vivo study. In
addition, the triaxial structure improves the impedance matching of the antenna and the
surrounding tissue (Chapter 4). This feature of the triaxial structure helps to minimise the
detuning issues due to tissue heterogeneity which are less controllable in the presented
in vivo scenario. Thus, the triaxial applicator allows for a more efficient delivery of the
EM power in the tissue, reducing the return of the current flow along the cable. The
current could cause the applicator to overheat, resulting in cable failure. Figure 7.3 shows
the positioning of the MW applicator adjacent to the adrenal gland and the surrounding

fat; the figure shows also a schematisation of the experimental setup.

The adequate position of the MW applicator was assessed through visual inspection. The
vital parameters of the animal were monitored to confirm the status of the animal prior
to the procedure. Input power set at 30 W was supplied for 60 s from a microwave
generator (Sairem, SAS, France). The generator was connected to the applicator through
a low loss coaxial cable and an SMA connector. A refrigerating system including a
peristaltic pump (DP2000, Thermo-Fisher Scientific Inc., Waltham, Massachusetts, US)
was connected to the MW applicator and ensured continuous water at 16 — 18 °C via a
flow rate of 50 ml/min. During the procedure, analgesics (fentanyl citrate 0.05 mg/kg or
nalbuphine hydrochloride 2mg/kg) and tranquiliser (diazepam or midazolam at 2mg/kg)

were administered.

The animal was euthanised after the procedure with intravenous pentobarbital (65-100
mg/kg), and the adrenal gland was removed to be visually inspected. A tissue section of
40 mm in length, 32 mm in width and 17 mm in thickness was histologically analysed
within 48 h after the procedure. The protocol detailed in Chapter 6 was used for the H&E
staining to enable the histology analysis through the light microscope (Zeiss Axio
Observer, Oberkochen, DE).

145



CHAPTER 7. MWA ON ADRENAL GLANDS THROUGH ‘SIDE FIRING” APPROACH: AN IN
VIVO STUDY

7.3 Results

7.3.1 Numerical study

Figure 7.4 and Figure 7.5 map the distributions of SAR (A) — (B) and temperature (C) —
(D) obtained at 30 W — 60 s and 60 W — 60 s considering two different orientations of
the MW applicator (i.e. Orientation #1, Orientation #2) and the blood background at a
temperature of 37°C. SAR and thermal profiles are provided both in the frontal (A) — (C)
and coronal (B) — (D) planes.

At 30 W, values of SAR in the adrenal gland higher than -20 dB extend along the radial
distance from the axis of the applicator up to 4 mm in the case of Orientation #1 and up
to 6 mm in the case of Orientation #2. At 60 W, the radial extent of the area in the adrenal
gland where SAR values exceed -20 dB are 6 mm for Orientation #1 and 8 mm for
Orientation #2. In the fat tissue, values of SAR higher than -20 dB are seen extending

radially no further than 4 mm for both input power levels. Asymmetric SAR profiles
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Figure 7.4: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D model
considering the in vivo numerical scenario (i.e. blood surrounding the geometry and 37°C) at 30 W
and 60 W. Consistent with the previous study (Chapter 6), the applicator was aligned at the interface
between fat and adrenal gland as described for Orientation #1. Profiles of SAR and temperature are
presented both in the frontal plane (xy-plane) and in the coronal plane (xz-plane) with reference to
the feed of the antenna.
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Figure 7.5: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained in the 3D model
considering the in vivo numerical scenario (i.e. blood surrounding the geometry and 37°C) at 30 W
and 60 W. Consistent with the previous study (Chapter 6), the applicator was aligned at the interface
between fat and adrenal gland as described for Orientation #2. Profiles of SAR and temperature are
presented both in the frontal plane (xy-plane) and in the coronal plane (xz-plane) with reference to
the feed of the antenna.
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show the electromagnetic power confined in proximity to the applicator in the fat tissue;

while the electromagnetic power is deposited throughout the adrenal layers.

Compared with the air background material (Figure 6.7(A)), the dispersive and
dissipative characteristics of blood induce non-null values of SAR in the space
surrounding the adrenal model. In particular, non-null values of SAR are visible along
the feeding cable of the MW applicator (Figure 7.4 (A)), outside the adrenal gland.
However, those values are lower than -60 dB, thus they have no substantial impact on
the thermal distributions. The thermal maps reflect the asymmetric profiles obtained from
the deposition of SAR in the tissues. At 30 W, the areas where the temperatures exceed
55°C are more confined in proximity to the applicator in fat, compared to the air
background case. The area delineated by the isothermal contour at 55°C extend through
the cortex and the medulla layers in the adrenal gland both for Orientation #1 and
Orientation #2. Increasing the input power to 60 W, ablation zones become larger both
in fat and in the adrenal gland, lessening the asymmetry in the thermal pattern compared
with 30 W.
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Table 7.2: Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line)
in the in vivo numerical study considering the 3D model presented in Chapter 6. The dimensions of
the ablation zones previously calculated (Chapter 6) in the ex vivo numerical scenario including the
same 3D geometry for the adrenal gland and the surrounding fat layer are also reported to allow a
comparatively evaluation.

Setti Background material: blood Background material: air
ettings
g Orientation # 1 Orientation #2 Orientation #1 Orientation #2
Adrenal Adrenal Adrenal Adrenal
Pt Pt oang | PR gland Fat gand | ' gland

W)y 6 R L R L |R L R LIR L R L J|R L R L
30 60 4 6 5 8 |4 4 7 7|2 4 5 153 3 B 17
60 60 6 18 8 17 |6 212 9§ 2|5 21 7 17 |5 13 8 20

Table 7.2 lists the radial and longitudinal dimensions of the ablation zones achieved in
the adrenal tissues and in the fat layer for the two different orientations of the MW
applicator both at 30 W and 60 W. The dimensions correspond to the area identified by
the isothermal contour at 55°C. In fat, the results show that the radial dimensions of the
ablation zone remain unvaried with the change in the orientation of the MW applicator.
Instead, the two orientations differ by approximately 30% at 30 W and by 14% at 60 W
in the longitudinal dimension. Similarly, in the adrenal gland the higher differences
between Orientation #1 and Orientation #2 are visible in the longitudinal dimension of
the ablation zone. As a result, the ablation zones are 53% at 30 W and 23% at 60 W

shorter in the case of Orientation #1 compared with Orientation #2.

At 30 W the radial dimension of the ablation zone in fat remains confined within 4 mm
independent of the orientation of the applicator. It is worth mentioning that a radial extent
of the ablation zone within 5 mm is desirable to preserve the surrounding sensitive
structures, such as blood vessels. Considering 5 mm as a safe margin, at 60 W the radial
extent of the ablation zone in fat is slightly beyond this limit, for both orientations of the
MW applicator. In addition, at a lower input power the ablation zone in fat is more
spherical than that observed at higher power level. In particular, longitudinal and radial
dimensions of the ablation zone coincide in the case of Orientation #2. Increasing the
input power from 30 W to 60 W, the ablation zone increases in the longitudinal
dimension by three folds in the case of Orientation #1 and five folds for Orientation #2.
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Overall, lower input power improves the asymmetric ablation profile and enhances the

ability of the fat layer to lag the growth of the ablation zone compared to higher power.

Table 7.2 also reports the dimensions achieved in the numerical study reproducing ex
vivo conditions (Table 6.4) for comparison. In the radial dimension, slightly larger
ablation zones (not exceeding 2 mm) were observed both in the fat layer and in the
adrenal gland in the case of blood background compared with the air background (i.e. ex
vivo conditions). This difference is likely due to the higher initial temperature (37°C) that
was considered for the blood background material compared with the ex vivo scenario
(25°C). In the case of Orientation #1 and for both input powers, the ablation zones do not
reach the margin of the geometry, resulting in shorter and more spherical profiles
compared with the ex vivo scenario. Overall, the results confirm high variability in the
numerical results depending on the orientation of the MW applicator in agreement with
the results related to the ex vivo scenario (Table 6.4). As already discussed in Chapter 6,
this variability particularly involves the longitudinal dimension of the ablation zone.
Such an effect can be attributed to the redistribution of the electromagnetic power along
the longitudinal direction when the radial space constraints, due to the curvature of the
3D geometry. Independent of the background material, better performances were
observed in the case of Orientation #2 compared with Orientation #1 in terms of creating
asymmetric ablation profiles. One of the reasons for this result is that Orientation #2
improves the alignment of the MW applicator at the interface between the adrenal cortex
and the fat layer. It is also worth noting that the two orientations of the MW applicator
are responsible for two different radiating conditions. In the case of Orientation #2, the
force lines of the electric field are parallel to the interface between the fat and adrenal
gland. In the case of Orientation #1 the force lines of the electric field approximate more
the perpendicular condition with respect to the interface between the two tissues. The
first condition (Orientation #2) likely induces a greater absorption of the electromagnetic
power in the tissue characterised by higher electrical conductivity compared with the
second condition [269]-[271].
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Figure 7.6 shows the maps of temperature achieved by adding the effect of blood
perfusion. The thermal profiles are shown in the case of Orientation #1 (A) — (B) and
Orientation #2 (C) — (D) of the MW applicator both at 30 W and 60 W. The results show
thermal profiles (55°C isothermal contour) for the perfused scenario comparable with the
non-perfused numerical scenario (Figure 7.4, Figure 7.5). The blood perfusion shows no
impairment in the ability of the fat to lag the increase of the temperature, for both
orientations of the MW applicator. Overall, the presence of the blood perfusion appears
to mitigate the increase in tissue temperature without dramatically affecting the

dimension of the ablation zone for the power and time settings adopted.

A difference between the perfused and non-perfused scenarios is visible in the extent of
the area delineated by the isothermal contour set at 90°C, in the case of high input power
(i.e. 60 W). The peak temperature values in the presence of blood perfusion are lower
than the peak temperature values achieved in the non-perfused model. As a result, the
areas where the temperature is above 90°C in the non-perfused model are smaller than in
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Figure 7.6: Maps of temperature obtained in the 3D model considering the blood perfusion both in
fat and adrenal tissues to better represent numerically the in vivo scenario at 30 W and 60 W.
Consistently with the previous numerical studies, the thermal maps refer to the two different
orientations of the MW applicator: orientation #1 (A) — (B) and orientation #2 (C) — (D). Profiles of
temperature are presented both in the frontal plane (xy-plane) and in the coronal plane (xz-plane)
with reference to the feed of the antenna.
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the perfused model. In the adrenal gland, the extent of the area where the temperature
exceeds 90°C narrows by 3 mm in radial dimension and 1 mm in longitudinal dimension
in the case of Orientation #1 (Figure 7.6 (A) — (B)), and 3 mm and 9 mm respectively in
the case of Orientation #2 (Figure 7.6 (C) — (D)). The fat layer shows no temperature
above 90°C when the perfusion model is included in the case of Orientation #1; while
for Orientation #2 this area is reduced by 1 mm along both dimensions with respect to
non-perfused model. According to Equation (4.13), the term indicating blood perfusion
varies with the temperature gradient between tissue and blood. The higher such a gradient

becomes, the more relevant the effect of blood perfusion is.

Table 7.3 reports the radial and longitudinal dimensions of the ablation profiles achieved
in the presence of blood perfusion. For comparison, the table also includes the
dimensions obtained in the first numerical scenario proposed in this study where blood
perfusion was neglected. The results show consistency in the dimensions of the ablation
zone between the two numerical scenarios. A more visible difference between the two
scenarios occurs only at 30 W for Orientation #2. With this orientation, the longitudinal
dimension achieved in the adrenal gland in the presence of blood perfusion is 24%
smaller than in its absence. In all the other cases, the differences in the extent of the
ablation zones between the two scenarios do not exceed 2 mm both in radial and
longitudinal dimensions. In addition, it can also be observed that in the case of blood

perfusion, the radial extent of the ablation zone in fat remains below 5 mm.

Table 7.3: Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line) in
the in vivo numerical study considering the presence of blood perfusion both in the fat tissue (1,626
W m-3 °C-1) and in the adrenal gland (155,163 W m-3 °C-1). For comparison, the dimensions of the
ablation zones previously calculated in the numerical scenario where blood perfusion was disabled
and already reported in Table 7.2 are reported.

] Blood perfusion No blood perfusion
Settings . . . . . . . .
Orientation # 1 Orientation # 2 Orientation #1 Orientation #2
Adrenal Adrenal Adrenal Adrenal
P t Fat gland Fat gland Fat gland Fat gland

W) (R L R L R L R L R L R L R L R L
30 60 4 6 4 B 3 2 5 18 4 6 B B 4 4 7 1
60 60 5 17 7 16 5 19 8 21 6 18 8 17 6 21 9 22
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Overall, the results presented so far show that the role of the fat layer in shaping
asymmetric thermal patterns remained almost unchanged independent of the type of
background material and the presence of blood perfusion. As seen for the ex vivo scenario
in Chapter 6, in vivo numerical models (perfused and non-perfused) show that a low input
power may provide a better control of the increase of temperature in the space

surrounding the gland, compared with high power.

Finally, it is worth noting that the numerical findings show no increase in the temperature
of the kidney both in the case of non-perfused and perfused scenarios independent of the
antenna orientation and of the input power. This result is in agreement with what was
already observed in the previous study (86.2).

7.3.2 Experimental in vivo assessment and histology analysis

The findings of the numerical study informed the experimental protocol designed for the
in vivo study. The low input power (30 W) was selected and applied for 60 s, to spare the
surrounding anatomical structures from excessive increase of temperature and to

preserve the integrity of part of adrenal functional tissues.

Figure 7.7 shows the shallow ablation zone achieved in the ovine adrenal cortex after the
in vivo microwave ablation procedure conducted at 30 W for 60 s. The radial and
longitudinal dimensions were measured on the plane of maximum exposure of the
ablation zone by cutting the adrenal gland along the longitudinal tract of the applicator.
The dimensions achieved in the adrenal cortex are approximately 6 mm in the radial
dimension and 9 mm in the longitudinal dimension. The extent of the ablation zone
measured after the ablation procedure lie within the radial and longitudinal values
predicted by the numerical simulations accounting for the two different orientations of
the MW applicator. Also, the acute animal test shows a more spherical ablation zone in
the target tissue, compared with the ex vivo experimental results shown in Figure 6.9.
This effect may be linked to two aspects. First, the MW applicator adopted for the in vivo
study has a triaxial structure which is able to reduce the backward current compared to

the coaxial structure (8 4.5). Second, the presence of the blood together with the effect
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Figure 7.7: Ablation zone obtained in the ovine adrenal gland after MWA procedure executed in
vivo at 30 W for a duration of 60 s. The applicator was placed on the external surface of the adrenal
cortex beneath the fat layer surrounding the gland. The section of ablation zone was obtained by
cutting the sample along the longitudinal tract of the applicator, thus reaching the maximum exposure
of the ablation zone. In addition, the normal cortex (outer tissue) and medulla (inner tissue) of the
adrenal gland are highlighted.

of the tissue blood perfusion contributes to improve the sphericity of the ablation zones,
especially because of the slower and more controllable increase of temperature.

Within 48h of the procedure, a section of tissue including the ablation zone and a margin
of the adjacent fat layer were resected and processed for the following histology analysis.
All slides acquired from the tissue sample were assessed by a consultant histopathologist.
Figure 7.8 shows the cellular morphology of the adrenal tissue and the margin of the
adjacent fat. The power level used (30 W) induced a limited tissue damage and
coagulative necrosis, as predicted by the numerical simulations. The zone adjacent to the
axis of the MW applicator (Zone 1) includes part of the adrenal cortex and a rim of the
surrounding fat. This zone shows hyalinisation both of the adrenal tissue and the adjacent
fat. Hyalinisation indicates the degradation of the tissue due to heating, after which the
tissue becomes translucent (i.e. hyalinised). The hyalinised tissue generally appears
pinkish after the H&E staining. The squamous and elongated shapes of the cells in Zone

1 are responsible for the ‘ghost effect” mentioned in Chapter 6 (§ 6.3.3). A detail of Zone
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Figure 7.8: Histological section of an ovine adrenal gland treated in vivo with a microwave thermal
ablation performed at 30 W for 60 s. Two zones with different histological features are recognised:
hylinisation of the cells both in the adrenal tissue and in the adjacent rim of fat layer indicating the
cellular apoptosis in the tissue in close contact with the MW applicator (zone 1); cascade
inflammatory and blood extravasation caused by the immune system as response to the thermal
insult occurring in the whole adrenal cortex up to the non-ablated medulla.

1 shows the difference in shape between normal round-shaped nuclei and the nuclei
affected by the thermal insult, i.e. pyknosis nuclei. Pyknosis is the release of the
chromatin contained in the cellular nuclei, which condensates in the cellular cytoplasm
[261].

The distal zone with respect to the applicator (Zone 2) shows neutrophil infiltration (i.e.
immune infiltration) due to the thermal insult. The infiltration of immune cells (such as
neutrophil) provides evidence of an acute inflammation reaction and blood extravasation.
The immune infiltration delineates the transition zone between the innermost part of the
cortex (reticularis zona) and the non-ablated medulla. This result agrees with the findings
presented in [262] for lower MWA dose tested (i.e. 45 W). The results presented in [262]
showed no damage at the distal zone of the tissue with respect to the position of the
applicator. The delineating immune infiltration which separates the ablated and non-
ablated zones is visible only after the in vivo MWA procedure while it is absent after ex
vivo procedures (8 6.3). This difference is linked to the immediate reaction of the immune
system to the thermal insult typically observed in the in vivo scenarios [261], [262], [272].
A further difference in the histological features between ex vivo and in vivo studies is in
the zone of adrenal tissue adjacent to the applicator. Here, the in vivo study shows the
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cellular hyalinisation and the changes from rounded-shaped cellular nuclei to squamous-
shaped. In the case of ex vivo study at the same power and time setting, the region
proximal to the applicator appears eosinophilic indicating the necrosis of the cellular
nuclei (Figure 6.11 (A)). Instead, squamous and elongated cells are visible in the
transition zone of the tissue (Figure 6.11 (B)). Such a difference in the histological
findings between the in vivo and ex vivo scenarios confirms that lower peak temperature

values are achieved in the in vivo study due to the effect of blood perfusion.

7.4 Conclusions

This study investigates the performance of the periadrenal fat layer and its ability to
protect the surrounding sensitive anatomical structures during the MWA procedure in an
in vivo scenario. A range of numerical simulations was completed. First, blood
surrounding the entire adrenal model and an initial temperature of 37°C (instead of 25°C)
were considered. Then, the tissue blood perfusion rate was added. In support of the
numerical simulations, a MWA procedure was conducted in vivo on an ovine adrenal
gland adopting the ‘side firing’ approach discussed in the previous chapters. Then,
histology analysis was performed on ablated tissue to qualitatively assess both the

necrotic coagulation occurring in the ablation zone and the inflammatory responses.
The main findings of the study are:

. Comparable dimensions of the ablation zones were observed in the numerical
findings between ex vivo and in vivo conditions. For the in vivo conditions,
comparable ablation zones were also achieved both with and without blood perfusion.
The study confirms that the geometry of the target influences the growth of the
ablation zone along the longitudinal and the radial directions. Compared to the ex
vivo scenario, a slight improvement in the sphericity of the ablation pattern is
observed in the case of the in vivo scenario. Due to the relatively short duration of
the procedure, blood perfusion has a negligible impact on the ablation zone. The only
visible effect is in the peak temperature values reached, which were lower compared

with the scenario of null blood perfusion. Finally, the numerical results achieved in
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the in vivo-mimicking numerical scenario confirm low input power, i.e. 30 W being
a more cautious approach to use in the in vivo test. Indeed, numerical results show

that the temperature in fat remained below 55°C in most of the tissue.

« Theinvivo study conducted on the ovine animal model shows a spherical and shallow
ablation zone in the tissue target. Histology analysis conducted on the tissue after the
MWA procedure shows that the greatest degree of changes in the cellular
morphology of the tissue is limited to the tissue in proximity to the applicator. The
experimental results suggest a low input power approach may maximise the role of
the fat layer in sparing surrounded healthy structures from excessive temperature
increases. A low power approach may also allow for a shallow ablation zone limited
to the target tissue. Finally, such a conservative approach would minimise the side
effects that the patient may experience during and following the procedure. For
example, lower input power may allow for a better control of the stress induced to
the adrenal medulla. The excessive release of catecholamines following the stress of

the medulla may induce an increase of the heart activity rate.

This chapter along with Chapter 6 provide a rigorous description of the role of the fat
layer surrounding the adrenal gland in creating asymmetric ablation zones both in ex vivo
and in vivo scenarios at 2.45 GHz. This study confirms the ability of the fat layer to lag
the increase of the temperature and to shield the surrounding anatomical structures from
the excessive heating. In agreement with the results presented in Chapter 6, this study
shows that a more cautious approach is provided by low input power. At 30 W, the
ablation zone in the adrenal gland appears more spherical and localised in proximity to
the applicator. In addition, the fat layer shows better performance in lagging the increase
of temperature and maintaining it below 55°C for most of the tissue. However, results
show that the radial extent of the ablation zone at 30 W is smaller than some of the target
dimensions of adreno-cortical adenomas (i.e. < 20 mm in diameter), when MWA is
conducted at 2.45 GHz. Thus, new strategies should be investigated to enlarge the extent
of the ablation zone using low input power for relatively short durations. A strategy
worthy of exploration involves a high operating frequency within the ISM frequency
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range, for example 5.8 GHz. Chapter 8 is devoted to the effects that the increase of the
operating frequency to 5.8 GHz has on the extent of the ablation zone in the adrenal

tissues and on the ability of the fat layer to lag the temperature increase.
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Chapter 8

MWA performed at 5.8 GHz through “side
firing” approach: an exploring study

8.1 Introduction

The previous chapters demonstrated the ability of the fat layer to shield the
electromagnetic field and create asymmetric ablation profiles. The MW applicator was
excited at 2.45 GHz and two different levels of input power, i.e. 30 W and 60 W, were
delivered into the tissue for 60 s. The operating frequency of 2.45 GHz is typically
adopted for MWA procedures [17], [82], [150], [152], [271].

Numerical results showed the effects of the ‘side firing’ approach, taking into account
the size and the shape of the tissues, the orientation of the applicator at the interface
between fat and adrenal tissues, the type of the surrounding material (i.e. air or blood)
and the blood perfusion of the tissues. In particular, the effect of blood perfusion was
included in the study presented in Chapter 7 to better represent the in vivo conditions.
Experimental tests were conducted ex vivo (in Chapter 6) and in vivo (in Chapter 7) on
ovine adrenal models. The temperature values were measured locally both in fat and in
adrenal tissues during the MWA procedure. The experimental data confirmed the ability
of the fat layer to lag the increase of temperature. Visual inspection and histological
analysis, where possible, were used to assess the effects of the thermal insult in the
adrenal gland and in the surrounding tissues. Both numerical and experimental results
indicate that the ‘side firing’ approach could enable the selective targeting of the ablation
zone in the area of interest. Indeed, the proposed ‘side firing’ approach is underpinned
by the contrast in dielectric properties between the two biological tissues (8 5.3 and §

6.3) which gives rise to the asymmetric ablation profiles observed in the prior chapters.

In this chapter the ‘side firing’ ablation approach is investigated at 5.8 GHz. The values
of relative permittivity and effective conductivity at 5.8 GHz were reported in Chapter 3
and compared to the same properties at 2.45 GHz. From that comparison, it can be

observed that the contrast in effective conductivity between the adrenal cortex and fat is
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approximately two-fold higher compared to the contrast at 2.45 GHz. This higher
contrast in conductivity obtained at 5.8 GHz presents an opportunity to improve the

deposition of the EM energy in the target tissue.
To consider this potential, the chapter investigates:

« The distribution of SAR and temperature in simplified multilayered and 3D models.
For each model, a triaxial monopole applicator operating at 5.8 GHz (8§ 4.2.1) was
placed parallel to the interface between adrenal cortex and fat tissue. Two different
orientations of the antenna (Orientation #1, Orientation #2) were considered by

reference to the interface between the two tissues;

. The ablation profiles achievable ex vivo on porcine adrenal tissues at the interface
with fat. The increase of temperature was monitored both in fat and in the adrenal

tissues during the MWA procedure;

« The influence of water vaporisation on the distribution of temperatures over the tissue

target.

The study reported in this chapter was conducted at UW Institute for Clinical and
Translational Research, University of Wisconsin-Madison, US, within a Short-Term
Scientific Mission supported by the MyWave COST Action (CA17115 - European

network for advancing Electromagnetic hyperthermic medical technologies).

The structure of the chapter is as follows: Section 8.1 describes the numerical models
specifying the properties of the adrenal tissues at 5.8 GHz and the setup for the
experimental assessment. Section 8.2 shows and discusses the ablation profiles obtained
for each numerical geometry, the temperature values over the radial distance from the
applicator and with respect to time, and the effect of water vaporisation on the

temperatures achieved in the adrenal tissues. Section 8.3 concludes the chapter.
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8.2 Methodology

8.2.1 Numerical study

Geometrical models. Figure 8.1 shows the multilayer simplified model and the three-
dimensional model adopted in this study to investigate the influence of the geometry on
the ablation profiles at 5.8 GHz. The dimensions of the two models and the orientations
of the MW applicator with respect to the cortex-fat interface are consistent with those
reported in the previous chapter (§ 6.1.1). Table 8.1 lists the dielectric and thermal
properties assigned to each layer, representing the adrenal tissues (i.e. medulla and
cortex) and the external fat layer. The values of relative permittivity and effective
conductivity described in Chapter 3 (83.3.2) were assigned to the adrenal cortex and
medulla. The dielectric properties assigned to the fat tissue and the thermal properties of
each tissue were acquired from [245]. The dielectric properties of air (¢, = 1,0 = 0)
were assigned as the background material, which are representative of the ex vivo
conditions of the experimental scenario.

The triaxial monopole applicator optimised to operate at 5.8 GHz and described in
Chapter 4 was placed parallel to the interface between the fat and the adrenal cortex both
in the simplified and 3D geometry. The widths of the fat layer and the adrenal tissues

agree with those reported in the previous studies (§ 6.2). The minimum requirement of
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Figure 8.1: Multilayer simplified model (A) and 3D model (B) of the adrenal tissues and the
adjacent fat layer. The triaxial MW applicator optimised to operate at 5.8 GHz was placed parallel
to the interface between fat and the adrenal cortex. For the 3D model, only the half right side was
considered to reduce the computational load. The dimensions of the tissue layers are the same as
those described in chapter 6 (§ 6.1.1).
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Table 8.1: Tissue dielectric and thermal properties at 25 °C employed in the numerical simulations.
Relative permittivity (er) and effective conductivity (¢ (S m-1)) of cortex and medulla at 5.8 GHz
refer to the mean values of dielectric data reported in (§ 3.3).

Parameter Fat Cortex Medulla
Relative permittivity, & 8.3 41.2 47.6
Effective conductivity, o (S m?) 0.5 4.2 5.1
Specific heat capacity, ¢ (kJ m3K?) 2.3 3.6 3.7
Thermal conductivity, k (W m1K™) 0.2 0.5 0.5
Density, p (kg m?) 911 1025 1025
Frequency (GHz) 5.8

at least 10 cells per wavelength model was upheld while increasing the operating
frequency from 2.45 GHz to 5.8 GHz. A total of 12,004,200 tetrahedral meshing cells
ranging between 0.02 mm and 0.3 mm defined the simplified model. For the 3D model,
34,776,336 meshing cells ranging between 0.02 mm and 0.5 mm defined the right half
side of the model. It is notable that the number of meshing cells was approximately four
times higher than in the case of 2.45 GHz for the planar geometry and five times higher

for the right-side cut 3D geometry.

Electromagnetic and thermal simulations. The thermal transient solver included in the
CST MWS Suite 2018 was used to compute the distribution of the SAR (4.12) solving
the Helmholtz equation (4.11) and the distribution of the temperature solving the BHE
(4.13). As first approximation, BHE included the terms indicating the heat transfer due
to thermal conduction (7 - (kVT)) and the heating resulting from the deposition of SAR
(pSAR). The terms indicating the blood perfusion (my,ppy,c, (T — Tp)) and the metabolic

heat (pQ) were excluded to better represent the ex vivo experimental conditions (§ 4.3).

Next, a second set of numerical simulations were considered which aimed to account for
the water losses due to vaporisation. Vaporisation is expected to have a more dominant
role in MWA at 5.8 GHz compared with 2.45 GHz, since higher temperatures are reached
at 5.8 GHz in shorter times. The model represented by Equation (4.19) was used to
modify the BHE. This model describes the variation of the specific heat capacity with
temperature. The variation in the heat specific capacity is linked to the loss of the tissue

water content when temperatures exceed 70 °C. The model was developed by [145]
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accounting for the characteristics of liver tissue and the percentage of water content at
the baseline conditions, which is about 80% of the mass of the tissue. The same model
was used in this study for the adrenal tissues, as a water content similar to liver is
expected (70% - 76%) [265]. The model was not applied to the fat tissue which is
characterised by a water content approximately four times lower than the adrenal and
hepatic tissue [265].

The function describing the variation of the water content (4.18) was reproduced in
MATLAB. The values of the modified specific heat capacity were obtained for each
temperature included in the range between 25°C and 300°C. The sequence of values at

the corresponding temperature was loaded in CST MW Studio for both tissues. Then, bi-
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Figure 8.2: Setup adopted for the experimental validation of the computational results (top) and
related schematisation (bottom). The setup includes the microwave applicator (A) powered for 60 s
at the input power provided by the microwave amplifier (C) which amplifies the signal at the
designed operating frequency (D); a peristaltic pump (E) connected to the inflow and outflow tubes
of the refrigerating system integrated in the applicator; four fiber optic sensors connected to a laptop
(F) to acquire values of temperature at 0.1 s time step.
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directional numerical simulations were enabled. The bi-directional simulations involve a
continuous update of the parameters of the tissue (i.e. heat specific capacity) with the
temperature reached at a specific time. Thus, the temperature increment at the next time
step was calculated based on the new value of specific heat capacity calculated at the
related temperature. The update was performed at a time step of 1 s for the entire duration

of the signal excitation.

Two different levels of input power, 30 W and 60 W, were applied for 60 s to the
waveguide port defined at the proximal end of the applicator. The vaporisation model
was considered only for the simplified geometry of the adrenal gland because of the
excessive computational load required for the 3D geometry. The values obtained from
each simulation were exported and analysed in MATLAB (R2017a, The MathWorks,
Inc., Natick, MA, US).

8.2.2 Experimental ex vivo study

The experimental study was conducted at UW Institute for Clinical and Translational
Research, University of Wisconsin-Madison, US. Porcine adrenal glands (N = 6) of 26.2
+ 1.0 (length), 15.3 + 1.0 mm (width), 3.4 + 1 mm (thickness) were obtained from the
local abattoir. Ex vivo porcine adrenal glands were used for this study because of the
limitation in the availability of ovine samples. However, the values of relative
permittivity and effective conductivity of the porcine model are comparable to those of
the ovine at 5.8 GHz [192]. Figure 8.2 provides an overview of the experimental setup
adopted, along with the schematisation of each component included in the setup. The
applicator was positioned on the surface of the adrenal sample and covered by the
surrounding fat layer. A signal generator (HP 83620A, 10 MHz — 20 GHz, 15 dBm
maximum input power) was used to provide a 10 dBm continuous wave sinusoidal signal
at 5.8 GHz. A solid-state microwave amplifier (Milmega, Ametek, AS0860-50, 0.8 — 6.0
GHz, 47 dBm W maximum gain) was then used to amplify the signal to 34 W and 68 W
(8 4.3.1), by selecting the gain at 75% and 82% respectively. The two different gains
selected at the amplifier accounted for the power losses along to cable. Thus, the two

values for power gain provided the required levels of power (30 W and 60 W) at the

163



CHPATER 8. MWA PERFORMED AT 5.8 GHZ THROUGH ‘SIDE FIRING” APPROACH: AN
EXPLORING STUDY

Table 8.2: Summary of the power and time settings and of actual positions of the fibre optic
sensors with reference to the feed of the antenna for each MWA experimental procedure. The
original positions of the sensors were 4 mm and 7 mm along the radial distance from the axis of
the applicator both in the adrenal tissue and in the surrounding fat.

Settings Actual position Actual position
Sample g Sensor 1 Sensor 2

# Power Time Fat Adrenal Fat Adrenal

(W) (s) gland gland
1 30 60 4 mm 5mm 7mm 7mm
2 30 60 4 mm 4 mm 6 mm 6 mm
3 30 60 5mm 6 mm 8 mm 6 mm
4 60 60 3 mm 4 mm 6 mm 6 mm
5 60 60 4 mm 4 mm 7mm 6 mm
6 60 60 5mm 5mm 8 mm 8 mm

antenna feed. Water at the temperature of 17.2 + 3.3°C was circulated through the

applicator by a peristaltic pump (Cool-tip RF System, Valleylab).

For each experiment, the temperature was monitored using four fibre optic sensors
(Neoptix Inc., Québec, CA). The fibre optic sensors were placed at a radial distance of
approximately 4 mm and 7 mm from the antenna feed in both the adrenal tissue and in
the fat tissue. Such distances were selected in order to consider the increase of the
temperature caused by the direct heating in proximity to the antenna (i.e. 4 mm) and the
possible effects of the thermal diffusivity at higher radial distances from the feed (i.e. 7
mm) in both tissues. Because of the changes undergone by the sample at high
temperatures (e.g. tissue contraction [143], [248]), and the movement of the fiber optic
sensors in the tissues, a shift in the starting position of the sensors may occur during the
procedure. Table 8.2 lists the actual positions measured at the end of the MWA procedure
for all the samples used.

For each combination of power and time setting (30 W — 60 s, 60 W — 60 s), ablation

experiments were performed three times on a total of six samples.
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8.3 Results

8.3.1 Numerical study

Simplified model. Figure 8.3 shows the distributions of SAR (A) — (B) and temperature
(C) — (D) achieved in the simplified model at 30 W and 60 W for 60 s. Both thermal and
SAR profiles are depicted in frontal (A) — (C) and coronal (B) — (D) planes. SAR values
are normalised to the maximum and expressed in decibels (dB). In the adrenal layers,
values of SAR higher than -20 dB extend up to 6 mm radially and 18 mm longitudinally
at 30 W, and up to 8 mm and 22 mm at 60 W. In the fat layer, values higher than -20 dB
reach 3 mm along the radial direction and 10 mm along the longitudinal direction at 30
W; 4 mm and 14 mm along the corresponding directions at 60 W. Thus, a difference in
the absorption of the electromagnetic power between fat and adrenal tissues can be
observed. This difference in the absorbed electromagnetic power results in asymmetric

ablation profiles delineated by the isothermal contour at 55°C.

Table 8.3 provides radial (R) and longitudinal (L) dimensions of the ablation zone
obtained in the adrenal gland and in fat both at 30 W and 60 W. The ablation zones in fat
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Figure 8.3: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained numerically in the
simplified model at 30 W and 60 W, adopting 5.8 GHz as operating frequency. Profiles of SAR and
temperature are presented both in the frontal plane (xy-plane) and in the coronal plane (xz-plane)
and in the coronal (xz) with reference to the feed of the antenna.
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Table 8.3: Radial and longitudinal extents calculated at 30W (first line) and at 60 W (second line) in
the simplified geometry and in the 3D model, in the case of 5.8 GHz operating frequency. The radial
and the longitudinal dimensions of ablation zones measured experimentally are reported in terms of
mean and standard deviation for each power and time setting considered.

] Simplified 3D model 3D model ]
Settings ] ) . ] Experimental
model Orientation #1 Orientation #2
p ¢ Fat Adrenal Fat Adrenal Fat Adrenal Adrenal
W) gland gland gland gland
R L R L R L R L R L R L R L

30 60 4 8 9 15 5 11 8 11 5 9 9 16 8%x2 102
60 60 7 15 10 20 7 17 10 15 7 14 10 20 92 13*2

are 55% and 47% (30 W) and 30% and 25% (60 W) smaller than in adrenal gland, along
the radial and longitudinal directions. The asymmetry is emphasised in the case of low
input power, while it is slightly attenuated in the case of high input power, as observed
also at 2.45 GHz (8 6.2.1). Larger ablation zones are achieved in the two tissues
compared with those observed at 2.45 GHz (8 6.2.1). The difference in the extent of the
ablation zones between the two studies is linked to the higher values of effective
conductivity for adrenal gland (o prrex= 4.2 S m™?) and the slightly higher effective
conductivity for fat (o7, =0.5S m) at 5.8 GHz compared with the values at 2.45 GHz
(Ocortex = 1.6 S m™; gpq,= 0.1 S m™). Furthermore, the higher contrast in effective
conductivity (ocortex - Opar = 3.7 S m™Y) at this higher operating frequency allows for
bigger ablation zones in the adrenal gland compared to those achieved at 2.45 GHz (8§

6.2.1), using the same power and time settings.

Three-dimensional model. Figure 8.4 and Figure 8.5 show the distributions of SAR (A)
— (B) and temperature (C) — (D) obtained at 30 W — 60 s and 60 W — 60 s, in the 3D
model. The figures refer to the two different orientations of the antenna with respect to
the interface between adrenal tissue and fat layer. SAR and thermal distributions are
provided for the frontal plane (A) — (C) and coronal plane (B) — (D). Both Figure 8.4 (A)
— (B) and Figure 8.5 (A) — (B) show SAR values higher than -20 dB are distributed over
larger areas of the adrenal tissues compared with fat. As already observed in the previous
chapters, the difference in the absorbed electromagnetic power between the two tissues

results in asymmetric ablation profiles. The extent of the ablation zones achieved in each
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Figure 8.4: Maps of SAR (A: frontal plane (xy-plane)) — (B: coronal plane (xz-plane)) and of
temperature (C: frontal plane (xy-plane)) — (D: coronal plane (xz-plane)) obtained in the 3D model at
30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface between fat and adrenal gland
orientating the longitudinal axis parallel to the y-axis of the reference system (orientation #2). Frontal
plane (xy-plane) and coronal plane (xz-plane) are indicated with reference to the longitudinal axis of
the antenna.

z (mm)
A
o o

N
o

&
S

tissue and for each setting are reported in Table 8.3, along with the dimensions achieved
in the simplified geometry. The influence of the higher effective conductivity of both
tissues compared with 2.45 GHz is also visible in the 3D model, resulting in larger
ablation zones in both the adrenal and fat tissues, independent on the orientation of the
antenna. Specifically, most of the electromagnetic field is absorbed close to the
applicator, limiting the propagation of the field through the tissue. This result is linked
to the difference in the penetration depth of the electric field which is approximately two-
fold lower at 5.8 GHz compared with 2.45 GHz [224]. The rapid increase of temperature
in proximity to the applicator enables faster passive heating due to the thermal conduction
which contributes to enlarging the ablation zone. However, asymmetric ablation profiles
are still visible, particularly in the case of low input power. At 30 W, the radial extent of
the ablation zone in fat are 38% and 44% smaller than in the adrenal gland for Orientation

#1 and Orientation #2, respectively. At 60 W the ablation zone in fat becomes larger
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Figure 8.5: Maps of SAR (A: frontal plane (xy-plane)) — (B: coronal plane (xz-plane)) and of
temperature (C: frontal plane (xy-plane)) — (D: coronal plane (xz-plane)) obtained in the 3D model at
30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface between fat and adrenal gland
orientating the longitudinal axis parallel to the z-axis of the reference system (orientation #1). Frontal
plane (xz-plane) and coronal plane (xy-plane) are indicated with reference to the axis of the antenna.

compared with the case of low energy dose, but it is still 30% smaller than in the adrenal

gland for both orientations.

Table 8.3 highlights similar dimensions in the ablation zone between the two
orientations, especially along the radial direction. The main difference between the two
orientations is observed in the longitudinal dimensions which are approximately 25%
smaller in the adrenal gland for Orientation #1 compared with Orientation #2. This
difference is linked to the difference in the geometrical characteristics of the two tissues,
depending on the orientation of the MW applicator, as already observed at 2.45 GHz
GHz.

Numerical results show that fat can provide the shielding effect on the ablation zone, at
both 2.45 GHz to 5.8 GHz. This effect was observed for both input powers, 30 W and 60
W. As already observed in the previous studies, the setting at low input power allows for
a better control in the increase of temperature in both tissues. It is conceivable that low

input power in combination with relatively short durations (60 s) helps to mitigate the
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effect of the heat transfer due to thermal conduction and yields ablation zones of smaller
diameter. This effect is most evident in fat, where the ablation zone remains within 5 mm
from the axis of the applicator. It should be noted that adrenal glands are surrounded by
sensitive anatomical structures, such as IVC, abdominal aorta, diaphragm and liver.
These structures are 10 — 30 mm distant from the external surface of the periadrenal fat
capsule, which is approximately 10 — 15 mm in thickness [273]-[275]. Thus, an ablation
zone not exceeding 5 mm diameter in fat is desirable to protect all the above-mentioned

structures from the risk of thermal damage.

In addition, an improvement in the sphericity of the ablation profile can be noted in the
adrenal tissue at 5.8 GHz both at 30 W and 60 W compared with the ablation profiles
achieved at 2.45 GHz (8 6.2.1). The triaxial structure of the MW applicator used in this
study partially enhances the ablation profile. The third metallic axis limits the effect of
the backward currents flowing along the feedline of the applicator (8 4.3.1). However,
the highest contribution in the sphericity of the ablation zone derives from the higher
operating frequency used. As already observed in [134], [135], an increase in the

operating frequency requires a radiating element of shorter length.

No substantial differences in the ablation patterns are observed between the simplified
model and the 3D model, for both orientations of the antenna and for both input powers
(30 W and 60 W) at 5.8 GHz. The similarity in the ablation profiles may be attributed to
the higher operating frequency adopted in this study. At 5.8 GHz, the wavelength in the
adrenal and fat tissues is 8 mm and 18 mm against 18 mm and 41 mm at 2.45 GHz.
Because of the shorter wavelength, at 5.8 GHz the size of the meshing cells decreases by
a factor of 10 compared with 2.45 GHz. Thus, the geometry within each cell can be
locally assumed as planar. Overall, the 3D geometry has a smaller impact on the growth
of the ablation zones compared with 2.45 GHz (8§ 6.2.2). For this study, the simplified
model was assumed as a good representation of the tissue target. Two aspects led to the
adoption of the planar model: (1) the high computational load linked to the complexity

of the 3D model and (2) the negligible difference in the results between the two models.
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In particular, the multilayered geometry was used for investigating the influence of the

water vaporisation on the ablation zone.

Vaporisation phenomena are linked to the high temperatures reached in the adrenal
tissue, due to the faster interactions between the electromagnetic field and the tissue at
5.8 GHz. Thus, the water vaporisation is more influential at 5.8 GHz compared with 2.45
GHz (8 4.3.1) and needs to be considered in the numerical models. These numerical
results will be discussed along with the experimental data (§ 8.3.2). The main goal is to
understand the role of vaporisation in the increase of temperature and on the achievable
dimensions of the ablation zone.

8.3.2 Experimental ex vivo assessment of the ablation zone and temperature

increments

The experimental assessment aimed to evaluate the effect of the frequency higher than
2.45 GHz on the profile of the ablation zone in the adrenal gland. To this end, a total of
six MWA procedures were carried out on six (N = 6) ex vivo porcine adrenal glands.
Three adrenal glands were used for each setting, i.e. 30 W — 60 s and 60 W — 60 s. Figure
8.6 shows an example of the ablation zone obtained in the adrenal gland. The MW
applicator was placed at the interface between the adrenal gland and the external fat layer

to apply the ‘side-firing’ approach. The ablation zone was delineated by visual inspection

Ablation zone

Figure 8.6: Section of the ablation zone obtained ex vivo in a porcine adrenal gland: the triaxial
monopole MW applicator (§ 4.2.1) is placed on the surface of the gland and covered by fat, then it
is excited at 5.8 GHz. The ablation zone in adrenal gland is marked (not visible in fat).
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on the surface of the adrenal cortex. Dark-coloured areas delineated the ablation zones at
5.8 GHz instead of the whitening effect observed in the ablated area at 2.45 GHz (8
6.2.2). This difference confirms the effect of the higher temperatures occurring in

proximity to the applicator in the case of a higher operating frequency [134], [135].

Table 8.3 reports the mean and related standard deviation values of the radial and
longitudinal dimensions of the ablation zone. The two dimensions were measured on
each adrenal gland at the end of the procedure (60 s). The radial dimensions correlated
with the radial values predicted by the numerical simulations in both adrenal models
(planar and 3D) and for both input power levels (30 W and 60 W). The highest
discrepancy was observed in the longitudinal dimensions. Visibly shorter ablation zones
were observed in the experimental assessment compared with the numerical findings.
Thus, more spherical ablation zones were found in the experimental test. A similar
finding was also observed at 2.45 GHz. This discrepancy can be attributed to multiple
factors including the actual shape of the sample, the changes in the structure of the tissue
due to high temperatures, and the contraction of the tissue [13], [248], [250], [251].

The experimental assessment helped to support the results of the numerical simulations,
however some limitations in this experimental study must be considered. First, the study

was conducted on adrenal glands excised from a different animal source (porcine)
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Figure 8.7: Numerical and experimental values of temperature along the radial distance from the
MW antenna axis (applicator) both in the fat and adrenal gland at 30 s and 60 s for 30 W (A) and
60 W (B). Numerical values include the temperature obtained from standard BHE (dot lines) and
from the modified BHE, accounting for the effect of water vaporisation (solid lines). Horizontal
line highlights the temperature threshold at 55 °C.
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compared to the experimental study conducted at 2.45 GHz (ovine). Porcine adrenal
glands have different dimensions and a different shape compared to the ovine adrenal
glands used in the previous studies. Ovine adrenal glands are rounded and thick (similarly
to human), while porcine adrenal glands are more elongated and flatter. These factors
must be considered when comparing the experimental results with the numerical
findings, in terms of the extent of the ablation zone. Finally, a recurrent swelling of the
tissue occurred in the porcine adrenal glands that was not observed during the MWA
procedures at 2.45 GHz. This effect is likely linked to the high temperatures reached and
the consequent increase in pressure developed inside the tissue due to vaporisation [276].

8.3.3 Effect of the water vaporisation on the temperature increase

Figure 8.7 shows the temperature values acquired experimentally in the adrenal gland
and fat. The experimental values align well with the actual positions of the thermal
sensors in the tissue as reported in Table 8.2. The temperatures refer to two power levels,
30 W (A) and 60 W (B), and to two time-steps, 30 s and 60 s. The curves of temperature
derive from two different numerical scenarios: (1) without considering the effect of the
vaporisation model, (2) accounting for the vaporisation phenomena (8 4.2.2). Both
experimental and numerical results are expressed as a function of the radial distance from

the longitudinal axis of the MW applicator.

Figure 8.8 compares the experimental and numerical temperature increments as a
function of time. Again, in one case the effect of water vaporisation was neglected (A) —
(C), in the other case the water vaporisation was considered (B) — (D). Numerical and
experimental values refer to 30 W (A) — (B) and at 60 W (C) — (D). Two different
distances from the antenna feed were considered (4 mm and 7 mm). The distances were
chosen in accordance with the starting positions of the thermal sensors. The mean values

and standard deviation of the experimental measurements were reported.

Both figures show a good correlation between the experimental and the numerical results,
when the effect of vaporisation is considered. The absence of water vaporisation in the
numerical simulations results in unrealistically high temperatures in proximity to the
MW applicator. At 30 W, the temperature exceeds 120 °C after 30 s (Figure 8.7 (A)). At
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Figure 8.8: Comparison between the numerical results (solid lines) obtained in the case of standard
BHE (A) — (C) and implementing the model of water vaporisation (C) — (D). The increments of
temperature were considered for two input powers: 30 W (A) — (B) and 60 W (C) — (D). The
temperature values distances from the MW applicator are 4 mm and 7 mm. Mean values of

temperatures measured over the time through fiber optic sensors were also reported along with the
related standard deviation values (markers).

60 W, temperatures higher than 250°C are observed after 30 s (Figure 8.7 (B)). Thus, the
numerical model accounting only for the standard BHE is not capable of accurately
predicting the increase in temperature observed experimentally. This limitation results in
a high discrepancy between the numerical and experimental data (Figure 8.8 (A) — (C)).
At 4 mm from the applicator, the measured values differ from the numerical findings by
approximately 48°C at 30 W (Figure 8.8 (A)) and 137°C at 60 W (Figure 8.8 (C)). In the
case of a higher distance (7 mm) from the applicator, the difference between the

numerical and experimental data is within the standard deviation of the experimental
data.

Implementing the vaporisation model, the maximum temperature reached is
approximately 100°C, which was observed in the case of the highest power and at the
closest distance from the applicator (Figure 8.8 (D)). The modified specific heat capacity
described by Equation (4.19) accounts for the energy (i.e. heat) required to allow the

water phase transition from liquid to vapour. As a consequence, this energy does not
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contribute to the increase of temperature in the tissue. It is worth noting that the radial
dimensions of the area delimited by isothermal contour at 55°C in the adrenal gland differ
less than 0.5 mm between the two numerical scenarios. This small variation is nearly
unchanged both at 30 W and 60 W (Figure 8.7).

Overall, the vaporisation model has a negligible impact on the final extent of the ablation
zones for the settings considered. Instead, water vaporisation shows a sizable impact on
the maximum temperature reached at the end of the MWA procedure. In particular, the
closer the distance from the feed of the antenna is, the higher the vaporisation effect will
be.

The model of water vaporisation influences not only the maximum temperature achieved,
but also the trend of the increase of temperature over time, especially at small distances
from the applicator. At 4 mm from the antenna axis and at 30 W, the temperature
increases with an approximately linear slope of 4°C s* for the first 20 s for both
numerical models. From 20 s onwards, the temperature in the case of the standard BHE
continues increasing steadily at a rate of approximately 3 °C s (Figure 8.8 (A)). In the
case of modified BHE, temperature elevations slow to a rate of approximately 1 °C s
for the next 10 s and a slower rate of 0.1 °C s from 10 s up to 60 s (Figure 8.8 (B)). At
the same distance (4 mm) from the applicator and at 60 W, the approximately linear slope
at which the temperature increases is 7 °C s™%. This rate is similar between the two models
(i.e. standard BHE and modified BHE) for the first 10 s only. When the vaporisation
model is considered, the increment in temperature slows to 3 °C s between 10 s and 35
s. Then, such a slope rate becomes much slower (0.08 °C s™) up to the end of the
procedure. It can be also observed that at further distance from the applicator (7 mm),

the water vaporisation is less influential due to the lower temperatures reached.

In summary, this study shows that the water vaporisation model has a high impact on the
maximum temperature reached at the end of the MWA, especially in proximity to the
applicator. The same model also influences the trend of the temperature increase over
time. On the other hand, the vaporisation model shows a negligible effect on the extent

of the ablation zone, for the settings considered (Figure 8.6). Finally, it is worth noting
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that dynamic simulation requires a higher computational load compared to the standard
numerical simulations. For this study, standard simulations required approximately 7h
against 19h for the dynamic simulations, using CST MWS Suite 2018 on an Intel®
Core™ i7@ 4GHz with 16 GB RAM.

8.4 Conclusions
This chapter discusses the effect of a higher operating frequency (5.8 GHz) compared to

2.45 GHz on the ability of the fat layer to shield the electromagnetic energy and create
asymmetric adrenal ablation zones. The ablation zones obtained at two different power
levels (30 W and 60 W) for 60 s were evaluated numerically in the simplified
multilayered model and in the 3D model. An experimental study supported the numerical
investigation. The experimental assessment was conducted ex vivo on porcine adrenal

glands using the same power and time settings (30 W and 60 W).

The results of the study show that:

« The ‘side firing’ approach is also capable of creating asymmetric ablation zones also
at 5.8 GHz, using the same power and time settings as in the previous studies
conducted at 2.45 GHz. At 5.8 GHz, no difference is observed in the radial and
longitudinal dimensions of the ablation zone between the simplified and 3D models
and for both orientations of the antenna. This result is likely due to the shorter
wavelength at 5.8 GHz compared to 2.45 GHz. Shorter wavelength implies smaller
meshing cells, within which the geometry can be assumed planar. As a result, the

influence of the 3D geometry on the final shape and size of the ablation is minimised,

« The higher effective conductivity of the adrenal cortex at 5.8 GHz allows for a faster
deposition of the electromagnetic energy in the tissue compared to 2.45 GHz. The
faster interaction mechanism between the tissue and the electric field helps to achieve
ablation zones able to cover small adreno-cortical adenomas (<10 mm in diameter).
The results suggest use of a low input power level for a more precautionary ablation
procedure, as observed also at 2.45 GHz. Indeed, at 30 W the ablation zone in fat is
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within 5 mm from the applicator, which is desirable to preserve the sensitive

anatomical structures placed in the area surrounding the gland,;

The radial dimensions of the ablation zone measured ex vivo on porcine adrenal tissue
are in good agreement with the numerical prediction. Conversely, the numerical
simulation overestimates the longitudinal dimensions obtained experimentally. A
model accounting for the water vaporisation is needed to predict the temperature
elevations occurring in the tissue during the ablation, especially when the
temperatures exceed 70°C. On the other hand, the vaporisation model has no sizable

influence on the prediction of the extent of the ablation zone.
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Chapter 9

Conclusions and future work

9.1 Summary and conclusions

Adreno-cortical functional adenomas and bilateral hyperplasia are the leading causes for
autonomous release of aldosterone hormone and related hypertension. Early
interventions to restore normal levels of blood pressure are necessary to avoid life-
threatening events such as ventricular hypertrophy and cerebrovascular ischemic attacks.
The front-line treatments for this condition, known as Primary Aldosteronism, are
adrenalectomy and hormonal-antagonists pharmacotherapy. However, both techniques
have limitations. Adrenalectomy is only a feasible procedure for patients with unilateral
abnormalities and normal conditions in the contralateral gland. Pharmacotherapy is
administered to patients affected by bilateral hyperplasia or in the case of unilateral
recurrency. Depending on the dose, 6% to 50% of patients show poor tolerance to the
hormonal therapy, which is generally a long-life treatment [Funder et al., 2008], [Velema
etal., 2018], [Yoshida et al., 2021].

The motivation behind this thesis is detailed in Chapter 1, together with the primary
contributions of the thesis. The chapter introduces a new microwave ablation approach
based on the dielectric characteristics of the adrenal gland. In particular, the dielectric
contrast existing between the tissues of the gland and the surrounding fat capsule may be

exploited to treat shallow adenomas.

Then, the anatomy of the adrenal gland, the biological mechanism underlying the release
of the aldosterone and the regulation of the levels of blood pressure were reviewed in
Chapter 2. In the same chapter, the anomalies of the gland responsible for Primary
Aldosteronism and the limitations of the gold standard techniques were described. Given
the limitations, an extensive review of different alternative treatments was conducted.
The performance of these alternative techniques was compared to the conventional
treatments in terms of eradicating the functional adenomas, normalisation of the blood
pressure and hormonal activity (see Appendix A). MWA was proposed to address the

limitations presented by the gold standard techniques; the potential of the MWA versus
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the other techniques was highlighted. Finally, the main challenges and contributions of

this thesis were described as follows:

1. Ovine adrenal glands are identified as suitable animal model to represent human
adrenal tissues in healthy conditions. This assumption is based on two key factors.
First, the anatomical characteristics of the ovine adrenal gland approximate better the
shape and the size of the human adrenal glands compared with other animal models,
e.g. bovine adrenal glands. Then, the measurement and analysis of the dielectric
properties show less than 2% difference between ex vivo ovine adrenal cortex and ex
vivo healthy human adrenal cortex. The dielectric characterisation of ovine adrenal
glands also provides information on the medulla. Medulla is the innermost tissue of
the adrenal gland, hence it is not accessible for measurements on human adrenal
samples. The results show slightly higher values in the dielectric properties of the
medulla compared with the cortex. This difference in dielectric properties between
the two functional tissues was considered in the numerical modelling of the tissues
to enable accurate EM and thermal simulations. The values in the dielectric properties
of normal adrenal tissues are a reference to compare against the dielectric properties
measured ex vivo on a range of different diseased human adrenal glands. The
comparison shows that the experimental data in the diseased adrenal glands examined
in this study lies within the variability range of the dielectric properties of the animal
model and the human adrenal gland in normal conditions. Only the dielectric
properties measured on one adreno-cortical functional adenoma show was lower than
those of normal tissues. This result may depend on the amount of lipidic content
resulting from the infiltration of the tumour in the surrounding fat capsule.
Nevertheless, this result needs to be investigated in a larger population. The values
of dielectric properties both for animal and human samples were shown across the
microwave frequency range (500 MHz — 8.5 GHz) and at the single frequency
suitable for MWA procedures (i.e. 915 MHz, 2.45 GHz, 5.8 GHz). The results
highlight that the effective conductivity of the adrenal tissues increases at least 160%
when the operating frequency is increased from 2.45 GHz to 5.8 GHz. This result

motivated the study described in Chapter 8 and is summerised below (Point 5).
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2. Three different models for the MW applicator were designed and prototyped. The
design of the MW applicators was modified accounting for the specific experimental
scenario and operating frequency. The first prototype was designed to conduct a
proof-of-concept study aiming of investigating and assessing the effects of the ‘side
firing” approach in an ex vivo scenario at 2.45 GHz. Then, this coaxial-based
applicator was improved for in vivo animal tests. In particular, a triaxial structure was
used to reduce the backward current which may induce unintended injuries to the
healthy tissues during the MWA procedure. A similar triaxial structure was used to
design and prototype a further MW applicator, optimised to work at 5.8 GHz. As
expected, the results show that the deposition of SAR varies with the structure of the
MW applicator and the operating frequency. At 2.45 GHz, the triaxial-based
applicator shows slightly lower values of SAR along the feeding cable compared with
the coaxial-based design. At 5.8 GHz the triaxial MWA applicator provides a
significant decrease in the SAR values along the feeding cable, thus more spherical
SAR profiles compared with 2.45 GHz. Once the performances of each MW
applicator were analysed, the workflow for EM and thermal simulations was set. The
main factors of influence during MWA procedures were reviewed and evaluated in
relation to the levels of input power and time adopted. At 2.45 GHz, the results show
that the standard bioheat equation is able to predict the increment of temperature in
the tissue model considering the power and time settings used (i.e. 30 W — 60 s and
60 W — 60 s). Conversely, at 5.8 GHz and for the same settings, unrealistic high
temperatures are reached using the standard bioheat equation. Reliable temperature
values are instead obtained when the bioheat equation is modified to include the water

vaporisation model.

3. Different models of the tissue target were developed to test the novel ‘side firing’

MWA approach at 2.45 GHz.

a. A simple model including fat and muscle was used for a proof-of-concept study. The
contrast in the dielectric properties between fat and muscle provided two main
results. Fat is capable of shielding the electromagnetic energy and reducing the

temperature increase below 55°C for most of the tissue. In addition, the dielectric
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contrast forces the electromagnetic energy into the tissue target (i.e. muscle) because
of the lower wave impedance compared with fat. Thus, fat provides a natural reflector
which can be used to effectively direct the electromagnetic field. To support this
finding, the dimensions of the ablated areas were compared with those achieved in a
reference scenario involving only homogeneous muscle tissue. Ablation zones at
least two-fold larger were observed in the interface scenario when compared with the
homogeneous scenario. A significant increase in the longitudinal dimension of the
ablation zone was observed in the muscle at the interface with fat compared to the
homogenous case. This is because part of the EM energy reflected from the fat
redistributes in the tissue target along the central axis of the applicator. Similar results
were observed for different widths of the fat layer and are independent of the

accuracy in the antenna alignment.

. A simplified multilayered geometry and a 3D geometry were modelled to represent
the adrenal structure and the same ‘side firing’ approach was tested. In correlation
with the findings from the proof-of-concept study, the dielectric contrast between the
fat capsule and target tissue was also responsible for asymmetric ablation profiles in
the adrenal models. However, the geometry and the orientation of the MW applicator
influence the shape and the size of the ablation zones. Differences in the distributions
of SAR and temperature are observed in the 3D model depending on the orientation
of the MW applicator with respect to the interface between the two tissues. Overall,
the results show that the more the antenna is aligned to the interface between fat and
target tissue, the more the fat is capable of shielding the EM energy and creating
asymmetric heating patterns. Additionally, the low input power (30 W) can provide
more spherical ablation zones in the tissue target and limit the ablation zone in fat
compared with the high input power (60 W). Essentially, similar results are obtained
changing the type of background material from air to blood and implementing blood
perfusion in order to represent in vivo conditions. The small impact of the blood
perfusion on the ultimate dimensions of the ablation zones is likely due to the

relatively short duration of the procedure (60 s).
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4. Ex vivo and in vivo studies conducted on ovine adrenal models validated the
numerical models and findings. Both experimental studies were supported by
histological analyses. The analysis conducted on ex vivo tissues after MWA
procedure showed two key aspects. First, coagulation necrosis in the adrenal tissues
was limited to the region in proximity to the applicator even in the case of high input
power. The region of the cortex and medulla far from the MW applicator was instead
characterised by a normal cellular structure. The second aspect was that the fat layer
confirms the ability to protect the abutting artery, as observed in the reported case.
The entire structure of the blood vessel appeared intact, while inflammation among
adipocytes was observed only in the region of the fat layer in proximity to the
applicator. In the in vivo study, only the low input power setting (30 W) was adopted.
The histological findings in this case showed no coagulation necrosis, only
inflammation. This is likely due to the role of perfusion in low power ablations and

the effect of the immediate response of the immune system.

The above described multilayered and 3D adrenal models were also used to investigate
the effect of MWA at an higher operating frequency, 5.8 GHz. An ex vivo experimental
study confirmed the computational findings. Conversely to what was observed at 2.45
GHz, in the case of 5.8 GHz there was no substantial impact of the geometrical
characteristics of the tissues and orientations of the MW applicator on the distributions
of SAR and temperature. In addition, more spherical ablation zones were achievable
thanks to the shorter length of the radiating element. Very high temperatures were
reached in proximity to the applicator because of the faster mechanism of action at 5.8
GHz compared with 2.45 GHz. As a result, water vaporisation was more impactful on
the increase of temperature when MWA is conducted at 5.8 GHz. Thus, a water
vaporisation model was necessary to accurately predict the increase in the temperature
with the time reducing the unrealistically high temperature values. However, no
substantial impact of the water vaporisation was observed in the ultimate extent of the
ablation zone. The radial dimensions of the ablation zones in the tissue target were
approximately 10 mm at low input power. With the same power and time setting, the
radial dimensions achieved in the adrenal tissue at 2.45 GHz were approximately 5 mm.
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As a result, MWA procedures conducted at 5.8 GHz and at a low energy dose show the
potential to achieving a thermal coverage with dimensions comparable to the average

size of adrenal adenomas.

9.2 Future work

In this thesis, the experimental data derived from the measurements of dielectric
properties in animal models were used as reference values for the numerical studies. The
reliability of the values was evaluated by comparing them with the values measured ex
vivo on human adrenal tissues. However, only a limited number of human tissues was
available for the study. The small number of adrenalectomy procedures performed in the
local hospital limited the possibility of reaching a larger population over the period of
this doctoral study. This first investigation paves the way for the collection of a larger
number of measurements of dielectric properties both on healthy and diseased human
tissues. A larger population is required to account for the variability in the dielectric
properties depending on the patients’ diseases and general health conditions. The
variability in the dielectric properties may affect the dielectric contrast between the tissue
target and the adjacent fat layer, especially in diseased tissues. Thus, a larger dataset may
allow for a sensitivity analysis to evaluate the effects on the ablation profiles in relation

to the variation in the dielectric contrast.

The ‘side firing” MWA approach was investigated considering a simplified model and a
3D model for adrenal glands. The functional adrenal tissues and the surrounding fat layer
were modelled taking into account the realistic average widths of the contiguous layers.
The numerical models described in this thesis provide a base for future development of
patient-specific models based on diagnostic imaging data (e.g. PET/CT). First, patient-
specific models provide a better understanding of the distribution of the electromagnetic
energy based on the real clinical scenario (e.g. size and location of the adrenal adenoma),
leading to personalised pre-clinical protocols. Then, these models enable the pre-clinical
evaluation of the most suitable positioning of the MW applicator at the interface between

the tissue target and the fat layer.

182



CHPATER 9. CONCLUSIONS AND FUTURE WORK

In this thesis, the capability of the fat layer to shield the EM energy was studied in relation
to two different levels of energy dose. The results show consistency in the capability of
the fat layer to create asymmetric ablation profiles and to contain the increase of
temperature, thereby protecting the surrounding sensitive structures. Future studies
should be devoted to exploring and refining the combinations of power and time settings
and different methods of energy deliveries. For example, the efficacy of continuous and
pulsed energy methods may be evaluated in terms of impact on microwave ablation
growth and shaping of asymmetric heating patterns both in ex vivo and in vivo scenarios.
The effect of the increase of the temperature on the cellular structure of the tissue was
evaluated through the histology analysis. In particular, the deformations in the cell
membrane or in the shape of cell nuclei, the infiltration of immune inflammation cells
and microhaemorrhage due to the extravasation of the blood vessels were qualitatively
assessed. However, the evaluation of the functionality of the adrenal tissue following the
thermal insult requires further in vivo investigations. Immunohistochemical analysis
should be combined with the histology analysis to estimate the damage to the
functionality of the adrenal gland in the hormones release that was induced by the MWA
procedure. For example, the levels of the aldosterone values or the levels of renin activity

could be measured immediately after the procedure and during the follow-up periods.

This thesis provides a comprehensive understanding of the role of the fat layer in the
shaping of ablation zones in MWA conducted at 2.45 GHz. In addition, the last study of
this thesis provides an outlook on the possibility to use 5.8 GHz as operating frequency.
The main purpose of this study was to evaluate if the increase in the operating frequency
could improve the effectiveness of the ‘side firing’ approach. This preliminary study
highlights positive aspects in using higher operating frequency. For example, the
alignment of the MW applicator plays a marginal role in the shaping asymmetric ablation
patterns in contrast with the high variability observed at 2.45 GHz. Also, the higher
frequency provides a better thermal coverage in the tissue target and enhances the
sphericity of the ablation zone. Given the promising results, a comprehensive study
should be conducted at 5.8 GHz (as completed for 2.45 GHz) including ex vivo and in

vivo experimental studies on ovine adrenal glands and post-treatment histology analyses.
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Appendix A

Performances of ablation procedures and
gold standard techniques in the
management of PA

This review compares the performances of both gold standard therapeutic techniques
(LA and MRAs pharmacotherapy) and emerging approaches (i.e. ablation therapies) for
the treatment of PA. As extensively discussed in Chapter 2, emerging ablation therapies
are recently investigated for the treatment of PA to overcome the limitations presented

by the gold standard techniques.

The main purpose of this apperndix is to have an overview of the most recent results in
terms of performances of the ablation techniques compared with the gold standard
techniques. Also, the results gathered from different studies help to observe if ablation
techniques may have advantages upon the traditional techniques in the management of
hypertension caused by unilateral adenoma or bilateral hyperplasia.

A.1 Methodology

The studies were selected based on the following criteria:

a) Type of diagnosis (APA and/or BIH);

b) Type of treatment, “emerging” (RFA, MWA, cryoablation or chemical
ablation/chemo-embolisation), or “gold standard” (adrenalectomy, or
mineralocorticoid antagonists);

c) Report of pre- and post-treatment clinical (i.e. SBP and DBP) or biochemical
parameters (i.e. PRA, PAC, ARR, bK).

Only clinical studies targeting PA are considered. Publications dedicated to animal

studies, review articles, studies reporting only malignant adrenal tumours, such as

pheochromocytoma or metastasis, were not included.

A total of 21 studies were selected. For a better comparison, the studies were categorised

in two different groups (Group 1 and Group 2) in accordance with the treatment approach
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adopted. Group 1 aggregates in total 12 studies related to the therapeutic techniques
currently used in the clinical practice (LA: 10 studies, MRAs-based treatment: 2 studies).
Group 2 includes in total 9 studies that investigate the performances of ablation
techniques (RFA: 6 studies, cryoablation: 1 study, MWA: 1 study, transcatheter
chemoembolisation: 1 study).

Table A.1 lists the available characteristics of the studies including the author’s name,
PA subtype (i.e. APA or BIH), number of patients, mean duration of the follow-up, size
of the lesion, treatment technique and related outcomes. The outcomes are evaluated
based on the values of blood pressure and biochemical parameters. Three studies [129],
[131], [162] were reported two times. In these studies, two different cohorts of patients
were treated using two different clinical approaches. In particular, in [162] two groups
of patients were treated separately by LA and MRAs. Both in [131] and [129], one group
of patients was treated via CT-guided RFA, whereas LA was adopted for the other group

of patients.

Mean and standard deviation of clinical and/or biochemical parameters measured before
and after a specific treatment were reported for each study. Paired t-tests were conducted
to determine the change in the mean values of the clinical and/or biochemical parameters
for the sample of patients. Two-tailed P values < 0.05 was considered statistically
significant. The post-treatment change for blood pressure (SBP and DBP) and
biochemical parameters (PAC, PRA, ARR, bK) are reported in the following section for

each study reviewed.

Finally, the percentage of patients reporting the resolution of the hypertension and the
percentage of those showing improvements from the hypertension were extracted from

the studies of Group 1 and Group 2.

A.2 Results

Figures (Fig A.1 — A.6) show mean, standard deviation values and the calculated post-
treatment change in the clinical and biochemical parameters measured before and after

the specific treatment.
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The values of blood pressure were reported in 20 out 21 studies included in this review

Table A.1: Summary of the main characteristics of the studies included in the review: study name,
PA subtype, number of patients, mean time to follow-up (in months), maximum size of the adenoma
(in cm) and type of the treatment. The availability (A) or not-availability (NA) of the outcomes of
both clinical (BP) and biochemical parameters (PAC, PRA, ARR, bK) is reported for each study.
APA: aldosterone-producing adenoma, ARR: aldosterone-to-renin ratio (ng dL"* ng™* mL h); BIH: bilateral
idiopathic hyperplasia, bK (mmol L): blood potassium concentration, SBP: systolic blood pressure (mmHg),
DBP: diastolic blood pressure, CA: cryoablation, CT: computer tomography, LA: laparoscopic adrenalectomy,
MRA: mineralocorticoids antagonists, MWA: microwave ablation, PRA: plasma renin activity (ng mL? ht),
RFA: radiofrequency ablation, PAC: plasma aldosterone concentration (ng dL), TACE: transcatheter arterial
chemo-embolisation.

Mean Max. size Reported Outcomes
Study PA Patients . Treatment
[Ref] bty 4 Follow-up lesion Techni SBP/
ef. su e echnique
P (months) (cm) q ogp TAC PRAARR DK

Group 1: LA or MRAs-based treatments

[161] BIH 21 6.0 NA MRA A A A A A
[162] APA 24 76.8 NA LA A A A NA NA
[162] APA 30 76.8 NA MRA A A A NA NA
[168] APA 109 9.0 NA LA A NA NA NA A
[163] APA 50 32.8 1.8 LA A A A A A
[164] APA 56 9.4 NA LA A NA NA NA A
[165] APA 54 49.0 3.0 LA A NA NA NA A
[72] APA 47 12.0 3.0 LA A A NA A A
[131] APA 13 3.0 25 LA A A NA NA A
[129] APA 32 115 4.0 LA A NA NA NA A
[166] BIH 40 56.4 NA LA A A A A A
[167] APA 22 6.0 25 LA A A A A
Group 2: Ablation techniques
[99] APA 10 19.1 19 TACE A A NA NA NA
[126] APA 10 414 3.2 CT-guided RFA A A A NA A
[127] APA 36 74.4 25 CT-guided RFA A A NA A A
[131] APA 7 3.0 25 CT-guided RFA A A NA NA A
[129] APA 12 115 4.0 CT-guided RFA A NA NA NA A
[130] APA 9 3.0 3.0 CT-guided A A A A A
RFA
[128] APA 12 49.2 3.0 Scope RFA A Z NA A NA
[104] APA 11 12.0 5.0 CT-guidedCA A A A NA A
[19] APA 3 240 5.0 CT-guided NA A A NA A
MWA
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Figure A.1: Mean and standard deviations values of SBP data reported in 11 studies before and after
LA or MRAs administration and related effect size (A); Mean and standard deviations values of SBP
data reported in 8 studies before and after the ablation treatments and related effect size (A). SBP:
systolic blood pressure, LA: laparoscopic adrenalectomy, MRA: mineralcorticoid antagonists.

(Group 1: 12 studies, Group 2: 8 studies). Only [19] presented a lack in the blood pressure
values, thus it was excluded from the comparison in terms of clinical parameters. Figures
A.1 - A.2 show mean and standard deviation values of systolic blood pressure (A) and
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Figure A.2: Mean and standard deviations values of DBP (mmHg) data reported in 11 studies before
and after LA or MRAs administration and related effect size (B); Mean and standard deviations values
of DBP data reported in 8 studies before and after the ablation treatments and related effect size (A).
DBP: diastolic blood pressure, LA: laparoscopic adrenalectomy, MRA: mineralocorticoid antagonists.

diastolic blood pressure (B) before and after the treatment. In particular, Figure A.1 and
Figure A.2 show the clinical values (SBP and DBP) related to Group 1 and Group 2,
respectively. The averages calculated across the pre-treatment SBP and DBP values are
respectively 159.9 + 14.5 mmHg and 98.9 £ 8.7 mmHg for Group 1, and 159.3 + 14.8
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mmHg and 96.2 + 10.6 mmHg for Group 2. The average values of SBP and DBP post-
treatment are respectively 130.8 + 10.7 and 84.4 + 6.9 mmHg for Group 1, whereas 132.1
+ 2.0 mmHg (SBP) and 82.0 £ 9.7 mmHg (DBP) for the Group 2. The overall post-
treatment changes reported in SBP and DPB are -29.1 + 14.4 mmHg and -14.6 + 13.8
mmHg for the Group 1 -27.2 + 7.0 mmHg (SBP) and -14.3 + 4.2 mmHg (DBP) for the

Group 2.
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Figure A.3: Mean and standard deviations values of PRA (ng-mL-1-h-1) data reported in 5 studies
before and after LA or MRAs administration and related effect size (A); Mean and standard
deviations values of PRA data reported in 4 studies before and after the ablation treatments and
related effect size (B). PRA: plasma renin activity, LA: laparoscopic adrenalectomy, MRA:

mineralocorticoid antagonists.
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The available mean and standard deviation values related to the biochemical parameters
(i.e. PRA, PAC, ARR and bK) measured before and after the treatment are reported in
Figure A.3 — A.6. Figure A.3, Figure A.4, Figure A.5, show the parameters describing
the regulation of the renin-angiotensin system. In particular, the pre-treatment and post-
treatment levels of renin suppression indicated by PRA (ng-mL*- h') are shown in
Figure A.3. The values corresponding to 6 studies for the Group 1 and 4 studies for the
Group 2 are presented. The average PRA pre-treatment values are 0.6 + 0.6 ng-mL™-h?
for Group 1 and 0.8 + 0.2 ng-mL™*-h* for Group 2; while the average PRA post-treatment
values are 1.3 + 0.5 ng-mL™. h* for Group 1 and 3.7 + 0.7 ng-mL*-h" for Group 2. The
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Figure A.4: Mean and standard deviations values of ARR (ng-dL-1-ng-1-mL-h) data reported in 5
studies before and after LA or MRAs administration and related effect size (A); mean and standard
deviations values of ARR data reported in 3 studies before and after the ablation treatments and
related effect size (B). ARR: aldosterone-to-renin ratio, LA: laparoscopic adrenalectomy, MRA:
mineralocorticoid antagonists.
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Figure A.5: Mean and standard deviations values of PAC (ng-dL-1) data reported in 7 studies before
and after LA or MRAs administration and related effect size (A); Mean and standard deviations values
of PAC data reported in 7 studies before and after the ablation treatments and related effect size (B).
PAC: plasma aldosterone concentration, LA: laparoscopic adrenalectomy, MRA: mineralocorticoid
antagonists.

overall post-treatment changes show an average increase in PRA levels of 0.7 + 0.4 and
2.9 + 2.1 ng-mL-h' for the Group 1 and Group 2, respectively. In Figure A.4, the pre-
treatment and post-treatment values of PAC (ng-dL™) are reported from 14 studies: 7

studies for Group 1 and 7 studies for Group 2. The average pre-treatment values are 33.4
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+ 16.9 ng-dL™ for Group 1 and 43.4 + 17.2 ng-dL™* for Group 2; while post-treatment
values are 17.4 + 8.8 ng-dL™* for Group 1 and 10.5 + 5.2 ng-dL™ for Group 2. Post-
treatment changes showed overall decreases in the levels of the aldosterone hormone in
the blood stream (PAC) of 15.9 + 16.6 ng-dL ™ for the Group 1 and 36.7 + 15.5 ng-dL*

for the Group 2.

The values of the parameter ARR indicating both the degree of renin suppression and the
amount of the aldosterone hormone released from the adrenal glands are reported in
Figure A.5. The average ARR values calculated over 5 studies of the Group 1 and 3
studies of the Group 2 are: 151.8 + 15.2 ng-dL*-ng*-mL-h and 93.0 + 15.6 ng-dL-ng"
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Figure A.6: Mean and standard deviations values of bK (mmol-L-1) data reported in 10 studies
before and after LA or MRAs administration and related effect size (A); mean and standard
deviations values of bK data reported in 7 studies before and after the ablation treatments and related
effect size (B). bK: blood potassium concentration, LA: laparoscopic adrenalectomy, MRA:

mineralocorticoid antagonists.
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L.mL-h? (pre-treatment); and 14.0 + 2.4 ng-dL-ng*-mL-h and 36.2 + 7.7 ng-dL-ng"
LmL-h? (post-treatment). For both groups of studies the overall post-treatment changes
in ARR parameter decrease of 56.8 + 46.4 ng-dL*-ng*-mL-h"? and 144 + 86.6 ng-dL
L.ngt-mL-h for the Group 1 and the Group 2, respectively.

Finally, the mean and standard deviation values of the blood potassium concentration
(bK) before and after the treatment are shown in Figure A.6 for the 10 studies included
in Group 1 and the 7 studies included in Group 2. The average pre-treatment values
calculated across the studies are 3.3 + 0.4 mmol-L™ for Group 1 and 2.9 + 0.4 mmol-L™*
for Group 2. The post-treatment values are 4.2 + 0.4 mmol-L* for Group 1 and 4.1 + 0.2
mmol-L* for Group 2. A recover from the hypokalaemia is indicated by the increases in
the levels of potassium concentration in the blood of 0.9 + 0.5 mmol-L* (Group 1) and
1.2 £ 0.3 mmol-L* (Group 2).

The incidences of the resolution and of the improvement of the hypertension are reported
in Table A.2 for all the studies. The definition of resolution is based on the elimination
of hypertension without any adjuvant hypertensive medications; improvement is defined
in the cases of ameliorated hypertension (not elimination) and decrease of the
antihypertensive medications. The overall incidence of the resolution of the hypertension
is 39.8% for the studies of the Group 1 and 51.2% for the studies of the Group 2, whereas
the overall improvement of the hypertension accounts for an incidence of 45.7% (Group
1) and 36.0% (Group 2).

The studies gathered in this review revealed promising results in the normalisation and/or
improvement of the clinical and biochemical parameters by using ablation techniques. It
can be noticed (Table A.1) that the studies based on the ablation techniques targeted

unilateral functional adenomas of 3.3 = 1.1 cm in diameter.

Comparable results were obtained in the clinical parameters (SBP and DBP) between
studies of Group 1 and Group 2, considering follow-up durations of 32.9 + 31.1 months
for the Group 1 and 26.4 + 22.7 months for the Group 2. The studies of Group 1 (Figure
A.1 (A), Figure A.2 (A)) showed no significant difference after the treatment in DBP

values reported in 2 over 12 studies. Small post-treatment changes in DBP values of -4.0
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+ 10.2 mmHg (P-value = 0.12) and -0.4 £ 1.9 mmHg (P-value = 0.35) were observed in

[129] and [166], respectively (Figure A.2(A)). For the remaining 10 studies significative

improvements are observed (P-value < 0.0001) both for the SBP and DBP parameter. In
Table A.2: Incidence (%) of the resolution of the hypertension and prevalence (%) of the

hypertension improvements both for the studies of the Group 1 (LA or MRAs-pharmacotherapy),
Group 2 (ablation-based studies).

Group 1
Study Treatment ) Improvement
Complete resolution (%)

name type (%)
[161] MRAs NA NA
[162] MRAs 37 63
[162] LA 42 58
[168] LA 39 38
[163] LA 29 53
[164] LA 21 70
[165] LA 37 37
[72] LA 0 64
[131] LA 94 NA
[129] LA 38 40
[166] LA 15 20
[167] LA 86 14

Overall 39.8 45.7

Group 2

[99] TACE 50 20
[126] RFA 20 70
[127] RFA 36 19
[131] RFA 29 71
[129] RFA 17 75
[130] RFA NA NA
[128] RFA 58 33
[104] CA 100 0
[19] MWA 100 0

Overall 51.2 36.0
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Group 2, all the studies based on the adoption of RFA and on the cryoablation technique
showed significant decreases (P-value < 0.001) both in SBP and DBP values after the
treatment (Figure A.1(B)-A.2(B)) [13], [104], [126] —[130]. The data reported in [Nakajo
et al. 1996] showed no statistically significant difference in the SBP (P-value = 0.051)
and DBP (P-value = 0.29) values before and after the chemo-embolisation treatment.
Given the values of the clinical parameters after the treatment, the complete resolution
of the hypertension without any adjuvant anti-hypertensive therapy was observed in
51.2% of patients who underwent ablation treatments, whereas the gold standard
techniques showed the resolution of the hypertension in 36.0% of patients. However,
these results should be interpreted with caution, because of the limited number of studies
(N =9) adopting ablation techniques.

This survey investigated also the normalisation of the biochemical parameters (PRA,
PAC, ARR, bK) both after laparoscopic adrenalectomy (LA) or the administration of
MRAs (Figure A.3 (A) — A.6 (A)) and after ablation procedures (Figure A.3 (B) — A.6

(B)).

The overall increases in the level of the renin activity (PRA) indicated the normalisation
of the renin-angiotensin system after the treatment. Significant increases (P-value <
0.0001) in the PRA parameter were observed in the results both of the Group 1 (Figure
A.3(A)) and Group 2 (Figure A.3(B)). Only in one study included of the Group 1 [163]

showed no significative improvement (P-value = 0.06) in PRA values.

Overall, ablation techniques showed better performances in the normalisation of values
of PAC (Figure A.4(B)), compared to LA- and MRAs- based treatments (Figure A.4(A)).
In particular, statistically significative decreases (P-value < 0.0001) in PAC levels were
obtained in all of the studies included in Group 2. Instead, no significative decreases in
the release of the aldosterone hormone were observed after the treatment based on LA or
MRAs in both the cohorts of patients included in [162] (P-value > 0.14).

Both for ARR (Figure A.5(A) — (B)) and bK (Figure A.6 (A) — (B)) parameters
statistically significant decreases (P-value < 0.05) were obtained in the studies included

in Group 1 and in Group 2. It must be mentioned that ARR parameter is linked both to
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the concentration of aldosterone (PAC) and to the renin activity (PRA), thus the decrease
of ARR parameter not necessarily indicates both the reduction of the aldosterone (PAC)
release and the increase of the renin activity (PRA). Thus, the performances of a specific
treatment should be evaluated not only in terms of ARR values, but PRA and PAC levels
should be also evaluated separately. For example, in [161], a significant decrease (P-
value < 0.0001) in ARR was found. This result was mainly affected by the significant
increase of the renin-activity indicated by PRA levels, while levels of PAC were found
persistently high after the treatment. In [163], the significative decrease in the mean value
of ARR is linked to the normalisation of the mean value of PAC. However, no significant
improvement observed in PRA levels indicated the persistent suppression of the renin
activity. In these cases, further investigations are required as the persistent suppression
of the plasma renin activity even after the treatment, may be not related to PA but to other

causes such as ant-inflammatory drugs, renal dysfunction, advancing ages [45].

In the patients showing hypokalaemia as consequence of the PA, the concentration of
potassium (bK) in the blood is monitored together with the other biochemical parameters.
The significative increases in the levels of potassium (P-value < 0.0001) showed after
the specific treatment both in the Group 1 and in the Group 2 indicated the reactivation

in the absorption of potassium, thus the recover from hypokalaemia.

Overall, the ablation techniques included in Group 2 showed performances in terms of
normalisation of clinical and biochemical parameters comparable to those of the gold
standard techniques, included in Group 1. In addition, ablation techniques showed shorter
duration of operation, faster recovery, lower analgesic requirement and shorter hospital
stay compared to LA. Most of the studies reviewed in this work adopted RFA for a novel
approach to PA treatment. In addition, a prospective study on 20 patients affected by
adreno-cortical adenomas investigating a radiofrequency endoscopic ablation solution is
currently in progress (St Bartholomew's Hospital, UK). Further studies should be
conducted to enable a better understanding of the outcomes in terms of resolution or
improvement of hypertension, normalisation of biochemical parameters, complications

during the procedure and side effects experienced from the patient. Because of the
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proximity of the adrenal glands to sensitive structures such as blood vessels, nerves and
diaphragm, a more comprehensive investigation aimed to evaluate the performances of
the ablation techniques to spare the surrounding structures is required. In addition, all the
reviewed studies gathered in this work showed results related to the complete elimination
of the adreno-cortical adenomas and normalisation of biochemical and/or clinical
parameters. However, no histology analysis was provided to quantitatively establish

whether the healthy functional tissues composing the adrenal gland was preserved.

A.3 Conclusion

In this analysis, studies using ablation techniques and gold-standard techniques for the
treatment of PA were reviewed. The results of each selected study were gathered and
presented in order to compare the performances of the ablation techniques against the
laparoscopic adrenalectomy and pharmacotherapy.

The study showed:

« Comparable performances between ablation and traditional techniques (LA or
MRAS) in terms of resolution or improvements of hypertension. According to the
aggregated studies included in this review, about 89% of the patients treated via
ablation and about 88% of the patients treated through LA or MRAs-based

pharmacotherapy showed resolution or improvement from hypertension;

« Promising performances of the ablation techniques also in terms of normalisation of
the aldosterone levels (PAC) and renin activity (PRA) compared to the traditional
techniques. With respect to the pre-treatment values, an overall increase of more than
20% in PRA values and a decrease of 35% in the PAC and ARR values were observed

after the ablation treatment.

« The complete resolution of the hypertension in the case of MWA was observed after
24 months follow-up. Successful results were obtained also for adenomas adjacent to
critical structures. In these cases, it was possible to complete the procedure without
damaging the sensitive structures through the injection of saline solution into the

peritoneal cavity to achieve a separation larger than 0.5 cm. Although promising
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results were reported in the only study exploiting MWA to treat functional adenomas,
a lack in the data regarding the pre-treatment and post-treatment values of SBP and
DBP was observed. Thus, further investigations are required to evaluate the
reliability of the performances of MWA in the resolution of hypertension linked to

functional adrenal adenomas.
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Appendix B

Influence of the temperature dependent
dielectric properties on the asymmetrical
ablation patterns

B.1 Introduction

During MWA procedures, temperatures can easily exceed 100 °C in the tissue,
particularly in proximity to the feed of the MW applicator [145]. Because of this
increment of temperature, structural changes and water loss occur in the tissue. In turn,

the changes in the water content affect the dielectric properties of the tissue.

A number of studies was dedicated to characterise the changes in the dielectric properties
of the biological tissue when the temperature increases. In most of these studies,
temperatures below 70°C were considered. Linear or quadratic functions were used to
model the temperature dependence of the dielectric properties [183], [202]. However,
these models may be not adequate to represent the changes in the dielectric characteristics
when severe temperature increases occur.

Two studies, [143] and [144], considered temperatures above 70 °C. In these studies, the
changes in relative permittivity and effective conductivity of liver tissue were measured
during MWA procedures conducted at 2.45 GHz. Both studies showed a decrease in the
values of dielectric properties with the increment of temperature modelled by a sigmoid
function. The function shows a rapid drop in the values of relative permittivity and
effective conductivity between 60°C and 100°C. At these temperatures, phenomena such
as protein denaturation and water vaporisation occur.

In [142] a comprehensive study evaluated the effects of both models described in [143]
and [144] on the increment of temperature during a MWA procedure. The study revealed
that the results obtained using temperature-dependent models (dynamic models) for the
dielectric properties diverge from those obtained using static dielectric properties
(standard BHE) when temperatures exceed 55 — 60°C. For durations below 60 s no
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significant differences in the temperature were observed between the standard BHE and
the dynamic models. Given the results presented in [142] and the relatively short ablation
durations (60 s) adopted in this thesis, no differences in using dynamic or static (standard

BHE) dielectric property models should be expected.

This appendix shows the results of numerical simulations conducted at 2.45 GHz
implementing dynamic models of relative permittivity and effective conductivity. The
results are compared with those obtained from the static models adopted in the body of
this thesis. The extent of the predicted ablation zones both in the fat and adrenal tissues

are discussed.
B.2 Methodology

The multilayered tissue model described in Chapter 6 (Figure 6.1) was adopted in this
work to conduct EM and thermal simulations. The numerical simulations were completed
using CST MW Studio software. EM and thermal boundary conditions as well as the size
of the mesh cells adopted in this study were consistent with those described in Chapter 4
(84.4).

) ) " (B.1)
&(T) = a3 {1 1+ explai(a, — T)]} i
) i 1 (B.2)
O'(T) - b3 {1 1+ exp[bl(bz - T)]}

In this study, the sigmoid functions developed by [143] for ex vivo bovine liver were
assumed valid for the adrenal tissues, both medulla and cortex. This assumption was
made given the similar water content (75.7% in the adrenal gland vs 72.2% in liver)

Table B.1: Coefficients of the sigmoidal functions describing the dependence of the relative
permittivity (e,) and the effective conductivity (o) on the temperature, both for cortex and medulla.

) Relative permittivity Effective conductivity
Tissue
ag ) as by 07 b3
Cortex 0.0764 82.271 44.76 0.0697 85.375 0.61
Medulla 0.0764 82.271 51.76 0.0697 85.375 0.817
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Figure B.1: Values of relative permittivity (A) and effective conductivity (B) for cortex and medulla
over the temperature according to the model described in [143]. Relative permittivity and effective
conductivity measured at 25°C both in cortex and medulla and reported in Chapter 3 (Tables 3.4—
3.5) are considering as starting values of the sigmoidal functions. The values of dielectric properties
decrease as the temperature increases. The values decrease with linear slope occurs when the
temperature exceeds 55°C but remains below 100°C. While, such drop is slower water before to
reach 55°C and after 100°C.

[265], and the comparable values of relative permittivity and effective conductivity at
2.45 GHz measured at 25°C [143], (Tables 3.4 —3.5). On the other hand, the sigmoid
models were not considered valid for fat due to the lower water content of the tissue
compared with liver (20.0% vs 72.2% in liver) [265]. Additionally, the baseline dielectric
properties of fat at 25°C are noticeably lower than liver [183]. Thus, static dielectric

properties were considered for the fat tissue during the EM and thermal simulations.

Equations B.1 and B.2 describe the temperature-dependent dielectric properties of
medulla and cortex based on the model reported in [143]. The corresponding coefficients
are listed in Table B.1. It can be noted that the coefficients az and bz are different from
the values used in [143] (as = 44.3, bz = 1.8). The coefficients az and bz were modified
both for the cortex and medulla in order to have consistency in the models at the initial
conditions. Indeed, the values of the relative permittivity and effective conductivity at
25°C for both functional tissues are consistent with the values reported in Chapter 3
(Tables 3.4 — 3.5) at 2.45 GHz.
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Those functions were implemented in MATLAB (R2017a, The MathWorks, Inc., Natick,
MA, US) and temperatures between 25°C and 150°C were used as input variables [143].
Figure B.1 depicts the sigmoid functions of relative permittivity (A) and electrical

conductivity (B) both for cortex and medulla.

The values of the dielectric properties calculated by Equations B.1 and B.2 for the
temperatures between 25°C and 150°C were imported in CST MW Studio software.
Then, bi-directional numerical simulations were completed. In the bi-directional
numerical simulations conducted for this study, the dielectric properties of the adrenal
tissues were updated every second for the entire duration of the signal excitation. Power
and time settings consistent with those used in the other chapters of the thesis were used
in this study: 30 W and 60 W delivered for 60 s.

B.3 Results

Figure B.2 shows the maps of SAR (A) — (B) and temperature (C) — (D) at 30 W and 60

W input powers. SAR values normalised to the maximum and expressed in decibel (dB)
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Figure B.2: Maps of SAR (A) — (B) and of temperature (C) — (D) obtained numerically in the
simplified multi-layered model at 30 W and 60 W, considering temperature-dependent dielectric
properties for adrenal tissues. Profiles of SAR and temperature are presented both in the frontal
plane (xy-plane) and in the coronal plane (xz-plane) with reference to the feed of the antenna.
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and thermal values at 60 s are depicted in the frontal (A) — (C) and coronal (B) — (D)

planes.

This study shows asymmetrical SAR profiles, consistent with the results discussed in
Chapter 6 (Figure 6.6 (A) — (B)). In the adrenal gland, values of SAR higher than -20 dB
extend up to 3 mm (at 30 W) and 5 mm (at 60 W) radially from the axis of the applicator.
In the fat tissue, values of SAR higher than -20 dB are absent in the case of 30 W and
extend no farther than 2 mm from the longitudinal axis of the applicator at 60 W. These
results agree with the values obtained in the case of standard BHE (86.2.1). More visible
differences in the distribution of SAR can be observed along the longitudinal dimension
in the adrenal gland. This study shows that values higher than -20 dB in the longitudinal
dimensions reach 3 mm at 30 W and 14 mm at 60 W. In the case of standard BHE (Figure
6.6 (A)), those values of SAR extend up to 10 mm at 30 W and to 22 mm at 60 W. A
reduction of 70% at 30 W and 36% at 60 W in the longitudinal profile of SAR is obtained

in the case of dynamic models compared with the standard BHE.

Asymmetrical thermal profiles are also obtained in the case of the dynamic models.
Overall, the thermal profiles are comparable with those achieved using the standard BHE
(Figure 6.6 (C) — (D)). In agreement with the SAR maps, a larger difference between the
two numerical conditions is visible in the longitudinal dimension of the ablation zone.
For a direct comparison, Table B.3 lists the radial and longitudinal dimensions of the
ablation zone in the fat and adrenal tissues achieved both in the case of the dynamic

model and the standard BHE. No difference in the extent of the ablation zone in fat is

Table B.2: Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line)
using temperature-dependent dielectric properties (dynamic model) and standard BHE (Chapter 6) in
the simplified geometry including fat and adrenal tissue.

Temperature-dependent dielectric ) ) ) )
Settings properties Fixed dielectric properties
(Dynamic model) (Standard BHE)

P ¢ Fat Adrenal gland Fat Adrenal gland
W) ) R L R L R L R L

30 60 0 0 5 10 0 0 7 19

60 60 2 2 7 19 2 2 9 27
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visible between the two numerical conditions. In both cases, the ablation zone is absent
at 30 W and negligible at 60 W. In the adrenal gland, the radial extent of the ablation
zone achieved in the case of dynamic models is approximately 2 mm smaller than the
extent achieved in the case of standard BHE. With reference to the longitudinal
dimension, the difference between two numerical scenarios is more visible. In particular,
the dynamic model provides ablation zones approximately 47% (30 W) and 30% (60 W)
shorter compared with the standard BHE. When dynamic models are adopted, the
discrepancy in the longitudinal dimension between numerical and experimental results
(Chapter 6) is reduced. These differences are 29% at 30W and 19% at 60W in the case
of dynamic models; whereas they are 36% at 30W and 69% at 60W in the case of
standard BHE. It is worth noting that the extent of the area delineated by the isothermal
at 90°C appears visibly smaller in the case of the dynamic model compared with the case
of standard BHE (Figure 6.6). Specifically, this area is absent at 30 W, while at 60 W it

IS 33 % and 56% smaller in the radial and longitudinal dimensions, respectively.

The study included in this appendix showed that the decrease in the dielectric properties
of the adrenal tissues with the increase of the temperature has little influence if any on
the ability of the fat layer to shield the electromagnetic energy, at the operating conditions
used. On the other hand, some differences between the standard BHE and the dynamic

model were observed.

A slightly smaller radial extent of the ablation zone was obtained in the case of the
dynamic models compared with the standard BHE. A more visible discrepancy between
the two models was observed in the longitudinal extent of the ablation zone in the adrenal
gland. Overall, shorter and more spherical ablation zones were achieved in the case of
the dynamic model compared with the standard BHE. This effect is linked to the lower
values of SAR reached at the feed point of the applicator due to the decrease of the tissue
electrical conductivity. Thus, a different redistribution of the electromagnetic power

occurs in the tissue.

Lower peak temperatures are achieved compared to the standard BHE as can be inferred

from the shrinkage of the isothermal contour at 90°C. The smaller thermal gradient
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between the tissue close to the applicator and the peripheral areas also contributes to

reduce the extent of the ablation zones compared with the standard BHE.

Finally, it is worth noticing that dynamic simulations conducted only in the simplified
model required a higher computational load compared to the standard BHE. The EM and
thermal simulations were completed on an Intel® Core™ i7@ 4GHz with 16 GB RAM.
The simulations using standard BHE required approximately 7h against 17h for the
dynamic simulations, both conducted in the simplified model using CST MWS Suite
2018. This information should be taken into account based on the objective of the
numerical simulations.

To summarise, both the models confirmed the asymmetric heating patterns due to the
shielding effect of the fat layer. The study highlighted that standard BHE overestimates
the ablation zone in terms of longitudinal dimensions compared with the dynamic model.
However, the study using dynamic models presents limitations which are the lack of the
temperature-dependent model suitable for the fat tissue and the high computational costs
even for a simplified model. Hence, the results confirmed the reliability of the assumption
adopted throughout this thesis, according to which static dielectric properties (standard

BHE) were assigned to the adrenal tissues.

B.4 Conclusions

In this study temperature-dependent dielectric models developed in [143] were used to
evaluate the influence of the decrease in dielectric properties of the adrenal tissues on the
asymmetric ablation patterns.

The study showed that:

. For MWA procedures conducted at 60 s, the changes in dielectric properties due to
the increase of temperature do not compromise the ability of the fat layer to shield
the EM energy. Thus, the standard BHE is a reliable assumption if the objective of
the numerical simulations is to evaluate the role of the fat layer in creating

asymmetric heating patterns;
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The temperature-dependent dielectric models have instead a more visible influence
on the longitudinal extent of the ablation zone and peak temperature values reached
in proximity of the feed of the applicator. As a result, dynamic models are required
when the numerical simulations are devoted to accurately evaluate the thermal

coverage of the tissue target.
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