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ABSTRACT 

The temperature distributions produced in neck tumors by using either a single, 

scanned transducer (a unidirectional scan) or two separate transducers whose axes were 

perpendicular (a bidirectional scan) were simulated. The three dimensional neck model 

included separate anatomical regions for the normal neck muscle tissue, the tumor, the 

spinal column and the trachea. The effects of variations in the transducer frequency and 

f-number, the tumor size and location, and the normal and tumor blood perfusion rates 

were established. The results indicate that the best temperature distributions are produced 

by bidirectional, scanned, 2 MHz ultrasound beams whose powers are modulated as a 

function of position. The temperature distributions from such bidirectional scans were 

significantly better than those of unidirectional scans. Modulation of power as a function 

of position during scanning further improved the temperature distributions. These 

results can be used to guide the construction of improved ultrasound hyperthermia systems 

for the treatment of neck tumors. 
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CHAPTER 1 

INTRODUCTION 

Hyperthermia has been considered as an effective therapy in tumor treatments due 

to the fact that 1) tumors are heat sensitive, 2) hyperthermia increases the radiosensitivity 

of cells, and 3) hyperthermia enhances the cytotoxicity of chemotherapy. In other words, 

hyperthermia therapy not only kills tumor cells, but also increases the effectiveness of 

radiotherapy and chemotherapy, which are widely used in the tumor treatments. Among 

the various hyperthermia modalities, ultrasound hyperthermia is becoming widely used 

in the treatment of tumors due to its superior ability to penetrate soft tissues at wave 

lengths that allow focusing (Lele 1975, Marmor et al.1979, Corry et al.1982, Fessenden 

et al.1984). Ultrasound hyperthermia combined with radiation therapy has proven 

effective in the killing of tumor cells. Scanned focused ultrasound (SFUS) hyperthermia 

was introduced to produce therapeutic benefit in tumors of various sizes and locations 

(Lele 1983, 1984, 1986). The advantage of this method is that it is a noninvasive heating 

approach that can be precisely controlled to locate the power deposition of the confined 

volumes deep in the body; therefore the method avoids the excessive heating outside the 

tumors. SFUS hyperthermia systems have been used in human patients (Guthkelch et al. 

1991, Harari et al. 1991, Hynynen et al. 1987, Lele and Goddard 1987, Lele and Parker 

1982, and Shim et al. 1988). Various SFUS system parameters have been investigated in 

order to improve its performance (Hynynen et al. 1988, 1990, Johnson et al. 1990, 
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Moros et al. 1987, 1990, Lin et al. 1992). Despite the fact that single direction scanned 

focused ultrasound hyperthermia has been successfully used in the treatment of a number 

of patients (Lele 1986, Shimm et al. 1988, Hynynen et al. 1990, Harari et al. 1991, 

Guthkelch et al. 1991), obtaining good temperature distributions during ultrasound 

treatments of neck tumors has been difficult. Avoiding patient pain in neck tumor 

treatments resulted in a low temperature elevation (<42°C) in the tumor (Shimm et al. 

1988). This was potentially caused by the high ultrasound power absorption in the spine 

and trachea which could have produced hot spots at their surfaces. Such bone heating has 

been seen in an experimental study on canine thighs by Hynynen and DeYoung (1988) 

where the temperature rise at the bone interface was significant. 

To help avoid potential overheating at the bone and trachea interfaces, the power 

deposition at the interfaces must be reduced. With unidirectional scanned focused 

ultrasound the restrictions of delivering ultrasound power into the tumor make it difficult 

to fulfill the goal. Thus, a bidirectional ultrasound field is being considered. The larger 

ultrasonic window available with bidirectional scans should make it possible to reduce the 

power deposition at the interfaces, thereby, improving the overall temperature distribution 

in the tumor. For the complex neck structure considered, it would be extremely useful 

to know how the parameters involved in bidirectional scans would affect temperature 

distributions in the tumor. Also, due to the complexity of the neck structure, it is very 

difficult to study the above approach in vivo. For these reasons, it has been necessary 

to develop a three-dimensional neck model and study the effects of various transducer 
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parameters, scan parameters, power outputs and the blood perfusion rates using this 

model. Although bidirectional scanned ultrasound hyperthermia has not yet been studied 

experimentally, it is worthwhile to conduct a feasibility study on this issue. In this thesis, 

a complex three-dimensional neck model with separate anatomical regions for the spine, 

the trachea, the tumor and the normal muscle tissue was established using an idealized 

geometry. The bidirectional ultrasound fields were modeled at several transducer 

frequencies, f-numbers and scans. Several tumor sizes and blood flows were also 

studied. To study a simpler clinical implementation, a plane-wave transducer was used 

as a substitute for one of the bidirectional scanned focused transducers. 
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CHAPTER 2 

METHODS 

In this chapter the neck model and bidirectional scanned ultrasound simulation 

model are presented. Figure 2.1 is the flow chart which shows the steps by which the 

final temperature distribution is obtained. The neck model is discussed in Section 2.1. 

The ultrasound power deposition calculation is discussed in Section 2.2, in which the 

Volume Weighted Average (VWA) method, the power distribution at the interface of 

trachea-air and normal tissue-spine, and the bidirectional ultrasound field are discussed. 

In Section 2.3, the temperature solver routine using the bioheat transfer equation is 

discussed. 

2.1 The neck model 

In developing the neck model (Figure 2.2), the two anatomical structures which 

have critical features were included along with the normal neck muscle tissue and the 

tumor. These are the spine, which has a relatively high ultrasound power attenuation and 

absorption coefficient, and the trachea, which has a relatively high ultrasound power 

attenuation and absorption coefficient in its wall, and also reflects a significant fraction 

of the ultrasound beam at the wall-air interface. Within the parallelepiped neck model 

there are l)a cross shaped region representing the spine, 2) a rectangular region 

representing the trachea, which has an inner rectangular region representing the air and 
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' an outer annular region representing the wall of the trachea, and 3) a spherical tumor 

region. All of the regions have dimensions and locations which were adjusted to match 

the general features of specific patients using their CT scans. The ultrasound attenuation 

and absorption coefficients, and the tissue blood flows and thermal conductivities used are 

specified in Table I. 

The studies were based on clinical CT-scans of three University of Arizona 

patients, from which the idealized geometries of the spine, trachea and tumor were taken 

(Figure 2.3). The large tumor (Figure 2.3A) has a diameter of 6.0 cm with its center at 

(4,10,4) cm. The medium tumor (Figure 2.3B) has a diameter of 4.0 cm with its center 

at (4,10,4) cm. The small tumor (Figure 2.3C) has a diameter of 3.0 cm with its center 

at (3,10,3) cm. 

Table I Acoustic and thermophysical coefficient 

Description 
Muscle 
tissue 

Tumor 
volume 

Spinal 
column 

Trachea 
wall 

Trachea 
airway 

Attenuation & 
Absorption(Npm"1MHz'1)1 5 5 150 70 0 

Blood Flow (kgnrV) 1.0 
0.5, 
1.0, 
2.0 

0.0 1.0 0.0 

Thermal 
Conductivity(Wm'' "C"1)2 0.5 0.5 1.16 0.5 0.483) 

l: Hynynen, 1990, 2: Chen et al., 1990, 3: Reynolds and Perkins, 1977. 
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Figure 2.1 The overall flow chart 
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Figure 2.2 The neck model 
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Figure 2.3 Geometric locations for three different tumor patients 
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2.2 Ultrasound power deposition 

The ultrasound power deposition was calculated according to the steps shown in 

Figure 2.1. First, the single scanned focused ultrasound power deposition field Qp was 

calculated as follows. 

1) The program developed by Swindell (Swindell et al., 1982) calculates the 

absorbed energy in tissue with uniform attenuation and absorption coefficients by 

evaluating the Rayleigh-Sommerfeld diffraction integral over the surface of a transducer. 

Since the acoustic impedances of different soft tissues are very close, the sound wave 

reflection, refraction and scattering are ignored at the tissue interfaces. In other words, 

all of the energy attenuated in the tissue is locally absorbed. The transducer's radius of 

curvature, diameter, frequency and distance from the transducer surface must be specified 

as the inputs of this program. The output of this program is a two-dimensional array 

which consists of an axial plane of the power field, because the transducers produce a 

cylindrically symmetric acoustic field. 

The Rayleigh-Sommerfeld diffraction integral was used to calculate the acoustic 

velocity potential ijr (Swindell, 1986): 

= / / .  -^ -e~ J k s dA (1 )  
A 27tS 

where ua is the normal velocity of the surface, k is the wave number, and s is the distance 

from point p to the surface. A is the surface area. There are several numerical 

approximations that can be used to obtain the acoustic velocity potential distribution 
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generated by the transducer. Equation (2) used a two-dimensional numerical integral over 

the whole surface of the transducer: 

A A V ^ itf II a nv 
=  A x A Y y  y  Mjjjjjf (2) 

*' 2* snmj> 

where S^p is the distance from the point source nm to the field point p and iv, is the 

normal velocity of the element nm. This two-dimensional integral calculation is very time 

consuming (Fan and Hynynen, 1992). Therefore a one-dimensional integral (Swindell et 

al., 1982) was used to speed up the calculation in Equation (3): 

ii " A A P 
lr (3) 

where AAmp is the element area with radius Smp being constant. This approximation 

requires less computing time and produces quite accurate results (Fan and Hynynen, 

1992). From the acoustic velocity potential, the acoustic pressure can be calculated as 

follows: 

P , .jopl, (4) 

where P is the acoustic pressure at point p. The e^ dependance of i|f produces the factor 

of j3) in equation (4). Then, the absorbed power density Qp (w/m3) can be computed 

from the following equation: 

where a is the amplitude absorption coefficient, to = 2izv/k is the angular frequency of 
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Qp • ̂  - ««VMxlz ® 

the sound wave and Z is the specific acoustic impedance of the tissue. From the above 

numerical methods, the absorbed energy for a stationary transducer can be calculated 

through a modeled tissue volume. 

2) The transformation program written by Clegg (Moros, 1987) converts a 

radially symmetric pattern into a rectangular pattern. This two-dimensional power 

intensity array is then transformed into a three-dimensional Cartesian array with angular 

symmetry because the scanning program and temperature solving routine were all written 

in Cartesian coordinates. 

3) The program developed by Moros (Moros et al., 1987) for a scanned ultrasound 

power field calculates the redistribution of the stationary power due to a circular scanning 

pattern. This program moves the three-dimensional Cartesian ultrasound power array 

obtained from program #2 in a circular path inside another larger array which represents 

the tissue. For the steady state simulations, the superposition of the three-dimensional 

stationary Cartesian power array along a circular path in the larger array was used to 

construct the new scanned focused ultrasound power distribution. The tissue attenuation 

was applied in that program using, 

« = <?0(W) * e-2'a+r (6) 

where a is the attenuation coefficient, f is the frequency and r is the distance into the 

tissue. 
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4) The new program containing new techniques takes into account the very high 

attenuation in the trachea and spinal column, and beam reflection at the trachea-wall 

interface. Finally, a subroutine developed for this study of bidirectional scans has 

basically superimposed two unidirectional ultrasound power fields. The program requires 

the inputs of the geometries of the spinal column, the trachea, the thickness of the 

trachea wall, and the positions to which the beams aim. The output of the program is a 

three-dimensional power array for the specified neck model. The new features are 

described below. 

2.2.1 The volume weighted average (VWA) power deposition 

As programmed by Moros (Moros et al., 1987), the exponential attenuation 

calculation of equation (6) using Simpson's Rule is only accurate for media with moderate 

attenuation and absorption coefficients. Large errors are thus present at the soft tissue-

spine and the soft tissue-trachea interfaces when using the Simpson's Rule technique. 

That is, the power deposition in a high-attenuation medium has a high gradient near the 

boundary and Simpson's Rule does not work accurately unless a very fine grid size is 

used. Thus, an alternative integration procedure, the volume weighted average (VWA) 

power deposition method, was used in the entire power field calculation of the neck 
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model. This method calculates the power deposition integral within the element volume 

and divides it by its volume as shown in equation (7). 

(7) 

"average y 
node 

Theoretically, the volume weighted average power deposition represents the exact 

value of the average absorbed energy within a nodal volume. Since the ultrasound power 

decay is a known function (Equation 6), the integral calculation is not very time 

consuming. In Equation 7, substitute Q(x,y,z) from Equation 6 to obtain 

^ /rr+Ar<?0(W) * e'2""ftr * Ar2 dr (g) 

Qaverage | ^3 

where r is the depth, and Ar is the same in x,y and z. Evaluating Equation 8 leads to 

_ (?q(W) # -2a/(r+Ar) _ g-2 a f r  s (9) 
^average _2 ayAr 

V > 

where Ar is the grid spacing. The use of the attenuated power field calculated in this 

manner yields a good convergent temperature field with a reasonable grid size (Appendix 

A). Figure 2.4 demonstrates how Simpsons's rule and the VWA method work differently. 

Figure 2.4 compares the normalized absorbed energy versus the depth within a 10 mm 

distance in one dimension for both normal tissue and the spine media using 2 MHz and 
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1 and 2 mm grid spacing. It can be seen that in normal tissue media (5 Np/m/MHz) the 

power attenuates moderately, and the error of using Simpson's Rule for both spacings is 

very small over the entire 10 mm distance. In the spine media (150 Np/m/MHz), it can 

be seen that the maximum error always occurs at the first node, where the highest power 

gradient is located. The error decreases rapidly as it goes deeper. In Figure 2.4, the top 

graph demonstrates the three Simpson's Rules. Simpson's Rule A takes Qa at x = xf. 

Simpson's Rule B takes Qb at x = Xj.,. Simpson's Rule C takes Qc at x = (xM + X;)/2. 

The bottom left graph lists errors with various methods in the spinal column and the 

normal tissue medium in 1 mm spacing. The bottom right graph lists errors with various 

methods in the spinal column and the normal tissue medium in 2 mm spacing. It can be 

seen that Simpson's Rule A and B which were used in the previous program produce a 

large error even in 1 mm grid spacing. Using Simpson's Rule C with 2 mm grid 

spacing, the error at the first node is reduced to 6%. Using Simpson's rule C with 1 mm 

grid spacing, the error at the first node is reduced further to 1.3%. However, 1 mm 

spacing for a 20x20x20 cm neck model means 8,000,000 nodes, which means a very 

time consuming computation. As shown, the VWA method using fewer nodes produces 

accurate average absorbed energy for both cases regardless of high power attenuation 

coefficients. 
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Figure 2.4 The demonstration of VWA method 
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2.2.2 Power deposition at the soft tissue-spine interface 

It is known that the high power deposition at the soft tissue-spine interface has a 

significant effect on the temperature distributions. In order to study a worst case 

situation, 100% ultrasound beam transmission into the spine (0% reflection) was used in 

the study. Figure 2.5 shows the high power deposited in the spinal column surface 

and rapidly reduced as the beam enters into the spinal column. 

2.2.3 Ultrasound reflection at the trachea wall-air interface 

The trachea has been considered as an annular structure. The wall of the trachea 

has a high ultrasound attenuation coefficient. According to Equation 10. 

^ _ z2cosQ 1 - zicos02 
z2cosQl + z/cos02 

where zl, z2 represent the impedance for the two media, and 01 and 02 represent the 

incident angles. Because of the large impedance mismatch, a 100% reflection coefficient 

was used at the trachea-air interface. The program takes the geometries and applies the 

above power handling if the beam hits the trachea/air interface. At the normal 

tissue/trachea wall interface, the 100% transmission was used like the soft tissue-spinal 

column interface. 

Figure 2.6 shows the power distribution along the axis of a scanned focused 

transducer with the trachea at a distance of 6 cm from the skin. The power in the trachea 



wall is extremely high and reduces to zero as the beam was reflected back. 
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Figure 2.5 The ultrasound power deposition at the soft tissue-spine interface 
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Figure 2.6 The ultrasound power deposition at the soft tissue-trachea interface 
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2.2.4 Bidirectional ultrasound fields 

The bidirectional scans used two separate scanned focused ultrasound beams which 

enter the neck from two different directions at right angles as shown in Figure 2.7. The 

position of these two scanned beams was adjusted so that they overlapped only in the 

tumor volume. Figure 2.8 shows the flow chart of bidirectional ultrasound power 

deposition calculation. The program first takes two unidirectional fields and separately 

calculates the power redistribution according to the positions of the beams and the 

structures and their attenuation and reflection, and then superimposes the two calculated 

unidirectional fields into a three-dimensional power array Qp according to the position 

specified earlier. The superposition of these two different unidirectional scanned 

ultrasound fields applied to the neck model increased the power deposition in the tumor 

region relative to the normal tissue. Figure 2.9 - 2.11 shows the ultrasound power 

deposition for three different patient tumors. The high power deposition peaks at the 

interfaces show clearly the high absorption characteristics of the spine and the trachea. 
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Figure 2.7 The schematic diagram of the bidirectional scanned focused ultrasound 
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Figure 2.8 The flow chart of bidirectional ultrasound power deposition calculation 
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Figure 2.9 The bidirectional ultrasound power deposition for the large tumor 
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Figure 2.10 The bidirectional ultrasound power deposition for the medium tumor 
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Figure 2.11 The bidirectional ultrasound power deposition for the small tumor 
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2.3 Temperature solver 

A simulation program developed by Moros (Moros, 1990) which solves the steady-

state bio heat transfer equation numerically using the successive over-relaxation (SOR) 

finite difference technique was used to calculate the temperature distributions, 

k^T - Wcb(T-Ta)+ Qp = 0. (ID 

The blood flow and thermal conductivity in the tumor and the normal tissue regions were 

specified individually (Table I). All six boundaries were treated as constant temperature 

37°C boundaries (Dirichlet condition). The arterial temperature (TJ was also set at 

37°C. c,, was 3770 Jkg'l0C''. The air inside the trachea was treated the same as the 

other regions with its perfusion and thermal conductivity specified as in Table-I. The grid 

size of 2 mm was used in this entire study as a result of compromise between accuracy 

and computational time. 
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CHAPTER 3 

RESULTS 

A study was conducted to attempt to improve the temperature distributions 

attainable by using various transducer parameters for different neck treatment simulations. 

Table-II shows the transducer parameters used in the study. In each simulation the power 

amplitude was adjusted so that the maximum temperature in the field was 45°C which 

represents a reasonable clinical goal. The results from three different sized tumor 

simulations are used to illustrate the characteristics of different treatment plans. In 

Section 3.1, the constant power bidirectional scans are compared with unidirectional scans 

within a homogenous blood perfusion neck model to illustrate the advantages of the 

bidirectional scan approach. In Section 3.2, bidirectional scans are applied to a 

heterogenous blood perfusion neck model, where various transducer frequencies, f-

numbers, tumor blood perfusion rates, and various tumor sizes and locations are 

investigated. In Section 3.3, the modulated power bidirectional scans are discussed to 

improve the tumor temperature distributions. In Section 3.4, a simplified approach of 

using a plane wave transducer as a substitute for one of the bidirectional scanned focused 

transducers is investigated for its feasibility in different sized tumors. The results of that 

study are compared to the modulated power bidirectional scan approach. In Section 3.5, 

a study of the effect of scan diameters on the temperature distribution is initiated to 
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determine if optimization could be done to improve further the temperature distributions. 



Table II The transducer parameters 

Frequency Transducer Curvature 
Transducer 

(MHz) 
Diameter Radius 

f-number 
# (MHz) (cm) (cm) 

f-number 

1 1.0 10.0 10.0 1.0 

2 1.0 10.0 20.0 2.0 

3 1.0 10.0 40.0 4.0 

4 2.0 10.0 10.0 1.0 

5 2.0 10.0 20.0 2.0 

6 2.0 10.0 40.0 4.0 

7 3.0 10.0 10.0 1.0 

8 3.0 10.0 20.0 2.0 

9 3.0 10.0 40.0 4.0 

10 2.0 4.0 Plane-wave -

11 2.0 5.0 Plane-wave -

12 2.0 7.0 Plane-wave -
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3.1 Constant power, bidirectional scans, and homogeneous blood perfusion model 

To provide a simple comparison of the difference between unidirectional and 

bidirectional ultrasound scan results, a case with a uniform blood perfusion rate of 1.0 

kgnrV in the normal muscle tissue and tumor was used. Figures 3.1 - 3.6 show the 

characteristics of both the unidirectional and the bidirectional scans in three different 

tumors. The results were represented in two formats: temperature contour plots and three 

dimensional histograms. Since the general results for these cases are very similar, in this 

study only the medium tumor is discussed. Figures 3.3A, 3.3C and 3.3E show the 

temperature distribution in the center (X-Z) plane of the tumor for a unidirectional scan 

of the medium tumor case. Figures 3.3B, 3.3D and 3.3F show the temperature 

distribution for a bidirectional scan of the medium tumor case, using two of the same 

transducers and the same scanning patterns for both scans. Note that at 1 MHz, the 

unidirectional scan produced hot spots (45 °C) only at the trachea interface leaving the 

tumor region as cool as 40°C. In contrast, the bidirectional scan produced a fairly good 

temperature increase (up to 45°C) in the tumor. However, the interface temperature only 

reaches 44°C. At 2 MHz, the unidirectional scan managed to produce the maximum 

temperature (45°C) in the tumor, yet still had a 44°C spot on the trachea interface. In 

comaprison, the bidirectional scan lowered the trachea interface temperature down to 

41 °C. At 3 MHz, hot spots disappeared for both unidirectional and bidirectional scans. 

However, the unidirectional scan heated only the volume close to the skin. On the other 

hand, the bidirectional scan managed to heat the volume deeper through the wide 
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ultrasound window. It is obvious that the bidirectional scan produced much lower 

interface temperatures with the same transducer parameters than acquired in the 

unidirectional scans. In addition, the temperature is distributed more uniformly in the 

tumor region for the bidirectional scans than for the unidirectional scan. Figure 3.4A 

shows that the normalized tumor volume above the index temperature is much higher for 

bidirectional scans than for the unidirectional scan. The normal tissue volume above the 

42 °C divided by the tumor volume for bidirectional scans is also lower than for the 

unidirectional scans in most cases except at 1 MHz. Though the 2 and 3 MHz 

bidirectional scans had higher normal tissue volumes at 40°C, the 40°C temperatures 

would not produce a deleterious effect because the deleterious effects are usually caused 

by a temperature higher than 42°C. It was found that 1 MHz bidirectional scans have 

the highest percentage of tumor volume above the goal temperature 43 °C. However, they 

also have the highest percentage of normal tissue volume above the index temperature in 

Figure 3.4B. The 2 MHz bidirectinal scans have the second highest normalized tumor 

volume above the index temperature, and it drops sharply after 43°C, which means the 

tumor temperature is more uniform than the unidirectional scans. It also has a very low 

normal tissue volume above the index temperature. This information will be very helpful 

to treatment planning. The 3 MHz bidirectional scans have a low normalized tumor 

volume above the index temperature, and about the same normal tissue volume as the 2 

MHz scans. The frequency of 3 MHz probably will not be considered as a good option 

except that special care must be taken of the interface temperatures. The highly localized 
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bidirectional scan approach makes the treatment of neck tumors more tractable, and the 

hot spot problems of using unidirectional scans can then be solved along with the 

improved tumor temperature distribution. 
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Figure 3.1 Comparison of temperature distributions of unidirectional and 
bidirectional ultrasound scans for the large tumor and a homogenous tissue 
model with a uniform perfusion of 1.0 kgm V1. 
A,C,E: Results for a unidirectional scan using a 2 MHz, f-number 2.0 
transducer with three concentric circular scans of diameter 2.0, 4.0 and 6.0 cm 
focused at a depth of 4.0 cm. B,D,F: Results for two bidirectional scans each 
with the same transducers and the same scan characteristics as in A,C,E. 
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Figure 3.2 The histogram for the same case as in Figure 3.1 
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Figure 3.3 Comparison of temperature distributions of unidirectional and 
bidirectional ultrasound scans for the medium tumor and a homogenous tissue 
model with a uniform perfusion of 1.0 kgm'V. 
A,C,E: Results for a unidirectional scan using a 2 MHz, f-number 2.0 
transducer with two concentric circular scans of diameter 2.0 and 4.0 cm 
focused at a depth of 4.0 cm. B,D,F: Results for two bidirectional scans each 
with the same transducers and the same scan characteristics as in A,C,E. 
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Figure 3.4 The histogram for the same case as in Figure 3.3 



48 

S 

N 

I B .  

1 5 .  

12 .  

9. 

6 .  

3 .  

0 .  

18. 

1 5 .  

12 .  

9 .  

B. 

3 .  

0.  

f = 1 MHz 
w = 1.0 kg/nrVs 

f = 2 MHz 
w = 1.0 kg/m3/s 

f = 3 MHz 
w = 1.0 kg/m3/s 

f = 1 MHz 
w = 1.0 kg/m3/s 

f = 2 MHz 
w = 1.0 kg/m3/s 

f = 3 MHz 
w = 1.0 kg/m3/s 

3 .  E .  S .  1 2 .  1 5 .  1 8 .  3 -  3 -  6 -  9 -  1 2 -  l s -  1 8 -

X (cm) x (cm) 
Figure 3.5 Comparison of temperature distributions of unidirectional and 
bidirectional ultrasound scans for the small tumor and a homogenous tissue 
model with a uniform perfusion of 1.0 kgm'V1. 
A,C,E: Results for a unidirectional scan using a 2 MHz, f-number 2.0 
transducer with two concentric circular scans of diameter 2.0 and 3.0 cm 
focused at a depth of 3.0 cm. B,D,F: Results for two bidirectional scans each 
with the same transducers and the same scan characteristics as in A,C,E. 
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3.2 Constant power, bidirectional scans, and heterogeneous blood perfusion 

Given its improved performance over unidirectional scans in the above simple 

case, the bidirectional scan approach was studied further on the three different sized 

tumors shown in Figure 2.3. The temperature distributions for these three different sized 

tumors are shown in Figures 3.7 - 3.12, using transducers of various frequencies (1,2,3 

MHz), f-number (1.0,2.0,4.0) and various tumor blood perfusion rates (0.5, 1.0, 2.0 

kgrrrV). Due to the similar characteristics of these three cases, the medium sized tumor 

will be discussed in detail in most of this section. 

First, Figure 3.9 shows the temperature distributions for the medium sized tumor 

for a fixed f-number of 2.0, and for three transducer frequencies (1,2,3 MHz) and three 

tumor blood perfusion rates (0.5, 1.0, 2.0 kgm'V1). For these studies each beam was 

focused at a depth of 4.0 cm (one in x and one in z), which is the central depth of the 

tumor. Two constant power circular scans were used for each transducer, with an inner 

scan diameter of 2.0 cm and an outer scan diameter of 4.0 cm. The normal tissue blood 

flow was 1 kgm'V1. The results show that, in general, the lower the frequency, the 

higher the temperatures are at the soft tissue-spine and soft tissue-trachea interfaces for 

all three blood perfusion models studied. 

At a frequency of 1 MHz, the ultrasound beam penetrated deep into the volume 

and was highly absorbed at the interfaces. It can be seen that the hot spots at the soft 

tissue-spine and soft tissue-trachea interface are about 43°C - 45°C depending on the 

perfusion rate. As the blood perfusion increased in the tumor region: 1) the high 
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temperature (44°C) area in the tumor decreased, 2) the maximum temperatures at the 

interfaces increased, and 3) the maximum temperature location moved from the tumor 

region to the interfaces. 

At a frequency of 2 MHz, the maximum interface temperature was reduced by 2-

3°C compared to the 1 MHz results. For the low tumor blood perfusion of 0.5 kgnrY1, 

the 44CC and 43°C contour lines stayed close to the tumor center. In comparison, for 

a high blood perfusion of 2 kgnrV, the 43 °C contour lines shifted close to the skin 

surface and the 44°C contour shrunk towards the lower left corner. This latter effect is 

a result of the intersection of the two bidirectional scans at a shallow depth. 

At a frequency of 3 MHz, the interface temperatures were reduced by another 2°C 

down to 39 - 41 °C, and the hot spots at the interfaces were completely eliminated. 

However, the power intersection effect becomes more significant and causes the 44°C 

contour line to be located in the lower left corner for all three blood perfusion cases. The 

43°C contour lines stay close to the surface in all three cases. A higher blood perfusion 

makes this effect stronger. 

Figure 3.10 shows the temperature distributions for the same case as in Figure 3.9 

except for a fixed frequency of 2 MHz and for three f-numbers of 1.0, 2.0 and 4.0. The 

f-number is defined as the curvature radius divided by the transducer diameter. The 

results show in general that the higher the f-number, the higher the interface temperature. 

However, the f-number effect on the interface temperature is far less significant than the 

frequency. A high f-number has a low ability to localize the ultrasound power, yet it also 
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slightly helps to smooth the tumor temperature distribution. 

The effect of the tumor blood perfusion rate on the temperature distribution for 

these three f-numbers is approximately the same. The high tumor blood perfusion can 

increase the trachea interface temperature by about 3 °C compared to the low tumor blood 

perfusion of 0.5 kgm'V1. In other words, even the sharply focused transducer (1.0 f-

number) can not prevent the trachea interface temperature from rising in the highly 

perfused tumors. 
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Figure 3.7 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the large tumor (6.0 
cm in diameter) for two f-number 2.0 transducers, each with three concentric 
circular scans of diameter 2.0, 4.0 and 6.0 cm focused at a depth of 4.0 cm. 
The normal muscle tissue blood perfusion is 1.0 kgnrV. The effect of different 
tumor perfusions are shown in the columns; the effects of transducer 
frequencies are shown in the rows. The temperature contour increment is 1 °C. 



54 

f» = 1.0 
w = 0.5 kg/nrVs 

1 1Z-
,u, 

SI a. 

D 

f# = 2.0 
w = 0.5 kg/nrVs 

HHD 

f# = 4.0 
w = 0.5 kg/nr'/s 

0. 4. B. 12. IB. 200. 

f# = 1.0 

w = 1.0 kg/nr'/s 
f# = 1.0 

w = 2.0 kg/m-Vs 

r# = 2.0 
w = 2.0 kg/nr'/s 

f# = 2.0 

w = 1.0 kg/nr'/s 

f# = 4.0 

w = 2.0 kg/nr'/s 
r# = 4.0 
w — 1.0 kg/m3/s 

X (cm) 

12. 15. 20 

Figure 3.8 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the large tumors (6.0 
cm in diameter) for two 2 MHz transducers, each with three concentric circular 
scans of diameter 2.0, 4.0 and 6.0 cm focused at a depth of 4.0 cm. The 
normal muscle tissue blood perfusion is 1.0 kgm 3s"'. The effect of different 
tumor perfusions are shown in the columns; the effects of transducer f-numbers 
are shown in the rows. The temperature contour increment is 1°C. 
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Figure 3.9 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the medium tumor for 
two f-number 2.0 transducers, each with two concentric circular scans of 
diameter 2.0 and 4.0 cm focused at a depth of 4.0 cm. The normal muscle 
tissue blood perfusion is 1.0 kgm'V1. The effect of different tumor perfusions 
are shown in the columns; the effects of transducer frequencies are shown in 
the rows. The temperature contour increment is 1 °C. 
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Figure 3.10 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the medium tumor for 
two 2 MHz transducers with two concentric circular scans of diameter 2.0 and 
4.0 em focused at a depth of 4.0 em. The normal muscle tissue blood perfusion 
is 1.0 kgm-3s-1• The effect of different tumor perfusions are shown in the 
columns; the effects of transducer f-numbers are shown in the rows. The 
temperature contour increment is 1 °C. 
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Figure 3.11 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the small tumors (3.0 
cm in diameter) for two f-number 2.0 transducers, each with two concentric 
circular scans of diameter 2.0 and 3.0 cm focused at a depth of 3.0 cm. The 
normal muscle tissue blood perfusion is 1.0 kgm'V. The effect of different 
tumor perfusions are shown in the columns; the effects of transducer 
frequencies are shown in the rows. The temperature contour increment is 1 °C. 
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Figure 3.12 2-D temperature distribution for bidirectional scanned focused 
ultrasound hyperthermia in the simulation of treatment of the small tumors (3.0 
cm in diameter) for two 2 MHz transducers, each with two concentric circular 
scans of diameter 2.0 and 3.0 cm focused at a depth of 3.0 cm. The normal 
muscle tissue blood perfusion is 1.0 kgnvV1. The effect of different tumor 
perfusions are shown in the columns; the effects of transducer f-numbers are 
shown in the rows. The temperature contour increment is 1°C. 
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While the contour plots give a direct look at the two-dimensional temperature 

distributions, the histograms of temperature volume above an index temperature versus 

that index temperature shown in Figures 3.13,3.14 and 3.15 for the medium sized tumor 

give a better, statistical view of the overall performance. Figures 3.13A, 3.14A and 

3.15A show the tumor volume versus the index temperature. These illustrate the 

efficiency of the treatment in terms of how well the tumor is heated. Figures 3.13B, 

3.14B and 3.15B show the ratio of normal tissue volume heated to an index temperature 

divided by the tumor volume versus index temperature. This measure represents the 

deleterious effect of the treatment. 

Figures 3.13A shows that the tumor volume above the index temperature drops 

slightly when the tumor blood perfusion increases. Figure 3.13B shows that the normal 

tissue volume above the index temperature increases when the tumor blood perfusion rate 

increases. 

Figure 3.14A and 3.14B show the effect of frequency over a range from 1 to 3 

MHz for a fixed f-number of 2.0 and a blood perfusion of 2.0 kgnrV1. The tumor blood 

perfusion rate of 2.0 kgm"3s"' was used to study the worst case situation. The results 

show that 1 MHz barely heats the tumor (Figure 3.14A) while heating a relatively large 

volume of the normal tissue (Figure 3.14B). Figure 3.14A also shows that 2 MHz has 

the highest normalized tumor volume above the index temperature. However, Figure 

3.14B shows that 2 MHz has a higher normal tissue volume above the index temperature, 

and this quantity becomes very close to the 3 MHz results when the index temperature 
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is above 43°C. 

Figures 3.15A and 3.15B show the effect of the f-number for a frequency of 2.0 

MHz and a tumor blood perfusion of 2.0 kgm V1 in the medium sized tumor. Figure 

3.15A shows that the f-number of 2.0 has the highest tumor volume above the index 

temperature. The low f-number of 1.0 has the lowest normal tissue volume above the 

index temperature, while the f-number of 2.0 and 4.0 have almost the same normal tissue 

volume above the index temperature. Overall, the f-number of 2.0 has a comparatively 

high normalized tumor volume above the index temperature and a comparatively low ratio 

of normal tissue volume above the index temperature over the tumor volume, as well as 

comparatively lower interface temperatures than those with higher f-numbers. 
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Figure 3.13 The histogram for the same case as in Figure 3.9 for a 2.0 MHz fixed 
frequency and 2.0 fixed f-number transducer using various blood flow rates 
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Figure 3.15 The histogram for the same case as in Figure 3.9 for 2 MHz and 2.0 
kgm'Y1 using various f-numbers 
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3.3 Modulated power, bidirectional scans, and heterogeneous blood perfusion 

It has been shown that the intersection effects caused by large bidirectional scans 

are significant and become more so as the frequency and the blood perfusion are 

increased (Figure 3.7 - 3.12). Because the ultrasound field decays as it penetrates 

through the tissue, the constant power scans cause higher power deposition in the shallow 

intersection and lower power deposition in the deep intersection. The larger the scan, the 

more nonuniform the power deposition in the intersections are. To reduce the deleterious 

effect of the nonuniform intersecting power depositions, the transducer power was 

modulated as a function of its distance. Figure 2.7 shows a simple linear power 

modulation where the power amplitude in each transducer is a function of distance. Two 

kinds of functions were used in this study as shown in Figure 3.16. One function type 

is the exponential function because ultrasound decays in the media as an exponential 

function. The other function type is a linear function because it is the simplest function 

to implement. In this linearly tapered modulation, the modulation coefficient p is defined 

as the percentage of the lowest power at the nearest scan path. Various simulations were 

conducted on three different sized tumors; due to the similarity of the results for all 

tumors only the medium sized tumor results were used to illustrate in detail the effect of 

the power modulation on the temperature distributions. In addition, the temperature 

distribution for the other two tumors is also shown using the best modulation parameters. 

Figure 3.17 shows the temperature distribution for the medium sized tumor for 

two blood perfusion rates (0.5, 2.0 kgm'V1) using the exponential modulation. Figure 
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3.18 shows the results for the same case using linear modulations with various modulation 

coefficients (0.6, 0.4, 0.2). At the low tumor blood perfusion of 0.5 kgm'3s"1, both 

exponential and linear (0.4 and 0.2) modulations produce fairly uniform temperature in 

the tumor. However, the major concern for this issue is the temperature distribution at 

the high blood perfusion. Comparing the results from Figure 3.17 and 3.18, it was seen 

that the proper power modulation eliminated the severe deleterious intersection effect at 

the lower left corner of the tumor and elevated the temperature by 1 °C at the upper right 

corner of the tumor (Figure 3.17B and 3.18B). From the results in Figure 3.17B, the 

temperature at the lower left corner is slightly low due to the over modulating. To get the 

overall view of the performance of these modulations, Figure 3.20A shows that p=0.4 

has the highest normalized tumor volume above the index temperature. Compared to the 

nonmodulated power, the normalized tumor volume above the index temperature of 43 °C 

has improved from 0.63 up to 0.94; however, the normal tissue volume above the same 

temperature has gone up about 0.5 of the tumor volume. Overall, the linear modulation 

is better than the exponential modulation; among the various linear modulation 

coefficients (0.2, 0.4, 0.6), the value between 0.2 and 0.4 seems to be a good choice. 

It is seen that the normal tissue volume above the index temperature is higher for the 

modulated power than for the nonmodulated power. This is due to the fact that the outer 

scan was on the edge of the tumor, which caused the temperature rise on the other side 

of the normal tissues. The deleterious effect could be eliminated by the further 

optimization of scan diameters discussed in Section 3.5. 
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Figure 3.16 The schematic diagram for A. linear power modulation and B 
exponential power modulation 
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0.  

w = 0.5 kg/nr/s w = 2.0 kg/nr/s 

4. 8. 12. IB. 20. 0. 12. IB. 20 

X (cm) 

Figure 3.17 The temperature distribution for the same tumor as in Figure 3.9D & 
3.9F using exponential power modulation function 
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w = 2.0 kg/m3/s 
p = 0.2 

w = 0.5 kg/nr/s 
p = 0.2 

w = 0.5 kg/rtr/s 
p = 0.4 

w — 2.0 kg/nr/s 
p = 0.4 

w = 0.5 kg/nr/s 

p = 0.6 
w = 2.0 kg/ai /s 
p = 0.6 

X (cm) 

Figure 3.18 The temperature distributions for the same tumor as in Figure 
3.9D & 3.9F using linear power modulation function with modulation 
coefficient p shown in rows and tumor blood perfusion rate shown in 
columns 
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20. 

w = 2.0 kg/nr/s w = 0.5 ke/m /s 

20. 0 

X (cm) 

Figure 3.19 The temperature distributions for the same tumor as in Figure 
3.7D & 3.7F using linear power modulation function with modulation 
coefficient p = 0.4 
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Figure 3.20 The temperature distributions for the same tumor as in Figure 
3.11D & 3.1 IF using linear power modulation function with modulation 
coefficient p = 0.4 
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41 42 43 44 
Index temperature (°C) 

Figure 3.21 The histogram for the same cases as in Figure 3.17B & Figure 
3.18B,D,F 
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3.4 Substitution of side stationary plane-wave ultrasound 

To make the implementation of the bidirectional ultrasound field hyperthermia 

easier, we also investigated the idea of using one stationary plane-wave transducer and 

one scanned focused ultrasound. The power of the scanning transducer was modulated 

as a function of x to get a more uniform temperature distribution. Figures 3.22A and 

3.22B compare the results of using one 2.0 MHz, 7 cm-diameter plane wave transducer 

along with one power modulated scanned focused transducer to the results of using both 

modulated double scans for the tumor blood perfusion of 2.0 kgnrV in the large tumor. 

The same comparisons are done for the medium (Figures 3.22C and 3.22D) and small 

(Figures 3.22E and 3.22F) tumors using the same parameters as above except a 5 cm-

diameter plane wave transducer for the medium tumor and a 4 cm-diameter plane wave 

transducer for the small tumor were used. Figures 3.22A and 3.22C show that using one 

plane wave transducer has a much lower normalized tumor volume above the index 

temperature than two power modulated transducers. However, it is not recommended 

to heat such sized tumors (above medium size) with the plane-wave side transducer. 

Even though both power modulated transducers have a higher than normal tissue volume 

above the index temperature, the high normal tissue volume could be reduced by 

optimizing the scan diameter and scan patterns. Nonetheless, the plane wave transducer 

approach seems to work well in the small tumor, having about the same normalized tumor 

volume but lower normal tissue volume over the index temperature as shown in Figures 

3.22E and 3.22F. 
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3.5 Improved scan diameter, modulated power, bidirectional scans, and 

heterogeneous blood perfusion 

Figures 3.23, 3.24 and 3.25 show the temperature distributions for the improved 

scan diameter for the large, medium and small sized tumors. Figure 3.26 shows that the 

normalized tumor volume above the index temperature for the improved scan diameters 

for all three different sized tumors has increased slightly. The major achievement from 

the improved scan diameters is that the normal tissue volume above the index temperature 

is decreased in all three tumors by different amounts. This illustrates the potential to 

reduce further the deleterious effect on the normal tissue by optimizing the other 

parameters such as the scan patterns, etc. The complete optimization of scan diameters 

is not really a target in this study, but the results are presented to indicate the potential 

of further optimization of the existing promising results. 
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20. 

IB. 

12 .  

E 

N18. 

4. 

20. 1 6 .  12. 20.0. IB. 12.  0.  4. 8. 

X (cm) 

Figure 3.23 The temperature distribution (optimized scan diameter) for the 
large tumor (6.0 cm in diameter) for two 2 MHz, f-number 2.0 transducers, 
each with three concentric circular scans of diameter 2.0, 4.0 and 5.6 cm 
focused at a depth of 4.0 cm. The normal muscle tissue blood perfusion is 1.0 
kgm'V1. The effect of different tumor perfusions are shown in the columns. 
The temperature contour increment is 1°C. 
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20. 

IB. 

w = 2.0 kg/m3/s 

12.  

4. 

0.  
20. 12.  0 16.  1 2 .  

X (cm) 

Figure 3.24 The temperature distribution (optimized scan diameter) for the 
medium tumor (4.0 cm in diameter) for two 2 MHz, f-number 2.0 transducers, 
each with two concentric circular scans of diameter 2.0 and 3Ji cm focused at 
a depth of 4.0 cm. The normal muscle tissue blood perfusion is 1.0 kgm'V1. 
The effect of different tumor perfusions are shown in the columns. The 
temperature contour increment is 1°C. 
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w = 2.0 kg/nr/s 
w = 0.5 kg/nr/s 

12. 15. IB. 

X (cm) 

Figure 3.25 The temperature distribution (optimized scan diameter) for the 
small tumor (3.0 cm in diameter) for two 2 MHz, f-number 2.0 transducers 
with two concentric circular scans of diameter 2.0 and 2.6 cm focused at a 
depth of 3.0 cm. The normal muscle tissue blood perfusion is 1.0 kgm'V. The 
effect of different tumor perfusions are shown in the columns. The temperature 
contour increment is 1°C. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

4.1 Conclusions 

In this study, the results shown in Figures 3.1 - 3.6 demonstrate clearly that 

bidirectional scanned focused ultrasound hyperthermia has significant advantages over 

unidirectional scanned focused ultrasound hyperthermia in the treatment of neck tumors. 

Using the best parameters studied in this thesis (2 MHz, f-number of 2.0, modulated 

power and the improved, smaller outer scan diameter), 90% of the medium tumor (4 cm 

in diameter) volume was heated to above 43°C. For the large and small tumor that 

number was 83% and 99% respectively. The minimum tumor temperature was above 

42.5 °C for the medium and small tumors, and above 42 °C for the large tumor. In all 

cases the maximum temperature was normalized to 45°C. 

Several important observations can be made regarding the choice of ultrasound 

transducer parameters. First, frequency is a major factor in shaping the temperature 

distributions. In this study, using 2 MHz produced a relatively uniform tumor 

temperature distribution while keeping the interfaces at comparatively low temperatures. 

On the other hand, 1 MHz produced hot spots at the interfaces, and while 3 MHz reduced 

the interface temperatures, it made the deleterious intersection effects more significant. 

Second, power modulation can significantly improve the tumor volume above the 

index temperature. Properly modulated power can provide close to uniform tumor 
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temperature distributions. Also, further optimization of scanning parameters could 

improve the tumor temperature distributions even more. 

Third, for the scan pattern used in this thesis, the lower the f-number, the lower 

the temperature is at the interfaces. That is, a high f-number has a shorter focal zone 

length in the axial direction, and thus produces more uniform temperatures in the tumor 

volume. This improves the tumor volume above the index temperature (Figure 3.15). On 

the other hand, due to the increase in length of the focal zone in the axial direction for 

the high f-numbers, the interface absorbs more power causing a temperature increase. 

Improved temperature distributions could be obtained using scans at multiple depths when 

smaller f-number are used, a variable not studied in this thesis. 

Fourth, the substitution of the plane-wave transducer provides a simple way to 

implement the bidirectional ultrasound hyperthermia for the treatment of the neck tumors. 

Though the power of the scanning transducer was modulated, the overall power deposition 

generated by this modulated scanning transducer and the plane-wave stationary transducer 

is unevenly distributed, resulting in a non-uniformly distributed temperature field. This 

is probably the major limitation of using the plane-wave transducer for large tumors. 

In summary, it can be seen that temperature distributions can be improved by 

bidirectionally scanned ultrasound fields. For more complex tumors than those studied 

here, more complex scan patterns and more precise power modulations will be needed. 

This study illustrates that bidirectional ultrasound hyperthermia is very promising in the 

treatment of various tumors even when using unimproved scan parameters. 
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4.2 Recommendations for future work 

First, the further optimization of system parameters (acoustic output power 

magnitude, the depth of focus of the ultrasound beams in the tissue, the size and geometry 

of the scans, and the transducer rotation and tilt angles, etc.) could be done on this 

bidirectional scanned focused ultrasound hyperthermia. Use of such optimized parameters 

as studied by Lin (Lin et al., 1990) for other geometries would clearly improve the 

temperature distributions attainable using this technique in irregularly shaped and 

inhomogeneously perfused tumors. This study has been done with uniform tumor 

perfusion. However, real tumors have nonuniform perfusions and large, thermally 

significant blood vessels. The temperature distribution in real tumors will be more 

nonuniform due to the effects of these different and unknown perfusion zones and blood 

vessels. Thus the use of on-line control (Lin et al., 1990) could be used to improve the 

tumor temperature distribution. Further optimization using blood vessel models (Chen 

and Roemer, 1992) and on-line control algorithm development could be most helpful in 

real clinical treatments and should be performed in future studies on more realistic tumor 

models. 

Second, experiments in vivo are recommended. The existing model used 

simplified geometries, so the temperature field predicted by the programs will be 

considerably different from real tumors. Therefore, the results in vivo will be very 

helpful in confirming the accuracy of the simulation results and correcting the existing 

model, so that the simulated results will become a more reliable guide to any treatment 



82 

planning. 
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APPENDIX A 

VERIFICATION OF TEMPERATURE SOLVER 

The temperature solver (Moros, 1987) was modified to calculate the temperature 

distribution for the neck model. Five regions were implemented into the new temperature 

solver. The accuracy of the solver was tested by 1) comparing the results with analytical 

solutions, 2) checking the temperature distributions using various thermal parameters and 

blood perfusion rates for different regions, and 3) checking the convergence of the solver 

using a decreasing grid size. 

First, a uniform thermal conductivity and uniform blood perfusion 20*20*20 cm3 

cube were used. The exact solution was calculated using the analytical solver (Chen, 

1989). The numeric solution was calculated using the numeric solver developed in this 

study. For both analytical and numerical solvers, the grid size of 1 mm, blood perfusion 

of 0.5 kg/m/s and thermal conductivity of 0.5 W/m/°C were used. The maximum 

temperature, formed at the center of the cube for both cases, was used to compare the 

two solutions. The maximum temperature for the analytical solver was 5.242°C. The 

maximum temperature for the numeric solver was 5.265°C. The error between the two 

methods was 0.4%, which is in the reasonable range. 

Second, different blood perfusion rates and thermal conductivities were specified 

to the model. It shows that the temperature distributions agree to the specified 

parameters. Figure A. 1 shows the temperature distributions of a uniform medium with 
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various blood perfusion. It is seen that blood perfusion washes out the high temperature 

peak making the temperature flat. Figure A.2 shows the temperature distributions for a 

test region using various thermal conductivities. It is seen that the high thermal 

conductivity makes the test region temperature only a little bit lower than the low 

conductivity due to the blood perfusion. Figure A.3 shows the temperature distributions 

with the test region having varied blood flows. The blood perfusion in this case is zero 

in the test region, which is a difference from Figure A.2. It is clearly seen that the low 

thermal conductivity manages to keep the temperature high in the test region while the 

high thermal conductivity brings the temperature lower than the normal region. Figure 

A.4 shows the temperature distributions with a test region in a different location, as 

shown in the caption. It is seen that the high thermal conductivity washes out the 

temperature in the test region, and the high blood perfusion makes the temperature drop 

more rapidly than the low blood perfusion. In general, the above test cases demonstrated 

that the temperature distributions were predicted properly according to the parameters 

being assigned. 

Third, temperature solver convergence was checked. Both uniform and 

non-uniform mediums with various grid spacings were tested. Figure A.5 shows the 

temperature distribution for a uniform medium using various grid sizes (1.25, 2.5, 5.0, 

10.0 mm). In general, the temperature profiles are identical. Figure A.6 shows the 

maximum temperature versus the grid size for the same cases as in Figure A.5. It is seen 

that the temperature converges as the grid size decreases. Figure A.7 shows the 
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temperature distribution for a non-uniform medium with a bone,region using the various 

grid sizes. It is seen that the finer grid spacing produces a finer resolution. Figure A.8 

shows the maximum temperature versus grid size for the same cases as in Figure A.7. 

It is seen that the temperature converges well within this heterogenous medium when the 

grid size decreases. In general, this temperature works properly and it can be relied on 

to predict any complicated multi-region temperature distributions. 
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CL 
£ 
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Figure A.l The temperature distribution for the center plane (x-z) of a 
20X20X20 cm3 cube for a 0.5 wm^C fixed thermal conductivity. 

A: 0.0 kgm'V1 blood perfusion. 
B: 0.5 kgm'V1 blood perfusion. 



<•0. " 

Figure A.2 The temperature distribution for the center plane in x-z of a 
20x20x20 cm3 cube with a test region at 8-12 cm in x, 8-12 in z and 0-20 cm 
in y. 
A: 0.5 kgm'V blood perfusion and 0.5 wm'^C'1 thermal conductivity for 
normal region and 0.5 kgm'V blood perfusion and 0.01 wm"l0C"' thermal 
conductivity for the test region. 
B: 0.5 kgm"3s"' blood perfusion and 0.5 wm"l0C'' thermal conductivity for 
normal region and 0.5 kgm'V blood perfusion and 100 wm'l0C"' thermal 
conductivity for the test region. 
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Figure A.3 The temperature distribution for the same case as in Figure A.2. 
A: 0.0 kgm'V blood perfusion and 0.5 wm'l0C'' thermal conductivity for 
normal region and 0.0 kgm'V1 blood perfusion and 0.01 wm"l0C"' thermal 
conductivity for the test region. 
B: 0.0 kgm'V1 blood perfusion and 0.5 wm"l0C"' thermal conductivity for 
normal region and 0.0 kgmV blood perfusion and 100 wm"l0C'' thermal 
conductivity for the test region. 



Figure A.4 The temperature distribution for the center plane in x-z of a 
20x20x20 cm3 cube with a test region at 0-10 cm in x, 0-10 in z and 0-20 cm 
in y. 
A: 0.5 kgm'V blood perfusion and 0.5 wm"l0C"' thermal conductivity for 
normal region and 0.0 kgmV blood perfusion and 100 wm"l0C"' thermal 
conductivity for the test region. 
B: 0.5 kgm"3s"' blood perfusion and 0.5 wm"l0C'' thermal conductivity for 
normal region and 0.5 kgm'V1 blood perfusion and 100 wm"l0C'' thermal 
conductivity for the test region. 
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TWO-WAY SCRN TEMPERATURE ( Lnlform ) 
F=1WZ,0EP=4CM,FN«=2,GRID=1.2SMf1.D=2CM.W=l 

20. 

6.  

12. 

20 4 .  

TWO-WHY SCRN TEMPERATURE (uniform) 
F=lMKZ.DEP=4CM.FNis2.GfllQ=2.9t1.0=2Qt.l4=l 

20 
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20 
X 

20. 

TWO-WHY SCAN TEMPERHTURE (uniform) 
F=!mZ.DEPMCM.FN»=2.GRI0=5M1.D=2C!1.H=l 

N 8. 

20. 

TWO-WAY SCAN TEMPERATURE (uniform) 
F=lMHZ.DEPMCM.FN"=Z.GR!D=l0m,D=2CM.W=l 

N 8. 

12. 16. 20. 

Figure A.5 The temperature distribution for the center plane in x-z for a 
bidirectional scans for a 0.5 kgm'Y1 uniform blood perfusion and 0.5 wm"lcC"' 
thermal conductivity medium. 
A: 1.25 mm grid spacing; B:2.5 mm grid spacing; C:5.0 mm grid spacing; 
D:10.0 mm grid spacing; 
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S p a c i n g  C h e c t C  (  t e m p e r a l u r e  v s .  g r i d  s i z e )  

„ unI  form me H -i 
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~r i 
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Figure A.6 The maximum temperature in Figure A.5 versus grid spacing. 



92 
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TWO-WHY SCRN TEMPERHTURE 
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X 

Figure A.7 The temperature distribution for the center plane in x-z for a 
bidirectional scans for a 0.5 kgm'Y1 normal tissue blood perfusion and 0.5 
wm'^C'1 normal tissue thermal conductivity medium with a bone region (see 
Table I) shown in D . 
A: 1.25 mm grid spacing; B:2.5 mm grid spacing; C:5.0 mm grid spacing; 
D: 10.0 mm grid spacing; 
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Figure A.8 The maximum temperature in Figure A.7 versus grid spacing. 
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N  8 .  

m 

Figure A.9 The temperature distribution for the center plane in x-z of a 
20x20x20 cm3 cube with test region S, T and TM as shown in A. 
1.0 kgm'V blood perfusion and 0.5 wm'l0C'' thermal conductivity for normal 
region and 1000.0 kgmV blood perfusion and 0.5 wm'l0C'' thermal 
conductivity for the test region S,T and TM. 
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APPENDIX B 

THE BIDIRECTIONAL SCANNED FOCUSED ULTRASOUND SYSTEM 

The bidirectional scanned focused ultrasound system was developed based on the 

current clinical system with an additional ultrasound reflector, a coupling structure and 

an adjustable transducer holder to be attached on the existing gantry. Figure B. 1 shows 

the bidirectional scanned focused ultrasound hyperthermia system. Figure B.2 shows the 

existing system. Figure B.3 shows the diagram of the sound reflector and coupling 

structure. Figure B.4 shows the scan range versus the focal depth for the existing design. 

The software written by Nathanson (1992) was modified to fulfill the power modulated 

bidirectionally scans. Figure B.5 shows the software flow chart. 

The ultrasound reflector with coupling structure 

The ultrasound reflector with coupling structure was designed based on the current 

available transducers of 2.0 MHz, 10.0 cm diameter and 20.0 cm radius curvature. It 

consists of a glass sound reflector with a 45° angle to the water surface and a closed 

structure with a membrane at the bottom and top sides as shown in Figure B.4. Two 

valves are connected at two corners to circulate the water. The restrictions associated 

with this device concern the focal depth and the scan range. 

SCAN RANGE (cm) = FOCAL DEPTH (cm) + 5 Q cm (12) 

4 

According to Equation 12, the maximum focal depth is 5.5 cm for this device with a 10 
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cm diameter and a 20 cm radius of curvature transducer. For the 5.5 cm foca), depth, the 

scan range is 6.25 cm. Figure B.5 gives the user a direct view of the trade-off between 

the focal depth and the scan range. The focal depth can be adjusted by moving the gantry 

up and down. The scanning can be realized by scanning the gantry horizontally. The 

sound reflector reflects beams and converts a horizontal scan pattern to the vertical scan 

pattern. The geometry has been tested on the current clinical system, as well as the 

bidirectional scan power modulation software. 
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Figure B.l The schematic diagram for the experimental devices 
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Figure B.3 The schematic diagram of the ultrasound reflector with coupling structure 
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Figure B.4 The scan range versus focal depth 
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Figure B.5 The software flow chart 
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