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ABSTRACT

The successful clinical application of microwave hyperthermia
requires accurate knowledge of the temperature fields throughout the
heated volume. However, this is one of the major problems in clinical
hyperthermia due to the fact that hyperthermia thermometry is invasive
and thus the number of sites at which temperature can be measured is
limited. One way to make progress in this area is through the
development of physical models that can be used to quantify the
effects of heat treatments using clinical applicators.

The theoretical basis, the practical design, the testing and
assessment of a dynamic (perfused) phantom intended for the study of
2450 MHz microwave hyperthermia of muscle tissues are discussed in the
course of this report. The study on the prediction of blood flow
rates from thermal clearance measurements is also discussed, with
reference to relatively low temperature gradients at the measurement

sites.
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1.1 CANCER TREATMENT

1.1.1 CONVENTIONAL METHODS FOR CANCER THERAPY

over the years, there has been extensive effort invested in the
study of cancer and the possible treatment modalities. The results of
these studies are currently presented in the form of established
treatment methods that are routinely used in various treatment
centers.

Presently, the conventional methods used for cancer treatment are
extending over the three following areas: Surgery, Radiotherapy, and
Chemotherapy.

Surgery is a very drastic means of eliminating the malignant
growth, that is possible only if the tumor can be removed without
damaging vital organs and which can be very traumatic to the patient
if it involves the removal of a body part, i.e. breasts, limbs, etc.
Furthermore, it is only the primary or localized cancer growth and the
surrounding tissue that can be removed, which means that there is an
uncertainty as to whether the whole volume of the malignant mass is
removed. Radiotherapy is a very effective modality, whether it is
used alone or in combination with the other two modalities to locally
treat cancer. However, the presence of hypoxic (non-oxygenated) cells
in the tumor volume reduces the effectiveness of the ionizing
radiations used, since hypoxic cells are resistant to these
irradiations.21’22

The use of drugs for the treatment of systemic cancer
(chemotherapy) can effectively eliminate carcinomas, but, the drug

toxicity might be harmful to the normal tissue also.l



It can be seen therefore, that conventional cancer treatments
however effective in their present form, need further refinement
and/or new treatment methods to be developed in order to achieve the
desirable recurrence free method for treating the patients. This is
the reason that reinforces the continuous research on the subject,
aiming for more effective and less traumatic (physically and
psychologically) treatments that are to be used alone or in

combination with the conventional modalities.

1.2 HYPERTHERMIA

1.2.1 AN OVERVIEW OF THE SUBJECT

The elevation of the temperature of biological materials above
their normal temperatures (i.e. normal human: T ~ 37°C) can alter
their function at the cellular level and sometimes it can even cause
cell killing. This method of increasing body temperatures is called
hyperthermia. The applications of various hyperthermia techniques for
the treatment of cancer can be traced as far back as the late

1800s. 27374

During the 1930s hyperthermia use declined due to the
flourishing of radiotherapy. The interest in hyperthermia was revived
after the 1960s because of its promising results as an adjuvant
therapy to radiotherapy or chemotherapy. The use of hyperthermia in
the treatment of cancer is based on its substantial biological and
physiological effects which will be discussed in the following
section.

Clinical applications of hyperthermia are divided into three

categories: The whole body systemic hyperthermia, the regional



hyperthermia and the local hyperthermia. Whole body systemic
hyperthermia is relatively simple regarding its thermometry control.
The heating techniques involve heating by immersion of the whole body
in a wax bath (Pettigrew technique)5 or heating in a suit, similar to
those used by the astronauts in space.6

In regional hyperthermia, it is usually the part of the body that
contains the tumor mass (eg. limb) that is heated. A more complicated
means of heating is in the form of local hyperthermia (i.e. heating of
tumor plus a minimal amount of normal tissue), which is considered in
the present work. There exists an appreciable amount of difficulty in
its applications, due to the fact that the techniques used for heating
the malignant masses are not adequately established in terms of
accuracy and precision in the administered dose and the methods of
temperature recording.

Local hyperthermia is induced through several different methods
which include: 1) hot water baths; 2) shortwave diathermy; 3) RF-
induced currents; 4) microwaves; and 5) ultrasound.

In our laboratory local hyperthermia is induced using a 2450 MHZ
power generator with a TAG-MED TCA 2450-1 circularly polarized
applicator7, and which is further discussed in Appendix A. At
present, the problems associated with local hyperthermia are the
production of localized deep heating without excessive heating on the
surface and surrounding normal tissue and the temperature monitoring
that ideally needs to be noninvasive. To date, it is only the
applications of hyperthermia for the treatment of superficial tumors
that are quite satisfactory regarding the systems available. It is
the treatment of the deep seated tumors that is difficult to perform

because of the unavailability of appropriate systems for this purpose.



1.2.2 BIOLOGICAL AND PHYSIOLOGICAL MECHANISMS OF HYPERTHERMIA.

The biomolecular mechanisms which activate cell killing during
hyperthermia cannot be attributed to a specific and unanimously
accepted theory. This is due to the lack of sufficient information
regarding the site of attack in the cell.

Of all the existing theories on the subject, there are three
theories that seem to be plausible and have some experimental evidence
to their support.

One of the theories considers the mechanism that involves protein
thermal damage and eventually cell death. It has been reported that
following a heat treatment there is an increase of non-histone
proteins which results in a large increase in the protein to DNA

14,1,3

ratio. However, this phenomenon has relatively limited relation

to cell death. It is rather connected to the prevention of cell
repair from radiation damage as will be discussed in a later section.

Furthermore, more protein functions have been reported to be impaired

8,9

or destroyed, such as the DNA synthesis, the RNA synthesis,10 the

12,13

protein synthesis,11 and respiration. Another theory on the

thermal cell inactivation considers the heat effects on the cell
membrane. Hyperthermia affects the cell membrane by altering its
composition and permeability and eventually causing the cell to

e.14'15'1

di Finally, another process of cell killing considers the

heat inactivation of cells through disintegration of the lysosome
vesicles in the cytoplasm. The damage is thus caused by the released

16

digestive enzymes which can promote cell death. Cell sensitivity to

heat ig first specifically observed at temperatures between 42° C and



43° ¢ and depending on the cell line the response range can extend up
to 46° C. This can be observed in an Arrhenius plot of the Log of
1/Do as a function of the inverse temperature; where Do is the time
required to reduce the fraction of surviving cells to 37% of their
previous value, when exposed to a given temperature. An Arrhenius
plot is presented in Figure 1.1 for heat inactivation of mammalian
cells in culture.9 The time~temperature relationship indicated from
the Arrhenius plot is not necessarily applicable to all cell lines
tested. This is due to the fact that different cell lines have
different responses to the same heat exposure, which means that their
heat sensitivities are different.17

Furthermore, malignant cells may be intrinsically more sensitive
to heat exposure than normal cells.2 This differentiated response of
neoplastic cells and normal cells may be attributed to the following
facts: a) oxygenation, b) nutrition and c) pH level.

All of the above factors emerge from the differential blood flow
in the two types of tissues. In neoplastic tissues blood flow is
sometimes impaired thus resulting in a slower flow rate and/or

4,18

occlusion. This impaired blood flow is further deteriorated when

exposed to hyperthermia and in this manner the differentiation is more
prominent between normal and tumor tissues.18'19'20
Most tumor cells exist in an acidic environment, under low oxygen
tension conditions and are nutritionally deprived due to inefficient
blood flow in the tumor. It has been indicated that poorly oxygenated

21,22 It

(hypoxic) cells are very succeptible to heat induced death.
has also been shown that poor nutrition increases anaerobic

glycolysis, thus enhancing the production of lactic acid and causing



Figure 1.1: An Arrhenius pldt for heat inactivation of mammalian
cells in culture (Reproduced from Ref. 9)
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the tumor pH to decrease. Under these conditions heat is very

23,24,25,26,27

effective in eliminating tumor cells. Hyperthermia

applications have also been proven very effective for killing cells
found in the S-phase of their mitotic cycle.1’2'3'14

It was mentioned above that tumor blood flow is a vital factor
for its sensitization to hyperthermia. Tumor vasculature however, is
not always the same and varies with tumor size, type and site of

growth.4'18

Initially, tumor cells survive using the nutrition
supplied by the host vessels. As the tumor grows larger the nutrient
demand increases and hence the beginning of neovascularization. That
is the development of a new capillary network in the tumor due to
induced proliferation of the endothelial cells of host vessels and/or
the increase in length and caliber of host vessels. The tumor
response to heat is dependentvon the type of vasculature that is
incorporated in a tumor, because newly formed capillaries respond
differently to stress of either physical or chemical origin.28 That
is they are very weak vessels compared to the host vessels. Aas the
tumor size increases, its vasculature collapses and blood flow is very
slow and sometimes it is halted temporarily or permanently. This fact
renders larger tumors more succeptible to heat exposure due to the
slower heat dissipation. The repair from thermal damage is relatively
complicated because of the phenomenon occurring right after the first
administration of hyperthermia. This phenomenon is referred to as
thermotolerance and it may be defined as the decrease in cellular
sensitivity to a following heat exposure produced by the initial
hyperthermia application and not any kind of genetically induced

resistance to heat.1 The degree of thermal tolerance depends on the



magnitude of the first exposure with respect to temperature and the

29,30 Thermotolerance is not permanent, it lasts

treatment duration.
for 36 to 72 hours after the cells are returned to 37° C. It has been
reported that the rate of decay of thermotolerance depends on the
proliferating rate of tissues. That is rapidly proliferating tissues
have a short decay from thermotolerance while the slowly proliferating

32

have longer decay times. In general, the mechanism of

thermotolerance is not known, but what is known is the fact that it

33,34,35

cannot develop unless protein or RNA synthesis occur. It has

also been suggested that the change in slope in the Arrhenius plot is
due to thermotolerance.35’36
There seem to be a lot of questions to be answered regarding the
biological and physiological effects of heat; and great care to be
taken when applying in vitro observations to in vivo human responses.
Nonetheless, heat exposure is definitely effective in eliminating
tumor cells, whether this is in vitro or in vivo, when it is used

alone or in combination with other conventional therapies as will be

discussed next.

1.2.3 HYPERTHERMIA IN THE TREATMENT OF CANCER

Hyperthermia has been used clinically for the treatment of cancer
and its applications have been quite successful in controlling tumors,
whether it is applied alone or in combination with other modalities.
Heat and radiation are going to be discussed first, in terms of their
biological correlation.

It has been observed that heat sensitizes cells to radiation.g’37



The fact that heat is extremely effective in radiosensitizing cells in
the S-phase of their cycle, which in turn are resistant to radiation
alone, is made evident in Figure 1.2. The survival curves of Figure
1.2 indicate the differential response to heat and radiation at the
different stages of the cell cycle.38

This radiosensitization of the cells is possibly caused by the
accumulation of non-histone proteins which bind to the DNA after heat
exposure, and prevent the cells from repairing the radiation damage.14

As described previously, heat is effectively killing hypoxic, low
pH and nutritionally deprived cells. However, when heat is combined
with X-irradiation in vitro or in vivo the Oxygen Enhancement Ratio
(OER), a specific characteristic of sparsely ionizing radiations, is
said to be reduced. This has been reported by several

1,39

investigators. However, there are other conflicting reports that

indicate that the decrease in OER is not very significant when the

40 In addition, these same reports

combination takes place in vivo.
indicate that the response of the tissue (in vivo) is the same
regardless of its oxygenation status as long as the treatment
temperature is in the high range (i.e. 44.5° C). Furthermore, because
the recovery from thermal damage decreases in a nutritionally deprived
and low pH environment, there will be more apparent radiosensitization
due to heat in an acidic pH than in an alkaline pH.41
It has been shown that heat prevents the repair of Potentially

Lethal Damage (PLD) from X rays. Since the repair of PLD has been
observed in normal tissues exposed to radiation and it presumably does

not happen in tumors, it can be expected that heat selectively

potentiates tumor radiosensitization more than it does normal tissue



Figure 1.2: The comparison of the fraction of cells that survive heat,
*+X-rays which are delivered at different phases of the cell cycle.
(Reproduced from Ref. 38)

10
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radiosensitization.l

The effects of thermal exposure to irradiation response are
assessed by the Thermal Enhancement Ratio (TER) which is defined as
the ratio of the X ray dose necessary to produce a given level of
biological damage without and with the thermal exposure. Successful
combination of the two modalities requires a well adjusted sequencing
of the two types of treatment, in order to take advantage of their
relative effects.42

It has been observed that the thermal sensitization of mouse
tumors is not greater than that of the respective normal tissue when

43 The

the heat is administered shortly before or after irradiation.
same study also indicates that it is of therapeutic advantage relative
to the skin damage if the heat and the X rays are separated by more
than one hour. 1In vitro studies however, indicate that there is
greater cell killing when both radiation and heat are administered
together rather than when heat precedes or follows radiation by more

44,36,9,42 In vivo applications of fractionated

than 30 minutes.
hyperthermia and radiation have been proved superior to single dose
applications in developing differential responses in tumor and normal

45 The sequencing of the two modalities is of vital

tissues.
importance in the resulting response. Clinical trials with cancer
patients treated with combined heat and radiation show the response to
be as high as 85% when the heat was applied immediately after (<20

46,47 The heating

minutes) the second daily fraction of irradiation.
temperatures were set in the range of 42 to 42.5° C which suggests
that there may be an optimum temperature for the combined therapy. It

is therefore very important to collect this information and

11



constructively use it for clinical treatments of cancer patients
realizing however, that the results collected from in vitro and in
vivo studies do not always apply quantitatively to clinical
applications.

In the second part of this section the effects of heat and
chemotherapy are going to be discussed in relation to cancer therapy.
A number of in vitro and clinical studies have shown that the
cytotoxic efficiency of certain drugs increases at hyperthermic
temperatures.48

In vitro experiments have indicated the synergistic effect of
hyperthermia when combined with drugs (i.e. bleomycin, adriam.ycin).47
The fact that drugs get into the cell more easily at temperatures of
around 43° C, can be explained by the changes in the properties of the
cell membrane permeability at these temperatures. The use of
thermo-chemotherapy is very promising for the treatment of solid
tumors, which because of the lack of adequate blood flow, are
difficult to be treated. However, the same problem is encountered
with thermo-chemotherapy as with heat cpmbined with irradiation. That
is, the drugs can be sometimes as toxic for the normal tissues as for
the tumors.l

Chemotherapy with localized hyperthermia seems to be a
combination with good prospects. However, it requires the development’
of a heating system that would accurately heat the tumor area and more
importantly, a thermometry system that would provide accurate thermal
mapping of the heated volume. Moreover, thermo-chemotherapy can
become a more realistic goal for the treatment of a wide spectrum of

tumors.l

12



1.3 HYPERTHERMIA DOSIMETRY

l.3.i THERMOMETRY SYSTEMS AND TECHNIQUES

Successful hyperthermia applications necessitate the use of an
appropriate thermometry system. The ideal thermometry system for
hyperthermia would be one that is completely non-invasive, and that
provides temperature and spatial resolutions to 0.1° C or better and
of 1 cm or less respectively.49 However, the presently available
thermometry systems do not measure up to these standards, because they
are completely invasive and their performance is dependent on the heat
generating technique. There are several types of thermometers used
for hyperthermia temperature measurements but the most commonly used
are the miniature thermistors and thermocouple probes. The advantage
that thermocouples have over the thermistors is that thermocouples can
have multiple sensors per probe as opposed to the latter which have
only one sensor per probe. This is also the reason that thermocouples
are found to be used in most hyperthermia applications, along with
some other factors that are going to be discussed further in a later
section (Chapter 3: Section 3.5)

There are three major sources that can cause errors in the
temperature recording with the conventional systems (i.e.

50,51,3 Firstly, when the metallic leads are used in

thermocouples).
the vicinity of the EM field there are possible interference effects
if they are not properly aligned with the field. Secondly,

self-heating of the thermocouple can cause an over-estimation of the

recorded temperature. Finally, there might be selective heating of

the tissue surrounding the thermometer due to the field perturbation

13



by the sensor probe, thus resulting in a non-uniform temperature
distribution inside the tumor volume. The problems associated with
the perturbation of the field can be avoided if non-perturbing probes
are employed. These probes facilitate small optical fibers to
transmit and receive light signals from crystal temperature sensors.3
However, there is a major problem in their stability which renders
them inferior to thermocouples, in addition to the very high prices

that they are marketed for.3

1.3.2 THE THERMAL DOSE CONCEPT

The extended use of clinical hyperthermia for the treatment of
human cancer has necessitated the development of a unique protocol
that would be used for all hyperthermia applications and thus enable
us to compare short and long term trials. It seems necessary to
define a standard unit for measuring Thermal Dose, which to the
present day has not been uniquely defined because of the fact that the
biophysical dose response relationship is complicated and not well
understood. Although there is not a formal definition of thermal dose
one could consider the following explanation. There is an adequate
level of temperature that must be delivered for an appropriate time
period to the whole tumor tissue in order to obtain optimal
therapeutic effects. The thermal dose time-temperature calculation
should include considerations on the effect of the development of
thermal tolerance as well as the changes induced in the tumor cellular
environment. There have been several reports that attempt to express

thermal dose units such as degree-minutes, or equivalent minutes at a

14



53,54,55 These attempts

given temperature or even dimensionless units.
are constructive steps toward standardizing hyperthermia treatments
and the measurement of their effects. Several models have been
presented at times for the calculation of thermal dose and which are
based on a thermodynamic or Arrhenius-type relationship that are

52,56,57 The thermal dose is considered as one

empirically determined.
of the most important factors that influence hyperthermia efficacy.
Before any thermal dose calculation can be used clinically there are
certain factors that should be considered, such as, better thermal
mapping and understanding of thermal history and interaction of heat
and radiation. It is also required to determine the physical and
thermodynamic characteristics as well as the cell kinetics factors
that control the response of tumor and normal tissue to heat alone or

heat and radiation. It has been stated25’27

as the goal of
hyperthermia and any cancer therapy the maximum destruction of tumor
tissue with minimal or acceptable normal tissue destruction and this
is to be used as the base line when defining thermal dose and

establishing hyperthermia protocols.

1.4 HYPERTHERMIA LABORATORY STUDIES-PURPOSE OF THIS PROJECT

Successful clinical hyperthermia requires exhaustive laboratory
research with in vitro and/or in vivo experiments. Most of the in
vitro experiments are performed with various cell lines originating
from tumor or normal tissues from animals and humans, and the use of
phantoms which are tissue simulating systems. 1In vivo studies are

mostly performed using live animals.

15



There are two types of phantoms that are used for hyperthermia
studies; the static (unperfused) and the dynamic (perfused) phantoms.

In this project experiments were performed using both types of
phantoms. The work performed with the static phantom is included in
Appendix A and it was based on the static phantom developed by Guy et.
al.85

The major task of this project was to design, construct, test,
and use experimentally, a dynamic phantom equivalent to human muscle.
This dynamic phantom would have to simulate muscle in terms of its
dielectric properties and in a relatively simple form its blood flow.
A preliminary study of the literature was performed regarding the
properties of muscle tissue in terms of dielectric and thermal
behavior and of blood flow, and which is accounted for in chapter two.
Next, the design of the dynamic phantom in terms of its theoretical
modeling, practical design and specifications are detailed in chapter
three. In chapter four the testing of the phantom is reported and
analyzed. Following a study was performed using the dynamic phantom
that dealt with the effects of blood flow on the temperature
distributions and the probability of predicting the blood flow rate
from the temperature decay with time after the steady state was
reached. This work is presented in Chapter five. Finally, Chapter
six concludes the work performed for this project and discusses the

results achieved through this work.

16



2.1 MICROWAVE HYPERTHERMIA

2.1.1 INTRODUCTION TO MICRCWAVE HYPERTHERMIA

Use of electromagnetic waves to induce non-invasive hyperthermia
for cancer therapy has been of considerable interest for many decades.
The idea of applying microwaves for therapeutic hyperthermia induction
was initially presented in Germany in 1938 and 1939 by Holmann when he
discussed the possibility of applying radio-waves of 25 cm wavelength
and predicted that these waves could be focused to produce heating of
the deep tissues without extensive heating of the skin. Similar ideas
were also developed in the United States by Hemingway and Stenstrom,
however, the lack of appropriate equipment at the time prevented their
clinical application.59 It was not until the 1950s and after when
research on the use of microwaves for clinical hyperthermia expanded
significantly and major findings were reported in literature.sg’50

The definition of the microwave portion of the electromagnetic

60 Several groups and scientific

spectrum is usually arbitrary.
authorities choose to define microwaves as a particular region of the
electromagnetic spectrum. The scientific committee 53 of the National
Council on Radiation Protection and Measurements (NCRP, 198l) states
the following on the account of microwaves: "For the purposes of this
report, radio frequency radiation refers primarily to EM radiation in
the frequency range of 300 KHZ to 300 GHZ. Such a range includes
microwave radiation, i.e., the frequency range from approximately 300
MHZ to 300 GHZ." On the other hand the International

Telecommunications Union (RCA, 1969) in 1959 designated the "radio"

spectrum as extending from 3 KHZ to 3000 GHZ with no use made of the

17



term microwaves. For the purposes of this work the region of the EM
spectrum between 10 MHZ and 10,000 MHZ is under consideration and the
particular frequency that has been concentrated upon is that of 2450
MHZ and the frequencies in its immediate neighborhood.60
In North Am.erica,63 the present form of microwave hyperthermia is
operated at the authorized frequencies of 13.65 MHZ, 27.12 MHZ, 915
MHZ and 2450 MHZ. Microwave energy is currently generated by either a
variety of microwave tubes or solid state devices, or by power
oscillators or a low-power oscillator followed by a chain of

58 on the

amplifiers. The use of microwave hyperthermia is founded
fact that electromagnetic waves are transformed into heat when they
are absorbed by a biological tissue. The patterns of microwave energy
deposition in biological materials are much dependent on the size, the
shape and the electrical characteristics of the tissue. Furthermore,
this dependence extends to the frequency of the applied fields and the
size and geometry of the electromagnetic wave applicator. For the
above reasons, when microwave hyperthermia is employed for cancer
therapy, the location, size and shape of the tumor are very important
considerations in the selection of a proper source of EM radiation.
Microwave radiation can be applied more conveniently than the other
forms of clinical diathermy. Since the applicators are not in contact
with the treated area there is no need of protective toweling. Also,
by eliminating the use of pads or any kind of electrodes the danger of
arc occurrence is nonexistent. An added benefit is the comfort

provided to the patient, who by not being a part of the circuit is not

attached to the'equipment.64
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2.1.2 THE INTERACTIONS OF MICROWAVES WITH BIOLOGICAL TISSUES: THEORY

Biological tissues are made of cells which contain various
positively or negatively charged ions, polar protein molecules and
polar water molecules. Electromagnetic waves consist of moving
patterns of alternating electric and magnetic fields and they also
exhibit general radiant characteristics which are more familiar in the
description of optical or infrared radiation. When an electromagnetic

58,61,62 it exerts forces on its

field acts upon a biological material,
charged constituents and causes them to either be displaced or
rearranged in order to modify the acting field. These interactions of
the EM waves with biological tissue differ from those with free space
or other solids because of the different dielectric and magnetic
properties that each of the materials possesses. It should be noted
that generally, in the interactions of microwaves with tissues, it is
only the internal electric field which is of significance, since
biological tissues are non-magnetic materials.
There are three basic types of effects that are involved in the
interaction of EM waves with tissues:
a. The displacement or drift of the conduction charges, i.e.
electrons and ions, in the tissue medium due to the force exerted
by the electric field (E).
b. Polarization of atoms and molecules that results in the production
of dipole moments.
c. The rotation of the existing dipole molecules in the direction of
the applied electric field.

The displacement of the conduction charges in tissues results in
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the development of conduction currents inside the material. Also, the
result of the polarization effects will be in the form of an extra
local polarization charge inside the tissue and polarization currents
resulting from the displacement of the charges in a time varying
field.

Due to the effects mentioned above conduction and dielectric
losses arise, which result in energy removal from the microwave field
that is eventually converted to kinetic energy for the tissue
molecules causing the temperature of the biological material to
increase.61

All the mechanisms discussed above in relation to the interaction
of microwaves with biological tissues can be described by the
following properties of the tissue:

1. The dielectric permittivity, i.e. Re(g) = e'eo; where ¢’ =

dielectric constant, €, = 8.854 x 10712 As/Vm

it

2. Electric conductivity, i.e. o = sos"w; where €'’ loss factor of

biological medium; w = angular frequency = 2nf (£ operational
frequency)
3. Magnetic permeability, i.e. uy = y'uO; where uy’ = 1 for tissue, Mo
=4 % g * 1077 Vs,/Am
The dielectric constant and electric conductivity values will be
discussed further in the following sections.
The theoretical description of the EM wave interactions with
tissues is presented by the appropriately modified Maxwell’s
equations, that is the polarization effects present in the biological

tissue interacting with microwaves are accounted for along with the

conduction effects. In the course of this work we will only consider
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time harmonic radiation fields for which the wave equation is of the

following form.

2 250 (2.1) where y = propagation ct. of

VE+Y
the wave in the tissue
medium.

Furthermore, this work will concentrate on plane wave propagation in

plane tissue layers. The propagation constant y for energy

transmission through biological materials can be expressed as follows:

2 o g ia= (2n/N) - id T

Y=Y, (8*/80) (2.2)
where Yo = propagation constant of free space = 2nf/cO ;
Cy = 3 %107 8m/sec
e*/eO = complex conjugate of permittivity of the tissue = &’ -

isl 14

o = attenuation coefficient = [1/depth of penetration]=[1/d]

phase constant of the plane wave = 2m/X\

B

The attenuation coefficient «, is a measure of the exponential

]

decay of the field strength since it is equivalent to the inverse of
the depth of penetration or skin depth d, which in turn is the
distance at which the power density has decreased to l/’e2 of its value
at the reference depth. The phase constant g is the equivalent of
2n/\, where X\ is the wavelength and B is used to calculate A as will
be shown in a later section.

Besides the power transmission that occurs during the propagation
of microwaves through plane layers of tissue, there is reflection of
energy that takes place between the different tissue interfaces. The
complex reflection coefficient R of a wave that is propagated from one

tissue of intrinsic impedance 21 to another tissue of intrinsic
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impedance 22 at right angles of incidence, can be expressed by the
following formula:

2y7%1

{ey—ex
R < _ YHTYE

JE{+~I§§

where Zn = ZO/QE;, r = magnitude of R, and ¢ = phase angle of R,
e, = dielectric constant.

The reason for the reflection of the propagated wave is that, in
each layer of tissue that it is transmitted through, it establishes
different propagation characteristics regarding the wave impedance and
the propagation constant. The magnitude of the reflected wave depends
on the difference in the dielectric behavior between the various
layers, the frequency of the wave, its polarization and the angle of
incidence.

The calculation of the power absorbed in tissue from a
propagating EM field can be performed at any point in the medium of
propagation at which the field is known. The average power conveyed
per square meter of area of wavefront in a conductive medium by an EM
wave is given by the Poynting vector N:

2

N=ExH (Wn") (2.4)

where E = electric field vector

21}

= magnetic field vector

The power absorbed by the tissue is derived by Maxwell'’s
equations and Poynting vector as follows: P = 1/26|E|2 (W/m3)
For plane wave propagation in plane layers of tissue the above
expression for absorbed power is:

P = (1/2) oESle ™ + r%e®™ + 2rcos(26x + ¢)] (2.6)

where EO = the maximum value of the electric field strength (V/m).
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r,¢ = reflection coefficient’s magnitude and phase constants.
o = attenuation coefficient (mfl).
B = phase constant of the propagation (radians/m).
x = depth inside the conducting medium (m).
o = electric conductivity (mho/m).

For dosimetry purposes the National Council of Radiation
Protection and Measurements (NCRP, 67, 1981) recommends the use of the
Specific Absorption Rate value (SAR) given in Watts/kg in order to

cquantify the rate of energy absorbed per unit mass in tissues exposed

to EM fields:
d dE 1073 ar

sar = 9 (%) = P= o (Wkg). (2.7)
dt dm p dt

where dE = increment of absorbed energy in the mass element dm during

time dt.
p = density of the tissue (kg/m3).
¢ = specific heat of tissue (J/kgk)
dT = increment of temperature in the heated tissue (°C).

2.1.3. THEORETICAL CALCULATIONS OF THE WAVE PARAMETERS; ABSORBED

'POWER; SAR

In the previous sections the interaction of microwaves with
tissues was discussed and the wave parameters involved were presented
in terms of the dielectric properties of tissues. Algo, the
expressions forvabsorbed power and SAR values resulting from a plane

wave propagation were presented. The calculation of these values

23



requires the knowledge of the dielectric properties of tissues at the
various microwave frequencies.

Several investigators have reported their measurements of the
dielectric constant (e’), the relative loss factor (g'’) and the
electrical conductivity (o) and these values have been collected and
tabulated in this report in order to be used for the calculations
mentioned above. The values were obtained from reports by Schwan

64,50 61,63

Guy et.al. and finally from the survey report by

65

et.al.,
Stuchly and Stuchly ~ which is a summary of the dielectric properties
of tissues accumulated through many years of research. More recent
reports on the dielectric properties of tissues were also considered
such as those by Smith and Foster (1985) and Shepps and Foster

66,67,68,69 The dielectric properties of human muscle and

(1980).
fatty tissue are plotted for the frequency range of 50 MHZ to 3000 MHZ
as they were obtained from the literature (Figure 2.1). The wave
parameters were calculated using the values from Figure 2.1 on a
microcomputer (see Appendix B for the programs used), as well as the
values of absorbed power and SAR.

Some of the values obtained for the wave parameters are shown on
Figure 2.2 which shows the depth of penetration as a function of
frequency for fatty and muscle tissue, and the range of the values at
each frequency is indicated. The magnitude of the reflection
coefficient was calculated and is also plotted as a function of
frequency, in the following form: r2 vs. £(MHZ) (Figure 2.3), where
r2 represents the fraction of the reflected power at the fat-muscle

50,64

and air-muscle interface. The calculation of the absorbed power

was performed for Ey = 10v/m and the SAR values for muscle and fat
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Figure 2.1: The dielectric constant and electrical conductivity of

muscle and fatty like tissues for the frequency range of (50~3000)
MHz. The error bars signify the range of the value at the specific

frequencies.
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Figure 2.2: The depth of penetration is plotted as a function of
frequency. The error bars correspond to the range of the values at
the specific frequencies.
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Figure 2.3: The percent reflected power at tissue interfaces as a
function of frequency.
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Figure 2.4: The specific absorption rate is plotted as a function of
position inside tissues of defined thickness at a fat muscle
interface, at different frequency values, (the left side of diagram
refers to fat layer; the right side of the diagram refers to muscle).
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were obtained using the following densities respectively dm = 1.07

g/cmg; df = ,937 g/cm3.70

In Figure 2.4 the SAR values are plotted
versus the thickness of fat and muscle tissue. The thickness of fat
was assumed to be equal to 3 cm according to the values reported in

1 The

literature on the thickness of fat in human (i.e. 1-3 cm).6
values of SAR in the muscle tissue were normalized to one and the
medium thickness (muscle) was considered up to 7 cm. The error bars
in the figures signify the variation range of the values of €’ and ¢
reported in literature for the specific frequencies. These variations
in the reported ¢’ and ¢ values are a consequence of the different

71 that was

approaches used to obtain them experimentally. One method,
used to measure the dielectric properties of mammalian tissue between
1 and 18 GHZ, has the following experimental procedure:

The tissue sample is placed into a sample holder, from a
precision 7 mm air-line, which is surrounded by a water jacket in
order to thermostatically control the tissue temperature. The
microwave signal is reflected from a short circuit that is placed
immediately behind the sample, and the resulting standing wave profile
is measured and recorded using a slotted line connected through a
digital voltmeter to a microcomputer. The standing wave profile is
then analyzed with a least squares curve fitting program in order to
obtain the permittivity (e’) and the dielectric loss factor (e’’) of
the tissue sample.

Another method72

that is used for measuring the dielectric
properties of materials at the lower frequency range is to measure the
capacitance (Co) of an empty cell condenser and the capacitance (C)

and the resistance (R) or the conductance (G) of the cell condenser
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when filled with the dielectric material. The complex capacitance is
given by c"=c+ G/jw = C + 1/juR  (2.8); where C in Farads, G in
mho, R in ohm. The quantities C and R from equation (2.8) may be
considered to be combined in parallel with each other, giving an
impedance (1/G + jwC) for the condenser filled with a specimen.

Thus we have the permittivity €’ = C/Co and the conductivity

o= _S_G = €0/CR ; &, = absolute dielectric constant of free space.
o
The two principal methods of measuring C and G or R are the

alternating current bridge method and the resonance method.

2.2 DIELECTRIC BEHAVIOR OF TISSUES

2.2.1 DIELECTRIC CONSTANT AND ELECTRICAL CONDUCTIVITY

The relation between the response of biological tissues to
microwaves and their dielectric properties was emphasized in the
previous section, but a detailed discussion will be undertaken in this
section.

As was mentioned before, the complex dielectric constant, s*/so =
g’ — je'’ , describes the dielectric behavior of tissues and other
materials in general. The dielectric constant, €', is equivalent to
the capacitance of l-cm cube of the material corrected by a constant
factor which depends on the units of measurement of the capacitance.
The conductivity of the tissue, o = eos"w = 1/specific resistance
(resistivity), is the inverse of the resistance of a l-cm cube of

material.64
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There are three factors that determine the value of these
dielectric parameters: 1. The frequency of the applied field; 2.
The HZO content of the material upon which the field acts; and
3. The ambient temperature in which the material is found during the
application of the field. Throughout the frequency range of 10 and

104

MHZ the values of € and ¢ go through three different stages of
frequency dependent response and each of these differentiated
responses is due to the cellular structure of tissue, its electrolyte
and water content and finally its protein and other solid constituents
content.50’6l'64'68’73

In the low frequency range (10-300 MHZ) the response is due to
the presence of the cell membranes which behave as thin layers of high
capacity and resistance. At these frequencies the time constant of
charging is sufficiently long to fully charge and discharge the cell
membrane in a single cycle; this results in high values for the tissue
capacitance and hence high dielectric constant. The reason for the
low conductivity at this frequency range is that the cell membranes
act as insulators, allowing the currents to flow only in the
extracellular medium.

As the frequency increases, the membranes become short circuited
and the cell interior gets involved in the conduction of the
electrical current, thus causing the effective resistance of the
tissue to decrease and its electrical conductivity is increased.
Furthermore, the increased frequency will result in a decrease in the
dielectric constant of the tissue due to the fact that the time

constant is insufficiently long and prevents the cell membrane from

becoming totally charged during a full cycle. In the frequency region
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between 300-3000 MHZ a minimum frequency dependence is observed for
both ¢ and o. In this range the cell membranes are short circuited
and stop influencing the dielectric parameters of the tissues. Also,
the tissue water is not as strongly dependent on frequency in this
region. Therefore, tissues studied at this frequency range in terms
of their dielectric behavior, act as salt solutions which contain
solid constituents such as proteins or other solid substances. These
solid constituents are mostly of low conductance and dielectric
constant and behave in a first approximation like dielectric holes in

64 Moreover, the existence of

salt solution (Schwan and Piersol 1954).
the low conductivity and dielectric constant solids causes the overall
o and € of the tissue to be smaller than that of a salt solution of an
ionic strength typical for tissue electrolytes. Finally, in the

frequency range between 3000 and 104

MHZ the frequency dependence is
mostly due to the H)0 content of tissues. The polar properties of the
water molecules causes them to rotate with the field up to a critical
frequency value (approximately at 22 GHZ). Beyond this critical
frequency value a rapid drop is observed in both the ¢ and ¢ values in
consequence of the Debye theory of polar molecules.

The above discussion on the dielectric behavior of tissues is
mainly referred to tissues with high water content, such as muscle,
brain, etc. Furthermore, the dielectric behavior of tissues with low
water content, such as fat, bone, etc. is quantitatively alike with
that of high water tissues but, the e and ¢ values are an order of
magnitude lower and not as well understood.61

The ambient temperature at which the phantom is found during the

application of the various fields affects the dielectric response of
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the tissue. The temperature effect is far less obvious on the
dielectric constant than the conductance. This dependence is well

understood and explained by various researchers such as Schwan and

74 etc. and there are several

59,61,63,64,74

Piersol,64 Schwan and Foster,
measurements of the effect in the existing literature.
Muscle data have indicated that there are at least three types of
relaxation mechanisms when its dielectric behavior is studied as a
function of frequency; the o-dispersion, the g-dispersion and the
v-dispersion. The temperature dependence of the dielectric constant
and conductivity can be explained in relation with these

74,63,64 For each dispersion the temperature coefficient

dispersions.
reflects the response of permittivity, conductivity and relaxation
time. The fc (critical frequency) increases with temperature at a
rate of about 2%/°C. The ardispersion74 may be a consequence of the
frequency dependent access impedance of the inner membrane system of
the cell. The access is ionic and therefore the temperature
coefficient of é' is equal to that of the conductivity of an
electrolyte, ie.about 2%/°C. The B~ dispersion74 range is caused by
the Maxwell-Wagner polarization effects during which the cell
menbranes are charged through the electrolytes. Therefore, the time
of membrane charging varies inversely with the conductivity of the
electrolyte, which results at about -1/2%/°C temperature coefficient
for €’. 1In the y—dispersion74 the relaxation is clogse if not
identical to that of free H,0 and therefore its temperature dependence
is equal to that of water and which is again for e’ close to the 2%/°C
value. In Table 2.1 the characteristic temperature coefficients of

high and low HZO content tissue and at microwave frequencies are
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Table 2.1: The values of the temperature coefficients for € and o as
obtained from the literature, for the frequency range
studied in this project (i.e. 300-3000 MHz)

be/e Ao/c
High H,0 Content -.5%/°C 2%/°C
TiSsues
Low H,0 Content ~1.1%/°C ~—4.2%/°C
Tissues
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shown, as obtained from the literature. For the electrical
conductivity temperature dependence the same considerations can be
applied with the only difference that the infinite frequency value of
o(oe) is much greater than that at zero frequency (o0), as opposed to
the dielectric constant (where €5 >» gw), 1In this case, the
temperature coefficient of conductivity is about 2%/°C at frequencies
well above and below the characteristic frequency and about 1%/°C in

the range of dispersion.

2.3 THERMAL BEHAVIOR OF TISSUES

2.3.1 THERMAL PROPERTIES OF TISSUES

Biological tissues are very complex non-homogeneous materials
that are very difficult to describe analytically in terms of their
thermal behavior. However, the basic mechanisms of heat transfer are
very important in the applications of hyperthermia, whether it is
applied clinically or experimentally. Hyperthermia research requires
the knowledge of the thermal properties of tissues along with the
electrical ones in order to be able to define theoretical and
experimental models that will help study the phenomenon and improve
its effectiveness clinically.

The thermal conduction of tissues is described by two constants;
the thermal conductivity k (W/mK) that determines the temperature
gradient for a given steady state heat flux, and the thermal
diffusivity, = k/p*c (p = density of tissue, ¢ = specific heat) that
defines the abiiity of a thermally perturbed medium to relax back to

steady state conditions. The latter is generally less important in
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hyperthermia than the former because of the long time interval the
tissue is kept at a temperature relative to the thermal relaxation
time. Another quantity that is important is the specific heat
capacity (c) of tissues. It is defined as the amount of heat required
to raise the temperature of unit mass of a tissue by one degree (c
units J/kg K).

The values of thermal conductivity of various tissues have been
reported in literature by several investigators. The early work of
Grayson (1952) and Spells (1959) was followed by Chato (1969) and

Balasubramaniam and Bowman (1975, 1977).75

The thermal conductivity
measurements vary from one report to the other by as much as 10%.
Bowmén et. al. (1977) reported a typical variation of (1-2)% in their
k values and a 5% variation in their o values. 1In Table 2.2 the
values of k and c are reported for various human tissues as obtained

from 1iterature.70’76

2.3.2 THE CONVECTIVE COMPONENT OF THE TISSUE THERMAL BEHAVIOR:

BLOOD FLOW

In Chapter 1 the effects of blood flow in relation to the
biological effects of hyperthermia were discussed. It is of interest
in this report to review the values of blood flow in human tissue
reported in the literature. What is clear is that not enough
information is available for the blood flow and its reaction to
hyperthermia in many regions of the body, especially for human
tissues, normal‘or tumor tissues.

Several reports of the different blood flows in normal and tumor

tissues have been stated in the literature which indicate that the
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Table 2.2:

The values of k, o, and p are tabulated for human tissues
as reported in literature. The values in the parentheses
indicate the range for the k values.

Tissue Thermal Conductivity Specific Heat Density
k(W/m°C) + c(10%3/kg - °C) o (g/em’)
Muscle (.449 - .546) .508 + .044 3.47 1.07
Fat (.258 - .272) .222 + .023 1.721 .937
Skin (.200 - .246) .266 + .007 - -
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blood flow in tumor tissues is much slower than that of normal

76,77,78,79,80,81 These different blood flows react

tissue.
differently to moderate hyperthermia temperatures.

As reported by Song et. al. the blood flow of normal tissues
increased as much as seven times its initial value when the tissues
were treated by 42°C to 43°C hyperthermia while the tumor blood flow
either stayed the same or decreased. Furthermore, it was reported
that at higher temperatures (above 43°C) tumor blood flow was
stopped.82 It was pointed out in all of the reports, however, that
the reaction of the tumor blood flow to hyperthermia was dependent on
the size of tumor. It is important in this study to know the blood
flow values for human tissues and tumors in order to be able to apply
them experimentally for obtaining the relationship between the
temperature distribution patterns and the particular blood flows. In
Table 2.3 the values of blood flow for various human tissues and

tumors are recorded as obtained from the literature.76’79’83’84
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Table 2.3: The blood flow values of human tissues, normal or
cancerous, during resting or maximum activity periods as reported in
the literature.

Tissue Resting blood flow to max. activity values
(ml/100 g - min)

Muscle 1.6 or 2.2 - 60
Fat 3.3 - 30
skin 5.0 - 170
Human lymphoma 18.0 - 60.0
Anaplastic carcinoma 3.0 - 20.0
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3.1 INTRODUCTION

3.1.1 INTRODUCTION TO PHYSICAL MODELING

Physical modeling (Phantoms) of tissues has been proved an
effective means for the study of microwave hyperthermia in vitro.
There are two types of phantom systems that are used experimentally to
simulate biological tissue electrically and thermally. Firstly, there
are the static or unperfused phantoms, which are electromagnetic
tissue equivalent materials that simulate various biological tissues,
eqg. muscle, fat, bone, etc. but, do not involve the tissue circulation
as a part of the simulation. The other class of phantoms involves the
dynamic or perfused phantoms which simulate tissue perfusion along
with its electrical and thermal properties.

In the present chapter, both types of phantoms will be discussed,
but the major topic will be the theory and the practical design of the
dynamic phantom developed.

The development and establishment of appropriate hyperthermia
treatment techniques requires the knowledge and understanding of the
microwave power deposition patterns as well as the overall effects of
tissue heterogeneity and the various convective flow processes.
Moreover, the effects of thermometry probes in the vicinity of the
microwave fields have to be known and well documented in order to
achieve a well planned hyperthermia treatment.

Simple static phantoms, such as those developed by Guy et. al.,85

86 Lagendijk and Nilsson,87 are used for the study

M G. Bini et. al.,
of microwave power absorption patterns as a function of tissue
heterogeneity and field perturbing temperature probe positioning.

Dynamic phantoms constitute a more sophisticated class of
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phantoms in that they are designed to study specific cases of
hyperthermia applications and they also help establish a better
understanding of the process by including the circulation in the
simulation. Simple dynamic phantoms, however, are not realistic,
neither do they offer results that can be quantitatively applied in
clinical situations.

Phantoms, in general, are a very appropriate means for testing
mathematical models because they can be controlled according to
specifications, while animal experiments are very difficult to control
or reproduce.

Simple dynamic phantoms have been developed by various research

89 70

teams, eg. Baish and Foster,88 Sandhu, Cetas and Connors, D-J Lee

et. al.,90

which were designed and manufactured according to the
requirements of their studies.

The dynamic phantom developed in our lab was expected to
complement previous studies with a static phantom in terms of
determining the power deposition pattern and temperature distributions
when irradiated at 2450 MHZ. 1In addition, the effects of the
simulated blood flow upon the temperature distributions were to be
studied and any correlations to the clinical situation to be drawn.

The dynamic phantom which is to simulate human tissue of high H,0

content, i.e. human muscle tissue, is based on the following

theoretical model and practical design.
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3.2 THEORETICAL MODELING OF A DYNAMIC PHANTOM

3.2.1 DIELECTRIC THEORY APPLICABLE TO THE SIMULATION

It was mentioned previously (Chapter 2) that at microwave
frequencies the cell membranes cannot affect the electrical properties
of cellular solutions and tissues because the membrane reactance
becomes small compared with the internal impedance and furthermore at
the higher end of the range the polar properties of water become
important and cause Y—dispersion; ie. that relaxation frequency is

61,88 Therefore at these

close if not identical to that of free H,0.
frequencies biological tissues of high H,0 content act simply as
suspensions of protein molecules in a salt solution. The dielectric
properties of such tissues as well as those of blood are quite similar
with each other in the microwave frequency range.

The biological suspensions of this type are considered as non
ideal dielectric mixtures with surface charges appearing at the
boundaries between components, which are composed of both bound and
free charges. When at the steady state condition these surface
charges will distribute so as to counterbalance the effect of the
external electric field, and there will be no net field or conduction
within the conducting regions. To explain the concept of dielectric
conductivity91 one could consider the case of a capacitor filled with
dielectric, which has a capacitance C and a resistance R. The total
juwt

current developed across the capacitor when an ac voltage V = e is

applied to the plates is given by the following expression.

_ _ av _ A .
I= IC + Iy = V/R + CHE =V E (o + jweos) (3.1)
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where In is the resistive current in phase with the ac voltage, Iy is
the charging or displacement current that leads the voltage in phase
by 90°, ¢ and ¢ are the macroscopic values of the electrical
permittivity and conductivity, A is the area of the capacitor plate
and d is the distance between the plates.

The current density is defined as J = (o + jwsOe) E (3.2) so that
from Ohm’s law we define the complex conductivity as c* =g + jweoe
(3.3), and equation (3.1) becomes

ijOA jo

I= (e = —) V (3.4)

d
We

The relation between the current I that is seen experimentally,

and the applied ac voltage V in a capacitor, defines the permittivity
of the dielectric medium. By taking into account only the intrinsic
quantities that are controlled by the dielectric medium one can define
the complex permittivity as follows:

s* =g’ — je'! = ¢ — la (3.5)

we,

From the above expressions we can observe that for high
frequencies the dielectric properties of the materials are important
while for low frequencies the conduction phenomena are important.
This seems to be the sole justification for introducing both
expressions (3.3) and (3.5), which can otherwise be expressed as:
o = jue, € (3.6)
Hanai has developed a theory for the dielectric properties of
heterogeneous systems, that is concentrated dispersions of the oil in

water type (o/w) for which Wagner’s theory does not apply since it was

developed for dilute dispersions.92 A concentrated disperse system is
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obtained, according to the model, by successively adding
infinitesimally small quantities of disperse into a dispersion medium.
After a succession of additional quantities of disperse the system
will reach its final concentration ¢ and the complex dielectric

constant e* is given by the following equation:

{7
e* ,
2e+ P3¢ - [ 4 109 (1 - @) (3.7)
* 3ex(e*—ck) 1 - &
£%(C)e P 0
m
where sﬁ is the complex dielectric constant of the dispersion medium,
ex is the complex dielectric constant of the disperse. The left part
of the integral is integrated along a certain contour C from ek to s*,
which is successively determined by the correlation of ¢’ and €'’
(i.e. s* (e',e'")) at each stage of a series of successive additions.

The solution of equation (3.7) for ¢ results in the following

equation:

* 2 2

e = (e'” + ¢'"7) 172

* exp (—j tan™t &) (3.8)
S,

Following this, Hanai applied his theory to biological systems

and presents the complex analogue of Maxwell’s equation for the

complex dielectric constant which is:91

€ - € g
&' =g, + ?1+ . @h - (3.9)
J(A) J(A)SO

and complex electrical conductivity

* jot (Gmh - Gml) _
o = o1 + T + 3 We Eh (3.10)

where the subscripts "ml" and "mh" correspond to the low and high
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frequency values of the dielectric parameters of the mixture; T =
relaxation time and w = 2nf = angular frequency. In this simulation
the target frequency is at 2450 MHZ and therefore the expressions that
will be used for the calculations are those designated by Hanai, for

high frequencies and more concentrated mixtures, as follows:

1/3
fnh ~ %2 [ *1 ’ -1-39 (3.11)
€& 7 % \®m
ol - o2 o2 ol
’ €1 -8 Fh - 8 S
o = ; . (3.12)
Soh - 2 €nh

where O1s€ = dielectric constant and conductivity of the dispersion

medium
Oyr €y = dielectric constant and conductivity of the disperse.
S’ Snh = dielectric constant and conductivity of the mixture.

® is the volume fraction of the disperse and in the case of our
simulation it is going to be considered as the weight fraction of the

disperse since the density of human muscle is equivalent to 1gm/cm3.59

3.2.2 CALCULATIONS FOR THE VERIFICATION AND COMPOSITION OF THE MODEL
The theoretical model discussed above was used to calculate the
composition of the dynamic phantom in order to dielectrically simulate

human muscle. However, before that and in order to verify its

validity, the theory was applied to an already accepted muscle
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85 The procedure

phantom, namely the phantom developed by Guy et. al.
for the calculations for the verification was as follows. Biological
tissues are made of two major constituents that can be categorized
into liquid and dry constituents. 1In the case of applying the theory
discussed previously to biological tissues, the liquid part of the
tissue will correspond to the dispersion medium and the dry part to
the disperse. This is because proteins (dry constituents) behave
dielectrically as insulators with low dielectric parameters in the
same manner as oils, glasses, etc. while the liquid part of tissue
acts as a salt solution and in a more simplified respect as plain
water.

85 consists of water,

The static phantom developed by Guy et. al.,
powdered polyethylene (a plastic), salt (NaCl) and a jelling agent to
hold the phantom together. In Table 3.1 the values of the dielectric
parameters of the phantom as calculated using equations (3.11) and
(3.12) are given as well as the resulting composition, along with the
values published by Guy et. al. The calculations were performed by
considering the dielectric values at 37° C and at 2450 MHZ frequency
range. The dielectric constant of the water is adjusted for the salt
content of 12 g/1 as indicated by the recipe instructions. Using
equation (3.11) the composition of the phantom was calculated to
within a small percentage error as indicated in table 3.1l.
Furthermore, using the values for the dielectric parameters at the
indicated salt concentration the value of the electrical conductivity

was also calculated and compared to o reported by Guy. To perform

these calculations the dielectric parameters of powdered

polyethylene85 023,58 -8 mho,/m)

and H2 were used (e2 = 2.25 , oy = 10
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Table 3.1: Composition and the dielectric parameters of the static
phantom as per Guy recipe and theory calculations

A, % weight composition
dry constituents liquid constituents
Recipe 23.6% 75.50%
Theory ) 23.0% 76.99%
Variation
with respect 2.5% .64%
to recipe
values
B. Dielectric Parameters at 2450 MHZ
Dielectric E. Conductivity
Constant (mho,/m)
(E)
Reported
by Guy 50 2.72 mho/m
Theory —— 2.63 mho/m
Variation — 3%
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(el = 72.573 , o] = .039 mho/cm) in addition to the values for the
static phantom as per Guy85 (¢ =50, o = 2.72 at 2450 MHZ).

It can be observed from the above calculations that the
theoretical model by Hanai is a valid one for applications to the
simulation of biological tissues. The small percentage variation in
the phantom’s composition can be attributed to the frequency values
used because as has been shown from other studiesg4, the composition
of this phantom needs to be readjusted from the general recipe given
by Guy for the various frequency ranges.

The dynamic phantom will dielectrically simulate the properties
of human muscle (37° C), at the working temperature of 25° C. It will
be expected therefore from the phantom to behave at 25° C as muscle
tissue at 37° C.

Using equations (3.11) and (3.12) we will calculate the weight
composition of the constituents and the amount of NaCl content
required for such a simulation to attain the correct electrical
conductivity, and dielectric constant.

The materials used for this simulation were chosen on the basis
of their dielectric behavior and some other factors in relation to the
choice of the dry constituent such as flexibility (i.e. easily bent
penetrated, perfused, but not permitting natural convection) as well
as availability and cost. The liquid constituent would be a saline
solution with the appropriate NaCl concentration that would result in
the desired dielectric conductivity when incorporated in equation
(3.12). The dry constituent was chosen to be fiberglass sheets, the
properties of which complied with the set requirements.

Dielectrically, fiberglass behaves in a similar manner to proteins and
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in general as the dry constituents of human muscle. Its dielectric
constant e, = 4 and dielectric conductivity oy is in the range of

-12

10 mho/cm at the 2450 MHZ frequency range which compare favorably

with the protein dielectric properties (i.e., € ~ 2.7 and o ~ 10_12

mho/cm).91

The dielectric properties of human muscle that was to be
simulated were, €ah = 47.5 and O = 1.84 mho/m at 2450 MHZ, as they
were reported by the collective review paper on the dielectric
properties of biological materials by Stuchly and Stuchly.65
To obtain the dielectric constant and conductivity mentioned
above experimentally in the dynamic phantoms, it was necessary to use
specific volume fractions of each constituent. The volume fractions

of H,O and fiberglass required for the simulation were calculated

2
through equation (3.11), where €h is the muscle phantom dielectric
constant to be achieved, € is the dielectric constant of the saline
solution of concentration ¢ (i.e. € = 78 + (=8/2)%2%c); & =
dielectric decrement for NaCl = 11, ¢ = (gms of NaCl in solution)/
molecular weight of NaCl = 58.5 gms), €y is the dielectric constant of
fiberglass, and finally @ is the volume fraction of the dry
constituent.

Before these calculations could be performed, however, the NaCl
concentration had to be determined in order to determine the exact
value for the dielectric constant € before equation (3.11) could be
solved for &. 1In equation (3.12) the following parameters are
involved: uh is the electrical conductivity of human muscle that is
to be simulated, oy is the conductivity of the NaCl solution, oy is
the conductivity of fiberglass.

To calculate the exact value of ¢ required for obtaining Suh
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experimentally eqn. (3.12) was solved for the various values of oy in
( 1m.ole

/1 /).

In Table 3.2 the values obtained from the calculations are shown,

the concentration range of - .ZmOle

corresponding to the various concentrations of NaCl. The
concentration required for simulating the Ouh = 1.84 was found by
plotting the ¢ values against the calculated values of i (see Figure
3.1) In this figure not all the values fall on the straight line due
to possible small errors in the 9y values which were read off another

58 However, to within small error the concentration ¢

graph.
corresponding to the %uh of 1.84 mho/cm of the human muscle was found
to be ¢ = .114 moles/l . This is the concentration that was applied
for the calculations involving equation (3.11) for determining the
percent weight composition of the phantom. In Table 3.3 the volume
fractions of the constituents are presented along with the dielectric
parameter values that were used to calculate the percent composition
from equation (3.11).

it was mentioned earlier that for muscle tissue the volume
fractions are the same as the weight fractions because its density is
equivalent to 1 gm/cm3. In the case of the phantom it was necessary
to find out the densities of the fiberglass (in the form incorporated
in the simulation) and the phantom as a whole (at the composition
described above).

The determination of the fiberglass density was made according to

Vmixture = Vi,0 * Veiberglass T MH20/dM0 * Mgy (3.13)
Where Vi = volume of the mixture of known value
Vo = volumes of H,0 and fiberglass
2
My or Mg = mass of H,0 and fiberglass of known values
2
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Table 3.2: The calculation of the electric conductivity %uh of the
phantom as a function of NaCl concentration at 25° C.

¢ (mole/1 ) El = 78 + (~11/2)#%2*C oy (mho/cm) cmh(mho/cm)
.1 76.9 .030 1.74
.125 76.625 .033 1.94
.150 76 .035 2.08
.175 76.1 .038 2.26
.200 76 .040 2.39
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Figure 3.1: The conductivity of the mixture (saline solution-fiber-
glass) is plotted as a function of salt concentration at 2450 MHZ and
25° C temperature.
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Table 3.3: The percentage volume composition of the dynamic phantom
and calculation parameters

¢ = .114 moles/1
Dielectric Constants

involved in equation 3.11

(1 - @) liquid %% dry
E, = 76.75 70.20 29.80
E, = 4
Eh = 47.5

Table 3.4: Experimentally determined values for the densities of .
fiberglass and the muscle phantom (Average values of four

trials)
Material Average Density + Average Deviation
Fiberglass (1.25 + .18) gm/cn’
Muscle Phantom (1.07 + .05) gm/cn’
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dH O = density of HZO =1 gm/cm3
dfz = density of fiberglass in gms/cm3

By solving equation (3.13) the density of fiberglass was
calculated in four different trials. The density of fiberglass and
the volume fractions were calculated before they were applied to the
following equation

dm; I(VF) = (VE)g * do + (VF)H,0 * dH,0 (3.14)
in order to calculate the density of the muscle phantom.

dmp = density of the muscle phantom (gm/cm3).

(VF)i = the volume fraction of the constituents where i = H20

or f.

The average value of the muscle density calculated over the four
trials is tabulated in Table 3.4 along with the fiberglass density.

The experimentally calculated density of the muscle phantom
compares favorably to the density values reported for human muscle in
the literature which are in the range of 1 - 1.07 gm/cm3.59

This means that the simulation is quite successful in terms of
composition and structure relative to human muscle. For the solution
of equation (3.14) the value of the density of the water plus NaCl

solution was assumed to be equal to that of pure water since the

amount of added NaCl was very small (i.e. c = .114 moles/l).

3.3 THERMAL PROPERTIES OF THE DYNAMIC MUSCLE PHANTOM

3.3.1 CALCULATION OF THE THERMAL PARAMETERS

The dynamic muscle phantom was predominantly designed to simulate

the dielectric behavior of human muscle, but the thermal response of
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the phantom is also of interest in the simulation with respect to that
of real muscle. The thermal behavior of human muscle tissue was
discussed in Chapter 2. 1In this section the dynamic phantom’s thermal
properties will be calculated on the basis of the thermal properties
of the constituents, i.e. HZO and fiberglass. Calculations of the
thermal properties of tissues have been reported in the literature94
for various types of phantom materials for muscle or fat simulation.

The expression for these calculations is that derived by Hanai,

applied to the thermal response of tissue, that is:
k - k2
k

k

. _% =1 - & (3.15)
1 - %2

where k = thermal conductivity (in W/mk) for the phantom muscle to be

calculated
k, = thermal conductivity of H,0 = .603 W/mk™’
k2 = thermal conductivity of fiberglass = .4OW/mk95
1-¢ = .702

7 we found the thermal conductivity

Solving equation (3.15) for k
for the muscle phantom equal to .528 W/mk which is very close to that
of real human muscle (See Chapter 2 Table 2.2 ). The thermal
conductivity value is therefore comparable to that of human muscle but
it is only a calculated value which has not been measured
experimentally.

Similarly the calculation of the specific heat value for the
phantom was undertaken using the method of mixtures, that is
Cmp * E(VE) = (VE)y 0 * h,0
specific heat of muscle phantom (Joules/kg°C)

+ (VF)g * cg (3.16)

wher
e Cmp

HZO

i

I

c specific heat of HZO = 4,2256 * 103 J/kg°C at 25°C
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Ceg = specific heat of fiberglass = .833 * 103 J/kg°C at
(20-100)°c”>

The value of the specific heat of the phantom was found equal to

_ 3

cmp = .77 * 10

heat value for human muscle tissue reported in the literature.

Joules/kg°C; that is a 7% variation from the specific
59
Whether these calculated values are a correct prediction of the true
thermal properties of the phantom was not justified with individually
performed experimental measurements, but the overall response of the
phantom during the testing and the blood flow prediction measurements
(See Chapters 4 and 5) would be an indication of the success of the

simulation dielectrically and thermally.

3.4 BLOOD FLOW SIMULATION

3.4.1 ELECTRICAL PROPERTIES AND PHYSIOLOGICAL CONSIDERATIONS

Dynamic phantoms are characterized by their ability to simulate
blood flow. In the design of the dynamic muscle phantom there were
several facts to be considered regarding the blood flow due to its
complicated nature and the difficulty of interpreting this phenomenon
experimentally.

Tigssue blood flow is an omnidirectional flow at the cellular
level while it is usually two-directional with respect to the
artery-vein complex and its subdivisions. To date the simulation of
blood flow in either of the above cases has not been successfully
achieved due to the complication of such experimental set up or a
theoretical model.

However, there have been several simple approaches that help a
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better understanding of the heating process in the tissue by providing
quantitative information of the response process. Furthermore, there
is another property of blood flow that is difficult to duplicate
experimentally, which is the increase in its flow-rate due to the
effects of the increased temperature upon the tissue that causes
vasodilation of the vasculature system and thus the increase of blood
flow.

The dynamic muscle phantom was designed under the following
specifications. It was firstly, assumed that the flow would be
unidirectional at the cellular level with no incorporation of the
blood carrying vessels, which can be a study all by itself. This is
because, depending on the size of the vessel, its function under
heating conditions can be classified as cold (large vessels) or hot
(small vessels) tubes through a heated region. The unidirectionality
of the flow in the dynamic phantom has automatically reduced the model
to a simple, relatively realistic simulation which results in the fact
that any measurements obtained in the phantom cannot be quantitatively
applied in clinical situations. However, the information obtained
from such a phantom is superior to that from a static phantom since
its time-temperature measurements are a function of flow and flow
rates. Furthermore, the equipment associated with such a flow
simulation are readily uncomplicated and less expensive and thus they
do not require an extensive experimental set-up. Another advantage of
the unidirectional flow is that, it can ensure the best uniformity in
the flow as well as the reproducibility of the flow-pattern, since it
is created in relatively simple and easily reproduced steps.

From the physical and electrical point of view the blood flow
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simulation was considered at a working temperature of (23.5 + 1°C).

It was generally assumed equivalent to the saline solution used (i.e.
¢ = .114 moles/1) with respect to its dielectric and thermal behavior.
The dielectric properties of the saline solution (sl = 76.75, 0 =
.031) are somewhat different than those of human blood (g = 65, ¢ =
.015). It is however essential that this assumption is made in order
to incorporate the blood flow at the cellular level in the simulation
and because it is of major importance to correctly simulate the
dielectric behavior of the muscle tissue. The flow rates to be

simulated are the same as in human muscle under different conditions.

3.5 PRACTICAL DESIGN OF THE PHANTOM

3.5.1 SUPPORTING SYSTEM’S DESIGN AND CONSTRUCTION

The need of a supporting system for the dynamic muscle phantom
was the idea behind the practical considerations. The ideal
supporting system was designed to be as simple as possible and to be
formed in such a manner as to achieve the more realistic perfusion in
terms of direction and uniformity. It was also designed as to provide
flexibility in the experimental set up.

The support system of the phantom consisted of the following
parts: 1. a plexiglass box that would contain the muscle phantom,
with compartments for the saline solution intended to simulate the
blood flow. 2. A liquid flow pump that would circulate saline
through the phantom at the various rates. 3. Plastic tubing that was

used to connect the "in" and "out" pump outlets to the respective
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parts of the box.

The material chosen for the box construction, ie. plexiglass, was
adequate for avoiding microwave field perturbations and offered the
advantage of transparency from all four sides of the box. The volume
of the box occupied by the muscle phantom was (25 x 25 x 7) cm3.

These dimensions were chosen in relation to the size of the microwave
vapplicator in order to avoid any reflections from the sides of the
bottom of the box (the size of the circular applicator is 13 cm in
diameter and the depth of penetration 2 cm). The actual height of the
box was at 9 cm to allow any additional layers of phantom, i.e. fat,
and at the same time to prevent overflow of the saline solution if
there was such a case. At two opposite sides of the box the
circulating saline solution compartments were attached for collecting
the "in" and "out" flowing saline, with the following dimension for
each of the reservoirs (25 x 3 x 9)cm3. Inside each of the saline
reservoirs and at about 2 cm from the inlet/outlet a baffle plate was
installed in order to diffuse the inflowing jet of water and
contribute to the uniform distribution of the flow inside the phantom.
At the same opposite sides of the phantom box the solid walls after
the saline compartments were replaced by movable plates with holes
symmetrically distributed on them. This was a further measure for
ensuring the uniform distribution of the flow inside the phantom. To
avoid any flow from the sides around the hole bearing plate a tight
fitting was required. 1In Figures 3.2 and 3.3 the plans of the
supporting box are shown as designed, and accordingly constructed by
the machine shop of the Manitoba Cancer Foundation. The pump which

was used to circulate the saline solution had adjustable flow rate
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Figure 3.2: The mechanical drawing of thebphantom’s supporting box.
a. The top view of the box. b. The cross section of the box.
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Figure 3.3: Another part of the mechanical design of the phantom’s
supporting box. a. The hole bearing plate that helps diffuse the
flow uniformly throughout the phantom. b. A cross section of the box
that indicates the site of plate insertion.
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controls thus enabling its operation at different flow rates, and it
was resistant to corrosion by the saline solution. The plastic tubing
that connected the pump to the supporting box was of 1 cm inner

diameter.
3.5.2 CALCULATION OF THE FINAL VALUES OF THE PHANTOM CONSTITUENTS

The construction of the supporting system along with the
theoretical and practical considerations provide adequate information
for the calculation of the size of the phantom and the weights of its
constituents. {

The total volume of the muscle phantom was determined equal to

3 _ 4375 em®

(25 x 25 x 7) cm =V, and the mass corresponding to this
volume is mo= Vi * dmp = 4681.25 gms + 218.75 gms = 4.681 kg + .219
kg. In the previous section 3.2.2 the volume fractions of the
constituents were calculated with (VF)f = ,298 and (VF)H 0= .702.
These volume fractions and the densities of the materials2 involved
are going to be used for the calculation of the weight composition of
the muscle phantom. The mass of fiberglass was calculated equal to me

= (VF)f VL, K df = 1629.69 gms + 234.68 gms; and the mass of the

water in the phantom was calculated equal to kY K =
mHZO m 2O

3071.25 gms ~ 3071.25 ml. The error values associated with the
calculated values are due to the experimental error in the density
values. Comparison of the sum of the mixture calculated shows that
they are both resulting in the same mass value for the muscle phantom

of 4700 gms.
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Table 3.5: The amount of water required for the dynamic muscle
phantom simulation

Site of Measurement Amount of HZO in ml
1. Muscle phantom 3071.25
2. Saline Solution Reservoir 1050.00

[2 % (25 * 3 * 7)]

3. Plastic tubings and 245.00
inside pump

(ml of HZO) 4366.25
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To calculate the total amount of salt required for a solution of ¢ =
.114 moles/1 it was first necessary to measure the total amount of
water in the sysfem. In Table 3.5 the different amounts of H,0
measured are shown as well as the value of the sum. The amount of
salt in (gm/1), that corresponds to ¢ = .114 mole/1 is 6.67 gms/l
which means that the total amount of salt required for 4.36625 1 of
H,0 is = (6.67 gms/1 * 4.36625 1) = 29.123 gm.

Therefore, for setting up the experiment, 1629.69 gms of
fiberglass sheets were weighed and arranged inside the box, which were
followed by 4366.25 ml of saline solution (¢ = .114 mole/1 ). By
turning the pump on the saline solution was distributed in its

respective positions and the fiberglass sheets were allowed to mix

evenly with the saline solution.
3.5.3 CONSTRUCTION, CALIBRATION AND TESTING OF THERMOCOUPLE PROBES

The testing and assessment of the suitability of the dynamic
phantom required an appropriate thermometry system that would record
temperatures at predetermined points inside the phantom. There are
various thermometry systems available for this purpose such as
fiberoptic probes that can provide very accurate readings without
interfering with the irradiating fields, which, however, are very
expensive and have limited number of sensors available. Thermocouple
arrays, on the other hand, are of equivalent sensitivity and provide
the advantage of multiple temperature recording junctions per sensor
probe and relatively cheap and easy manufacture. They are however,

susceptible to interfering with the irradiating field and there is
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Figure 3.4: Thermocouple array; A partial schematic representation of
the copper-constantan (a-b) thermocouple wires and the protective
plastic tubing.
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induction of self heating on their metallic leads.

The thermometry system selected for the phantom testing consisted
of two thermocouple arrays with four junctions in each of them. The
four junctions were spaced at (10 + 1) mm apart thus covering a depth
of 3 cm inside the phantom and therefore providing an adequate number
of readings for evaluating the phantom. (Figure 3.4)

The construction of each array involved a copper bus wire
(diameter: 50 um) and four constantan wires (diameter: 50 um each)
soldered on it according to the spacing mentioned above. The fragile
array is protected inside plastic tubing of outside diameter equal to
0.8 mm and is connected to an AD 574, 12 bit analog to digital
converter, with a circuitry that presents a (+ .06 °C) fluctuation
range in the data readings of temperature.

The thermocouple arrays were calibrated to a temperature range of
about 10° C, i.e. covering the range of (20 - 29.5)°C using one of the
clinical programs available for calibration of the temperature sensors
(Appendix B).

It was mentioned earlier, that one of the disadvantages
associated with the use of thermocouples is the resulting disturbance
of the microwave field due to their metallic nature. However,
appropriate positioning of the array relative to the applicator and
monitoring of the power output of the applicator in such a manner as
to minimize the negative effects in the thermocouple performance, and
thus make its presence possible inside the phantom while the field is
turned on. The testing of the field interference in the thermocouple
performance was conducted as follows: the array was positioned inside

the phantom with no flow present, perpendicularly to the irradiating
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Figure 3.5: The interference and self-heating effects on the
performance of a normal thermocouple junction due to exposure to EM
fields of 15 Watts and 25 Watts.
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field, in order to minimize any interference effects. While the field
was turned on, readings were recorded for 30 sec intervals of heating
at 15 and 25 Watts respectively and for 30 sec and 60 sec intervals of
cooling, i.e. while the field was turned off. 1In Figure 3.5 the
respective readings are plotted versus time and the following was
concluded. It can be seen from the plot that there are no significant
interference effects (i.e. not abrupt changes in temperature pattern
but gradual decrease indicating the self heating of the probe) at
these power outputs there is an obvious self-heating of the
thermocouple wires that lasts for a time interval measured in time

98 This self

constants of the probe after the field is turned off.
heating of the probe can result in overestimation of the temperature
if the temperature recording starts immediately after the field is
turned off. However, if measurements are recorded after the time
interval of decay of the self heating is over, it will not affect the
results.

The determination of the time constant of the probe was required
in order to calculate its response time. Time constant values were
determined for four different thermocouple configurations. These were
the following:

1. a bare thermocouple (i.e. without any protective coating, just the
two wires

2. a normal thermocouple (i.e. encapsulated in plastic tubing)

3. a normal thermocouple inside an air filled plastic tube of larger
diameter

4. a normal thermocouple inside a water filled plastic tube of larger

diameter
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The procedure involved a constant temperature circulating bath
(step rise from room temperature ~ 6°C) and the thermocouple-computer
arrangement. The thermocouple temperatures were recorded every .5
seconds using the program "COOL" (Appendix B). The array was
instantly immersed in the bath at a predetermined position and held
there until the true bath temperature was registered on the recording
device and for a few seconds afterwards to ensure that the bath
temperature is steadily recorded. The time constant kp is to be
represented according to the following theoretical expression, and is
a measure of the time required in seconds for the temperature of the
probe to increase in such a manner as AT is decreased to (ATO)e—l. 99,1

ot = ar_e”t%p (3.17)
where AT = the difference between the indicated temperature and the
final temperature.

4T, = the step rise in temperature

t = time

In Figure 3.6 the plot of the temperature (T°C) as a function of
time is shown as obtained from the experimental measurements for the
four different configurations of the thermocouple array. By applying
equation (3.17) to each of these curves the determination of the
specific kp can be accomplished.

In Table 3.6 the values of kp are shown as they were determined
from the experimental measurements. It can be seen that the longest
k_ (sec) is that corresponding to the normal thermocouple inside an

air filled tube. It has been reported from previous experiments in
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Figure 3.6: The experimental measurements of the rise in temperature
for the four different thermocouple configurations are plotted as a
function of time in order to determine their respective time constants
according to equation (3.17).
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Table 3.6: The time constant, kp values are determined for four
different thermocouple configurations from experimental
measurements in a constant temperature bath.

Type of Configuration

of Array kp (sec)
1. Bare 0.268
2. Normal 0.580

Normal + Air 1.830
4. Normal + HZO 0.984
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! that the time constant of the probe decreases if the medium

our lab
between the normal thermocouple is water and it decreases even further
if that medium is an oil based liquid. The measurements with air and
water performed in this experiment reconfirm the former observations.
A reexamination of Figure 3.5 in terms of the decay of the self
heating of the normal thermocouple exposed to microwave heating shows
the decay time to be equivalent to 3.5 time constants for both cases
of 15 W and 25 W power input. This means that due to self heating of
the thermocouple the temperatures recorded for 3.5 time constants
after the field is shut off are incorrect because they provide

overestimated readings of the temperature and they should not be

considered as experimental results.
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4.1 PHYSICAL AND THERMAL ASSESSMENT OF THE DYNAMIC PHANTOM

4.1.1 DENSITY STABILITY OF THE PHANTOM VOLUME

The dynamic phantom was assembled by placing the predetermined
amounts of water and fiberglass (Ch. 3: Simulation and Design) into
the supporting box constructed to house the phantom. The required
amount of NaCl was not included in this first stage of assessment,
because its presence would not have affected the outcome of the
density stability tests or the flow rate measurements that followed.
It should also be acknowledged that the extra amount of water found in
the side reservoirs, the tubing and the pump, that has been accounted
for elsewhere in this report, was included for these measurements.

After the phantom was assembled and for the following seven day
interval, measurements were taken daily regarding the level of the
mixture inside the box. The height of the phantom was designed to
approximate three depths of penetration (theoretically d = 2 cm for £
= 2450 MHz), that is a value of 7 cm was considered when estimating
the masses of the constituents involved in the physical model. The
measurements were recorded at the beginning of each day and the
following observations were made. In the course of the seven days,
the overall sinking of the fiberglass layers along the central region
of the phantom changed the level of the phantom by (-2 to -3) mm in
this region and along the sides the change was very small, namely -1
mm.,

A way of correcting for this change is to rearrange the
fiberglass layers to their correct position, whenever the measurements

indicate that it is needed. The fact that the fiberglass has been
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packed in the form of plane sheets made of thin fibers ensures the
reproducibility of the arrangement. However, the problem was not
considered solved in this way and it was considered incomplete until
the NaCl was added to the phantom. After the NaCl addition the
phantom was tested by heating it, at the 7 cm level and after the
sinking had occurred, to finally find that the dielectric behavior of
the phantom along the central region stayed the same regardless of the
small changes in its density due to sinking, i.e., the depth of

penetration measured experimentally did not change.

4.1.2 TESTS FOR NATURAL CONVECTION

Natural convection is defined as the process in which the motion
of a fluid is due solely to the presence of a hot body in it, giving
rise to temperature and hence, density gradients, the fluid thus
moving under the influence of gravity. The generation of natural
convection currents in the phantom when it is heated would result in
the overestimation of its thermal conductivity. Natural convection
and its effects on the thermal behavior of dynamic phantoms are very
important and mostly observable in dynamic phantoms operated at very
low flow rates. The dynamic phantom designed for this project is
tested for natural convection generation at the "no flow" state in
order to find out the extent to which the phenomenon takes place and
determine the effects of natural convection, if any, at low flow
rates. The experimental set up for the natural convection testing
included: A power supply; a resistor of the smallest size possible

(i.e. 10 mm in length and 3 mm in diameter) for avoiding the
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disturbance of the tissue like phantom material, which was implanted 5
cm deep into the side of the phantom; a thermistor probe that was used
to register the temperature changes in the immediate neighborhood of
the phantom-resistor assembly; a timer and a water soluble dye (1 cc)
that was intended to provide a means of detecting any subsequently
generated natural convection currents.

A temperature rise of 1° C/min in tissues requires a power input
of about 100 watts per kg of tissue. The heating scheme of the test
was modeled after the above statement with the resistor replacing the
high water content tissue and solving for these conditions we found
that a power input of 7.1 mW was the corresponding value for the
resistor assembly in order to achieve this rate of temperature rise.
However, a steeper gradient in temperature was required to study the
natural convection in relation to experimental temperature gradients
obtained during hyperthermia studies. The temperature step rise used
was that of 5° C/min which corresponds to 35.5 nWatts of power input.
The particular reason for choosing the side of the phantom to perform
the test was that it offers the best visual advantage for detecting
and measuring any natural convection currents that could result. The
heating was administered for one minute intervals for three different
trials and there was no significant change in the length and width of
the dye distribution around the resistor-phantom assembly, which were
measured to within + 1 mm. It was, therefore, concluded from these
tests that there are no natural convection currents generated in the
phantom material during no flow heating, and consequently there will
not be a resulting overestimation in the thermal conductivity of the

phantom material.
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4.1.3 FLOW STUDIES: STABILITY, UNIFORMITY AND REPRODUCIBILITY OF

FLOW

The stability of the flow of saline through the phantom was
studied and there was first discovered that the flow rate was
dependent on the respective positions that the phantom-pump system had
relative to each other. The changes in the flow rate were caused by
the back pressure developed inside the pump when its position was
changed relative to the phantom’s surface. To study the back pressure
effect on the flow rate, the pump was disconnected from the phantom
and its inlet and outlet hoses were placed inside two beakers. The
beakers were positioned at different heights relative to the pump and
the flow rate was measured at the outlet beaker (mls of water
accumulated in the outlet beaker over 1 minute). The variation of the
flow rate at the different heights ranged from 590 ml/min to 750
ml/min. The above trials indicated a substantial effect from the
developing back pressure in the pump and thus necessitated the
positioning of the pump-phantom system on a permanent set up relative
to each other throughout the experiments in order to avoid
fluctuations in the flow stability. In addition to these position
dependent trials the flow stability was studied in terms of linear
velocity, over operation intervals equivalent to the time required for
the experimental measurements (i.e. up to a maximum of 30 min).

During each 30 min interval there were three linear velocity
measurements accomplished over the central axis (distance traveled =
12.5 cm; and the time of travel over the 12.5 cm). These short term

stability trials showed an average variation on the linear velocity of
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about 1%. The long term stability was determined by compiling the
averages of the four 30 minute interval tests resulting in a variation
of about .5% in the linear velocity. The effect of the flow variation
during the experiments is considered to be very small, practically
non-existent, regarding the effects of other experimental factors that
are going to be discussed in the following sections.

The flow distribution of the dynamic phantom was designed to be
uniform and unidirectional throughout the phantom’s volume. Although
all the practical design considerations were planned as to accommodate
these requirements, the flow had to be tested in order to verify its
uniformity and direction.

The uniformity tests were performed over a (15 x 20) cm area
centered at the center of the phantom’s surface and at three different
depths of 1, 2 and 3 cm inside the phantom.. There were five axes of
measurement along the 20 cm side with 4 points of measurement on each
of the axes. The distance between each two axes and each two
individual points is 5 cm respectively. 1In figure 4.1 the working
surface described here is shown, with all the 20 points for
measurements noted. The measurement of flow rate inside the phantom
was obtained as follows: A standard quantity of water soluble dye
(i.e. lcc) was injected into the phantom at the prearranged points,
one at a time, and the time required for the dye to appear on the
other side from that it was injected at, was recorded along with the
distance of travel (i.e. the distance between the injection point and
the edge of the diametrically opposite side).

By recording the time and the distance of travel, the linear

velocity of the saline through the phantom is calculated at the three
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Figure 4.1: The plan of the phantom’s surface used for the flow

uniformity tests (the shaded area is the working area; 15 x 20 cm2

).
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different depths inside the phantom. The time measurements were all
performed under the same conditions; that is, the same flow rate, the
same amount of dye was used (lcc) at the same points of injection
while the phantom density distribution was undisturbed and subject to
the random sinking of the fiberglass layers which as discussed
previously (Section 4.1.1) is of minor importance. In Figures 4.2,
4.3 and 4.4 the linear velocity is plotted against the distance of
travel for the three respective depths indicated. A study of the
graphs indicates that the flow is relatively uniform across the areas
studied, the uniformity improving with depth. The reason for this
happening, is that in the upper parts of the phantom the pressure of
the overlaying fiberglass layers is less than that in the lower parts
of the phantom, thus allowing the flowing saline to achieve a faster
and less uniform linear velocity. Furthermore, the slight sinking of
the fiberglass layers at the center of the phantom may be the cause
for the slower flow rate along the central axis and the faster on the
side axes due to the increased resistance to flow in the center (i.e.
increased density of the fiberglass—saline mixture) which causes the
side flow resistance to decrease along the 5 cm to the left and right
axes (i.e. decreased density of the fiberglass-saline mixture).

hnother observation resulting from the study of the linear
velocity graphs, is that the linear velocity decreases with depth.
This again can be attributed to the increased pressure exerted by the
overlaying layers of fiberglass which weight causes the overall flow
to slow down at the deeper levels of the phantom.

In addition, during the flow rate trials it was observed that,

when the circulation system was operated at a lower flow rate, i.e.
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Figure 4.2: The flow uniformity at 1 cm below the surface of the
phantom. The linear velocity is plotted as a function of distance of
travel. . ‘
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Figure 4.3: The flow uniformity at 2 cm beloQ the surface of the

phantom. The linear velocity is plotted as a funciton of distance of
travel.
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Figure 4.4: The flow uniformity at 3 cm below the surface of the
phantom. The linear velocity is plotted as a funciton of distance of
travel.
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linear velocity of .055 cm/sec. instead of the .15 cm/sec., the flow
was more uniform throughout the test area. 1In Figure 4.5, the linear
velocity is plotted versus the distance of travel at 1 cm depth, with
the circulating system operating at approximately .055 cm/sec. It can
be seen that the flow uniformity at the 1 cm depth level has increased
greatly. Therefore, if a more uniform flow rate was desired than that
obtained at the .15 cm/sec. rate, the flow rate could always be turned
down to achieve it. However, this was not required since the
measurements were performed at the central axis and the uniformity
achieved at the higher flow rate was satisfactory for the experiments
to be performed.

A requirement of the experiments that were to be performed, was
that the flow should be reproducible in the short and the long term
studies. For the short term variation study of the flow rate, four
trials were repeated in the course of a day with the system operated
in identical conditions for all four times (flow measurements were
performed along the central axis, at a travel distance of 12.5 cm and
at the 1 cm depth below the surface). The study for the long term
reproducibility was carried out over the interval of four consecutive
days by repeating the short term reproducibility procedure and
averaging the values of the four daily trials. In Table 4.1 the short
and long term variations of the flow rate are given in terms of the
average linear velocity and the mean variation. In the short term the
variation in flow reproducibility ranges between (3.7 - 9)% and in the
long term the flow rate reproducibility variation is about 3.8%. This
percent variation in the flow reproducibility is relatively low

regarding the limited means of controlling the fluid circulating
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Figure 4.5: The flow uniformity at 1 cm below the surface of the
phantom at a lower flow rate (i.e. .055 cm/sec). The linear velocity
is plotted as a function of distance of travel.
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Table 4.1:

The short and long term variation in the reproducibility

of the dynamic phantom’s operational flow rate in terms of linear
velocity (at 1 cm depth along the central axis; travel distance =

12.5 cm).
Linear Velocity (in cm/sec)

Trial

Number Day 1 Day 2 Day 3 Day 4
1 .140 .150 .160 .157
2 .150 171 .160 .169
3 .160 .142 .160 .169
4 .150 .150 .170 .157

Short term

Reproducibility

(Ave. Linear (.150+.007) (.153+.014) (.162+.013) (.163+.006)

Velocity + o)

[% variation] [4.7%] [9%] [8.3%] [3.7%]

Long term
Reproducibility
(Ave. Linear
Velocity + o)
[% variation]

(.157 + .006)
[ 3.8% ]

(Note:

o is the standard deviation)
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system and the other factors involved in the experimental set up (i.e.

positioning of the applicator, thermocouples etc).

4.2 DIELECTRIC BEHAVIOR ASSESSMENT OF THE PHANTOM

4.2.1 ACCURACY OF THE SIMULATION

The testing of the phantom in terms of its dielectric behavior
was undertaken after the addition of the required amount of NaCl and
in Figure 4.6 the phantom and the equipment used for these studies are
shown. It was, firstly, necessary to decide on the experimental set
up to be used for irradiating the phantom, in terms of the
thermocouple positioning inside the phantom and relative to the
applicator, and the applicator positioning above the phantom. It was
found from previous experiments with a static phantom that the shape
of the EM-field produced by the microwave applicator available in our

lab (TAG-MED; 2450 MHZ)'

is of an elliptic form and that the 50
percent region of the field is 3.5 cm off the central axis, as per
relative SAR measurements of the static phantom. It was therefore
decided to implant the two thermocouple arrays at the center of the
phantom and at 3.5 cm off the central axis at one of the x or y axes.
The positioning of the thermocouple arrays was reproducible to within
+ 1 mm. It was also secured that the thermocouples were positioned
perpendicularly with respect to the applicators to avoid perturbation
of the EM field, as it has been explained earlier. Previous tests
with the static phantom have also indicated that the optimum placement

of the applicator relative to the phantom surface, which results in

the minimum reflected power, is at 1 cm above the surface.
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Figure 1

Figure 2



Figure 4.6: The dynamic phantom and equipment assembly used for the
experiments of this work. (Figure 1; From left to right:
Microcomputer used, dynamic phantom, flow pump, generator and
applicator assembly. Figure 2; From left to right: Thermocouple
assembly and their fitting box, dynamic phantom with the applicator,

flow pump).
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Furthermore, the shape of the field pattern requires the applicator
orientation to be the same for all heating sessions if they are to be
comparable. It was, therefore, very important to devise a set up that
would be easily reproducible. To accomplish this task, the applicator
opening was traced on graph paper and its center and 3.5 cm off the
central axis points were recorded on the same paper. The whole figure
was subsequently reproduced on the thin plastic layer that is used to
prevent extensive evaporation of the water in the phantom. The
stability of this arrangement was secured by the plastic tubing, which
is used to protect the thermocouples from bending when they are being
inserted into the phantom, and which were kept in place when there was
not any heating administered to the phantom and the thermocouples were
removed.

To test the accuracy of the simulation the dielectric behavior of
the phantom has to be assessed, that is to measure the depth of
penetration in the phantom and compare it to that theoretically
predicted. The flow is shut off during this measurement because it
does not alter or contribute anything to the dielectric behavior of
the phantom. However, the flow was turned on before these
measurements, to ensure uniform distribution of the NaCl throughout
the phantom volume and it was turned off before the irradiation
allowing enough time for the system to achieve the no flow state.

The theoretical depth of penetration corresponds to the distance
inside the phantom at which the power falls off to e—z of its initial
value, ie 13.5% its initial value, and its value was calculated to be
2 cm at 2450 MHZ (as per Ch. 2)

The experimental depth of penetration was obtained by the
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following method: The phantom was irradiated at 15 Watts for a period
of time (~ 2 min) required to obtain a temperature rise of about 4°C
registered on the monitoring thermometer, i.e. the thermocouple
junction of the array that corresponds to the surface reading on the
central axis. Temperatures were recorded using one of the
hyperthermia programs available and they were subsequently printed out
for the calculation of the relative specific absorption rate values
(SAR).

The relative SAR values were calculated for the three depths
inside the phantom (1.1, 2 and 3.1 cm), on the central axis and the 50
percent region (as per equation 2.7). The surface readings of the
thermocouples were not involved in the calculations in order to avoid
incorporation of the errors due to cooling generated at the surface
from the existing temperature gradients between the heated surface and
the ambient temperature.

The calculated values of the relative SAR were normalized to 1 at
the value calculated at the 1.1 cm depth and plotted versus the exact
depth inside the phantom. (Figure 4.7). The graph includes the
theoretical relative SAR values to which the experimental values are
compared. The depth of penetration is read off this graph and it is
found to range between (2.01 - 2.1) cm.

Comparison between theory and experiment indicates satisfactory
agreement to within (1 to 5)%.

It can be, therefore, concluded that a successful simulation was
obtained experimentally, regarding the dielectric behavior of the
phantom. However, these results are representative of the specific

region of the phantom that was tested. The confirmation of these
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Figure 4.7: Testing for the accuracy of simulation. The relative
Specific Absorption Rates are plotted as a function of depth inside
the phantom as they were recorded from theoretical calculations, and
from measurements at the central axis and the 50% region. (depth of
penetration: Theory; d =2 cm, CA; d = 2.01 cm, 50%; d = 2.02 cm).
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findings was obtained by performing a dielectric behavior homogeneity
test at different sites of the phantom surface and the results are
shown in Figure 4.8. The testing sites were at distances of about 5
cm from the center of the phantom and the measurements were performed
in the same manner as described above. The values of the depth of
penetration at the different sites on the phantom fluctuated between
2.1 cm and 2.16 cm, which corresponds to a 3 to 5% error when compared

to the theoretically calculated value.

4,2.2 SHORT AND LONG TERM STABILITY OF THE DIELECTRIC BEHAVIOR

The dielectric behavior of the phantom is highly dependent on its
respective water and NaCl content at microwave frequencies in the
neighborhood of 2450 MHZ, which is the frequency of the generator
available for these studies. It was observed since the phantom was
assembled that water evaporation was occurring. However, this was an
easily solved problem. By measuring the level of H,0 in the phantom
volume and the side reservoirs the amount of lost water was found and
replaced whenever the levels were below their predetermined values,
i.e. 7 cm. After the addition of NaCl, however, it was observed that
along with the water evaporation, NaCl was crystallized outside the
phantom volume and thus, lost from the phantom resulting in changes of
its dielectric behavior (i.e. depth of penetration etc.) that altered
its response to microwaves. To measure the amount of salt lost in
this manner the following method was used: the static electrical
conductivity of. solutions with different NaCl concentrations was

measured and plotted; i.e. % versus concentration (c);(see Figure
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Figure 4.8: Dielectric Behavior Homogeneity. The relative Specific
Absorption Rates are plotted as a function of depth inside the phantom
as they were recorded from theoretical calculations, and from
measurements at the central axis and at three different sites over the
surface of the phantom. (depth of penetration: Theory; d = 2 cm, CA
and site measurements; d= (2.1 -2.16 cm).
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Figure 4.9: The static dielectric conductivity (o) of the muscle
phantom is plotted as a function of NaCl concentrafion (c) at 23.5° C
temperature.
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4.9). The solutions were measured for a range from zero NaCl
concentrations to .2 moles/liter, using a static conductivity
determination probe which was calibrated using plain water i.e.
c = 0 mole/l. These measurements covered the range within which the
phantom’s NaCl content is included (i.e. phantom NaCl céntent C =
.114 moles/liter). The fact that % is temperature dependent required
that all measurements be taken at the same temperature which was
chosen to be the ambient temperature of the phantom (T = 23.5° C + 1°
C.)

The measurements were recorded at about two weeks time after the
NaCl was added to the phantom. The value for NaCl concentration of
the phantom that corresponded to its % measured was .078 moles/liter
instead of the .114 moles/liter concentration originally existing in
the phantom. In order to examine the effect of this change on the
dielectric behavior of the phantom the value of the dielectric
conductivity for the NaCl solution sample at 2450 MHZ was considered
and the following values were calculated for the phantom: Its
dielectric constant (e = 47.72), electrical conductivity (¢ = 1.59
mho/m) and its theoretical depth of penetration (d = 2.3 cm). It can
be seen from these values that the loss of NaCl causes the conductive
losses to decrease and thus results in the observed increase in the
depth of penetration. The theoretical value of the depth of
penetration (d = 2.3 cm) was subsequently compared to the experimental
value measured for the NaCl concentration of .078 moles/1. The
experimental value was found to be equal to 2.6 cm, that is 13%
different (Figure 4.10) than the theoretically calculated value.

After the lost amount of NaCl was replenished the measurement of d was
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Figure 4.10: The effect of the change in the NaCl concentration on
the dielectric behavior of the phantom. The relative Specific
Absorption Rates are plotted as a function of depth inside the phantom
[ ¢ = .114 moles/1: dtheory =2 cm; d = 2,1 cm, ¢ = .078

exptal
moles/1 : d =2.3cm; d = 2.6 cm]

theory exptal
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repeated and the value obtained was in agreement with the experimental
value of d at the original NaCl concentration (C = .114 moles/liter; @
= 2.1 cm).

The above measurements and calculations indicate that it is
required to test the NaCl content on a weekly basis an d replenish
whatever amount is lost, in order to be able to work under the assumed

simulation standards.
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5.1 INTRODUCTION
5.1.1 THE ROLE OF BLOOD FLOW IN THE DETERMINATION OF HYPERTHERMIA

EFFECTIVENESS

Blood flow is the major factor in determining the heat
dissipation in live tissues and therefore, it is of major importance
to be able to predict it theoretically or measure it experimentally
and eventually apply this knowledge to hyperthermia studies. There
have been numerous documentations of normal or tumor tissue blood flow
with respect to hyperthermia applications by various

100,101,102,103 However, these data cannot be directly

researchers.
applied to clinical hyperthermia treatments due to the fact that they
resulted from observations of implanted tumors rather than
spontaneously occurring ones and there might be a difference in their
respective blood flows. Furthermore, there have not been any
experiments concerning the regional blood flow of spontanecusly
occurring tumors exposed to fractionated hyperthermia.

These types of measurements are therefore valuable for
qualitative comparisons to the clinical reality.

The temperature of a tissue subjected to hyperthermia is a
function mainly of its blood flow and the heat input as long as the
tissue is relatively insulated from external temperatures. This is
because surface temperature not only depends on the blood flow but
also on the tissue thermal conductivity, the evaporation rate,

104 It is therefore advised in

radiation and air convection effects.
blood flow studies to consider measurements that are recorded at a

depth that can ensure the independence from such effects (i.e. 1 to
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1.5 cm below the surface).

105,26,28 that when normal tissues are

It has been indicated
subjected to hyperthermia they respond by an increase in their
regional blood flow in order to dissipate the damaging heat from the
heated volume. The regional blood flow continues to increase until a
maximum blood flow is reached and after that it might be caused to
decrease, if the heat load is too large and lasts too long, due to

106

vascular occlusion. Experimental data show that the induction

time, ie the time for inducing maximum increase in blood flow,
decreases with increasing treatment temperatures.107 Manipulation of
this tissue behavior in clinical applications can result in maximum
effectiveness of hyperthermia in the treatment of tumors, while normal
tissue is effectively protected from thermal damage. In this manner,
an increased therapeutic ratio is achieved without any permanent
impairment of normal tissue blood flow, since it returns to its normal

flow rate within a few hours post—heating.79’105’108

5.1.2 THE THEORY

Through the years there have been many heat clearance
measurements and theoretical models that were developed with various
degrees of success (Gibbs 1933, Grayson 1952, Chaloner 1972, McCaffrey
and McCook 1975, Castellana et. al. 1984, Milligan et. al. 1983 and

1985)104 109

including the recent work by Shandhu (1986).
Of relative importance in this study are the models and
measurements developed by Milligan et al and Sandhu since the case

under consideration is the study of thermal clearance for the
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prediction of blood flow conditions under relatively small temperature
gradients. In this case the study of blood flow conditions can be
expressed by a simple exponential and exclude any conduction effects.
A means for describing the temperature distribution inside the living
tissue, theoretically, is through the so called bioheat equation which

is the following:

aT

m*p*c*—=4-+ (kat) + Qb + Qm (5.1)
where p = tig:ue density; ¢ = tissue specific heat
m = mass of tissue; T = tissue temperature
A = gradient operator; k = thermal conductivity of tissue
Qb = rate of heat exchange with blood;

Q, = rate of metabolic heat generation

The experimental measurements are designed to record the blood
flow effect on the temperature distribution during and after (thermal
washout) the specific heat application., It is assumed that any
changes are due to the blood flow rather than the thermal

110,70,111 have determined that the

conductivity. Several researchers
heat is eliminated through, mainly, the blood flow and that the
thermal conductivity has a minimal effect in the bioheat equation
regarding heat elimination, under conditions of low temperature
gradients. However, when the temperature gradients become steeper it
has been assumed that the conduction effects become considerable, but

109 By exclusion of the k term in

this is not the case in this study.

the bioheat equation it is obtained: mpc (3T/0t) = Qb + Q0 (5.2)
Considerations on the effects of metabolic heat generation show

that the metaboiic heat is relatively small compared to heat removal

by blood flow and it can also be neglected; thus obtaining:
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mpc 9T/ot = Qb (5.3)

70 who used the following simplification for

According to Jain et. al.
the case when the tissue is subject to heat:

Qp = WeCp, (T, = T) (5.4)
where: w = effective perfusion rate; oy = density of blood; ¢, =

specific heat of blood; T, = arterial blood flow temperature.

By substitution of eqn (5.4) into (5.3) and assuming p ~ b and c

~

- %
AT

the following expression is derived: 9T/3t = -wAT (5.5) where

Ta - T,
Since w is a constant through a particular washout period
equation (5.5) is solved and results in:

aT = a7 ™Vt (5.6)
It has been shown that equation (5.6) does not entirely describe the
situation of heat transfer between real tissue and regional blood
flow. For the purposes of the dynamic phantom however, equation (5.6)
suffices, in order to describe the thermal clearance, since there is

no increase in the blood flow rate during heating; the blood flow rate

remaing constant throughout the hyperthermia application.

5.2 EXPERIMENTAL MEASUREMENTS

5.2.1 MATERIALS AND METHODS

Thermal clearance measurements were performed on the dynamic
phantom in order to determine a relation of the blood flow rate and
the temperature fields originating at different flow rates. All
measurements were performed at 1 cm depth inside the phantom on the

central axis of the microwave field distribution area. Thermal
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clearance data were obtained for 1 min after a steady state
temperature was reached at a temperature rise of ATO = 3° C from the
ambient temperature of the phantom. Data were obtained for three
thermocouple configurations regarding the medium surrounding the
copper-constantan leads; that is, no medium (bare), the protective
plastic tube casing (normal), and finally the clinical configuration
of the thermocouple (normal in a plastic tube filled with air).
Temperatures were recorded using the program "COOL" at half a second
periods. During the course of the treatment, the thermocouple was
left in place for avoiding any positioning variations since the effect
of the metallic probe in the vicinity of the field resulted in minimal
distortion of the data (see Chapter 3).

Phantom tissue was heated using the 2450 MHZ generator equipped
with an approximately circularly polarized round applicator. The
power input was controlled to achieve the desired rise in temperature
in a minimum amount of time, but never exceeding the 30 W power input.
The time of heating was relative to the flow rate used, the higher the
flow rate the longer the time needed to achieve a steady state
temperature. Treatment times ranged from a few minutes to an
allowable maximum of 15 minutes, in order to avoid a temperature rise
of the whole phantom system rather than the treated area only. There
were three different flow rates used for these measurements i.e. 33
ml/min, 44 ml/min, 53 ml/min. The choice of these values was based on
the values reported in the literature for human muscle and the
limitations of the supporting equipment (i.e. pump). The values of
the flow rates stated above were calculated with respect to the linear

velocities and the cross section of the area considered [i.e. a
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rectangular of (10 x 1) cmz] The thermal clearance curves were
constructed from the data collected and analyzed for the 1 minute
period data collection.

The determination of the perfusion constant was achieved and the
effects of the various experimental parameters (thermocouple
configuration, blood flow rate, positioning) on this value were
studied. During the experimental process, it was observed that the
temperature of the phantom would increase without any administration
of heat. This heating was linked with the heating of the pumping
system. To study the effect of the pump induced heating on the
overall temperature distribution of the phantom, the temperature was
monitored on the central axis for time intervals of 15 minutes (time
allowed for the system to stabilize) and 20 minutes. Several trials
were performed to monitor the temperature of the system while no
external heating was applied. The heating due to the pump varied with
flow rates, resulting in a 20% increase of the step rise in
temperature (AT) at high flows (i.e. about .150 cm/sec), and an 8%
increase of AT at low flow rates (i.e. of about .055 cm/sec). Further
trials were performed on the effects of the pump heating combined with
microwaves applied for 20 minutes. The pump was operated for 15
minutes for the purpose of allowing the flow to attain uniformity
throughout the system and the temperatures were recorded during this
period at 5 minute intervals. Microwave heating of 23 W power input
was then applied for 20 minutes and the measurements were recorded in
the same manner. In Figure 5.1 the temperature rise is plotted
against time for the two different types of trials. The lower part of

the figure indicates the temperature rise due to pump heating when it
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Figure 5.1: The temperature rise of the phantom system due to the
pump (solid lines) alone and due to the pump plus 20 min of microwaves
(slashed lines). A plot of the rise in temperature against the time

of effect.
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is operated at different flow rates. At higher flow rates the
increase in temperature due to pump heat is on the higher part of the
variation interval while, when at the lower flow rates, the
temperature rise in on the lower part of the variation interval. 1In
the upper part of the figure the pump-microwave combination is shown
when the pump is operated at high flow rate (i.e. .15 cm/sec). The
average rate of rise in the temperature of the phantom due to the pump
alone was found equal to .02° C/min and for the pump-microwave
combination equal to .1° C/min and in this case the contribution to
the temperature rise due to the pump alone is not insignificant.
However, the contribution of the pump to the overall temperature of
the heated area is not considered to have any major effect on the
thermal clearance process. This is because the thermal washout is
recorded for 1 min after the field is off and its effects on the
temperature recording device have subsided, and during this interval
the temperature changes are much larger than 1° C/min. (See Section
5.3) and therefore the contributions of the pump heating in the
temperature is of minor importance for the data collected, since it
only amounts to a small percentage of the overall change (i.e. < 1% of

the temperature change).

5.3 EXPERIMENTAL RESULTS

5.3.1 DATA ANALYSIS

Experimental measurements were obtained for each thermocouple
configuration at the point of higher temperature rise within the heat
area (i.e. the center of the heated area of 6.5 cm radius) and at

flow rates of 33 ml/min, 44 ml/min, 53ml/min. All data were fitted
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Figure 5.2: Thermal clearance data as obtained using the thermocouple
configuration "normal", at the three flow rates used.
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through a multiple regression. 1In Figure 5.2 the data obtained are
plotted as they were after the multiple regression fit. Multiple
regression fits were applied on the data obtained using the "bare",
"normal", and "normal plus extra tube" thermocouple configurations.

By performing the multiple regression fits the perfusion time constant
was also calculated for each case. As was mentioned before, the
thermocouple was left in place during the whole treatment period and,
in each case, the data considered were those obtained after the
certain number of time constants required for each thermocouple
configuration. The circular applicator was positioned at 1 cm above
the phantom’s surface to ensure better coupling. In Figure 5.3 the
perfusion time constants calculated for each thermocouple
configuration are plotted against the flow rates used. The perfusion
time constants calculated for each probe at the same flow rate should
be, if not the same, at least equal to within a small percent
variation, because the perfusion time constant of the probe is small
in comparison. This statement agrees with the values reported for the
"normal" and "normal + extra tube" configurations. However, the
values obtained using the bare thermocouple configuration overestimate
the value of the perfusion time constant. The fact that the bare
thermocouple has the shortest time constant might be one of the
reasons for this overestimation. But, there are more serious
structural set-backs to be considered for the explanations of this
irregularity. First, the miniature metallic leads of the temperature
sensor are exposed to the microwave field without any protecting
coating to ensure their position with respect to the field

configuration. As was mentioned previously, the thermocouple should
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Figure 5.3: The perfusion time constant calculated as a function of
flow rate for the three confiqurations of the probe.
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be perpendicular to the EM fields to avoid artifacts; however, the
fine leads of the bare thermocouple can be bent or change position
with the smallest force acting on them. Therefore, their position
relative to the field cannot be ensured with absolute certainty:
Second, the lack of any protection of the thermocouple could result in
loosening of the soldered junction and therefore, incorrect data.

Most of the above stated reasons for the behavior of the bare
thermocouple could have been applied as well to the other two
configurations. However, the construction and formation of the bare
thermocouple enhances the possibility of such set backs. There is one
other likely cause of this overestimation that is related to the bare
thermocouple positioning inside the phantom. The site of measurement
taking in the central axis was prepared to accommodate all three
thermocouples, which means that the opening was very large in
comparison with the bare thermocouple’s diameter (i.e. ~ 2*50 um);
thus causing the local flow rate to be perturbed and eventually
causing the overestimation of the perfusion time constant.

Another factor that was considered with respect to the accuracy
of the treatment performance and for the purpose of comparing the
resulting data, was the reproducibility of a heating treatment. Four
trials were performed on four consecutive days in order to test the
degree of reproducibility of a treatment. All the parameters involved
were kept the same throughout the trails. That is the flow rate (33
ml/min), thermocouple configuration (normal, positioning of the
applicator relative to the phantom surface and finally power input (27
Watts). The perfusion time constants calculated in these trials are

shown in Table 5.1. These calculated values are in agreement to
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Table 5.1:

The perfusion time constants calculated for the

reproducibility trials

Standard
Perfusion Time Constant(/min) Deviation
Trial # Flow Rate (ml/min) [w/min] o,
1 33 .47 5.54 % 107/
2 33 .52 6.89 * 107/
33 .54 7.4 * 1077
33 .52 6.9 * 107/
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Figure 5.4: Trials for the reproducibility of a heat treatment. The
thermal washout data are plotted against the time of recording.
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within 10%, which is an acceptable variation in our results regarding
the relative uncertainty of some experimental parameters, such as the
positioning of the applicator relative to the phantom’s surface (a
slight change in the field configuration can result in a different
rate of heating and eventually different temperature distributions).

In Figure 5.4 the rate of change of temperature during the
thermal washout period is plotted as obtained from the multiple
regression fit performed on the data obtained during the
reproducibility trials.

Since the choice of the magnitude of the temperature rise (ATO)
was relatively arbitrary a set of measurements was undertaken for
thermal clearance data at various temperature increases (ATO =1, 2,
3, 4°C). The measurements of the thermal washout for the different
steady state ATO were obtained at the flow rate of 33 ml/min. This
particular flow rate was chosen for the trials because it requires
less power input for achieving the desired ATO and therefore, it is
more unlikely to encounter any field disturbance problems due to
metallic probes and eventually distortion in the data collected. 1In
these measurements the normal thermocouple was also used. Analysis of
these data showed that by changing the steady state ATO the only
resulting consequence is that the (AT vs time) plot is changing by
moving upwards or downwards depending whether the steady state ATO is
a higher or a lower value. This means that the response of the
phantom system during thermal washout is the same (i.e. w/min remains
constant), regardless of the value of ATO, as long as the flow rate is
the same and ATO is a low value, since in the case of steep gradients

the handling of this case becomes more complicated with the addition
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of the conductive effects along with the convective effects of blood
flow.

There is one point to stress here, that is the perfusion time
constant is exclusive for a specific blood flow and that, as long as
it is tabulated relative to the blood flow values, they can be used as
reference tables during clinical hyperthermia applications for the
approximation of the regional blood flow change during heating and
thus contribute in the prevention of damaging normal tissue due to
extensive heating. It can further be used as a means of determining
the blood flow of tumor and to take advantage of their inefficient
flow rates.

A theoretical model for the blood flow prediction from the
thermal washout data was developed by T. Constable (thesis work 1986)
which calculates the blood flow rates under different steady state

conditions.

5.4 DISCUSSION

The changes occurring in the blood flow of normal and tumor
tissue during a hyperthermia application are very important in the
determination of the optimum treatment time so as to cause minimal
normal tissue damage and maximum tumor cell killing and/or
radiosensitizing.

The measurements performed on the dynamic phantom regarding the
association of regional blood flow and thermal washout are similar to
those performed-on live animals but ony in terms of procedure rather

109

than in the response of the respective volumes. Furthermore, they
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cannot be compared to each other because of the different units used
in the two studies to express the flow rate (animal flow rate is
ml/100g-min; phantom flow rate is ml/min).

108 that hyperthermia

It has been reported in the literature
application can result into tumor blood flow occlusion when applied
for an optimum length of time, without causing any damage to the
normal tissue found in the area of treatment. Therefore, if this
blood flow prediction from the thermal washout method is refined and
proven adequate for clinical applications, there will be a tremendous
effectiveness of the hyperthermia application in the killing of tumor
cells or in sensitizing them to either radiotherapy or chemotherapy.

The data obtained from these experiments, however not entirely
conclusive, can be used as a guide for further experimental studies in
refining the method of predicting the blood flow rates of hyperthermia

treated tissues and thus enable the most effective use of clinical

hyperthermia in the treatment of cancer.
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6. CONCLUSIONS

The work presented in this report was undertaken in an effort to
better understand the processes of microwave hyperthermia in relation
to biological tissues. It was reported in the preceding chapters that
dynamic or perfused phantoms are a closer approximation of biological
tissue because of the blood flow incorporation in the simulation,
however simple it might be. The design of the dynamic phantom
discussed above was a successful simulation of the dielectric behavior
of human muscle tissue as well as of a simple form of blood flow. The
advantage of incorporating this simple form of unidirectional flow was
that a steady state could be achieved in the temperature distribution
during the heat treatments. The short useful life of the dynamic
phantom in comparison with the static phantom studied (Appendix A) is
not considered to be a disadvantage since the lost amounts of NaCl and
H,0 can be replenished without any difficulty or uncertainty regarding
the respective amounts needed. The blood flow studies which were
performed as a function of thermalvwashout have shown that the effect
of perfusion is quite dominating during thermal clearance when the
temperature step rise is low and that the whole process can be
expressed with a simple exponential.

However, recent studies109

indicate that at steep temperature
gradients the conduction effects are just as important as the blood
flow in the expression of temperature decay. It is also indicated in
these studies that the simple exponential approach, that is to ignore

thermal conduction, can result in error in estimation of the blood

flow values, even at the low temperature gradients, and that the
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method of predicting the blood flow rate from the temperature decay
curves is in general of limited value. The dynamic phantom blood
flow—temperature decay studies at low temperature gradients have shown
the convective effects to be of major importance. Therefore, it would
be necessary to study the phenomenon at high temperature gradients in
order to see the temperature decay curves as a function of both
thermal conduction and convection. This could be an expansion of the
dynamic phantom use for in vitro hyperthermia. Additional
experimental work using the dynamic muscle phantom could be performed
in the following areas:

1. Perfusion.

The addition of a constant temperature bath in the phantom-pump
system (the bath to be added after the pump’s outlet and before the
phantom’s inlet) would facilitate longer heat treatments by preventing
any rise in the temperature of the saline entering the phantom. It
would also eliminate the rise in the temperature of the phantom due to
pump heating.

2. Composition.
a. Int;oduction of other layers of tissue simulating materials

62 could provide information on the

such as fat (as per P. Nilsson)
effects of the thickness of the subcutaneous fat in the microwave
power absorption.

b. Introduction of a tumor simulating volume, which would provide
information about the temperature distribution in and around a tumor
volume.

In conclusion, there should be stressed the fact that

hyperthermia is a promising means for the treatment of cancer alone or
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in combination with other conventional methods and that there is still
very much to be learned about the hyperthermia interactions with
tissue. The understanding of the hyperthermia processes will be
achieved through continuous efforts, like the one described above,
which will provide the information relative to the biological,
physical and physiological functions of human tissue when exposed to

electromagnetic radiation.
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A.l STATIC PHANTOMS

A.l.1 MANUFACTURE OF A GUY TYPE STATIC PHANTOM

In this work, the basic muscle phantom recipe developed by
Guy61’70’85 was used to construct a static phantom and study it in
terms of its dielectric behavior, its applicability to our
hyperthermia in vitro work and in general to get a base start in
hyperthermia phantom studies.

The recipe used to construct the static muscle phantom was that

85 and is shown in Table

reported in the original publication by Guy
1.A along with the properties of the simulated muscle phantom
resulting from this composition, and as measured by Guy. The muscle
phantom has the form of a moist jellied plastic after the mixing of
the constituents.

The mixing of the phantom constituents presented the problem of
inhomogeneity throughout its volume, especially in terms of the
powdered polyethylene constituent. However, the results of several
trials showed that the most homogeneous model resulted for the
following process: The appropriate quantities of H,0 and NaCl are
mixed initially, followed by the slow addition of the TX-150 agent and
finally powdered polyethylene which is introduced in small amounts
while the whole mixture is thoroughly stirred. The stirring continues
until the mixture thickens and all the air bubbles are eliminated from
the material. The microwave phantom is then transferred into a
supporting box of size relative to the size of the applicator used in

order to avoid any wall interference during the microwave

applications. The phantom’s surface is covered with a layer of thin
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Table 1.A: The muscle phantom composition reported by Guy

85

Simulated Percent Weight Dielectric Electrical Specific

Material Composition Permittivity Conductivity Heat Density

Muscle

76.5% Saline
solution

12 g NaCl
1 liter HO
2
15.2% Powedered 49 - 58 1.13 - 2.72 0.86
Polyethylene

8.4% Jelling
Agent (TX-150)

(Note:

The values for the electrical conductivity are read off the

graph in Reference 85 and are therefore subject to error.)
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plastic (i.e. clear plastic wrap) to avoid excess evaporation of the
water.

However, the loss of HZO from the phantom is a linear function of
time. This was the reason that led to the study of the useful
lifetime of such a phantom in terms of its water content and its
effect on the dielectric and thermal behavior of the material for in

vitro hyperthermia work.

A.2 EXPERIMENTAL WORK

A.2.1. MEASUREMENTS AND CALCULATIONS

Two muscle phantoms were constructed for this purpose of
identical weight, composition and shape. One of them was kept in an
air tight container, to prevent any HZO evaporation, and the other was
kept under the conditions that phantoms are usually kept during the
experimental trials ie. covered with a clear plastic wrap.

Over the period of 15 days the two sample phantoms were kept at
room temperature, [i.e. (23 + 1.5)° C], and had their weights recorded
on a daily basis. In Figure 1.A the change of the water content of
the test phantom relative to the control phantom is plotted against
time in days.

The effect of this water loss in the test phantom in terms of its
dielectric and thermal behavior were investigated by calculating the
change in the electrical conductivity (o), the depth of penetration

(d) and the specific heat (c__) values, as a function of the HZO

mp
content of the phantom over the trial period. The calculations of ¢

were performed according to the following formula:112
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Figure 1A: The change of percent H,O content of the test phantom as a
function of time, in relation to th& control phantom’s percent HZO
content over the same period of time.
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(31,0 - 30) (£3/7.2 * 10°)
o =0, + 5 A.l
1+ (£/20)
where oy = 18.9 mmho/cm static conductivity of muscle at 20° C.112
f = microwave frequency of 2450 MHZ

%HZO = percent weight of the H)0 constituent

The depth of penetration was calculated as a function of ¢
according to the following formula:113

o
d=—'ﬁ—f0r60>\> € * p A.2

where A = wavelength of the microwaves inside muscle tissue = 1.76 cm
 at 2450 miz.5%

p = resistivity = 1/¢
The specific heat for the different water content values was
calculated according to egn. (3.16) [Chapter 3]

The results from the above calculations are shown in figures 2.A,
3.A, and 4.A respectively.

From the depth of penetration change calculations, we see that,
as was expected, d increases with the decrease in the H,0 content of
the phantom material, due to the fact that the power absorption
decreases thus enabling the field to penetrate further into the muscle
phantom. The overall maximum change in the d value over the trial
period is .07 mm, i.e. a .4% variation, which is a very small error
and it is not vitally affecting the static phantom’s behavior as a
substitute for human muscle. Similarly small is the change in the
value of the electrical conductivity, Ac, which designates a decrease

in the ¢ value of the phantom due to the loss of water (.91% decrease

in o over the trial period). The decreased ¢ value causes the
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Figure 2A: The change in the depth of penetration as a function of
the percent H,0 content of the static muscle phantom over the trial
period. (Noté&: The pairs of dots indicate that the value of d was
the same for two consecutive measurements).
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Figure 3A: The change in the electrical conductivity as a function of
the percent H,0 content of the static muscle phantom over the trial
period.
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Figure 4A: The specific heat values of the static muscle phantom as
they were recorded over the trial pericd.
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conductive behavior of the material to change; it becomes less
conductive, and this eventually leads to a lower ability to dissipate
the power input, thus causing deeper penetration of the EM wave (ie
greater depth of penetration).

A change of 6.4% in the value of the specific heat of the phantom
was calculated in relation to the H,0 content of the material during
the trial period.

In general, the variations calculated from the water content
values measured over the trial period indicate that they all are
within the 10% error range that is accepted during hyperthermia
phantom studies. The accepted error range (i.e. 10%) has been
determined from the variations that exist in the measurements of the
dielectric and thermal properties of biological tissues. In
conclusion a static phantom of the Guy type has an experimentally
useful life span of about 15 to 20 days when it is kept at room
temperature with minimal coverage. However, its useful life can be
extended by appropriate coverage and/or refrigeration after the
experiments.

The next step in the static phantom studies was to optimize the
applicator setting relative to the phantom’s surface. (Applicator:

7 The applicator was

circularly polarized, 13 cm inner diameter).
positioned at different distances over the phantom’s surface and the
values of the temperature rise, the time of application and the net
power input were recorded. In Figure 5.A the rate of change of
temperature over the net power input, i.e. [(AT/dt)/Net Power] is

plotted against the specific distances of the applicator relative to

the phantom. The net power is the power that results from the total
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Figure 5A: The applicator optimum positioning relative to the
phantom’s surface for obtaining the least possible reflections of the
microwave field (i.e. maximum AT/dt).
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power input minus the reflected power, as indicated by the generator
control panels. For all the positions tested the total power input
was the same i.e. 15 Watts and it was applied on the phantom for as
long as it was necessary to raise its temperature at 1 cm depth by

2° C (ie. AT = 2° C). That is, the time required is dependent on each
position of the applicator. It can be seen from Figure 5.A that the
optimum distance, the one at which the 2° C rise is achieved in the
shortest time interval, is when the applicator is placed at 1 cm above
the phantom surface.

After establishing the applicator positioning relative to the
phantoms surface, several temperature measurements were taken with
respect to time and the thermocouple position across the microwave
field, posed by the applicator, and inside the phantom up to a depth
of 3 cm. These temperature measurements were used for the calculation
of the Specific Absorption Rate values (SAR = c AT/dt). For the
temperature recording two thermocouple arrays of four junctions each
were used and the temperatures were measured at two perpendicular axes
(x and y) along the phantom surface and within the area defined by the
EM field (i.e. an area of radius equal to 8 cm) of the applicator. 1In
Figure 6A the calculated SAR values, normalized to 100, are plotted
against the distance (in cm) on the x and y axis; each line
corresponds to a different depth inside the phantom i.e., surface,

1 cm, 2 cm, and 3 cm below the surface.

All these measurements were performed at a total power input of
(45 + 1) Watts applied for 60 seconds each time the phantom was
exposed to microwaves. SAR values cannot be considered absolutely

accurate due to the several error factors associated with the
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Figure 6A: The percent Specific Absorption Rate distribution along
the two perpendicular axes of the temperature distribution field.
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temperature measurements. There were random errors arising from the
thermocouple positioning inside the phahtom, the thermocouple itself
due to its encapsulation into a metallic needle, thus resulting in
temperature errors, and from the time, in terms of temperature
recording timing etc. Systematic errors resulted from cooling during
and after heating and also from the thermal behavior change (i.e.
specific heat change) due to the gradual loss of H,0 from the phantom.
Nevertheless, these SAR plots indicate qualitatively the temperature
distribution throughout the heated volume of the static phantom, that
is the distribution of the power that is absorbed inside the heated
volume.

The work described above was initiated for the purpose of
understanding the use of hyperthermia phantoms and the processes
involved in acquiring useful information that could be applied to
clinical applications of hyperthermia. Furthermore, the errors
involved with such measurements were determined in terms of error
initiation factors, thus providing the required experience as to avoid

them in the dynamic phantom studies.
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APPENDIX B: CLINICAL HYPERTHERMIA PROGRAMS

The calibration of the thermometry system and the experimental
measurements were performed using the following computer hyperthermia
programs (written by J. McLellan): 1) Calibration; 2) Main prog more
D; 3) Data Search and 4) COOL.

In the "Calibration" program it is assumed a linear Voltage (V) -
Temperature (T) response curve in order to produce the factors for a
Voltage-Temperature equation. Initially the user is instructed to
immerse the thermocouples (thermometry probes) in a low temperature
bath and to enter the temperature of the bath in the computer. The
same procedure is followed in the high temperature bath also. With
the low and high temperature bath inputs the calibration factors of
the thermometry probe pair are calculated and displayed on the screen.

The "Main prog more D" program collects and stores the
temperature data for each heat treatment. The readings are taken,
displayed and stored on the disk every 15 seconds. When the data
collection is complete (when "S" is pressed or 60 minutes have passed)
the program exits and the recording process is stopped.

The "Data Search" program retrieves the temperature data stored
on the disk and prints the data out in a tabular form with the output
sent either to the screen of the computer or to the printer.

The program "COOL" records the temperature of only one junction
in the thermocouple array that can be chosen when the program is
started. With this program data are ready every .5 seconds and are
sent directly to the printer instead of being displayed or stored on

the disk.
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There were some other programs used for the calculation of the
wave parameters and the SAR values, which were written according to
the theoretical formulae (Chapter 2) by the author of this report.

(see following pages)
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