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ABSTRACT

Breast cancer remains one of the leading causes of cancer mortality among women
worldwide. Cancer tumors often contain hypoxic cells that are less sensitive to radiotherapy
and chemotherapy. Because of this resistance, hyperthermia is used as alternative option to
enhance the effectiveness of cancer treatment. Non-invasive hyperthermia breast cancer
treatment involves raising the temperature from 40°C to 45°C to denature proteins and shrink
tumors while minimizing damage to surrounding healthy tissue. However, a major limitation
of the hyperthermia applicator is the formation of unwanted hotspots in adjacent healthy
tissue and poor electromagnetic (EM) focus on the tumor. Although various applicator
structures have been studied to improve EM energy focusing, investigation on the slot
applicator for breast cancer hyperthermia remains limited, particularly for the U-slot and E-
slot applicators. The study aims to develop and optimize the slot applicator and identify the
most effective slot design for focused breast cancer hyperthermia in the Industrial, Scientific
and Medical (ISM) frequency band across multiple tumor sizes (T1, T2, and T3). This
research used electromagnetic (EM) simulation in SEMCAD X to evaluate SAR distribution
in a breast phantom. A comparative analysis between the U-slot and E-slot applicators was
conducted. The E-slot applicator was selected based on superior performance in directivity,
gain, return loss, SAR distribution and SAR (peak). Response Surface Methodology (RSM)
was applied to develop second-order polynomial models relating slot design parameters to
the localization SAR distribution, defined by surface and inner depths. ANOVA in Design-
Expert software was used to validate and optimize the E-slot parameters. The RSM-based
optimization E-slot applicator was further validated with established optimization methods,
namely Particle Swarm Optimization (PSO) and Genetic Algorithm (GA). The findings

showed that the optimized E-slot applicator performance significantly enhances directivity

il



(26%: T1, 22.3%: T2, 12%: T3), gain (21%: T1, 8.7%: T2, 24.3%: T3), return loss (36%:
T1, 79.8%: T2, 92%: T3) and SAR(peak) (5.6%: T1, 116.5%: T2, 43%: T3) compared to the
E-slot applicator. Thus, the optimized E-slot achieved better SAR localization within the
tumor and reduced the formation of unwanted hotspots. Unwanted hotspots are areas of
excessive heat in surrounding healthy tissue. Less unwanted hotspots indicate reduced
excessive heat absorption in healthy tissue. Additionally, it demonstrated a shorter treatment

period.

Keywords: Hyperthermia, E-slot applicator, Inner depth, Surface depth, Specific

Absorption Rate (SAR), tumor
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Pengoptimum Aplikator E-slot bagi Rawatan Hipertermia Kanser Payudara Secara
Tidak Invasif

ABSTRAK

Kanser payudara kekal sebagai salah satu punca utama kematian di kalangan wanita di
seluruh dunia. Ada di kalangan tumor kanser mengandungi sel hipoksia yang kurang sensitif
terhadap radioterapi dan kemoterapi. Disebabkan rintangan ini, hipertermia digunakan
sebagai cara alternatif untuk meningkatkan keberkesanan rawatan kanser.Rawatan
hipertermia payudara tidak invasif melibatkan peningkatan suhu 40-45°C di kawasan tumor
untuk menyahasilkan protein dan mengecilkan tumor sambil meminimumkan kerosakan
pada tisu sihat di sekeliling. Walaubagaimanapun, kekangan utama aplikator hipertermia
ialah kewujudan hotpsot yang tidak diingini pada tisu sihat serta pemfokusan tenaga
electromagnet(EM) yang lemah pada kawasan tumor.Pelbagai struktur aplikator telah
dikaji untuk meningkatkan pemfokusan tenaga EM, kajian aplikator berasaskan slot bagi
hipertermia kanser payudara masih terhad, khususnya bagi reka bentuk U-slot dan E-slot.
Kajian ini bertujuan membangunkan dan mengoptimumkan aplikator slot yang berkesan
untuk rawatan hipertermia kanser payudara yang lebih berfokus dalam jalur Industrial,
Scientific dan Medical (ISM) bagi pelbagai saiz tumor (T1,T2 dan T3). Kajian ini
menggunakan simulasi elektromagnetik (EM) dengan perisian SEMCAD X untuk menilai
taburan SAR dalam fantom payudara. Analisis perbandingan antara aplikator U-slot dan
E-slot telah dijalankan dan aplikator E-slot dipilih berdasarkan prestasi yang baik dari segi
directivity, gain, return loss, taburan SAR dan SAR(peak). Kaedah Response Surface
Methodology (RSM) digunakan untuk membangunkan model polynomial tertib kedua yang
mengaitkan parameter reka bentuk slot dengan taburan pemfokusan SAR, yang ditakrifkan

melalui kedalaman permukaan dan kedalaman dalaman. Pengesahan statistik dan



pengoptimuman E-slot dilakukan dengan ANOVA dengan perisian Design-Expert.
Pengoptimum E-slot berasaskan RSM turut disahkan melalui perbandingan dengan kaedah
pengoptimum sedia ada, iaitu Particle Swarm Optimization (PSO) dan Generic Algorithm
(GA). Dapatan kajian menunjukkan bahawa prestasi E-slot yang telah dioptimumkan
meningkat dengan ketara untuk ciri-ciri berikut: dari segi directivity (26%. T1, 22.3%: T2,
12%: T3), gain (21%: T1, 8.7%: T2, 24.3%: T3), return loss (36%: T1, 79.8%: T2, 92%:
13) dan SAR (peak) (5.6%: TI1, 116.5%: T2, 43%: T3). Oleh itu, pengoptimum E-slot
menawarkan pembaikan dalam pemfokusan SAR serta mengurangkan hotspot yang tidak

diingini. Selain itu, ia menunjukkan tempoh rawatan yang lebih singkat.

Kata kunci:  Hipertermia, E-slot aplikator,kedalaman permukaan, kedalaman dalaman ,

taburan SAR, tumor
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CHAPTER 1

INTRODUCTION

1.1 Research Background

In 2022, the World Health Organization (WHO) reported that breast cancer was the
most frequently diagnosed cancer among women worldwide, accounting for approximately
2.2 million cases or 23.8% of all female cancers (GLOBOCAN, 2022a) , with a mortality rate
of 15.4% higher than lung, colorectal, cervical, liver and stomach cancer (GLOBOCAN,
2022c¢). These numbers are expected to rise annually. In Malaysia, breast cancer has the
highest incidence among women with 8371 new cases (31.3%) and the highest cancer-
related mortality at 21.4%, making it more common than other cancers such as colorectal,
cervical, ovarian, corpus uteri and lung (GLOBOCAN, 2022b). These statistics highlight the

urgent need for more effective treatment to enhance survival rates.

Currently, three main treatment procedures depend on tumor size and cancer stage.
These include surgery, radiotherapy, chemotherapy and hormone therapy. Surgery is the
oldest treatment in which cancer is removed from the body. Meanwhile, radiation therapy
uses high-energy particles or waves to kill cancer cells and diminish tumors. Chemotherapy
is a cancer treatment that uses drugs to kill cancer cells. Finally, hormone therapy is a

treatment that is used to slow or stop the growth of cancer cells (Baskar et al., 2012).

However, the effectiveness of these treatments is limited by the tumor
characteristics. In particular, the hypoxia regions within tumor are resistant to radiotherapy
and chemotherapy(Dewhirst et al., 2015)(Habash et al., 2006). The hypoxia region in a

tumor has low oxygen levels because insufficient oxygen is delivered to poorly organized



blood vessels commonly found in solid tumors. The tumor grows rapidly, potentially
increasing its malignancy. Hyperthermia can be introduced as a treatment for this condition.
Hyperthermia utilises heat by elevating the temperature to about 42°C to 45°C for a period
to denature cancer cells into necrotic tissue with minimal damage to surrounding healthy

tissue (Stauffer, 2005; Koo et al., 2014).

Hyperthermia can potentially enhance oxygenation, making the tumor more sensitive
to radiation and directly killing cancerous cells (Al Tameemi et al., 2019; Elming et al., 2019;
Harris et al., 2022). Hyperthermia increases its effectiveness by combining with radiotherapy

(Patrizia Sarogni et al., 2023) .

In addition, hyperthermia has proven clinically effective in enhancing the outcome
of chemotherapy and radiotherapy, especially in solid tumors, such as hypoxia. Both pre-
clinical and clinical studies demonstrate that hyperthermia improves blood flow and
increases perfusion in tumor areas, depending on temperature and duration (Dunne et al.,

2020).

There are two methods used in hyperthermia treatment that are non-invasive and
invasive (Khan & Singh, 2022; Neagu, 2017). In hyperthermia, various types of non-
invasive applicators are used to deliver heat to target tissue, such as microstrip patch
applicator, waveguide applicator (Kim et al., 2024), dipole applicator (Yildiz et al., 2023),
helical/spiral applicator (Petra et al., 2020) and microstrip slot applicator (Elsaadi & Hamad,

2023).

The microstrip slot applicator has better penetration depth and a small Effective Field
Size (EFS), as indicated by (Singh & Singh, 2016). Furthermore, it demonstrates stability in

the transmission of electromagnetic waves across different tissue properties. Nonetheless,



designing an efficient antenna remains a significant challenge due to tumor characteristics
that vary in size and position. Another crucial factor is to target achieving heat at

an appropriate depth within the tissue to ensure effective treatment (Rajebi et al., 2024).

Previous studies have investigated the performance of applicator structures both with
and without a slot. As reported by (Elsaadi & Hamad, 2023; Khan, et al., 2023; Khan et al.,
2024; Shehata et al., 2021), the microstrip applicator with a slot shows improved return loss,
penetration depth (PD) and Specific Absorption Rate(SAR) (Singh & Singh, 2016). The
heating region is uniform and focuses on the tumor with slot applicator. Integrating the E-
slot into a rectangular patch alters the current density because the E-slot creates an additional
path of current distribution (Ramu & Arunachalam, 2023; Shehata et al., 2021; Wu & Chen,

2023).

According to (Rubio, 2016; Szasz, 2024) the amount of heat generated by the
applicator is related to the amount of current. The applicator generated more heat as the
current increased. For instance, a slot applicator can achieve a therapeutic temperature
quickly due to an increment in the current distribution (Elsaadi & Hamad, 2023; Shehata et
al., 2021). Therefore, high current density enhances power deposition, resulting in more

concentrated heating of the target tissue.

Another critical factor to consider is the duration of hyperthermia treatment. It is
related to the effectiveness and safety of the treatment (Yildiz et al., 2023). The tumor should
not overheat or underheat. Underheating means the tumor does not reach a sufficient
temperature, for example, less than 42°C, leading to ineffective hyperthermia treatment. In
contrast, overheating refers to a tumor exposed to >45°C, leading to unwanted hotspots in

the surrounding healthy tissue(Dewhirst et al., 2015). Therefore, maintaining the therapeutic



temperature range of 42°C to 45°C for a specified duration is essential to ensure that

hyperthermia treatment is safe and effective.

The effects of overheating lead to unwanted hotspots and underheating, which can
ineffectively heat tumors (Dewhirst et al., 2015), which causes cancer/tumors not to shrink

and damage successfully. Therefore, the efficient treatment time should be considered.

In summary, the effectiveness of hyperthermia depends significantly on the
applicator, which is determined by the applicator design. Based on previous studies, the main
applicator parameters that affect the SAR distribution towards the targeted tissue to be
treated are directivity, gain and return loss. However, a few limitations in the existing
applicator need to be addressed to ensure that hyperthermia treatment causes minimal

adverse health effects.

1.2 Research Motivation

The increasing mortality rate associated with breast cancer remains a critical global
health issue. This issue aligns with the United Nations' 2030 Agenda and Sustainable
Development Goal (SDG) 3, which aims to ensure healthy lives and promote well-being at
all ages. Specifically, this research is under SDG 3.4, and by 2030, it will contribute to
reducing deaths by one-third of premature Non-Communicable Diseases (NCDs) with

prevention, treatment and well-being (Walsh et al., 2022).

The success rate of tumor treatment, measured as complete response (tumor no longer
detectable), is 38.1% with radiotherapy alone. However, the treatment success rate increases
to 60.2% when radiotherapy is combined with hyperthermia (Bakker et al., 2019). In terms

of chemotherapy, tumor stabilization (tumor stops progressing), the success rate is 38% with



chemotherapy alone. However, the stabilization rate improved to 60.4% when chemotherapy
was combined with hyperthermia (Kaur et al., 2022). This shows the success rate of

radiotherapy or chemotherapy increases when combined with hyperthermia.

Hyperthermia improves oxygenation and blood perfusion within tumors, especially
in hypoxia regions. Radiotherapy becomes three times more effective at damaging cancer
cells by increasing the oxygen level in the blood flow in the tumor. Meanwhile, during
chemotherapy, hyperthermia is able to increase blood flow and oxygenation which

accelerates drug delivery to tumor and allowing it to work more efficiently(Jha et al., 2016).

The main challenge in hyperthermia treatment is to maintain the heat focus and
uniformity within the tumor, especially with varying tumor sizes and depths. A suitable
applicator design is required to address the need for various tumor sizes and depths.
Additionally, the applicator design must be optimized to ensure effective and safe treatment
while minimizing unwanted hotspots (Chishti et al., 2023; Elkayal et al., 2024; Rajebi et al.,
2024).In this research, the development of a hyperthermia slot applicator is explored to

enhance the effectiveness of hyperthermia treatment

1.3 Problem Statement

Hyperthermia has gained recognition in modern oncology for its proven clinical and
research contributions to cancer treatment. Moderate hyperthermia is an elevated
temperature of 42° C to 45 °C for 30 to 60 minutes to achieve a therapeutic heating effect.
In non-invasive, applicator-deployed externally on the skin surface to deliver

electromagnetic (EM) energy to the tumor.

Preclinical studies have demonstrated that controlled heat-enhanced treatment



effectiveness in the tumor by improving tumor oxygenation. These biological effects
improve tumor sensitivity and enhance the effectiveness of hyperthermia when combined

with radiotherapy or chemotherapy.

In addition, the effectiveness of heat absorption and distribution depends on various
hyperthermia applicator parameters such as frequency, size, type of applicator, distance from
the applicator to the breast phantom and applicator geometry (Nizam-Uddin et al., 2022).

These parameters influenced EM energy focusing and SAR within the tumor region.

However, tumor sizes and location vary among patients, which influence EM
penetration depth and SAR distribution. Consequently, determining the most appropriate

ISM operating frequency for effective tumor heating remains a critical challenge.

In addition, research on the design of hyperthermia slot applicators remains limited.
Therefore, an investigation of a simpler slot-based applicator is required to enhance design
simplicity and maintain effective EM energy delivery to the tumor. Furthermore, optimizing
the slot dimension to enhance SAR localization while minimizing unwanted hotspots in

healthy tissue.

Moreover, the treatment time needs to be explored for the optimized slot applicator
across varying tumor sizes. Therefore, the treatment time needs to be determined to minimize
unwanted hotspots on surrounding healthy tissue. The following section elaborates on these

challenges in detail.



1.3.1 Challenges in Selecting an Appropriate Applicator Frequency Based on Tumor
Sizes and Depth
The challenge in non-invasive hyperthermia is determining the appropriate operating
frequency to deliver EM energy to tumors of different sizes and depths, as frequency
selection is fundamental to applicator hyperthermia. Frequency influences the penetration

depth (PD), Specific absorption Rate (SAR) and dielectric properties of biological tissue.

The hyperthermia applicator utilized frequencies within the range designated by the
Federal Communications Commission in Industrial, Scientific and Medical (ISM) approved
434MHz, 915MHz and 2450MHz (Altintas et al., 2021 (Zulkefli et al., 2021). The applicator
used the ISM frequency to reduce complications and to make device installation more cost-

effective in clinic settings (Lyu et al., 2023).

Different frequencies exhibit varying PD and Specific Absorption Rate (SAR)
distribution that reflects the amount of heat absorbed within tissue. For instance, 434 MHz
has a deeper penetration depth in tissue (Choudhary & Arunachalam, 2022) (Gupta & Singh,
2005) than 915 MHz and 2450 MHz. While 915 MHz has a greater PD than 2450 MHz(Lyu

et al., 2023) . Hence, 2450 MHz affects the surface tissue (Li et al., 2021).

Another study investigated an elliptical-shaped applicator operating at 915 MHz and
2450 MHz for spherical tumors with volumes of 1 cm?® and 2 cm®. The findings reveal that
the 915 MHz applicator shows a large focus point and a deeper PD. In contrast, 2450 MHz

has a small focus point and a low PD(Lyu et al., 2023)(Hu et al., 2024) .

The relationship between frequency and wavelength is expressed in the equation
f=c/A, where f is frequency, c is the speed of light, and A is wavelength. If the frequency

increases, the wavelength decreases, resulting in a shallow PD in tissue. Therefore, 434



MHz is suitable for heating deeply seated tumors but offers less localization; 915 MHz
provides intermediate penetration and enables better heat focus on the tumor; and 2450 MHz

is more effective for superficial tumors due to its shallow PD and high localization.

Moreover, tissue properties are frequency dependent. Heat absorption differs
between fat tissue and tumors due to differences in electrical properties and water content.
The electrical properties are tissue conductivity and tissue permittivity. As frequency
increases, relative permittivity decreases while electrical conductivity increases (Ramu &
Arunachalam, 2023). Meanwhile, tumors have a higher water content than fat tissue. As a
result, the tumor has absorbed more heat than fat tissue and keeps healthy tissue safe (Rajput

et al., 2021).

1.3.2 Lack of Design in The Slot Hyperthermia Applicator for Breast Cancer

Hyperthermia Treatment

In a hyperthermia applicator, parameters such as directivity, gain, and return loss are
critical design considerations that influence energy delivery and absorption in the tumor.
Directivity refers to the ability of the applicator to concentrate EM energy towards the tumor.
Gain is defined as the product of the applicator's directivity and efficiency. Return loss
measures the EM energy reflected back due to impedance mismatch between the applicator

and the transmission line.

Previous studies demonstrate that slot applicators offer enhanced directivity and gain
(Hu et al., 2024; Sethi & Nijhawan, 2016). While the return loss is minimized to enhance
the effectiveness of hyperthermia (Sethi & Nijhawan, 2016). In addition, slots integrated
with microstrip patches allow localised energy delivery and design flexibility (Hu et al.,

2024).



However, there are limitations on the frequency of hyperthermia with the slot
applicator. Specifically, 58.82% of applicators operate at 2450 MHz, while only 11.76% use
915 MHz, 17.65% use 434 MHz and 11.76% are designed for dual-frequency operation. This

highlights a limited focus on the development of applicator hyperthermia at 915 MHz

Some slot designs for 915 MHz exhibit bidirectional heating, with heat dispersing in
multiple directions and low directivity. This leads to reduced focus on the tumor and is less
suitable for breast cancer hyperthermia treatment. A previous study by (Kumar et al., 2009)
reported that the slot in the patch applicator design improved performance through gain
enhancement, resulting in more focused energy delivered to the tumor. However, some slot
applicator hyperthermia designs exhibit complex slot structures that integrate into both the
patch and the ground. Hence, the development of a single-layer slot applicator at 915MHz

with high directivity and low return loss is essential.

E-slot and U-slot single-layer designs offer lower design complexity and exhibit
desirable characteristics for use as a slot applicator in breast cancer hyperthermia, such as
enhanced directivity, gain and low return loss. These characteristics have been validated in

the communication system (Ali et al., 2023; Raja et al., 2023; Umamaheswari et al., 2023).

Specifically, the U-slot design achieves a gain range of 6.95 to 10.6 dBi, a directivity
range of 7.49 to 8.11 dBi, and a return loss range of -19dB to -40dB as indicated in Table
2.5. Similarly, the E-slot design offers a gain range of 4.34 to 9.5 dBi, a directivity range of

6.57 to 8.6 dBi and a return loss range of -13.18dB to -47.06dB as depicted in Table 2.8.

The number of slots in the applicator design influences the current density
distribution. As reported (Ashyap et al., 2018), the density current distribution increased as

the number of slots increased. The slot structure influences the applicator performance, for



instance, as stated in (Parameswari S, 2024),the number of slots contributes to enhancing
directivity and minimizing return loss. The U-slot and E-slot applicators have different

structures.

However, the application and evaluation of the non-invasive applicator on E-slot and
U-slot for breast cancer hyperthermia remain limited in current research. The advantages in
directivity, gain, and return loss present a highlighted potential research opportunity for
further investigation. In particular, a comparative analysis of E-slot and U-slot applicators
for non-invasive breast cancer hyperthermia under different tumor sizes. The comparative

analysis contributes to identifying the most effective slot applicator design.

In addition to the type of applicator used in hyperthermia, the distance between the
applicator and the breast phantom also influences the energy absorption and SAR
distribution (Fiser et al., 2017). However, the distance adjustment results in a reduction in
SAR as the distance between the applicator and the breast phantom increases (Kumari et al.,
2020; Rajput et al., 2021). Therefore, the optimal distance between the applicator and the
breast phantom needs to be determined to enhance the effectiveness of hyperthermia

treatment.

Apart from the distance between the applicator and the breast phantom, the slot-
applicator geometry also affects the heating distribution. The modification of slot length
(horizontal and vertical) and thickness affects the applicator performance, such as return
loss, gain, directivity and SAR (Thakur et al., 2024)(Dargar et al., 2022)(Hasan et al.,
2012)(Umamaheswari et al., 2023)(Zain et al., 2018). Therefore, identifying the significant
slot modification parameters: length horizontal, length vertical, thickness of horizontal, and

thickness of vertical is essential before performing slot optimization.
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1.3.3 Optimization Slot Applicator

Applicator performance can be improved through slot optimization. The optimization
of the slot applicator dimensions aims to enhance applicator performance, including gain,
return loss, and directivity. By improving applicator performance, heat concentrates more on
the tumor and reduces the unwanted hotspot (Haque et al., 2021; Sivakumar et al., 2019; Tan

et al, 2022).

The hyperthermia applicator used optimization techniques such as Particle Swarm
Optimization (PSO) (Chishti et al., 2023)(Rajebi et al., 2024) (Yildiz et al., 2023) and
Genetic Algorithm (GA), (Aldhaeebi et al., 2014) (G et al., 2025) which focus solely on
applicator optimization and do not provide a relationship between dependent and

independent variables.

Therefore, Response Surface Model (RSM) was applied in the slot optimization and
established a mathematical model for the relationship between slot geometry and penetration

depth (Margaret & Manimegalai, 2018)(Koziel & Bandler, 2015)(Ayalew & Asmare, 2022).

Hence, this research aims to evaluate the effectiveness of the selection slot structure by
comparing U-slot and E-slot as applicators for breast cancer hyperthermia treatment. Then

optimized the selected slot dimension to suit tumors of different sizes.

1.3.4 Improper Time Duration for Hyperthermia Treatment

Before determining the adequate hyperthermia treatment time for tumor sizes T1, T2,
and T3, a water bolus is added between the applicator and the breast phantom. The purpose
of adding a water bolus is to control surface tissue temperature, prevent skin burn, reduce

unwanted hotspots, ensure uniform heat distribution within tumors and reduce patient
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discomfort by cooling skin surface (Arunachalam et al., 2010)(Kemal et al.,2020)(Hassan et

al., 2025). The time duration is measured after the water bolus is applied.

The time duration of hyperthermia is crucial for its effectiveness and safety. It is to
ensure the entire tumor is completely heated. In contrast, the improper time duration
management leads to the formation of unwanted hotspots in the surrounding healthy tissue.
In addition, the treatment time is associated with SAR and temperature. Time is inversely
proportional to SAR (Fiser et al., 2015). Therefore, if SAR decreases, a longer treatment
time is needed. A longer time duration generally leads to the accumulation of thermal skin

damage (Assi et al., 2022).

The time duration is typically 30 to 60 minutes, within a temperature range of 39
to 45°C (Yildiz et al., 2023)(Rajebi et al., 2020). However, the treatment time is not
standardized, as it depends on several factors, such as tumor size (Wong et al., 2021) and
applicator (Galal & Ibrahim, 2020). The different structure applicators produce different

SAR distribution patterns and different time durations.(Bakker et al., 2020)
Therefore, this research suggests the optimal duration for different tumor sizes.

1.4 Research Objectives

With regard to the problem statement mentioned above, the main objectives for this research

are stated as follows:

i.  To simulate and evaluate a breast phantom integrated with a non-invasive
microstrip applicator under Industrial, Scientific and Medical (ISM) frequency
to achieve a desired surface and inner depth within tumor sizes: T1, T2 and T3

ii.  To conduct a comparative analysis of E-slot and U-slot applicators based on the

applicator’s performance and rate of electromagnetic (EM) energy absorbed in
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tissue, represented in Specific Absorption Rate (SAR) within tumor sizes: T1,
T2 and T3

iii. To validate the optimized E-slot applicator obtained from Response Surface
Method (RSM) by comparing its performance with Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA)

iv. To generate the optimal hyperthermia treatment time in different tumor sizes :

T1, T2 and T3

1.5  Research Scopes and Methodology Framework

The research focuses on hyperthermia treatment for female breast cancer. Figure 1.1
shows the framework of breast phantom development. Breast cancer is represented as a
tumor in this research. This research used real clinical data from a breast cancer analysis of
mammograms, categorized as T1 (small), T2 (medium), and T3 (large). Meanwhile, T4 is
not included in this research because most tumors spread to the chest wall or skin. The
electrical properties for the breast phantom, such as fat, tumor, and chest wall, are defined in

SEMCAD X.

Figure 1.2 illustrates the framework to address research objective 1. The non-invasive
microstrip applicator developed under the Industrial, Scientific and Medical (ISM) standard,
which operates at 434 MHz, 915 MHz and 2450 MHz. Figure 1.3 displays the framework of
the slot applicator in hyperthermia. The U-slot and E-slot applicator is investigated further
in this research, particularly on applicator performance in terms of directivity, gain and return
loss. Meanwhile, the heat absorbed in tissue is represented by Specific Absorption Rate

(SAR).

The framework in Figure 1.4 is presented to align with research objectives 3 and 4.
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It involves slot optimization with Response Surface Method (RSM). The polynomial model
was developed and verified using ANOVA in Design-Expert software. The polynomial
model shows the relationships between the design parameters and the output response:

surface depth and inner depth, which represent the SAR distribution range

The optimized E-slot was verified by repeating the EM simulation process three
times. Then, the predicted output value is compared to the EM simulation result. The % error
records. After the optimized E-slot was verified, it was validated through a comparative
study of optimized methods, namely Particle Swarm Optimization (PSO) and the Genetic

Algorithm (GA), which had been used in prior research.

Research objective 4 determines the optimal hyperthermia treatment time for tumors
of sizes T1, T2, and T3. A water bolus was added between the applicator and the breast
phantom. In the next step, SAR tuning is performed to optimize energy absorption across

the entire tumor.
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1.6 Thesis Outline

This thesis is divided into five chapters. The thesis begins with Chapter 1:
Introduction. Introduction, which provides the background of the study. It explains
hyperthermia treatment for breast cancer and highlights the importance of applicator design

for achieving effectiveness and tumor heating.

The problem statement addresses the challenge of ensuring uniform heat distribution
on the tumors while minimizing the effect on surrounding healthy tissue. Therefore, the
objectives of this research focus on improving the effectiveness of hyperthermia treatment

in breast cancer.

In alignment with research objectives, this research focuses on three main elements
to overcome the problem of hyperthermia treatment: appropriate frequency, slot integration
and efficient time treatment for hyperthermia breast cancer. This chapter also presents the
significance of the research, the research scope &methodology framework and thesis

outlines.

Chapter 2: This chapter presents a comprehensive literature review of hyperthermia
treatment and its application in breast cancer. The chapter begins with an overview of
hyperthermia, including treatment types and heating techniques. Then, concepts of human
tissue interaction in hyperthermia, dielectric tissue properties and ISM frequency band.
Specific absorption Rate (SAR), input power to the microstrip applicator, applicator
performance parameters for breast cancer hyperthermia treatment, slot microstrip applicator
for hyperthermia and the effect of the distance between the breast phantom and the applicator
are also reviewed. Special attention is given to the U-slot and E-slot, which integrate with

the applicator due to their suitability for hyperthermia applications. Optimization technique
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used to improve SAR distribution, water bolus, breast cancer treatment time and

electromagnetic simulation tools used in hyperthermia are outlined.

Chapter 3: This chapter explains the methodology in line with the research objectives.
Research activities under methodologies are divided into Design of Experiment (DoE) 1 to
DoE 4. Research activities begin with an initial stage, which is breast phantom development.
Then DoE 1 is involved in applicator development, followed by DoE 2, which focuses on
the integration of the E-slot and U-slot as the applicator and the distance from the breast
phantom to the applicator. DoE 3 focuses on the modification of the E-slot, optimization of
the E-slot and validation of the E-slot. Finally, DoE 4 is used to determine the hyperthermia

treatment time.

Chapter 4: This chapter presents the results of each DoE. Discussion on DoE 1
focuses on a selection of appropriate frequency, suitable input power and selection of the
SAR average mass that suits this research. Meanwhile, DoE 2 discussion emphasises the
selection of slot integration and the distance between the breast phantom and applicator.
Meanwhile, under DoE 3, discuss the modification of the E-slot applicator, slot optimisation,
and validation of the optimization of the E-slot applicator. Then, in DoE 3, the hyperthermia

treatment time is recommended for T1, T2, and T3.

Chapter 5: Conclusion. This chapter highlights a summary of research findings,

contributions to knowledge and future works.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter consists of a comprehensive review of the literature on non-invasive
hyperthermia treatment relevant to this research. The literature review is structured in

sections 2.2 to 2.22.

2.2 Current Treatment for Breast Cancer

Currently, the treatments for breast cancer are surgery, radiotherapy and
chemotherapy. Other therapies, such as hormone therapy and targeted therapy, can be used
in conjunction with radiotherapy, chemotherapy and surgery. Table 2.1 summarizes the

procedures and side effects of those therapies.

Hyperthermia can be used as a complement to existing cancer therapies. For instance,
cells in the hypoxia region are resistant to radiotherapy and chemotherapy (Begg &
Tavassoli, 2020). Hypoxia induces an increase in malignancy (Nejad et al., 2021). Therefore,
hyperthermia can be combined with radiotherapy and chemotherapy to enhance cancer
treatment effectiveness. In addition, hyperthermia a safer option and can be applied

independently.

In the following section 2.3, thermal therapy is described before further discussing

hyperthermia for cancer treatment.
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Table 2.1: Current Cancer Treatment

Breast
Cancer

Treatment

Procedure

Side Effects and Limitations

Surgery

The surgical removal of cancerous
tissue with a margin in healthy
tissue is a critical aspect for
oncologists (Krontiras et al., 2014).
The aim is to remove cancerous
tissue and the crucial part is to
prevent local recurrence

completely.

Severe postoperative pain (pain
after surgery) was managed with
an analgesic. However, the side
effects of this medication are
nausea, vomiting, dizziness and

vertigo (Alizadeh et al., 2020)

Radiotherapy

(RT)

It uses a high-energy X-ray or
gamma-ray to kill the cancerous
cells. It interrupts DNA in cancer
cells by controlling their growth or
killing the cancer (Koushik et al.,
2013).

Skin changes- dryness, itching,
blistering or peeling, Fatigue,
long-term side effects: possible
development of second
cancer(new cancer form and
different from the first one)

(Dilalla et al., 2020)

Chemotherapy

(CT)

It utilizes drugs to destroy cancer
cells by interfering with DNA or
RNA, preventing cells from
growing and dividing (Kaur et al.,
2022). It can be given before or
after the surgery

Fatigue, Hair Loss, Anemia (low
red blood cell count), Nausea and
vomiting, Infertility, Appetite
changes, Mood change (Katta et
al., 2023)
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Table 2.1 continued

Hormone therapy To reduce the size of the | Hot flashes, joint pain, sleep
primary  cancer  before | disturbance, osteoporosis,
surgery or radiotherapy. To | mood swings and
minimize the risk of cancer | depression (Palacova, 2016)
coming back or spreading to
another area (Abraham &

Staffurth, 2020)

Target therapy Use drugs to target specific | Loss of appetite, diarrhea,
genes and proteins that | nausea, fever, hand-foot
control the growth and | syndrome, high blood
spread of cancer cells. It | pressure, difficulty
prevents the formation of | breathing and bleeding
new blood vessels in the | (Abraham &  Staffurth,
tumor (Abraham & | 2020).

Staffurth, 2020).

2.3 Thermal Therapy

Thermal therapy has been introduced into cancer treatment to provide safer,
more efficient treatment. It is an ancient treatment that involves increasing the temperature
by heating the cancerous cells. A temperature above 41°C can destroy cancerous cells with
minimal damage to normal cells. The damage to cells depends on the temperature and the

duration of exposure to heat (Righini et al., 2024).

Thermal therapy can be categorized into three types: low-temperature (Diatherma),
moderate-temperature (Hyperthermia) and high-temperature (Thermal ablation). Low-
temperature hyperthermia or diathermy applies temperature at 40°C-41°C for 6 to 72 hours;

moderate hyperthermia or hyperthermia is exposed to 42°C to 45°C within 15 to 60 min;
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high temperature is known as thermal ablation with temperature > 46°C for 4 to 6 min

(Habash et al., 2006).

The effect of the results on thermal therapy depends on the type of therapy. The
hyperthermia mechanism increases blood flow and oxygen levels in tumor/cancerous cells.
It is a technique to expose cancerous tissue to EM radiation therapy. Based on previous
research, this hyperthermia technique can convert the cancerous tissue into necrotic tissue
and destroy the cancerous tissue with minimal side effects (Korkmaz et al., 2013; Sharma et

al., 2014; Sim, 1986).

The effectiveness of hyperthermia significantly increases when combined
with radiotherapy or chemotherapy. A combination of radiotherapy and hyperthermia
enables the radiotherapy to target the oxygenation of outer cells, while hyperthermia acts on
the inner cells, particularly those affected by hypoxia. Meanwhile, combining chemotherapy

and hyperthermia enhances the effect of drug delivery to the tumor (Fatehi et al., 2009).

The first clinical trial of hyperthermia in cancer patients began in the '70s and '80s
(Sim, 1986). Since then, numerous studies have investigated the effects of combining
hyperthermia with radiotherapy and chemotherapy in various types of cancers, such as
breast, cervical, head, neck, prostate and sarcoma (Rao et al., 2010). In addition, the results
generally show improvement in patients' local tumor control and survival rates (Guisasola et
al., 2018). The type of hyperthermia treatment depends on the specific cancer types,
locations and sizes. The next section elaborates on the types of hyperthermia used in cancer

treatment.
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2.4 Types of Hyperthermia Cancer Treatment

The hyperthermia approaches under moderate temperatures are whole-body
Hyperthermia (WBH), regional and local hyperthermia (Rao et al., 2010). WBH is applied
to treat cancerous cells/tumors that have spread to different body parts, melanomas, soft

tissue sarcomas or leukemia (Stauffer, 2005).

Regional hyperthermia is a therapeutic approach to treating deep-seated tumors in
specific body regions, such as the pelvic or abdominal region. This technique aims to heat a
larger body region, typically encompassing the entire tumor volume, to a therapeutic
temperature of 40-44°C (Rao et al., 2010). This non-invasive method involves an external

applicator in a ring-shaped position around the patient (Kroeze et al., 2001).

Local hyperthermia with a temperature >40° C enables hyperthermia to cut off the
nutrients and oxygen to the tumor cells. This leads to a low potential of hydrogen (PH) and
a collapse in tumor vasculature. Local hyperthermia provided non-invasive and invasive

treatment (Issels et al., 2002) .

Both invasive and non-invasive microstrip applicators achieved good hyperthermia
treatment outcomes, but their procedures differed. A non-invasive hyperthermia applicator
was placed on the skin surface with a cancerous cell in the tissue (Ma et al., 2022). In
contrast, the invasive hyperthermia applicator procedure involves inserting the applicator
inside the skin and directing it to the tumor (Neagu, 2017), which can cause discomfort and

pain for patients.

The non-invasive hyperthermia applicator has different designs in size and shape,

such as a waveguide applicator (Kim et al., 2024), dipole applicator (Yildiz et al., 2023),

25



helical/spiral applicator (Kok et al., 2020), microstrip and slot applicator (Babak & Vrba,
2022; Sharma et al.,, 2018; Khan & Dubey, 2023). The following section highlights

hyperthermia heating techniques.

2.5 Hyperthermia Heating Techniques

The heating techniques for EM heating, including capacitive, inductive and radiative,
are used to deliver heat to cancerous tissue. Capacitive uses an EM field between 2 electrodes
(Szasz, 2021). Inductive uses a magnetic field to induce eddy currents within tissue

(Vasilchenko et al., 2022) and radiative (Lim et al., 2015).

Radiative applicator uses EM radiation to generate and concentrate heat in the treated
tissue. The radiative technique used in a microstrip as the applicator (Behrouzkia et al.,
2016; Chichet et al., 2007; Habash et al., 2006). It is suitable for heating small cancerous

tissues. Non-invasive hyperthermia can be approached using radiative (Choi et al., 2016).

A microstrip radiator applicator has been developed and can operate at low (Dayanc
et al., 2008) and high frequencies, 433MHz to 2450MHz (Franckena & Zee, 2010). These

applicators are lightweight and flexible, making them more convenient.

2.6  Human Tissue Interaction with the Hyperthermia Applicator

The interactions between EM radiations from the microstrip applicator engaging
with the tissue's electrical properties are the beginning of cancer treatment in hyperthermia.
The electric field on tissue leads to energy formation. The electrical properties of tissue
describe how the tissue responds to an electric field by either conducting or obstructing the

flow of electric current (Bevacqua et al., 2018).

Several complex simulation models have been developed for numerical
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computational investigation of EM wave propagation within tissues, such as the Finite

Difference Time Domain (FDTD) method (Kelley & Luebbers, 1996).

Comprehensive studies have been conducted to determine the dielectric properties of
different tissues across a wide range of frequencies (Lazebnik et al., 2007; Sha et al., 2002).
The Cole-Cole equation models the electrical behaviour of tissue over a specific frequency
range. This model is based on the Gabriel database. By fitting the Cole-Cole model to
experimental data, the electrical properties of different tissues can be estimated (Said &

Varadan, 2009).

The interaction of an electric field (E-field) with tissue is characterized by tissue

complex permittivity, given in Equations 2.1 and 2.2.

e=¢ —j&" Equation 2.1

o .
£=e6,—j— Equation 2.2
)
Equations 2.1 and 2.2 consist of the real part and the imaginary part. The real part of
permittivity is known as the dielectric constant, which is related to the tissue's ability to store
energy. In contrast, the imaginary part is related to energy loss within the tissue due to the

conductivity and frequency of the electric field.

2.7  Dielectric Tissue Properties

The dielectric properties, including tissue permittivity and conductivity, are strongly
influenced by water content. Tissues with high water content, such as tumors, have higher
water content and exhibit high relative permittivity and conductivity compared to low water

content, such as fat (Hesabgar et al., 2017)(Bah et al., 2015).
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Therefore, tissue such as tumor absorbs more EM energy than normal tissue with low
water content (Vaupel & Piazena, 2022). This is due to the high number of polar molecules

in water, which interact strongly with the electric field.

The dielectric properties are frequency-dependent (Nguyen, 2016). As the frequency
increases, the relative permittivity decreases while the electrical conductivity increases.
Similar trends in the electrical properties with frequency are revealed in (Ramu &

Arunachalam, 2023).

The dielectric properties determine how tissue interacts with EM energy and
influence energy absorption in tissue , which can be evaluated by SAR. Therefore, selecting
the appropriate frequency improved PD. The following section explains the Industrial,

Scientific and Medical (ISM) frequency band.

2.8  ISM Frequency band

The hyperthermia applicator operates under ISM frequency and is used in various
medical applications. The ISM frequency band is 434MHz. 915MHz and 2450MHz. The
applicator operates under the ISM band, reduces complications and minimizes the

installation cost in the clinic (Baskaran & Arunachalam, 2021; Lyu et al., 2023).

In the context of frequency selection within the ISM band, such as hyperthermia, it
is essential to ensure an optimal balance between tissue penetration depth and energy
absorption. A previous study reported that the frequency utilized in the applicator design
influenced the PD (Choudhary & Arunachalam, 2022; Nguyen et al., 2015), while (Choi et

al., 2012; Hand, 1986).
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Therefore, frequency is essential to the hyperthermia applicator. The low-frequency
applicator penetrates deeper into the tissue (high PD), while the high-frequency applicator,

conversely(Sharma et al., 2025). The frequency is selected based on tumor size and position.

29 Specific Absorption Rate (SAR)

SAR is the measurement of the rate of energy absorbed per unit mass by the treated
tissue in W/Kg or mW/g(Wessapan et al., 2012). The mass density of tissue suggests that
lg and 10g are the standard values in IEEE/IEC62704-1 (IEEE, 2017). SAR also described

(Fiser et al., 2015) W/ in the electric field effect as in Equation 2.3

Equation 2.3

The equivalent of conductivity is o= o5 + we” and  a; = static (electrical
conductivity of tissue at f=0Hz, we"'= alternating current (electrical conductivity varies with
frequency), p is the tissue density (kg/m?), E is the field intensity. The relationship between

SAR and temperature and time period is given by Equation 2.4.

CAT )
SAR = v Equation 2.4

Where C is the specific heat capacity of the exposed tissue in J/kg/°C, T is the change
in temperature(°C), and At is the exposure duration (s). Heat absorption within tissue
increases temperature. C = the specific heat capacity (J/kg°C). SAR measurement typically
averages over a lg and 10g cubic tissue volume as specified by IEEE and IEC 62704

(Xplore, 2017).

SAR (peak) and SAR distribution are important parameters for describing EM energy
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observed by tissue. SAR (peak) refers to the highest localized SAR value measured within a
specific volume of tissue. Meanwhile, SAR distribution is the spatial pattern of SAR within

the target tissue (SEMCAD X, 2012).

2.10 Hyperthermia Applicator Type: Microstrip Antenna Patch

A microstrip applicator is the simplest configuration, consisting of a radiation patch
on a dielectric substrate and a ground plane. Its advantages are lightweight, low volume and
a thin profile configuration that can be made conformal. Additionally, feed lines and

matching networks can be fabricated simultaneously.

Microstrip applicators have a variety of shapes. Several microstrip applicators are
used in practice: square, rectangular, circular, elliptical, equilateral triangle, and ring. The
most commonly used patches are rectangular and circular. However, the simplest patch is a

rectangular antenna.

A microstrip design proposed with a circular patch applicator for SAR and return loss
improvement, as stated by (Elsaadi et al., 2019) and (Sethi & Nijhawan, 2016). However,
(Lias et al., 2019) present a modified microstrip applicator with a rectangular patch that
performs better than a circular patch. The rectangular patch provides better SAR, penetration

depth, focus and minimizes unwanted hotspots on healthy cells.

A slot can be introduced into a microstrip antenna, which can exhibit either
bidirectional or unidirectional radiation, depending on its design configuration, such as the
slot's geometry. The radiation pattern (SAR) can be determined by the input power level set

on the applicator.
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2.11 Input Power to Microstrip Applicator

The input power influences the SAR distribution in the microstrip applicator
hyperthermia. The input power from the applicator determines the amount of EM energy

absorbed in tissue and affects SAR and PD.

Several studies have investigated the effect of varying input power on SAR
distribution. For instance, (Lias et al.,, 2019) increase the input power in three levels: 10 W,
100W and 200W in breast cancer hyperthermia treatment. Increasing input power leads to
higher SAR and a deeper PD. However, the increase in power also raises the heating region

and affects normal tissue.

Another study (Selmi et al., 2020) analyzed microstrip applicator performance under
10W, 45 W and 75W. The results reveal that the input power exceeding 10W caused the
formation of an unwanted hotspot in healthy tissue. This finding highlights the importance

of restricting input power to prevent excessive heat to healthy tissue.

Additionally, the input power directly affects treatment duration. According to
(Naimullah et al., 2023) the operating power of 10 W resulted in shorter treatment time
compared to the lower power of 1W, due to increase in energy absorption in the target tissue.
This indicated that appropriate power selection can improve time duration without excessive

heat affecting healthy tissue.
Overall, it shows that input power enhances SAR distribution and PD; power levels

above 10W increase the risk of overheating in healthy tissue.

2.12 Applicator Performance Parameters for Breast Cancer Hyperthermia

The efficiency and safety of EM energy delivered to the target tissue during

hyperthermia treatment depend on the performance of the applicator. The parameters such
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as return loss, directivity and gain determine how effectively the applicator focuses the EM
energy on target tissue while minimizing exposure to healthy tissue. Enhancing these
parameters is essential for improving heat on the target tissue and reducing unwanted heat

on healthy tissue.

Low return loss in the applicator for hyperthermia is critical for effective heat
delivery to the target tissue (Hu et al., 2024). The degree of mismatch between input power,
Pin, and reflected power, Pr, is given in the ratio Pin/Pr, return loss expressed in dB (Bird,

2009) defined as:
Return Loss, RL = 10 logio (%) Equation 2.3

Directivity, D is the ratio of the power density of the real applicator in its major direction to

the power density of the isotropic antenna (Parameters, 1943).

_ Pden Equation 2.4
Pi

D

Where,

Pden=power density

Pi = isotropic power

Directivity in the applicator used for hyperthermia is important as its ability to
concentrate the heat radiation on the target tissue while minimizing unwanted hotspots (Sethi

& Nijhawan, 2016; Nitika Sharma et al., 2022).

Gain uses to provide focus on the target tissue in hyperthermia treatment (M. Tayel

32



et al., 2017). Gain refers to the efficiency with which the applicator directs EM waves in a

particular direction.

Gain= n.D Equation 2.5

Where,

n = antenna efficiency

D =directivity of antenna

2.13 Slot Microstrip Applicator in Hyperthermia

Slot microstrip applicators are widely used in cancer hyperthermia treatment. The
purpose of adding a slot is to obtain focus and uniform heat toward the tumor, especially for

breast cancer hyperthermia treatment.

In most studies, slot integration was added using three methods: present only in the
patch, only at the bottom/ground, or in both the patch and the bottom/ground. As reported
by (Alex & Chakaravarthi, 2023) slot integrated into the patch and into the ground
demonstrated that the applicator effectively heats the superficial and deep tumor at 434MHz.
In addition, enabled the design of an applicator with dual frequency (Lyu et al., 2023;

Younesiraad et al., 2017).

The microstrip design has various patch shapes, such as an elliptical patch with an
annular ring slot, a hexagon patch with an annular ring slot and a pentagon patch with an
annular ring slot. However, the slot design is integrated only into the ground plane.
Moreover, the studies claimed that return losses improved (Khan & Dubey, 2023; Khan,

2023; Khan et al., 2023)

33



The majority of the designs focus on integrated slot in the patch since it results in less
complication and reported enhancement in return loss (Khan et al., 2024; Hu et al., 2024;
Khan & Mishra, 2023; Khan & Singh, 2023; Singh et al., 2019) , while (Hu et al., 2024)
addressed increments in PD and SAR with uniform heat distribution. Additionally, the
surface current increases due to the integrated slot in the microstrip (Khan & Mishra, 2023;

Khan & Singh, 2023) .

Several studies have covered a gain applicator, with a negative value (Khan et al.,
2024; Khan & Dubey, 2023; Khan & Singh, 2023). According to (Charan et al., 2020)

negative gain is due to the lossy tissue surrounding the microstrip applicator.

The results in (Khan & Dubey, 2023; Khan & Mishra, 2023; Khan & Singh, 2023)
show that bi-directional radiation is not suitable for hyperthermia treatment, especially in
breast cancer. Bi-directional radiation refers to energy radiating in two opposite directions.
It can cause heat in the tumor, but heat can also spread to surrounding healthy tissue, raising
safety concerns for the patient (Kok et al., 2015; Smrkovski et al., 2013). Therefore, the
preferred approach in breast cancer is the directivity applicator since it is more localized and

focuses on specific tissue/tumor (Sethi & Nijhawan, 2016a; Yildiz et al., 2022).

In summary, most of the previous studies focused on an operating frequency of
2450MHz (Elsaadi & Hamad, 2023; Hu et al., 2024; Khan et al., 2024; Khan & Singh, 2023;
Shehata et al., 2021; Singh et al., 2019; Singh et al., 2023; Singh & Singh, 2016) which
offers limited PD and is suitable for superficial tumors. However, few studies have explored

the 915 MHz band, and those that have done so have limitations.

The existing applicator design with 915MHz has several limitations, such as a

complicated design (rectangular slots and a slit) (Lim et al., 2015), a dual-frequency
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applicator that operates at 915MHz and 2400MHz (Lyu et al., 2023) or 434MHz and
915MHz (Younesiraad et al., 2017) also involved in complex slot configuration, typically
requiring slot integration on both the patch and the ground plane. Moreover (Khan & Mishra,

2023), has bidirectional radiation, which is not suitable for breast cancer treatment.

In conjunction with the limited number of studies on slot shape at frequency 915
MHz, a more comprehensive study should be conducted on hyperthermia treatment,
especially in breast cancer, which is the actual clinical tumor size. Consequently, another
type of slot needs to be proposed with characteristics required in hyperthermia breast cancer
treatment, such as enhanced directivity, improved gain and low return loss, to ensure the
enhancement of the hyperthermia procedure. In addition, the literature review in sections
2.11 and 2.12 emphasized that U-slot and E-slot microstrip exhibit these required

characteristics.

Furthermore, the integration of the E-slot or U-slot only in the patch is less
complicated compared to the integration of slots on the bottom only or both sides of the
patch and the bottom. The E-slot integration in the patch shows improvements in return loss,

SAR uniform heat distribution and an increase in surface current.

The following sections present a matrix of slot antennas for hyperthermia, as shown

in Table 2.2.
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Table 2.2:  Matrix table slot applicator in hyperthermia
Author/ Slot Fed
Year structure Antenna Freq Method Tissue Results Conclusion | Remarks
Khanet | T-slot 50Q 245 | DesignT - Single-layer Gain =-5.1 dBi The The
al., 2024 | structure. A coaxial GHz | slot with TEL. The The antenna provides a proposed T- | parameters
slot cut into feed Finite measurement | heating pattern with low | slot antenna | studied:
the patch. Element of tissue energy deposition in is effective | Gain, RL
The slot's Method permittivity surrounding healthy in HTP and
impact on the (FEM) using a tissue. applications | surface
patch is to with FR4 Network The SAR(peak) = - focuses current.
increase the substrate. Analyzer. 230.75W/kg with an EM energy
overall ANSYS input power of 6.93mW. | at
electrical HFSS -EM The antenna performance | 2.45GHz. It
length of the simulation compared to the previous | is suitable
surface Optimization study shows better RL= | for heating
current of T-slot -33.49dB cancerous
antenna with Radiation =bidirectional | cells at
GA superficial.
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Table 2.2 continued
Hu et al., | Octagonal 50Q 2.45 | The substrate | Tissue layer RL< - 20dB, enhance The The
2024 | patch with coaxial GHz | permittivity | consists of 3 directed radiation, proposed parameter
four feed is 10.2.EM layers: skin increased PD(26mm) applicator | studied:
symmetrical- simulation: =1.5mm, Pin =1.4W demonstrat | RL, SAR,
Cross-slots- COMSOL : fat=5mm, and | T=42-45°C ed PD
open metal Optimization | muscle SAR=56.6W/Kg without | significant
cavity added -parameter 73.5mm. The | tumor promise in
to antenna adjustments- | tumor is SAR= 72.1W/kg (tumor) | HTP in
surface. Slot patch length, | inserted into SAR evaluated at various | both
on the patch slot the muscle depths of the tumor, superficial
dimension tissue with a 10mm, 20mm and and deep-
and feed diameter of 30mm, shows uniform seated
position - 20mm. The distribution and effective | cancer.
manual tissue focusing of heat.
adjustment. permittivity is
The based on a
parameters previous study.
are
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Table 2.2 continued
systematicall
y varied to
study the
impact of
antenna
performance
Khan & | A cross slot Feed line | 2450 | Antenna Single-layer RL=-20.08dB (without | The The
Singh, | and L-slots to MHz | substrate is TEL phantom. | tissue) proposed parameter
2023 all four not Tissue RL=-15.91dB with TEL | antenna has | studied:
corners. Slot mentioned. permittivity is | tissue omnidirectio | RL, SAR,
on the patch. EM determined SAR(peak) nal radiation, | gain,
— Single- simulation: experimentally | =404.15W/kg, making it radiation
layer antenna HFSS using a Pin =3.9mW suitable for
design network The current distribution | biomedical
analyzer. surface concentrates applications.

towards the center of

the patch
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Table 2.2 continued
Khan & | Antenna with 50Q 915 EM 3-layer tissue: | RL=-11.60dB The study The
Mishra, | a square coaxial MHz | Simulation — | muscle, fat, Surface current used tri-layer | parameter
2023 patch with a feed HFSS. and skin. Add | =372.2A tissue to studied:
symmetrical Substrate a water bolus. demonstrate | RL,
L-slot. Eight FR4 The method of | Radiation pattern- bi- the surface
L-slots at the determining directional effectiveness | current,
corner and 8 tissue of radiation
in the middle permittivity is hyperthermia
of the patch not mentioned applications
Elsaadi | Comparison | Feedline | 2.45 |EM The tissue Slot design has a better | The design The
& of typical GHz | simulation— | layer consists | RL compared to non- with a slot parameter
Hamad, | rectangular CST suite of 3 layers: the | slot. antenna studied:
2023 patch antenna Substrate breast, breast RL=-10.7dB improved RL,
(non-slot) FR4 fat layer, and (Non-slot) antenna treatment
and the skin layer. | RL=-47.7dB performance, | tie,
rectangular The skin radius | (Slot) as it ensured
slot =70mm, thick | E field better energy

Smm breast fat
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Table 2.2

continued

rectangular at
the center of
the patch
(slot)

Both designs

— single-layer

radius =65mm,

the breast

glandular

radius =15mm,

and the breast
glandular and
tumor are
fibroglandular
layer, the
spherical in
shape with
100mm and
200mm
diameters,

respectively

15.5dBV/m
(Non-slot)
16.7dBV/m

(Slot)

The tumor is positioned
at a different location.
The distance of the
antenna to the breast
phantom =15mm
Treatment time is 15
minutes at

Tmax=45.6°C.

delivery to
the tumor
while
minimizing
reflection.
The study
did not
specify a
method for
determining
tissue

permittivity

SAR, E
field
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Table 2.2 continued
Alex & | The antenna 50Q 434 Substrate The SAR coverage of 18cm?. | The design The
Chakara | is designed coaxial MHz | RO3010 electrical PD=13.67mm. effectively parameter
varthi, with a feed er =10.20 properties SAR(peak) heats tumor studied:
2023 circular ring EM of human =115W/Kg(breast positions in RL, SAR,
patch with simulation- tissue from | model) both superficial | PD
two HFSS Cole-Cole SAR(peak) =446 W/kg and deeper
rectangular dielectric (chest wall recurrence depths.
slots and 2 model model)
meander line RL=-15.62dB (breast
slots on the model)
ground RL=-10.5dB ( chest wall
recurrence model)
Lyu et Semi- Feed line 915 Antenna The breast | The RL=- This design The
al., 2023 | elliptical slot MHz | substrate = model 18dB(915MHz) and - provide dual parameter
in the ellipse 245 | RT5880 er = | includes a 21dB(2.45GHz) frequency studied:R
patch. GHz |22 skin layer The simulation results L,
confirm that thermal SAR
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Table 2.2

continued

Ground
plane-
symmetrical
quarter circle
and
Intermediate
rectangular

slot

EM
simulation,
Ansys
HFSS and

Fabrication

(Imm
thickness),
adipose
tissue(fat),
chest wall,
and tumor.
The tissue
permittivity
is based on a
literature
review. The
tumor size is
determined
based on
focal range
and PD.
Focal range
refers to the

region in

energy focuses on the
tumor . optimization of
slot with phase array-
used 12 elements, SAR
improvement.

SAR at 2.45GHz has
better focusing effect
and small focusing
range than 915MHz

Radiation -not included
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Table 2.2 continued
which heat
energy is
concentrated.
Tumor
size=lcm®
(small) used
2450MHz
and tumor
size = 2cm’
(big) used
915MHz
Khan et | Elliptical 50Q 248 | The antenna | TEL single- | RL=-15.1dB The study The
al., 2023 | patch with coaxial GHz | substrate layer (simulated) confirms the parameter
radius 45mm, feed used phantom. The | RL=-14.9dB antenna's studied:
with elliptical RT/droid tissue (Experimental) effectiveness in | RL, SAR
ring slot 5880. The permittivity | SAR =5.13808W/kg HTP treatment
inner radius simulation | is based on while
54mm and tool is maintaining
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Table 2.2 continued

outer radius HFSS, which | theoretical compliance
60mm used Finite calculations with safety
Ground plane Element standards
rectangular Method
orthogonal (FEM). The
cross slots simulation
with square and
slot position experimental.
behind No radiation
elliptical included.
patch

Khan et | The hexagon 50Q 434 | The FR4 TEL Single- | Without phantom The simulation | The

al., 2023 | with an coaxial MHz | substrate layer Simulated RL= closely aligns | parameters
annular ring feed antenna. EM | Method to | -15.19dB, with the studied
and two simulation determine Measured RL experimental were SAR,
rectangular HFSS. tissue -31.53dB results. The S11 and
orthogonal permittivity, | With phantom gain is Gain

cross slots

negative, and
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Table 2.2 continued
and square not RL=-21.23dB the radiation
slots at the mentioned | (simulated) pattern is
ground RL=-26.42dB bidirectional,
(experiment) meaning
Gain =-9.1dB energy is
Bidirectional radiation emitted in two
SAR =0.089W/kg opposite
(distance phantom to directions.
antenna = 3cm)
Khan & | The pentagon 50Q 434 | The FR4 The single- | Without phantom The simulation | The
Dubey, | patch with coaxial MHz | substrate layer tissue. | Simulated RL= closely aligns | parameters
2023 | pentagon ring feed antenna. EM | The method | -15.19dB, with the studied
slot, simulation to Measured RL= experimental were SAR,
rectangular HFSS based | determine -31.53dB results. The RL and
orthogonal on FEM tissue With phantom gain is Gain.
cross slots permittivity | RL=-21.23dB negative, and
and square is not (simulated) the radiation
slots on the mentioned pattern is

ground
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Table 2.2 continued
RL= bidirectional,
-26.42dB meaning
(experiment) energy is
Gain =-9.1 dBi emitted in two
Bidirectional radiation opposite
SAR =0.089W/kg directions.
(distance phantom to
antenna = 3cm)
Singh & | Circular ring 50Q 245 | The antenna | Phantom SAR=5.2424W/kg for SAR The
Singh, | slot on the coaxial GHz | substrate is muscle the distance between the | distribution is | parameters
2022 circular feed FR4. EM model: phantom and the uniform in studied:
patch. At simulation 83.655mm | antenna is 25mm.PD specific S11, PD,
ground: two with FEM X increases as the distance | regions. The SAR(peak
rectangular based on 83.655mm | between the antenna and | PD improved. | )
slots HFSS X 50mm the breast phantom is Antenna design
perpendicular (thick) reduced. The results with
to each other, show that the slot lightweight and
with a antenna with PD efficient.

circular slot

improved to 20mm and
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Table 2.2 continued
the conventional antenna
=18mm
RL=-27.9dB
SAR(peak)=5.2424W/k
g
Shehata | A rectangular Inset 245 | The antenna | The breast | The microstrip patch The design and | The
et al., antenna with feed GHz | substrate is tissue antenna (MSA) with 8 performance of | parameters
2021 8 small FR4. The EM | consists of | small circular slots the antenna studied:
circular slots simulation is | skin, fat, recorded higher electric | were validated | RL
CST with gland and field and SAR values through
FEM method | tumor. compared to MSA simulation and

Water bolus | without slots. As input experimentatio

was used in | power increased , SAR | n.

this paper. increased too.

The tumor Pin=1W:SAR(non-

size is

spherical, slot)=0.920W/Kg

with a SAR(slot)=0.957W/Kg

radius of
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Table 2.2 continued
6mm. The Pin=4W:SAR(non- slot)
location of | =3.685W/Kg
the tumor is | SAR(slot)=3.831W/Kg
in the RL=-25.424dB
middle of
the breast
phantom.
Singh et | Microstrip 50Q 2.45 | Antenna Tissue- The antenna has an The study The
al.,2019 | slot antenna microstri | GHz | substrate muscle impact on the corrugated | explores the parameters
with circular p line RT5880. EM slot in terms of PD, effect of radius | studied:
corrugated simulation - EFS, and temperature circular PD, EFS,
slot patch CST distribution. corrugated slot | RL and
PD decreases as the | interms of PD, | Temperatu
circular corrugated | EFS and RL re
radius

increases.PD=17.5mm

to 17mm

RL =-32dB to
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Table 2.2 continued
-50dB(depend on
corrugated radius)
Singh et | Corrugated 50Q 2.45 | Multilayer Tissue — The larger the radius of | The study The
al., 2019 | circular slot microstri | GHz | structure: muscle the corrugated circular, | explores the parameters
in multilayer. p line 1* layer = the greater the PD effect of radius | studied:
Water bolus RT6010, 2" increases. circular PD, EFS,
included layer= EFS tends to increase as | corrugated slot | RL and
RO3003 the corrugated slot with multilayer | Temperatu
3rd layer = radius increases. in terms of PD, | re
neoprene Temperature distribution | EFS and RL
layer — no unwanted hot spots
4% Jayer = observed in the
Perfect superficial region of the
Electric tissue
conductor RL<-24dB for various
(PEC) values of corrugated

circular radius
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Table 2.2 continued
Younesir | Square ring 50Q Dual | The antenna | Tri-layer SAR(peak) =1.32W/Kg | A dual- The
aad et al., | slot- patch coaxial freq: | substrate=FR | tissue (434MHz) frequency parameters
2017 surface. feed 434 |4 model: skin, | SAR(peak) =1.44W/Kg | antenna studied:
Cross slot MHz | EM fat, and (915MHz) obtained with 2 | SAR(peak
with a small and 915 | simulation muscle. Add | PD different PD ) and PD
circle in the MHz | =HFSS with water | 434MHz=6.5cm
middle- bolus. The | 915MHz=6cm
ground plane tissue RL=-16dB(434MHz)
permittivity | RL=-13dB(915MHz)
obtained

based on the
previous

study
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Table 2.2 continued
Singh & | Two circular 50Q 2.45 | The antenna | Tissue - Conventional patch The slot The
Singh, patches are microstri | GHz | substrate is muscle. antenna antenna has parameters
2016 located p line RT Duroid Tissue PD=18mm better studied:
within the with er =2.2. | permittivity | EFS(mm?)=39x28 characteristics | PD,EFS,
rectangular EM from BW=50MHz compared to BW, RL
slot. Ground simulation: literature S11=-21dB conventional
also has two CST Slot Antenna terms of RL,
circular PD=23mm PD and BW.
patches EFS=12x18mm? EFS is more
within the BW=170MHz focused on the
rectangular S11=-24dB slot antenna
slot
Lim et | Modified Not 915 Antenna The tumor | RL(with slit only) = RL improved The
al., 2015 | rectangular mention | MHz | substrate FR4 | size is -5dB with a slot parameters
microstrip EM 30mm, but | RL( slit + slot)=-24dB | added to the studied:
patch antenna simulation: it is not antenna RL, Tmax
incorporates not to | explicitly T max rise =9.7°C
of multiple mention stated how
slits on the to get it.
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Table 2.2

continued

front side of
the antenna,
Two
rectangular
slots on the

ground

The method
obtains
tissue
permittivity,
which is not

mentioned.

Tmax at the middle of

tumor area
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2.14 Effect of Distance Breast Phantom to Applicator on Hyperthermia Treatment

Previous studies have shown that the distance between the applicator and the
phantom affects the effectiveness of hyperthermia treatment. The study by (Wong et al.,
2021) reported direct contact between the applicator and the breast phantom. This helps

deliver heat to the target tissue effectively and localization SAR distribution.

However, according to (Elsaadi & Hamad, 2023) the best distance from the applicator
to the phantom is 10 mm. The placement of the applicator at this distance is crucial for the
treatment's effectiveness. The delivery of EM waves is optimized at this distance and

minimizes the impact on surrounding healthy tissue.

Another study mentioned the relationship between the distance between the
applicator and the phantom with return loss. The observed distances are 20 mm and 40 mm.
The return loss decreases as the distance between the applicator and the phantom increases.
This means the applicator becomes less effective at detecting tumors as the distance between
the applicator and the phantom increases. The distance of 20mm is more effective compared

to 40 mm in identifying the tumor (Kurt, 2023).

Since the appropriate distance varies and cannot be represented by a fixed value, it
was essential to determine the optimal distance, as it significantly affects treatment
effectiveness. Therefore, this research examines the distance between the breast phantom

and applicator, ranging from Omm (direct contact with the skin) to 20mm.

2.15 Slot Applicator Modification

The modification of the E-slot applicator impacts its performance and characteristics,

including resonance frequency, gain, directivity and return loss. Slot modification can
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modify the resonance frequency (Govindarajulu et al., 2023; Haque et al., 2021) by adjusting
parameters such as slot width (Ws), slot gap (Wg) and slot position relative to the feed, the
antenna achieves optimal performance, enhancing operating bandwidth and resonant

frequency (Latha et al., 2022; Tan et al, 2022).

In addition, a slot on the patch also changes the input impedance (Abdelgwad, 2018).
The impedance characteristics were evaluated through return loss, where low return loss
indicated better impedance matching and efficient power transfer (Kee et al., 2024; Mary et
al., 2023; Parameswari et al., 2024). Therefore, the slot modification can enhance the

impedance matching (Govindarajulu et al., 2023).

The modification of the dimension of the E-slot (Ahmed & Islam, 2013; Kishore et
al., 2014; Sivakumar et al., 2019) and U-slot (Dargar et al., 2022; Hasan et al., 2012) led to
improvement of return loss, directivity, and gain, ultimately enhancing overall antenna

performance. The subsequent section discusses U-slot microstrip antenna characteristics.

2.16 U-slot Microstrip Antenna Characteristics

U-slot and E-slot microstrip patches have similar characteristics, as both types of
slots can enhance antenna performance. The symmetrical U-slot provided a broad bandwidth
and stable radiation. In contrast, an asymmetric U-slot offers high bandwidth with increased
cross-polarization.  Additionally, variations in slot length and feed-point
location significantly influence input impedance and resonance frequency (Astuti et al.,
2022). According to (Deshmukh & Chavali, 2023; Hasan et al., 2012) gain and directivity
improved by integrating a U-slot into the microstrip antenna. In addition by (Dong et al.,
2023; Roy et al., 2013) claimed that U-slot significantly improves return loss. In addition,

(Borkar & Parlewar, 2024) demonstrated that radiation efficiency improved. Tables 2.3 and
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2.4 present the matrix tables of the U-slot microstrip antenna in communication and the U-

slot in medical applications, respectively.
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Table 2.3:  Matrix table U-slot microstrip
References | Structure | Freq | Substrate | Simulation Finding Limitation Diagram
tool
(Deshmukh | U-slot— | 2.4GHz FR4 1IE3D U-slot — tuning Complexity
etal., 2024) square frequency design —
patch Gain =8 5dBi involves
: gap
Coaxial Radiation pattern — has .
coupling
feed broadside radiation,
and the use
indicates a focus beam, .
of multiple
and good directivity.
slots.
No value of
directivity
and ,RL
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Table 2.3 continued
(Thakur | A triple 9.3GHz FR4 CST | Length adjustment- Complexity
etal., U- slot Band 1 determine antenna design —
(microstrip | 11.65 performance triple
2024) feed line) GHz Bandwidth enhancement | U-slot
Band 2 Gain =6.95dBi

(Band 1 and 2)

RL

-21.47dB(band 1)
-20.24dB(Band 2)
Directivity 8.11dBi
(Band 1 and 2)
VSWR 1.18(Band 1)
VSWR 1.21(Band 2)

(a) (b)
Figure 1: Antenna View (a) Top (b) Bottom
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Table 2.3 continued
(Edara | Horizontal | 2.6348 | Dielectric Not Slot: create a specific The antenna
ot al slot and GHz constant | mention | current path and impact | efficiency is
U-slot 4.08, type impedance matching of not stated.
2023) Inset of the antenna No value
feeding material Gain =7.11dBi stated for
method not direction,
) RL=-27.47dB
mentioned only based
(high impedance on main lobe

matching and minimal

signal reflection )

Directivity — based on

radiation pattern —

reduces cross polarization

— better directivity and
symmetrical radiation
pattern — due to the
position of the U-slot in

the symmetric

only
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Table 2.3 continued
(Dargar | U-slot 2.5GHz | RT5880 CST | Gain:8.017dBi(2GHz to | Directivity
etal., Coaxial 5.27GHz 4GHz) and antenna
feed Return loss = efficiency

2022) -19.5dB(2.5GHz), are not
-30dB(5.27GHz) mentioned
Finding: Slot length
(horizontal and vertical),
slot width and feed mm————
location influence the RL
value

(Naik E- patch, 6.5GHz Not CST | Gain =10.6dBi Complexity =

etal., U-slot mention and | RL=-40dB in design- " patch

Altair | Broadside radiation used

2022) FEKO | Radiation pattern characteristic | |* m—-;;';obe

maintains consistency mode : e
(CMA)
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Table 2.3 continued
Directivity
and antenna
efficiency
are not stated
(Astuti | inverted 2.47G RT5880 HFSS | RL Gain and
etal., U- slot 3.3GHz 2.47GHz : -19dB directivity
and 3.3GHz: -24dB are not " .
2022) combine Omnidirectional radiation | provided in - | 0
two U-slot pattern detail . ‘m R
microstrip
line fed
(Hasan | U-slot 3.65 Dielectric | CST | Antenna A and B have the | Antenna
et al. with a GHz(f1) | constant same dielectric design with ‘ L L comatpobe
, different 5.25GHz =2.2 constant,2.2. The slot two al L Js | |
2012) dielectric (f2) width Antenna A=1.25 frequencies I 1 B
constant and Antenna B=2mm )
and a 7.55dBi(f1), 7.49dBi({2) R ———
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Table 2.3 continued
different Antenna C has a dielectric
slot width constant of 4.3 and slot
width = 1.2mm
Coaxial Antenna A
probe feed RL=-20.34dB (freq 1),

-23.37dB (freq 2)

Gain .62dB(f1),6.34dB(f2)
Directivity

7.55dBi(fl), 7.49dBi(12)
Antenna A
RL=-20.34dB(f1)
-23.37dB(f2)

Gain .62dB(f1),6.34dB(f2)
Directivity

Antena A and B exhibit
better R1, gain, and
directivity compared to

Antena C.
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Table 2.3 continued

It shows that the
dimensions of the slot
and the slot substrate
influence RL, gain and
directivity. The substrate
with a low dielectric
constant shows better RL,

gain, and directivity.
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Table 2.4:  U-slot in medical
References | Structure | Freq | Substrate Sim::)l:ltion Finding Limitation Diagram
Borkar & | Antipodal | Range FR4 HFSS Use Adaptive Gannet Complexity
Parlewar, | Vivaldi 1GHz Optimization Algorithm | in design
2024 (APV) to (AGOA) in parameter w
antenna 40GHz Optimization.
with U - Directivity noU- slot =
slot 6.3dBi1 =

Directivity (with U-
slot) = 9dBi

Gain no slot = 10dB
Gain ( with U-slot) =
13.7dB

This study also compares
the performance of the
triangle slot and the U-
slot in APV
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Table 2.4

continued

RL

-17.495dB (APV + triangle
slot),-14.818dB ( APV)
-50.73dB(APV+U-slot)
-30.62dB(APV)

Gain

6.041dB(APV+triangle slot)
7.477dB(APV)
7.36(APV+U-slot)
8.62dB(APV)

Overall, incorporating the U-
slot leads to enhanced gain

and high directivity.
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Table 2.5 shows the summarized gain, directivity and return loss of the U-slot

microstrip antenna. The summarization is based on the matrix table in Tables 2.3 and 2.4.

Table 2.5: Summary Characteristics of the U-slot Microstrip
References Directivity Gain Return Loss
Deshmukh et al.,
NA 8.5dBi NA
2024)
-21.47dB(band1)
Thakur et al., 2024 8.11dBi 6.95dBi
-20.24dB(band 2)
Edara et al., 2023 NA 7.11dBi -27.47dB
-19.5dB(2.5GHz)
Dargar et al., 2022 NA 8.017dBi
-30dB(5.27GHz)
Naik et al., 2022 NA 10.6dBi RL=-40dB
-19dB(2.47GHz)
Astuti et al., 2022 NA NA
24dB(3.3GHz)
7.55dBi(3.65GHz) 6.62dB(3.65GHz) | -20.34dB(3.65GHz)
Hasan et al., 2012 )
7.49dBi(5.25GHz) 6.34dB(5.25GHz) | -23.37dB(5.25GHz)
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2.17 E-slot Microstrip Antenna Characteristics

Slots integrated with microstrip patches allow localized energy delivery and design
flexibility(Hu et al., 2024). However, hyperthermia applications have been explored less,
especially those involved in E-slot microstrip antennas. An E-slot antenna is widely used in
other fields, particularly communications (Ali et al., 2023; Raja et al., 2023; Umamaheswari

etal., 2023).

The E-slot and E-shape microstrip aim to improve wireless communication's
bandwidth, gain, return loss and directivity. The E-slot is cut inside the patch to improve the
antenna's performance (Pragati et al., 2023), whereas the E-shaped antenna is created on the

patch antenna (Haque et al., 2021).

E-slot antenna generally exhibits higher gain compared to E-shape antennas. For
instance, an E-slot microstrip patch antenna designed for WLAN application achieved a gain
of 4.92dBi at 6 GHz. In contrast, a modified E-shaped antenna demonstrates a gain of

3.16 dB in wireless communication (Goyal et al., 2023).

The design and simulation of the E-slot microstrip patch antenna show good
performance with a minimum return loss (Ali et al., 2023; Khangarot, 2015; Umamaheswari
et al., 2023) and increased directivity(Rani & Malhotra, 2018). The E-slot antenna also
exhibits a satisfactory radiation pattern and gain (Nitin et al., 2018).This is due to the E-
slot's ability to control the radiation pattern and reduce unwanted hotspots (Charan et al.,

2021; Garg & Saini, 2020).

Table 2.6 and Table 2.7 show the matrix of the E-slot microstrip antenna for

communications and medical applications, respectively.

66



Table 2.6:  Matrix table for E-slot Microstrip Antenna
Simulation
Reference | Structure Freq Substrate . Finding Limitation Diagram
too

Igbal & E-slot 5.860GHz- FR4 Not Gain with no Complexity in

Zulkifli, 2023 | and two 6.579GHz mention | slot=4.34dBi design
U-slots: Gain with slot=4.92dBi | Directivity ‘ ‘W
Ground- (with slot) is not -- L‘IE ‘o
DGS Return loss (no slot)=- mentioned .

22.14dB

Return loss (slot) -
14.60dB

Improvement in gain
suggests improvement in
antenna ability to focus
energy

Bandwidth enhancement
No slot: 277MHz

With slot:710MHz
WLAN application
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Table 2.6 continued

Umamaheswari

etal., 2023

E-slot:
Coaxial
probe
feed

5.9GHz

FR4

Cadfeko

Impact of E-slot: affects
the radiation pattern and
improves Return loss
The radiation pattern is
uniform in a specific
direction (directivity is
good)

Gain varies between 8.8
and 9.5dBi

By adjusting the length
and width of the E-slot
antenna, RL decreases
Optimal RL=-40dB
E-slot — suitable for
WLAN - low volume,
low weight and ease of

fabrication

Antenna less
efficient
performs on
thick and high
permittivity
surface,
causing
surface waves

(noise)
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Table 2.6

continued

Pragati et al.,
2023

E -slot
Inset feed

technique

2.70GHz

FR4

ANSOFT
HFSS

E-slot enhances antenna
performance. It alters
the current distribution
on the patch and leads to
improved radiation
characteristics, gain, RL.
At frequency 2.70GHz,
RL=-24.4701dB
indicates good
impedance matching and
efficient power transfer.
VSWR =1.0396
Application in GPS,
WiMAX, Wi-Fi, mobile
satellite and space

communication

The
simulation
covers return
loss, radiation
characteristics,
and VSWR. It
did not cover,
specific
measurement
of gain and

directivity.
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Table 2.6 continued
Raja et al., |E-slot 2.5GHz | RT5880 Ansoft The E-slot design The
2023 Feed line HFSS microstrip patch antenna | simulation
compared achieved a return loss of | only covers
with -13.18dB(effective gain, VSWR, &
coaxial impedance matching and | and Return
feed line minimal signal loss, but the p——"

reflection)
VSWR=1.5615

Gain =7.05dB

Coaxial and feed line:
provide more directivity.
High directivity in the
main lobe.

WiMAX application

directivity
antenna only
mentions the
lobe without
providing a

specific value.
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Table 2.6 continued
Latha et al., |E-slot 15GHz | RT5880 HFSS E-slot- achieve broad The study
2022 Coaxial and bandwidth, Good return | covers gain,
probe feed 18GHz loss radiation
The radiation pattern pattern, and
exhibits stable and return loss.

directional (low cross-
polarization and
broadside)

Gain =5.9dBi(15GHz)
and 5.3dBi(18GHz)
RL=-17dB(15.5GHz)
-16dB(17.5GHz)

Satellite communication

But antenna
directivity not

included
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Table 2.6 continued
Haque et al., |E -slot on| 13.9GHz | RT5880 | CSTand | HFSS and CST provide | Design
2021 the patch 18.8GHz HFSS similar results complexity —
Microstrip Good return loss there is
feed line 15.423GHz:-34.09dB1 another slot in

17.246GHz:--32.11dBi
Gain range:6.1 to 8.6dB -
high gain

Directivity: range 6.8dBi
—9.6dBi

Radiation
efficiency:82% to 94%
VSWR; 1.045 and 1.065

Satellite communication

the middle of
E- shape

72




Table 2.6 continued

A. Gupta et | Modified Multiple FR4 HFSS Subtract thickness affects | The study

al.,2020 E-slot frequencies the frequency and return | covers
in GHz loss substrate
1.165 As the subtract thickness | thickness
3.665 increases, the number of | and frequency
4.605 frequencies is reduced only.
5.095 In return loss , substrate | Details  and
6.01 with 0.8mm(the thinnest) | value of
6.385 achieved maximum | directivity,
8.045 return loss (RL=-30dB) | gain is not
8.816 stated
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Table 2.6 continued

Haque et al,
2019

H-slot and
double
E-slot
Microstrip
inset line

feeding

60GHz

RT5880

CST

E-slot compared to U-
slot( previous study. E-
slot shows better in RL.
U-slot shows better in
gain
RL=-47.06dB(E-slot)
RL=-37dB(U-slot)
Gain= 6.64dB(E-slot)
Gain = 8.2dB (U-slot)
Directivity =
7.76dBi(E-slot)

No record (U-slot)

The antenna
design is
complex due
to the
inclusion of E

and U-slots.
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Table 2.6

continued

Agrawal et al.,

2018

E-slot with
2 truncated
corners
upper and
lower
Inset

feeding

4.7GHz
5.7GHz
8.4GHz

FR4

HFSS

This antenna focuses on
the ability of the antenna
to operate under multiple
frequencies.

Provide a radiation
pattern for gain,
directivity in the 3D
model. Unidirectional
radiation at 4.7GHz and
5.7GHz

Broadside radiation at
8.4GHz

RL

-12.5891dB

(4.7GHz)

-19.2392dB

(5.7GHz)

-22.184dB

(8.4GHz)

The features
like truncated
corner
increase the
complexity of
antenna design
No gain and
no directivity

are given.
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Table 2.6 continued
Rani & | EL, and| 2.5GHz FR4 CST Multiband The antenna
Malhotra, U- slot Return loss improved design is
2018 Inset compared to the slot complex due
feeding Gain(non-slot) to the

2.4GHz=3.79dB
Gain(slot)
2.4GHz=3.31dB
RL(non-slot)=-11.75dB
RL(slot)=-23.83dB
Directivity
(non-slot)=6.53dBi
Directivity(slot)=
6.47dBi

inclusion of E,

L and U-slots.
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Table 2.6 continued
Khangarot, E-slot- 5.39GHz GIL HFSS 5.39GHz,5.49GHz The study )
2015 patch 5.49G)z GML (simulated) covers Return -
Microstrip 1032 5.38GHz and 5.5GHz loss, |- | *I— -
==
line feed (fabricated) Bandwidth, _‘I =
RL gain
-23.574dB(5.44GHz): and VSWR.

simulation
-24.007dB(5.43GHz)
fabrication

The max gain =6.49dBi
VSWR =1.419(5.44GHz)
After fabrication
VSWR=1.1346(5.43GHz)
Current distribution, E
field observed around

the central arm of the E-

slot.

No directivity

value.

Front view of the fabricated protatype E-slot patch
Antenna

Back view of the fabricated prototype E-slot patch
antenna
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Table 2.7:  E-slot in medical application
References | Structure Freq Substrate Sim::::ion Finding Limitation Diagram
Chishti et | E-slot with | 400MHz FR4 CST Use Genetic This paper
al., 2023 Generic 630MHz Algorithm (GA) mention
algorithm- | 930MHz and Particle Swarm | about SAR
probe feed Optimization (PSO) | values but do
method as effective not specify

methods for

optimizing antenna

parameters.
Gain

Original =3dBi
PSO=1.94dBi
GA=3.04dBi1

Directivity
Original=7.7dBi
PSO=2.51dBi

GA=3.8dBi

type of tissue
The return
loss of
antenna after
optimization
with PSO
and GA are
lower
compared to
original
design.
Antenna

efficiency
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Table 2.7

continued

Return Loss
Original
400MHz= -8dB
650MHz=-16dB
GA

357MHz= -36dB
630MHz=-23dB
PSO
400MHz=-19dB
550MHz= -16dB
GA has better
performance in
terms of gain and

return loss

compared to PSO.

SAR in GA:
378MHz
2.64W/Kg(lg)
0.82W/Kg(10g)

not stated in

detail
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Table 2.7 continued
617MHz
4.74W/Kg(1g)
1.36W/Kg(10g)
Ashyap et | E-slot 2.4GHz textile CST Ant 1,RL=-12dB The study -
al., 2018 -fed by 50Q2 microwave | Ant2, RL=-18dB focuses on g |
microstrip studio Ant3,RL=-20dB miniaturized M
line Ant4,RL=-15dB medical ottt
Ant5,RL=-13dB applications.
Based on this RL, it | However, it
shows that the E- | has not yet -

slot has the lowest
RL, which means
less reflected power
is directed to the
antenna.

The maximum
current density is
concentrated at the

E-slot patch. As the

been tested
with
biological
tissue.

The antenna
gain and
directivity
are not stated

in detail.

() Proposed antenna (Ant.5) (a) Front view (b) Back view
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Table 2.7

continued

number of slots
increases, current
density increases
and improves the
antenna radiation
efficiency by
Ant5,RL=-13dB

Based on this RL, it
shows that the E-
slot has the lowest
RL, which means
less reflected power
is directed to the

antenna.

The maximum
current density is
concentrated at the

E-slot patch. As the

antennas for
wearable
medical
applications.
However, it
has not yet
been tested
with
biological

tissue.

The antenna
gain and
directivity
are not stated
in detail.
antennas for

wearable
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Table 2.7

continued

number of slots
increases, current
density increases
and improves the
antenna radiation
efficiency by
concentrating EM
energy on treated

tissue.

Sethi &
Nijhawan,

2016

Rectangular
E- shape

slot

2.45GHz

FR4

er=4.3

IE3D

software

Rectangular E-
shape slot

The position of the
feed point was
tested at points
1(Posl) and
2(Pos2).

Pos 1 is better than
Pos 2.

Return loss

This study
only covers
allocating the
microstrip

line feed

No
directivity

value
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Table 2.7 continued

Pos 1 =-19.3dB,
Pos2=-4dBi and
efficiency

Pos 1=95%
P0s2=92%

Gain

Pos 1= 6.3dBi1
Pos 2= 6.1dBi
The findings
highlight that the
antenna is suitable
for effective
hyperthermia

treatment.
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Table 2.8 shows the summarized gain, directivity and return loss of the E-slot

microstrip. The summarization is based on the matrix table in Tables 2.6 and 2.7.

Table 2.8: Summary of the characteristics of the E-slot microstrip
References Directivity Gain Return Loss
Without slot
(Igbal & Zulkifli, NA (non-slot) =4.34dBi _14.60dB
2023) With slot
(slot) =4.92dBi
(Umamaheswari et -40dB
NA 8.8-9.5dBi
al., 2023)
(Raja et al., 2023) NA 7.05dB -13.18dB
(Pragati et al., 2023) NA NA -24.4701dB
-34.06dBi (15.4GHz)
(Haque et al., 2021) | 6.8-8.6dBi NA )
-32.11dBi (17.25GHz)
(Haque et al., 2019) 7.76dBi NA RL=-47.06dB
(Rani & Malhotra, -11.75dB(non-slot)
6.57dBill NA .
2018) -23.83dB(with slot)
-12.5891dB(4.7GHz)
(Agrawal et al.,
2018) NA NA -19.2392dB(5.7GHz)
-22.184dB(8.4GHz)
(Shailander Singh
NA 6.49dBi NA
Khangarot, 2015)
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In summary, Table 2.3 and Table 2.4 show that the U-slot is widely used in
communication and medical applications. Similar to Tables 2.6 and 2.7, the E-slot is also
widely used in communication and medical applications. The characteristics of these two
slot structures are suitable for hyperthermia applications, such as good performance in terms
of directivity, gain and return loss. However, their use in hyperthermia treatment is still
limited. Therefore, both slot structures were investigated in this research. The best-

performing slot design was selected for further optimization.

2.18 Optimization Techniques used to Improve SAR Distribution

The applicator optimization for hyperthermia involves enhancing design parameters
to improve SAR, minimize damage to healthy tissue and achieve effective heating on target
tissue (Acar et al., 2024; Rajebi et al., 2024). Optimizing the dimensions of the slot led to
improvement of return loss, directivity and gain, ultimately enhancing overall performance

(Ahmed & Islam, 2013; Kishore et al., 2014; Sivakumar et al., 2019) .

Several studies have applied optimization techniques such as Particle Swarm
Optimization (PSO) (Chishti et al., 2023; Rajebi et al., 2024; Yildiz et al., 2023) and Genetic
Optimization (GA) (Aldhaeebi et al., 2014;G et al. 2025) in hyperthermia. However, these
two methods focus solely on applicator optimization and do not provide a mathematical

model to explain the relationship between the dependent and independent variables.

Response Surface Methodology (RSM) is a statistical, theoretical and mathematical
technique for constructing a model representing the relationship between multiple
independent and dependent variables. The mathematical equation is usually a second-order
polynomial equation. RSM was originally applied in chemical and biochemical engineering

(Bezerra et al., 2008; Ghadge & Raheman, 2006). In recent years, numerous studies have
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employed RSM techniques for optimizing the design of applicators (Koziel & Bandler, 2015;
Koziel & Bekasiewicz, 2015). The optimization applicator used numerical optimization

based on this mathematical model (Ayalew & Asmare, 2022).

Although RSM is less commonly used in hyperthermia, it has been widely used in
communication systems (Ayalew & Asmare, 2022; Chen et al., 2023; Nahas, 2022). It can

predict and optimize applicators, making it suitable for hyperthermia applications.

2.19 Water Bolus Added for Effective and Skin Protection in Hyperthermia
Treatment
In clinical practice (Bakker et al., 2020), the water bolus is utilized during the
hyperthermia treatment. The purpose of adding a water bolus is to cool the skin (Korkmaz,
Isik, & Nassor, 2013). Furthermore, the temperature increase in the breast phantom during
hyperthermia treatment can be controlled. Therefore, skin burn problems and unwanted

hotspots are reduced (Ebrahimi-Ganjeh & Attari, 2008; Hassan et al., 2025).

The presence of a water bolus also influences the SAR and PD in hyperthermia
treatment (Ebrahimi-Ganjeh & Attari, 2008). Normally, in hyperthermia, the water bolus is
filled with distilled water (Ebrahimi-Ganjeh & Attari, 2008). The reason is to improve the

heat conduction into the tissue (Shehata et al., 2021).

The effectiveness of the water bolus in hyperthermia is affected by water bolus
content, geometric dimensions and shape. For instance, the variation in water bolus thickness
from Smm to 40mm affects heat distribution and hot spots during treatment. A thicker water
bolus helps to conform the chest wall, but a thickness of less than 10mm ensures better

treatment effectiveness (Rodrigues et al., 2015).
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Another study reported that the water bolus thickness (less than 10mm) is essential
to prevent standing waves. According to (de Bruijne et al., 2006; Rajebi et al., 2024) there is
a significant decrease in thermal energy transfer into tissue with an increment of water bolus

thickness.

The water bolus has various shapes, such as square, rectangular, cylindrical and
breast shapes. The rectangular shape and the square are placed in front of the breast model
(Birkelund et al., 2009; Ebrahimi-Ganjeh & Attari, 2008). In contrast to cylindrical shape
water bolus with a thickness of Imm and a breast-shaped shape water bolus with a thickness
of 2mm, covering the surrounding breast model. It helps to distribute heat more uniformly
throughout the breast tissue during hyperthermia treatment and heat is efficiently absorbed

in the target cancer region.

Therefore, a water bolus can enhance the effectiveness of the treatment by ensuring
heat transfer to the tumor effectively while protecting surrounding healthy tissues and acting

as a cooling element to the tissue (Shehata et al., 2021; Wong et al., 2023). The water bolus

Water bolus

Figure 2.1:  Water bolus (green color) in breast shape
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is placed between the microstrip applicator and breast phantom, as illustrated in Figure 2.1.

2.20 Breast Cancer Treatment Time in Hyperthermia

The proper time duration to ensure the entire tumor is completely heated, maintain
safety and without damage to the surrounding healthy tissue. According to (Stauffer &
Paulides, 2014),(Yildiz et al., 2023) the duration time of hyperthermia treatment for
temperatures 41°C to 45°C is about 30 min to 60 min to avoid damage to healthy tissue and

skin burn.

However, the duration of the treatment time for delivering sufficient heat to the tumor
depends on the type of applicator used (Firuzalizadeh et al., 2025; Selmi et al., 2022) and
tumor size(Wong et al., 2021). The amount of heat absorbed by tumor tissue is associated

with the SAR.

Equation 2.4 states that SAR can be used to determine the hyperthermia treatment
period. Based on this equation, the relationship between SAR and ¢ is inversely proportional,
meaning that the time duration can be shortened by increasing the SAR (SAR optimization).
It has been reported in (Cappiello et al., 2017; Nizam-Uddin & Elshafiey, 2017; Wang et al.,
2011) SAR optimization aims to maximize heat in the tumor while minimizing hotspots in

surrounding healthy tissue.

2.21 Electromagnetic Simulation Tools Used in Hyperthermia

Electromagnetic (EM) simulation tools are essential in the development of breast
phantoms and applicators. The EM simulation tool enables the visualization and analysis of

SAR within a breast phantom, particularly in a tumor.

In this research, SEMCAD X 14.8.4 is employed to perform full-wave 3D
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simulations using the Finite Difference Time Domain (FDTD) method. SEMCAD X is
widely recognized for its accuracy and has been validated according to the IEEE/IEC 62704-

1 standard (Tu, 2010).

SEMCAD X uses boundary conditions to control EM waves. The Absorbing
Boundary Condition (ABC) boundary is used to minimize the reflection of EM waves back
into the model. The most effective ABC in SEMCAD X is the Perfectly Matched (PML)

layer, where PML absorbs reflected EM waves (Aronsson & Askeroth, 2002).

2.22 Summary of the Chapter

This chapter presents a comprehensive literature review on breast cancer
hyperthermia treatment with a non-invasive applicator. The literature review covers two
main elements: heat absorption in tissue and the type of applicator. The EM interaction with
tissue is mainly determined by the dielectric properties and the operating frequency of the

applicator. SAR is a measure of heat absorption in target tissue.

This chapter also examines the appropriate applicator design for these research
objectives. The applicator input power and the distance of the applicator influence SAR. The
microstrip applicator integrates with a slot (particularly the E-slot and U-slot), which is
preferred because it enhances the applicator's performance, including directivity, gain and
return loss. These parameters ensure effective heat transfer and tumor absorption while

avoiding damage to healthy tissue.

A water bolus is added to hyperthermia treatment to prevent skin burns and make the
patient more comfortable. The optimal treatment time is important to ensure the tumor is
fully heated. Finally, the EM simulation tool SEMCAD X was used to develop a model of a

breast phantom and applicator and to analyze SAR during hyperthermia treatment.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

The research methodology is structured using the Design of Experiments (DoE)
approach to ensure that each research objective is addressed systematically. This research is
divided into four (4) DoEs, each DoE corresponds to a specific research objective. The
overall research activity is presented to illustrate the general research workflow, while the

detailed implementation under each DoE is explained in Section 3.2.

3.2 Research Activities

Figure 3.1 and 3.2 provide the flowchart of research activities, beginning with the
development of a breast phantom embedded with tumor sizes, T1, T2 and T3 at the initial
stage. Then followed DoEl, in which the applicator development was conducted at ISM and
an appropriate frequency was selected based on the SAR distribution. SAR distribution was
evaluated using SD and ID for T1, T2 and T3. Next, input power for the applicator and SAR

average mass were selected based on the SAR distribution and the SAR (peak).

Subsequently is DOE 2. The slot integration of U-slot and E-slot to the microstrip
applicator. The slot with superior performance in terms of directivity, gain, return loss, SAR
(peak) and SAR distribution was selected for further analysis. The process continued with
determining the optimal distance between the breast phantom and the applicator based on

the SAR distribution that heats the tumor rather than the surrounding healthy tissue.

In the next phase is DoE 3. The slot modification is a parametric process that involves

observing the slot segment (horizontal and vertical length and thickness) to influence the
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desired SD and ID. Only the significant slot segments were considered in the RSM slot

optimization.

The RSM was used to develop a polynomial model and to optimize the slot. The
polynomial model was validated using ANOVA. Numerical optimization is performed to
obtain the slot dimensions to improve tumor-focused heating. The optimized slot was
validated through simulation in SEMCAD X by comparing the predicted and simulated SD
and ID. The percentage error is then obtained. The optimized slot applicator further validates

with previous studies, such as PSO and GA.

The final stage is DoE 4. The water bolus was added between the breast phantom
and the applicator before the hyperthermia time treatment was determined. SAR
optimization was performed by adjusting SAR until the entire tumor was heated, ensuring
adequate heating in the tumor region. Subsequently, the treatment time is determined based

on SAR = CdT/dt. The DoE4 completed the overall research activities.
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Table 3.1 provides the structure mapping between the research methodology and the corresponding research objectives, including the

assessment criteria for each Design of Experiment (DoE).

Table 3.1: Research Methodology with objectives, assement and output

Research Qe
Methodology Objectives Assessment Output
DoE la Research | Frequency selection based on ISM frequency:434MHz, | The SAR distribution covering the tumor
objective 1 | 915MHz and 2450MHz. region was selected for further development

SAR distribution observed under different frequencies. The
SAR distribution is accessed by measuring the SD and ID,
both expressed in mm.

DoE 1b Research | The input power that affects SAR (peak). SAR value | The input power was selected based on SAR

objective 1 | influences the treatment time duration, (t o 1/SAR). | (peak)
Therefore, the SAR (peak) is compared between Pin =1 W
and Pin = 10W. The SAR (peak) with the greater value is

selected because it shortens treatment time.
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Table 3.1 continued
DoE Ic Research | Compare the SAR distribution on the SAR average mass tissue | The SAR 1g or 10g was selected based
objective 1 | 1g and the SAR average mass tissue 10g. on the localized SAR distribution
The SAR distribution shows the heat absorption in tissue.
Therefore, the SAR of 1g or 10g, which shows more localized
heating regions, will be selected. Localized SAR distribution
based on the ability to achieve the desired SD and ID.
DoE 2a Research | Integrate the U and E slots into the microstrip applicator. | The superior performance will be
objective 2 | Comparison of slot applicator characteristics: directivity, gain, | selected for further analysis.
and return loss in the U-slot and E-slot applicator. Then the
comparison is made in SAR distribution, SD, ID, SAR (peak)
and unwanted hotspot formation.
DoE 2b Research | The applicator-to-phantom distance was assessed by analyzing | The optimal distance was selected

objective 2

its effect on SAR distribution at the SD, ID and on SAR (peak).
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Table 3.1 continued
DoE 3a Research Modify slot segment: horizontal and vertical (length and | The significant arm geometry was
Objective 3 thickness). The parametric study was conducted on the slot | obtained.
arm and evaluated its influence on SAR distribution. The
analysis was performed to identify which slot segment
significantly contributes to achieving the desired SD and ID.
DoE 3b Research The polynomial model was developed with RSM and | The RSM polynomial model was
Objective 3 statistically validated with ANOVA. The optimization slot | developed. Optimized slot dimensions

dimensions were validated through simulation in SEMCAD
X. The percentage error (between predicted output and

simulation value) is then used as an assessment criterion.

for tumor sizes T1, T2, and T3 were
developed. Validated the predicted
output with the output from the
SEMCAD X simulation, with percentage

CITOoT1.
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Table 3.1 continued
DoE 3¢ Research Validated RSM slot applicator with PSO and GA based on | The validation is based on a comparison
Objective 3 | directivity, gain and return loss. of RSM applicator optimization
performance with PSO and GA.
Research The analysis was performed between the optimized slot and the | The output analysis is displayed in a
DoE 3d Objective 3 | slot compared in terms of directivity, gain, return loss, and SAR | graph. The improvement of optimized
(peak). slot is presented in percentage.
Research SAR optimization, SAR is adjusted until the heat covers the | The hyperthermia treatment time was
DoE 4 Objective 4 | entire tumor without affecting the surrounding healthy tissue. | determined in T1, T2 and T3.
The treatment time can be determined based on SAR= ¢ dT/dt
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3.2.1 Tumor Size Analysis- Initial Stage

The research activity begins with an analysis of breast cancer mammograms. Female
breast cancer mammogram images were gathered from the hospital in Kuching, Sarawak.
Before collecting the data from the hospital, ethical approval was obtained from the National
Medical Research Register (NMRR) of the Ministry of Health Malaysia. The ethical
approval letter is shown in Appendix A. This is a standard procedure to ensure the patient
data is not manipulated or misused. The data is limited to specific geometrical characteristics

such as shape, size and tumor position

There are 149 breast cancer mammogram images gathered and used for further
investigation. Then, the ground truth with the expert radiologist is carried out to identify
abnormal tissue due to cancer before the data analysis is performed. Cancers have different
sizes, shapes and locations for each patient. The images consist of the left and right breasts

that have been affected by cancer.

Digital Imaging and Communications in Medicine (DICOM) is an international
standard imaging format established by the National Electrical Manufacturers Association
(NEMA) to distribute and view medical images such as CT, Magnetic Resonance Imaging
(MRI), mammograms and ultrasounds. In this research, DICOM was used to aid the analysis

of mammographic images.

A mammogram image is the most effective method for screening for abnormalities
that could indicate the presence of cancer or other breast diseases. This method has an
accuracy rate of 85% in the recommended population (Basurto-hurtado et al., 2022). The
mammogram breast images are provided on the left and right sides. Each of the left and right

sides of mammogram breast images was divided into two (2) positioning views, medio-

98



lateral oblique (MLO) and cranio-caudal (CC) (Sasikala, S., Ezhilarasi, M., & Arun Kumar,

2020) as indicated in Figures 3.3 and 3.4.

Medio-Lateral Oblique (MLO)

Surface depth:26.4mm Surface depth:26mm

Inner Depth : 37mm Inner Depth : 43.7mm

Figure 3.3:  View of MLO and CC

(a) (b)

X-ray
Ibeam

Figure 3.4: (a) MLO and (b) CC angle (Miller, 2016)
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Based on 149 breast cancer mammogram images (in Appendix B), the cancer size in
a spherical shape is 65.1% and 34.9% in an oval shape. Therefore, a spherical shape is
considered cancer tissue/tumor. The data extracted from the analysis were SD and ID.
Mamilla is the reference point for measuring SD and ID. The SD denotes the distance from
the front part (the mamilla) to the first point where heat reaches the tumor. On the other hand,
ID refers to the distance from the mamilla to the farthest point within the tumor that heat

reaches

Then, the tumor size is determined based onthe diameter of the tumor. The
description of T1, T2, T3 and T4 was provided by (Koh & Kim, 2019) and American Joint
Committee for Cancer as follows: T1 was defined as tumor size with a diameter of less than
or equal to 20 mm (T1 <20 mm), while 20mm < T2< 50mm, and T3 > 50 mm (Giuliano et
al., 2017). However, T4 is not included in this study because most tumors in this category
spread into the chest wall or the skin. Therefore, immediate treatment, such as surgery, was

necessary.

The desired SD and ID were determined using Equations 3.1-3.4. The analysis results
are displayed in Figures 3.5 and 3.6, which show the average SD and the ID, respectively.
The tumor size is calculated using Equation 3.5. The results are tabulated in Table 3.2. All

the measurements are in mm.

_wN o :
Average MLO / CC Surface depth, SD=% Equation 3.1

Equation 3.2

— N
Average MLO /CC Inner depth,ID:Z—‘E !

Where N = number of a set of data
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1+ Xo+ X3t X4 4 "N)

X
x;= sum of x value ( -

Hence, the SD and ID are determined based on:

Surface depth, SD= w Equation 3.3
Inner depth, [D=2MLOTDCC Equation 3.4
Diameter = ID — SD Equation 3.5

Average SD in View MLO and CC (mm)

48.85°1.76 48.51 47.89
33.82

T1 T2 T3
Tumor Sizes

EMLO mCC

Figure 3.5: SD in MLO and CC (mm)
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Average ID in View MLO and CC (mm)

80.1680.08
61.98 65.09

ID (mm)

T2
Tumor Sizes

EMLO mCC

Figure 3.6: 1D in MLO and CC (mm)

Table 3.2: Desired SD and ID in both MLO and CC

Tumor size T1 T2 T3
SD (mm) 50 48 28
ID (mm) 64 80 90

Diameter(mm) 14 32 62

3.2.2 Breast Phantom Size — Initial Stage

Hemispherical breast phantom was considered in breast size. Band size and cup size
were parameters used as reference anatomical measurements. The size chart representing
under-burst and band size measurements, as presents in Table 3.3, that is adopted based on

Triumph measurements. The under-burst measurements range from 680mm to 1020mm. In
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this research, under the bust measurement range 730-770mm was selected, and the median
value of 750mm was used as a representative dimension. Accordingly, the breast phantom

was developed based on C75cm or C750mm.

Table 3.3: Size chart (mm)

Underbust(mm) Median Band size
680-720 700 32
730-770 750 34
780-820 800 36
830-870 850 38
880-920 900 40
930-970 950 42

980-1020 1000 44

Subsequently, the band size of 750mm represents the circumference of the chest and

back. Hence, the band is divided into the back and front regions. For this reason, the front

band size __ 750 . .
area = $=7=375mm. The front area consists of the left and right breasts. Therefore,

375 . . . . 187.5
for each breast > =187.5mm. Then, the radius of breast fat is determined with —

=93.75mm, which is approximately 95mm. The next section explains the dimensions of the

breast phantom and the process of developing it in SEMCAD X.

103



3.2.3 Tissue Electrical Properties — Initial Stage

SEMCAD X has built in the Gabriel database to fit the electric properties of tissue

such as tumor, fat and chest wall. Fat tissue represents normal tissue in this research. The

finding of electrical properties on breast fat, tumor and chest wall is illustrated in Table 3.4.

The findings showed that both permittivity and conductivity in the tumor are higher than in

breast fat due to the high-water content compared to normal tissue.

Table 3.4: Electrical properties of breast fat, tumor and chest wall
Frequency (MHz)
Tissue- 434 915 2450
T1/T2/
Relative | Electrical |Relative | Electrical |Relative | Electrical
T3 |Permittiv |Conductivity |Permitti |Conductivity, |Permitti |Conductivity,
ity,&, , 6(S/m) vity,&,. 6(S/m) vity,&,. o(S/m)
Breast
3.987 0.570 3.413 0.651 3.126 0.892
fat
Tumor | 55.224 1.20 43.273 4.738 16.082 33.741
Chest
I 51.887 5.942 28.79 12.883 13.708 35.728
wa

In hyperthermia, both electrical and thermal properties must be considered. Thermal

properties of tissue, including density, specific heat capacity and thermal conductivity, are

required. Each of these thermal properties plays a significant role in how heat is absorbed,

maintained and dissipated within the tissue (Bianchi et al., 2022)(Camilleri et al., 2022).

Table 3.5 presents the thermal properties of fat, tumor and chest wall, generated using

SEMCAD X.
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Table 3.5: Thermal properties of the breast phantom

Density, Specific Heat Hhermal
Tissue ; Conductivity,
p(kg/m3) Capacity, C(J/Kg/K) s
Breast Fat 950 2493 0.24
T1 1050 3600 0.5
T2 1050 3600 0.5
T3 1050 3600 0.5
Chest wall 1050 3600 0.5

This research primarily focuses on EM simulation, specifically examining the

propagation, absorption, reflection and scattering of EM waves in tissue, which is

represented as a SAR distribution.

3.2.4 Breast Phantom/Tumor/Chest Wall-Initial Stage

The hemisphere breast phantom has a radius of 95mm with an outer hemisphere
diameter of 150mm (Curto et al., 2018), was developed in SEMCAD X. The model
incorporates vital tissue layers such as breast fat, tumor and chest wall, as illustrated in

Figure 3.7. The tumor size and location are determined by mammogram breast cancer

analysis.
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150mm

Figure 3.7:  Breast phantom development

Breast fat is located within a bounding box defined by the minimum (P1) and
maximum (P2) coordinates. The breast fat is situated at Py (X1:-76.18mm, Y1:0.46mm,
Z1:-76 mm) and coordinate P> is (X2:76.18mm, Y2:95mm, Z3:76mm). The tumor is located
in the heterogeneous breast phantom model at (T1) coordinates P1 (X1: 7 mm, Y1: 50 mm,
Z1:7mm) and at P2 (X2: 7 mm, Y2: 64 mm, Z3: 7 mm). For T2, the location is at coordinates
Pl (X1: 16 mm, Y1: 48 mm, Z1: 16 mm) and coordinate P2 is (X2: 16 mm, Y2: 80 mm, Z3:
16 mm). Meanwhile, the coordinates for tumor T3 are P1 (X1: 31 mm, Y1: 28 mm, Z1: 31
mm) and P2 (X2: 31 mm, Y2: 90 mm, Z3: 31 mm). The tumor location with coordinates

is illustrated in Figure 3.8.
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T1 T2

Figure 3.8:  Position of T1, T2 and T3 in breast phantom

SD the distance from point a to b, with point a as the reference. ID is measured from
points a to c. This measurement is based on mammogram analysis, as shown in Table 3.2,

section 3.2.1. The desired SD and ID are shown in Figure 3.9.

T1 T2 T3

ab = 50mm ab = 48mm ab = 28mm

ac= 64mm ac= 80mm ac= 90mm

Figure 3.9: Desired SD and ID in T1, T2 and T3
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Finally, the chest wall is modelled in a rectangular shape with dimensions 230mm x
230mm. The development of the chest wall is illustrated in Figure 3.10. In this research, a
20-mm-thick chest wall was implemented based on (Curto et al., 2018). The coordinate
location of the muscle at P; is (X1:-115mm, Y1:95mm, Z;:-115 mm) and the coordinate P> is

(X2:115mm, Y2:115mm, Z3:115mm).

20mm
230mm <->“
\
230mm
230mm
v
Front view Side view

Figure 3.10: Chest wall development

3.2.5 DoE 1a: Rectangular Microstrip Applicator Development based on ISM

Frequency

The rectangular microstrip applicator uses RT5880 as the substrate and operates at
10 W input power. The RT5880 substrate has improved several performance aspects,

including enhanced return loss, increased gain and improved directivity (Rana et al., 2023).

Additionally, RT5880 has a low tangent and a low dielectric constant, which are
essential properties for microstrip applicator. According to the datasheet (Avenue, 2022), the

thicknesses of RT5880 and copper are 1.575 mm and 0.035 mm, respectively. It suggests

108



that the thinner substrate enhances applicator performance in terms of resonance frequency

and return loss (Gupta et al., 2020).

The substrate has a dielectric constant, &, = 2.2 and loss tangent tan5=0.0009

(Fang, 2011). The copper has &, = 1 and loss tangent near 0. The microstrip line is used as

a feeding method and the feed line is %. The transmission line is 50€Q.

The dimensions length and width used in the rectangular patch microstrip design are
based on the governing equations (Balanis, 2016) that are represented in Equations 3.6 to

3.14.

1) The patch width (w) is determined:

_c 2 Equation 3.6
W_E |

Where f= operational frequency, &= substrate permittivity and c is the speed of EM wave in

vacuum = 3x10%ms™!

2) The effective dielectric constant (ereff) is calculated:

Equation 3.7
1

e+1 + g1
o
w

2

ereff=

[— ———
|

Where h = substrate thickness.

3) The effective Length (Leff) is computed:

c Equation 3.8
Leff=——— q
2 2fr1/sreff
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4) The patch extension (AL) is calculated:

(8reff+0.3)(%+0.264) Equation 3.9

AL=0412h (sreff-o.zsg)(%os)

AL is the extension length due to the fringing effect, where the EM waves expand to the

outside of the patch.

5) The patch length patch (L) is obtained:
Leff=L+2AL Equation 3.10
Therefore L=Leff-2AL Equation 3.11

6) The ground plane dimension is calculated:

Length of the ground plane (Lg) and width of the ground plane (Wg)
Lg=L+6h Equation 3.12
Wg= W+6h Equation 3.13

The width of the feed line (wo) is computed by :

120m , ’
Z0= . Zo is set to 50Q. Equation 3.14
\/sreff[%ﬂ.353+0.6671n(%+1.444)]
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Figure 3.11 shows the experiment setup in SEMCAD X. The tumor in the breast phantom

is developed based on the diameter of the tumor, which is explained in section 3.2.1.

Microstrip
Applicator

Chest
Wall

Figure 3.11: Experiment set-up for breast model and applicator

The size of a rectangular microstrip applicator at 915 MHz is 166.68(1) x 138.96(w)
x 1.575(h) mm3. The patch dimension is 110.39 (}) x 129.51 (w) x 0.035 () mm3. The size
of a rectangular microstrip applicator at 2450 MHz is 49.473 (1) x 57.819 (w) x 1.575 (h)
mm?3. The patch dimension is 40.02(/) x 48.37(w) x 0.035(h) mm?3. The dimensions length

and width are displayed in Figure 3.12.
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434MHz 915MHz 2450MHz

Figure 3.12: The applicator size with ISM frequency

Figure 3.13 presents the detailed steps involved in microstrip applicator development
at the selected ISM frequencies, represented by DoE la. The microstrip applicator is
designed to operate at Industrial, Scientific and Medical (ISM) frequencies of 434 MHz, 915
MHz and 2450 MHz Three applicators were developed for 434 MHz, 915 MHz and 2450

MHz. The breast phantom is embedded with three tumor sizes: T1, T2 and T3.

Electromagnetic simulations (EM) are conducted with SEMCAD X, and each
applicator-phantom model is analysed based on SAR distribution within the tumor in the
breast phantom. The SAR distribution is used as the indicator of EM energy absorption and

focusing within the tumor region.

The effectiveness of the operating frequency is evaluated based on its ability to
achieve the desired SD and ID for tumor size: T1: SD = 50 mm, ID = 64 mm; T2: SD =

48mm, ID = 80 mm; and T3: SD = 28mm.ID=90mm.
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The SD and ID are determined based on the SAR distribution. The frequency that
achieves localization within predefined SD and ID in the tumor is the appropriate operating

frequency for this research.
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A

Microstrip Applicator Devel opment
under ISM frequency

Y

434MHz 915MHz 2450MHz

v v vy v ¥

LI |

T1 T2 & T1 T2 T3 Tl T2 3
I I I I l
Y \ Y
EM Simulation

Does the frequency achieve
desired SD &ID?

Frequencyis not
selected

Appropriate frequency is selected as the operating
applicator

Figure 3.13: DoE la: Microstrip Applicator Development based on ISM

Frequency
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3.2.6 DoE 1b: Selection of Input Power

The operating power of W and 10W was investigated in this research. The suitable
operating power is selected based on the SAR distribution result. Figure 3.14 shows the

process flow in DoE 1b.

After assigning the appropriate frequency to the applicator, the input power is
determined. Two input power levels were evaluated: low power (Pin = 1W) and high power

(Pin = 10W).

The EM simulation with SEMCAD X was conducted on each power level. The
selection of input power was based on the SAR (peak) value, which is inversely proportional

to the hyperthermia treatment time.

If the SAR (peak) in the input power is 10 W greater than the input power of 1W,
then Pin 10 W was selected, maintaining localized heating within the tumor without

unwanted hotspots in the surrounding healthy tissue.
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‘ DoE 1b ’

A 4

Microstrip Appli cator Development

Y '

Pin =1W Pin =10W
| l
Y v I T
™ || T1 T2 T3
| l |
Y y

EM Simulation

'

Compare SAR(peak) Pin =10W vs SAR (peak) Pin =1W

Is SAR(Peak) Pin=10W
>
SAR(peak) Pin=1W?

Not selected as the
input power

Selected as the input power to applicator

v

Figure 3.14: DoE 1b: Selection of Input Power
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3.2.7 DoE Ic: Selection of SAR Average Tissue Mass

After the input power is selected, the next step is to select the SAR average tissue
mass, namely SAR averaged at 1g tissue or SAR averaged at 10g tissue. The flowchart in
Figure 3.15 outlines the DOEIc step for evaluating SAR across different tissue masses. The
microstrip applicator and the breast phantom embedded with T1, T2 and T3 tumors were

simulated for SAR conditions.

EM simulation was conducted to observe the SAR distribution. The selection of SAR
average tissue mass was based on the SAR distribution that produces localized heat and
meets the desired SD and desired ID for each tumor size. The SAR average tissue mass that
demonstrated better localization of heat absorption, while achieving the desired SD and ID

was selected for subsequent analysis in DoE 2a.
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Microstrip Applicator Development

"

SAR Average Tissue

'

SAR Average Tissue

Mass 1g Mass 10g
|
{ ¥ Yy v v
T || 3 T T2 =
| | | |
\J
EM Simulation
No sLocalized SAR distribution

A

meet desiredSD andID :

Excluded from SAR
Average Tissue Mass
selection

T1,T2,T3?

Selection on the SAR Average Tissue Mass

Figure 3.15: DoE lc: Selection of SAR Average Tissue Mass
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3.2.8 DoE 2a: Slot Integration into Rectangular Microstrip Applicator

After the rectangular microstrip applicator was developed, the next step is to integrate
the slot into it. The U-slot design can be attained using Equations 3.15 to 3.16 in a design
slot (Rani & Dawre, 2010; Roy et al., 2013). The E-slot uses this equation too as a guideline

for integrating the E-slot into the microstrip applicator.

Slot Vertical Length, G

= c _ . Equation 3.15
= Stigw s 2L+ 2AL-E) q

¢ = speed of light
flow=lower frequency

Slot Horizontal Length, C=D*0.75
A .
Slot Thickness, E=F=— Equation 3.16

Each dimension of the U-slot and E-slot microstrip applicator is depicted in Figure
3.16 and Figure 3.17, respectively. In the U-slot configuration, the horizontal segment
consists of two arms: the upper and the bottom. The upper and bottom arm U-slot thickness
is indicated as E=F. Meanwhile, the vertical thickness is D. The vertical length is G. The
horizontal length of the upper is A and the horizontal length of the bottom is C. The
dimensions of H, J, K and L indicate a symmetrical position in the U-slot. The U-slot consists

of vertical length (G), horizontal length (A, C) and thickness (D, E, F).
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The E-slot includes three (3) horizontal arms: upper, middle and bottom. The
thickness of the upper, middle and lower arms is indicated with E=F, vertical thickness is D.
In addition, the E-slots are positioned symmetrically. The E-slot is in the symmetric position
as indicated in G, H, I, J, and K. The E-slot consists of vertical length (G), horizontal length

(A, B, C) and thickness (D, E, F).

Thick, D= 6mm

Vertical, G=9

Figure 3.16: E-slot applicator

Figure 3.17 displays the DoE 2a steps. The flowchart illustrates the design process
for integrating a slot into a microstrip applicator, followed by a comparison of the two slot

structures.
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The microstrip applicator was first integrated with a U-slot structure, followed by E-
slot structure on each microstrip applicator. EM simulation was then performed for each slot

applicator using a breast phantom embedded with tumors of sizes T1, T2 and T3.

EM simulation conducted with SEMCAD X to evaluate the applicator performance. The
applicator characteristics, including directivity, gain and return loss, were evaluated based

on tumor heating performance, assessed by SAR distribution, SD, ID and SAR (peak).

The comparative analysis was carried out between the U-slot and E-slot applicators
in terms of applicator characteristics, SAR distribution, SD, ID and SAR (peak). The slot
applicator demonstrates the superior overall performance in applicator characteristics, SAR
distribution (more localized), SD, ID near the desired value (T1: SD=50mm, ID =64mm,
T2: SD: 48mm ID=80mm, T3: SD: 28mm, ID =90mm) and SAR (peak). It was selected as
the slot applicator in this research. The superior slot applicator was selected for further

analysis in DOE 2b.
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Slot Integ ration

U-slot E-slot
Tl T2 T3 T1 (. T3

I EM Simulation |

Slotapplicator exclude due to
inferior performance

Which slot has superior
performance?

Slot Applicator selected for further analysis

( DE2b )

Figure 3.17: DoE 2a: Integration Slot Structure for Microstrip Development

3.2.9 DoE 2b: Distance Breast Phantom to Applicator

The flowchart in Figure 3.18 represents the structured approach for determining the
optimal distance between the breast phantom and the applicator. The distance between the
breast phantom and the applicator varied from Omm (direct contact),5mm,10mm,15mm and
20mm. The distance adjustment was performed for each tumor size: T1, T2 and T3. EM was

conducted by using SEMCAD X to analyse the SAR distribution within tumor region. The

122



evaluation focused on localized SAR concentration within the tumor region, while

minimizing unwanted hotspots in surrounding healthy tissue.

The distance with localization within SD and ID and less unwanted hotspots in

healthy tissue, was selected for the subsequent stage, DoE 3a.

‘ DoE 2b )

A

Set distance between breast phantom and applicator=0mm(direct contact)
Set distance between breast phantom and applicator=5mm
Set distance between breast phantom and applicator =10mm
Set distance between breast phantom and applicator =15mm
Set distance between breast phantom and applicator =20mm

T1 T2 T3
Y
EM Simulation

Is SAR distribution
localized in tumor( within SD
and ID range )and less
urrw anted hotpsots?

No Distance between breast
phantom and the applicator not
selected

Select the optimal distance between breast phantom and
the applicator

Figure 3.18: DoE 2b: Distance Breast Phantom to Applicator
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3.2.10 DoE 3a: Modification of the Selected Slot Applicator

The parametric study involves modifying the selected slot structure, with only one
parameter change at a time. The modification encompasses the length and thickness of the
slot segment, covering horizontal and vertical dimensions. Figure 3.19 illustrates the DoE

3a process flowchart.

The dimension of horizontal length (upper, middle and bottom) was varied from 93
mm to 3 mm in 10 mm intervals. The vertical length ranged from 98 mm to 18 mm in 10
mm intervals. The horizontal thickness was varied from 6 mm to 46 mm in 4 mm increments
at the top and bottom, while the middle thickness was varied from 6 mm to 86 mm in 4 mm

increments. The vertical thickness ranged from 6 mm to 78 mm in 6 mm increments.

Each slot modification involves length (horizontal and vertical) and thick (horizontal
and vertical), which were evaluated for the breast phantom embedded with T1, T2 and T3
tumors. For each slot modification, EM simulations were performed with SEMCAD X to

assess the SAR distribution.

The significant slot segments were identified based on analysis of the desired SD and
ID that were required for effective tumor heating in this research. Slot segments that satisfy
the desired SD and ID across the tumor sizes were identified as significant and selected for
further investigation for optimization of the slot, DoE 3c. The slot segments that did not meet

the desired SD and ID requirements were excluded from further analysis.
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Figure 3.19: DoE 3a: Modification of the Selected Slot Applicator
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3.2.11 DoE 3b: Optimization of the Selected Slot with Response Surface Methodology

(RSM)

The flowchart in Figure 3.20 represents a systematic approach for optimizing a slot
microstrip applicator. The process continued from DoE 3a. These optimized parameters were

validated through simulation in SEMCAD X.

The set of Design of Experiment (DoE) runs was generated using Design Expert
software based on significant slot segments identified in DoE 3a. Each set of design values
(Upper, Middle, Bottom horizontal lengths and vertical thickness) was then evaluated using
EM simulation in SEMCAD X, with the breast phantom embedded with T1, T2, and T3
tumor sizes. The SD and ID of the SAR distribution were recorded as response outputs and

imported back into Design-Expert software.

The SD and ID were analysed using RSM to develop a polynomial model describing
the relationships between the slot dimensions and the output responses (SD and ID).
Regression analysis was then performed to estimate the model coefficient and identify

significant slot segments that influence SD and ID.

The developed RSM polynomial model was subsequently evaluated using Analysis
of Variance (ANOVA) to determine the statistical significance and adequacy (reliability and
suitability for representing the predicted output response) of the model. If the model fails to
meet the ANOVA requirements, the process returns to the regression analysis stage for model
refinement. Once the RSM polynomial model was confirmed to be statistically significant,

numerical optimization was performed to determine the optimal slot dimensions.

The optimum values refer to the set of E-slot parameters dimension selected during
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the numerical optimization process. This includes the optimal dimensions of the upper,

middle and bottom horizontal and vertical thickness.

The optimized design was then validated by comparing the predicted SD and ID
values with the EM simulation results. If the mean, SD, and ID values fall within the 95%
Prediction Interval (PI)-Low and 95% PI-High, the RSM polynomial model and the
optimization were reliable and validated. Otherwise, the optimization process was repeated.

Subsequently, the research methodology proceeds to DoE 3c.
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Figure 3.20: DoE 3b: Optimization of the Selected Slot with RSM
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DoE 3c, as displayed in Figure 3.21, is initiated after the RSM polynomial model
adequacy and optimization reliability have been confirmed in DoE3b. In this DoE3c, the
focus was on validation of the optimized slot applicator with the previous optimization

approaches that are the Genetic Algorithm (GA) and Particle Swarm Optimization (PSO).

Applicator optimization performance was evaluated based on the applicator's
characteristics: directivity, gain, and return loss. The optimized RSM was then validated by

comparing its applicator characteristics with those of previous optimization approaches,

namely GA and PSO.
Optimized Slot Validation
GA based Optimization PSO based Optimization RSM based Optimization

' ! !

Directivity, Gainand Retum Loss

l

Optimized Slot Validation

Figure 3.21: DoE 3c: Validation of optimized slot applicator
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3.2.12 DoE 3d: Comparison of Slot Applicator: Selected Slot Applicator and
Optimized Slot Applicator
The DoE 3d flowchart is illustrated in Figure 3.22. DoE 3d compared the selected
slot applicator with the optimized slot applicator for each tumor size: T1, T2 and T3. EM
simulations were performed for both designs attached to the breast phantom model. The
comparison was conducted based on applicator characteristics and heat absorption within

tumor.

The applicator characteristics were evaluated, including directivity, gain, and return
loss. Heat absorption in tissue was assessed using SD and ID, which were derived from the
SAR distribution and SAR (peak). The applicator demonstrated superior performance in
terms of applicator characteristics and localized heat absorption was selected to proceed to
DoE4 for SAR optimization and hyperthermia treatment time. Conversely, if performance

was unsatisfactory, the applicator was not selected for DoE 4.
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Figure 3.22: DoE 3c: Validation of optimized slot applicator
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3.2.13 DoE 4: Hyperthermia Treatment Time: SAR Optimization

Figure 3.23 illustrates the flowchart of the experiment procedure for DoE 3, which
aims to determine the optimal hyperthermia treatment time. The optimized slot applicator
was integrated with a water bolus to complete the hyperthermia model. Adding a water bolus
provides a cooling environment during the treatment. A water bolus with a breast shape and
thickness of 2mm was used. Distilled water with relative permittivity.e, = 74.45, electrical
conductivity, o =1.88S/m and specific heat capacity = 4.176J/kg/K as in the SEMCAD X

database

The experiment was conducted with and without a water bolus. Both with and
without a water bolus follow the same procedure. Both models were evaluated using a breast
phantom embedded with tumors of T1, T2, and T3 sizes. EM simulations were conducted to
compare the SAR optimization between the model with and without a water bolus. SAR was

optimized after EM simulation.

SAR optimization was tuned until the SAR distribution adequately covers the entire
tumor region for each size. The SAR optimization was repeated until the coverage tumor
criteria were satisfied with the desired SD and ID was achieved. The hyperthermia treatment
time was subsequently determined only for the water bolus model, as it was required to
ensure safety and protect the skin from damage. Finally, the hyperthermia treatment time

was determined after the SAR optimization met the desired SD and ID under DoE 4.
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Figure 3.23: DoE 4: Hyperthermia Treatment Time Optimization
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3.3 Summary of the Chapter

This chapter presents the overall research methodology used to achieve the research
objectives. The methodology was structured using a systematic Design of Experiments
(DoE) to investigate a non-invasive microstrip slot applicator for breast cancer hyperthermia
treatment. The EM simulation tool, SEMCAD X, was used to evaluate the SAR distribution

and SD and ID.

The research commences with DOE 1, which involved developing a breast phantom
model with tumor sizes of T1, T2 and T3, followed by the design of a microstrip applicator
operating at the ISM frequency. The input power to the applicator and the average SAR in

the tissue mass were determined based on the suitability of this research.

Subsequent DoE 2-stage focuses on slot integration and the optimal distance between
the breast phantom and the applicator. Next is DOE 3, which highlights slot modification
and slot optimization with RSM. Indicators such as SD and ID were used to assess localized
tumor heating. Statistical analysis using regression and ANOVA was employed to validate
the developed polynomial model and identify significant slot parameters. The next stage was
the validation optimization slot, comparing it with the previous optimization approaches,
GA and PSO. After that, a comparison of the selected slot structure and the optimized slot

in terms of applicator characteristics and heat absorption in the tumor region.

The final stage was the integration of the optimized slot applicator with a water bolus
to establish a complete hyperthermia treatment model. SAR optimization was performed
iteratively until the tumor region was fully heated. The hyperthermia time was then

determined at T1, T2 and T3. The results and discussion are presented in the next chapter.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

Chapter 4 presents the findings from the experiments performed in the SEMCAD X

simulation. Section 4.2 discusses the outcomes of DoE 1, DoE 2, DoE 3, and DoE 4.

4.2 Results and Discussion

The next section, sections 4.2.1 to 4.2.10, highlights and discusses results from the
experiments in Chapter 4. Section 4.2.1 presents a simulation of the performance of a
rectangular microstrip applicator at different operating frequencies. Sections 4.2.2 and 4.2.3
discuss the appropriate input power and SAR average mass, respectively. Meanwhile,
section 4.2.4 focuses on slot integration on the rectangular microstrip applicator. Section
4.2.5 highlights the distance between the applicator and the breast phantom. Then, slot
modifications in sections 4.2.6 and 4.2.7 on slot optimization, are discussed. Subsequently,
section 4.2.8 on the validation of the optimized E-slot applicator. The next section, 4.2.9,
compares microstrip applicator performance between the E-slot and the optimized E-slot.

Finally, section 4.2.10 discusses the treatment time for hyperthermia.

4.2.1 Rectangular Microstrip Applicator Development Based on ISM Frequency

DoE 1a shows that different operating frequencies contributed to different sizes of
rectangular microstrip applicator. The dimensions of the microstrip applicator at ISM
frequencies 434 MHz, 915 MHz, and 2450 MHz are recorded in Section 3.5.5. Lower
operating frequencies result in a larger rectangular applicator than higher ones, based on

applicator dimensions.
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The simulation model is defined in 3D Cartesian coordinates (X,y,z). In this research,
SAR distribution represents the heat distribution within the tissue, ensuring that heat spreads
evenly to the tumor and minimizing heat transfer to healthy tissue. The y=0mm is defined
as the skin surface and the +y direction increases into the breast phantom. Therefore, SD and
ID are measurements along the y-axis that represent the direction of EM propagation in

tissue.

Figure 4.1 illustrates the SAR distribution for different tumor sizes: T1,T2 and T3
under ISM frequencies. The SAR distribution varies across regions of the breast phantom at
different operating frequencies. EM wave propagation in biological tissue is frequency-

dependent and can be described by the wavelength relationship:A;isepe = ]%, where Atisone

represents the wavelength of the EM wave in tissue, c is the speed of light in free space, and

f is the operating frequency.

The SAR distribution at 434 MHz with the applicator covers the middle to near chest
wall (from the front to the posterior region). Meanwhile, for the 915MHz applicator, SAR
concentrates in the middle region of the breast phantom, while for the 2450MHz applicator,

the SAR distribution is near the areola (front region of the breast phantom).
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The ID obtained from the SAR distribution is presented in Figure 4.2. As the
frequency increases, the ID decreases. The trend is similar for all T1, T2 and T3. The deepest
ID is at 434 MHz, with 91mm, 90.5mm, and 90.1mm for T1, T2 and T3, respectively. The
ID decreases slightly at 915 MHz compared to 434 MHz. The ID at 915 MHz is 66.8mm for
T1, 71.7mm for T2 and 67.5mm for T3. The ID decreases at 2450 MHz compared to 915
MHz. The results show that the ID for 2450 MHz is 15mm, 15.2mm and 40mm at T1, T2
and T3, respectively. It indicates that high-frequency signals have a lower ID than low-

frequency signals.
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Figure 4.2: 1D versus frequency

At low frequencies (434 MHz), EM waves penetrate more deeply into tissue,
producing a larger heating region that extends beyond the tumor. According to (Nguyen et
al., 2015) if the frequency is too low, the heated area is more expansive than the target area,
resulting in damage to healthy cells. For instance, an applicator used 434 MHz to treat locally

advanced breast cancer (Choudhary & Arunachalam, 2022), while (Choi et al., 2012; Hand,
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1986) demonstrated that 434 MHz provided greater PD than 915 MHz and 2450 MHz (Gupta

& Singh, 2005).

Additionally, (Lyu et al., 2023) indicated that the applicator 915 MHz has a more
prominent focus point and deeper depth than 2450 MHz. Variation in ID indicates that the
efficacy of tumor treatment depends on the applicator's frequency. Conversely, at higher
frequencies, EM waves are absorbed near the skin surface, thereby reducing PD. Meanwhile,
the 2450 MHz applicator resulted in more focus on target tissue, but with reduced ID (Li et
al., 2021). The applicator operates at 2450 MHz, causing the skin adjacent to the applicator

to absorb more heat.

The observation and analysis of these results agree with the ID decreases as the

frequency increases, as observed by (Gao et al., 2022)(Lyu et al., 2023). The relationship of
skin depth (8) / ID with frequency is stated in this equation, ID= \[Fluf (Rodrigues et al.,

2022).
The SD measurement is based on the SAR distribution. The findings show SD does
not directly relate to frequency, as depicted in Figure 4.3. However, SD varies significantly

across operating frequencies. The SD across all frequencies and tumors shows the same

trend.
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Figure 4.3:  SD versus frequency

At 434 MHz, the SD is shallower than at 915 MHz. At 915 MHz, the SD increases
sharply across all tumors. Meanwhile, at 2450 MHz, the SD decreases significantly across

all tumor sizes. The present findings are consistent with those reported in previous studies.

The results demonstrate that the 915 MHz frequency penetrates deeper into tissue
and nearly achieves the desired SD of 50mm and 48mm for T1 and T2, respectively. In
contrast, the SD for T3 is closer to the desired value of 28mm at a frequency of 434 MHz.
However, the non-uniform SAR distribution at 434 MHz and could impact the effectiveness
of hyperthermia treatment. In this research, 915 MHz shows the highest SD and has a

significant effect on the frequency.

In summary, ID, SD and SAR distribution are influenced by frequency. In addition
to depth characteristics, SAR uniformity is also an important factor in selecting an
appropriate frequency for hyperthermia treatment. Based on findings in DOE la, a

rectangular microstrip applicator operating at 915 MHz was selected as appropriate for this
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research. The following section discusses selecting the input power.
4.2.2 Selection of Input Power

The graph in Figure 4.4 illustrates SAR (peak) values for different tumor sizes (T1,
T2, and T3) under two input power levels: 1 W and 10 W. At T1, the SAR (peak) is relatively
low at 0.5167 mW/g when the input power is 1 W, while the SAR (peak) increases

significantly to 5.168 mW/g when the input power is 10 W.

Meanwhile, at T2, the SAR (peak) reaches 2.4667mW/g at input power 1 W and SAR
(peak) increase to 24.6670mW/g at input power 10W. For T3, the SAR (peak) is 3.530 mW/g
at an input power of W and 35.393 mW/g at an input power of 10 W. It demonstrates that

in T1 to T3, the ratio of SAR (peak) at input power of 1 W and 10 W is about 1:10.

This finding is supported by (Smitha & Narayanan, 2016)which explores the
relationship between SAR and input power; SAR increases with input power. It has been
established that when the input power is high, the SAR(peak) increases and the time required

to complete the heating of the entire tumor is reduced (Selmi et al., 2020).
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Figure 4.4: SAR(peak) with input power 1W and 10W
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Appendix C presents each input power's SAR distribution, SD, ID for T1, T2 and T3.
The SAR distribution, SD and ID for both input powers are similar outcomes. The difference
results are obviously reflected in the SAR (peak). As stated in Section 2.9, Equation 2.4, the
SAR value is associated with the time treatment. SAR (peak) is inversely proportional to

time duration. Therefore, input power selection is based on SAR (peak) in this research.

In summary, input power does not significantly affect SAR distribution, SD and ID.
However, the SAR (peak) is significantly affected by the input power to the applicator.
Therefore, the input power used in this research is 10 W because it shows a high SAR (peak)
in all conditions, T1, T2 and T3. The following section discusses the selection of the SAR

average mass.

4.2.3 Selection of SAR Average Tissue Mass

Figure 4.5 compares the SAR average mass of 1g and 10g for all T1, T2 and T3. SAR
is the measurement of the rate of energy absorbed per unit mass by treated tissue. The mass
density of tissue suggests that 1g and 10g are the standard values in IEEE/IEC62704 (IEEE,
2017). The 1 g SAR is used for energy absorption in small tissue volumes, while the 10 g

SAR is used for larger tissue volumes (Stuff, 2014).

In the condition of T1, the SAR (peak) for average mass 1g is 5.1578 mW/g, while
the SAR (peak) for average mass 10 g is 3.1590 mW/g. The SAR (peak) for average mass
1g is 24.6670 mW/g and for average mass 10g is 15.9900 mW/g in T2. Meanwhile, in T3,
the SAR (peak) for average mass 1 g is 34.22 mW/g, and the average mass 10 g is

24.3800mW/g.

The results show that in T1, the SAR average mass of 1 g increased by a factor of 1.6
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compared to the average mass of 10g. In T2, the SAR average mass of 1 g increased by 1.5
relative to the average mass of 10 g. Similarly, in T3, the SAR (peak) on average mass of 1
g is 1.4 times that on average mass of 10 g. These findings are supported by previous
research, whereby the SAR average mass of 1 g of tissue is higher than the SAR mass

average of 10 g of tissue (Bacova & Benova, 2023; Zelinski et al., 2008)(Lias et al., 2016).
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Figure 4.5:  Comparison of SAR average mass 1g and 10g

The detailed results of mass averages of 1 g and 10 g are provided in Appendix D.
The results indicate that energy absorption in SAR has an average mass of 10 g more than
1g. However, excessive heat is evident in the average SAR distribution, with a mass of 10 g,

and can damage healthy tissues, especially in T1.

SAR is a crucial factor in hyperthermia, as it measures the rate of energy absorbed in
tumor. The rise in temperature directly affects the SAR value and inversely affects the
duration of hyperthermia (Al-Sabti et al., 2023). In summary, the significant differences in
SAR(peak) suggest that small average masses experience more localized heating and better

energy absorption than large average masses. Therefore, an average SAR mass of 1 g is used
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in this research. The next section describes DoE 2a, which involves the integration of E-slot
and U-slot designs. Then a comparison was conducted of rectangular, U-slot and E-slot

applicators in terms of directivity, gain, return loss, SD, ID and SAR(peak).

4.2.4 Slot Integration into Rectangular Microstrip Applicator

In this research, the impact of slot integration is investigated from two main aspects:
heat absorption within the tumor and applicator performance characteristics. Heat absorption
within the tumor was evaluated based on SAR distribution and SAR (peak), while applicator

performance was assessed in terms of directivity, gain and return loss.

Figure 4.6 compares SAR distribution SD, ID, SAR (peak) for three (3) applicator
designs: rectangular, E-slot and U-slot that were evaluated for T1, T2, and T3 tumor sizes.
For T1, the E-slot applicator demonstrated reduced unwanted hotspots in the surrounding
healthy tissue compared to the U-slot and rectangular applicators. Meanwhile, for T2, the E-
slot applicator exhibits more focused heat absorption and localizes within the tumor region
than the U-slot and rectangular applicators. For T3, the E-slot applicator produces a broader

heat-distribution region than the U-slot and rectangular applicator.
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The SAR (peak) represents the maximum localized heat absorption within the tumor
subsequently analysed. Figure 4.7 illustrates the SAR (peak) in the rectangular microstrip,

E-slot and U-slot designs under T1, T2 and T3 conditions.

In T1, the rectangular microstrip design, SAR (peak) is 5.1578mW/g; for the U-slot,
SAR (peak) is 7.9072 mW/g and for the E-slot, it is 9.4283 mW/g. In T2, rectangular
microstrip SAR (peak) is 24.667mW/g, 26.8130 mW/g for the U-slot and 29.3000 mW/g for
the E-slot. In T3, the SAR (peak) is 35.3930 mW/g, 40.1700 mW/g and 47.2870 mW/g for

rectangular microstrip, U-slot, and E-slot designs, respectively.

48.26
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35.393
28.86
T2 26.81 mE-Slot
24.667 m U-slot
® Rectangular
9.43
T1 791
5.1578
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SAR(peak) -mW/g

Tumor sizes

Figure 4.7:  SAR(peak) in E-slot, U-slot and rectangular applicator

Overall, the rectangular microstrip design exhibits the lowest SAR(peak) and the
highest SAR(peak) is in the E-slot design. As explained before, SAR (peak) influences the
time duration of hyperthermia treatment. Therefore, the highest SAR (peak) should be

considered to minimize the time duration of hyperthermia treatment.

For further analysis, applicator performance was evaluated in terms of directivity,
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gain, and return loss. The directivity performance for three applicator structures: rectangular
microstrip, U-slot and E-slot applicator across T1, T2 and T3 is presented in Figure 4.8.
Directivity measures radiation intensity, which means radiation power at a specific location
expressed in dBi. Higher directivity indicates more efficient transmission in a specific

direction, which in this research refers to the transmission of energy to tumors.

In the T1 condition, the directivity of the rectangular microstrip, U-slot and E-slot
applicator is 6.1333dBi, 6.9471dBi and 7.1415dBi, respectively. In T2, the rectangular
microstrip applicator has a directivity of 6.4594dBi, the U-slot is 7.1456dBi and the E-slot
is 7.3110dBi. In T3, the directivity is 6.8055dBi, 7.1672dBi and 7.3408dBi in the rectangular

microstrip, U-slot and E-slot, respectively.

7.3408
T3 7.1672
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T2 7.1456  E- Slot
6.4594 m U- slot
M Rectangular
7.1415
Tl 6.9471
6.1333
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Figure 4.8:  Directivity of E-slot, U-slot and rectangular applicator

The E-slot applicator consistently exhibits higher directivity across all the findings.
The U-slot also has high directivity, but it is slightly lower than the E-slot. The rectangular

microstrip applicator consistently shows the lowest directivity. In this research, the
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rectangular microstrip applicator is less desirable because it provides less focused radiation
on the tumor. The results show that by integrating E or U-slot into the microstrip applicator,
the directivity improves. This finding is supported by (Dargar et al., 2022; Deshmukh &

Ray, 2013; Pragati et al., 2023; S. Sharma & Tipathy, 2020).

The directivity improvement for the E-slot is about 16%, whereas the U-slot achieves
about 13% in T1 conditions. Meanwhile, in T2, the E-slot demonstrates 13.2% and
outperforms the U-slot at 10.6%. Similar to T3, the E-slot records 7.9%, while the U-slot
shows 5.31%. These results confirm that the E-slot applicator has better directivity
enhancement under T1, T2 and T3 conditions. The percentage is calculated using the
rectangular microstrip applicator as the baseline, % directivity improvement (DI) as shown

in Equation 4.1.

Di= directivity (E—slot)—directivity(rectangular) x100% Equation 4.1

directivity(rectangular)

The applicator gain is subsequently analyzed. The graph in Figure 4.9 shows the
applicator gain on three applicator designs: rectangular microstrip, U-slot and E-slot
applicator. The higher gain indicates better applicator performance. In the T1 condition, the
applicator gains are 3.8573 dBi, 4.4348 dBi and 4.4925 dBi for rectangular microstrip, U-

slot, and E-slot, respectively.

In the T2 condition, the gain in the rectangular microstrip is 4.2976dBi, 4.6686dBi
for the U-slot and 4.7318dBi for the E-slot. In the T3 condition, the gain is 4.9801dBi,
5.0955dBi and 5.1360 dBi for the rectangular microstrip, E-slot and U-slot, respectively. The
findings show that E-slot and U-slot significantly improve applicator gain compared to a

rectangular microstrip design. However, the E-slot design shows a slightly higher gain than
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the U- slot design.
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Figure 4.9:  Gain of E-slot, U-slot and rectangular microstrip
applicator

The E-slot applicator improves by about 16.5%, while the U-slot records 14.9% in
T1 conditions. In T2, the E-slot gain attains 10%, outperforming the U-slot gain by 8.6%.
Likewise, in T3, the E-slot gain is 3.2%, while the U-slot gain is 2.32%. The gain
improvement was evaluated with the rectangular microstrip applicator set as the reference.

This finding established that the E-slot has a higher gain than the U-slot.

In addition to improving performance, impedance matching in the applicator was
examined from return loss analysis. The graph displayed in Figure 4.10 compares the return
loss of rectangular microstrip, U-slot and E-slot designs. Return loss is a critical parameter
in applicatora design and performance evaluation. It represents the power reflected back to
the source due to impedance mismatches. A lower value indicates better impedance matching

and more efficient power transfer.
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Figure 4.10: Return Loss of E-slot, U-slot and rectangular microstrip
applicator

The rectangular microstrip design is not included in this graph because the value is
very small:  -0.00643dB, -0.00617dB and -0.00529dB for T1, T2 and T3, respectively. The
E-slot consistently shows low return loss in all conditions: T1 with -5.1474 dB, T2 with -
5.1471 dB and -3.2603 dB for T3. In contrast, the U-slot design demonstrates return loss at

-4.2479dB, -3.8004dB and -3.1007dB under T1, T2 and T3, respectively.

Both SD and ID for all applicator designs, rectangular microstrip, E-slot, and U-slot,
did not achieve the desired values except for T1 inner depth, as depicted in Figures 4.11 and
4.12. The variations in SD and ID observed across T1 to T3 tumors are due to differences in

tumor size.

Although the SD and ID have not yet reached the desired values, the overall
applicator performance, including directivity, gain and return loss, has improved. Therefore,
further optimization of the E-slot design is considered to enhance PD while maintaining
unwanted hotspots in surrounding healthy tissue. The explanation of E-slot optimization is

provided in Section 4.2.7.
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Figure 4.11: Comparison of SD of E-slot, U-slot and rectangular
microstrip applicator
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Figure 4.12: Comparison of ID of E-slot, U-slot and rectangular
microstrip applicator

Overall, the E-slot and U-slot applicators improve both the SAR distribution
localization and the applicator performance. The SAR distribution indicates both E-slot and
U-slot achieve more uniform and localized heat within the tumor region compared to the

rectangular microstrip applicator. The E-slot and U-slot significantly enhance applicator
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performance. However, the E-slot design exhibits a minimum return loss, indicating that it

is significantly better than the U-slot for this research.

In addition, E-slot applicator shows superior directivity, gain and return loss. These
parameters influence the effectiveness of applicator performance and enhance EM heat

delivery to tumor region.

The results are consistent with previous findings, thereby supporting the validity of
this research. Previous studies have reported that integrating the E-slot with the applicator
improved its performance and effectiveness, especially in directivity, gain and return loss
(Deshmukh & Ray, 2013; Pragati et al., 2023; Suganya et al., 2023; Umamaheswari et al.,

2023).

Therefore, the E-slot applicator is identified as a suitable design for effective
hyperthermia treatment in this research and selected for further enhancement and

optimization.

4.2.5 Distance Breast Phantom to E-slot Applicator

The distance from the breast phantom to the applicator varies to find the optimized
distance. Appendix E lists the characteristics of the E-slot applicator under T1, T2 and T3
conditions, with distances varying from 0 to 20 mm. The optimized distance is determined
by achieving effective tumor heating with minimal unwanted hotspots in healthy tissue, as
indicated by SAR distribution. Meanwhile, SD and ID were then extracted from the SAR
distribution. The optimal heat region depends on SD and ID, which are close to the desired

value of SD and ID.

The SAR distribution is affected as the distance between the applicator and the breast
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phantom increases. For instance, in T1, the unwanted hotspot reduces as the distance
between the applicator and the breast phantom increases. The heat dissipates to the anterior
portion of the breast at a distance of 0-10 mm. However, the findings show that heat focuses

more on the tumor at a distance of 15 mm to 20 mm

In T2 and T3 the heat concentrates more on the tumor as the distance increases. The
results indicated that 15 mm and 20 mm distances show the optimal heat concentration on

the tumor.

The analysis is conducted for SD and ID based on the SAR distribution, as shown in
Figures 4.13 and 4.14. The findings show that the distance between the applicator and the
breast phantom influences both SD and ID. As the distance increases between the breast
phantom and the applicator, the EM wave propagation from the applicator to the tissue
becomes longer because it travels in air before interacting with the breast phantom.

Consequently, SAR distribution is affected.

For T1, the tumor is small and located at a depth ranging from 50mm (Ymin) to
64mm (Ymax) from the skin surface. As propagation increases, EM penetration limits
energy delivery in this tumor region. As a result, the SD and ID are decreasing due to reduced

penetration capability.

In contrast, T2 and T3 tumors exhibit an increase in SD and ID with an increased
distance between the applicator and breast phantom. The optimal heat region is based on SD,
ID and also the localization of heat distribution, with minimal effect on surrounding healthy
tissue. The tumors are large, with a depth range of (Ymin to Ymax) 48-80mm for T2 and

28-90mm for T3. In addition, the tumor exhibits higher water content than healthy tissue,
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leading to increased dielectric properties and enhanced EM energy absorption as mentioned

in (Vaupel & Piazena, 2022).

Therefore, the EM energy absorption increases in the tumor region and contributes
to broader SAR distribution. Consequently, both SD and ID increase with increasing breast
phantom-to-applicator distance. The distance between the breast phantom and the applicator

significantly affects the PD. This finding is supported and validated by (Sarestoniemi et al.,

2019).
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Figure 4.13: Relationship of SD and distance of breast phantom to
applicator
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Figure 4.15 depicts the relationship between SAR (peak) and the distance between
the applicator and the breast phantom. As the distance increases, SAR (peak) decreases. This
finding is consistent with a previous study (Luna et al., 2014) (Kumari et al., 2020)( Rajput
etal., 2021) which reported that SAR decreases as the distance between the breast phantom

and the applicator increases.
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Figure 4.15: SAR (peak) and distance of breast phantom to
applicator.
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The selection of appropriate distances in this research is based on SAR(peak) and
SAR distribution. The findings above indicate that distances of 15 mm and 20 mm are
suitable. It shows that heat is focused more on the tumor and the unwanted hotspot is reduced

in the healthy tissue.

However, the SAR(peak) of the breast phantom and applicator at 20 mm is smaller
than at 15 mm. As mentioned earlier, SAR(peak) is associated with treatment time duration.
Therefore, the appropriate distance in this research is 15 mm. The next part elaborates on the

effects of modifying horizontal and vertical lengths and thicknesses.

4.2.6 Modification of E-Slot Applicator

The modification is performed to determine the potentially significant segment
dimensions of the E-slot applicator: horizontal length, vertical length, horizontal thickness
and vertical thickness. The significant segment dimensions are determined based on the
analysis findings of the modification segment dimensions, where SD and ID were observed
for each tumor size (T1, T2, and T3. The corresponding segments and datasets are

summarized in Tables 4.1- 4.6.

Table 4.1:  Dataset for horizontal length under T1 condition

Horizontal Horizontal length (mm) Remarks
Upper 93 to 43
Middle 93 to 73 T1
Bottom 93 to 53
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Table 4.2: Dataset for vertical thick under T1 condition

Vertical thick (mm) Remark

6to 12 T1

Table 4.3: Dataset for horizontal length under T2 condition

Horizontal Horizontal length (mm) Remarks
Upper 93 to 43
Middle 193 to 53 T2
Bottom 93 to 43

Table 4.4: Data set for vertical thick under T2 condition

Vertical thick (mm) Remark

6to 12 T2

Table 4.5:  Data set for horizontal length under T3 condition

Horizontal Horizontal length (mm) Remarks
Upper 93 to 43
Middle 93to0 53 T3
Bottom 93 to 43
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Table 4.6: Data set for vertical thick under T3 condition

Vertical thick (mm) Remark

30 to 36 T3

The following section explains slot optimization using Design Expert software. The

datasets are inserted into the design experiment to perform optimization.

4.27 Optimization E-slot Applicator Dimension

RSM is a statistical, theoretical and mathematical technique for constructing a model
that represents the relationship between factors and response. It is also a statistical method

that effectively optimizes a model (Yang et al., 2022) as explained in section 2.18.

The mathematical model is generated based on experimental design. Design Expert
is a statistical software used to execute the experimental design with RSM in this research.
Box Behnken design (BBC) is used in RSM (Lee et al., 2016) for further optimization under

T1,T2 and T3 conditions.

4.2.7.1 Optimization of E-slot Applicator under T1 condition

The results recorded in section 4.2.6 show that the significant factors for optimization
are horizontal length: upper (A), middle (B), bottom (C) and vertical thickness, (D) as these
parameters significantly affect SD and ID. The optimization process only considers these

significant parameters.

The design experiment is conducted at two levels (low and high) for each significant

factor, as stated in (Shinde & Shinde, 2016) Table 4.7 presents a series of experimental
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designs, which were analyzed with Design Expert 11 software. Factor 1to factor 4 as design
parameters for the responses SD and ID. The experimental design is then simulated using

SEMCAD X.

Mathematical equations are used to model and represent the response behaviour. The
second-order polynomial response models are mathematically represented as in Equation 4.2

(Chen et al., 2023)

Equation 4.2

k k k-1 k
Y =8+ Z.Bixi + Zﬁiixiz + Z Z.Binin
i=1 i=1

=1 j>1

Where Y is the responses (output), 3, is the intercept coefficient, §; is a linear coefficient,

B;; 1s the quadratic coefficient, B;; is the interaction coefficient between Xi and X;.

Table 4.7:  Experimental design: T1

Factor 1 | Factor2 | Factor3 Factor 4 Response 1 | Response 2
Run | A:Upper | B: middle | C: bottom D: Ver SD ID
Thick
mm mm mm mm mm mm
1 43 83 93 9 38.5 63
2 68 83 53 12 42.2 66.5
3 93 93 73 9 39.5 64
4 43 83 53 9 39.5 66.6
5 43 83 73 12 39 63
6 68 93 73 12 41 63
7 93 83 73 6 39.5 64.2
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Table 4.7 continued
8 68 93 93 9 40 63.5
9 68 93 53 9 40.8 66.9
10 68 83 73 9 40.3 64
11 68 83 93 6 41.5 63.5
12 43 83 73 6 41 63.1
13 93 73 73 9 39.2 64.8
14 43 73 73 9 39 63.6
15 68 83 73 9 40.2 64
16 68 73 93 9 40 63.6
17 68 83 53 6 41.5 66
18 68 73 73 12 41 63.5
19 68 83 73 9 40.3 64
20 68 73 53 9 40.7 67
21 93 83 73 12 41 64
22 68 83 93 12 40.6 62.5
23 93 83 53 9 40 67.7
24 43 93 73 9 39 63.5
25 93 83 93 9 39 64
26 68 73 73 6 41.5 63.9
27 68 93 73 6 41.4 63.5
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The reduced quadratic model is shown in Equations 4.3 and 4.4. These equations

relate the independent variables to the responses (Surface depth-SD and Inner depth-ID).

SD=47.1006+0.1462A-0.0130C-2.3594D+0.0117AD+0.0067CD- Equation 4.3
0.0018A%+ 0.0004C?+ 0.11162D?

ID=74.0310+0.0778 A+0.0309B-0.4705C+1.4986D-0.0007AB- Equation 4.4
0.0063CD+0.0030C>-0.0605D?

The adequacy of the RSM model is evaluated using analysis of variance (ANOVA)
and residual analysis. Statistical parameters such as lack of fit, correlation coefficient (R?),
adjusted R? and predicted R?> were compared to select the best-fitting polynomial, as

explained in (Margaret & Manimegalai, 2018).

Tables 4.8 and 4.10 display the ANOVA analysis results for the responses SD and ID,
respectively. Meanwhile, Tables 4.9 and 4.11 present the summary of fit statistics for SD and

ID, respectively.
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Table 4.8:

ANOVA for reduced Quadratic model of SD: T1

Source Sum of df Mean F-value p-value
Squares Square
Model 24.76 8 3.10 257.16 <0.0001
A-upper 0.4033 1 0.4033 33.51 <0.0001
C-bottom 2.17 1 2.17 180.07 <0.0001
D-vertical thick 0.2133 1 0.2133 17.72 0.0005
AD 3.06 1 3.06 254.42 <0.0001
CD 0.6400 1 0.6400 53.17 <0.0001
A? 7.54 1 7.54 626.20 <0.0001
C? 0.1204 1 0.1204 10.00 0.0054
D? 6.05 1 6.05 502.62 <0.0001
Residual 0.2167 18
Cor Total 24.98 26
Table 4.9: Summary of fit statistics for reduced Quadratic model of SD: T1
Fit Statistics Value
R? 0.9913
Adjusted R? 0.9875
Predicted R? 0.9766
Adeq Precision 54.0706
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Table 4.10: ANOVA for reduced quadratic model of ID: T1

Source Sum of df Mean F-value p-value
Squares Square

Model 53.16 8 6.64 351.95 <0.0001
A-upper 2.90 1 2.90 153.65 <0.0001
B-middle 0.3333 1 0.3333 17.66 0.0005
C-bottom 35.36 1 35.36 1873.13 <0.0001
D-vertical 0.2408 1 0.2408 12.76 0.0022
thick
AB 0.1225 1 0.1225 6.49 0.0202
CD 0.5625 1 0.5625 29.79 <0.0001
C? 9.49 1 9.49 502.67 <0.0001
D? 1.90 1 1.90 100.61 <0.0001
Residual 0.3398 18
Cor Total 53.50 26

Table 4.11:  Summary of fit statistic for reduced Quadratic model of ID :T1

Fit Statistics Value
R? 0.9936
Adjusted R? 0.9908
Predicted R? 0.9821
Adeq Precision 62.8580
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The results show that the experimental data are well represented by a quadratic
polynomial model, with coefficient of determination (R?) values of 0.9913 for SD and 0.9936
for ID. The R? measures model accuracy in predicting SD and ID. In addition, the value of
R? close to 1 indicates that the model fits the data better, as discussed in (Ayalew & Asmare,

2022).

Furthermore, both models show reasonable agreement, as the difference between the
predicted R? and adjusted R? is less than 0.2. The small mean-squared residuals in both
models indicate good model fit and high prediction accuracy. Additionally, the precision is
62.858, indicating an adequate signal. The signal-to-noise ratio measures adequate precision;

a value greater than 4 is desirable.

ANOVA analysis assesses the statistical significance of the RSM polynomial model
describing the relationship between selected input parameters and the response variables (SD
and ID). The ANOVA results indicate that the RSM polynomial models for both SD and ID
are statistically significant, with p-values <0.05. This confirms that both the SD and ID RSM
polynomial models are statistically valid and reliable for prediction and subsequent

optimization, as proven by (Pereira et al., 2021).

The next step is residual analysis, which examines the differences between the actual
and predicted SD and ID values in the model. Model adequacy is confirmed when residuals
follow an approximately normal distribution and are randomly scattered around zero,

indicating that prediction errors are normal and random, and the model fits the data well.

Figure 4.16 (a) and (b) display the normal plot of residuals in SD and ID used in
residual analysis. Residual analysis is assumed to follow a normal distribution. This

assumption is confirmed in both plots, as all points align along a straight line, indicating a
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normal distribution of residuals.
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Figure 4.16: Residual normal probability plot of (a) SD and (b) ID: T1

The other plots in Figure 4.17 (a) and (b) show residual vs run. Both provide
information about the model’s fitness. The model achieved optimal fit when the residual
oscillated randomly around the residual = 0 line, indicating that the model is suitable, as

suggested by (Margaret & Manimegalai, 2018). After residual analysis, the next procedure

is optimization.
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Figure 4.17: Residual vs Run plot of (a)SD and (b) ID: T1

Numerical optimization was used to optimize the E-slot applicator by setting certain

criteria, as listed in Table 4.12.

Table 4.12:  Optimization setting criteria:T1

Design Goal Lower limit(mm) | Upper limit (mm)
parameters/factors
Upper In range 43 93
Middle In range 73 93
Bottom In range 53 93
Vertical thick In range 6 12
SD In range 38.5 42.2
ID In range 62.8 69
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Figure 4.18 shows the optimization graph that suggests the optimum values for upper,
middle, bottom, vertical thickness, SD and ID. The proposed optimized design for the E-slot
is upper (A) =80 mm, middle (B) =93 mm, bottom (C) =71 mm and vertical thickness (D)

=6 mm. The predicted SD and ID values are 40.8 mm and 63.8 mm, respectively.
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Figure 4.18: Optimization of numerical graph: T1

Design Expert software uses numerical optimization (desirability function), d to
identify the best (optimize) slot dimension. Simultaneous optimization techniques use the
desirability function when multiple responses are considered. The desirability function d is

in the range 0<d<l.

A value of d=1, which means the response reaches the desired target, while d=0, a
response outside the acceptable range. A d value is 1, which means the response reaches the
desired target, while d=0, a response outside the acceptable range (Margaret & Manimegalai,

2018).

The desirability for the E-slot optimization design is 0.999, close to 1, indicating that
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all design parameters/factors meet the desired outcome. Finally, all the individual desirability

are combined using the geometric mean to optimize the overall desirability, D.D =
1
(dixdyx ....dy)(d1xdyx ....d,,)m , where m = number of responses (Li et al., 2008).
Figure 4.19 demonstrates the design of the optimized E-slot applicator validated with

SEMCAD X. The horizontal upper length (A) is 80 mm, 93 mm in the middle (B) and 71

mm in the bottom (C), while the vertical thickness (D) is 6mm.

Figure 4.19: Optimized E-slot design: T1

The experimental results are based on simulations and then compared with the
predicted values from Equation 4.5. There are 3 experiments run to validate the output. The
percentage error for SD is 1.225%, while it is 0.47% for ID. The results are detailed in Table

4.13.
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predict value—Experiment value

Error(%) = Dredict value Equation 4.5
Table 4.13:  Results validation: T1
No of SD(mm) ID (mm)
Exp Experiment Predict Error |[Experiment | Predict Error
(“o) (%)
1 40 40.8 1.961 64 63.8 0.313
2 41 40.8 0.490 64.2 63.8 0.627
3 41.3 40.8 1.225 64.1 63.8 0.470
% error, Eavg 1.225 % error, Eavg | 0.47

After validating the E-slot optimization results, the next procedure is post-analysis,

as shown in Tables 4.14 and 4.15. Table 4.14 provides the results of SD and ID.

Table 4.14:  Post analysis: optimization E-slot applicator: T1
Upper(mm) Middle(mm) Bottom(mm) | vertical thick(mm)
80 93 71 6
SD(mm) ID(mm)
40 64
41 63.5
41.3 64.1
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Table 4.15 presents a detailed statistical summary of SD and ID obtained from three
repeated simulation experiments. Based on three repeated experiments, the mean of SD is
40.7667 mm, closely aligned with the predicted SD value of 40.8067 mm ~40.8 mm. The
95% Prediction Interval (PI) low is 40.6279 mm, and the 95% PI high is 40.9856 mm. The
experimental values are near the predicted SD, indicating that the SD model is reliable and

well-fitted.

The data mean ID from three (3) repeated experiments is 63.8667mm, compared to
the predicted mean of 63.7591 mm to 63.8 mm. The experimental value is close to the
predicted ID. In ID, the predicted mean of 63.5211 mm is within 95% PI low and 63.9971

mm is within 95% PI high.

The predicted SD and ID are confirmed to be reliable, as they fall within their

respective 95% PI, which means the future measurement is expected to be 95% confident.

Table 4.15: Confirmation of SD and ID: T1

Response SD D
Predicted Mean(mm) 40.8067 63.7591
Predicted Median(mm) 40.8067 63.7591
Std Dev 0.109713 0.137402
n 3 3
Standard Error Pred 0.085132 0.113288
95% Predicted Interval(PI) low(mm) 40.6279 63.5211
Data Mean(mm) 40.7667 63.8667
95% Predicted interval(PI) high(mm) 40.9856 63.9971
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The coefficient table in Table 4.16 clearly shows that different factors affect SD and
ID, enabling better process control and optimization. Thus, the significant factors that affect
SD are upper length (A), bottom length (C), vertical thickness (D), combination of upper
length and vertical thick (AD), bottom length and vertical thickness (CD), quadratic term:

upper length (A?), bottom length (C?) and vertical thickness (D?).

Meanwhile, the significant factors that affect ID are upper length(A), middle length (B),
bottom length (C), vertical thick (D), combination of upper length and middle length (AB),

bottom length and vertical thick (CD), quadratic term: upper length (A?), bottom length (C?)

and vertical thick (D?)
Table 4.16:  Coefficient table: T1
SD p-values ID p-values
Intercept 40.2556 64.0306

A 0.183333 <0.0001 0.491667 <0.0001

i_ -0.166667 0.0005
C -0.425 <0.0001 -1.71667 <0.0001

D -0.133333 0.0005 -0.141667 0.0022

-0.175 0.0202

<0.0001

CD -0.4 <0.0001 -0.375 <0.0001
A2 -1.12083 <0.0001 _
& 0.141667 0.0054 1.21771 <0.0001
D> 1.00417 <0.0001 -0.544792 <0.0001
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4.2.7.2 Optimization of E-slot Applicator under T2 condition

The E-slot applicator optimization process in T2 follows the same steps as in T1. The
experimental design dataset with 2-level factorials listed in Table 4.17 is statistically
analysed using Design-Expert 11 software. The experiment design is simulated with

SEMCAD X.

Two-level factorial designs mean that each factor (independent variable) is set to two
levels: low and high, as presented in Tables 4.3 and 4.4. RSM was implemented in Design-

Expert 11, with factors 1 to 4 defined as design parameters and SD and ID as responses.

Table 4.17:  Design experiment: T2

Run | Factor 1 | Factor2 | Factor 3 Factor 4 Response 1 | Response 2
A:Upper | B:Middle | C:Bottom | D:Ver Thick SD D
mm mm mm mm mm mm
1 68 93 68 12 47.2 69.5
2 68 53 68 12 47.5 69.5
3 43 93 68 9 47 69.4
4 43 73 43 9 47 71
5 43 73 68 6 47.1 69
6 68 73 93 12 47.2 69.5
7 68 93 43 9 46.7 73.3
8 93 73 68 12 47.2 70.2
9 68 73 68 9 47.1 71.5
10 93 53 68 9 48.3 68.2
11 93 93 68 9 47 71.5
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Table 4.17  continued

12 68 73 43 6 47 72.1
13 68 53 43 9 47 72
14 68 93 68 6 47.1 70
15 93 73 43 9 47.8 73
16 68 53 68 6 48.1 68.8
17 93 73 68 6 47 70.5
18 68 73 43 12 48.3 73.3
19 68 73 68 9 47.1 71.5
20 93 73 93 9 47 71
21 43 53 68 9 47.2 71
22 43 73 93 9 47 68
23 68 93 93 9 47.2 69
24 68 73 68 9 47.1 71.5
25 68 53 93 9 48 68.2
26 68 73 93 6 47.2 69.2
27 43 73 68 12 48 68.5

A reduced cubic model is used because it includes only significant factors, as shown
in Equations 4.5 and 4.6. These equations relate the independent variables to the responses

(Surface depth-SD and Inner depth-ID).

SD=50.2544 -0.0741A+0.0842B-0.3836C - 4.4629D - 0.0006AB- Equation 4.6
0.0003AC+ 0.0347AD-0.0088BC+0.0546BD-0.0043CD-
0.0005B%+0.162D?-0.0021 AD?+0.00006B>C-0.0004B’D
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ID=97.8158-0.5824A-0.9691B—0.066C+2.1167D+0.020AB- Equation 4.7
0.0014A%+0.0056B%-0.1162D*-0.0001 AB*

The reliability of the RSM model is evaluated by Analysis of variance (ANOVA) and
residual analysis. Tables 4.18 and 4.20 present the ANOVA analysis for the responses of SD
and ID, respectively. Meanwhile, Tables 4.19 and 4.21 present the summary of fit statistics

for SD and ID, respectively.

Table 4.18: ANOVA for reduced cubic model of SD: T2

Source Sum of df Mean F-value p-value
Squares Square
Model 5.12 15 0.3416 30.68 <0.0001
A-Upper 0.4513 1 0.4513 40.52 <0.0001
B-Middle 1.27 1 1.27 113.82 <0.0001
C-Bottom 0.3612 1 0.3612 32.44 0.0001
D-Vertical Thick 0.7200 1 0.7200 64.65 <0.0001
AB 0.3025 1 0.3025 27.16 0.0003
AC 0.1600 1 0.1600 14.37 0.0030
AD 0.1225 1 0.1225 11.00 0.0069
BC 0.0625 1 0.0625 5.61 0.0372
BD 0.1225 1 0.1225 11.00 0.0069
CD 0.4225 1 0.4225 37.94 <0.0001
B? 0.1000 1 0.1000 8.98 0.0122
D? 0.2560 1 0.2560 22.99 0.0006
AD? 0.5704 1 0.5704 51.22 <0.0001
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Table 4.18  continued

B>C 0.9204 1 0.9204 82.65 <0.0001
B°D 0.4817 1 0.4817 43.25 <0.0001
Residual 0.1225 11

Cor Total 5.25 26

Table 4.19: Summary of fit statistic for reduced cubic model of SD: T2

Fit Statistics Value
R? 0.9767
Adjusted R? 0.9448
Predicted R? 0.8408
Adeq Precision 18.3108

Table 4.20: ANOVA for reduced cubic model of ID: T2

Source Sum of df Mean F-value p-value
Squares Square
Model 61.05 9 6.78 25.66 <0.0001
A-Upper 8.41 1 8.41 31.79 <0.0001
B-Middle 2.08 1 2.08 7.88 0.0121
C-Bottom 32.67 1 32.67 123.56 <0.0001
D-Vertical Thick 0.0675 1 0.0675 0.2553 0.6199
AB 6.00 1 6.00 22.70 0.0002
A? 4.82 1 4.82 18.21 0.0005
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Table 4.20  continued

B2 6.10 1 6.10 23.07 0.0002
D? 6.56 1 6.56 24.82 0.0001
AB? 3.84 1 3.84 14.52 0.0014
Residual 4.49 17
Cor Total 65.55 26
Table 4.21: Summary of fit statistic for reduced cubic model of ID: T2
Fit Statistics Value
R? 0.9314
Predicted R? 0.8064
Adeq Precision 17.5754

It is observed that both experimental data (SD and ID) are significantly represented
in a reduced cubic polynomial model. The coefficient of determination, R?is 0.9767 for SD
and 0.9314 for ID. The R? measures model accuracy in predicting SD and ID. Furthermore,
the value of R? close to 1 indicates that the regression line fits the data perfectly. The fit

statistics are in reasonable agreement in both models. This is because the difference between

predicted R? and adjusted R? is less than 0.2.

ANOVA analysis to confirm that both models are significant, which describes the
relationship between selected input parameters and the response variable. Consequently,

both proposed models have p<0.05, considered significant in predicting the output response

as reported by (Pereira et al., 2021).

176




The residual mean squares of 0.0111 for SD and 0.2644 for ID represent the average
squared differences between the predicted and simulated responses. The small residual mean

square in both models (SD and ID) indicates low predictor error and good model fit.

Subsequently, residual analysis is performed by plotting the residuals against the
fitted values. The difference between the response (actual value), Y and the fitted value
(predicted value), ¥ is residual that is expressed as e=Y-Y . The error assumes it follows a

normal distribution. If the assumption is valid, the plot exhibits a straight line.

Figure 4.20(a) and (b) display the normal plot of residuals in SD and ID. It shows
normal probability plots for both SD and ID. The straight line in the plots indicates that the

normality assumption holds for both responses and that the model is good.

Normal Plot of Residuals Normal Plot of Residuals

s

Mormal % Probability

Exteinally Studentized Residuals

Externally Studentized Resduals

(@ (b)

Figure 4.20: Residual normal probability plot of (a) SD and (b) ID: T2

The other plots in Figure 4.21(a) and (b) show residual vs run. Both provide
information about the model’s fitness. Both models achieved optimal fit when the residual

oscillated randomly around the residual line =0, which indicates that the models have the
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best fit, as mentioned by (Margaret & Manimegalai, 2018). Therefore, both models suggest

a well-distributed residual. After residual analysis, the next step is to optimize the E-slot

applicator.
Residuals vs. Run Residuals vs. Run
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Figure 4.21: Residual vs Run of (a) SD (b) ID

The optimal dimension of the E-slot applicator aims to determine the best design to
achieve or nearly achieve SD and ID with focused heating conditions to the tumor. The
optimal condition is determined through optimization, thereby maximizing the value of the
design parameters. A numerical method is employed for design optimization. The E-slot

applicator was optimized numerically by setting the criteria listed in Table 4.22.

Table 4.22:  Optimization setting criteria: T2
Design Goal Lower Upper limit
parameters/factors limit(mm) (mm)
Upper In range 43 93
Middle In range 53 93
Bottom In range 43 93
Vertical thick In range 6 12
SD In range 46.7 48.3
ID In range 68 72.3
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A simultaneous optimization technique uses a desirability function when multiple
responses are involved. Each design parameter is converted into an individual desirability
function, d. The desirability function d is in the range 0<d<1. A value of d=1, which means
the response reaches the desired target, while d=0, a response outside the acceptable range.

Finally, all the individual desirability are combined using the geometric mean to optimize

1
the overall desirability, D.D = (d;xdx ....d,,)(d1xdyx ....d,,)m , where m = number of

responses (Li et al., 2008).

Figure 4.22 shows the optimization graph indicating the optimal values for upper,
middle, bottom, vertical thickness, SD and ID. The desirability for the E-slot optimization
design is 0.960, which is close to 1, indicating that all the design parameters/factors meet the
desired outcome. The proposed optimized design for E-slot is upper = 68 mm, middle = 87
mm, bottom =81 mm, and vertical thick = 9 mm. The predicted SD and ID values are 46.99

~47 mm and 70.6 mm, respectively.

The optimized E-slot applicator is displayed in Figure 4.23. The horizontal length is
upper (A) = 68 mm, middle(B) =87 mm and bottom (C) =81 mm, while the vertical thickness

(D) =9 mm.
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D:Vertical Thick = 9.06 Surface Depth = 46.9951 Inner Depth = 70.6296

Desirability = 0.999

Figure 4.22: Optimization of numerical graph: T2

Vertical Thick, D= 9mm

Figure 4.23: Optimize E-slot design: T2

The experimental results are based on simulations compared with the predicted value
as expressed in Equation 4.5. Three experiments were run to validate the output. The

percentage error for SD is 0.568%, while it is 0.944% for ID. The results are detailed in
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Table 4.23.

Table 4.23:  Results validation: T2
No of SD(mm) ID(mm)
Exp Experiment | Predict Error | Experiment | Predict Error
(“o) (%)
1 46.5 47 1.064 70 70.6 0.850
2 47.2 47 0.426 70 70.6 0.850
3 47.1 47 0.213 69.8 70.6 1.133
% 0.568 % 0.944
error,Eavg error,Eave

After validating the E-slot optimization results, the next step is post-analysis, as

shown in Tables 4.24 and 4.25.

Table 4.24:  Post analysis: optimization of E-slot applicator: T2
Upper(mm) Middle(mm) Bottom(mm) vertical thick(mm)
68 87 81 9
SD(mm) ID(mm)
46.5 70
47.2 70
47.1 69.8

Table 4.25 provides a detailed statistical summary of SD and ID obtained from three

repeated simulation experiments. The data mean of SD based on three repeated experiments
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is 46.9333mm, closely aligned with the predicted SD value of 46.9941 mm ~47 mm. The
experimental values are close to the predicted SD, indicating that the SD model is reliable

and well-fitted.

Table 4.25: Confirmation of SD and ID: T2

Response SD D

Predicted Mean(mm) 46.9941 70.345

Predicted Median(mm) 46.9941 70.345
Standard Deviation 0.105529 0.498121

n 3 3

Standard Error Pred 0.074566 0.395244

95% Predicted Interval(PI) low(mm) 46.83 69.2476
Data Mean (mm) 47.0667 69.9333

95% Predicted interval (PI) high(mm) 47.1582 71.4424

The mean ID across three repeated experiments is 69.9333 mm. This value falls
within 95% PI low, which is 69.2476mm, to 95% PI high, which is 71.4424mm. This
indicates that the model is reliable and well-fitted. The predicted SD and ID are reliable, as
they fall within their respective 95% PI, indicating that the future measurement is expected

to be 95% confident.

The coefficient table in Table 4.26 summarizes the significant factors/variables (p
<0.05) influencing the output at the SD and ID. The factor in bold indicates that it is

statistically significant.
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Therefore, the significant factors/variables that affect SD are upper length (A),
middle length (B), bottom length (C), vertical thick (D), interaction term: (AB), (AC), (AD),
(BC), (BD),(CD), quadratic term :(B?), (D?) and quadratic interaction term: (AD?), (B*C)

and (B%D).

Subsequently, the significant factors that affect ID are upper length(A), middle length
(B), bottom length (C), interaction term (AB), quadratic terms: (A?),( B?), (D?) and quadratic

interaction term (AB?).

Table 4.26:  Coefficient table: T2
SD p-values ID p-values
A 0.2375 <0.0001 1.025 <0.0001
B -0.325 <0.0001 0.416667 0.0121
C -0.2125 0.0001 -1.65 <0.0001
D 0.3 <0.0001 _
AB -0.275 0.0003 1.225 0.0002
AC -0.2 0.003
AD -0.175 0.0069
BC -0.125 0.0372
BD 0.175 0.0069
CD -0.325 <0.0001
-0.895833

B2 0.125 0.0122 -1.00833 0.0002
D? 0.2 0.0006 -1.04583 0.0001
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Table 4.26

continued

<0.0001

B>C

0.5875

<0.0001

B2D

-0.425

<0.0001

4.2.7.3 Optimization of E-slot Applicator under T3 condition

The optimization process in T3 follows the same steps as those in T1 and T2. Table

4.27 presents the experimental design for the T3 condition with 2-level factorials, which is

statistically analysed with Design Expert 11 software. Factors 1 to 4 are set as design

parameters for responses 1 and 2 (SD and ID, respectively). The experimental design is

simulated using SEMCAD X.

Table 4.27: Experimental design: T3
Factor 1 | Factor 2 Factor 3 Factor 4 Response 1 | Response 2

Run | A: Upper | B:Middle | C: Bottom | D:VerThick SD 1D
mm mm mm mm mm mm

1 68 93 73 36 47.6 72
2 68 33 73 30 46.1 66.6

3 68 63 53 36 45 68
4 93 63 93 33 45.7 65.7

5 43 93 73 33 47.7 72
6 68 63 73 33 45.6 66.7
7 68 33 93 33 46 66.5
8 68 63 53 30 45.3 67.2

9 93 63 73 30 45.7 67

10 93 63 73 36 45.7 67
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Table 4.27  continued
11 93 93 73 33 472 71
12 43 63 53 33 45.1 67.5
13 68 63 73 33 45.6 66.7
14 68 93 53 33 47.7 75
15 68 63 93 36 452 65
16 43 63 93 33 45 66.5
17 43 33 73 33 45.8 66.5
18 93 33 73 33 46.8 67
19 68 93 73 30 47.6 72
20 68 33 53 33 454 66
21 68 93 93 33 46.7 68.5
22 68 63 93 30 452 66.5
23 68 33 73 36 46 66.6
24 43 63 73 30 45.6 66.5
25 43 63 73 36 45.5 66.7
26 93 63 53 33 453 68.3
27 68 63 73 33 45.6 66.7

The reduced quadratic model is applied because it comprises only the significant

factors shown in equations 4.8 and 4.9.

SD=3.97841 +0.018917A-0.066375B+ 0.168719C - 0.0005AB -

0.00025AC - 0.000667BC +0.001368B2-0.000984C>

ID=39.6530 - 0.027972B+ 0.444583C + 0.685694D -0.002917BC -

0.009583CD +0.002602B>

Equation 4.8

Equation 4.9

The adequacy of the RSM model is evaluated using analysis of variance (ANOVA)

and residual analysis. Tables 4.28 and 4.30 display the ANOVA analysis for both response,
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SD and ID. Meanwhile, Tables 4.29 and 4.31 present summaries of fit statistics for SD and

ID, respectively.

Table 4.28: ANOVA for reduced Quadratic model of SD: T3

Source Sum of df | Mean | F-value | p-value
Squares Square
Model 19.82 8 2.48 154.88 | <0.0001
A-Upper 0.2408 1 0.2408 15.06 | 0.0011
B-Middle 5.88 1 5.88 367.61 | <0.0001
C-Bottom 0.0000 1 0.0000 | 0.0000 | 1.0000
AB 0.5625 1 0.5625 35.17 | <0.0001
AC 0.0625 1 0.0625 3.91 0.0636
BC 0.6400 1 0.6400 40.01 |<0.0001
B2 9.70 1 9.70 606.57 | <0.0001
C? 0.9922 1 0.9922 62.03 | <0.0001
Residual 0.2879 18| 0.0160
Cor Total 20.11 26

Table 4.29: Summary of fit statistics for reduced Quadratic model of SD: T3

Fit Statistics Value
R? 0.9857
Adjusted R? 0.9793
Predicted R? 0.9510
Adeq Precision 38.6885
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Table 4.30:

ANOVA for reduced quadratic model of ID: T3

Source Sum of df | Mean Square | F-value p-value
Squares
Model 146.53 6 24.42 151.02 < 0.0001
B-Middle 81.64 1 81.64 504.86 <0.0001
C-Bottom 14.74 1 14.74 91.16 <0.0001
D-VerThick 0.0208 1 0.0208 0.1288 0.7234
BC 12.25 1 12.25 75.75 <0.0001
CD 1.32 1 1.32 8.18 0.0097
B2 36.56 1 36.56 226.06 <0.0001
Residual 3.23 20
Cor Total 149.77 26
Table 4.31: Summary of fit statistics for reduced quadratic model of ID: T3
Fit Statistics Value
R? 0.9784
Adjusted R? 0.9719
Predicted R? 0.9517
Adeq Precision 46.5598

The results show that the experimental data are represented by a quadratic
polynomial model, with coefficient of determination (R?) values of 0.9857 for SD and 0.9784
for ID. The R? is used to assess model accuracy in predicting the SD and ID. In addition, the

value of R? close to 1 indicates the model fits the data better as reported by (Ayalew &

Asmare, 2022).
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The adjustable R? and predicted R? in SD are 0.9793 and 0.9510, respectively.
According to the fit statistic in Design-Expert software, both adjusted and predicted R? are

reasonable because the difference (0.9793-0.9510=0.0283) is less than 0.2.

Similar to ID, the adjusted R*> =0.9719, while the predicted R?> =0.9517. The
difference is 0.0202, which is less than 2. Therefore, both the adjusted R? and predicted R?

values are reasonable.

Consequently, factors with p < 0.05 are considered significant for predicting the
output/response. The variables with 95% confidence, where P values, p<0.05, imply a

significant effect on the response, as demonstrated by (Pereira et al., 2021).

ANOVA analysis to confirm whether this model is significant or not. Based on the

ANOVA analysis, both models are significant, as their p-values are <0.05.

Next analysis is residual analysis, where the evaluation is between the response, Y
and the fitted value, ¥ that expressed as e=Y-Y . The error assumes it follows a normal

distribution. If the assumption is valid, the plot exhibits a straight line.

Figure 4.24 (a) and (b) display the normal plot of residuals in SD and ID used in
residual analysis. Residual analysis assumes a normal distribution, which is confirmed in
both plots, as all points align along a straight line, indicating a normal distribution of

residuals.
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Figure 4.24: Residual normal probability plot of (a) SD and (b) ID: T3

The other plots in Figure 4.25(a) and (b) show residual vs run. Both provide

information about the model’s fitness. The model achieved optimal fit when the residual

oscillated randomly around the residual =

0 line, which confirms the model has the best fit,

as discussed by (Margaret & Manimegalai, 2018).
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Figure 4.25: Residual vs Run plot of (a)SD and(b) ID: T3
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The E-slot applicator is optimized numerically by setting certain criteria, as listed in Table

4.32.

Table 4.32:  Optimization setting criteria: T3

Design Goal Lower limit(mm) Upper limit
parameters/factors (mm)
Upper In range 43 93
Middle In range 33 93
Bottom In range 53 93
Vertical thick In range 30 36
SD In range 45 47.7
ID In range 65 75

Figure 4.26 shows the optimization graph indicating the optimal values for upper,
middle, bottom, vertical thickness, SD and ID. The desirability for the E-slot optimization
design is achieved at maximum desirability 1, indicating that all the design

parameters/factors meet the desired outcome.

The proposed optimized design for the E-slot is upper (A)= 68 mm, middle (B) = 63
mm, bottom (C) =73 mm and vertical thickness (D) = 33 mm. The predicted values for SD

and ID are 45.6167 mm ~45.6 mm and 66.8 mm, respectively.
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Figure 4.26: Optimization numerical graph: T3

A simultaneous optimization technique uses a desirability function when multiple
responses are involved. Each design parameter is converted into an individual desirability
function, d. The desirability function d is in the range 0 < d < 1. When the response achieves
the goal, d = 1, whereas if d = 0, it is outside the acceptable range. Finally, all the individual

desirabilities are combined using the geometric mean to optimize overall desirability, D.D =

1
(dixdyx ....dp)(d1xdyx ....dy,)m , where m = number of response (Li et al., 2008).

Figure 4.27 shows the optimized E-slot applicator design under the T3 condition. The
upper horizontal length (A) is 68 mm, middle (B)= 63 mm and bottom (C) =73 mm, while

the vertical thickness (D) = 33 mm.
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Vertical Thick, D= 33mm

Figure 4.27: Optimize E-slot design :T3

The performance of the optimized E-slot applicator was validated using SEMCAD
X. The experimental results are based on simulations compared with the predicted value
given in Equation 4.5. There are 3 experiments run to validate the output. The percentage
error for surface depth is 0.0731%, while 0.0998% for inner depth. The results are detailed

in Table 4.33.
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Table 4.33:  Results validation: T3

No of SD(mm) ID(mm)

Exp Experiment | Predict | Error(%) | Experiment | Predict | Error(%)
1 45.6 45.6 0 66.7 66.8 0.1497
2 45.6 45.6 0 66.7 66.8 0.1497
3 45.5 45.6 0.2193 66.8 66.8 0

0.0731 % 0.0998
error,Eavg

After validating the E-slot optimization results, the next step is post-analysis, as

shown in Tables 4.34 and 4.35. Table 4.34 provides the results of SD and ID.

Table 4.34:  Post analysis: optimization E-slot microstrip antenna: T3
Upper(mm) | Middle(mm) | Bottom(mm) | vertical thick(mm)
68 63 73 33
SD(mm) ID(mm)
45.6 66.7
45.6 66.7
45.5 66.8

Table 4.35 provides a detailed statistical summary of SD and ID obtained from three
repeated simulation experiments. The mean SD from three repeated experiments is 45.5667
mm, which is close to the predicted SD value of 45.6167 mm. The 95% PI low is 45.4395
mm and the 95% PI high is 45.7938 mm. The experimental values are close to the predicted

surface depth, indicating that the SD model is reliable and well-fitted.
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Table 4.35:  Confirmation of surface and inner depth: T3

Response SD D

Predicted Mean(mm) 45.6167 66.8

Predicted Median(mm) 45.6167 66.8
Standard Deviation 0.12647 0.40213

n 3 3
Standard Error Pred 0.08432 0.25433
95% Predicted Interval(PI) low(mm) 45.4395 66.2695
Data Mean
45.5667 66.7333
(mm)

95% Predicted interval(PI) high(mm) 45.7938 67.3305

The mean ID from three (3) repeated experiments is 66.7333 mm, compared with the
predicted mean of 66.8 mm. The experimental value is close to the predicted ID. In ID, the
predicted mean of 66.2695 mm is within 95% PI low, while 67.3305 mm is within 95% PI

high. The experimental values are close to the predicted ID, indicating that the Id model is

reliable and well-fitted.

The predicted SD and ID are confirmed to be reliable, as they fall within their

respective 95% PI, which means the future measurement is expected to be 95% confident.

The coefficient table in Table 4.36 summarizes the significant factors/variables with
p <0.05 that influence SD and ID. The significant factors in SD are upper length (A), middle
length (B), interaction of upper length and middle length (AB), interaction of middle length

and bottom length (BC), quadratic term (B?)and (C?).
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Meanwhile, middle length (B), bottom length (C), vertical thickness (D), interaction
of middle and bottom length (BC), interaction of middle length and vertical thickness (CD)

and quadratic term (B?) significantly affect ID.

Table 4.36: Coefficient Table: T3

SD p-values Inner Depth p-values

Intercept 45.6167 66.8

A 0.141667 0.0011

B 0.7 <0.0001

2.60833 <0.0001

-1.10833 <0.0001

<0.0001

BC -0.4 <0.0001 -1.75 <0.0001
B? 1.23125 <0.0001 2.34167 <0.0001

4.2.8 Validation of Optimized E-slot Applicator

The optimized E-slot applicator is validated with previous optimization methods,
namely the Genetic Algorithm (GA) and Particle Swarm Optimization (PSO), which were
applied to the E-slot applicator, as summarized in Table 4.37. The comparison is conducted
in terms of performance parameters such as directivity, gain, return loss, operating frequency

and the application.
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Table 4.37:  Validation of the RSM Optimized E-slot Applicator Methods

Slot Directivity Gain Return Frequency

Application
Optimization (dBi) (dBi) Loss(dB) (MHz)
Generic 3.8 3.04 -23 630 Medical
Algorithm
(GA)
Particle Swarm 2.51 1.94 -16 550 Medical
Optimization
(PSO)
RSM -T1 20.69 24.06 -9.61 915 Hyperthermia
RSM-T2 12.73 9.14 -11.30 915 Hyperthermia
RSM-T3 7.67 5.89 -16.01 915 Hyperthermia

The GA and PSO operate at frequency (550-0630MHz) and exhibit low directivity
(2.5-3.8dBI) and low gain (1.94-3.04 dBi) compared to the RSM optimized E-slot applicator.
The optimized E-slot applicator demonstrates higher directivity and gain, particularly for

tumor sizes T1 and T2 (20.6 dBi and 12.73 dBi, respectively).

Although the GA and PSO show lower RL than RSM, the values remain within an
acceptable impedance-matching range (return loss < -10 dB), which is suitable for

hyperthermia applications, thereby improving the ability to focus EM energy on the tumor.
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The RSM-optimized E-slot applicator was developed under ISM frequency of 915
MHz for non-invasive hyperthermia treatment, whereas the GA and PSO approaches were

primarily developed for general medical applications.

Furthermore, the variation in applicator performance with tumor size demonstrates
the adaptability of the optimized E-slot. This indicates that RSM not only improves
applicator characteristics but also enables EM energy to be focused on the tumor, a capability

not explicitly addressed in GA and PSO.

Therefore, the comparative results validate the effectiveness of the RSM-optimized
E-slot applicator, which outperforms GA and PSO, particularly in directivity and gain. The
return loss is acceptable for impedance matching and suitable for non-invasive hyperthermia

treatment.
4.2.9 Comparison of slot Applicator: E-slot and Optimization E-slot

This section compares the performance of E-slot and optimized E-slot in terms of
heat absorption and applicator performance (directivity, gain and return loss). Heat

absorption was evaluated using SAR distribution, with SD and ID measured as shown in

Figure 4.28.
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The graph in Figure 4.29 illustrates the SAR(peak) for the E-slot and the optimized
E-slot applicator for T1, T2 and T3. The optimized E-slot exhibits improvement of 5.6% for

T1, 116.5% for T2 and 43% for T3.

In particular, the findings of this research show that the optimized E-slot has the
highest SAR (peak) compared to the E-slot applicator. This indicates that the optimized E-

slot provides a shorter treatment time than the E-slot applicator.

18.6000
T3
13.0000 } +43%
® Optimize E-slot
5 r 21.0000
9.7000 ]' +116.5% mE slot
57.000
54.0000

-5 5 15 25 35 45 55 65
SAR(peak) -mW/g

Tumor Sizes

Figure 4.29 : SAR(peak) improvement in Optimized E-slot Applicator

The optimized E-slot applicator shows an improvement of applicator directivity of
26% for T1, 22.3% for T2 and 12% for T3 compared to the E-slot microstrip applicator, as
presented in Figure 4.30. The improvement in directivity indicates that the optimized E-slot
focuses EM energy more locally while minimizing the effect on surrounding healthy tissue

(Abdulhussain et al., 2023; Rajebi et al., 2024).
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Figure 4.30: Directivity improvement in optimized E-slot applicator

The results in Figure 4.31 indicate that the optimized E-slot showed gain improved by
21%,8.6% and 24.3% for T1, T2 and T3, respectively. The high gain reflects the applicator's
improved ability to radiate more power in a specific region and contribute to more efficient

energy delivery, which is essential for ensuring sufficient tumor heating (Tayel et al., 2017).
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Figure 4.31: Gain improvement in optimized E-slot applicator

200



Figure 4.32 compares the return loss of the E-slot and the optimized E-slot in T1, T2
and T3 conditions. The optimized E-slot applicator demonstrated lower return loss than the
E-slot applicator under all conditions (T1, T2 and T3). Hence, the optimized E-slot
applicator has better impedance matching and reduces signal reflection. Moreover, a
minimum return loss is required to ensure minimal signal reflection and maximize power

toward the target tissue (Hojjatollah, 2018).

Return loss for T1: E-slot (-7.6648dB) and optimized E-slot (-9.6095dB), return loss
T2: E-slot (-4.3578dB) and optimized E-slot (-11.2981dB), return loss T3: E-slot ( -
5.0425dB) and optimized E-slot (-16.009dB). The improvement of the optimized E-slot
compared to the E-slot in terms of return loss is 25.4%, 159.2 % and 217.5% on T1, T2 and

T3, respectively.
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+217.5% { -16.0087 . o
slof
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o { -11.2981

Tumor Sizes

T -
+25.4% {
-7.6648
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Figure 4.32: Return loss (dB) improvement in optimized E-slot applicator

The findings in Figures 4.33 and 4.34 indicate that both SD and ID obtained do not
reaches the desired values. Nevertheless, the optimized E-slot exhibits improved SAR

distribution and is more localized, as indicated in Figure 4.28 across all tumor sizes: T1, T2
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and T3. In addition, the results indicate that optimized E-slot improves performance in terms

of directivity, gain, return loss and SAR (peak).
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Figure 4.34: 1D in E-slot and optimized E-slot Applicator
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Since the SD and ID do not reach the desired value, SAR optimization is conducted
in DoE 4. This is to ensure that the entire tumor is heated sufficiently and uniformly. The
duration of the hyperthermia treatment is then determined based on SAR optimization. The

duration of hyperthermia treatment is elaborated on in the next section.

4.2.10 Hyperthermia Treatment Time

SAR optimization is used to determine the treatment time for hyperthermia. SAR
optimization can be obtained based on a numerical approach or software (Kok, Kotte, et al.,
2017; Nizam-Uddin & Elshafiey, 2017). SEMCAD X includes hyperthermia treatment plan

tools, such as SAR (peak) optimization, to deliver adequate heat to the tumor.

In this research, SAR is associated with SAR (peak). A high SAR (peak) indicates a
shorter time to reach Tmax. This indicates that EM energy rapidly increases in the tumor,
leading to a more rapid rise in temperature. Consequently, the hyperthermia treatment time
can be reduced. As described in (Hunt et al., 1991) suggests that shorter treatments provide
significant improvement in hyperthermia treatment. It also proved that rapid heating yields

a more uniform heat distribution across the treated tissue.

The SAR optimization included the simulation for the breast phantom without and
with water bolus. As mentioned in section 2.19, the thickness of the water bolus influences
the SAR distribution pattern. Also, mention in (Rajebi et al., 2024) (Ebrahimi-Ganjeh &
Attari, 2008), the increment thickness of the water bolus significantly decreases thermal
energy transfer into tissue and results in lower SAR(peak). Therefore, this research uses a
water bolus thickness of 2mm to reduce skin burn effects during hyperthermia treatment and

improve the energy focusing (Wong et al., 2023).
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The summary of SAR optimization is included in Appendix F for T1, T2 and T3.
Figures 4.35, 4.36 and 4.37 show a clear trend of decreasing ID when water bolus is applied

compared to when it is not.

Figure 4.35 demonstrates the SAR optimization range from 8 mw/g to 5 mW/g for
ID in T1 without water bolus and with water bolus. SAR (peak) value was adjusted from 8
mW/g to 5 mW/g. The SAR (peak) was initially set to 8 mW/g as the baseline, based on the

first SAR (peak) value generated in SEMCAD X.

8 7 6 5

SAR(peak)mW/g

N 0
S O

oS O

Inner depth(mm)
N W B N QN
oS O

—_
oS O

=]

= without waterbolus == with waterbolus ===Desired inner depth

Figure 4.35: SAR optimization in ID, T1

The SAR optimization selection depends on achieving the desired ID of 64 mm. It
demonstrated that SAR (peak)= 8 mW/g (without water bolus), whereas SAR (peak) =5

mW/g (with water bolus) attained ID of 64mm.

In T2 ID, the SAR (peak) value is adjusted from 28 mW/g to 4 mW/g. The SAR

(peak) is initially established at 28mW/g as the baseline, derived from the first SAR (peak)
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generated in SEMCAD X. Figure 4.36 presents SAR optimization ID for T2 with and
without water bolus. The SAR optimization is 12 mW/g without water bolus and 8mW/g
with water bolus. It is selected based on the desired ID of 80 mm.
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2
1

26 24 22 20
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Inner depth (mm)
oS O O O o o O

()

mmm without waterbolus == with waterbolus ===Desired inner depth

Figure 4.36: SAR optimization in ID, T2

The SAR (peak) value is adjusted from 38 mW/g to 4 mW/g for ID in T3. The SAR
(peak) is initially set to 38 mW/g as the baseline. This baseline value is based on the first
value of SAR (peak) generated in SEMCAD X. Figure 4.37 displays the SAR optimization
range from 38 mw/g to 4 mW/g for ID in T3 without water bolus and with water bolus. The
SAR optimization is 9 mW/g for both without water bolus and with water bolus. The SAR

optimization is selected based on the desired ID, which is 90 mm.

Table 4.38 presents a summary of SAR optimization for ID for T1, T2 and T3
conditions without water bolus and with water bolus. The SAR (peak), SAR distribution

and ID are significantly affected by the water bolus.
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Figure 4.37: SAR optimization in ID, T3

Table 4.38: SAR optimization summary — ID

SAR optimization SAR optimization
Without water bolus With water bolus
Tumo SAR ID SAR SAR ID SAR
r size | optimization (mm) | (peak) optimization (mm) | (peak)
(mW/g) mW/g (mW/g) mW/g
T1 8 64.2 7.8 6 64 5.8
T2 12 80 11.7 8 80 7.8
T3 9 91 8.77 9 90 8.77
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The findings show that water bolus reduces the effect of unwanted hotspots and
concentrates heat more on the treated tissue. Furthermore, water bolus is a cooling technique
that can cool the skin surface, avoid overheating, avoid skin burn and enhance patient
comfort (Arunachalam et al., 2009). Therefore, in this research, the time duration of

hyperthermia treatment is considered only with water bolus.

Table 4.39 presents the time duration required in ID for T1, T2 and T3. This reflects
that the heating process in T3 and T2 is more efficient than in T1. It also observes that the
SAR (peak) corresponds to shorter treatment. Timax is 45 °C, remaining below the safety limit
for hyperthermia treatment. Tmin is 37°C. The initial time (#p) is 0s. The equation can be
represented as stated in Equation 4.10:

_ CAT _ Tmax - Tmin
SAR (peak) t, — tg

At Equation 4.10

The AT = 45°C — 37°C = 8°C, the initial time = Os and C is specific heat

capacity = 3600J/kg°C.

Table 4.39: Recommended time duration in inner depth for T1, T2 and T3

T ID (mm) SAR(peak)mW/g Time
size .
sec min hour
T1 64 5.8 4965.5 82.76 1 hr
23min
T2 80 7.8 3692.31 61.54 1hrl
min 32
sec
T3 90 8.77 3283.93 | 54min 44sec -
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The large tumors (T3 and T2) maintain high temperatures for a shorter period due to
their low surface area to volume ratio and poor blood perfusion. In addition, the large tumors
have disorganized and less efficient blood vessels than the small tumors (Babbs & DeWitt,
1981). The ratio of spherical tumor in surface area to volume is represented in Equation 4.11

(Babbs & DeWitt, 1981) :

A 4anr? A4 3 .
- =3 in simplifying form — = - Equation 4.11
V. gmur3 v oor

The A/V is inversely proportional to radius, r. This means that large tumors (T3) and medium
tumors (T2) have a lower A:V ratio than small tumors (T1). This can be demonstrated in

Table 4.40 in ID.

Table 4.40: ID ratio surface area to volume

ID
T size Radius Surface Volume,V(mm?) A/V
i) area,A(mm?)
T1 10.8 1465.74 5276.67 0.278
T2 18.9 4488.83 28279.65 0.159
T3 32.5 13273.23 143793.31 0.092

The medium tumor (T2) and large tumor (T3) have a lower surface area to volume
ratio than T1. This indicates that large and medium tumors retain heat more effectively and
sustain high temperatures because less heat escapes to the surrounding area. In addition,
according to Pennes’ bioheat equation, heat transfer in biological tissue is influenced by

blood perfusion, which acts as a cooling mechanism. The blood perfusion in T2 and T3 is
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lower, leading to reduced convective heat removal and slower cooling rates (Babbs &

DeWitt, 1981).

In contrast to T1, the small tumor has a high surface area to volume ratio, which
allows heat to escape quickly to the surrounding area, resulting in a faster cooling effect on
the tumor itself. Additionally, blood perfusion is more efficient in small tumors and the blood

flow helps to carry the heat away more effectively (Babbs & DeWitt, 1981).

These difference in heat retention and cooling behaviour explains why the treatment
time in T1 is longer than in T2 and T3. Furthermore, in terms of location, T1 is farther from

the front skin than T2 and T3.

Moreover, as highlighted by (Wong et al., 2021) the duration of tumors of small size
is longer than that of tumors of large size. This research categorized the size of the tumors
as Stage 1 (small size), Stage 2 (medium size) and Stage 3 (large size). Frequencies of 915
MHz and 2450 MHz were used with rectangular microstrip applicator and an input power of
IW. However, Table 4.41 compares the time duration when using only 915 MHz.The results

also reveal that the optimized E-slot applicator performs more efficiently than in the previous

study.
Table 4.41: Comparison of time duration with the previous study
Previous study (Wong et al., 2021) This research (Optimized E-slot)
Stage | Inner depth | Time duration | Tumor Size | Inner Time duration
(mm) depth
(mm)
Stage 1 63 6hr 27min T1 64 1 hr 23min
Stage 2 61 2hr 40min T2 80 1 hr Imin 32 sec
Stage 3 51 2 hr 22 min T3 90 54min 44sec
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4.3 Summary of the Chapter

This chapter presents the analysis results and discussion based on DoE 1, DoE 2,
DoE 3 and DoE 4. The main finding in DoE 1 is that the appropriate frequency is 915 MHz.

The frequency related to ID and SAR distribution.

The main finding under DoE 2 concerns selecting the best-performing U-slot or E-
slot applicator for this research. The E-slot applicator has better performance and a more
localized SAR distribution. In addition, the E-slot has better directivity, gain, return loss and
SAR (peak) than the U-slot applicator, which allows heat to focus more on the tumor than

the surrounding healthy tissue. Therefore, hyperthermia's effectiveness improved.

The main finding under DOE 3 concerns the modification, optimization, validation
and comparison of the E-slot with the optimized E-slot in terms of applicator performance

and SAR.

Lastly, in DoE 4, the hyperthermia treatment time is established based on SAR
optimization, with SD and ID values that closely match the desired value. Then, the

recommended time durations for T1, T2, and T3 are provided.
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CHAPTER S

CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

This chapter presents the summary of research findings, contribution to knowledge and

future work.

5.2 Summary of Research Findings

Research objective 1 was addressed through DoE 1. The most significant finding was
that 915 MHz is the most appropriate frequency, as the tumor is located in the middle of the

breast phantom. The location of tumor is determined based on the analysis in section 3.2.1.

Research objective 2 was achieved through DoE 2, comprising DoE 2a and DoE 2b,
which focused on the integration of the U-slot and E-slot. The performance of both slots is
then compared. The results showed that E-slot is superior to U-slot in terms of gain,
directivity and return loss. Therefore, the E-slot was selected for integration in this research.
DoE 2b concemns determining the distance of the applicator relative to the breast phantom.
The optimal distance is 15mm and the unwanted hotspot at the surrounding healthy tissue is

minimized.

Research objective 3 was achieved by DoE3, which comprises DoE3a, 3b, 3c and 3d.
DoE 3a, which emphasized the effects of slot modification on the E-slot applicator. The
significant parameters identified were the horizontal lengths of the upper, middle and
bottom, as well as the vertical thickness for tumor sizes T1, T2, and T3. DoE 3b specifically

concentrated on slot optimization. The Polymodal model was established to predict SD and
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ID in the SAR distribution. The results also demonstrated that slot optimization significantly
enhances antenna performance, particularly in gain, directivity, return loss and SAR (peak)

observed under tumor sizes T1,T2 and T3.

DoE3c is the validation of optimization of the E-slot applicator with previous
optimization methods, such as GA and PSO. The RSM-optimized E-slot was validated using
PSO and GA, as reported in previous research. The directivity and gain of the RSM-
optimized E-slot are better than those of GA and PSO. DoE 3d comparison of optimized E-
slot and E-slot applicator. The directivity, gain, return loss and SAR (peak) improved in the

optimized E-slot applicator.

DOE 4 was conducted to determine the hyperthermia treatment time that addresses
Research objective 4. The treatment time was 1 hour 23 minutes for T1, 1 hour 1 minute 32
seconds for T2 and 54 minutes 44 seconds for T3. The research findings are summarized in

Table 5.1.
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Table 5.1:  Research findings in relation to research objectives and methodology
No Research Objectives Methodology Results
Microstrip Applicator ]
To simulate and evaluate a breast phantom 915MHz selected as the appropriate
DoE la | Development Based on
integrated with a non-invasive microstrip frequency
ISM Frequency
. applicator under Industrial, Scientific and
Medical (ISM) frequency to achieve a desired | DoE 1b Selection of input The input power =10W selected
surface and inner depth within tumor sizes: T1, powet
Selection of SAR
T2 and T3 DoE lc The average SAR mass selected =1g
average mass
] o The E-slot was selected due to its higher
T d . Ivsis of Bl Slot integration into the . o
0 conduct a comparative analysis of E-slot | DoF 24 _ _ _ gain, better directivity and lower return
and U-slot applicators based on the applicator’s microstrip applicator loss compared to U-slot
performance and rate of electromagnetic (EM)
o ) At a distance of 0 to 10mm, the unwanted
2 energy absorbed in tissue, represented in )
i . o Distance between the | hotspot spreads to the front part of the
Specific Absorption Rate (SAR) within tumor
DoE 2b applicator and the breast. At 15mm, the unwanted hotspots

sizes: T1,T2 and T3

breast phantom

were reduced and heat was concentrated

more at tumor
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Table 5.1

continued

To validate the optimized E-slot applicator
obtained from Response Surface Method
(RSM) by comparing its performance with
Particle Swarm Optimization (PSO) and
Genetic Algorithm (GA)

DoE 3a

Modified Slot
Structure

The significant parameters identified:
horizontal length upper, horizontal length
middle, horizontal length bottom, and
vertical thickness for tumor sizes T1, T2,
and T3. These data/parameters are used as
inputs in Design Expert Software for
polynomial model development and slot

dimension optimization.

DoE 3b

Slot Optimization

Dimension

T1 and T3: Quadratic polynomial model
formulated, T2: Cubic polynomial model
formulated. E-slot optimized design
developed for T1,T2 and T3

The percentage improvement of the
optimized E-slot antenna compared to the
E-slot only was observed as follows:
Directivity: T1=26%, T2 =22.3%,T3=12%
Gain : T1=21%,T2=8.7%, T3=24.3%
Return Loss: T1=20%, T2=55%, T3 =
71.7%
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Table 5.1

continued

SAR(peak) : T1=5.6%,
T2=116.5% ,T3=43%

DoE 3¢

Validation of
Optimized Slot
Applicator

GA: Directivity =3.8dBi, Gain=3.04dBi,
Retrun Loss = - 23dB, Application:
Medical

PSO:
Directivity=2.51dBi,Gain=1.94dBi,Return
Loss=-16dB, Application:Medical

RSM  -T1: Directivity =20.69dBi,
Gain=24.06dBi, Return Loss=-9.16dB

RSM-T2: Directivty =12.73dBi, Gain =
9.14dBi, Return Loss = - 11.30dB

RSM-T3:Directivity = 7.67dBi, Gain
=5.89dBi, Return Loss =-16.01dB

Application T1,T2 and T3: Hyperthermia
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Table 5.1

continued

Comparison of slot

Applicator: E-slot

SAR(peak) : T1 =5.6%, T2 =116.5% ,T3
=43%

Directivity: T1 = 26%, T2 = 22.3%,T3 =

time in different tumor sizes : T1, T2 and T3

treatment time

DoE 3d 12%
and Optimized E-slot
. Gain : T1 =21%,T2 = 8.7%, T3 = 24.3%
Applicator

Return Loss: T1 = 25.4%, T2 = 159.2%,

T3 =217.5%
The optimized E-slot time duration
improved compared to the previous

\ To generate the optimal hyperthermia treatment - Hyperthermia study.
0

The treatment time: 1 hour 23 minutes
for T1, 1 hour 1 minute 32 seconds for

T2 and 54 minutes 44 seconds for T3.
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5.3 Contribution to Knowledge

This research provides several contributions to knowledge. First, the operating
frequency of 915MHz is selected based on the position of tumor derived from the breast
cancer mammogram analysis. The tumor is classified as T1, T2 and T3. The frequency
selection is aligned with the frequency-dependent dielectric properties of breast fat, tumor,

and chest wall.

Secondly, the research develops a second-order polynomial model to accurately
predict the SD and ID of tumor sizes T1, T2 and T3 for hyperthermia treatment by using
RSM. The SD and ID prediction models include constant, linear, interaction, quadratic term
and higher order terms. The complete fitted equations are presented in Equations 4.3 and 4.4
for T1, Equations 4.5 and 4.6 for T2, and Equations 4.8 and 4.9 for T3.

Thirdly, statistically significant slot design parameters influencing SD and ID are
identified for each tumor size by using ANOVA. The significant factors include a
combination of upper, middle and bottom horizontal slot length and vertical thickness. These
parameters provided structural guidance for optimization of the E-slot applicator.

Fourthly, optimized E-slot applicator design is proposed for T1, T2 and T3 tumors.
The optimized E-slot applicator demonstrates improvement in applicator performance in
terms of directivity, gain, return loss and SAR (peak)

Finally, the time durations required for hyperthermia treatment with the optimized

E-slot are recommended as T1: 1 hour 38min, T2: 1 hour 1min, and T3: 54min 44sec. The
treatment time was significantly reduced with the optimized E-slot, which was shorter than

in the previous study.
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54 Future Works

For future work, fabrication of the E-slot optimization is recommended to enable
validation and comparison between simulation and measured results. A network analyzer
is used to measure and verify gain and return loss under real operating conditions.

In addition, the development of a more realistic breast phantom embedded with a
tumor is recommended. The phantom tissue is composed of tissue-equivalent materials
and other synthetic substances that simulate fat and tumor to improve experimental

reliability.

Future research could also extend to developing a polynomial model for the
applicator's directivity, return loss and gain of the optimized E-slot applicator.
Consequently, the analysis of the relationship between input parameters and output

performance is used to improve predictions of applicator performance.
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Appendix B: Breast Cancer mammogram image on T1,T2 and T3
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T4 : Cancer spreads from where it starts to another body organ. This stage is called secondary or
metastatic cancer.

Will not be investigated because the images are not provided, considering that surgery is
implemented for stage 4 cancer
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Appendix C: DoE 1b: Selection of input power

Results
915MHz SAR distribution Focus Position SAR distribution (3D
(2D view) Distance(FPD)/ view)
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Appendix D: DoE lc: Selection of SAR average mass

|
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T1 10g
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Appendix E: DoE2b- Distance breast phantom to the applicator: T1,T2,T3

Distance
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Appendix F: DoE4 : Hyperthermia Treatment Time
Tumor . .
. Without waterbolus With waterbolus
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