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ABSTRACT 

A series of hyperthermic, static, torso phantom experiments have been per

formed. The results are presented in comparison to a two-dimensional, theoretical, 

electromagnetic model. The 2-D model is assessed for potential use in clinical 

plannings and evaluations. Included in the assay of this model are comparisons 

of actual clinical patient data. Theoretically calculated electromagnetic fields and 

temperatures are obtained using a finite element numerical method (FEM) based 

on weighted residuals. Two experimental methods of extracting energy deposi

tion data are discussed and utilized: 1) by measuring temperature differentials to 

calculate specific absorption rates (SAR), and 2) by measuring the squaxe of the 

E-field directly which relates proportionally to the absorbed power. The employed 

regional heat source is an annular phased array (APA) operating at 70 MHz. The 

outcome of the assessment suggests that the results can be quantitative for sim

ple heterogeneous phantom problems, but remain qualitative for clinical evaluative 

purposes. 
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CHAPTER 1 

INTRODUCTION 

For many years the effects of elevating temperatures on human physiological 

functions and healing processes have been observed and noted (Hahn, 1982; Hand 

et al., 1986; Robert et al., 1986). Hippocrates had described in detail many diseases 

and commented extensively on the beneficial role of fever. A few centuries ago, a 

Greek physician said that given a means to induce fevers, he would be able to cure 

all illnesses. During this past century, researchers and physicians have attempted 

to treat patients suffering from malignancies by injecting mixed bacterial toxins 

into their bodies to intentially induce fever. Other than inducing fever, direct usage 

of hot irons to treat external tumours has also been a common practice in the past. 

By the turn of this century, electrical currents had become an applied heat source 

for surface tumours and high frequency currents were being employed to induce 

deep heating inside the body. Hot water baths have also been used in circulation 

over uterine tumours and radiant heat from infra-red lamps have been utilized in 

treatments. Not only were the treatments applied to malignant disease, they were 

also used in treating inflammatory complaints and syphilis. 

The induction of elevated temperatures is called hyperthermia. Fever is a 

special case of hyperthermia where the set point of the human thermal regulator 

is altered and is not associated with the failure of the regulatory system. It is a 

whole body form of treatment. More recent and typical forms of hyperthermia are 

not whole body, but axe rather localized or regional where external non-invasive 

heat sources as well as invasive interstitial sources are utilized. 



When the temperatures of mammalian tissue cells, both normal and malig

nant, are raised above certain threshold temperatures for various amounts of time, 

there is an exponential decrease in cell survival (Gerner tt al., 1975; Dewey tt al., 

1977; Hahn, 1982). Tissues of the human body have an average threshold value of 

42-43° C where exponential tissue toxicity begins. As can be seen in Fig. 1-1, the 

cell survival rate is both a function of temperature and of time. The conceptual 

idea of localized hyperthermia is quite elementary: heat the entire malignant tissue 

volume to therapeutic temperatures while keeping the surrounding normal tissue 

at safe subthreshold values. 

Another physiological behavior of importance is the lower average blood 

flow values associated with most tumourous tissues compared with normal tissues. 

Blood flow accounts for roughly 80 percent of total heat transfer and nearly 100 

percent of the convective transfer (Hahn, 1982). There have also been reports that 

malignant tissue cells are more temperature sensitive than normal cells (Hahn, 

1982; Pence tt al., 1986; Field, 1987). This physiological observation forms the 

basis for regional hyperthermia where the natural heat transfer mechanisms are 

utilized. Energy is deposited in the general region of the tumour volume and while 

the higher rate of blood flow keeps the normal tissue at safe sub-threshold temper

atures, the tumour retains the heat and its temperature rises into the therapeutic 

range. 

One of the intentions behind hyperthermia in cancer treatment is to avoid 

surgical incision for removal of the neoplastic tissue. Direct internal application of 

heat onto the tumour itself seems to be self-defeating, but is commonly used as the 

next best alternative to surgical removal. Heat energy being sourced externally 

to the patient by noninvasive means is often preferred since it doesn't involve a 
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Figure 1-1 An example of an exponential survivial curve profile where HeLa 
cells were exposed to hyperthermia. Survival was assessed by colony formation. 
(Interpolated data from Gerner, 1975) 



surgical procedure (i.e. less risk and trauma to the patient), but this is provided 

that one can actually heat a tumour noninvasively. Current evidence suggests 

this is a nontrivial task especially for deep-seated tumours which are the ones the 

oncologists would most likely not want to treat invasively. 

There are basically three methods which deposit heat energy into the body. 

They include sound propagation, electromagnetic energy and conductive transfer 

with the later being the least effective, especially for deep-seated tumours. Non

invasive means and apparatus of hyperthermia are discussed in general by Robert 

et al. (1986). Strohbehn (1986, 1987) also describes these methods along with 

interstitial techniques. 

One heat source that has shown some promise for hyperthermia treatments 

during the past decade is the electromagnetic (EM) field. Electromagnetic waves 

are used for both regional and localized forms of treatment. As the wave energy 

passes through lossy mediums, such as the tissues and organs of the human body, it 

dissipates energy in the form of heat. Therefore, a knowledge of the wave pattern 

produced by a particular therapy source would be very valuable in evaluating 

the capabilities and limitations of the device. Once there is an understanding of 

the wave pattern, thermal characteristics can then be used to obtain temperature 

distributions. 

In addition to characterizing the heating device, clinical personnel per

forming hyperthermia treatments on patients want to know the optimal method of 

treatment; hence, the ability to predict the treatment outcome for each individual 

would be a highly desirable clinical tool. Not only are there many heat-source 
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configurations possible, but each patient possesses different physiological charac

teristics and spatial distributions of tissue. Generally, each patient undergoing 

treatment will need to be evaluated to see how successful the treatment would be 

in elevating the cancerous tissue temperature without overheating the surrounding 

normal tissue. 

Experimental studies have been performed along these lines where the field 

patterns have been measured in biological phantoms. For example, Turner (1984a, 

1984b) has measured power depositions in cylindrical, elliptical and mannequin 

shaped phantoms using the Annular Phased Array or APA (BSD Medical Corp., 

Salt Lake City, UT). Power deposition values were obtained from both temperature 

and field measurements. Hagmann et al. (1985) have compared the APA to helical 

coil applicators by obtaining power deposition measurements from both cylindrical 

and mannequin shaped phantoms. Some studies also included patients: Samulski et 

al. (1987) have measured EM patterns in elliptical phantoms and obtained actual 

steady-state temperatures in clinical patients. Gibbs et al. (1984) and Sapozink 

et al. (1984) have measured steady-state temperatures in clinical patients for 

evaluating the APA device. Sapozink et al. (1985) have clinically compared the 

APA to a concentric coil device through temperature measurements obtained in 

patients. 

Other than actual measurements, numerical models have been presented to 

compare and evaluate heat source types and configurations. For example, Lynch et 

al. (1985) have presented a numerical method based on finite elements to solve for 

the fields within a closed region. Numerical results were compared to analytical 

solutions for effective checks. Evaluations were used to study the APA and the 

Magnetrode (Henry Medical Electronic Inc., Los Angeles, CA) sources. Lynch et 



al. (1986) have presented a numerical hybrid method to solve for the fields within 

a region not necessarily bounded. Numerical results were again compared to ana

lytical results and solutions were presented for concentric cylinders, parallel-plate 

capacitors and individal applicators. This work was basically presented again by 

Paulsen (1986) along with computed clinical results using magnetic induction de

vices, the APA and capacitive heating systems. A two-dimensional technique using 

the method of moments (MOM) was developed by Iskander et al. (1982). Studies 

were made with both a plane-wave incident field and the APA on a cylindrical 

shell. Additional calculations were performed for a cross-section of the human 

body. Many other theoretical and numerical works have also been reported and 

recent reviews on this work can be found in Strohbehn et al. (1984) and Paulsen, 

(1988). 

Studies which include comparisons of experimental and theoretical results 

have not been extensive. Visser et al. (1987) has used a 2-D computational model 

developed by Van Den Berg et al. (1983) and compared the results to experimental 

data utilizing an individual applicator on a box-shaped phantom. Iskander et al. 

(1982) have claimed to compare their experimental results to a 2-D model, but 

didn't include them in the literature. These few studies have been performed on 

phantoms only. To the best of the author's knowledge, only one study (Strohbehn 

et al., 1986) has included a comparison between measured and theoretical patient 

data. 

To fully model a hyperthermia problem, a three-dimensional model must be 

employed. However, presently available computational facilities limit the resolution 

of such a calculation. The limitations are set by the excessively large number of 

mathematical cells needed to accurately represent the human body. Not only does 



it call for a large block of computer memory, but it would also significantly affect 

the numerical solution (Iskander et a/., 1982). Once these limitations are overcome, 

tedious and time consuming modelling of the human anatomy would have to be 

performed which is not presently a feasible task in a clinic. 

The next possible solution would be to approximate the model in order to 

reduce the personnel time and the computer resources involved. With the avail

ability of two-dimensional computer tomography (CT) scan images of the patient, 

a two-dimensional model can potentially be employed. The CT-scan image would 

be taken through the cross-section containing the tumour of the patient considered. 

The image would display the sizes and shapes of the internal tissue regions as well 

as the spatial distributions. Since only a 2-D cross-section of the human body is 

considered, the required computational resolution can be afforded to the problem. 

The main thrust of this thesis is the evaluation of a two-dimensional electro

magnetic model in both phantom and clinical situations where hyperthermia meth

ods and ideas are applied. This assessment will investigate to what extent a 2-D 

model can be used in clinical treatment evaluations. Theoretical computations are 

compared to measured experimental results to hopefully begin the bridge-gapping 

process between experimental and theoretical studies. In a clinical setting, patient 

evaluation based on theoretical computations must be supported by experimental 

findings. 

The remaining arrangement of this thesis begins by presenting the two-

dimensional, theoretical model (Chapter 2) employed. This chapter discusses the 

mathematical formulations for both the electromagnetic and temperature fields 



along with the appropriate assumptions. Numerical implementations of the for

mulations are given and are based on the method of finite elements. Also included 

in this chapter is the procedure used in modelling the theoretical problem. This 

same procedure would also be valid in actual clinical evaluation processes of treat

ment planning. 

Chapter 3 discusses the equipment and procedures exercised during the 

experiments. The chapter is split into two sections where each describes a different 

method utilized in obtaining energy deposition data. The first section describes the 

procedure and apparatus setup for the measurement of temperatures to calculate 

absorption values and the second describes the measurement of the electric field 

directly. 

The results are presented in the 4th chapter covering mainly the com

parisons from the phantom experiments along with two clinical evaluations. The 

phantom observations are divided into two parts. The first part deals with a homo

geneous phantom which consists of only one tissue region bounded by an artificial 

fat layer. Results of both deposition measurement techniques are displayed. The 

second put adds another tissue region to the phantom's domain (heterogeneous) 

and presents only the direct electric field measurement results. Also included in 

this chapter, is a section devoted to the assessment of probable sources of error in 

both the measurements and the calculations. 

The final chapter (Chapter 5) provides a brief summary of the work and 

results covered in the thesis. Final words are mentioned about considerations for 

any future phantom experiments and clinical evaluations. 
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CHAPTER 2 

THEORETICAL MODEL 

The formulations that follow axe special cases of their most general forms. 

The special cases are selected through the spatial dimensions of the problem and 

the energy source specified. The model used is a two-dimensonal one in which 

variations are restricted to the x-y plane. The energy source considered is an elec

tromagnetic annular array of individual horns arranged in an octahedral manner. 

This source completely surrounds the 2-D cross-section (Fig. 2-1) in treatment 

and presents equal amplitude and phase, z-directed E-fields across each aperture. 

The fields throughout the domain are transverse to the energy propagation and to 

the spatial cross-section involved. Since the E-field is known over the surrounding 

boundary that encloses the inhomogeneous domain, the finite element method is 

chosen. With the presence of only a z-directed E-field, the mathematical formula

tions that follow are presented in their simplified forms. The following two sections 

present the electromagnetic and thermodynamic mathematics, respectivity, while 

the third implements the formulations numerically. 

2.1 Electromagnetic Formulation 

The heating source considered is the application of electromagnetic wave 

energy. When dealing with electromagnetic waves, the mathematics begin with 

Maxwell's equations. By assuming time-harmonic variations of the form e~tut in 
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Figure 2-1 Electromagnetic source configuration including the boundaries of 
the domain. Each side of the octagon represents a inward radiating aperture source. 
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a source-free medium, the electric and magnetic field vectors are related by the 

differential form of Maxwell's equations which are 

V x l  =  iu/iH (2-1) 

and 

Vxfi = -iwe*E (2-2) 

where E and S are the complex amplitudes of the electric and magnetic field, 

respectively, /z is the magnetic permeability, c* = e + ia/u is the complex permit

tivity, e is the permittivity, a is the conductivity, u is the radian frequency and 

i = y/—l. 

These two vector equations normally represent six scalar equations, but for 

the employed model, only one electromagnetic configuration is considered which is 

the transverse magnetic (TM). For this case, the x-y plane is chosen as the plane 

of analysis with the magnetic field confined to this plane having no variation in the 

perpendicular or z direction. Therefore, the electric field has only one component 

which is in the z direction and equations (2-1) and (2-2) condense to 

^ = -iu>nHs (2-3) 
ay 

^ (2-4) 

3H, dHz = iu}(*Ez. (2 - 5) 
dx dy 

Now, the objective is to bolate the electric field, since the power deposited per unit 

volume is given by \a\E^. This is accomplished by dividing equations (2-3) and 
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(2-4) by iufi and substituting into (2-5), resulting in the following second order 

partial differential equation (PDE): 

d_ 
dx 

(Jl-™*) _ = MEam (2-6) 
\tup ox ) oy \iw/z oy ) 

When dealing with electromagnetic radiation in biological tissue, o and e both vary 

with frequency and tissue type, while p remains effectively constant. Thus, equa

tion (2-6) can be rewritten to produce the scalar Helmholtz equation as follows: 

where k2 = w2/xe* and k is the complex wave number. Ez can be solved directly 

from this equation upon satisfying appropriate boundary conditions. Since Ez is 

tangential to all tissue surfaces, the interface boundary conditions are implicitly 

satisfied. 

The outside source boundary values are assumed across each of the eight 

surrounding apertures. The assumption can either be a uniform distribution where 

EG = Eq or a half-wavelength cosine function whose peak is centered at the middle 

of an individual aperture: 

Ez = Eocos(nu/L) (2 — 8) 

where Eo is the amplitude of the electric field, L is the length of the aperture and 

u is the distance from the aperture center. Either aperture assumption can be 

used and will produce negligible differences in field values calculated within the 

cross-sectional body slice as will be discussed in the results. 
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2.2 Thermodynamic Formulation 

Hyperthermic principles rely on actual, achieved, therapeutic tempera

tures. The electric field calculations represent the sourcing energy which interacts 

within the biological tissue to produce the heating. Once the electric field is known 

in the region of interest, the temperatures can then be calculated by use of the bio-

heat transfer equation. To solve this equation, thermal tissue properties and blood 

flow rates must be known throughout the domain along with the boundary tem

perature values. With the metabolic process term neglected, the bioheat equation 

has the form: 

Ptct= V • kVT - ptpi,C},m[T - TH) + A\EG\2 (2-9) 

where pt is the tissue density, ct is the tissue specific heat, T is temperature, t is 

time, K is the thermal conductivity, pj, is the blood density, cj is the blood specific 

heat, m is the blood perfusion rate, Tj is the blood entering region temperature, a 

is the electrical tissue conductivity and EZ is the electric field. 

The term on the left represents the rate of accumulated energy or energy 

storage. The first term on the right represents intrinsic heat conduction, the sec

ond term describes convection due to blood flow (blood perfusion) and the last 

term is the heating due to the absorption of electromagnetic energy. This equation 

assumes that the blood reaches complete thermal equilibirum with the tissue and 

that no heat exchanges in the arterial tree prior to microcirculation (Sekins et al., 

1986). The metabolic term is neglected due to the externally applied absorbed 

power being much larger within the tissue (Samulski et al., 1987). The informa

tion on temperature distributions is calculated under steady-state conditions which 



23 

causes the rate of accumulation term to be zero. Also, for the calculations, the 

temperature of the blood entering the tissue region is normalized to zero (Tj = 0) 

which leads to the rewriting of equation (2-9) as 

PtPpCpmT - V • KVT = A\EG\2. (2 - 10) 

2.3 Finite Element Technique 

Finite elements are used to solve for the electric fields governed by Maxwell's 

equations and the temperatures obtained through the bioheat transfer equation. 

The finite element method (FEM) is chosen due to the bounded nature of the 

source and to the inhomogeneity of the enclosed tissue domain. Under these con

ditions, the FEM has been proven to be an efficient, operationally useful tool for 

2-D problems in hyperthermia (Lynch tt al., 1985; Paulsen, 1986). The basic the

ory of the FEM can be found in any introductory text on the subject, such as 

(Huebner, 1975; Zienkiewicz, 1977). The elements take the form of both triangular 

and quadrilateral geometries. A typical finite element grid is shown in Fig. 2-2. 

2.3.1 Implementing Helmholtz's Eqn. 

To implement the electromagnetic formulation presented in section 2.1, the 

Helmholtz equation (2-7) is rewritten as 

V2E, + K2EZ = 0. (2 - 11) 

Now, the finite element solution is based on the weighted residual statement of the 

scalar Helmholtz equation: 

((?'£.)&> + i) = 0 (2-12) 
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Figure 2-2 Typical finite element grid for the model shown in Fig. 2-1. Each 
element is either triangular or quadrilateral. 
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where () indicates domain integration over the inhomogeneous region and the 

scalar weighting functions <f>i are the finite element basis functions. The weighting 

functions, <f>{, in this work vary linearly or bilinearly over all elements containing 

node t depending on whether the element is triangular or quadrilateral, respec

tively. These functions have the properties; <f>i=l at node t and 0 at all other 

nodes. Further detailed discussions on such functions are presented by Huebner 

(1975) or Zienkiewicz (1977). 

Using Green's First Identity (Jackson, 1975) 

and then subtracting {VEM • V<fo) from both sides and substituting into equation 

(2-12) generates 

where h is the outward-pointing unit normal vector to the surface containing the 

domain. Equation (2-14) can also be generated by integrating equation (2-12) by 

parts. Note that in accordance with the Uniqueness Theorem from classical theory 

(Stratton, 1941), equation (2-14) indicates that if VEZ • n is known on the closed 

surface, then EZ is uniquely determined everywhere inside the domain contained by 

that surface. The finite element solution is based on the Galerkin form of equation 

(2-14) where the unknown EG and the known VEX-H are expanded in terms of 

the real-valued weighting function, <j>j, such that 

(2 —13) 

(2-14) 

N 
(2-15) 
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and 
N N 

VjEJ*  •  f i  = • h ) j<j >j( x , y )  =  X>y^ (x , y )  ( 2  ~  1 6 )  
y=i y=i 

where <l>j=fc. With this basis function specification, equation (2-14) is known as 

the scalar Galerkin-Helmholtz equation. 

The Galerkin approximation is implemented on conventional finite ele

ments, where <f>i and the numerical Ez are continuous with piecewise continuous 

first derivatives. Since VEz-h must be continuous, the boundary integrals in equa

tion (2-14) mutually cancel along the internal boundaries, while the equation is 

ignored when Ex is known along the domain's boundary. 

Substituting equations (2-15) and (2-16) into (2-14) results in the following 

matrix equation: 

[A]{E g y  = {6} (2 - 17) 

where 

A{j = (Vfc • V<f>j)  - {k2<f>i<f>j)  

and 

N 
i•< = 

3=1 

with t and j running from 1 to N. The matrix in this case is symmetrical, thus 

requiring only half the memory allotment. Since it is assumed that the electric field 

is tangential to all of the tissue interfaces, the interface boundary conditions are 

already satisfied. At the boundary nodes where Es is known, equation (2-14) is 

removed from the matrix. Ex is computed by using a conventional banded solver. 

T <f>i<f>jds 
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For a more complete review of the FEM used in hyperthermia electromagnetics, 

refer to Lynch et al. (1985). 

2.3.2 Implementing Bioheat Eqn. 

When the temperatures are desired throughout the domain of the problem, 

the FEM method utilizes the same element grid which was adapted for the electric 

field calculations. For the calculation, the electric field must already be known at 

each individual node along with the temperatures around the patient boundary 

surface. 

Now, equation (2-10) is implemented by finite elements. The finite element 

solution is based again on the Galerkin procedure which produces the weighted 

residual statement of the heat transfer equation: 

(ptppcbmT<f>i )  -  (V-(KVT)&) = (oElfc). (2-18) 

The second term on the left in equation (2-18) can be written as 

<V.(/cVT)&> = (V• ((/cVT)<£,•)) - («VT• V&) (2-19) 

where the Divergence Theorem (Jackson, 1975) can now be utilized on the first 

right-hand side term in equation (2-19) to establish the surface integral 

(V • ((/eVT)&)> = y • rids. (2 — 20) 

Substituting equations (2-18), (2-19) and (2-20) into (2-17) generates 

{ptPbCbmTfc) + </cVT • V&) = (oElfa) + ® KVT • iifads (2 — 21) 
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where the temperature T can be now be computed using a conventional banded 

matrix solver. The right-hand side of equation (2-21) is referred to as the driv

ing function for the equation. Values for oE^ are known throughout the entire 

domain and VT • n is known on the domain's surface boundary by the following 

equation which relates the boundary temperature to the transfer of heat from the 

surrounding bolus medium: 

icVT-n = h{Ta - T) (2-22) 

where h is the heat transfer coefficient and Ta is the ambient temperature surround

ing the patient. Hence T can be uniquely determined everywhere throughout the 

bounded domain. The Galerkin form of equation (2-21) provides the FEM solution 

where the unknown T and the known VT • n are expanded in terms of the basis 

function, <j>j, such that 

N 
T = (2-23) 

y=i 

and 

N N 

KVT-h  =  J>VT •«),*,(*,») = 5>(li - T)]i^(x,»). (2-24) 
i-1 

The numerical discretization is now completed. Substitute equations (2-23) and 

(2-24) into (2-21) to result in the following matrix equation: 

wm = m (2 -2s) 

where 

Ai, = {ptPbebm<f>i<t)j) + («V& • V<t>j) + f hfatjds 
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and 

j'=i 

with t and j running from 1 to N. T is computed using a conventional banded 

solver and the matrix is again symmetrical. 

2.3.3 Interpolation 

Once the numerical computations are made, the temperature and electric 

field values are then known at every node throughout the mesh. Experimental and 

clinical measured data points will not necessarily match up to a pre-determined 

nodal coordinate. Therefore, to match coordinate points, a theoretical value can be 

determined at a point within a particular element by linearly interpolating within 

the element. This procedure requires only the coordinates of the point desired and 

nodal values of the element. 

For instance, if an electric field needs to be calculated within an element 

at point (x, y), then that value can be found by the sum of nodal field values 

multiplied by their linear or bilinear basis function such as 

N 

(2 - 26) 
i=i 

where 

4>j = aj + bjX + cyy (2 - 26a) 

or 

<(>j = aj + bjX + Cjy + djxy (2 - 266) 
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depending on whether the element is triangular (N=3) or quadrilateral (N=4), 

respectively. The nodes of the element are numbered in a counterclockwise fashion. 

<f>j has the property of equaling unity at node j and equaling zero at the other nodes. 

So, three or four equations axe formed with an equal amount of unknowns to solve 

for the coefficients in either (2-26a) or (2-26b). For example, the matrix equation 

for the coefficients of <f>i for a triangular element is written as 

The same format is also followed for the quadrilateral element. Once the basis 

function is found for all the nodes, equation (2-26) is then employed to find the 

value of E(x, y) at a particular point inside the element. 

The following describes the procedure one would follow to obtain the needed 

calculations to evaluate a specific patient's pre-treatment. This evaluation can give 

the clinician some idea as to a selection of a particular electromagnetic source geom

etry, operating frequency, power amplitude and phase, proper patient positioning 

and a bolus temperature setting. With a proper selection for optimum operation, 

the clinician could then give a final prediction for the treatment's success. 

The procedure begins by obtaining a two-dimensional CT-scan image of 

the patient considered. The image would portray a cross-sectional slice through 

the region containing the tumour showing all tissue regions and boundaries. Tis

sue boundaries and the bounding patient surface are then digitized via a digitizing 

1 xi 
1 X2 
1 S3 

(2 - 27) 

2.4 Modelling Procedure 



tablet with each individual node number and x-y coordinate placed in a single 

corresponding data file. The nodes are entered in a counter-clockwise, closed loop 

pattern encompassing one single homogeneous region at a time. This pattern en

ables reference to the various regions. The next item included in this file is the co

ordinates of source's boundary nodes with respect to the patient's domain. Again, 

the nodal coordinates are entered in the same fashion as the tissue boundaries with 

the encompassed region being the immediate bolus followed by the patient. All 

coordinates are entered in actual sized dimensions. 

After the boundaries of the source and domain are digitized, a grid or mesh 

is generated either manually or automatically. The grid consists of either triangular 

or quadrilateral elements placed throughout the domain with no elements crossing a 

boundary. The automatic grid generator (Sullivan, 1986) is a much faster and easier 

method with every element having sides that are uniform in length. Refinement 

of the grid can be also accomplished where smaller elements can be situated in 

detailed areas for better resolution. The grid is displayed on a colour graphics 

terminal where the different regions are distinguished by colour. This display aids 

in the visual development of the mesh. 

At this point, there exists a node file and an element file. The grid generator 

renumbered the pre-existing boundary nodes as it generated the interier nodes of 

the mesh. Each numbered node along with its x-y coordinate is contained in the 

node file. The element file contains the number of each element, the three or four 

node numbers contained and a number corresponding to a particular tissue or bolus 

region. Convenient renumbering of the nodes and elements is performed to reduce 

the existing bandwidth of the matrix (Collins, 1973). 
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With the entire grid generated, the finite element method algorithms are 

then used to first calculate the electric field at every node throughout the problem's 

domain. The known electric source values are assigned to every source boundary 

node of the problem which form the seed of the calculations. The numerical compu

tational algorithm requires the boundary values along with the electrical properties 

of all the regions such as the conductivity, permeability and the dielectric constant 

as well as the operating frequency. The electric field calculations are utilized in 

finding the power deposition profiles within the regions. 

Once the electric field is known at every node throughout the domain, the 

temperatures can then be calculated utilizing the same element grid. The bolus 

temperature surrounding the patient is known and is used as the patient boundary 

temperature. This temperature value is assigned to every bolus and outer patient 

boundary node throughout the domain. Along with these assigned temperature 

boundary values, the algorithm requires the thermal properties and the blood 

perfusion rates of each tissue. The accuracy of the calculated temperature values 

relies heavily on the blood flow rates which are not truly known, and must be 

assumed. Therefore an assortment of different rates must be entered into the 

program to produce a series of curves to determine limiting cases. 

The evaluation process begins by interpreting the power deposition pattern 

throughout the patient's domain. Power deposition is relative to the square of the 

electric field which produces continuous contours. Actual deposition contour plots 

would be discontinuous at tissue interfaces as a consequence to the abrupt changes 

in electrical conductivity. 
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The next step would be to analyze various temperature plots with different 

associated blood flow rates. Knowledge of the exact blood perfusion rates would 

produce more quantitative results, but due to lack of data and the limitations of 

a 2-D model, the evaluation of the results must be qualitative. To evaluate and 

predict, to a reasonable extent, the outcome of a treatment, relative blood flow 

rates of the surrounding normal tissue to the tumourous tissue is all that would be 

required. 

For the evaluation of the two-dimensional model in the phantom experiment 

comparisons, this same procedure is utlized. Instead of digitizing a CT-image, the 

simple geometrical dimensions are entered manually. Knowledge of the tempera

ture profiles is not needed since the phantom is not a representation of a dynamic 

model. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS AND PROCEDURES 

Two experimental procedures were exercised to obtain energy deposition 

data within the region of interest. This chapter is split into two sections, each 

describing one of the methods along with the setup of the equipment used. 

3.1 Temperature Differentials 

The first set of experiments were performed using temperature measure

ments to calculate the power deposition rate which is related to the specific ab

sorption rate (SAR). The equipment setup used in this cause is essentially the same 

as that used in the clinical setting. 

3.1.1 Theory 

To investigate thermal behavior of physiological systems, measurements 

of temperature can be used to produce information concerning absorbed power 

density and blood perfusion values (Roemer et al., 1985). For these experiments, 

static phantoms were used which eliminated the concern for blood perfusion values. 

A step increase in applied power causes an initial, linear slope of the temperature 

versus time curve which can be used to obtain the local specific absorption rate 

distributions. 

Transient temperature measurements are used to calculate the power de

position rates in the heated tissue region. For this analysis, the application of 
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conservation of energy is used. With the assumption that the conduction, convec

tion and metabolic rates of energy are equal for short periods of time before and 

after the power step, the energy conservation equation can be written as 

«.(«+) - ?ĉ r- = <?«('-) - (3-1) 

where Qa{t~) is the applied power before the power step, Qa{t+) is the applied 

power after the power step, p is the density, c is the specific heat, T is the temper

ature and t is the time. 

A special case of equation (3-1) was used in this work where initially, 

previous to the power step, the phantom was in a resting steady-state condition 

with no power being applied. Under this condition, equation (3-1) is reduced to 

<?.(«+) = p - 2) 

which gives the linear variation in temperature during a small time period after 

the power application. When using a static phantom, there are no perfusion effects 

and the thermal conduction is minimal for small temperature differences, therefore 

linearity is held. 

To relate the power mechanisms, we have 

SAR =  v f  =  «§ • <3-3> 

hence the energy depositions are proportional to the square of the electric field and 

to the differential change in temperature. Only relative measurements of power 

deposition are obtained to produce a power versus space curve. Constant scaling 

factors are used to normalize the measured data to the theoretical computations. 



3.1.2 Apparatus and Setup 

The source of heat is provided by microwaves generated with the BSD An

nular Phased Array (APA) and controlled by the BSD 1000 system (BSD Medical 

Corporation, Salt Lake City, Utah 84108). The APA is an array of sixteen dielec-

trically loaded, flared parallel-plate waveguide-type RF radiators arranged in two 

octagonal rings placed adjacent to one another. Range of operation varies between 

55 to 110 MHz. These experiments utilized 70 MHz. The energy is coupled to the 

patient area via a deionized water-filled bolus consisting of a set of three expand

able vinyl bags. A clinical usage of the APA is portrayed in Fig. 3-1. A more 

detailed description on the APA system is given by Turner (1984a). Other exper

iments and/or clinical usages utilizing the APA system are described by Iskander 

et al. (1982), Turner (1984a, 1984b), Bagshaw et al. (1984), Paulsen (1984,1986), 

Hagman et al. (1985), Sapozink et al. (1984,1985) and Samulski et al. (1987). 

A block diagram indicating the electrical connections is shown in Fig. 3-

2. Power is supplied to the APA with a IFI Model 416 wideband amplifier (In

struments for Industry, Farmingdale, NY) through a 50 ohm coaxial cable and 

controlled with a Wavetek Model 3000 signal generator. This amplifier replaces 

the amplifier supplied by BSD to achieve higher amounts of power across a wider 

broadband. A Werlaton dual-directional coupler is inserted into the line in order 

to measure the forward and reflected power values. These values are read by a 

Hewlett-Packard 436A power meter. 

Temperatures are measured with 8 available, nonperturbing, high resis

tance thermistor probes supplied by the BSD Corporation based on the design of 

Bowman (1976). The high resistivity reduces the dipole currents induced by the 



Figure 3-1 Conceptual drawing for clinical APA usage. 
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Figure 3-2 Electrical block diagram for obtaining temperature measurements. 
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electric field and the close proximity of the leads minimizes the magnetically in

duced loop currents. Minimizing the induced currents will lower the distortion of 

the internal field structure surrounding the probe and will also help lower direct 

ohmic heating. The probes axe attached to a probe driver system which limits 

temperature readings to a resolution of 0.1°C. 

The system is controlled from a computer/console station which is com

prised of 3 disk drives, 2 CRT's and a plotter/printer. Also added to the station 

is the signal generator to control the input power to the APA. One CRT is used 

for system input while the other is used for colour temperature display. The tem

peratures are also recorded on the plotter/printer. Temperature recordings are 

sampled and stored every 2 seconds. Data from the disk is transferred to a VAX 

11/750 computer for actual SAR calculations. 

The simulated torso phantom (Fig. 3-3) is in the form of an elliptical cylin

der with a length of 50-cm having an outer major-axis of 33-cm and a minor-axis 

of 21-cm. The outer shell consists of a 1-cm thick layer made of a rigid material 

representing the electrical properties of fat (Epoxy Engineering, Stoughton, MA 

02072). A dielectric constant of 19 and a conductivity of .028 S/m were specified 

at 30 MHz and were assumed at 70 MHz. This shell is filled with a low-viscosity 

gel (Hartsgrove, 1984; Bassen et a/., 1985) which represents muscle tissue. Since 

only one material is bounded by the fat layer, the phantom is referred to as homo

geneous. The heterogeneous phantom consists of two materials and is discussed in 

the next section. Fifteen 16-gauge teflon catheters were aligned vertically covering 

the entire 50-cm length across the major-axis of the phantom with a 2-cm spacing. 
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The low-viscosity gel, simulating muscle tissue, was comprised of the fol

lowing materials: 

3.00 % Hydroxyethylcellulose 

.10 % Dowicil 75 Preservative 

.36 % Sodium Chloride 

96.54 % Deionized Water 

All ingredients were combined and mixed at a water temperature of 40° C. Constant 

stirring was required until gel thickened, to avoid non-uniform settling, and the 

mixture was left idle overnight before pouring into the phantom's shell. Air packets 

were avoided by not letting the gelled mixture sit idle too long (i.e. < 18 hrs.). 

Specifications for this gel were approximated to give a conductivity of .88 S/m and 

a dielectric constant of 79 at 70 MHz. 

3.1.3 Procedure 

With the APA in its typical clinical setting, the phantom is placed horizon

tally in the geometrical center of the octagonal opening supported by the deionized, 

water-filled bolus bags which completely surround the phantom. The temperature 

probes supplied are then inserted into the pre-positioned catheters with all the 

sensors arranged in the same transverse plane. Only eight measurements can be 

made at a time due to the limitation of the number of supplied temperature probes. 

With the phantom in place and the temperature probes activated, power 

is then applied to the APA. The amount of power and the length of the time in

terval were initially set to levels as previously experienced by Turner (1984a) and 
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Cetas (1987). After a few trials of varying the amount of power and time, suit

able combinations were found that produced repeatable smooth SAR curves. This 

combination was in the range of 500 to 800 watts for 2 to 2.5 minutes. Gathered 

results were essentially the same for power levels ranging from 50 to 800 watts, thus 

suggesting negligible heat conduction effects. With higher amounts of power, the 

accuracy of the SAR values is improved to compensate for the 0.1° C resolution of 

the probes. Higher temperatures are derived from higher amounts of input power. 

It is more accurate to measure a change in 1°C than 0.1 °C using a 0.1°C resolution 

system. The temperature values are read every 2 seconds and are recorded versus 

time. Only the rise data is used to calculate the SAR values occurring as the power 

is applied. The SAR value is basically the change in temperature divided by the 

change in time and is calculated at each point. The SAR profile along the major 

axis is calculated automatically on a VAX 11/750 computer using linear curve fits. 

3.2 Direct E-Field Measurements 

Obtaining energy deposition rates by E-field scanning allows more flexibil

ity in devising experiments and acquiring data. The data can be collected faster 

and easier for different situations and at different locations. Measurements can 

be made at various locations both inside and outside the phantom region includ

ing across the individual aperture openings. Heterogeneity can be added to the 

existing phantom setup easily and the electrical properties can be altered in the dif

ferent regions very quickly. Implementation of two different independent methods 

of measurement functions as a validity check for both approaches. 



3.2.1 Apparatus and Setup 

The APA had to be removed from its clinical setting and modified to meet 

the requirements of E-field scanning. For E-field measurements, a field probe had 

to be able to move more freely throughout the phantom material, thus a saline 

solution representing muscle replaced the gel. A homogeneous and a heteroge

neous phantom are considered for the scanning. As in the previous section, the 

homogeneous phantom contains only one material bounded by the fat layer. To 

add heterogeneity to the phantom, a 14-cm diameter cylinder with a thin wall 

(.025-inch) is added to the center as shown in Fig. 3-3. A material characterizing 

different tissues can then be inserted into this region. To keep the saline solution 

from spilling out of the phantom, the APA was rotated 90 degrees and placed on 

its side 15 inches off of the ground. The bolus bags were removed and replaced by 

a deionized water bath so E-field measurements could also be made in the bolus 

axea especially along the apertures. A block diagram for the electrical connections 

is shown in Fig. 3-4. 

The APA was supplied power from an Ailtech 5020 broadband power am

plifier controlled by a Hewlett-Packard 8656B synthesized signal generator with 50 

ohm cables making the necessary connections. The power amplifier is equipped 

with a true directional wattmeter which measures forward and reflected power 

delivered to the load. 

Electric field measurements were made using a Holaday EME-03X, 3-axis 

field probe (Holaday Industries, Eden Prairie, MN 55344). The design of the 

probe is based on the diode-dipole antenna developed by Bowman (NBS; Boulder, 

Colorado). An isotropic response was provided by the use of 3 mutually orthogonal 
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Figure 3-4 Electrical block diagram for obtaining direct E-field measurements. 
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dipoles. The sensitivity ranged from .2 to 100 mW/cm2 and the frequency range 

was .5 MHz to 1 GHz. The length of the probe is 30 inches with a 1 inch diameter. 

A special coating was added to the exterior of the probe to make it completely 

waterproof. An air medium surrounded the volume of the dipole antennas and 

extended to the inner diameter of the probe's casing. 

Connected to the probe is the Holaday HI-3003EX broadband exposure 

meter which has a 0-2 mW/cm2 range. Three switches control the selection of any 

combination of antenna orientations to be read, both manually and digitally. Total 

field measurement is the additive values from all three antennas. Measurement 

values are proportional to E2. An additional feature is a full-time auto zeroing. 

Each range multiplier selection correspondes to a 0-1 output recorder voltage which 

is connected to a Hewlett Packard 3456A digital voltmeter. 

To automate the scanning process, a Velmex 3-axis scanner was employed 

(Velmax, Inc., E. Bloomfield, N.Y. 14443). Unislide 8200 series multiple step

ping motor translator/driver assemblies are used to control the multi-axis motion 

requirements. The scanning drivers can be operated either digitally or manually. 

A Hewlett-Packard 9836 computer controls the 3-axis scanner and the an

tenna selection of the probe and reads the proportional field value from the digital 

voltmeter. The field values are displayed at both the CRT terminal and the as

signed printer. 



3.2.2 Procedure 

The homogeneous phantom is placed in the geometrical center of the oc

tagonal opening of the APA surrounded by a deionized water bath. A saline 

solution is then added to the middle of the phantom to represent muscle tissue. 

The solution contains 5.8 grams of NaCl per litre of deionized water which has a 

conductivity of .88 S/m and a dielectric constant of 79 at 20 °C and at a frequency 

of 70 MHz. The deionized water at the same frequency and temperature has a 

conductivity of virtually zero and a dielectric constant of 78. Electrical properties 

of the saline solutions are calculated by equations of the Debye form presented 

by Stogryn (1971). The dielectric constant and the conductivity are functions of 

salinity, operating frequency and water temperature. 

The heterogeneous phantom is treated the same way in terms of the posi

tioning inside the APA. The only difference is an added region of simulated tissue 

positioned by the circular cylinder. The muscle solution outside the cylinder is 

comprised of 5.0 grams of NaCl per litre of deionized water which has a conductiv

ity of .90 S/m at 26°C and at a frequency of 70 MHz. The center region is filled 

with different saline solutions representing conductivity of values 0, .24, .46, .68 

and .90 S/m at 26° C. 

A 70 MHz, -8.0 dbm signal is supplied to the power amplifier which in 

turn supplies the APA with 48 watts of power. Low power levels are necessary 

to avoid temperature drifts which will, in return, alter the electrical properties of 

the solution. The field probe is inserted into the region of interest, either inside 

or outside the phantom, via either manual or computer control of the automatic 

scanning drives. The computer controls the scanning direction and increment 
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steps of the scanner ,upon initial user input, and then reads in the values of each 

antenna at a designated point. Data is usually collected every centimeter across 

the phantom's major axis. These values are recorded on the available printer 

along with a calculation of the off-axis angle in reference to the vertical axis of the 

phantom. 

The angle between the direction of the actual electric field and the z-axis 

is referred here as the off-axis angle. This angle has no reference to neither the x 

nor y axes. The 3-axis probe measures the square of three orthogonal components 

of the electric field, but each of the components is 54.7356° from the probes handle 

or from the z-direction of the problem's geometry. Therefore, some manipulations 

of the measurements are needed to calculate the actual electric field direction. 

Fig. 3-5 shows a diagram for the measurement of the off-axis angle To 

best describe the orientation of the dipole antennas, a cube is shown in which one 

of its diagonals represents the axial orientation of the problem in the z-direction, 

whereas the actual electric field is oriented in the direction d. Each of the antennas 

is oriented parallel to the a, b and e axes, measuring the components (Ea, E\, and 

Ee), respectively. Hence, rj) is calculated by 

(3-4) 

where 

Eg = Eacosa + E),cosl3 + Eccos<j> (3-5) 

with a = (3 = <f> = 54.7356° and 

(3-6). 
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Figure 3-5 axis E-field probe orientation. The a, b and c axes represent each 
dipole antenna alignment while the z-axis represents the probe's handle direction 
which is normal to the problem's plane of analysis. 
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Notice that as Ej projects itself onto each one of the three axes, Ez in turn is 

equal to the sum of each component's projection onto the z-axis. 
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CHAPTER 4 

RESULTS 

4.1 Phantom Observations 

The phantom experiments are presented in two parts. The first part uti

lizes a homogeneous phantom which consists of a muscle region bounded by a fat 

layer. The second adds heterogeneity to the problem by inserting a variety of dif

ferent conductivity solutions to the center of the muscle region. To obtain power 

deposition profiles in the homogeneous phantom, temperature differentials are used 

along with direct E-field measurements. The heterogeneous phantom profiles axe 

measured directly. 

4.1.1 Homogeneous 

The first homogeneous phantom experiment was performed using the tem

perature differential measurement technique to obtain the energy deposition along 

the major axis of the phantom. The gel was made to have a conductivity of .88 

S/m at an operating frequency of 70 MHz. This information was entered into 

the theoretical model at first, to calculate the expected experimental result. The 

theoretical predicted curve, which is shown in Fig. 4-1, has a slight hump in the 

middle with high sides along the phantom wall. An input power of 800 watts for a 

time of 2.5 minutes produced the smoothest curves to overcome the .1 °C resolution 

of the temperature probes. The measured data is plotted as shown in Fig. 4-2. 
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Figure 4-2 Measured relative SAR curve for homogeneous phantom utilizing 
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This experiment was repeated several times for different amounts of power and 

time producing the same basic curve characterized by flatness in the center with 

positive, steep slopes near the wall, unlike the expected curve which had a slight 

hump in the middle. 

To investigate this disagreement further, a second set of experiment's was 

implemented in an attempt to confirm the results from the first set and to obtain 

more data on the assumptions made in the theoretical model. Information such 

as actual horn distributions, Ez variations in the axial direction and off-axis com

ponents of the electric field (assumed to be in the z-direction only) was collected. 

This second set of experiments used the direct E-field measurement technique to 

find the relative energy deposition. 

To first confirm the results of the first experiment, a saline solution was 

mixed to have a conductivity of .88 S/m at a frequency of 70 MHz and at room 

temperature of 20°C. A scan was made across the major axis of the phantom and 

produced a plot similiar to what had been measured previously (Fig. 4-3). This 

level of agreement strongly suggests that the measured data was correct. 

The 3-axis, E-field probe was then used to measure the actual direction 

of the of the E-field. The data showed that the E-field was consistantly in the 

z direction throughout the two-dimensional cross-section of interest. Also, the 

variation in the axial direction was found to be reasonably small to at least ± 

5-cm. Major axis plots at ± 5-cm from the center plane are shown in Fig. 4-4. 

The power levels are weaker, but the same relative distribution is preserved. The 

E-field within this range also remained z-oriented. Fig. 4-5 displays the off-axis 

angle (V>) measurements for the E-field along the axial dimensions at both the 
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Figure 4-3 Relative measurement comparison of SAR and direct E2 curves 
for homogeneous phantom. Plots are normalized to center value at x = 0. 
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Figure 4-4 Measured E2 curves for homogeneous phantom at ± 5-cm from 
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elliptical center and the left edge (x = -14.0 cm) of the phantom's major axis. As 

long as the plane of analysis is in the center of the axial length of the phantom, 

the model assumptions mentioned, remain within reason. 

Assumed uniform field distributions around the boundary were basically 

for an unloaded source. For a boundary value calculation, the entered boundary 

values will not change when returned in the solution thus uniquely determining 

a pattern within the domain. Problems occur when there is a large difference in 

boundary source distributions for both loaded and unloaded conditions. 

The distributions on the apertures were found to be variable when measured 

under loaded conditions (Fig. 4-6) and not uniform. To determine the effect of 

loaded conditions within the domain, the measured distribution values were placed 

into the theoretical model as the known boundary E-field values, the computed 

curves then resembled non-symmetrical features of the measured. A comparison 

between the two computed curves is shown in Fig. 4-7 where one uses the assumed 

distributions and the other uses the measured under load. This off-symmetry shift 

corresponds to the off-centered position of the phantom in the domain. Overall, 

the added information may explain a non-symmetrical shift in the measured data, 

but only has a minor influence on the curve's relative values. Also, in a real clinical 

setting, the actual loaded distributions will not be known, therefore the remaining 

theoretical plots will be presented under normally assumed, unloaded conditions. 

At this point, the cause of the non-symmetrical curve is known to be due 

to the phantom's displacement.. Now, the explanation for the lack of the center 

peaking can be seen in a comparison of different curves having close, but different, 
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Figure 4-6 Measured individual aperture source distributions with homoge
neous phantom in place. 
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Figure 4-7 Theoretical comparison utilizing both loaded and unloaded distri
butions with homogeneous phantom. Plots are normalized to the center value at 



conductivities (Fig. 4-8). From this comparison, the higher peaks occur for lower 

conductivity values. 

The saline solution's electrical properties had to be measured as a check 

of its actual values. An impedence measurement technique (Burdette et al., 1980) 

was available and employed; finding the saline solution to have an average reading 

of 1.1 S/m as opposed to .88 S/m. The higher conductivity values which had 

occurred during the experiment were mainly due to a room water temperature of 

26° C instead of 20° C. Conductivity and dielectric constant values were assumed by 

use of previous data and theoretical equations rather than by actual measurement. 

The gel was previously measured by Turner (1988) and he found it to have variable 

conductivities which had, almost without exception, higher values than the stated 

recipe. 

With the correct conductivity data (<7=1.1) entered into the theoretical 

model, an agreement is present between the measured results as compared to the 

theory (Fig. 4-9). Fig. 4-10 shows a comparison using a lower conductivity of .68 

S/m and also shows an agreement in results. 

Fig. 4-11 displays the reaction of the measured profile to a horizontal shift 

in the phantom's position. The phantom was displaced to the left (neg. x-axis) one 

and two centimeters and measurements were taken as usual across the major axis 

with cr=.68 S/m. As can be seen from the curves, the lack of symmetry increases as 

the displacement increases. The power deposition becomes less on the side closest 

to the source and greater on the other. This is due to the shifting of the field 

pattern caused by the unequal loading effect of the phantom. 
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Figure 4-8 Theoretical computed curves for homogeneous phantom with var
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a = .68 S/m. Plots are normalized to 10.0. 
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Figure 4-11 Measured curves for homogeneous phantom with a = .68 S/m. 
Curves display effect of displacing the phantom 1-cm and 2-cm horizontally (left) 
from center. 



4.1.2 Heterogeneous 

To make the 2-D cross-section more complex, another region was added to 

the existing phantom. Now the phantom consists of a circular, variable conduc

tivity region bounded by muscle and then a solid fat layer as was shown in Fig. 

3-3. For such a setup, only direct E-field measurements in saline solutions were 

performed. 

A theoretical comparison of different conductivity values placed in the cen

ter region bounded by a constant valued muscle layer held at .90 S/m is shown in 

Fig. 4-12. This comparison was computed to predict the experimental results at 

first. For lower conductivity values, there is a higher peaking in the center as was 

shown in the homogeneous case. 

The measured data was collected for the same conductivity values as used 

in the theory comparison. This data is also displayed in a relative fashion to one 

another (Fig. 4-13) and is shown to have the same relative form as the theory. In 

the muscle region, the lack in symmetry is due to the slightly off-position of the 

elliptical phantom. The off-symmetry of the results inside the circular cylinder is 

caused by the off-position of the inside cylinder itself. For a perfectly arranged 

setup, there would be complete symmetry throughout the length of the major 

axis with no apparent discontinuity across the cylindrical boundary. As a direct 

comparison of measured results to theory, Fig. 4-14 shows a comparison for a 

center region conductivity of .24 S/m. 
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Figure 4-13 Measured comparisons for heterogeneous phantom with various 
center region conductivities. External regions remain unchanged. 
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4.2 Clinical Observations 

Presented in this section are two clinical cases with actual collected steady-

state temperature plots along a catheter track protruding into a section of the tu

mour. This data was collected at the Stanford University Medical Center (Bagshaw 

et al., 1984). For an actual patient, quanitative results are much more difficult to 

obtain due to the complex heterogeneities of the human body structure and the 

addition of tissue blood perfusion which is largely unknown. 

The first evaluation considers a treatment in a patient's pelvic region. A 

CT-sketch is dispayed in Fig. 4-15 showing an absence of a fat layer due to the 

thinness of the patient and the anatomy of the hip region. The sketch also shows 

evidence for the existence of a necrotic core. Shown in Fig. 4-16 are the theo

retical temperature plots along with the measured plot for normal tissues having 

a constant blood flow for all the plots while the tumour blood flow was variable. 

The tumour is considered to be homogeneous throughout the volume. Table 4-1 

lists the electrical properties at 70 Mhz, the thermal properties and the blood flow 

rates for each of the tissues in this case. Tumour blood flow rates are shown in the 

figures while the normal tissue blood flows are listed in the table. In Fig. 4-17, 

the same family of curves are presented; however, for this instance a necrotic core 

region is identified within the tumour. The outer part of the tumour has blood 

flow values that are 1.5 times that of the necrotic core (except for the low blood 

flow case; the outer tumour's blood flow rate is 5). As can be seen, the added 

information of the necrotic core improves the modelled results. This is evidence 

for the importance of blood flow knowledge and suggests the validity of using such 

an approach. Fig. 4-18 is similiar to Fig. 4-17 with the only difference being a rise 
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in blood flow rates in the the normal tissues. The theoretical curves, once again, 

approach the temperature distribution of the measured results. Any indication of a 

very low tumour blood flow before this treatment would have accurately described 

a successful, positive evaluation for the patient with the tumour heating up more 

than the surrounding normal tissue. 

The theoretical results were computed by assuming cosine distributions 

along the apertures. Both uniform and cosine assumptions produced negligible 

differences in temperature profiles within the patient. The slight offset between 

the theoretical curve (BF=0) and the measured in all three figures (Figs. 4-16, 4-

17 and 4-18) suggests a possible error in the measured distance along the catheter 

track. 

For the second evaluation, a pelvic patient treatment again is considered. 

A CT-sketch for this patient is shown in Fig. 4-19. The tumour is located in a 

more deep-seated position than the first case and is in a close proximity to the 

bladder. Also, there exists a thicker fat layer. Fig. 4-20 contains a comparison of 

the theoretical temperature contours of a flushed bladder to that of an unflushed 

bladder. The unflushed bladder is filled with urine while the flushed bladder has 

been flushed with deionized water. The tumour in the unflushed situation lacks the 

necessary heating as compared to the nearby bladder. As can be seen, the bladder 

heats up more than the tumour. This problem is remedied in practice by flushing 

the bladder before the treatment. With the bladder flushed, the plot shows the 

tumour heating up more than the bladder. The actual temperature measurements 

were recorded in the clinic with a flushed bladder and can be seen in Fig. 4-21 

along with theoretical curves along the catheter track. As before, the blood flow 
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Figure 4-15 CT-scan sketch for patient #1 showing tissue locations (t=tumour 
and b=bone) and catheter track. 
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Figure 4-16 Measured and computed temperature curves for patient #1 where 
a homogeneous tumour region is assumed. Plots are normalized to maximum 
measured value. Normal tissue blood flows remain constant (see table 4-1) while 
tumour blood flow varies (labelled in the figure). Tumour blood flow rates are 
ml/lOOg/min. 
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Figure 4-17 Measured and computed temperature curves for patient #1 where 
a necrotic core region is defined within the tumour. Plots are normalized to max
imum measured value. Normal tissue blood flows remain constant (see table 4-1) 
while tumour blood flow varies (labelled in the figure are the necrotic core val
ues; the outer tumour values are 1.5 times higher). Tumour blood flow units are 
ml/lOOg/min. 
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Figure 4-18 Measured and computed temperature curves for patient #1 where 
a necrotic core region is defined within the tumour. Plots axe normalized to max
imum measured value. Normal tissue blood flows remain constant (see table 4-1) 
while tumour blood flow varies (labelled in the figure are the necrotic core val
ues; the outer tumour values are 1.5 times higher). Tumour blood flow units are 
ml/lOOg/min. 
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Table 4-1 Electrical, thermal and perfusion tissues properties for patient 
#1. Electrical values are for an operating frequency of 70 MHz. Perfusion data is 
for Figs. 4-16,17 and 4-18. 

Electrical Thermal Blood Flow 

Tissue a Cr K Ptct Fig. 4-16,17 Fig. 4-18 

Fat 0.21 11 .210 2.12 X X 

Muscle 0.80 85 .642 3.72 3 65 
Bone 0.02 10 .436 2.25 0 10 
Intestine 0.57 80 .550 3.81 24 60 
Marrow 0.04 7 .515 4.35 2 54 
Kidney 1.00 89 .547 3.96 420 420 
Feces 0.60 113 .600 3.90 0 0 
Tumour 0.80 85 .642 3.72 vary vary 

a = electrical conductivity (S/m) 

er = relative dielectric constant 

k = thermal conductivity (W/m/°C) 

Ptct = density x specific heat (MW-sec/m3/°C) 

blood flow units (ml/lOOg/min) 

magnetic permeability (/z) = /z0 = 12.56 xlO-7 for all tissues 
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rates of the normal tissue are held at constant values for all the curves while the 

tumour's rate varies. The electrical, thermal and blood perfusion properties are 

listed in Table 4-2. 

This treatment wasn't quite effective as the surrounding normal tissue 

heated to a higher temperature than that of the tumour. In this case, given pre-

treatment information for a high tumour blood flow would have led to an evaluation 

of a negative treatment outcome. This healthy blood flow within the tumour car

ries the heat away at a rate comparable to the surrounding normal tissue. The 

lack of smoothness along the measured curve within the tumour region suggests a 

non-uniform blood flow. 

4.3 Sources of Error 

The main sources of error that occur in the phantom experiments are at

tributed to the lack of knowing the exact conductivity value among the regions and 

the precise positioning of the phantom inside the region bounded by the source. 

For clinical patient modelling, the main source of errors stem from the lack of 

knowledge of the tumour and normal tissue blood flow rates along with the main 

error sources mentioned in the above phantom case. 

The calculated phantom results, based on the theoretical model, produce 

well-defined symmetrical curves. The actual phantom used wasn't exactly a perfect 

ellipse with the origin placed directly in the center of all the radiating sources. This 

deformity and misalignment relates mostly to the effect of non-symmetry. 

Re-radiation from the sources, due to loaded reflections, is not accounted 

for in the mathematical model when the ideal source distribution is assumed. This 
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Figure 4-19 CT-scan sketch for patient # 2 showing tissue regions (t=tumour, 
B=bladder, b=bone and f=fat) and catheter track. 
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Figure 4-20 Theoretical temperature contours for patient #2 with flushed and 
unflushed bladders. Contours range between 37°C and 45° C in increments of 1 °C. 
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Figure 4-21 Measured and computed temperature curves for patient #2. Nor
mal tissue blood flows remain constant (see Table 4-2) while tumour blood flow 
varies (labelled in the figure). Plots are normalized to maximum measured value. 
Tumour blood flow units are ml/lOOg/min. 
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Table 4-2 Electrical, thermal and perfusion tissues properties for patient 
#2. Electrical values are for an operating frequency of 70 MHz. Perfusion data is 
for Fig. 4-21. 

Electrical Thermal B.F. 

Tissue a Cf K Ptct Fig. 4-21 

Fat 0.210 11 .210 2.12 3 

Muscle 0.802 85 .642 3.72 3 
Bone 0.020 10 .436 2.25 0 
Bladder"1" 1.440 50 .561 3.98 0 
Bladder* 0.002 50 .561 3.98 0 
Marrow 0.040 7 .515 4.35 2 
Tumour 0.802 85 .642 3.72 vary 

a = electrical conductivity (S/m) 

er = relative dielectric constant 

k = thermal conductivity (W/mf°C) 

Ptct — density x specific heat (MW-sec/m3/°C) 

blood flow units (ml/lOOg/min) 

magnetic permeability (ji) = no = 12.56 xlO-7 for all tissues 

bladder"1" = urine-filled bladder 

bladder* = flushed bladder 



source of error accounts more for a non-uniform, re-distribution of energy rather 

than a uniform one. The assumed equal amplitudes and phase of the sources for 

the model may even be incorrect when the radiators are not loaded. 

The problem is clearly a three-dimensional one which is largely approx

imated by a two-dimensional model. The assumptions made for the 2-D model 

certainly have an effect on the accuracy of the calculation. Even though the as

sumptions were measured to be reasonable, they contributed to the overall error 

of the comparisons. The assumptions included the presence of an axial directed 

E-field only, a magnetic field lying in the plane of analysis and no variations in the 

axial direction. 

Other minor sources of errors were due to field perturbations. The E-field 

probe was slighlty bulky with a 1-inch diameter casing. An air dielectric filled 

the inner dimensions of the probe surrounding the antennas whereas the outer 

dielectric in the measured medium was deionized water. The temperature probes 

used where designed to minimize field perturbations, but the probes along with 

the pre-positioned teflon catheters may have slightly disturbed the fields. 

Calibration of the equipment did not present a major error problem since 

most of the measurements were taken in a relative fashion. Frequency and ampli

tude variance of the amplifiers was minimal during a scanned measurement, but 

the metered frequency value may have been in error which may have caused slight 

electrical property differences. 
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CHAPTER 5 

CONCLUSION 

A two-dimensional, mathematical model has been evaluated against a se

ries of static phantom experiments and actual obtained clinical data. The results 

indicate that quantitative power deposition values can be obtained for phantom 

experiments, while clinical temperature profile evaluations remain qualitative. The 

qualitative nature of patient evaluations become increasingly quanitative as more 

blood perfusion data becomes available. 

The use of saline solutions seems to be better than formulated gels for sim

ulating tissue in phantom experiments. Direct E-field measurements can be made 

entirely throughout the domain only limited by the physical size of the probe and 

can provide such information as E-field direction and phase. Power deposition val

ues are easily' computed via the E-field measurement and offers a better resolution 

of values as compared to the temperature differential method. The saline solution 

can be altered and/or completely changed quite frequently and easily. The elec

trical properties of saline solutions do vary with temperature, thus only low input 

power levels can be tolerated. 

The main sources of error that occur in obtaining accurate results in the 

phantom experiments are in knowing the exact value of the region conductivity 

and the true positioning of the phantom inside the bounded domain region. As for 

the clinical patient modelling, the chief error source is the lack of knowledge of the 



83 

tissue blood perfusion rates in both the normal and tumourous areas coupled with 

the sources mentioned in the above phantom case. 

Future phantom experiments should be performed minimizing sources of 

error. An accurate method and supporting apparatus for measuring the dielectric 

properties and conductivity values of the solution or gel should accompany the 

experiment during the time of acquiring data. This process should include careful 

monitoring of the medium temperature. A perfect, geometrically-shaped phantom 

with precise positioning would delete any unpredicted, non-symmetrical effects. 

Also, the E-field probe can be constructed to hold the same medium within its 

constructions as the surrounding probed medium. This'would reduce field per

turbations due to an acute change in dielectrics. Alternatively, the change in 

dielectrical properties can be included in the modelling of the domain. 

The 2-D model, instead of a 3-D model, can be used to give clinical person

nel a relative prediction of how a particular treatment will fare. Also, different heat 

source operating conditions can be compared and evaluated to optimize a given 

patient treatment. On a larger scale, different electromagnetic sources and configu

rations can be evaluated for potential hyperthermia usage using this 2-D technique. 

When using this type of analysis, it must be kept in mind.that a two-dimensional 

model is a rough approximation to the three-dimensional problem and should be 

used only for quick, low-cost assessments in hyperthermia clinical settings. 
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