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1. Introduction 

TaE American Cancer Society estimates that there were 1,479,350 new 

diagnosed cancer cases and 562,340 deaths from the disease in the USA in 

the year 2009 [I]. In Europe, there are 2.9 million new cases and 1.7 million 

cancer deaths per year [2]. The World Health Organization (WHO) established 

that cancer is one of the leading causes of death (along with heart disease 

and stroke) and deaths from cancer are expected to continue rising with an 

estimation of 12 million deaths worldwide in 2030 [3]. 

Early cancer detection and adequate treatment are crucial in the control 

of the disease [4]. While radiotherapy, chemotherapy and surgery, are the 

worldwide established conventional cancer treatments, some tumours cannot 

be treated by these therapies. Hypoxic cells are resistant to radiotherapy. 

Tumours with insufficient perfusion are unresponsive to chemotherapies. And 

tumours a t  high risk locations such as those located very close to the spine are 

not suitable for surgical resection [5-71. 

1.1. Radio Frequency Hyperthermia 

Radio frequency (RF) hyperthermia is an adjunct cancer treatment used with 

radio- or chemo-therapies [5-81 to increase their effectiveness. The performance 

of an RF hyperthermia system is proportional to the energy transfer into the 

targeted region. External RF hyperthermia antenna applicators are designed 

to non-invasively couple electromagnetic (EM) energy through hurnan skin. 
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-ter Tissue 

Figure 1.1.: Hyperthermia system schematic representation, 

Figure 1.1 shows a schematic representation of a hyperthermia system. The 

antenna is a critical element in the hyperthermia system and its performance 

determines the EM energy deposition into the tissue, and the system quality. 

The energy is deployed in regions with cancerous tumour-masses to elevate the 

temperature to approximately 40 - 44°C. Since tumours have reduced rates of 

temperature cooling due to naturally impeded blood flow, the non-ionizing ap- 

plication aims to selectively infuse the additional energy without damaging the 

enclosing healthy tissue. Benefits include the direct kill of raised temperature 

tumours cells, increased cell oxygenation, stimulation of the immune system, 

increased metabolic activity and an improved drug uptake in cells [5]. 

The &st international congress on hyperthermic oncology in 1975 instigated 

the research and new interest in the hyperthermia field. After an encouraging 

first decade, the initial curiosity diminished following unsatisfactory clinical re- 

sults [5] mainly due to the difficulties in adequately heating turnours [6]. Nowa- 

days results of randomized clinical trials showing the effectiveness of improved 

hyperthermia therapy have generated a renewed and optimistic interest [5]. 



1.2. Motivation and Research Objectives 

Enhancing tumour temperatures with EM energy is a complex task. Determin- 

ing factors include the type, size and proximity of the applicator, the frequency 

of the power source, the applied-field polarization and the non-ul~iformity of pa- 

tient anatomies [9]. Additionally, differing physiological responses to localized 

elevated temperatures and the consequent changes in the dielectric properties 

of the tumour can produce time-dependent variances during treatment. 

The close presence of tissue and consequently near E-field interaction is a 

challenging environment for an applicator compared to the standard free space 

condition. The human body presents a variety of complex impedances which 

make it difficult for the systematic delivery of power from a transmitter via 

the antenna. Modelling the complexity of the human body requires powerful 

computational resources and the time required is proportional to the model 

accuracy. Dedicated resources are required for accurate simulation. 

The main objectives of this research were to develop antennas for use in 

RF hyperthermia systems. While design criteria for medical antennas and 

in particular for hyperthermia antennas are detailed in Chapter 3; the main 

antenna requirements pursued in this work are listed as follows: 

Minimizing the size and weight of the applicator to simplify access to the 

treatment region, manoeuvrability during treatment and integration into 

a portable system; 

The antenna should remain sufficiently matched to the source frequency 

during unloaded and variably-loaded conditions to simplify the overall 

system stability, 

The applicator should present tangentially aligned E-fields to increase 

the penetration into the body tissue and to reduce the power necessary 

to couple energy into the tumour area; 

Avoidance of matching circuits to increase the efficiency of the system 

and simplify the specialized clinical use. 



1. lntroduction 

1.3. Multi-Disciplinary Research 

This thesis highlights the background of hyperthermia from the medical point 

of view and describes the development, performance and evaluation process of 

a novel compact RF hyperthermia applicator. 

The final goal is to further stimulate interest and research in hyperthermia 

technology for clinicians and engineers, and consequently, make this technique 

widely available to more patients suffering of cancer. 

While the core work of this thesis was carried out in the Antenna & High 

Frequency Research Centre at the Dublin Institute of Technology, Dublin; and 

in the RF and Optical Department at the Institute for Infocomm Research, 

Singapore; this work involved collaboration with the Radiation & Environ- 

mental Science Centre, Focas Institute, Dublin; Institute of Technology Sligo, 

Sligo; and the Rose Lodge Clinic, Dublin. The collaboration involved exchange 

of ideas and advice. 

1.4. Outline of this Thesis 

Chapter 2 describes a general background for the work carried out in the the- 

sis. The definition and historical evolution of hyperthermia are depicted. The 

physics of hyperthermia as well as clinical trials and treatments are described 

from the medical point of view. Bellefits of ultrasouud arid radio frequency 

techniques for hyperthermia treatment are given. The concept of hyperther~nia 

treatment planning is introduced. The interaction between antenna and hu- 

man tissue and the dependence on frequency of operation and tissue dielectric 

properties is highlighted from the engineering point of view. Specific absorp- 

tion rate and temperature calculations are introduced in addition to modelling 

techniques. 

In Chapter 3 the antenna design requirements for hyperthermia applications 

are introduced, and the design process of the proposed compact patch antenna 

is presented. The antenna is evaluated next to a layer of homogeneous muscle 

tissue. 
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Chapter 4 evaluates the compact patch antenna with the clinically used wire 

loop and dipole designs and with the conventional square patch antenna in the 

presence of a tri-layer tissue human model. 

Chapter 5 is devoted to an evaluation of the compact patch antenna when 

locaced at different anatomical regions of a realistic human body model. The 

investigation includes the use of conformal waterboluses and a study of various 

antenna-to-tissue air gap separations. 

Chapter 6 concentrates on the explanation of the modelling validation, and 

the measurements conducted with the dosimetric assessment system (DASY) 
in a phantom containing a lossy liquid with dielectric properties representative 

of homogeneous human body tissue. 

Chapter 7 brings together the main conclusions of this work, while an out- 

look to domains of possible future study are presented. 

Findings published during this work have been presented in journals and 

conferences which are listed separately in the List of Publications. 



2. Background 

T H I S  chapter introduces hyperthermia as well as a brief historical evolution. 

The fundamental physics of hyperthermia is described and the medical back- 

ground of the different methods, clinical trials and treatments are summarised. 

The'benefits of RF hyperthermia are compared to ultrasound techniques. The 

engineering aspects of hyperthermia are detailed with special consideration to 

the frequency of operation and the dielectric properties of tissues that form 

the basis of antenna-human tissue interaction. The specific absorption rate 

and mechanism of temperature rise within the tissue is explained, and to con- 

clude the chapter, the modelling and simulation methods used in this work are 

presented. 

2.1. Introduction to Hyperthermia 

2.1.1. Definition 

Hyperthermia, also called thermal therapv, is defined as a medical treatment 

in which body tissue temperature is raised to between 40 and 44°C [5]. Hy- 

perthermia is used to treat muscular traumas and some cancer types. When 

used for muscular treatments it is usually for treating acute muscle injuries in 

sports, with the benefits of reducing pressure pain and contraction in phys- 

ical medicine and rehabilitation [lo]. When used in cancer treatment it is 

applied as adjunctive of conventional treatments, such as chemotherapy or ra- 

diotherapy, to increase their effectiveness. Hyperthermia increases the blood 



flow which leads to an increase in perfusion and concentration of oxygen in 

the tumour region. The increase of oxygen enhances the effectiveness of ra- 

diotherapy and the increase in perfusion improves the drug uptake in cells for 

chemotherapy [7]. This work is focused on hyperthermia as a cancer treatment. 

2.1.2. Historical Background of Hyperthermia 

The use of heat as medical treatment can be traced to the age of the Egyptian 

Edwin Smith surgical papyrus (3,000 - 2,500 B.C.) in Egypt [Ill; Ramajama 

(2,000 B.C.) in India, Hippocrates (400 B.C.) in Greece and Galen (200 A.D.) 

in Rome, when hot irons were applied to superficial tumours as a pain pallia- 

tive 1121. 

In 1898, Westermark found that hot water-circulation cisterns could be used 

to treat advanced inoperable carcinomas of the uterus and also as palliative 

shedding of different tumours [12]. 

It was the first decade of the 2oth century when high frequency currents were 

first used in hyperthermia treatments with the research from d'Arsonva1, Telsa 

and others [13]. Diseases such as arthritis, asthma, multiple sclerosis, syphilis 

and gonorrhoea were treated with hyperthermia in the early part of the 20th 

century [14, 151. Later, in 1926, electromagnetic waves were first considered 

for cancer treatment with the research of Nagelschmidt [12]. 

The first clinical trials of hyperthermia in cancer patients began on the 70s 

and 80s [16, 171 and the first hyperthermia session at a congress was organized 

in 1974 by Dr. Eugene Robinson at the International Congress of Radiation 

Research, in Seattle, WN, USA. The following year, Robinson organized the 

first International Congress 011 Hypertherrnic Oncology, in Washington, DC; 

USA [5, 181. 

Nowadays, there are different hvperthermia societies around the globe such 

as the Society for Thermal Medicine (STM) [19] in the USA; the Asian Society 

for Hyperthermic Oncology (ASHO) [20] or the European Society for Hyper- 

thermic Oncology (ESHO) [21]. Hyperthermia combined with radiotherapy is 
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one of the standard treatment approaches for patients diagnosed with locally 

advanced cervical cancer in the Netherlands [22]. The Atzelsberg Circle is an 

international working group with the endeavour of hyperthermia in clinical 

practice and performing clinical protocols. 

2.1.3. Physics of Hyperthermia 

Surgery, radiotherapy and chemotherapy are the most established cancer treat- 

ments worldwide. However, sometimes due to the patient's state of health or 

to the pathological characteristics of the tumour, these therapies cannot be 

endured or present a high risk to the patient. Surgical resection is not suitable 

in cases of metastases, leukaemia, or in some tumours located very close to the 

spine. Also, cells that present hypoxia, low pH areas, or are in the synthesis 

period (S-phase) are resistant to radiotherapy, aud cells with insufficient per- 

fusion are unresponsive to chemotherapy, as the drug concentration in these 

cells is low [5, 61. 

When hyperthermia is applied to a tissue, the metabolism tries to reduce the 

heat generated by increasiug the blood flow. Wheu norrrlal healthy tissue is ex- 

posed to hyperthermia the blood vessels can enlarge to facilitate an increased 

blood flow in the region which produces a reduction in the temperature. Tu- 

mour tissues present a chaotic vascular architecture with regions of hypoxia, 

low pH and lack of perfusion compared with the normal vascularity of healthy 

tissue. Those physiological deficiencies dictate that when tumour tissue is ex- 

posed to hyperthermia, although the blood flow is increased, tumour tissue 

cannot expand efficiently and its ability to increase blood flow is limited, with 

a consequential rise in temperature [8]. This process ensures that the tem- 

perature in the normal tissue does not increase greatly and the oxygenation 

and perfusion enhancement in the tumour area results in an increased accep- 

tance of radip or chemo-therapy respectively [5]. With a significant increase 

of temperature in the tumour tissue, some cells die or the tumour may shrink 

facilitating a surgical removal. Additionally, it has been shown that some 



drugs as mitomycin C, nitrosureas, cisplatin, doxorubicin and mitoxantrone 

are potentiated by heat and they can counteract drug resistance 151. 

A target of hyperthermia is proteins, because protein denaturation is one of 

the main mechanisms for cell death, which has been observed at temperatures 

greater than 40°C. Some of the effects of prorein denaturation are damage 

to the DNA repair systems and alterations to the cell membrane with the 

consequent higher drug concentration [5, 81. 

Glucose provides energy for cell division and multiplication. This process is 

realized in the presence of oxygen for normal cells and as an anaerobic process 

for cancer cells. If oxygen is present, the ability of cancer cells to multiply will 

decreased [23]. The 1931 Novel Laureate Dr. Otto Warburg stated that cancer 

cells require 10 to 50 times more glucose than normal healthy tissue [24]. Holt's 

theory 1231 states that hyperthermia induces cancer cells to consume certain 

drugs which mimic glucose, but actually they block the glucose absorption 

from the blood and contain oxygen (glutathione, alpha lipoic acid, etc.). This 

leads to a reduction of the cancer cells ability to multiply and increase the 

effectiveness of radie  and chemo-therapies. 

2.1.4. Types of Hyperthermia Treatment 

Heating techniques or hyperthermia treatments can be categorized into three 

broad types: local, regional or whole body hyperthermia. 

Local Hyperthermia 

Local hyperthermia involves the treatment of tumours up to 5 to 6 cm in the 

longest dimension 181. Depending on the applicator positioning, local hyper- 

thermia can be classified into superficial or interstitial/endocavitary. 

Superficial hyperthermia involves the treatment of tumours in the skin or 

up to 4 to 6 cm below the skin, and it is performed with an external applica- 

tor [25]. Waveguides and microstrip antennas are common external applica- 

tors [26, 271. Some cancers that can be treated with superficial hyperthermia 
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are lymph-node metastases of head and neck tumours, breast cancer, cuta- 

neous metastases or chest wall recurrences and melanomas [7]. Gabriele et 

a1 [28] concludes that the combined treatment of hyperthermia and radiother- 

apy should be the first choice in the treatment of superficial recurrences. 

Interstitial hyperthermia requires the insertion of the heat source into the tu- 

mour. The  heat source can be microwave antennas, radio frequency electrodes 

or other types of applicators or ferromagnetic seeds [7]. Microwave antennas 

are inserted into catheters and then placed into the tumour [29]. Some head 

and neck tumours, prostate, or breast cancer are examples of tumours that can 

be treated with interstitial antennas. Ferromagnetic seeds are injected into the 

tumour tissue and then heated using a magnetic field. It can treat tumours 

situated in deep body regions such as the skull (recurrent glioblastoma) or 

pelvis (such as prostate and cervical carcinoma) [8]. Endocavitary applicators 

are inserted in natural openings such as the oesophagus, urethra, vagina or rec- 

tum [7]. Prostate (urethra, rectum); rectal, vaginal cervix or oesophagus are 

examples of cancer that can be treated with endocavitary applicators. Inter- 

stitial or endocavitary techniques can raise the tumour temperature more than 

external applicators and without damaging the surrounding normal tissue [16]. 

Thermoablation is another cancer therapy which uses invasive applicators and 

radio frequency. Tumour temperature is raised to over 50°C with the conse- 

quent cellular coagulation and tissue necrosis. Tumours which can be treated 

with thermoablation techniques include small focal tumours located within the 

liver, lung, kidney or bones [8]. 

Regional Hyperthermia 

Regional hyperthermia involves the heating of a large part of the body as the 

abdominal cavity, limbs or organs. When regional hyperthermia has to treat 

deep-seated tumours, arrays of antennas can be used. The Sigma-60 applicator 

is one of the most common hyperthermia array systems [30]. Advanced cervi- 

cal, prostate, bladder, colorectal, ovarian, liver, stomach or some melanomas 

are example of tumours that can be treated with regional hyperthermia [7]. 
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Whole Body Hyperthermia 

Whole body hyperthermia is usually indicated for the treatment of carcinomas 

with distant metastases. Various methods such as hot water blankets, thermal 

chamber or infrared radiators are used. This hyperthermia treatment usually 

requires general anaesthesia or deep sedation. Examples of tumours which 

can be treated with whole body hyperthermia include melanomas, soft tissue 

sarcomas or leukaemia [7, 81. 

2.1.5. Hyperthermia Treatment Clinical Trials 

Numerous studies have shown the efficiency of hyperthermia when used in 

combination with radio- or chemo-therapies. Clinical trials show evidence of 

improved local control, improved survival and no change in morbidity when 

adding hyperthermia to conventional therapies [6]. Some examples of clini- 

cal trials of hyperthermia in combination with radio- or chemo-therapy are 

summarized in Table 2.1. 

Table 2.1 shows that in a summary of the nine clinical trials evaluated there 

was a complete response end point mean rate of 35% for the treatments without 

hyperthermia while the complete response end point mean rate increased up to 

60% in treatments where hyperthermia was combined with radio- or chemo- 

therapies. The follow up considered the survival rate and the tunlour local 

control. The mean survival rate increased from 21% in treatments without 

hyperthermia to 38% in treatments with hyperthermia. The local control 

increased from 23% in treatments without hyperthermia to 42% in treatments 

with hyperthermia. 

2.1.6. Medical Hyperthermia Treatment 

A hyperthermia treatment takes around 5 weeks; usually it is administered 

once or twice per week in sessions that last around 60 to 90 minutes [22]. The 

temperature reached in the tumour and surrounding tissue is monitored by 



Table 2.1.: Hyperthermia treatment clinical trials. N: number of patients, 
Freq: frequency of hyperthermia system, NDA: no data avail- 
able, LC: local control, HT+RT: hyperthermia plus radiotherapy, 
HT+ChT:hyperthermia plus chemotherapy. 

Tumour Reference N Treatment Freq Complete Respor~sc Follow up 
[MHz] No HT With HT No HT With HT 

Bladder Van der Zee, 2000 [31] 101 HT+RT 433 51% 73% 23% surv a t  28% surv a t  
3 years 3 years 

Breast Sherar, 1997 1321 120 HT+RT NDA 41% 61% NDA ND A 

Cervix Fra~lckeria, 2008 1331 114 HT+RT 7U-120 57% 83% 20% surv a t  37% surv at 
12 years 12 years 

Head Datta, 1990 [34] 65 HT+RT 27.12 31% 55% 19% surv at 33% surv a t  
18 months 18 months 

Mela~lornas Overgaard, 2009 [35] 70 HT+RT 144915 35% 62% 28% LC at 46% LC at 
2 years 2 years 

Rectum Berdov, 1990 1361 56 HT+ltT 915 1.7% 16.1% 6.6% surv a t  35.6% surv a t  
5 years 5 years 

Superficial Jones, 2005 [37] 109 HT+RT 433 42 % 66% 18.7% LC a t  37% LC a t  
5 years 5 years 

Bladder Colombo, 199G [38] 52 HT+ChT 915 22% 66% NDA ND A 

Peritoileal Verwaal, 2003 [39] 105 HT+ChT NDA NDA NDA 39% surv at 56% surv at 
21.6 ~nontlls 21.6 lnonths 

Summary 
Incall valucs 

35% 60% 21% surv 38% surv 
23% LC 42% LC 



temperature sensors. Variations of those guidelines depend on the patients 

and treatment conditions. If radiotherapy is administered, this is delivered 

before or after the hyperthermia treatment. In general, it is accepted that 

irradiating during the heating period maximizes cell killing and as the time 

between hyperthermia and radiotherapy increases, the effect of improved ac- 

ceptation of radiation decreases [6] .  When chemotherapy is administered, it is 

usually delivered during the hyperthermia treatment [38]. 

Hyperthermia may induce in some tissues a temporary resistance to increase 

its temperature; this phenomenon is known as thermotolerance or thermoresis- 

tance [6 ] .  The consequence is that when a patient is treated with hyperthermia 

the sessions cannot be repeated with a periodicity of less than 3 or 4 days. If 

this non-session period is not respected, the following session treatment can be 

less effective because the tu~rlour increases the thermoresistance and nlore ell- 

ergy would be necessary to deposit inside the tissue for the same temperature 

increase. 

2.1.7. Ultrasound and Radio Frequency Hyperthermia 

While radio frequency hyperthermia (usually 27 MHz to 2.45 GHz) is the tech- 

nique considered in this work, ultrasound hyperthermia (usually lOOkHz to 

10 MHz) techniques have also been used in cancer treatments [40]. A penetra- 

tion up to 12 cm can be obtained and as the wavelengths are small compared 

with their sources, good focusing can be achieved. There is no significant heat- 

ing at the interfaces of fat and muscle tissues. Some disadvantages are that 

ultrasound waves do not propagate through air which can cause heating of in- 

terfacing tissues, organs containing air or air cavities such as lungs or stomach. 

There is high absorption in bones, causing overheating and pain (151. 
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2.1.8. Hyperthermia Treatment Planning 

Hyperthermia treatment planning is a modality to design, control, document 

and evaluate a treatment with the aim of optimizing the treatment and increase 

the quality of the hyperthermia [41]. 

The first step of hyperthermia treatment planning is to obtain the anatomy 

of the area to treat with a computed tomography (CT) or magnetic resonance 

imaging (MRI) scan. Anatomies have to be segmented, and dielectric, temper- 

ature and perfusion properties have to be assigned. The 3 0  - patient model 

has to be generated and imported into the electromagnetic simulator. The 

applicator has to be positioned in the model and the electromagnetic distri- 

. bution and temperature will be computed and optimized. The treatment will 

be planned. Before the hyperthermia treatment can be performed, the ther- 

mometry is positioned to monitor the treatment area. After the treatment is 

conduced, all the procedure and results have to be analyzed for possible future 

improvements. 

Magnetic resonance (MR) guided hyperthermia is a hybrid system where the. 

temperature rise produced by the hyperthermia system can benon-invasively 

real-time monitored by the use of the proton resonance frequency shift (PRFS) 

method [42]. Research is being conducted to investigate algorithms for online 

hyperthermia system response to MR thermal imaging [43, 441. 

2.2. ISM Frequency Bands. 434 MHz 

When working on medical applications which require energy deposition into 

tissue, the frequency selection balances improved energy penetration depths by 

longer wavelengths against increased antenna dimensions and focus, although 

larger sizes can inhibit optimal proximity positioning at concaved areas of the 

body. 

Depending on the spectrum jurisdiction, hyperthermia applicators [9] have 

exploited frequencies in various Industrial Scientific and Medical (ISM) fre- 



quency bands (or similar) at  27, 434, 915 and 2450MHz. The longer wave- 

length of 434 MHz (A,= 0.690m) has shown a more uniform specific absorp- 

tion rate (SAR) distribution and a greater penetration depth than 915MHz 

(A,= 0.327m) [45] and 2450 MHz (A,= 0.122 m) [46]. Holt employed 434MHz 

throughout thirty years of successful cancer treatments [47]. However, when 

lighter-weight, low-permittivity dielectric substrates are used for lower fre- 

quency antennas, it is usually necessary to  increase the dimensions for efficient 

coupling from the longer wavelength resonant modes. This work is based on 

the frequency of 434 MHz. 

2.3. Dielectric Properties of Tissues 

The different water content of different body tissues determines their dielectric 

properties, and consequently the RF energy absorption [48]. Due to their water 

content, tissues are considered wet (skin and muscle) or dry (fat). 

The dielectric properties of a tissue are frequency dependent. ' ~ i ~ u r e  2.1 

shows the relative permittivity, Figure 2.2 the conductivity and Figure 2.3 the 

penetration depth for skin, fat and muscle tissue in the range of frequency 

from 100 to  1000 MHz [49]. 

It is shown that the permittivity decreases with frequency for the three 

tissues, but the fat presents a very low permittivity with little change in fre- 

quency. Skin and muscle present greater values of permittivity with a greater 

reduction rate at low frequencies. The conductivity increases with frequency 

and again it is shown that fat tissue presents the lowest values. Skin and 

muscle tissue present a similar increase rate. The penetration depth, or skin 

depth, 6 [m] ,  is defined as the distance within a material at  which the field 

reduces to  l / e  (approximately 36.78%) of its value at  the interface [50] and it 

can be calulated with the equation 
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Figure 2.1.: Permittivity of skin, fat and muscle tissue. 

where w is the angular frequency [l/s], p and E are the permeability [N/A2] 

and permittivity [F/  m] of the tissue, p=u/w& and u is the tissue conductivity 

[S/m]. The field amplitude decays exponentially when the depth increases. 

The penetration depth decreases with frequency and fat tissue presents the 

greatest values. In this case, the rate of decrease for fat is larger than for skin 

or muscle tissue. 

Dielectric properties of human tissue may vary signiiicantly among patients, 

tissue types and during treatment [43]. Normal and tumour tissues present 

different dielectric properties, and in general, tumour tissue presents greater 

conductivity and permittivity. For frequencies between 50 to 9OOMHz the 

differences between normal and tumour tissue for kidney were around 6% and 

4% for permittivity and conductivity respectively, while for mammary gland 

the differences were around 233% and 577% [51]. 

Other benefit of using hyperthermia as a medical treatment is that hyper- 

thermia increases the contrast between cancer and healthy tissue. Cancer 

tissue has enhanced energy absorption due to the higher water content with 

respect to their normal counterparts. A breast thermoacoustic CT of three pa- 
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Figure 2.2.: Conductivity o f  skin, fat and muscle tissue. 
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Figure 2.3.: Penetration depth of skin, fat and muscle tissue. 
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tients with known breast cancer showed increased energy absorption whereas 

no absorption enhancement was seen in two other patients who had a complete 

pathologic cancer remission after chemotherapy [52]. This increased contrast 

could facilitate tumour location and monitoring of the tumour regression with 

thermoacoustic CT or ultra wide bandwidth (UWB) imaging antennas. 

2.4. Antenna-Human Tissue Interaction 

Since the body has low permeability, the absorbing effect is principally asso- 

ciated with tissue permittivity losses. There are three principal ways in which 

energy can be transferred from an electric field to an absorbing object: 

Transfer of kinetic energy to free electrons, 

Friction associated with the alignment of electric dipoles with the internal 

electric field, . Friction associated with ionic and molecular vibrational and rotational 

rnotion associat,ed with the internal electric field. 

A lossy substance absorbs electromagnetic energy when it is exposed to an 

electromagnetic field. The more water or other "polar"molecu1es a substance 

contains per unit volume, the greater the loss, and the drier a substance is, 

the less lossy it is [53]. 

The interaction of an E-field with a tissue is described using its complex 

permittivity given by the equation 

where EO is the permittivity of the free space, E' (also represented by E,) is the 

real part or relative permittivity (dielectric constant), and E" is an indicative 

of the energy transferred from the incident E-field to the tissue. The larger E", 

the greater the loss in the tissue, and it can be calculated with the equation 
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Tissue 1 I Tissue 2 

Figure 2.4.: Normal and tangential E-field representation a t  the  interface 
between two tissues. 

where u is the tissue conductivity [S/m], and w is the angular frequency 

[l/s]. The E-fields can propagate between tissues and penetrate deeply into 
the adjacent tissue if the fields are tangential to the interface. However, the 

propagation is dependent on the tissue permittivit,y if the fields axe normal to 

the interface. This is known as boundary conditions and it is represented with 

the equations 

where Etl and Etz are the tangential field components, Enl and En2 are 

the normal field components and EI and cz are the permittivities, of the first 

and second tissue at both sides of the interface. Figure 2.4 shows a schematic 

representation of the tangential and normal E-fields at the interface between 

two tissues. 


