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Lay Summary

According to the Global Cancer Observatory and World Health Organization, cancer
incidence and mortality rates are very high, making it the leading disease in the world. Even in
developed countries like America, one out of four deaths are due to cancer, which constitutes
the second highest mortality rate after heart disease. Despite significant progress in
understanding, diagnosing, treating, and preventing the disease in the past decades, cancer still
remains the major threat to human beings. Localized tumor ablation therapies gain their
importance more than surgical resection in cancer treatment, with more satisfactory results with
less recurrence rate. MWA is a newly developed minimally invasive thermal ablation technique
primarily used in the treatment of HCC. During MWA procedure, the trocar (antenna or
applicator) is being inserted into the tumor either transcutaneously or laparoscopically with the
help of available image guidance techniques. Large tumors can be treated efficiently by MWA
technique using multiple trocars (two or three) or by repositioning a single trocar. Multiple
trocars must be inserted simultaneously in clinical practices to achieve a large ablation zone.
The clinical trials of microwave ablation techniques lack imaging guidance techniques, which
results in difficulty in monitoring and controlling the ablation range. Further, it isn't easy to
achieve accurate trocar positioning with the ablation region in real-time applications.

Based on the mortality rates caused by the cancer, the present thesis work considers the
six major organs affected by cancer: lung, breast, stomach/gastric, liver, liver (with colon
metastasis), and kidney for MWA procedure. In this section various parameters (such as input
power and treatment time) that influence the outcome of microwave ablation, with a focus on
importance of apt positioning of the trocar into the tissue during the procedure have been
discussed. The present work addresses one of the major problems clinicians faces, i.e., the
proper placement of the trocar due to poor imaging techniques and human error, resulting in
incomplete tumor ablation and increased surgical procedures. The highest values of the ablation
region have been observed for the liver, colon metastatic liver and breast cancerous tissues
compared to the other organs at the same operating conditions. A slight inapt positioning of
trocar (either linearly and angular insertion) results in ablation of a large volume of healthy
tissue. The positioning of the trocar is more important for the breast, liver, and kidney, as they
produce a more rapid zone of heating in a shorter span of time. The organs lung, stomach, and
kidney organs exhibit lesser deformations, with low volumetric tissue contractions of 0.14 mm,
0.11 mm, and 0.8 mm, respectively, as compared to the deformation values of other organs. The
outcome of the present study may help in better clinical output. Moreover, the liver organ has
been chosen as the focus of this work in order to address the precise positioning of the trocar

during the MWA technique.
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Most of the studies available on MWA were conducted at 2.45 and 0.915 GHz
frequencies. However, more research is going on to explore the use of frequencies above 2.45
GHz in MWA techniques. The use of High frequency in MWA techniques increases flexibility
in probe design and in developing better treatment planning procedures. As per the guidance
from the Industrial, Scientific and Medical (ISM) Radio Band guidelines, the frequencies of
2.5, 5.89 and 24 GHz, can be used in medical applications. In this study 2.45 (nearly 2.5) and 6
(nearly 5.87) GHz frequency operated torcars have been considered for microwave ablation.
The present study has been designed to assess the ablation region obtained using multiple MWA
trocars both numerically and experimentally. Further, multiple trocars have been inserted into
the tissue in parallel and non-parallel positions operating at 2.45 GHz and 6 GHz frequencies.
An internally cooled trocar operated at a frequency of 2.45 and 6 GHz has been modelled in the
present study. Experimental analysis has been performed on egg white with added albumin
protein since it expedites real-time monitoring of the ablation region obtained during the
microwave ablation technique. Even though multiple trocars increase ablation volume, inapt
positioning leads to the ablation of healthy tissue. The problem, as mentioned, can be overcome
by using non-parallel trocar positioning. Further, the angle of the trocar insertion and the energy
among the trocars (frequency, time and power) will be decided based on the tumour's precise
location in the tissue.

In addition to this, a novel microwave trocar design has been proposed and
considered in the present study wherein single antenna is being replaced with multiple tines
supplied with energy at available conventional and high frequencies. Once the trocar is inserted
into the tissue, the dual tine array can be deployed according to the tumor size and required
ablation region. Each tine operates at a frequency of 2.45/6 GHz with a microwave power of 15
W and an ablation time of 10 min (considered for all cases). This novel trocar is expected to
treat tumors of nearly 3 cm in diameter and of irregular shapes, restrict damage to the healthy
tissues and achieve more concentrated ablation regions. Precise position of trocar into the tissue
is one of the major problems clinicians faces during thermal ablation procedure. Inadequate
position of trocar leads to incomplete tumor ablation and further increases the operational
procedure. The present model is expected to overcome the problem associated with the inapt

positioning of the trocar.
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Abstract

While there are several chronic diseases more destructive to life than cancer, none is more
feared. Despite significant progress in understanding, diagnosing, treating, and preventing the
disease in the past decades, cancer still remains the major threat to human beings. Microwave
ablation (MWA) modality is a newly emerged minimally invasive thermal therapy technique
for the treatment of various malignant tumors up to 3 cm in diameter. The ablation region
obtained during MWA mainly depends on the type and efficiency of the trocar as well as the
energy transfer from the generator to the biological tissue. The trocar plays an essential role in
the MWA system by governing the energy distribution during tissue ablation. The present study
analysed the microwave ablation of cancerous tumors located in six vital organs and estimated
the significance of tissue properties in relation to the importance of appropriate positioning of
the trocar during treatment. The six major organs are lungs, breast, stomach/gastric, liver, liver
(with colon metastasis), and kidney. The input power (100 W) and ablation times (4 minutes)
with apt and inapt positioning of the trocar have been considered to compare the ablation volume
of various cancerous tissues. The highest values of the ablation region have been observed for
the liver, colon metastatic liver and breast cancerous tissues compared with other organs at the
same operating conditions. The positioning of the trocar is more important for the breast, liver,
and kidney, as they produce a more rapid zone of heating in a shorter span of time. The present
study addresses one of the major problems clinicians face: the proper placement of the trocar
due to poor imaging techniques and human error, resulting in incomplete tumor removal and
increased surgical procedures. In addition, the present work also consists of a new MWA trocar
design proposed to overcome the above-mentioned issues. A numerical analysis of MWA using
the new medical applicator (also referred to as trocar or antenna) in L and U shaped has been
presented in this work. The novel microwave applicator consists of a flexible dual tine trocar,
with each tine supplied with energy at equal and/or different frequencies, 2.45/6 GHz. Once the
trocar is inserted into the tumor, the flexible tines can be deployed independently with varying
lengths. With the proposed trocar design, large size ablation zones can be obtained by varying
the frequency of the supplied energy and the deployment length of the tines. Various
combinations of supplied energy and deploying lengths result in tumor ablations ranging from
2.7 to 4 cm in diameter. Supplying energy at high-frequency (6 GHz) to the trocar results in
ablating tumors (> 4 cm) with spherical ablation region. The use of high-frequency energy in
MWA (6 GHz) further addresses the issue of collateral damage to the tissue and the low
spherical shaped ablation region associated with the MWA procedure at 2.45 GHz frequency.
In addition, the present study has been designed to assess the ablation region obtained using
multiple MWA trocars both numerically and experimentally. Further, multiple trocars have
been inserted into the tissue in parallel and non-parallel positions operating at 2.45 GHz and 6
GHz frequencies. Internal trocar cooling mechanism has been considered in this study.
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Experimental analysis has been performed on egg white with added albumin protein. It has been
found from the present study that MWA operated at 2.45/6 GHz with the non-parallel position
of multiple trocars into the tissue leads to a considerable increase in the ablation region as
compared to the parallel insertion of trocars. Hence, it may be concluded that non-parallel
insertion of trocars is suitable to treat irregular-shaped large cancerous tumours (>3 cm). The
non-parallel simultaneous insertion of trocars can overcome the healthy tissue ablation issue as

well as the problem associated with indentation.



1)

2)

3)

4)

1)

1)

List of Publications from Thesis

Journals

Vellavalapalli Satish, Ramjee Repaka (2022). "Microwave Ablation Trocar Operated at Dual
Tine Dual-Frequency: A Numerical Analysis". Journal of Engineering and Science in Medical
Diagnostics and Therapy (JESMDT).; 6(2): 021002. ASME.
https://doi.org/10.1115/1.4056410.

Vellavalapalli Satish, Ramjee Repaka (2023). "Microwave Ablation Trocar for Ablating
Cancerous Tumors: A Numerical Analysis". Medical & Biological Engineering & Computing
Journal (MEBC). Springer. https://doi.org/10.1007/s11517-023-02781-7.

Vellavalapalli Satish, Ramjee Repaka. "Safety and Efficacy of Intracavitary Microwave
Ablation in hepatic gland tumors: Numerical and In-vitro Studies". Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 2023;0(0).
https://doi.org/10.1177/09544119231179136.

Vellavalapalli Satish, Ramjee Repaka. "The Influence of Microwave Ablation Parameters on
The Positioning of Trocar in Different Cancerous Tissues: A Numerical Study" (Under Review,

Electromagnetic Medicine and Biology).

Conference Proceedings

Vellavalapalli Satish, Jatin Kumar, & Ramjee Repaka (2019). "Analysis of Ablation Volume
Produced During Microwave Ablation of Breast Cancerous Lesion Using Fourier and Non-
Fourier Models." Proceedings of the ASME 2019 International Mechanical Engineering
Congress and Exposition. Volume 3: Biomedical and Biotechnology Engineering. Salt Lake
City, Utah, USA. November 11-14. \VVO03T04A038.
ASME. https://doi.org/10.1115/IMECE2019-10800.

Patents
Vellavalapalli Satish, Ramjee Repaka (2023). "An applicator for treating biological tissue and

a method thereof . Published. Indian Patent and Trademark Office.



Table of Contents

Declaration i

Acknowledgement iii

Certificate \Y%
Lay Summary v
Abstract vii
List of Publications iX
List of Figures Xi
List of Tables XV
Notations and Abbreviations XVi
1. Introduction 1
2. Literature Review/ Theoretical Framework 5
3. Research Design / Methodology 11
4. Results and Discussion 29
5. Summary / Conclusions 69
References/Bibliography 71

Xi



List of Figures

Figure 1.1 Estimated number of new cases in 2020, World, both sexes, all ages................... 1
Figure 1.2 Estimated number of deaths in 2020, World, both sexes, all age....................... 2
Figure 1.3 Various Modalities in Cancer treatment..............ooovvevieiiiiiiiiiiiiiiaieenians 2
Figure 1.4 Cancer treatment planning SYSteM...........ccoveuiiiuiiiiiiii it e e 3
Figure 3.1 3— Dimensional two compartment tumor embedded organ............................ 15

Figure 3.2 Mesh dependence study of the liver organ was conducted by considering variations
in temperature with respect to the number of elements..................oooiiiiiiii i 16
Figure 3.3 Meshed computational domain of MWA comprising 1233150 tetrahedral
1 (511531 L T TIPSR 16
Figure 3.4 Schematic of the numerical model ....................ooooiiiii . 18

Figure 3.5 The average FT-IR spectra of egg white in the mid-infrared region (4000 — 400

Figure 3.6 Meshed computational domain of MWA comprising 2197589 tetrahedral

ClOIMICIIES . . .. ettt ettt e e 19
Figure 3.7 In vitro experimental SEtUP. ..........oviiriiitiiit i 20
Figure 3.8 Osensa optical temperature measuring deviCe.............ovvvverereninineninnenenannn. 20

Figure 3.9 post-ablation zones created in a hepatic gland at the end of 360 s with microwave
power 140 W MWA procedure (a) numerical simulation, 3.1 cm % 4.4 cm x 4.7 cm and (b)
experimental analysis on egg white, 2.9 cm X 4.l ecm X 4.5cm........cooiiiiiiiiiiiiiiiiiiin.. 20
Figure 3.10 Schematic diagram of the trocar inserted into the tumor embedded biological
L8 1311 21
Figure 3.11 Schematic of zero deployed, semi deployed, and fully deployed angular tine of
trocar configurations. (All dimensions are iNMIM) .........ooeiiiriineeiineenreirereeenieaenn 22
Figure 3.12 Fully deployed dual tine trocar (a) inserted into the hepatic gland embedded with 3
cm diameter tumor and (b) Enlarged view of the tines inside the tissue............................ 22
Figure 3.13 Schematic view of trocar positioning relative to the tumour axis................... 22
Figure 3.14 The computed specific absorption rate (SAR) in KW/kg takes on its highest values
near the tip and the slot with 15 W microwave power at a) 2.45 GHz, b) 6 GHz frequency on
DOth the tINeS. ..ottt 23
Figure 3.15 Meshed 3 cm tumor embedded hepatic gland having 8127233 tetrahedral
BlBMIBNES. . 24
Figure 3.16 Ablation zones created in hepatic gland at the end of 360 s MWA procedure with
numerical simulation, 1.27 €M X 2.4 CIM.....viiin e 25
Figure 3.17 Meshed computational domain of MWA comprising 1,376,966 tetrahedral

Bl OIS . ot 26

Xii



Figure 3.18 The calculated specific absorption rate (SAR) in kW/kg for 15 W microwave power
ata) 2.45 GHz and b) 6 GHz on both the tines. ............cooiiiiiiiiiiiii e, 26
Figure 3.19 Ablation regions obtained in hepatic gland by numerical simulation with 1.79 cm
transverse ablation length......... ..o 27

Figure 4.1 Thermal ablation of 3 cm tumor embedded various cancerous tissues at 2.45GHz

<70 |11 1 Lo 29
Figure 4.2 Thermal ablation of 3 cm tumor embedded various cancerous tissues at 2.45 GHz
(S0 10153 1T P 31
Figure 4.3 Thermal ablation of 3 cm tumor embedded hepatic gland of various cancerous
tiSSUES at 2.45 GHZ freqUENCY . ... v vttt e e e 33
Figure 4.4 The temperature measuring points of the tisSue..............cocovviiiiiiiiiiniinnn 35

Figure 4.5 The time dependence of temperature at various points during MWA when the
cancerous tumors in lung, breast, stomach/gastric, liver, colon liver metastatic, and Kidney
tissues are exposed to the microwave frequency of 2.45GHz and an input power of 100W for 4
I IULES . .ottt ettt ettt e e e e e e 35
Figure 4.6 The time dependence of fraction of tissue damage at various points during MWA
when the cancerous tumors in lung, breast, stomach/gastric, liver, colon liver metastatic, and
kidney tissues are exposed to the microwave frequency of 2.45GHz and an input power of 100W
FOF A MINUEES. ...t 35
Figure 4.7 Tissue contraction obtained during MWA of different organs at microwave
frequency of 2.45GHz and an input power of 100W for4 minutes........................cooeelt. 36
Figure 4.8 Temperature measuring points and trocar positioning....................ccocoeeenn. 37
Figure 4.9 Variation of temperature with the ablation time in the hepatic gland (a) in-vitro and
numerical experiments at 2.45 GHz frequency, (b) numerical experiments at 2.45 GHz and (c)
numerical experiments at 6 GHzZ........ ... 38
Figure 4.10 Temperature distribution in the hepatic gland tissue obtained during parallel
insertion of water cooled MWA trocars: a) both trocars at 2.45 GHz, b) both trocars at 6 GHz
and c¢) one trocar at 6 GHz and the otherone at2.45 GHz..................cooiiiiiiiiiininn, 39
Figure 4.11 Temperature distribution in the hepatic gland tissue obtained during non-parallel
insertion of water cooled MWA trocars: a) 2.45 GHz on both trocars, b) 6 GHz on both trocars
and ¢) 6 and 2.45 GHz on both troCars. ..o 40
Figure 4.12 Ablation zones in egg white obtained when trocars have been operated for 6
minutes at 140 W MICIOWAVE POWET ... .....uei ittt et et e et 42
Figure 4.13 Thermal Ablation of hepatic gland using the proposed novel trocar with a) 2.45
GHz frequency on longitudinal tine; b) 2.45 GHz frequency on curved tine; c) 6 GHz frequency

on longitudinal tine and d) 6 GHz frequency on curved tine..............ccooviiiiiiiniiininnnnnn. 44

Xiii



Figure 4.14 Thermal ablation of 3 cm tumor embedded hepatic gland at a) 2.45 GHz frequency
on both the tines; b) 6 GHz frequency on both the tines; ¢) 2.45 GHz frequency on longitudinal
tine and 6 GHz on curved tine and d) 6 GHz frequency on longitudinal tine and 2.45 GHz on

(o] <o N T PPN 47
Figure 4.15 Thermal ablation of 3 cm tumour embedded hepatic gland at 2.45 GHz.......... 49
Figure 4.16 Thermal ablation of 3 cm tumour embedded hepatic gland at 6 GHz............... 49

Figure 4.17 Thermal ablation of 3 cm tumour embedded hepatic gland using multiple trocars
operated at 2.45/6 GHZ freqUENCIES. .......oiviii e 50
Figure 4.18 Thermal ablation of 3 cm tumour embedded hepatic gland with inapt positioning
of trocar operated at 2.45 GHZ.........oo it 50
Figure 4.19 Thermal ablation of 3 cm tumour embedded hepatic gland with inapt positioning
of trocar operated at 6 GHZ..... ..o 51

Figure 4.20 Spatial locations of temperature and fraction of tissue damage monitoring points
for longitudinal and CUrVEd tiNES. ... ..ottt 51

Figure 4.21 Variation of temperature and fraction of tissue damage with the treatment time
when tines are maintained at different combinations of frequencies: a) 2.45 GHz frequency on
both the tines; b) 2.45 GHz frequency on longitudinal tine and 6 GHz on curved tine; ¢) 6 GHz
frequency on longitudinal tine and 2.45 GHz on curved tine and b) 6 GHz frequency on both
LT £ T PSPPI 53
Figure 4.22 Temperature distribution points at the radial edge of the tumor. (a) Positions of the
temperature monitoring points (front view). (b) Positions of the temperature monitoring points
(BOP VBV . e e 55
Figure 4.23 Variation of temperature with time near the tumor edge for fully deployed tines:
(a) At 2.45 GHz (both tines), (b) At 2.45 (left-side tine) and 6 GHz (right-side tine), (c) At 6
GHz (bothtines) and (d) At POINt L. ... ..o e, 55
Figure 4.24 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for fully deployed tines operated at 2.45 and 6 GHz for 15 W microwave power....56
Figure 4.25 Ablation regions (top view) obtained by MWA using first order Arrhenius rate
equation for fully deployed tines operated at 2.45 and 6 GHz for 15 W microwave power....57
Figure 4.26 Temperature distribution points at the radial edge of the tumor. (a) positions of the
temperature monitoring points (front view). (b) positions of the temperature monitoring points
(LOP VBV L e e 59
Figure 4.27 Temperature rise with time near the edge of the tumor for semi and fully deployed
tines operated at: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left-side tine) and 6 GHz (right-side
tine), (c) 6 GHz (left-side tine) and 2.45 GHz (right-side tine), (d) 6 GHz (both tines) and (e)
A POt L. e 60
Figure 4.28 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for fully (1%) deployed and semi (2"%) deployed tines operated at 2.45 and 6 GHz for

15 W MICTOWAVE POWEN .. ... ettt et ettt e e et ettt e et e e e e e e eae e 61



Figure 4.29 Ablation regions (top view) obtained by MWA using first order Arrhenius rate
equation for fully (1st) deployed and semi (2nd) deployed tines operated at 2.45 and 6 GHz for
15 W MICTOWAVE POWEL . ... ettt ettt e et e et e e e et e e et e 63
Figure 4.30 Temperature distribution points on the radial edge of the tumor. (a) positions of the
temperature monitoring points (front view). (b) positions of the temperature monitoring points
(BOD VBV e e e 63
Figure 4.31 Temperature rise with tine at four points near the edge of the tumor for semi
deployed tines operated at: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left-side tine) and 6 GHz
(right-side tine), (c) 6 GHz (both tines) and (d) AtpointL1............cooiiiiiiiiiiiea, 63
Figure 4.32 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for semi deployed tines operated at 2.45 and 6 GHz for 15 W microwave power....65
Figure 4.33 Ablation regions (top view) obtained by MWA using first order Arrhenius rate
equation for semi deployed tines operated at 2.45 and 6 GHz for 15 W microwave power.....66
Figure 4.34 Tissue contraction obtained during MWA for three deploying conditions of the tine
operated at a) 2.45 and b) 6 GHz for 15 W microwave POWEr...........ccooveviniinininnaninnnnn, 66

XV



List of Tables

Table 3.1 Dimensions of microwave coaxial antenna..................cocoeoiiviininiinnenn.. 14
Table 3.2: Material properties of microwave coaxial antenna................ccccoevvivieninannn. 15
Table 3.3: Properties of different cancer tissue used in numerical simulation ................... 15

Table 3.4: Comparison of major absorptions in IR spectra of egg white and hepatic gland

BSOSl ettt et e, 19
Table 3.5: Properties of tissue/gland.............cooiiiiiiiii e 23
Table 3.6: Material properties of microwave coaxial antenna (tine).............................. 27

Table 3.7: Validation of ablation region in hepatic gland against the experimental results by
Saitoetal. during MWA at 245 GHZ. ... e 27
Table 4.1: Microwave ablation of six major organs operated at 100 W for 4 treatment

I IULES . . ettt ettt e et e e e e 30
Table 4.2: Ablation zone dimensions following 6 min of MWA at 140 W with trocars inserted
non-parallelly and operated at 2.45 GHz and 6 GHz frequencies.......................ooene .. 40
Table 4.3: Ablation zone dimensions following 6 min of MWA at 140 W with non-parallel
insertion of trocars and operated at 2.45 GHz and 6 GHz frequencies............................ 41
Table 4.4: Dimensions of the generated ablation zones in egg white using Solero MWA
antenna operated for 6 min at 140 W miCrowave POWEN.............oveiriiieiniiiiieiaiieanean 43
Table 4.5: Specifications of ANtENNA. ..........cooviiiiii i 45
Table 4.6: Comparison of antenna performance of various combinations obtained
NUMEBTICAIIY . ..o 46
Table 4.7: Comparison of the simulated ablation results with the novel microwave antenna at
various frequency COMDBINALIONS. ... .. .coouii i e 48

Table 4.8: Minimum diameter of the tumor to be ablated during MWA using fully deployed
Table 4.9: Minimum diameter of the tumor to be ablated during MWA of semi and fully

EPIOYEA TINES. ..t e 62
Table 4.10: Minimum diameter of the tumor to be ablated during MWA using semi deployed

XVi



€0

Er

Notations and Abbreviations

Electric field vector (V/m)
Electrical field strength (V/m)
Thermal conductivity (W/(m-K))
Power density (W/m?)

Metabolic heat generation (W/m?)
Power disipation (W/m?®)
Temperature (K)

Baseline physiological temperature (K)
Specific heat (J/(kg-K))
Permittivity of free space (F/m)
Relative permittivity

&r

Dielectric constant

Frequency (Hz)

Angular frequency (Hz)
Curved frequency (Hz)

Blood perfusion rate (1/s)
Relative permeability
Electrical conductivity (S/m)
Density (kg/m?)

Free space wavenumber (cm™)

Unit vector

Subscripts t and b referring to the tissue and the blood domain, respectively

XVii



Chapter 1

Introduction

The introduction of thesis provides a comprehensive overview of the research topic and
establishes the context of the study. It begins by highlighting the significance and relevance of
the subject matter in the field of cancer treatment. The introduction discussed the current state
of knowledge, identify gaps or limitations in existing research, and articulate the research
objectives and aims.

While there are several chronic diseases more destructive to life than cancer, none is
more feared. Cancer is a group of diseases characterized by the uncontrolled growth and spread
of abnormal cells owing to internal factors (inherited mutations, immune system, hormonal or
genetics) and/or external factors (food habits, lifestyle, radiations, chemicals known as
carcinogens, tobacco or certain viral infections). Despite significant progress in understanding,
diagnosing, treating, and preventing the disease in the past decades, cancer still remains the
major threat to human beings [1]. Cancer is the second most commonly diagnosed disease in
the world. According to the World Health Organization, Cancer is the most commonly

diagnosed and accounts for the death globally, with one in six deaths, in 2020 (refer Fig. 1.1)[2].

Breast
2 261 419 (11.7%)

Lun
2206 771 (11.4%)

Colorectum
1931 590 (10%)
Prostate
1414259 (7.3%)
Stomach
1089 103 (5.6%)

Cervix uteri Liver
604127 (3.1%) 905 677 (4.7%)

Other cancers
8 870 843 (46%)

Total : 19 292 789

Figure 1.1 Estimated number of new cases in 2020, World, both sexes, all ages

As per International Agency for Research on Cancer (IARC), 1 in 5 people develop
cancer during their lifetime. The most commonly diagnosed types of cancer deaths worldwide
are lung, breast, stomach/gastric, liver, colon liver metastatic, and kidney. Among the leading

cancer diseases, Hepatocellular carcinoma (HCC) ranks sixth in most commonly diagnosed
1



cancer and fourth in mortality rate caused due to cancer worldwide in 2020 (refer Fig. 1.2)[2].
In the case of males, HCC ranks fifth in global cases and third in terms of death. Hepatocellular
carcinoma diagnosis often occurs at the advanced stage, making it challenging to treat with the
existing curative therapies [3]. Moreover, regular chemotherapy is less effective and leads to a
low survival rate [4,5]. Various modalities available for treating cancer are chemotherapy,
surgery, resection, organ transplantation, radiation, minimally invasive thermal therapies, and
trans-arterial chemoembolization [6] (refer Fig. 1.3). Amongst the treatment modalities surgical
resection is the most common modality used to treat hepatocellular carcinoma. However, it is
only suitable for only a small group of patients with no medical history and good hepatic gland
functioning [7]. Localized tumor ablation therapies gain their importance more than surgical
resection with more satisfactory results with less recurrence rate. It can overcome various
problems associated with conventional treatment procedures, viz., morbidity, complications and

chances of recurrence [8].
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Figure 1.2 Estimated number of deaths in 2020, World, both sexes, all ages
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Based on the energy source, the minimally invasive therapies (localized tumor ablation
therapies) are classified into laser, radiofrequency, microwave, high intensity focused
ultrasound, cryoablation, irreversible electroporation and nanosecond pulsed electric fields [9—
11]. These techniques are primarily used by clinicians to treat cancerous and benign tumors.
Apart from other treatment modalities, microwave ablation modality is a newly emerged
minimally invasive thermal therapy technique for the treatment of various malignant tumors of
3 cm in diameter[12]. So far, there is no practically available medical device that can ablate
tumors having diameter greater than 4 cm using a single applicator. Large tumors can be treated
efficiently by MWA technique using multiple trocars (two or three) or by repositioning a single
trocar[13]. Multiple trocars must be inserted simultaneously in clinical practices to achieve a
large ablation zone [14].

MWA procedure is carried out by inserting the medical applicator into the tissue
through the surgical opening, laparoscopy, or percutaneously using medical image guidance
(refer Fig. 1.4). The three major components of the MWA device are the microwave generator,
power distribution system, and trocar. The trocar plays an important role in the MWA system,

which transfers energy from the generator to the biological tissue.

Pre-operative planning station Intra-operative navigation station

A A
. »
¥
: -"«“ﬂ" ‘ 4
A
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* 5. Ablation execution by
multiple probe insertions

and image guidance

Figure 1.4: Cancer treatment planning system [15]

The microwave energy from the trocar to the tissue at 2.45 GHz frequency agitates the
water molecules in the tissue, generating friction and heat and leading to coagulative tissue
necrosis [16]. Among the range of frequencies available for microwave ablation, only
microwaves with 2.5 GHz, 5.89 GHz and 24 GHz can be used in medical applications as per
(ISM) Radio Band guidelines [17,18]. Use of further higher frequencies in MWA apart from
the available conventional frequencies show a better radiation efficiency with high energy
absorption by the tissue and low power requirement[19].

Numerical modelling of treatment modalities for curing cancerous tumors helps to

understand the effect of varying parameters on ablation volume in a unique environment [20].



It plays a major role in overcoming drawbacks of existing treatment modalities, thereby

establishing a better treatment planning system (TPS).

1.1 Significance, Scope and Definitions

The present study analyzed the microwave ablation of cancerous tumors located in six
major cancer-prone organs and estimated the significance of input power and treatment time
parameters in the apt positioning of the trocar. The six major organs are lungs, breast,
stomach/gastric, liver, liver (with colon metastasis), and kidney. The input power (100 W) and
ablation times (4 minutes) with apt and inapt positioning of the trocar have been considered to
compare the ablation volume of various cancerous tissues. The present study addresses one of
the major problems clinicians face: the improper placement of the trocar due to poor imaging
techniques and human error, resulting in incomplete tumor removal and increased surgical
procedures. In addition, the present work also consists of a novel trocar design that has been
proposed to overcome the above-mentioned issues. A numerical analysis of MWA using the
novel medical applicator (also referred to as trocar or antenna) in L and U shapes has been
presented in this chapter. The novel microwave applicator consists of a flexible dual tine trocar,
with each tine supplied with energy at equal and/or different frequencies, 2.45/6 GHz. Once the
trocar is inserted into the tumor, the flexible tines can be deployed independently with varying
lengths. With the proposed trocar design, large size ablation zones can be obtained by varying
the frequency of the supplied energy and the deployment length of the tines. The use of high-
frequency energy in MWA (6 GHz) further addresses the issue of collateral damage to the tissue
and the low spherical shaped ablation region associated with the MWA procedure at 2.45 GHz

frequency.

The present study has been designed to assess the ablation region obtained using multiple
MW A trocars both numerically and experimentally. Further, multiple trocars have been inserted
into the tissue in parallel and non-parallel positions operating at 2.45 GHz and 6 GHz
frequencies. Internal trocar cooling mechanism has been considered in this study. Experimental

analysis has been performed on egg white with added albumin protein.

In conclusion, the introduction to this thesis has successfully laid the groundwork for the
cancer research endeavour. By emphasizing the significance and relevance of the high
frequency MWA as cancer treatment modalities, it has provided a clear rationale for the study.
Furthermore, the introduction effectively outlined the current state of knowledge, identified
existing gaps and limitations in research, and precisely articulated the research objectives and

aims.



Chapter 2

Literature Review/Theoretical Framework

The literature survey of the thesis provides a comprehensive and critical analysis of
existing intellectual works relevant to present research topic. It establishes a solid foundation
for the study by facilitating the positioning of the research within the broader academic
discourse. Through the establishment of the theoretical and conceptual framework, research lay
a groundwork, showcasing its significance and relevance.

Microwave ablation (MWA) is a newly evolving field in minimally invasive thermal
therapy techniques. It uses electromagnetic waves at frequencies ranging from 300 MHz to 300
GHz. Electromagnetic waves have wide medical research applications in diagnoses and
therapies. Medical practitioners primarily use microwave ablation (MWA) in the field of
oncology, i.e., to raise the cancerous tumour's temperature above 52°C, in order to achieve its
necrosis state. The electromagnetic waves generated in the magnetron travel via coaxial
cable/waveguide and penetrate the biological tissue through the applicator slot. The irradiated
region and penetration of the electromagnetic waves during microwave ablation depend upon
the type of tissue and energy (i.e., frequency). The penetration depth of electromagnetic waves
is inversely proportional to their frequencies. As the frequencies increase, the penetration depth
of the microwaves decreases, leading to higher energy density accumulation within a smaller
region.

Based on the mortality rates caused by cancer, the present study considers six major
organs affected by cancer: lung, breast, stomach/gastric, liver, liver (with colon metastasis), and
kidney for MWA analysis. Various parameters (input power, treatment time) influencing the
outcome of microwave ablation in the apt positioning of the trocar into the tissue during
microwave ablation have been presented in this paper. The present numerical study helps in
predicting the actual ablation volume by taking tissue contraction parameters also into
consideration. The main focus would be to report the impact of individual variations in the
model outcomes in terms of treatment time, damage volume and temperature distribution.
Different correlations can be developed, highlighting the relationship between the input
properties and the model outcomes. Based on the performed sensitivity analysis, dielectric
parameters, thermal parameters, and the temperature interval across which the tissue changes
phase have been the most significant aspects which impact the MWA model outputs. Further,
the thermal contraction of tissue significantly affects the MWA techniques. Most of the studies
available are on the liver and kidneys, and a few are on lung tissue.

The available microwave ablation applicators at 2.45 GHz are used for heating the
tissue during treatment. The energy density is considered to be low for biological tissue at this

particular frequency, leading to a teardrop-shaped ablation region of less sphericity index. The
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low-frequency ablation region further leads to collateral damage to the tissue along its length
and affects the applicator efficiency in ablating the tissue. Additionally, healthy tissue ablation
is also attributed to uncontrolled energy deposition mechanism in the biological tissue. Further,
the applicators available in the market are limited to treat low ablation regions only. Also,
multiple and parallel insertions of applicators are required to obtain larger ablation region.
Multiple applicators lead to increased insertion of applicators into the biological tissue and lead
to a sizeable unwanted ablation region. The addition of a sleeve mechanism to the applicator
modifies the ablation pattern of various sizes. Further, the addition of cooling to the applicator
increases its efficiency as well. Therefore, a need exists in developing MWA applicators for
better treatment planning in the biological tissues. The use of high—frequency MWA applicator
results in more concentrated energy with a larger ablation region. Currently available
applicators having coaxial cable (TEM mode) are based on available conventional frequencies.
These applicators are limited to achieving low ablation region with less sphericity index. The
use of higher frequency in the coaxial cable (TEM mode) increases the applicator's diameter,
which is unsuitable for treating biological tissue. As frequency increases, the width of the
waveguide decreases, making it apt for minimally invasive treatment. Using a high—frequency
MWA (using waveguides) applicator for minimally invasive ablation procedures with a cooling
system and sleeve mechanism is a novel idea. The novel trocar design in the present thesis
overcomes the problem associated with collateral damage to the tissue along its length. The
problem in using a higher frequency in the MWA can be rectified with the proposed applicator.
This applicator solves the issue of obtaining a sphericity index in ablating the tissue. A single
high—frequency MWA applicator shows better efficiency than combining two existing
applicators, and eliminated the need of deploying multiple applicators. During the ablation
procedure the problems that generally occur are backward heating of the applicator’s shaft, skin
injury at the point of insertion of the applicator and the power loss in the energy transmission
line of the system. In order to overcome the above-mentioned problems, shaft temperature has
to be maintained low by cooling the applicator. The cooling mechanism in the microwave
applicator is disclosed in the article [21] which is an internally cooled applicator for the coaxial
antenna at 2.45 GHz. It utilizes the space between the outer and inner conductor of the applicator
for water passage. The present invention consists of an external cooling system to the applicator,
which circulates the water on the extreme outer layer to increase its efficiency. It can also reduce
backward heating of the applicator due to radiated microwave energy and shows a better

temperature distribution with a large ablation region.

2.1 Literature Survey:
Several ablation techniques are currently available. Apart from various existing
conventional cancer treatment procedures (viz., surgery, radiation therapy, and chemotherapy),

minimally invasive thermal ablation procedures show better results in treating focal cancerous
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tumors. Commonly used minimally invasive ablation techniques include radiofrequency
ablation (RFA), microwave ablation (MWA), high-intensity focused ultrasound (HIFU)
ablation, cryoablation and chemical ablation. Seror et al. [22] compared different types of
ablation techniques stated advantages and disadvantages of radiofrequency ablation,
cryotherapy, microwave ablation and electroporation methods. Understanding the differences
in different treatment modalities is crucial since they impact the benefits and constraints
associated with each technique. In the treatment of cancer, the selection of an appropriate
method should be based on the individual patient. Florida et al. [23] described the importance
of microwave ablation procedure in renal tumors and stated various advantages and
development trends in it. To achieve the most comprehensive ablation possible, it is imperative
to enhance the technique of ablation and further refine imaging guidance. MWA is a technology
that can consistently and repeatedly generate a substantial ablative lesion in solid renal
neoplasms, ensuring uniform tissue necrosis without any skipped areas. Ge et al. [5] investigated
on a multi-slot coaxial antenna designed for achieving near-spherical ablation zones during
MWA of hepatic gland by ensuring there was proper impedance matching to the treated tissue.
The proposed antenna offers superior heating efficiency of tissues and produces more near-
spherical ablation zones compared to the available antennas. Xi et al. [24] compared the various
types of available frequencies for microwave ablation technique. Which states that high-
frequency microwave ablation (MWA) causes less damage to normal tissue, creates a more
concentrated ablation region, and elicits a better material response compared to conventional
MWA. Kuang et al. [25] investigated the use of a cooled-shaft antenna in MWA techniques.
The study concluded that use of cooling shaft trocar could increase the size of the ablation zone
induced by microwaves at higher energy levels and further reduces the risk of skin burn in
ablation therapies. Ibitoye et al. [26] analysed the efficiency of different antennas proposed for
microwave ablation (MWA) using both numerical and experimental approaches. The proposed
antenna models consist of monopole, single slot, dual slot, and sleeved trocars. The results stated
that the sleeved antenna demonstrates the highest ability to concentrate microwave energy into
tissues, resulting in highest sphericity. Audit et al. [27] proposed the importance of waveguide
applicator in medical applications microwave radiometry. Furthermore, the results indicate that
waveguide applicators, as a replacement for coaxial cable antennas, can be utilized for various
applications including thermography cancer detection, thermoregulatory investigation, and
microwave-induced hyperthermia. Stuchly et al. [28] proposed the idea of multimode square
waveguide applicators for medical applications of microwave power and stated Microwave
diathermy applicators. The results showed that uniform heating of a specified volume can be
achieved using waveguide microwave applicator. 1zzo et al. [29] compared the microwave
ablation procedure with RFA and stated that microwaves create larger ablations than
radiofrequency when controlled for power in ex vitro tissue. Brace et al. [30] developed a finite

element model to study tissue contraction of the liver. The study proposed importance of tissue
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2.2

2.3

contraction on microwave ablation procedure.

Summary and Implications

In addition to the past treatment modalities used for cancer, ablation modalities are increasingly
being utilized in all patients due to their numerous benefits compared to other treatment options.
Ablation techniques, such as radiofrequency ablation, microwave ablation, electroporation,
HIFU and cryoablation, offer several advantages that make them highly beneficial for cancer
patients [9,31]. Except for electroporation, all of these methods cause fatal damage at a cellular
level and irreversible architectural deconstruction at a tissue level by the thermal effect.
Minimally-invasive thermal ablation techniques provide an effective approach for local
destruction of solid tumor. Theoretical models of the ablation process are a powerful tool for
predicting the temperature profile in tissue and resultant tissue damage created by ablation
devices. These models play an important role in the design and optimization of devices for
microwave tissue ablation. They are useful tools for exploring and planning treatment delivery
strategies. However, the Pennes model has been widely used for studying heat transport and
temperature distribution in numerous biological and medical applications due to its simplicity,
computational efficiency, and effectiveness. Microwave ablation is known to produce an oval-
shaped ablation zone. However, spherical ablation is more beneficial because it may improve
the achievement of large ablation zone, sufficient margins and further the effectiveness of
treating lesions that are more than 3 cm in diameter. Additionally, spherical ablation zones may
minimize the risk of complications associated with the thermal damage of adjacent normal liver
tissue, compared to elongated ablation zones. As antennas are generally constructed using
coaxial cable, smaller-diameter antennas can have trouble handling higher power levels without
unwanted thermal damage to tissues around the proximal antenna shaft. Circulation of chilled
saline solution or water is the most commonly used method for cooling the antenna shaft, and
the addition of active cooling has enabled delivery of higher powers for longer times, and in

turn, production of larger ablation zones.

Drawbacks: Microwave Ablation (MWA)

Microwave ablation is recognized for generating an ablation zone with a teardrop shape. In spite
of various advantages among other treatment modalities, MWA still suffers from drawbacks
and one out of them is non-spherical ablation zone. Apart from the ablation of the tumour,
normal tissue is being damaged more. Since spherical ablation is considered more advantageous
as it has the potential to enhance the attainment of large and adequate margins [32,33]. Tumors
greater than 3 cm in size have historically been difficult to treat with percutaneous ablation.
Multiple Trocars are to be inserted parallelly to ablate the tumor of more than 3 cm in diameters
[13]. Large tumours can be treated efficiently by MWA technique using multiple trocars (two
or three) or by repositioning a single trocar. Multiple trocars must be inserted simultaneously in
clinical practices to achieve a large ablation zone. Further, microwave power is inherently more
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difficult to generate and deliver safely and efficiently to the tissue. This is primarily because
microwave energy must be carried in coaxial cables since there are larger in diameter, more
cumbersome and prone to heating. Decreased cable surface area leads to more power loss and
increased cable heating [33]. The next major problem faced by the MWA technique is the
development of a cooling system for the trocar. A robust active shaft cooling mechanism can
mitigate many of these risks and is imperative to high power delivery. Currently, available
microwave systems have technical limitations of underpowered systems, shaft heating, large-
diameter probes, long and relatively thin ablation zones, unpredictable size and shape of the
ablation region. The major limitations with existing systems: inability to treat tumors having
diameter more than 3 cm and ablation time limited to 10 minutes [33]. Even though multiple
trocars increase ablation volume, inapt positioning leads to ablate healthy tissue. It has been
found that even a slight error in positioning the electrode would result in a significant mismatch
in the shape of ablation volume produced during ablation. Multiple overlapping ablations or
simultaneous use of multiple applicators may be required to successfully treat the entire tumor
along with safety margin, though accurate targeting and placement of applicator can often be

technically challenging [34].

Lacunae: Microwave Ablation (MWA)

Most of the studies on microwave ablation are of limited to treating tumors having diameter less
than 3 cm. Limited number of studies use multiple probes with parallel insertion to treat the
tumor with more than 3 cm in diameter. No study is available on the delivery of microwave
power at higher frequency to avoid difficulties in constructing coaxial cables. No studies are
available on optimizing the diameter of the trocar wherein the requirement of inherent cooling
mechanism for better ablation outcome is necessary. Precise position of trocar into the tissue is
one of the major problems clinicians faces during thermal ablation procedure. Inadequate
position of trocar leads to incomplete tumor ablation and further increases the operational

procedure.

Objectives:

Understanding the impact of microwave ablation parameters on vital cancerous organs.

MWA of HCC using parallel and non-parallel insertion of trocars.

MWA of HCC Tumors using novel design L shaped dual tine dual frequency trocar: One fixed
and one flexible tine.

MWA of HCC Tumors using novel design U shaped dual tine dual frequency trocar: Both are

flexible tines.
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Chapter 3
Research Design / Methodology

The methodology section of the thesis provides a comprehensive outline of the systematic
approach that are employed to conduct the research. This section details the specific procedures,

tools, and techniques utilized to develop numerical model and perform experimental analysis.

3.1 Numerical Modelling of MWA
Numerical analysis of internally cooled coaxial microwave ablation trocar for
microwave ablation therapies comprises the following physical processes.

(1) The transverse electric and magnetic (TEM) waves are emitted from a microwave coaxial
antenna through the slot at an operating frequency of 2.45 GHz.

(2) The absorption of TEM waves by the biological tissue produces heating due to dielectric
hysteresis or rotating dipoles (continuous realignment of polar molecules), leading to the
ablation of the tissue.

(3) The thermal energy (heat) is carried within the tissue by conduction.

(4) Due to the supplied energy, the change in temperature causes tissue contraction (i.e.,
change in its volume).

The electromagnetic waves and bioheat transfer physics model have been coupled to produce
electromagnetic heating and heat transfer in solids and fluids and laminar flow physics models
to produce an internal cooling system for trocar using COMSOL Multiphysics software.

The Helmholtz harmonic wave equation has been considered to calculate the electrical energy

at all the mesh points of the biological tissue [18].

V x u YV x E) —K3(E, — ;—;)E =0 (1)

where E, W, &, 0, €0, w and Ko represent the electric field vector (V/m), relative permeability,
relative permittivity, electrical conductivity (S/m) of the material, the permittivity of free space,
angular frequency (Hz) and free space wavenumber, respectively.

The amount of power absorbed (Qp, (W/m?)) from the electrical field by the tissue during

microwave ablation has been expressed as
Q =— )
which also serves as the heat source for Pennes bioheat transfer equation.

The Pennes bio-heat transfer equation has been used to compute the temperature distribution

in the biological tissue during the microwave ablation procedure [35].

oS =V (keVT) = wopo (T —To) + Qm +0Qp €)
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where p, K, @Qm, and Q,, represents the time-scaling coefficient, thermal conductivity (W/(m-K)),
metabolic heat generation (W/m?®) and microwave power deposited (W/m?), respectively. Also,
b, C, Co, wp and Ty, represent blood density (kg/m?), specific heat (J/(kg-K)), blood specific heat
(J/(kg-K)), blood perfusion rate (1/s) and baseline physiological temperature (K), respectively.

The Arrhenius first-order equation has been used to compute the damage integral of the

biological tissue during the microwave ablation procedure [36].

QO =In (2= [;Aexp [~ ] dt )

cup(t)

where c,, cyp (t) and R represents an initial concentration of living cells, the concentration
of remaining cells after time t and the universal gas constant, respectively. A is a frequency
factor and E, is the irreversible destructive reaction activation energy [37]. A damage integral
of Q =1 corresponds to a 63% percent probability of cell death at a specific point. A damage
integral of Q = 4.6, corresponds to 99% percent probability of cell death at a point in the model.
It shows a larger ablation volume, as it accounts for the fact that 63% of the destroyed cells
cannot be restrained to their original position.

The boundary conditions considered in the modelling of the 3-D homogeneous triangular

hepatic gland are

(5) The initial temperature of the 3-D hepatic gland has been considered to be at room

temperature

Tp=37°C (5)
(6) The entire periphery region of the domain has been considered to be a perfect thermal

insulator,

n-k(VT)=0 (6)
where n, k and T represent the unit vector at the computational domain boundary, thermal
conductivity and temperature, respectively.

(7) In order to overcome the reflection of electromagnetic waves at the edges of the numerical
domain, the Sommerfeld radiation condition has been considered at all boundary regions
[38]

1 x (VxE)—jki x (Ex ) =0 ()
where n, E and k represent the normal unit vector at the computational domain boundary,
electric field vector and the wavenumber, respectively.

(8) The walls of the conductors have been considered to be perfect electric conductors [22]
AxE=0 (8)
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(9) The liver's thermal conductivity (Kiiver), density (piier), and specific heat (Ciiver) are dependent

on temperature [39].

Kiver (T) = 4190[0.133 + 1.36 W, (T)] (9)
Pliver (T) = 1300 - 300 I/Va(T) (10)
Civer (T) = 0.419[0.37 + 0.63 W(T)] (11)

(10)  The parameter W,(T) is the measured remaining tissue water content versus the liver

tissue temperature [40,41].

T—-106
0.778 = 0.779 x expl7sz) T <103°C
Wa(T) = { —0.03924 (T — 103) + 0454392 103°C < T < 104°C (12)
T-80
0.778 x exp\~ 3537 T >104°C

(11)  The loss tangent (zan 6 ) denotes the loss in a dielectric, at a particular frequency and
is defined as [42]

tan o = Er"/cc,‘r', (13)

& = 31,” _jgr”’ (14)

g

where, &’ = = is characterizes the resistance and denotes the absorption or loss of energy,

2mfeg
o isthe AC conductivity, f denotes the frequency, ;. is called the dielectric constant, &, denotes

the complex relative permittivity, and &, denotes the permittivity of vacuum.

g

tand = (15)

2ntfegey

The initial value of the electric field for the whole domain has been considered to be 0 V/m.
The cooling mechanism of the trocar, which uses water as the coolant, has been incorporated
into the numerical analysis. The boundary conditions considered in modelling the cooling

system are as follows:
(12)  The convective heat transfer coefficient of the water has been considered to be [43]

h=1000 Wm™°C™" (16)
(13)  The initial temperature of the cooling water entering into the feeding cable of the trocar
has been considered [43] to be
Ti=10°C 17
(14)  The maximum temperature of the cooling water that the tissue can heat is limited to
[43]
Ti=18.6 °C (18)

(15)  The ablation has been considered in the region where the temperature exceeds 60 °C.
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(16) The non-isothermal flow through the rectangular channel embedded by the screen

boundary conditions with the slip walls has been considered.
p(UV).U=V[-pl+K]+F (19)
p(V.U) =0 (20)

where p density of the fluid is, p denotes pressure, K is the stress tensor and U denotes

the velocity field.

Coupling between bioheat transfer and solid mechanics physics is given by the equation.
€= a(T)(VT) (21)
€en=a(T)(T —Tp) (22)
where €, is the strain due to thermal expansion, « is the coefficient of thermal expansion, Ty
is the baseline physiological temperature.

(17)  Solid mechanics behaviour of the tissue is given by

€et= €t — En (23)
where € — elastic strain, €; — total strain
(18)  For a linear elastic material, Hooke’s law relates the stress tensor to the elastic strain

Tensor as

S = Sad + C: Eel (24)
where C is the 4" order elasticity tensor, *:” stands for the double-dot tensor product (or double

contraction)

C =c(E,9) (25)
V-S+F-v=0 (26)
€ = 5 [(Vu) T+ (7u)] (27)

where S — stress, Saq — additional stress, C — Constitutive tensor, F — body force, v — volume,

u — displacement, E — Young’s modulus, 9 — Poisson’s ratio.

The dimensions and material properties of the microwave coaxial antenna have been provided

in Tables 3.1 and 3.2 respectively.

Table 3.1: Dimensions of microwave coaxial antenna [44]

Property Value

Diameter of the central conductor 0.29 mm
The inner diameter of the outer conductor 0.94 mm
The outer diameter of the outer conductor 1.19 mm
Diameter of catheter 1.79 mm
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Table 3.2: Material properties of microwave coaxial antenna [44]

Parameters Dielectric Slot Catheter
Relative Permittivity 2.03 1 2.6
Electrical Conductivity (S/m) 0 0 0
Relative Permeability 1 1 1

3.2 Understanding the impact of microwave ablation parameters on vital cancerous organs.

A two-compartment tumour (3 cm in diameter) hepatic gland has been considered in the present
study. The tumour is located at a distance of 4 cm from the bottom of the tissue, as shown in
Fig. 3.1. A microwave coaxial antenna of 1.79 mm diameter and 80 mm height has been inserted
into the tumour with the tip lying 1 mm below the centre of the tumour [45]. The antenna
consists of a circular hollow slot of 1 mm cut with an outer layer made of
Polytetrafluoroethylene (PTEE). The microwave antenna operates at a frequency of 2.45 GHz
with different powers, viz., 60W, 100W and 120W.

Trocar

Trocar cooling
60

Organ

40 mm

Tumor

Slot

— [

Figure 3.1 3 — Dimensional two compartment tumor embedded organ

Table 3.3: Properties of different cancer tissue used in numerical simulation [12,46-57]

. . Electrical Specific heat Thermal . ) ,
'Vlt?tEeI”a: (-l;:siue conductivity | capacityc, | Conductivity Density 5 Re"'_"ttt'_"f;‘t I\‘;I"‘én? s
ectrode 3 ermittvi oaulus
(S/m) (kg-K) | (wr(m-k) | KIM) Y
Lung 0.80 2500 0.30 260 205 5000
Breast[12] 1.97 2960 0.33 1041 57.2 25500
Stomach/Gastric 221 3690 053 1088 62.2 42500
Liver 1.69 3540 0.52 1079 43.0 38183
Colon Liver 2.04 3655 0.54 1088 53.9 3170000
Metastatic
Kidney 2.43 3890 0.54 1050 52.8 48560
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Numerical simulation setup
Grid Independence Test:

In the present study, numerical simulations have been carried out using COMSOL Multiphysics
(COMSOL Inc., AB, Stockholm, Sweden) with inbuilt electromagnetic heating and thermal
expansion Multiphysics. The maximum size of the element grid for computational modelling
with electromagnetic radiation should be less than or equal to the wavelength of the EM
radiation [58]. In the present study the maximum element size of 2 mm has been considered for
the entire domain. The minimum size of the element in the dielectric region of the trocar has
been set to 0.1 mm, which is smaller than the wavelength of the electromagnetic waves at 2.45
GHz frequency (approximately 18 mm). Custom data is generated by giving specific element
sizes to the geometry during meshing. In our model, the trocar size was customized with a
maximum element size of 2 mm and a minimum element size of 0.01 mm, while the remaining
domain was given a maximum element size of 2 mm. By using customized data, we were able
to generate a finite mesh from Mesh dependence study (Fig. 3.2) only the complicated regions,
thus reducing the number of elements. The final computational domain consists of 1,233,150

elements as shown in Figure 3.3.
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Figure 3.2 Mesh dependence study of the Figure 3.3 Meshed computational domain of
liver organ was conducted by considering MWA comprising 1233150 tetrahedral
variations in temperature with respect to the elements

number of elements

3.3. MWA of HCC using parallel and non-parallel insertion of trocars:

In the present study, an internally cooled coaxial microwave ablation trocar has been
inserted into a homogeneous triangular hepatic gland (14 cm width and 10 cm height), as shown
in Fig. 3.4 a. The Trocar comprises a dielectric medium (0.67 mm in diameter) sandwiched
between the inner conductor (0.27 mm diameter) and the outer conductor (0.92 mm diameter).

A ring-shaped slot, 1 mm wide, has been cut off from the outer conductor at a distance of 5.5
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mm length from the short-circuited tip. The entire applicator has been housed in a cylindrical
catheter (1.79 mm in diameter) covered with Polytetrafluoroethylene (PTEE) for hygiene and
guidance purposes, as shown in Fig. 3.4 a and 3.4 b. The microwave trocar operates at a
frequency of 2.45 GHz with different powers, viz., 60W, 100W and 140W. Further ablation
times of 2 min, 4 min and 6 min have been considered along with the varied power values to
achieve the required ablation region. The trocars have been inserted in parallel and non-parallel

arrangements, as shown in Fig. 3.4 c.

= / Cooling Circulation

Channel

Left Lobe — . Liver Gland
x/ 8 cm

Right Lobe ‘ » Energy Slot
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cm

a) 2 - D schematic view of internally cooled MWA trocar inserted into the hepatic gland

Power Cooling water outlet
Input /
H H* Cooling water Inlet

f[+——— Hepatic Gland
Dielectric Medium =

Energy Slot

b) Enlarged view (Detail A) illustrating the cooling system of the trocar

’_‘ * 90° 45° | 60°

c) 3-D schematic view of parallel and non-parallel insertion of multiple trocars into the

hepatic gland
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Figure 3.4 Visualization of Trocar Operation Procedure in Clinical Practice

Fourier transform infrared spectroscopy (FTIR) on Egg white:

The Fourier-transform infrared spectroscopy (FTIR) has been used to identify the organic
and inorganic compounds of egg white gel and compare it with the human liver. The data has
been collected by Windows-based OPUS spectroscopy software connected to the FTIR
(TENSOR II FTIR Spectrometer, Bruker Optics, Billerica, MA). Figure 3.5 illustrates the FTIR
fields of egg white in 4000400 cm™! region. The spectral band assignment of egg white has
been presented in Table 3.4.

|FTIR Spectroscopy of Egg White

19 — Egg White

0.8

0.7 A

% Transmission
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]
§ OH bond of protein
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T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (1/cm)

Figure 3.5 The average FT-IR spectra of egg white in the mid-infrared region (4000 — 400 cm™")

A band peak absorption in IR spectra of egg white and hepatic gland tissue has been
presented in Table 3.4. The projecting peak at 3282 cm™ is assigned to non-parallel O — H
stretching of proteins and intermolecular H bonding. The O — H bond results in molecular
friction and collision (continuous realignment) of polar molecules, resulting in dielectric
hysteresis of the egg white when exposed to microwave waves at 2.45 GHz frequency.
Similarly, the absorption peaks of 1636.9 cm™ (= 1650 cm™! for the hepatic gland) and 1473 cm®
' (= 1452 cm! for the hepatic gland) show the organic compound of protein C = O stretch, and
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CH; (methylene) bending of the lipids and proteins. Both the proteins and lipids are the primary
essential components for human functioning. All of these characteristic bonds cause the egg
white to be a successful model mimicking the hepatic gland for use in microwave ablation

procedure.

Table 3.4: Comparison of major absorptions in IR spectra of egg white and hepatic gland tissue

Peak | Wavenumber (cm™)

_ _ i Definition of the spectral assignment
No | Egg White | Hepatic gland tissue [38]

O-H  stretching of proteins and
1 3284.82 3300

intermolecular H bonding.

2 1636.9 1650 Protein C=0 stretch

CH; bending: mainly lipids, with a little
3 1473 1452 o )

contribution from proteins
4 > 1500 >1500 Fingerprint region

Numerical Simulation Setup

The present study used COMSOL Multiphysics (COMSOL Inc., AB, Stockholm,
Sweden) software with inbuilt bioheat transfer, electromagnetic waves and laminar flow
interfaces to obtain the numerical results. The present study uses an 'extra fine mesh' of

tetrahedral shape with a minimum element size of 0.0001, as shown in Fig. 3.6.
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Figure 3.6 Meshed computational domain of MWA comprising 2197589 tetrahedral elements

Experimental procedure

The experimental process has been followed and mentioned below:

Step 1: After separating the egg white from the eggs, they are filled in the 3D printed hepatic
gland shape on the microwavable plate. Trocar and thermocouple have been inserted into the
egg white (refer Figs. 3.7 and 3.8).

Step 2: Start the temperature data acquisition instrument (Osensa) and the microwave ablation
experiment.
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Step 3: After completing the in-vitro experiment, turn off the data acquisition system and the
saline water-cooling system of the trocar, followed by the microwave ablation device.

Step 4: The transverse and longitudinal diameters of the ablation region of egg white have been
measured at the end of the experiment, and the aspect ratio of the ablation area has been
calculated.

Step 5: Experiments have been repeated three times under the same conditions to achieve the

most accurate and valid results.

A L
& &
3 E' \ Microwave
Microwave \ i ablation
ablation \ device
trocar )
Egg white Cooling water Wave transmitting

system wire

Figure 3.7 In vitro experimental setup

Fibre Optic
Temperature
Sensor

Microwave

Temperature
Ablation Probe

Transmitter

Figure 3.8 Osensa optical temperature measuring device

Experimental Validations

Both numerical and in vitro models have been validated by comparing the results
provided by Makovich et al. [59], as shown in Fig. 3.9. Makovich et al. performed the ablation
of tumour located in segment 8 of the hepatic gland in human patient using Solero MWA device

operated at 140 W microwave power for 6 minutes.

(a) (b)
Figure 3.9 post-ablation zones created in a hepatic gland at the end of 360 s with microwave
power 140 W MWA procedure (a) numerical simulation, 3.1 cm % 4.4 cm x 4.7 cm and (b)

experimental analysis on egg white, 2.9 cm x 4.1 cm X 4.5 cm.
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A good agreement has been obtained in terms of ablation region between the numerical analysis
of 3.1 cm x 4.4 cm x 4.7 cm (TR x AP x CC) and the in vitro studies of 2.9 cm x 4.1 cm x 4.5
cm (TR x AP x CC) with the human trails of 3.2 x 4.3 x 4.7 cm (TR x AP x CC) (Figs. 3.9 (a),

and 3.9 (b)). A minor difference has been observed due to the model's uncertain properties.

3.4 MWA of HCC Tumors using novel design L shaped dual tine dual frequency trocar:
One fixed and one flexible tine.

A two-compartment tumor (3 cm diameter) embedded liver gland has been considered
in the present study. The liver gland’s physical domain is considered to be of cylinder having
85 mm length and 30 mm radius. The tumor is located at the centre and at a distance of 15.5 cm
from the bottom of the liver gland (see Fig. 3.10). The 3-Dimensional dual tine coaxial antenna,
with both tines (straight and curved) having 1.79 mm in diameter and 70 mm in length, has been
inserted into the tissue (see Fig. 3.11). Further, the straight tine is having a ring-shaped slot of
1 mm in length and the curved tine is having a ring-shaped slot of 1.3 mm in length, both on the
outer conductor side of the tines and 5 mm from the short-circuited tip (refer to the enlarged
view of tines in Fig. 3.12). The tines are enclosed with individual sleeves (catheters) made of
PTFE (polytetrafluoroethylene) [45]. The dimensions of microwave coaxial antenna have been
provided in Table 3.5. The dual tine antenna operates at 2.45 GHz (straight/curved/both) and 6
GHz (curved/straight/both) at 15 W. The material properties of microwave coaxial antenna
considered in the present numerical study has been provided in Table 3.5. Once the trocar is
inserted into the tissue, the flexible tine can be deployed as per the requirement of the ablation
region. Figure 3.11 illustrate various combinations that arise due to varying deploying lengths
of the tine used in the present article. In the present study a MWA of fully deployed dual tine

trocar inserted into the hepatic gland embedded with 3 cm diameter tumor has been considered.

Port

+— Hepatic Gland

Microwave
Generator

Trocar

Thermal Insulation

Microwave
Generator

Scattering Boundary

T X Il +— Conditions.

umor .
/ R Thermal Insulation

Fixed tine \I_\/ Varying length tine

Figure 3.10 Schematic diagram of the trocar inserted into the tumor embedded biological

tissue.
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Figure 3.12 Fully deployed dual tine trocar (a) inserted into the hepatic gland embedded with 3

cm diameter tumor and (b) Enlarged view of the tines inside the tissue.

From the proposed trocar, deploying length of the flexible tine will be varied as per the

requirement of the ablation region. Further, it overcomes the problem associated with the inapt

positioning of the trocar. Figure 3.13 below shows the flexible tine with various positionings to

achieve the required ablation region.

Trocar

Tumor —»%

«———— Trocar
Tumor
AXis
Tumor

Figure 3.13 Schematic view of trocar positioning relative to the tumour axis.



The specific absorption rate of microwave energy of the biological tissue when it is being
exposed to electromagnetic waves has been shown in Fig. 3.14. A good agreement has been
obtained between the present results (35 kW/kg) and the data available in the literature [60],
i.e., 34.5 kW/kg of specific absorption rate, when the antenna has been operated at 2.45 GHz.

s

30

25

20

15

10

a) b)

Figure 3.14 The computed specific absorption rate (SAR) in KW/Kkg takes on its highest values
near the tip and the slot with 15 W microwave power at a) 2.45 GHz, b) 6 GHz frequency on
both the tines.

The thermo-physical properties of tissue/gland considered in the present numerical study have

been provided in Table 3.5.

Table 3.5: Properties of tissue/gland [17,24,26,44,61]

Material (Tissue/Gland) Liver Tissue | Liver Tumor | Blood
Electrical conductivity (S/m) 1.69 2 2.58
Specific heat capacity ¢ (J/(kg-K)) | 3540 3960 3600
Thermal Conductivity k (W/m-K) | 0.52 0.57 0.5
Density p (Kg/m®) 1079 1040 1060
Blood perfusion wp (52) 0.0155 0.0155 -
Relative Permittivity at 2.45 GHz | 43.035 17.529 68.5
Tangent Delta at 2.45 GHz 0.288 0.837 0.276
Relative Permittivity at 6 GHz 37.849 16.927 58.5
Tangent Deltaat 6 GHz 0.133 0.353 0.132
Relative Permeability 1 1 1
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Numerical simulation setup

A Finite element analysis has been carried out using COMSOL-Multiphysics software
(COMSOL Inc., AB, Stockholm, Sweden) with coupled bioheat and electromagnetic physics
interfaces. The physical domain has been discretized using tetrahedral extra fine mesh elements.
For the computational modelling of electromagnetic radiation, the maximum size mesh element
should be less than or equal to the EM radiation wavelength. A study of the variation of
wavelength with frequency for the hepatic gland states that at 6 GHz frequency the maximum
wavelength of electromagnetic waves is 7 mm [58]. In the present study, the maximum element

size of 2 mm has been considered for the entire domain.
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Figure 3.15 Meshed 3 cm tumor embedded hepatic gland having 8127233 tetrahedral elements

The minimum size of the element has been taken to be 0.1 mm for the entire domain. which is
lesser in size than the wavelength of the electromagnetic waves at 6 GHz frequency (i.e., nearly
7 mm). The sensible part of the computational domain (i.e., trocar) has been studied using
extremely fine tetrahedral mesh (i.e., minimum mesh element size of 0.001647 mm) elements
using independent grid study. The total mesh elements for the entire computational domain are
8127233 (Fig. 3.15). The computer simulation has been performed on Dell Precision Tower
7810 workstation with eight Core 3.1 GHz Xeon processors and 64 GB RAM.

Model analysis

The numerical model integrity and accuracy have been validated by comparing the simulation
result at 2.45 GHz frequency and 15 W microwave power with the experimental results obtained
by Deshazer et al., [62] as shown in Fig. 3.16. Deshazer et al. conducted MWA procedure on
an ex vitro liver sample using a single slot microwave antenna at 2.45 GHz frequency and 15
W microwave power. A good agreement has been obtained in terms of the ablation region
between the present numerical results (1.27 cm in the transverse direction and 2.4 cm in the

axial direction) and the experimental results (1.30 £ 0.3 cm in the transverse direction and 2.66
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+ 0.22 cm in the axial direction) available in the literature [62], (Fig. 3.16). A minor difference
of less than 0.3 cm has been observed which is attributed to the model’s uncertain properties.

Table 3.6 shows the numerical and experimental values obtained for MWA for hepatic gland.

Ablation Region Antenna

|

Hepatic Gland

Figure 3.16 Ablation zones created in hepatic gland at the end of 360 s MWA procedure with

numerical simulation, 1.27 cm x 2.4 cm.

Table 3.6: Comparison of ablation volume obtained among experimental and numerical values

Ablation Dimensions Experimental VValues Numerical Values
Transverse Direction (cm) 1.27 1.30+£0.3
Axial Direction (cm) 2.4 2.66 +0.22

3.5 MWA of HCC Tumors using novel design U shaped dual tine dual frequency trocar:
Both are flexible tine.

Numerical simulation setup

Numerical simulations have been carried out using COMSOL Multiphysics (COMSOL
Inc., AB, Stockholm, Sweden) with inbuilt electromagnetic heating and bioheat transfer
physics. The present study has been carried out using an ‘extra fine mesh' of tetrahedral shape
with a minimum element size of 0.0001 mm. The total number of mesh elements generated have
been 1,376,966. The maximum element sizes in hepatic gland and tumor domains have been
considered to be 2.98 mm and 1.7 mm, respectively. Similarly, the maximum element size in
the trocar domain has been considered to be 1.7 mm. The above configurations of the mesh
sizes are determined by grid independence study by varying the element size with their
temperature variation properties. A relative tolerance of 0.0001 has been considered for the
electromagnetic and bio heat interface. The simulations have been carried out using COMSOL
Multiphysics 5.4 version software on a Dell Precision Tower 7810 workstation with eight Core

3.1 GHz Xeon processors and 64 GB RAM. The average computational time for each set of
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simulation is around 1 hour 30 minutes. Figure 3.17 indicates the meshed computational domain
of MWA comprising 1,376,966 tetrahedral elements.

Figure 3.17 Meshed computational domain of MWA comprising 1,376,966 tetrahedral
elements.
Antenna Specifications

Table 3.9 shows the computed specifications of the antenna operated at 2.45 and 6 GHz
obtained numerically for 15W with 10 minutes treatment time. The MWA procedure performed
at 2.45 GHz frequency for fully deployed tines generates a Reflection Coefficient (dB) of -
16.119 (< — 10 dB) indicates low power loss for the given power input [63]. Similarly, MWA
procedure performed at 6 GHz frequency shows a Reflection Coefficient (dB) of — 9.34 (> - 10
dB) which can be considered to be within the acceptable range for the given power input.
Further, optimizing the antenna with a large slot area [64] and adding a choke will overcome
the problem of return power losses at the given load conditions. The proposed trocar's specific
absorption rate (SAR) has been analyzed at a) 2.45 GHz and b) 6 GHz and has been presented
in Fig. 3.18. Figure 3.18 (a) shows the energy deposition along the tine length is 47 kW/kg with
a maximum power deliverance of 14.02 W into the tissue. Further, for the case of 6 GHz
frequency it can be seen from Fig. 3.18 (b) that, the energy deposition of 53 kW/kg is more
concentrated at the slot area than along the tine length, leading to high energy density within a

smaller region. Table 3.6 indicates the material properties of microwave coaxial antenna.
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Figure 3.18 The calculated specific absorption rate (SAR) in kW/kg for 15 W microwave power
at a) 2.45 GHz and b) 6 GHz on both the tines.
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Table 3.6: Material properties of microwave coaxial antenna (tine)

Frequency of the tines (GHz) | Reflection Coefficient | SAR (kW/kg) | Power (W)
2.45 —-16.119 47 14.02
6 -9.34 53 10.23

Experimental Validations

The novel MWA tine design's integrity and precision have been validated by comparing the

ablation volume obtained using the present numerical simulations with the available

experimental results [65] for the non-cooled monopolar electrode. Figure 3.19 shows the

ablation region obtained using numerical simulation of MWA at 2.45 GHz. A good agreement

in transverse ablation length has been seen between the numerical (1.79 cm) and experimental

analysis (refer Table 3.7). A difference of nearly = 0.1 cm in the ablation length is attributed to

the inexactness of the material properties in the design model with the ex-vitro organs. Hence,

all the parameters and equations used in the present study have been considered to be

appropriate.

MWA
Trocar

Ablation
Region

Slot

Hepatic Gland

Figure 3.19 Ablation regions obtained in hepatic gland by numerical simulation with 1.79 cm

transverse ablation length.

Table 3.7: Validation of ablation region in hepatic gland against the experimental results by Saito et

al.[65] during MWA at 2.45 GHz.

) ) Numerical Pig
Dimensions . . .
Simulation Liver
Lateral Dimension 1.79cm 1.85¢cm
Longitudinal Dimension 4.8 cm 4.5cm
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Chapter 4

Results and Discussion

The results and discussion section within the thesis showcases the research findings and offers
a comprehensive analysis and interpretation of these results. This section assumes a critical
role in the thesis as it effectively demonstrates the study's contribution and significance.

4.1 Understanding the impact of microwave ablation parameters on vital cancerous
organs.

Ablation region obtained by various organs at fixed power and time:

Each type of tissue differs from one another in terms of structure and properties. The
application of MWA medical technique varies depending on the characteristics of the tissue.
The principle of microwave ablation (MWA) involves the use of microwave waves emitted
by the trocar to heat tissue. The absorption of waves by the biological tissue produces heating
due to dielectric hysteresis or rotating dipoles (continuous realignment of polar molecules),
leading to ablation of the tissue. The temperature distributions of breast, colon, liver, kidney,
lung, and stomach cancer tissues that have been exposed to the microwaves of frequency

2.45GHz at 100 W microwave power for a duration of 4 minutes have been shown in Fig. 4.1.
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Figure 4.1 Thermal ablation of 3 cm tumor embedded hepatic gland of various cancerous
tissues at 2.45 GHz frequency.
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The isothermal plots greater than 60°C are used to measure the zone of complete
thermal damage induced by an ablation procedure. As shown in the figure, healthy tissue
located at the periphery of the tumor also experiences heating under the same operating
conditions, except for cases of lung cancer. Table 4.1 shows the maximum diameter of the
tissue ablated for different organs under the same operating conditions. The maximum amount
of ablation region has been observed for the breast tissue and hepatic gland for a treatment
time of 4 minutes. With low specific heat capacity and density parameters, microwave
ablation of breast and hepatic glands leads to a larger diameter of the ablation region compared
to other organs at 100 W microwave power with treatment time of 4 minutes.

Experimental Validation:

The ablation of liver cancer resulted in a size of 3.4 cm x 4.5 cm (Fig. 4.1), which is
almost similar to the size obtained using the Solero microwave ablation device. This is also
in consistent with the results of human trials, which showed an average size of 3.7 cm [66].
A good agreement has been obtained in terms of ablation region between the numerical
analysis of 2 cm x 3.3 cm (Fig. 4.1) with the human trails [67] with slight difference of nearly
0.1 cm attributed to slight change in properties. Furthermore, the ablation of kidney cancer
resulted in a size of 3.3 cm x 4.6 cm (Fig. 4.1), which is nearly identical to the size obtained
using the Solero microwave ablation device, which was 3.4 cm x 4.5 cm [68].

The dimensions of the ablation margins obtained from the numerical simulations of a 3 cm in
diameter tumour embedded in different organs have been tabulated in Table 4.1. The MWA
of breast cancer and liver cancer indicates the largest lateral diameters of 3.9 and 3.4 cm in
the ablation region, compared to other organs. The smallest dimensions of the ablation region
have been observed for the lung organ, at 2 cm in diameter. Further ablation along the trocar,
resulting in more damage to the healthy tissue, has been observed in cases of lung and breast
tumors. The optimal ablation characteristics for stomach cancer have been observed to be 3.1
cm x 4.2 cm, followed by 3.4 cm x 4.5 cm for liver cancer. MWA of cancerous organs such
as the liver and breast become more complex with larger ablation margins, as it requires

precise positioning of the trocar within the tissue.

Table 4.1: Microwave ablation of six major organs operated at 100 W for 4 treatment

minutes.
Organs Lateral Diameter of the tumor Longitudinal Diameter of the
ablated (cm) tumor ablated (cm)
Breast Cancer 3.9 5.9
Colon Liver Metastatic 3.25 4.4
Kidney Cancer 3.3 4.6
Liver Cancer 3.4 45
Lung Cancer 2 3.5
Stomach Cancer 3.1 4.2
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Stating the importance of apt positioning of trocar into the tissue:

Poor medical imaging techniques or human error in the positioning of the

trocar can result in incomplete tumor ablation and damage to surrounding normal

tissue [57,69,70]. It further increases the number of multiple trocars for complete

ablation of the tumor.
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Figure 4.2 Thermal ablation of 3 cm tumor embedded cancerous tissues at 2.45 GHz

frequency.
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Due to its high relative permittivity and electrical conductance, microwave
ablation of breast cancer results in a larger volume of ablation compared to the other
organs. The results demonstrate that proper placement of the trocar results in complete
tumor ablation, with an additional 1 cm margin of ablated tissue around the periphery
of the targeted region (Fig. 4.2 (a)). A slight inapt positioning of trocar (either linearly
and angular insertion) results in ablation of a large volume of healthy tissue. Despite
the comparatively lower permittivity and conductivity of the lung tissue, microwave
penetration depth is greater in the lung compared to other organs. Due to poor thermal
conductivity, heat carried by lung tissue is limited, resulting in a smaller margin of
tissue ablation. Due to the small ablation margin, complete ablation of lung tissue
requires the use of multiple trocar microwave ablation (MWA) procedures (Fig. 4.2
(b)). Further, incorrect positioning of the trocar may result in the need for an increased
number of trocars to achieve complete tissue ablation. Microwave ablation (MWA)
of kidney tissue results in an ablation margin smaller than that of breast tissue and
slightly larger than that of lung tissue (Fig. 4.2 (c)). With high electrical conductivity
and more density results in less penetration depth of the microwave. Inpat positioning
of the trocar in kidney tissue results in incomplete tumor ablation and causing damage
to the healthy tissue.

The microwave ablation of liver and liver with colon metastatic cancer has been
shown in Figs. 4.3 (a) and (b). With low electrical conductivity and density, microwave
ablation of the hepatic gland produces a slightly larger ablation margin compared to that of
the liver with colon metastatic cancer. Incorrect trocar placement during MWA in the hepatic
gland may result in the ablation of a large volume of healthy tissue. Due to its high-water
content, the depth of electromagnetic field penetration in kidney tissue is relatively low.
However, the presence of a large amount of water molecules also results in high heat
generation rate during microwave ablation. The advantage of rapid heating in microwave
ablation can compensate for the issue of heat being carried away by perfusion. For MWA of
kidney tissue, the length of the ablation zone is generally along the length of the trocar (Fig.
4.3 (c)). Improper positioning of the trocar can result in the ablation of a significant amount

of healthy tissue.
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Apt positioning of the trocar

Inapt positioning of the trocar
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Figure 4.3 Thermal ablation of 3 cm tumor embedded various cancerous tissues at 2.45 GHz

frequency.
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Temperature distribution:

The ablation and temperature profiles are two major criteria used to analyze the
performance of the MWA. Figure 4.4 shows the temperature measuring points on the tissue.
The temperature distributions of various cancerous organs have been shown in Fig. 4.5. The
temperature rise is highest near the trocar and decreases as you move away from it. This is
because the waves transmitted from the trocar generate heat, which leads to a sharp increase
in temperature near the antenna. As we move away from the trocar, the heat energy is being
transmitted by conduction, resulting in a gradual rise in the temperature plot. The highest
temperatures are reached in the breast and kidney tissues as compared to the other organs. The
tissue is ablated at temperatures greater than 60°C. The isothermal plots greater than 60°C are
used to measure the zone of complete thermal damage induced by an ablation procedure.
During the first minute of MWA, there is a rapid rise in temperature and then it slowly grows
to reach maximum temperatures of 240 °C, 225 °C, 210 °C, 205 °C, 201 °C, and 195 °C
within the breast, kidney, stomach/gastric, colon metastatic liver, lung, and liver cancerous
tissues, respectively.
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Figure 4.5 The time dependence of temperature at various points during MWA when the
cancerous tumors in lung, breast, stomach/gastric, liver, colon liver metastatic, and kidney
tissues are exposed to the microwave frequency of 2.45GHz and an input power of 1200W for

4 minutes.
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Figure 4.6 The time dependence of fraction of tissue damage at various points during MWA
when the cancerous tumors in lung, breast, stomach/gastric, liver, colon liver metastatic, and
kidney tissues are exposed to the microwave frequency of 2.45GHz and an input power of

100W for 4 minutes.
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Tissue damage integral is also one of the major criteria in the analysis of the ablation region.
The Arrhenius rate equation has been used to calculate the tissue damage integral, which was
then used to plot the fraction of tissue damage as a function of treatment time. All the graphs
of different organs follow the similar trend with the treatment time (Fig. 4.6). The tissue
damage integral (2 =1) corresponds to 100% complete tissue ablation at that point. The tissue
damage integral is highest near the trocar (Fig. 4.6 (a)) and decreases as the distance from the
trocar increases (Fig. 4.6 (d)). It can be seen from graphs c¢) and d) that the tissue damage

integral of lung tissue (Q = 0) which indicates the ablation of tissue is limited up to point 2.

Tissue Contraction:

The tissue contraction is directly proportional to the increase in the temperature
resulting in the maximum amount of tissue displacement (contraction) occurring near the
trocar. It can be seen from Fig. 4.7 that the lung, stomach, and kidney organs exhibit lesser
deformations, with low volumetric tissue contractions of 0.14 mm, 0.11 mm, and 0.8 mm,
respectively, as compared to the deformation values of other organs. This is due to the fact
that the coefficient of thermal expansion value is less for organs as compared to the other
tissues. Similarly, the organs, liver, colon metastatic and breast organs show larger
deformations, 0.23 mm, 0.115 mm and 0.18 mm, respectively, as compared to the other
organs. It is evident from the figures that the liver and breast tissues exhibit greater
deformation and contraction during microwave ablation as compared to the other organs. The
amount of tissue contraction helps in predicting the actual ablation region and also helps to

overcome the heat sink effect due to blood vessels.
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Figure 4.7 Tissue contraction obtained during MWA of different organs at microwave

frequency of 2.45GHz and an input power of 100W for 4 minutes.

4.2 MWA of HCC using parallel and non-parallel insertion of trocars:

The present objective has been designed to assess the ablation region obtained using
multiple MWA trocars both numerically and experimentally. Further, multiple trocars
have been inserted into the tissue in parallel and non-parallel positions operating at
2.45 GHz and 6 GHz frequencies. Internal trocar cooling mechanism has been
considered in this study. Experimental analysis has been performed on egg white with
added albumin protein.

Numerical Simulations

Temperature distribution

~—— MWA Trocar

Ablation Region

Thermocouples

5 mm

Figure 4.8 Temperature measuring points and trocar positioning

Temperature measurements at 0 mm, 5 mm and 10 mm distances from the microwave
trocar slot for microwave power of 140 W for 6 minutes have been shown in Fig. 4.8. The
temperature data obtained for both numerical and experimental (using thermocouples) studies
have been presented in Fig. 4.9 (a). It can be seen from Fig. 4.9 (a), (b) and (c) that there is a

rapid raise in the temperature values near to the slot area, followed by the points away from
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it. Initially the temperature rises rapidly and slows down after 50 s. The temperature variation

of the tissue rises slowly as we move away from the slot and tends to be linear.

The temperature variations with the ablation time obtained from the numerical and in
vitro studies have been compared and presented in Fig. 4.9 (a). It can be seen from Fig. 4.9
(a) that, there is a minor variation in temperature vs ablation time plots obtained from
numerical and in vitro studies performed at 2.45 GHz frequency. Both the numerical and in

vitro studies follow similar trend in temperature variation with respect to time.

The temperature variations with the ablation time obtained from numerical studies at
various frequencies have been shown in Figs. 4.9 (b) and 4.9 (c). It can be seen from the
graphs that the temperature variations exhibit a similar trend. Since the tissue shows better
energy absorption properties at a higher frequency (6 GHz), more rapid heating with a

temperature of more than 10°C is observed compared to conventional frequencies (2.45 GHz).
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Figure 4.9 Variation of temperature with the ablation time in the hepatic gland (a) in-vitro
and numerical experiments at 2.45 GHz frequency, (b) numerical experiments at 2.45 GHz

and (c) numerical experiments at 6 GHz.
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Microwave ablation of hepatic gland tissue during parallel insertion of trocars

The predicted ablation zones in the triangular hepatic tissue when two trocars have
been inserted parallelly and operated for 6 min, 140 W power at 2.45 and 6 GHz frequencies
have been shown in Fig. 4.10. The two internally cooled trocars have been spaced at a distance
of 10 mm apart. Table 4.2 lists the dimensions of simulated and measured ablation zones for
two-trocar MWA. Simulation results indicate that MWA at 6 GHz frequencies yields larger
ablation region than with 2.45 GHz systems. Moreover, simulation results demonstrate that 6
GHz (Fig. 4.10 (b)) yields more spherical ablation zones in a coronal or frontal plane
perpendicular to the trocar's axis compared to MWA at 2.45 GHz, making it suitable for
treating large spherical tumours. The teardrop shape ablation has been obtained by two trocar
MWA operated at 2.45 GHz (Fig. 4.10 (a)). However, when two trocars are operated at
combined frequencies of 2.45/6 GHz; an irregularly-shaped ablation region has been achieved
(Fig. 4.10 (c))[71].

110

100
90

(a) (b) (©)
Figure 4.10 Temperature distribution in the hepatic gland tissue obtained during parallel
insertion of water cooled MWA trocars: a) both trocars at 2.45 GHz, b) both trocars at 6 GHz
and c) one trocar at 6 GHz and the other one at 2.45 GHz.

The dimensions, d; (mm) the diameter of the ablation zone aligned with both the
trocars, d, (mm) the diameter of the ablation zone perpendicular to both the trocars and the
volume of the ablation region have been tabulated in Table 4.2. The dual-trocar ablation at 6
GHz shows the optimal ablation characteristics of 63 mm (di1) x 60 mm (d2) diameter of the
ablation boundary compared to 50 mm (d;) x 63 mm (d) at 2.45 GHz and 55 mm (d1) x 63
mm (d>) for the case when the trocars are operated at 2.45 and 6 GHz frequencies. Multiple

trocar tumour ablations at 6 GHz show a spherical ablation volume.
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Table 4.2: Ablation zone dimensions following 6 min of MWA at 140 W with trocars inserted
non-parallelly and operated at 2.45 GHz and 6 GHz frequencies (see Fig. 4.10).

S.No. | Frequency Combination | d; (mm) dz2 (mm) Volume (cm?)
1 2.45 GHz 50 63 85

2 6 GHz 63 60 95

3 2.45 and 6 GHz 55 63 935

d, is the diameter of the ablation zone aligned with the two trocars and d. is the diameter of
the ablation zone perpendicular to the two trocars.
Microwave ablation of hepatic gland tissue during non-parallel insertion of two trocars

The predicted ablation zones in the triangular hepatic tissue using two trocars inserted non-
parallelly and operated for 6 min with a power input of 140 W at 2.45 GHz and 6 GHz
frequencies have been shown in Fig. 4.11. The dimensions, the radial diameter d; (mm), the
transverse diameter d2 (mm), and the ablation volume obtained during non-parallel insertion
of two trocars MWA have been detailed in Table 4.3.

110

100

nm m

a) 2.45 GHz b) 6 GHz ¢) 6 & 2.45 GHz

Figure 4.11 Temperature distribution in the hepatic gland tissue obtained during non-parallel
insertion of water cooled MWA trocars: a) 2.45 GHz on both trocars, b) 6 GHz on both trocars
and c¢) 6 and 2.45 GHz on both trocars.

The simulated results show that MWA with non-parallel trocar positioning leads to larger
ablation volume than parallel trocar positioning. Moreover, simulation results show that
MWA at 6 GHz (Fig. 4.11 (b)) yields a uniform-shaped ablation region of 65 mm (d:) x 60
mm (d2) with less backward heating of the trocar compared to MWA at 2.45 GHz. The
rectangular shaped ablation region of 55 mm (di) x 63 mm (d) has been obtained by two
trocars operated at 2.45 GHz (Fig. 4.11 (a)). Further, an irregular shaped ablation region has
been achieved by trocars operated at 2.45 and 6 GHz (Fig. 4.11 (c)) frequencies. This
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configuration can be used to treat tumours of irregular shapes. Even though multiple trocars
increase ablation volume, inapt positioning leads to the ablation of healthy tissue [53]. The
problem, as mentioned, can be overcome by using non-parallel trocar positioning. Further, the
angle of the trocar insertion and the energy among the trocars (frequency, time and power)

will be decided based on the tumour's precise location in the tissue.

Table 4.3: Ablation zone dimensions following 6 min of MWA at 140 W with non-parallel

insertion of trocars and operated at 2.45 GHz and 6 GHz frequencies (see Fig. 4.11).

S.No. | Frequency Combination d1l (mm) d2 (mm) Volume (cm?)
1 2.45 GHz 55 63 88.7

2 6 GHz 65 60 95

3 2.45 and 6 GHz 58 63 87

d, is the diameter of the ablation zone aligned with the trocars and d; is the diameter of the
ablation zone perpendicular to the trocars.

Ablation Experiments on Egg White

Even though simultaneous activation of multiple trocars is more advantageous in producing
larger lesion volume, sequential probe ablation is more additive in clinical operations. Apt
positioning, thermal protection and space between the trocars make sequential activation of
the trocar more advantageous than the ablation obtained using simultaneous insertions of

multiple trocars.

The ablation volume generated by MWA using parallel and non-parallel insertion of
single, dual and triple trocars into the tissue has been shown in Fig.4.12. The present in vitro
analysis has been performed wherein sequential insertion of trocars into the tissue has been
performed. The experiments have been performed on egg white in 3D Printed periphery
regions operated for 6 min, 140 W power at 2.45 frequency (shown in Fig. 4.12): a) single
trocar; b) parallel positioned two trocars; ¢) non-parallel positioned two trocars; d) parallel
positioned three trocars and e) non-parallel positioned three trocar during microwave ablation.
The dimensions of the combined ablation region, width (mm) and length (mm), have been
tabulated in Table 4.4.

The egg white changes from a transparent state to an opaque white as the temperature rises
above 50°C due to coagulation of albumin due to denaturation. A teardrop-shaped ablation
region of 29 mm (radial) x 45 mm (axial) has been obtained by deploying a single trocar (Fig.
4.12 (a)). Dual trocar microwave ablation creates lesions almost twice in size as those

generated by the single trocar, followed by the triple-trocar tumour ablation. Ablation during
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simultaneous insertion of trocars leads to approximately spherical lesions, with a uniform

a) single trocar

b) parallel insertion of two trocars

G —

/

c) non-parallel insertion of two trocars

d) parallel insertion of three trocars

e) non-parallel insertion of three trocars

Figure 4.12 Ablation zones in egg white obtained when trocars have been operated for 6
minutes at 140 W microwave power.
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Parallel position of two trocars operated sequentially has been shown in Fig. 4.12 (b). Nearly
teared shaped ablation region (having square shaped cross-section) with dimensions of 54 mm
(radial) x 45 mm (axial) has been achieved in two parallel ablations. Further, it can be seen
from Fig. 4.12 (c) that the non-parallel trocar insertion ablation region of irregular shape has
been achieved. Figures 4.12 (d) and (e) show parallel and non-parallel insertion of three
trocars. The results show that trocar insertion and operation can vary based for required

ablation region, and its parameters (power, time) can be altered based on the tumour volume.

Table 4.4: Dimensions of the generated ablation zones in egg white using Solero MWA

antenna operated for 6 min at 140 W microwave power.

S.No No. of trocars and its positing into Longitudinal Lateral
the tissue measurement (mm) | measurement (mm)
1 Single Trocar 29 45
2 Two trocars (parallel insertion) 54 45
3 Two trocars (non-parallel insertion) 58 42
4 Three trocars (parallel insertion) 54 51
5 Three trocars (non-parallel insertion) 58 51

4.3. MWA of HCC Tumors using novel design L shaped dual tine dual frequency

trocar: One fixed and one flexible tine.

A novel microwave trocar design has been proposed and considered in the present study
wherein single antenna is being replaced with multiple tines supplied with energy at available
conventional and high frequencies. A dual tine MWA trocar with each tine supplied with
energy at different frequencies (2.45 GHz and 6 GHz) has been considered to ablate the

hepatic tumor.

Ablation Region at different frequencies

Considering the influence of microwave power and frequency on the ablation region, the
present numerical model evaluates the ablation characteristics with a microwave power of 15
W at two microwave frequencies, 2.45 and 6 GHz. The performance of the proposed novel
MWA antenna has been analyzed by performing different combinations of simulations with
tines individually maintained at different frequencies. They are a) longitudinal tine at 2.45
GHz frequency; b) curved tine at 2.45 GHz frequency; c) longitudinal tine at 6 GHz frequency
and d) curved tine at 6 GHz frequency. In this numerical analysis a tumor of 3 cm in diameter
has been embedded into the hepatic gland tissue. The obtained zones at various frequencies

have been shown in Fig. 4.13.
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Ablation Region ( T > 60°C)
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Figure 4.13 Thermal Ablation of hepatic gland using the proposed novel trocar with a) 2.45
GHz frequency on longitudinal tine; b) 2.45 GHz frequency on curved tine; ¢) 6 GHz

frequency on longitudinal tine and d) 6 GHz frequency on curved tine.

It can be seen from Figs. 4.13 (a) and (b) that a teardrop-shaped ablation region along the
trocar length has been obtained. Further, it can be seen From Fig. 4.13 (a) that, indiscriminate
damage to the healthy tissue along the trocar length is evident. The obtained ablation zones
when both the tines are maintained at 6 GHz have been shown in Figs. 4.13 (c) and (d) for
longitudinal and curved tines, respectively. It is apparent from the presented results that a
more concentrated spherical ablation region has been obtained when the tines are supplied
with energy at a high frequency, i.e., 6 GHz. This is due to the fact that the biological tissue

shows a better microwave energy absorption rate at higher frequencies [19].
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Antenna Specifications

In the design of a novel microwave antenna, the minimum criteria that an antenna has
to meet for its efficient working is to have a Reflection Coefficient (dB) / Return Loss less
than -10 dB, VSWR (Voltage Standing Wave Ratio) should be less than 2.0 with less power
losses at the load conditions [72]. Table 4.5 shows the comparison of the required
specifications and achieved specifications of antenna operated at 2.45 and 6 GHz frequencies
which have been obtained numerically. From Table 4.5, it can be seen that a good agreement
in Reflection Coefficient (dB) / Return Loss and VSWR between the required and achieved
specifications has been obtained at 2.45 GHz frequency. The low Reflection Coefficient (dB)
/ Return Loss and VSWR signifies less energy losses at the load conditions. It can also be
seen from Table 4.5 that the Reflection Coefficient (dB) / Return Loss at 6 GHz frequency is
slightly greater than -10 dB. However, VSWR is within the acceptable range. Further
optimizing the antenna with a large slot area [64], and reflector design [73] will help the
antenna overcome high Reflection Coefficient (dB), VSWR with less power losses at the load

conditions.

Table 4.5: Specifications of Antenna

Parameter Required Achieved Achieved
Specifications Specifications Specifications
at 2.45/6 GHz at 2.45 GHz at 6 GHz

Reflection Coefficient <-10dB -18.119 -9.568
(dB)/Return Loss

Power dissipation 15W 14.030 10.208

VSWR <20 1.2834 1.995

Antenna Performance Characteristics

The major parameters required to analyse the efficiency of novel MWA antenna are
the reflection coefficient, power dissipation, maximum power dissipation density, Specific
Absorption Rate (SAR), maximum temperature, ablation diameters, ablation lengths for
microwave ablation therapy [26]. A parametric comparison of the proposed trocar at various
combinations of energy frequencies (for 15 W and 10 Min) has been tabulated in Table 4.6.
It is evident from Table 4.6 that, the trocar operated at 2.45 GHz frequency shows low
reflection coefficient (-18.119 dB) with large power dissipation (14.030 W) and less power
loss at the load in comparison to the tines operated at 6 GHz and a combination of 2.45/6 GHz
frequencies. Apart from a high reflection coefficient (-9.6 dB) with low power dissipation
(10.208 W), the tines operated at high-frequency microwave energy (6 GHz) show a better
specific absorption rate of energy into the tissue than the tine operated at available
conventional frequency (2.45 GHz). As the frequency increases, the depth of penetration of
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the wave decreases, making it high energy density within a smaller region. Similarly, a trocar
operated at 2.45/6 frequency combination shows more SAR compared to the tines operated at
same frequencies. A good aspect ratio in terms of ablation length to the diameter (of 1.3) is
obtained at high-frequency microwave energy (6 GHz) in comparison to the trocar operated
at low frequency (2.45 GHz) (of 1.8), and combination of low (2.45 GHz) and high frequency
(6 GHz) microwave energy (of 1.5).

Table 4.6: Comparison of antenna performance of various combinations obtained
numerically
At2.45GHz | At6GHz fAt 2.45 GHz At ? GHz fdr?q‘:er?cy
Parameter frequency on | frequency on requency on on longitudinal tine
. . longitudinal tine and and 2.45 GHz on
both the tines | both the tines . .
6 GHz on curved tine curved tine
Reﬂec“o(r('jg)oeﬁ'c'e”t 18.119 9.6 18119 & -9.6 9.6 &-18.119
Power Dissipation (W) 14.030 10.208 14.38 14.38
Maximum Power
Dissipation Density 35.1 52.9 62.9 62.9
(MW/m?)
Specific Absorption
Rate (SAR) (KW/Kg) 35 53.18 63 63
(At 15 W, 10 Min)
Maximum Temperature o o o o
(°C) (At 15 W, 10 Min) 123°C 140°C 142°C 139°C
Ablation
Diameter (cm) 4.5 4.0 4.1 4.1
Ablation Length (cm) 2.5 3.0 2.7 2.7

Irregular ablation region using dual tine multiple frequency trocar with temperature
distribution

The efficacy of proposed novel microwave antenna design has been analyzed by
performing MWA on hepatic gland. The simulated ablation region (T > 60°C) of the hepatic
gland embedded with 3 cm tumor has been shown in Fig. 4.14. The lethal temperature in the
present study has been considered to be 60°C. Figure 4.15 shows ablation region obtained at
a) 2.45 GHz frequency on both the tines; b) 6 GHz frequency on both the tines; c¢) 2.45 GHz
frequency on longitudinal tine and 6 GHz on curved tine and d) 6 GHz frequency on
longitudinal tine and 2.45 GHz on curved tine.

A teardrop-shaped ablation region of less than 30 mm (more than 25 mm) in diameter
with more backward heating along the trocar’s length can be seen from Fig. 4.14 (a). There is
an indiscriminate and collateral damage occurred to the healthy tissue along the trocar length.
It helps to treat the teardrop-shaped tumor of above 27 mm in diameter. In this case, an

additional trocar cooling system is required to overcome the collateral damage to the healthy
46




tissue. It will also increase trocar efficiency with more ablation region in the lateral direction
[74]. Figure 4.14 (b) shows a spherical shaped ablation region (greater than 30 mm) with a
more sphericity index of complete tumor ablation. It can be seen from the simulation results
that, a concentrated ablation region with less collateral damage is occurred to the healthy
tissue. This is due to the fact that high-frequency MWA shows a better material response rate
with more concentrated energy within the tissue [19]. High-frequency MWA can reduce the
backward heating and minimize the collateral damage to the healthy tissue. It is evident from
Figs. 4.14 (c) and (d) that, a combination of teardrop and spherical shaped ablation region has
been obtained. It helps to treat the irregular shaped tumors having diameter greater than 27
mm.

One of the significant limitations of the present computational studies is the lack of a
trocar cooling system, which helps in cooling the trocar and tissue, resulting in more
concentrated ablation regions. It will also increase the sphericity index of the ablation region.
The frequency combination of trocars will influence the shape and size of the ablation zone.

Ablation Region ( T > 60°C)
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Figure 4.14 Thermal ablation of 3 cm tumor embedded hepatic gland at a) 2.45 GHz

60

frequency on both the tines; b) 6 GHz frequency on both the tines; c) 2.45 GHz frequency on
longitudinal tine and 6 GHz on curved tine and d) 6 GHz frequency on longitudinal tine and
2.45 GHz on curved tine.
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The diameter of the tumor ablated and ablation volume obtained for the simulated antenna
models have been shown in Table 4.7. It can be seen from Table 4.7 that the novel microwave
antenna at high-frequency combination results in a larger diameter tumor ablation zone as
compared to the ablation zone obtained using the trocar maintained at conventional
frequencies. The ablation volume for all the configurations presented here seems to be almost
the same. However, it is essential to note that the ablation region’s extent for 2.45 GHz case
is different, extending along the trocar’s length. In contrast, at 6 GHz, a more concentrated
spherical ablation region has been observed. Further, deployment of the curved tine and
treatment time can be varied to obtain various ablation regions. A decrease in tine deployment

will further decrease the ablation volume and makes it suitable for ablating small size tumors.

Table 4.7: Comparison of the simulated ablation results with the novel microwave antenna

at various frequency combinations

S. Novel microwave antenna at various The diameter of the Ablation
No frequency combinations tumor ablated (mm) volume (cmq)
1 2.45 GHz frequency on both 25 22.4776
longitudinal and curved tines
2 2.45 GHz frequency on longitudinal tine | 27 22.567
and 6 GHz on curved tines
3 6 GHz frequency on longitudinal tine 27 22.571
and 2.45 GHz on curved tines
4 6 GHz frequency on both longitudinal 30 22.576
and curved tines

Comparison of the ablation volume obtained using the existing MWA trocars/modalities

with the proposed trocar

Comparison of the ablation volume obtained using the existing MWA
trocars/modalities with the proposed trocar has been presented in Fig. 4.15, wherein a 3 cm
tumour embedded in the hepatic gland has been ablated. Figures 4.15 (a) to 4.15 (c) and 4.16
(a) to 4.16 (c) present MWA of 3 cm tumour embedded in the hepatic gland using the trocar
operated at 2.45 GHz and 6 GHz frequencies, respectively. Figures 4.17 (a) to 4.17 (c) present
the thermal ablation of a 3 cm tumour embedded in the hepatic gland using multiple trocars

operated at 2.45/6 GHz frequencies.

It can be seen from Figs. 4.15 (a) and 4.16 (a) that the existing MWA trocars are
limited to treat tumours having a diameter range of 2 cm to 2.5 cm when the trocars are
operated at 2.45/6 GHz frequencies. Further, multiple and parallel trocars are required for
treating nearly 2.5 cm tumours, resulting in an increase in the number of insertions into the
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biological tissue and uncontrolled ablation region (i.e., results in ablating the healthy tissue)
(Figs. 4.15 (b), 4.16 (b), 4.17 (a), and 4.17 (b)). Parallel insertion of multiple trocars requires
ideal spacing in between the trocars to obtain maximum ablation region without indentations
since indentations would result in incomplete tumour ablation (as shown in Figs. 4.15 (b),
4.16 (b), 4.17 (a), and 4.17 (b)). It is evident from Figs. 4.15 (c), 4.16 (c) and 4.17 (c) that the
proposed trocar can overcome the problems associated in using multiple and parallel trocars
in ablating large size tumors of symmetric and axisymmetric shapes, restrict the damage to

the healthy tissues and achieve more concentrated ablation regions.
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Figure 4.15 Thermal ablation of 3 cm tumour embedded hepatic gland at 2.45 GHz
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Figure 4.16 Thermal ablation of 3 cm tumour embedded hepatic gland at 6 GHz
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Ablation Region ( T > 60°C)
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Figure 4.17 Thermal ablation of 3 cm tumour embedded hepatic gland using multiple trocars

operated at 2.45/6 GHz frequencies

Inapt trocar positioning leads to incomplete tumour ablation and leads to damage of nearby
healthy tissues. Further, multiple parallel trocars are required to treat large size tumours,
increasing the number of precise trocar insertions into the tissue and leading to uncontrolled
ablation regions (i.e., results in ablating the healthy tissue). It can be seen from Figs. 4.18 (a),
4.18 (b), 4.19 (a) and 4.19 (b) that inapt position of the trocar leads to incomplete tumour
ablation and further increases the requirement for multiple parallel insertions of trocars for
complete tumour ablation. One of the major contributions of the present study is that a single
trocar has been replaced with multiple tines supplied with energy at available conventional
and high frequencies. The proposed design is expected to overcome multiple and parallel
insertion of trocars required for treating large-size tumours. Once the trocar is inserted into
the tissue, the flexible tine can be deployed as per the requirement of the ablation region. It
can overcome the problem associated with the trocar's precise insertion, irregularly shaped
ablation region by sparing healthy tissue and nearby blood vessels.
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Figure 4.18 Thermal ablation of 3 cm tumour embedded hepatic gland with inapt positioning

of trocar operated at 2.45 GHz
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Ablation Region ( T > 60°C)
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Figure 4.19 Thermal ablation of 3 cm tumour embedded hepatic gland with inapt positioning
of trocar operated at 6 GHz

Temperature and tissue damage integral characteristics during MWA

Temperature distribution and tissue damage integral (obtained from Arrhenius rate
equation) are the two major parameters to predict tumor necrosis. Figure 4.20 shows the
geometry of tumor embedded liver gland with temperature and tissue damage monitoring
points. Five radial temperature values and tissue damage monitoring points have been
considered for each tine near the antenna slot.

mm

-20 0 20

. 80

60

Figure 4.20 Spatial locations of temperature and fraction of tissue damage monitoring points

for longitudinal and curved tines.

Figure 4.21 shows the variation of temperature and tissue necrosis (corresponding to
Q = 1) with time during MWA at a) 2.45 GHz frequency on both the tines; b) 2.45 GHz
frequency on longitudinal tine and 6 GHz on curved tine; ¢) 6 GHz frequency on longitudinal
tine and 2.45 GHz on curved tine and d) 6 GHz frequency on both the tines. All the graphs

show a similar trend of temperature rise with the treatment time. The point near to the antenna
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slot shows more rise in the temperature followed by the last point. The tissue damage integral
Q =1 corresponds to 100 % complete tissue ablation at that point. It is evident from Fig. 4.21
that, there is a linear variation in the tissue damage at all monitoring points of the novel
antenna at various frequencies. The results show that the ablation temperature has been
achieved within one minute of the treatment time. The treatment time required for tissue
necrosis during high-frequency MWA is less as compared to the treatment time required when
conventional frequency is used.

When tines (longitudinal and curved) are maintained at the same frequency, the
temperature profiles are similar at both the tines (refer Figs. 4.21 (a) and (d)). A slight increase
in curved tine temperature variation has been observed as there is a minor enlargement in the
antenna slot, resulting in more energy distribution. Similarly, the variation of tissue damage
integral with time at tines follows a similar trend when both tines are maintained at the same
frequency. It can be seen from Fig. 4.21 (a) that, the minimum time required for tumor
necrosis (Q = 1) is 6 minutes. Figures 4.21 (b) and (¢) show the optimal time of 6 min required
for tumor necrosis (Q = 1). Since the tumor shows better energy absorption properties at a
higher frequency, a temperature of more than 15°C is observed as compared to the case where
conventional frequencies have been used. It can be seen from the results that tumor necrosis
with the tine maintaining at a higher frequency (6 GHz) is achieved in 4 minutes, followed by
the tine maintained at a conventional frequency (2.45 GHz) in 6 minutes. Further, it can be
seen from Fig. 4.21 (d) that a higher temperature of 141°C at 2 mm away from the antenna
slot has been observed since the tumor shows better heating rate at a higher frequency [19].
The optimal time required for the complete tumor necrosis has been achieved within 4 minutes

of the ablation time.

Temperature at point 1 10
—— Temperature at point 2 - N /’ ~
Temperature at point 3 | e————"1""_ 09 |— / i
. — 1 V
Temperature at point 4 | [ I //
Temperature at point 5 o 08
Temperature at point 6 é |'J ’ I /
Temperature at point 7 — 0 = 07 y I // /
- . — — 0]
——— Temperature at point § | 2 06 - - -
- Temperature at point 9 £ 07 Fraction of tissue damage at point 1
/ T . 5 ‘ Fraction of tissue damage at point 2
4 emperature at point 10 2 05 . . .
v = 5 J Fraction of tissue damage at point 3
/ / J/.—-” 5 04 Fraction of tissue damage at point 4
/ == B J ’ / Fractl.on oftllssue damage at po.mt 5
| £ / ® 03p Fraction of tissue damage at point 6
{ / L € I / / Fraction of tissue damage at point 7
|/ 4 // 1" 02 | Fraction of tissue damage at point 8
| g — 01 | / Fraction of tissue damage at point 9
[ A/ | V Fraction of tissue damage at point 10
0.0 I I I I I J
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Treatment Time (min) Treatment Time (min)

(@)

52




Temperature (°C)

Temperature (° C)

Temperature (°C)

Temperature at point 1
150 — Temperature at point 2
= Temperature at point 3
140 1 Temperature at point 4 [[_——
130 H Temperature at point 5 —
Temperature at point 6 )
120 1 Temperature at point 7 [[__—f—— <
110 H Temperature at point 8 [] [}
. = o
= Temperature at point 9 ©
100 Hoe— Temperature at point 10 E
) et 2
B o
80 / // //'4/ &
——— -
50 /§ L= | +—1 ]
L—
a0 Wqf—
0 1 2 3 4 5 6 7 8 10
Treatment Time (min)
(b)
Temperature at point 1
140 Temperature at point 2
Temperature at point 3 ="
130 Temperature at point 4
Temperature at point 5 —
120 Temperature at point 6 g
110 Temperature at point 7 =
Temperature at point 8 g
100 / Temperature at point 9 £
/ Temperature at point 10[™ | 3
90 / /, %5
/
o0 A 5
— w
60 // /// ,/ — | =
4 - P ——
— —
50 /Aé/,ﬁ 1 —
=
40
0 1 2 3 4 5 6 7 8 10
Treatment Time (min)
(©
150 : : T : T
Temperature at point 1
140 — Tem :
perature at point 2 [ ————
130 |— Temperature at point 3 —
Temperature at point 4 NI
120 — Temperature at point 5 [}
110 — Temperature at point 6 )
Temperature at point 7 | 2
100 [——or Temperature at point 8 g
90 |— Temperature at point 9 I 2
Temperature at point 10 o
80 v 2 c
4 :
70 LA g
L] 0
60 I / — —
50 A~
40 [
0 1 2 3 4 5 6 7 10

Treatment Time (min)

(d)

1.0 —
80 /T / p ,/
Nl BiT7A:
L2
06 Fraction of tissue damage at point 1 ]
’ / / / — Fraction of tissue damage at point 2
05 . . . H
’ I l l / — Fraction of tissue damage at point 3
04 Ji|— Fraction of tissue damage at point 4 ||
I ' / / / -~ Fraction of tissue damage at point 5
0.3 Fraction of tissue damage at point 6 H
I / / / — Fraction of tissue damage at point 7
0.2 / y = Fraction of tissue damage at point 8§ ]
01 I/ // — Fraction of tissue damage at point 9 ||
) y —— Fraction of tissue damage at point 10
0.0 I [ [ I [ I
0 1 2 3 4 5 6 7 8 9 10
Treatment Time (min)
1.0
WL AL
T/l AVATA ;
0.7 l I l / A
0.6 I I / / /£ Fraction of tissue damage at point |
I / / / / —— Fraction of tissue damage at point 2
0.5 V|~ Fraction of tissue damage at point 3
I / / — Fraction of tissue damage at point 4
0.4 . " x
“ / / ——— Fraction of tissue damage at point 5
0.3 ~—— Fraction of tissue damage at point 6
I/ / / — Fraction of tissue damage at point 7
0.2 Fraction of tissue damage at point 8
I/ /// ——— Fraction of tissue damage at point 9
01 v, —— Fraction of tissue damage at point 10
- [ T T [ 1 1
0 1 2 3 4 5 6 7 8 9 10
Treatment Time (min)
W17
0.9 I /
0.8
07 ///
0.6 " : .
I l Fraction of tissue damage at point |
05 Fraction of tissue damage at point 2 |
I l — Fraction of tissue damage at point 3
0.4 / Fraction of tissue damage at point 4 [
I ‘ Fraction of tissue damage at point 5
. / Fraction of tissue damage at point 6 ||
02 Fraction of tissue damage at point 7 ||
I / / Fraction of tissue damage at point 8
0.1 7 Fraction of tissue damage at point 9 H
Fraction of tissue damage at point 10
00 I L L I I 1

0 1 2 3
Treatment Time (min)

4 5 6 7 8 9

Figure 4.21 Variation of temperature and fraction of tissue damage with the treatment time

when tines are maintained at different combinations of frequencies: a) 2.45 GHz frequency

on both the tines; b) 2.45 GHz frequency on longitudinal tine and 6 GHz on curved tine; c) 6

GHz frequency on longitudinal tine and 2.45 GHz on curved tine and b) 6 GHz frequency on
both the tines.
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4.4 MWA of HCC Tumors using novel design U shaped dual tine dual frequency

trocar: Both are flexible tine.

The ablation region obtained during MWA of hepatic gland using the novel medical
applicator, the effect of change in deploying length of the trocar and supplied energy, have
been presented in the following sections. In all these cases a tumor of 3-cm in diameter has
been embedded into the hepatic gland. Further, the ablation regions presented in all the below
cases are for a power input of 15 W for 10 min.

Case study 1: MWA of HCC using the novel trocar with fully deployed tines

The MWA results in a sharp rise in the tissue temperature, above 60 °C, even for a
shorter exposure time, and causes irreversible cell damage [75]. Figures 4.22 (a) (front view)
and 4.22 (b) (top view) show the geometry of the temperature notation points along the edge
of the tumor with a microwave power of 15 W. The temperature rise curve in all the cases
follows a similar trend with high value near the slot and gradually reduces as the distance
from the slot increases. Figure 4.23 (a) shows the temperature rise at points 1, 2, 3 and 4 along
the circular edge of the tumor for the fully deployed tine at 2.45 GHz. The temperature rise at
points 1 and 2 is higher than at points 3 and 4, which indicates that the oval shaped ablation
(tumor necrosis) region has occurred at points 1 and 2 only. Further, Fig. 4.23 (b) shows the
temperature rise at points 1, 2, 3 and 4 along the circular edge of the tumor at 2.45 and 6 GHz.
The temperature rises at point 1 near the tine at high-frequency (6 GHz) shows more than at
point 2 near the tine at conventional frequency (2.45 GHz). High-frequency MWA leads to a
large ablation region with more concentrated energy as compared to the tines operated with
the conventional frequency. Lastly, Fig. 4.23 (c) describes the temperature rise at points 1, 2,
3 and 4 along the circular edge of the tumor for the fully deployed tines at 6 GHz. The
temperature rise at all the points is higher as compared to the other two cases and additionally
temperatures at points 1 and 2 are slightly higher due to the orientation of tine tips towards
these points. Figure 4.23 (d) shows the variation in temperature over time for the tissue at
point 1, when the trocar is operated at 2.45 and 6 GHz. The temperature rise is higher for the

trocar operated at 6 GHz than the trocar operated at 2.45 GHz.
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Figure 4.22 Temperature distribution points at the radial edge of the tumor. (a) Positions of
the temperature monitoring points (front view). (b) Positions of the temperature monitoring
points (top view).
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The potential to develop unique medical applicators based on the precise target
margin or specific ablation region will help in better curative treatment modalities. Figures
4.24 and 4.25 illustrate the simulation results of the ablation regions (using the first order
Arrhenius rate equation) obtained during MWA on the tumor embedded in the hepatic gland.
The Arrhenius rate equation will consider a damage integral of Q = 1 corresponds to 63%
percent probability of cell death. Once the trocar is duly inserted into the tumor, both the tines
can be fully deployed, as illustrated in Figs. 4.24 and 4.25. Further, Fig. 4.24 (front view) and
Fig. 4.25 (top view) demonstrate the extent of ablation region obtained during MWA of
hepatocellular carcinoma. The frequency of the supplied energy has been varied among the
tines to obtain various ablation regions. Figures 4.24 and 4.25 represent the ablation region
obtained by a fully deployed trocar supplied with energy at different combinations of
frequencies at 15 W for 10 minutes: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left-side tine)
and 6 GHz (right-side tine), (c) 6 GHz (both tines).

It can be seen from Fig. 4.24 that, the ablation region obtained by the novel MWA
trocar with energy supplied at 2.45 GHz frequency is of a teardrop shape and caused more
collateral damage to the tissue indiscriminately. The addition of cooling system to the trocar,
for this case, reduces the collateral damage occurring due to backward heating. Additionally,
cooling system improves the efficiency in terms of obtaining a spherical ablation region [74].
It can be seen from Fig. 4.24 (b) that, an irregular shaped ablation region has been obtained
for case (b). The irregularity in the ablation region is attributed to variation in the frequencies
at which the energy is supplied to both the tines. The ablation region is a combination of
spherical and teardrop shaped ablation regions. Further, it can be seen from Fig. 4.24 (c) that

a spherical shaped ablation region with larger ablation volume has been obtained.

=N -20 o 20 20 ) 20 20 0 20 1

a) At 2.45 GHz b) At 2.45 and 6 GHz c) 6 GHz

Figure 4.24 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for fully deployed tines operated at 2.45 and 6 GHz for 15 W microwave power.
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Therefore, it can be construed that the present trocar is 2-3 times more efficient in
obtaining the extent of ablation of 3.5 cm than the existing non-cooled trocars with the extent
of ablation of 1.85 cm [65] in terms of obtaining larger ablation volumes. Additionally,
backward heating problem has been minimized with tine at high-frequency tine (6 GHz) as

compared to the existing conventional frequency tine (2.45 GHz).

By developing novel trocars and treatment planning system with better optimization
characteristics, larger size tumors (> 4 cm) can also be effectively treated by MWA
techniques. The top view of the ablation margin obtained during MWA of HCC using novel
trocar has been shown in Fig. 4.25. An incomplete ablation of tumor (oculiform) has been
achieved with the novel trocar operated at 2.45 GHz on both the tines. An asymmetric ablation
region of the broad ovate shaped ablation region has been achieved when the trocar is supplied
with energy at 2.45 GHz and 6 GHz on first and second tines, respectively. The tines supplied
with energy at high frequency leads to an increase in the ablation region as compared to the
tines operated at conventional frequencies (915 MHz or 2.45 GHz). Further, the high-

frequency microwave ablation (6 GHz) leads to a more concentrated ablation region.

*/—\\

a) At 2.45 GHz b) At 2.45 and 6 GHz ) 6 GHz

Figure 4.25 Ablation regions (top view) obtained by MWA using first order Arrhenius rate

equation for fully deployed tines operated at 2.45 and 6 GHz for 15 W microwave power.

The dimensions of the ablation margins obtained from the numerical simulations of 3
cm-in-diameter hepatocellular carcinomas have been tabulated in Table 4.8. The MWA at 6
GHz reveals optimal ablation characteristics with 6 cm radial-axial length of ablation margin
as against 5.7 cm for 2.45 GHz (both tines) and 5.9 cm for 2.45 and 6 GHz combination. Also,
the ablation margin of 5.9 cm x 5.8 cm with the trocar operated at 2.45 and 6 GHz combination
can be considered to be significant against the conventional microwave frequency (2.45 GHz).
Finally, the ablation margin of 6 cm in the radial transverse direction obtained when the trocar
has been operated at 6 GHz (both tines) is even significant for treating large size tumors as

compared to the other two combinations.
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Table 4.8: Minimum diameter of the tumor to be ablated during MWA using fully deployed tines

Operating Diameter of the | Radial axial length Radial transverse Axial length of
S. No | frequencies of | Hepatic Tumor of the ablation length of the ablation | ablation margin
the trocars (cm) margin (cm) margin (cm) (cm)
1 2.45 GHz 3 5.7 5.1 7.3
245 GHz &
2 3 5.9 5.8 5.2
6 GHz
3 6 GHz 3 6 6 3.9

Case study 2: MWA of HCC using the novel trocar with fully deployed and semi
deployed tines

Temperature distribution plays an essential role in analyzing the cell necrosis during thermal
ablation therapies. Figures 4.26 (a) (front view) and 4.26 (b) (top view) show the simulation
geometry of the temperature monitoring points on the tumor edge. Figure 4.27 (a) shows the
temperature rise at points 1, 2, 3 and 4 along the tumor edge for semi and fully deployed tines
supplied with energy at 2.45 GHz. The rise in temperature at point 1 is higher than at points
2, 3 and 4 indicating complete tissue necrosis occurred at point 1. This is because the fully
deployed tine is pointing towards 1st point leading to more energy deposition surrounding it.
Further, Fig. 4.27 (b) shows the temperature rise at points 1, 2, 3 and 4 along the tumor edge
at 2.45 and 6 GHz. The fully deployed tine is supplied with energy at 6 GHz, followed by
semi deployed tine at 2.45 GHz. The temperature rise at point 1 which is near to 1st tine
(operated at 6 GHz) is higher as compared to the temperature rise at points 2, 3 and 4. Figure
4.27 (c) shows the temperature rise at points 1, 2, 3 and 4 along the tumor edge when the tines
are operated at 6 (1st tine) and 2.45 GHz (2nd tine) frequencies. The fully deployed tine has
been supplied with energy at 2.45 GHz, followed by semi deployed tine at 6 GHz. The
temperature rise at all the points follow a similar trend with a slight variation in the values.
This is because the energy radiated into the tissue by the fully deployed tine operated at 2.45
GHz is becoming equal to the energy radiated by the semi deployed tine operated at 6 GHz.
The rise in temperature at all points when both the tine are operated at 6 GHz has been shown
in Fig. 4.27 (d). It can be seen that similar trend has been noticed with an exception that, the
temperature rise at points 1 and 2 along the orientation of the tine are higher than the
temperature rise at points 3 and 4. Figure 4.27 (e) shows the variation of temperature with
time for the tissue at point 1, when the trocar is operated at 2.45 and 6 GHz. The ablation
temperature is achieved within 2 minutes 30 seconds of treatment when the trocar is operated
at 6 GHz, while it is 8 minutes when the trocar is operated at 2.45 GHz at point 1. This is due
to the fact that the tumor shows better energy absorption properties at higher microwave

frequency.
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Figure 4.26 Temperature distribution points at the radial edge of the tumor. (a) positions of
the temperature monitoring points (front view). (b) positions of the temperature monitoring

points (top view).
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Figure 4.27 Temperature rise with time near the edge of the tumor for semi and fully deployed
tines operated at: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left-side tine) and 6 GHz (right-
side tine), (c) 6 GHz (left-side tine) and 2.45 GHz (right-side tine), (d) 6 GHz (both tines) and
(e) At point 1.

The novel trocar has been inserted into the tissue in such a way that one tine is fully
deployed and the other tine is semi deployed, as shown in Figs. 4.28 (front view) and 4.29
(top view). Figures 4.28 and 4.29 show the ablation regions obtained by a fully deployed and
semi deployed tines with energy supplied at different combinations of frequencies at 15 W
for 10 minutes: a) 2.45 GHz (both tines), b) 2.45 GHz (left tine) and 6 GHz (right tine), c) 6
GHz (left tine) and 2.45 GHz (right tine), and d) 6 GHz (both tines).

It can be seen from Fig. 4.28 (a) that, the ablation region obtained is of teardrop shape
with more ablation region towards the fully deployed tine. At this frequency (2.45 GHz),
MWA causes backward heating of the trocar and hence collateral damage to the healthy tissue
along the length of the trocar occurs. An addition of cooling system is required in order to
overcome the backward heating of the trocar [74]. Further, variation of frequencies at which
energy supplied to the tines leads to irregular or axisymmetric ablation regions. It can be seen
from Fig. 4.28 (b) that a nearly spherical ablation region with less collateral damage to the
trocar has been achieved for case (b). However, an irregular and asymmetric ablation region
has been achieved for case (c). Also, it can be seen from Fig. 4.28 (c) that a large size shaped
ablation region with more back heating of the trocar has been achieved. It is due to the fact
that, the change in deploying length of the tine does not show the effect on the energy radiated
into the tissue at higher frequency (6 GHz). To limit the amount of energy into the tissue at
higher frequency MWA, the power of the supplied energy has to be reduced as compared to
the power supplied at the conventional frequency [76]. Further, an oval-shaped ablation region

has been achieved for case (d). From the results, it can be concluded that the tines operated at
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high frequency (6 GHz) do less collateral damage to the tissue than those operated at

conventional frequencies (2.45 GHz).

20 20 -20 [ 20 -20 0 20 20 o 20

S e — &

—

J\
'\
'} |

a) 2.45 GHz b) 2.45 and 6 GHz c) 6 and 2.45 GHz d) 6 GHz

Figure 4.28 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for fully (1%) deployed and semi (2"%) deployed tines operated at 2.45 and 6 GHz for
15 W microwave power.

The top view of the ablation region has been shown in Fig. 4.29. Please note that, 1%
tine is semi deployed and 2™ tine is fully deployed. An incomplete tumor ablation region of
elliptical shape has been achieved when both the tines are operated at 2.45 GHz (see Fig. 4.29
(a). Further, it can be seen from Fig. 4.29 (b) that an irregular and incomplete tumor ablation
region (ovate shape) has been achieved when the tines are operated at 2.45 GHz (1% tine) and
6 GHz (2" tine) frequencies. A broad ovate shaped ablation region (complete tumor ablation)
has been achieved (see Fig. 4.29 (c)) when the tines are operated at 6 GHz (1 tine) and 2.45
GHz (2" tine). Finally, both the tines operated at 6 GHz leads to a much spherical shaped

large ablation region as compared to the earlier cases.

a)At2.45GHz  b)At2.45and6GHz  c) At6and 2.45 GHz d) 6 GHz

Figure 4.29 Ablation regions (top view) obtained by MWA using first order Arrhenius rate
equation for fully (1st) deployed and semi (2nd) deployed tines operated at 2.45 and 6 GHz

for 15 W microwave power.

61

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2



The minimum diameter of the tumor ablated and its corresponding dimensions of the ablation
boundary have been provided in Table 4.9. The MWA at 6 GHz reveals optimal ablation
characteristics with 6 cm radial-axial length of ablation margin as against 4.4 cm of 2.45 GHz,
4.6 cm for 2.45/6 and 5.3 for 6/2.45 GHz frequency combinations. The trocar operated at 2.45
and 6 GHz combination is considered to be more significant than both the tines operated at
2.45 GHz frequency (ablation margin of 4.9 cm x 5.3 cm + 0.1 cm). Further, it can be seen
from Table 4.9 that both tines operated at 6 GHz has produced an ablation margin of 3.2 cm
which can be considered to be more advantageous against all the said combinations. From the
results, it can be concluded that by reducing the deploying length of the tine, the ablation
region can also be reduced, making the novel trocar suitable for treating 4.4 to 5.8 cm diameter
tumors of spherical and irregular shapes.

Table 4.9: Minimum diameter of the tumor to be ablated during MWA of semi and fully

deployed tines

s Tines operatin Diameter of | Radial axial length | Radial transverse Axial
' Pe 9 the Hepatic | of ablation margin | length of ablation ablation
No | frequencies . .
Tumor (cm) | (cm) margin (cm) margin (cm)
1 2.45 GHz 3 4.1 4.4 6.5
2 245GHz &6 GHz | 3 59 5.2 4.2
3 6GHz & 245GHz |3 59 53 6.2
4 6 GHz 3 6 5.8 4.2

Case study 3: MWA of HCC using the novel trocar with semi deployed tines

Figures 4.30 (a) (front view) and 4.31 (b) (top view) depicts the computational
geometry of the tumor embedded hepatic gland with temperature study points on the tumor
edge. The rise in temperature at all the four points of the tumor edge have been shown in Fig.
4.31 (a) for the case of 2.45 GHz (both tines). The temperature rise at points 1 and 2 are higher
than at points 3 and 4, indicating oval shaped ablation region. The maximum temperature
obtained at all the points is less than 60°C and hence a case of incomplete tissue necrosis.
Figure 4.31 (b) shows the temperature rise at all four points (1, 2, 3 and 4) when the tines are
maintained at 2.45 GHz (1st tine) and 6 GHz (2nd tine). The temperature rise at point 1 (6
GHz) is more than the temperature rise at point 2 (2.45 GHz). The penetration depth of waves
into the tissue is less at 6 GHz as compared to the tine at 2.45 GHz frequency making high
energy deposition in smaller regions. This leads to generation of larger spherical ablation
region at higher temperatures. Further, Fig. 4.31 (c) describes the temperature rise at points 1,
2, 3 and 4 along the circular edge of the tumor for the semi deployed tines operating at 6 GHz.
The temperature rise at all the points is nearly identical with slightly higher temperature points

1 and 2 in line with the tine tips than at points 3 and 4. Figure 4.31 (d) shows the variation of
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temperature with time for the tissue at point 1, when the trocar is operated at 2.45 and 6 GHz.

The maximum value of temperature rise is obtained for trocar operated at 6 GHz rather than
with 2.45 GHz.
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Figure 4.30 Temperature distribution points on the radial edge of the tumor. (a) positions of

the temperature monitoring points (front view). (b) positions of the temperature monitoring

points (top view).
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Figure 4.31 Temperature rise with tine at four points near the edge of the tumor for semi
deployed tines operated at: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left-side tine) and 6 GHz
(right-side tine), (c) 6 GHz (both tines) and (d) At point 1.
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In this section, the case of both tines deployed partially (semi) has been considered,
as shown in Figs. 4.32 and 4.33. Further, the front view and the top view of the ablation
regions have been shown in Fig. 4.32 and Fig. 4.33, respectively. The combination of
frequencies considered have been: (a) 2.45 GHz (both tines), (b) 2.45 GHz (left tine) and 6
GHz (right tine), (c) 6 GHz (both tines) at 15 W for 10 minutes.

It can be seen from Fig. 4.32 (a) that, a teardrop-shaped incomplete tumor ablation
region has been obtained with the tine operated at 2.45 GHz, and caused more damage to the
healthy tissue. An asymmetrical ablation pattern has been attained by the novel trocar when
the energy supplied has been to the tines at different frequencies (2.45 and 6 GHz), as can be
seen from Fig. 4.32 (b). It can be further seen that backward heating is more prominent when
the 1st tine has been operated at 2.45 GHz. The backward heating problem can be sorted out
by deploying cool tip tines [74]. Finally, a larger ablation volume can be achieved when both
the tines are operated at 6 GHz frequency (see Fig. 4.32 (c)).

20 0 20 -20 0 20 -20 [ 20 1

80

60

T 40 mm

T+ 20

a) At 2.45 GHz b) At 2.45 and 6 GHz c) At 6 GHz

Figure 4.32 Ablation regions (front view) obtained by MWA using first order Arrhenius rate
equation for semi deployed tines operated at 2.45 and 6 GHz for 15 W microwave power.

The top view of the ablation regions has been shown in Fig. 4.33. An elliptical shaped
ablation region of incomplete tumor ablation can be seen from Fig. 4.33 (a) when the trocar
has been supplied with energy at 2.45 GHz (both tines). A broad oval-shaped ablation region
has been achieved when the tines are operated at 2.45 GHz (left-side tine) and 6 GHz (right-
side tine), as can be seen from Fig. 4.33 (b). Further, it can be seen from Fig. 4.33 (c) that a
spherical-shaped ablation region with complete tumor ablation has been obtained when the
tines are operated at 6 GHz frequency.
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a) At 2.45 GHz b) At 2.45 and 6 GHz c) At 6 GHz

Figure 4.33 Ablation regions (top view) obtained by MWA using first order Arrhenius rate

equation for semi deployed tines operated at 2.45 and 6 GHz for 15 W microwave power.

Ablation margins (radial-axial and transverse lengths) obtained in case study 3 (semi
deployed tines) have been detailed in Table 4.10. The details of ablation margins (4.2 t0 5.5
cm-in-diameter tumor) obtained in the radial axial direction when both the tines have been
supplied with energy at various combinations of frequencies (2.45 and 6 GHz) have been
presented. Further, it is evident from the data given in Table 4.10 that, the optimal ablation
region with ablation margins of 5.5 cm x 6 cm diameter has been obtained when both the tines
have been operated at 6 GHz frequency. It can be concluded from the results that MWA using
a novel trocar at 2.45 GHz (both tines) is suitable for ablating smaller diameter tumors, i.e.,
tumors having diameter less than 3 cm.

The results suggest that the novel trocar is suitable for treating small-sized tumors of
3 cm diameter tumors having spherical and irregular shape. Further, with variation in the
microwave power and ablation time, the novel trocar will be able to treat tumors less than 2

cm in diameter, making it suitable for treating tumors of all-sizes.

Table 4.10: Minimum diameter of the tumor to be ablated during MWA using semi deployed

tines
. . Diameter of Radial axial length | Radial transverse | Axial ablation
S. Tines operating ) ] i ] ]
) the Hepatic of ablation margin | length of ablation | margin
No | frequencies )
Tumor (cm) (cm) margin (cm) (cm)

1 2.45 GHz 3 4.2 4.2 6

2.45 GHz &
2 3 4.5 4.4 6.2

6 GHz
3 6 GHz 3 6 55 6.3
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Hepatic gland Tissue Contraction during Microwave Ablation Procedure
The tissue deformation for a new design trocar for three deploying conditions of
the tine has been presented in Fig. 4.34.
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Figure 4.34 Tissue contraction obtained during MWA for three deploying conditions of the
tine operated at a) 2.45 and b) 6 GHz for 15 W microwave power

Figure 4.34 shows that the maximum amount of tissue displacement (contraction)
occurs near the trocar. This is due to the fact that tissue contraction is directly proportional
to the rise in the temperature, which is maximum near the trocar. The tissue shrinkage is
more during MWA at 6 GHz frequency as compared to 2.45 GHz frequency. The tissue
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contraction near the tumor region at 2.45 GHz is 1.6 mm (see Fig. 4.34 (a) (i)). This is
followed by 2 mm (see Fig. 4.34 (b) (i)) for the trocar operated at 6 GHz for fully deployed
tines conditions. Similarly, the tissue contraction is 1.3 mm at 2.45 GHz and 2 mm at 6 GHz
for semi-deployed tines (see Figs. 4.34 (a) (iii) and Fig. 4.34 (b) (iii)), respectively. From
Figs. 4.34 (a) (ii) and 4.34 (b) (iii), it can be seen that the tissue deformation is more towards
the fully deployed tine than the semi-deployed tine. It can be concluded from these results
that the tissue contraction is more with high operating microwave energy frequency and is
located within the concentrated region. By taking the account of tissue contraction, the

actual extent of ablation will further increase by 1 to 2 mm than the actual extent.

Discussion:

This study presents a design theory for a MWA trocar used in the field of
hyperthermia. The proposed trocar consists of a flexible dual tine that can be deployed
independently and supplied with energy at 2.45/6 GHz. The current design is expected to
address the problems associated with inappropriate positioning of the trocar into the tissue
(Fig. 3.13). This is one of the major problems encountered in clinical practice during MWA.
Once the trocar is inserted into the tumour, both the tines can be deployed based on the
target region and the ablation volume to be achieved. Further, the frequency of the supplied
energy (2.45 and 6 GHz) can be varied among the tines. In the present study, we have
considered three deploying conditions of the tines of a trocar: i) both are fully deployed, ii)
one is fully deployed and other one is semi-deployed, and iii) both are semi-deployed (Figs.
4.25, 4.29 and 4.33). For an ablation duration of 10 minutes with constant input power of
15 W at 2.45/6 GHz the fully deployed trocar gives a maximum ablation region of 4 cm to
3.3 cm in diameter (Figs. 4.25 and 4.26 and Table 4.8). Backward heating was generally
lowest when the trocar was operated at 6 GHz, compared to 2.45 GHz.

Further, variation in frequency among the tines results in obtaining regular and
irregular ablation regions. The MWA at 6 GHz frequency results in a spherical ablation
region (Fig. 4.26). The deployment of the trocar tines can be varied between fully and
partially deployed conditions. Figures 4.29 and 4.30 show the ablation regions obtained by
fully deployed and semi deployed tines with energy supplied at different combinations of
frequencies. The variation in the deployment length of the tine into the tissue results in
obtaining irregular ablation areas. An asymmetrical ablation pattern has been achieved by
the trocar when energy has been supplied to the tines at different frequencies (2.45 and 6
GHz). The trocar operated at 2.45 and 6 GHz combination is considered more significant
than the tines operated at 2.45 GHz frequency (Figs. 4.29 and 4.30). The proposed trocar is
also suitable for treating small-sized tumors of 2.5 cm in diameter, with a spherical or

irregular shape under semi-deployed tines conditions (Figs. 16 and 17). Further, it can be
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seen from Table 4.9 that both tines operated at 6 GHz have produced an ablation extent of
3.2 cm which can be considered to be more advantageous against all the said combinations.

In addition, estimating the extent of tissue contraction, which is evident during
MWA, helps in predicting the actual ablation region. The tissue contraction is directly
proportional to the increase in temperature during microwave ablation. The tissue
deformation obtained using the proposed trocar design for three deploying conditions of the
tine has been presented in Fig. 4.35. The maximum amount of tissue displacement
(contraction) occurs near the trocar. The tissue shrinkage is greater at 6 GHz frequency
when using MWA than it is at 2.45 GHz frequency, and it is located within the concentrated
region. Further, the extent of ablation will increase by 1 to 2 mm more than the actual extent

when tissue contraction is taken into account.

Advantages

From the proposed trocar, deploying length of the flexible tine will be varied as per
the requirement of the ablation region. It overcomes the problem associated with the inapt
positioning of the trocar into the tissue. The proposed trocar can replace the use of multiple
trocars in treating large-size tumors. Further, the trocar operating conditions can be varied
based on the tumor shape, nearby blood vessel presence, and the trocar's precise insertion.
The power and ablation time of the trocar can be varied along with the frequencies to

achieve different ablation regions.

Limitations

The present study considered multiple MWA trocars operated at 2.45 GHz and 6
GHz energy frequency with 15 W microwave input power. Further, the studies can be
expanded by considering the impact of power and ablation time at different energy
frequencies on the ablation outcome. Further modifications to the numerically developed
antenna, viz., addition of a cooling system, wave reflectors, multiple slots, and external
graphene coating to enhance the ablation volume characteristics, are needed. To optimize
the computational modelling, the present study does not include structural changes in the
tissues. Further, the present design is not suitable for small tumors (< 2cm) due to increased
diameter of the trocar. There will be an increase in the operational procedure by using novel
trocar since the working parameters will be decided after the trocar is placed into the tissue.
The major limitation of the present study is the lack of experimental validation of the trocar
that can operate at 6 GHz frequency which is not available in the market for clinical

applications.
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Chapter 5

Summary/ Conclusions

]

The highest values of the ablation region have been observed for the liver, colon
metastatic liver and breast cancerous tissues as compared with other organs at the same
operating conditions. The positioning of the trocar is more important for the breast, liver,
and kidney, as they produce a more rapid zone of heating in a shorter span of time. The
present study may create a new path in the ablation of large tumors with multiple trocars of
all shapes by sparing healthy tissue. This study may help in overcoming the problems
associated with the inapt positioning of the trocar and undesired ablation region, and
establishes a better treatment planning system for treating large-size tumors. Non-parallel
trocar insertion with a variation of energy frequencies, power and ablation time results in
ablating tumors irrespective of their shape, location and apt trocar positioning.

A numerical analysis of the performance of novel MWA trocar has been presented
in this article. The trocar consists of a dual tine antenna with energy supplied to the tines at
equal/ different frequencies (viz., 2.45 GHz and 6 GHz). The trocar operating condition can
be varied based on the tumor shape, nearby blood vessel presence, and the trocar’s precise
insertion. It can replace the use of multiple trocars in treating large-size tumors. The novel
trocar at high frequency (viz., 6 GHz) on both the tines leads to a sizeable spherical ablation
region (i.e., 3 cm diameter tumors) with less treatment time (4 min), and the ablation region
can be further enhanced to 4.5 cm in diameter by the addition of cooling system. Irregularly
shaped ablation region can also be achieved by operating both tines at different frequencies.
Further, the power and ablation time can be varied along with the frequencies to achieve
different ablation regions. The findings that have been presented suggest that novel MWA
trocar can be used to obtain enhanced tumor ablation volume, which is one of the major

criteria for the treatment planning system.

Future Scope

The future scope of the thesis can be expanded in several directions to enhance the
applicability and effectiveness of the dual tine dual frequency trocar for clinical
applications.
Practical Manufacturing: The research can delve deeper into the practical aspects of
manufacturing the dual tine dual frequency trocar. This could involve researching cost-
effective materials, efficient production processes, and quality control measures to ensure
its widespread availability for clinical use.
Integrate Cooling System: A promising avenue for research is the integration of a cooling

system within the trocar. Investigate how cooling mechanisms, such as liquid or air cooling,
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can be incorporated to improve the trocar's performance, particularly in terms of reducing
tissue damage and enhancing precision during ablation.

Wave Reflectors: Explore the design and implementation of wave reflectors within the
trocar to optimize the propagation of microwave energy. Investigate how different reflector
configurations can be used to shape and direct the energy for more effective tissue ablation.
Multiple Slots: Research the benefits and challenges associated with incorporating multiple
slots within the trocar. Analyse how varying the number, size, and placement of slots can
affect ablation volume and efficiency.

External Graphene Coating: Investigate the potential of external graphene coatings for
the trocar. Explore how graphene's unique properties, such as high thermal conductivity and
mechanical strength, can enhance the trocar's performance and longevity.

6 GHz Frequency MWA Trocar: This could be a groundbreaking direction for furthering
the research work. Explore the feasibility of developing an internally cooled MWA trocar
operating at 6 GHz frequency, which is currently not widely available for clinical practices.
Investigate the advantages of this frequency range, such as deeper tissue penetration or
reduced interference.

Medical Imaging Integration: Consider replacing the uniform numerical modeling with
advanced medical imaging techniques. Explore how techniques like MRI, CT scans, or
ultrasound can be used in conjunction with the trocar for real-time visualization and
monitoring of the ablation process. This could significantly improve precision and safety

during procedures.
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