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ABSTRACT 

The purpose of this research was to investigate the feasibility 

of using high temperature ultrasonic pulses to administer therapeutic 

hyperthermia treatments independent of changes in blood perfusion and 

tissue properties. The use of a computer simulation program was used 

to study the effects of blood perfusion, tissue properties, transducer 

characteristics, and treatment geometry on the temperature elevation 

and thermal dose delivered by short high temperature ultrasonic 

pulses. Experiments were conducted in vitro and in vivo to 

investigate the effects of blood perfusion changes. Other experiments 

were carried out 1n dog thigh muscle to determine the effects of 

changes 1n tissue properties. A final study was done where murine 

melanoma 1n mice were treated with high temperature ultrasound. 

Results show that shorter pulse lengths (£ 2 s) and smaller focal 

diameters (£ 3 mm) give practically perfusion Independent temperature 

elevation and thermal dose. Normal fluctuations in tissue properties 

should not have a significant effect on the treatment provided that 

proper choice of transducer 1s made for each Individual application. 

High temperature ultrasonic pulses have also been shown to Induce 

tumor responses. Based on this research, this technique 1s a feasible 

means of administering hyperthermia for cancer therapy. 
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CHAPTER 1 

INTRODUCTION 

The use of hyperthermia 1n the treatment of cancer has received 

heightened attention in recent years sparked by data showing that 

hyperthermia combined with radiation can significantly increase the 

local response rate of treated tumors (Arcangeli, 1984; Overgaard, 

1983). Hyperthermia can be induced by several modalities including 

microwaves, radio-frequency, ultrasound and ferromagnetic implants. 

In spite of encouraging results, most clinical treatments involving 

hyperthermia have been reported cold spots where temperatures did not 

reach a therapeutic level (43'C or. above for 30 to 60 minutes). This 

information is obtainable from thermometry placed in the treatment 

area. Almost all forms of hyperthermia currently rely on invasive 

thermometry to monitor treatment progress in an attempt to produce a 

uniform temperature distribution throughout the treatment volume. 

These cold spots found in a treatment target may be due in part to 

variations in the local blood perfusion. Perfusion in a region can 

vary spatially, as well as a function of time, removing thermal energy 

much faster 1n local regions and making uniform temperature 

distributions extremely difficult to obtain and maintain. Both these 

variations In blood perfusion and the necessity of using invasive 

probes are disadvantages of all hyperthermia treatments regardless of 

the method of heating. 



In an attempt to Improve upon current forms of hyperthermia 

treatments, research is being done to develop ways of obtaining 

uniform thermal doses throughout a tumor relatively independent of 

local perfusion effects and without invasive thermometry. From this 

research a form of treatment has been proposed that would deliver a 

therapeutic thermal exposure independent of the blood perfusion. That 

is by performing a treatment in a very short period of time and at 

high enough temperatures to have a therapeutic response, it may be 

possible to avoid the effects of perfusion on the temperature 

elevation. It has been shown both in computer simulations (Patterson 

and Strang, 1979) and experimentally (Hynynen et al., 1983) that the 

effects of blood perfusion on temperature elevation are decreased 

during the initial power deposition period following a power step. 

With the possibility of perfusion independent temperature elevation 

and thermal dose, and if it were possible to accurately determine the 

local power absorption, then in theory the temperature elevation could 

be calculated. This would provide a form of treatment that was 

independent of perfusion and and theoretically would require no 

thermometry. Based on these possibilities this study was conducted to 

investigate the actual feasibility of such a treatment. 

The choice of heating modality for this study was focused 

ultrasound. Focussed ultrasound is a very accurate and effective 

method of heating, as shown by studies where controlled lesions were 

produced deep within tissue without causing damage or destruction of 

any tissue outside of the target area (Lele, 1967; Robinson and Lele, 



1969; and Fry and Dunn, 1978; Kalner et al.f 1980). The fact that 

enough energy can be deposited via ultrasonic pulses to destroy tissue 

ensures the ability to deposit enough energy to therapeutically heat 

tissue. Other studies have been conducted using high temperature 

ultrasound treatments to induce therapeutic response in tumors 

demonstrating promise for this technique (Goss and Fry, 1984, and 

L1zz1 et al., 1984). The choice of ultrasonic heating introduces 

several factors unique to ultrasound treatments that must be 

considered for success of this short time, high temperature technique, 

including the variation of ultrasound attenuation coefficients within 

tissues, transient cavitation thresholds and nonlinear propagation of 

the sound. These factors need to be studied both theoretically and 

experimentally before it can be shown that high temperature ultrasound 

treatments are feasible from the point of view of being independent of 

blood perfusion and being able to produce uniform temperature 

elevations 1n tissue. 

The aim of this study 1s to determine theoretically how changes 

1n perfusion, ultrasonic tissue properties and heat transfer 

properties of tissue will affect the temperature elevation and thermal 

dose produced by ultrasonic pulses. Additionally, a study of various 

transducer characteristics was made to determine how transducer 

frequency, diameter, and radius of curvature can be selected for the 

best treatment results. This information will need to be verified in 

a laboratory setting with experimental data. Eventually, a clinical 
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study must be conducted to determine the actual thermal dose required 

in human tumors at high temperature levels. The scope of this study 

is to begin to answer the feasibility question by (a) using a computer 

simulation of an ultrasound field with a temperature solving program 

to develop the theory and (b) performing in vitro and in vivo 

experiments for practical application of the theory. 
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CHAPTER 2 

METHODS 

This study was conducted to Investigate the effects of 

different ultrasound field parameters on temperature elevation and 

thermal dose. Results were obtained from both computer simulations 

and experimentation. The computer simulations required the use of 3 

different programs used sequentially. The first program generated the 

ultrasound power field to be used in a transient temperature solving 

routine. The time-temperature information was used to calculate the 

thermal dose administered at any location. Experimental work was done 

in vitro and in vivo to investigate effects of perfusion and changes 

in tissue properties on temperature elevation and thermal dose. 

Experimental work was also done to determine the effects of high 

temperature ultrasound on murine melanoma. 

2.1 Computer Simulations 

2.1.1 Ultrasound Power Field Generation 

A computer program developed by Swindell et al. (1982) was used 

to model the power field generated by an ultrasound transducer and to 

calculate the specific absorption rate everywhere in a cylinder of 

homogeneous tissue, assuming all of the energy was absorbed locally. 

These calculations were carried out by employing the Rayleigh-



Sommerfeld diffraction integral method which involves a one-

dimensional diffraction integration over the face of the transducer. 

Variables in this program include the transducer frequency, radius of 

curvature, diameter, and emittance. The tissue absorption coefficient 

used was 5.0 Np m~1 MHz"1. To characterize the results of different 

transducer properties the half beam width of the focus was established 

as the transducer's distinguishing characteristic. The half beam 

width was determined by measuring the diameter of the simulated beam 

in the ultrasonic focal plane; i.e. the width where the specific 

absorption rate reduces to one half of the absolute maximum value 

(Table 1). This program also establishes the node spacing to be used 

for the finite difference temperature solver. 

2.1.2 Transient Temperature Solving 

Temperatures were determined by using the transient bioheat 

transfer equation (Pennes, 1948) represented in cylindrical 

coordinates [1] 

-kV2T + wcb(T-Ta) + />cp8T/8t = Qm + Qp [1] 

Here T is the local tissue temperature (*C), w is the blood perfusion 

(kg m"3 s"1), Qm 1s the local metabolic rate (W m"3), and Qp 1s the 

ultrasonic power deposition (W m~3) as determined in the ultrasound 

program. Tissue properties Included in these calculations are k, the 

tissue thermal conductivity (0.5 W m"1 *C ~1); cb, the specific heat 
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TABLE 1. Simulated transducers are characterized by the half beam 
width, D (see Figure 1). The radius of curvature is 230 mm 
for ail transducers. 

" FREQUENCY DIAMETER D=HALF BEAM WIDTH 
[MHz] [mm] [mm] 

1/2 50 7.65 

2 20 3.33 

1 105 3.29 

2 50 3.00 

2 100 1.74 

2 150 1.20 

2 200 0.88 

4 200 0.48 



1.0-

c 

© 
> 0.5-

0.0 
- 1  1 0 

Distance in Radial Direction 

Figure 1. Illustration of half beam width of an ultrasound beam. 



of blood (3770 J kg"1 the density of tissue (998 kg m~3); 

cp, the specific heat of tissue (3770 J kg"1 'C"1); and Ta, the 

arterial temperature of the blood (37 *C). The local metabolic rate 

was considered to be small 1n comparison to the power deposition term 

and was neglected for these studies (Roemer, 1987). The equation was 

solved using a explicit finite difference approximation (Kress, 1987). 

The spatial derivatives 1n the equation are represented in the program 

by a central difference approximation. The central difference 

representation of the time derivative 1s used to introduce the time 

step and calculate a new set of temperatures based on the previous 

temperatures. The initial condition was always assumed to be a 

uniform temperature of 37 *C. A stability check was included to 

ensure the chosen time step was small enough to give stable results 

for the prescribed grid spacing. A Von Neuman analysis (Lapidos and 

Pinder, 1982) was performed on the homogeneous bloheat transfer 

equation resulting in the following criterion for the size of the time 

step [2]. 

At* 2/[12a/As2 + wcba/k] [2] 

Here At is the time step in seconds, a is the diffusivity in m2 s~1, 

and As 1s the grid spacing in meters. Results from this program were 

checked against results from a three dimensional temperature solver in 

Cartesian coordinates (Moros, 1987). The grid spacing used in the 

temperature solver was chosen so that a minimum of 4 nodes were 
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located within the half beam width of the field in the focal plane. 

The size of the cylinder was established by maintaining a minimum of 5 

nodes at each radial boundary where the power deposition equals zero. 

The grid spacing and cylinder dimensions used for temperature 

calculations for the various transducers are shown in Table 2. 

2.1.3 Calculations of Thermal Dose 

Thermal dose in "equivalent minutes" was calculated from the 

results of the transient temperature solver using the method 

formulated by Sapareto and Dewey (1984). The thermal inactivation of 

cells provides the basis for the model using the time-temperature 

relationship given by [3] 

tl=t2R(T1-T2> [3] 

In this equation, t is time is seconds, T is absolute temperature, and 

R is a function of activation energy and absolute temperature. R was 

fixed at 0.5 for all temperatures above 43*C and at 0.25 for all 

temperatures below 43'C. For simulations, all dose calculations were 

made based on a total time of 100 seconds, a baseline temperature of 

37*C, and time Intervals of 0.5 seconds between data points. The 

calculation of "equivalent minutes" was performed using the following 

formulation 

t43 = £ R(43"T)At [4] 
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Table 2. Grtd spacing and dimensions of cylindrical region of tissue 
used in the temperature solving routine for various 
transducers characterized by half beam width. 

Half Beam Grid Cylinder Cylinder 
Width [mm] Spacing [mm] Height [mm] Diameter [mm] 

7.65 0.5 100 50 

3.33 0.5 80 40 

3.29 0.5 60 40 

3.00 0.5 80 30 

1.74 0.2 80 20 

1.20 0.2 40 20 

0.88 0.2 40 20 

0.48 0.1 40 15 



where t43 1s the time In equivalent minutes, and T 1s the average 

temperature during the time step At. The equation 1s summed over the 

entire time-temperature profile. 

2.2 Experimental Apparatus and Procedures 

2.2.1 Sonlcatlon System 

Experiments performed included a perfusion study using in vitro 

kidneys, two in vivo studies in thigh muscle and a tumor study in 

mice. For all experiments excluding the tumor study, the sonications 

were performed using the scanned, focused ultrasonic system described 

by Hynynen et al. (1987). The complete system consists of a HP 9836 

computer with a data acquisition system and digital voltmeter. 

Stepper motors, used to scan and move the ultrasound transducers, were 

computer controlled. The ultrasonic heating system consisted of four 

spherical transducers (1 MHz, radius of curvature 25 cm, and diameter 

13 cm) that could each be driven separately as well as eight 

diagnostic Imaging transducers to image the treatment area. The RF-

signal driving the transducers was generated by a frequency generator 

and amplified by an RF amplifier. The output voltage, duty cycle, and 

frequency for the transducers were prescribed by this frequency 

generator. External matching networks were used to match the output 

from the amplifier to each individual transducer. For all experiments 

requiring the use of this system, only one therapy transducer was used 

by adjusting 1t to be parallel to the skin, thus causing the beam to 

travel vertically, entering perpendicular to the surface of the skin. 
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2.2.2 Temperature Measurement 

All of the experimental procedures depended on accurate 

temperature measurements. These measurements were made using 

manganin-constantan thermocouple probes. These probes consist of a 

single, welded junction made by joining two insulated 50 pm diameter 

wires. Lengths of manganin and constantan wire were twisted together 

and a small area of the insulation was chemically stripped to 

facilitate welding. Beyond the welded junction one of the wires was 

removed leaving a single insulated wire for pulling the junction 

through the tissue. At the opposite end, the tips of the wires were 

stripped and soldered to a connector to enable Interfacing with the 

data acquisition system. The digital voltmeter measured the 

thermocouple voltages at 20 ms time intervals and then transferred the 

data to the computer. The temperature values were then calculated 

using a standard copper-constantan polynomial. Reference temperatures 

were obtained from a thermistor also read by the data acquisition 

system. This procedure was considered to be accurate since only the 

temperature elevation was studied (Dickinson, 1985). 

Although these temperature calculations were considered to be 

accurate there 1s an experimental error 1n temperature readings due to 

the presence of the thermocouple probe in the ultrasound field. This 

error results from viscous interaction of the probe with the 

surrounding tissue causing the reading to be higher than the actual 

tissue temperature. Considerations for probe construction were made 

to help minimize the error due to artifact. The choice of a wire 



diameter of 50 pm was made due to the fact that 1t was the finest wire 

available that would still be strong enough to endure being pulled 

through muscle tissue. The probe diameter was small, resulting in a 

smaller heat capacity and a shorter time for the probe temperature to 

drop to the actual temperature of the tissue once the sound was turned 

off. No Insulation was placed around the junction of the probe for 

the same reason of keeping the diameter small as well as keeping the 

absorption coefficient small (Hynynen et al. 1983). 

The error remaining in the temperature readings due to viscous 

heating and scattering still needed to be estimated to get accurate 

readings. The work of Fry and Fry (1954) states that as the sound is 

switched off the viscous effects causing the artifact cease and the 

probe temperature then decays down to the temperature of the 

surrounding tissue. This usually happens within 200 ms (Hynynen et 

al., 1983). Switching off the sound and waiting 200 ms to take a 

reading will give an accurate value for the actual tissue temperature. 

This information can then be used to approximate the actual tissue 

temperature occurring at the peak of the sound pulse by making an 

exponential fit of the decay where the temperatures are known and 

extrapolating back to the time at which the sound was shut off (Parker 

1983). This was the technique used for temperature error 

approximation for all experimental temperature measurements made. An 

exponential fit of the data was performed starting one second after 

the sound was turned off to allow for the artifact to decay, and 

ending four seconds later with data points taken every 0.5 seconds. 
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The fit was then used to extrapolate back to the time of power off and 

approximate the peak temperature. This peak value obtained from the 

extrapolation was then used as the estimation of the actual tissue 

temperature when the power was turned off. The difference between 

the calculated value and the thermocouple reading was used as the 

approximation of the error in the temperature reading to be subtracted 

out of the temperature rise. Figure 2a shows an example of an 

experimental temperature profile and the resulting corrected 

temperature profile. The decay of the experimental data along with 

the exponential fit of this data 1s shown in Figure 2b with the 

extrapolated peak temperature at 10 seconds. Exponential fitting of 

theoretical data 1s discussed in APPENDIX A. 

2.2.3 In Vitro Kidney Experiment 

Experiments were done with in vitro kidney preparations in 

order to study the effects of different flow magnitudes on the 

temperature elevations produced by an ultrasonic pulse. For these 

experiments, kidneys were excised from Greyhound dogs and fixed with 

graded concentrations of ethyl alcohol following the procedure 

described by Holmes et al. (1984). The experimental set up included a 

water bath, a calibrated pumping system, and along with the sonication 

and temperature measuring devices previously described (Figure 3). 
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Figure 2. Experimental result of a 10 second ultrasonic pulse with a 
exponential fit of the first 4 seconds of the decay and the 
resulting corrected profile. B.) Exponential fit ( from 11 
s to 15 s) of the temperature decay that was shown 1n 
Figure 2a with the peak value extrapolated back to 10 
seconds. 
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Figure 3. Diagram of In vitro kidney experimental system. 



The kidney was placed 1n the water bath with a piece of catheter 

tubing sutured to the renal artery. This tubing was connected to the 

pumping system that circulated degassed water through the kidney, 

entering in the renal artery and returning to the bath via the renal 

vein. Total flow rates to the kidney were controlled by varying the 

speed of the pump. Local perfusion 1n the kidney was assumed to be 

increased by increasing the total flow rate to the kidney although the 

actual perfusion values remained unknown. Thermocouple junctions were 

positioned throughout the kidney by feeding the wires through a 20 

gage catheter that was Inserted in the kidney and then removing the 

catheter leaving the wires in place. The water bath containing the 

kidney was coupled to the housing of the transducer through a thin 

plastic ultrasound transparent membrane (Ausonics) and degassed water. 

A thermocouple location routine was used to position the ultrasound 

transducer directly below the kidney with the thermocouple junction in 

the acoustic focus of the ultrasound beam. 

2.2.4 In Vivo Study of Perfusion Effects 

A study was done in vivo to look at the effects of normal 

muscle perfusion on ultrasound induced temperature elevations, thigh 

muscles of greyhound dogs were used for all experiments. The animals 

were anesthetized with Halothane, all hair was removed from the thigh 

area, and the skin was coupled to the membrane housing the ultrasound 

system with degassed water. An 18 gage catheter was inserted in the 

muscle approximately 20 mm deep in a horizontal plane 



perpendicular to the ultrasound beam. With the catheter 1n place the 

thermocouple wires were fed through to position the junction in the 

muscle. Once the thermocouple junction was positioned the catheter 

was removed leaving the thermocouple wires embedded 1n the tissue. A 

thermocouple location routine was used to position the focus of the 

transducer on the junction by moving and pulsing the transducer and 

determining the location of highest recorded intensity. Once the 

thermocouple was located, the positioning remained fixed throughout 

the experiment. To study perfused and nonperfused tissue in vivo, 

pulses were given first in living tissue and again in the same 

location immediately after the dog was euthanized. Four second pulses 

and ten minute pulses were used to compare the dependence of perfusion 

effects on pulse length since four seconds appeared to be a good 

selection based on the simulation results and 10 minute pulses began 

to approach steady state. A ten minute and four second pulse was 

given 1n normal tissue and then repeated in reverse order at the same 

location after the sacrifice of the animal. The applied power was 

maintained at a low level to prevent damage to the tissue caused by 

extreme temperatures which could have an effect on the results. 

2.2.5 In Vivo Mapping Experiments 

A preliminary study was done in vivo to determine if short 

ultrasonic pulses could be given at the same depth in various 

locations and result in uniform temperature elevations and thermal 

doses. Experiments were carried out in thigh muscle of Greyhound dogs 
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following the same procedure as done for the 1n vivo perfusion effects 

study. For these experiments the diagnostic, ultrasonic imaging 

capabilities of the sonication system were utilized. The thigh was 

continuously being imaged as the 18 gage catheter was Inserted in the 

tissue to ensure that the thermocouple would remain in a level plane. 

Since changes in tissue depth would change attenuation, an important 

factor for these experiments, the image provided a visual means of 

checking the insertion of the needle to maintain a fixed depth. The 

tip of the catheter was Inserted at the posterior side of the thigh 

and extended 15 cm through the muscle tissue until 1t pierced the skin 

on the anterior surface of the thigh. The needle was then removed and 

the thermocouple wires were fed through the plastic catheter sheath 

still imbedded in the tissue. The thermocouple lead wire was pulled 

through the anterior tip of the catheter, positioning the welded 

junction in the muscle. After securing the lead wire, the plastic 

catheter was withdrawn leaving the junction positioned in the tissue. 

A pulsing routine was then used to locate the exact coordinates of the 

junction based on the initial location information provided by the 

image. Once the thermocouple was located and accurately (within 1 mm) 

positioned in the focus of the ultrasound beam, a 10 second pulse was 

administered. This pulse was repeated in the same location 2 times to 

verify results. The thermocouple junction was then displaced 5 mm by 

the motion of a micro manipulator attached to the thermocouple wires 

extending from the skin. The transducer was moved to locate the focus 

of the beam on the new location of the junction. With the applied 



power remaining constant, ten second pulses were given 1n the new 

location. This procedure was repeated at several locations throughout 

the thigh. The mapping through the thigh consisted of a straight 

distance of 60 to 100 mm across the width of the thigh (anterior to 

posterior), following the original path of the inserted catheter at a 

consistent depth of 20 mm. 

2.2.6 High Temperature Tumor Treatment Study 

A final set of experiments was designed to test the proposed 

high temperature ultrasound treatment for cancer therapy. The study 

involved treatment of murine melanoma 1n mice with short high 

intensity pulses. Twenty DBA/2J male mice were implanted 

intracutaneously with lxlO6 cells of murine melanoma. The 

implantation was carried out while the animal was under anesthesia. 

The hair on the back of the animal was removed and a small blister was 

created on the skin using suction to form a site for Injection of the 

cells. Injections were given at two locations so that each animal 

could serve as it's own control. One of the tumors would be for 

treatment and the other measured as the control (Keceioglu Draelos and 

Levine, 1988). 

The tumors were allowed to grow for approximately two weeks 

with the criterion for treatment being a tumor size of 5 mm in 

diameter. As the tumors reached treatment size each animal was again 

anesthetized using Nembutal, while any recurring traces of hair were 

removed using a depilatory agent (Neet, Whitehall). A single junction 



31 

manganln-constantan thermocouple (as previously described) was inserted 

into the tumor volume by means of a 20 gage catheter needle, locating 

the junction in the center of the tumor. With the thermocouple in 

place, the animal was then prepared to undergo treatment. 

The treatment system used (Figure 4) included a stepper motor 

driven scanning device, a computer system and an ultrasound transducer 

mounted 1n a warm water bath. The scanning system consisted of two 

stepper motors driven by an HP 9836 computer and motor drivers. The 

motors move two belts connected to a flat plate which is supported by 

an universal joint. The motion of the motors enables the tilting of 

the plate in all directions. A long support arm was attached to the 

plate, extending vertically down Into the water bath. The transducer 

was mounted on this arm with the crystal face parallel to the surface 

of the water in the tank. The water level was maintained at 1 cm above 

the focal length of the transducer and the bath was raised to body 

temperature (~ 37 *C) by recirculation from the tank through a heat 

exchanger resting 1n a temperature controlled bath. An ultrasound 

transparent platform was submerged slightly below the surface of the 

water and the animal was placed in a harness on the platform with the 

tumor located in the ultrasound field. The tumor was situated in the 

focal region of the sound beam with the mouse totally submersed 1n the 

water while the animals head was elevated above the water level. The 

platform was designed with an open window so that the ultrasound beam 

travelled only through the degassed water and the tumor to eliminate 

coupling problems. 
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Figure 4. Diagram of the experimental system used to treat tumors 1n 
mice. 



Son1cations were performed using a 0.94 MHz frequency, 10 cm 

radius of curvature, and 6.3 cm diameter transducer. The shape of the 

ultrasound beam for this transducer produced in a water bath 1s shown 

1n Figure 5. The RF signal driving the transducers was generated by a 

Wavetek 271 frequency generator and amplified by an ENI RF power 

amplifier. The transducer was matched to the output of the amplifier 

through an external matching network. Treatment consisted of the 

previously described thermocouple location process followed by a 

series of four second pulses given at 1 mm intervals over the volume 

of the tumor. The thermocouple was located by giving 0.1 second 

pulses in the vicinity of the junction. The Intensity of each pulse 

was calculated from the thermocouple voltages which were measured 

using a digital voltmeter. The thermocouple location routine 

determined the position of the maximum intensity and the stepper 

motors returned the transducer to this position. Once the 

thermocouple junction was positioned exactly 1n the focus of the 

ultrasound beam, a four second pulse was given and the thermal dose 

was calculated. The applied power was Increased until a therapeutic 

level of the dose was reached. For these experiments an applied power 

of 38 Watts was the minimum level of power needed for a therapeutic 

dose. Each animal was treated by pulsing throughout the tumor volume 

allowing for 50 seconds of cooling between each pulse enabling the 

tissue to return to normal base temperature. Pulses were only given 

1n the horizontal plane at 1 mm Intervals, however the tilting motion 

of the system included a sweep angle of less than 5 degrees 
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from horizontal as the pulses deviated from center. Considering the 

size of the tumors (5 mm 1n the axial direction), and comparing the 

length of the focus of the transducer used (10 mm from the focus to 

50% of the maximum SAR in the axial direction), the pulsing pattern in 

only the horizontal plane appeared to be adequate for treatment. 

After treatment the animals were monitored while both treated 

and control tumor sizes were measured on a daily basis. Measurements 

were made for 25 days after treatment for all surviving animals using 

vernier calipers. Length, width and depth from the skin were measured 

for each tumor and used in a half ellipsoid model to estimate tumor 

volume 1n cubic millimeters. 
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CHAPTER 3 

RESULTS 

3.1 Computer Simulation Results 

3.1.1 Perfusion Effects 

These simulations were done to investigate the dependence of 

temperature elevation on the presence of local blood perfusion. 

Figure 6 shows simulation results of 20 second ultrasonic pulses 

generated using various perfusion values between 0 and 95 kg m"3 s"1. 

A value of zero corresponds to pure conduction. Temperature elevation 

decreases as perfusion values increase for a perfusion value of 95 kg 

m"3 s"*1 the peak temperature elevation reduces by half. However, the 

graph also shows that the temperature elevation is less strongly 

dependent on the perfusion at shorter sonication times. To 

investigate the perfusion effects on temperature elevation as a 

function of pulse length, the normalized peak temperature (normalized 

to the conduction case for each pulse length) 1s graphed as a 

function of perfusion for different sonication times (0.5 to 100 

seconds) 1n Figure 7. Shown are the results from 3 different 

transducers characterized by half beam widths of 7.65 mm (Figure 7a), 

3.29 mm (Figure 7b), and 0.48 mm (Figure 7c). These results show that 

perfusion becomes less effective in reducing the temperature elevation 

for shorter pulse lengths and smaller focal zones. 
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The effectiveness of a hyperthermia treatment not only depends 

on the maximum temperature elevation achieved in the tissue, but also 

on the temperature decay following a pulse since it constitutes a 

major portion of the time-temperature relationship. There are two 

factors which have an affect on the temperature decay, the first is 

the size of the focal region and the second is perfusion. Figure 8 

shows 2 second pulses given with the complete range of transducers 

showing an increased rate of decay as the focal diameter decreases for 

a perfusion value of zero. To illustrate the effect of perfusion on 

the rate of temperature decay, Figures 9 a&b show 2 second pulses over 

the full range of perfusion (0 to 100 kg m"3 s"1) for the largest and 

smallest half beam width transducers. This demonstrates how the 

smaller focus gives a much faster and more conduction dominated decay 

with less dependence on the perfusion. These differences in the 

temperature decay create differences in the amount of energy in the 

treatment volume for a given time period. To quantify the overall 

time-temperature effectiveness of pulses, the thermal dose was 

calculated in "equivalent minutes". Figure 10 shows the calculated 

thermal dose for 2 second pulses as a function of perfusion for the 

whole range of transducers, showing that a more conduction dominated 

process is less dependent on perfusion. 
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3.1.2 Intensity Calculations 

Calculations of Intensity values required to reach therapeutic 

levels of thermal dose (60 minutes at 43* C) were made for each 

transducer studied and are presented as a function of half beam width 

in Figure 11. The values are calculated based on the specific 

absorption rate (SAR) determined by the ultrasound field simulation. 

The values for SAR were scaled to the necessary level for each 

transducer to deliver a thermal dose of 60 minutes at 43 °C using a 2 

second pulse. Intensity could then be calculated by the following 

equation 

I=q/2a [3] 

Here I is intensity in W cm"2, q 1s SAR in W cm"3, and a is the 

attenuation coefficient in Np m"1. The value of a selected for the 

calculations was 5 Np m"1 based on a frequency of 1 MHz. These. 

results can be scaled for other attenuation coefficients at different 

frequencies. 

Because of the possible occurrence of transient cavitation at 

high Intensities, these values are Important limiting factors for 

consideration in transducer selection. From Figure 11 it can be seen 

that the required intensity 1s of the order of 400 W cm"2 at 1 MHz 

when the beam width 1s larger than 2 mm. At smaller beam diameters 

the intensity required increases sharply, being about 1000 W cm-2 for 

a half beam width of approximately 1 mm and a 2 second pulse. 
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Figure 11. Intensity (W cm"2) required during a two second pulse at 1 
MHz and 5.0 Np m"1 for various transducer half beam widths 
to achieve a thermal dose of 60 minutes at 43 #C. 



Although a smaller focus gives a less perfusion dependent thermal 

exposure, resulting Intensity values may surpass thresholds for 

transient cavitation and cause mechanical damage to tissue 1n a 

clinical setting and limit practical execution of the treatment. 

Figure 12 gives the corresponding peak temperatures as a function of 

half beam width associated with an equivalent dose of 60 minutes. 

3.1.3 Distributions in the Focal Region 

The next study utilized the computer model to investigate the 

distribution of temperature and dose outside of the focal point. This 

information 1s important in determining the volume of tissue that can 

be adequately treated with one ultrasonic pulse. Half beam width 

values of 7.65, 3.29,and 0.48 mm were used to cover the range of 

transducers. Two second peak temperatures attained at the focus and 

locations extending outward in the radial direction are shown in 

Figure 13a for perfusion values of 0 and 5 kg m"3 s~1. All values 

were normalized by the value of the nonperfused case at the focal 

point. A result is included for a perfused case to show the effects 

of an average tissue perfusion on the peak temperatures. Similar 

results for calculated thermal dose are shown in Figure 13b. 

Temperature profiles used for the dose calculations consisted of two 

second sonlcatlons with a decay lasting for a total time of 100 

seconds. A total time of 100 s was considered to be a long enough 

profile since the temperatures occurring beyond 100 seconds are so low 

that they do not make a significant contribution to the dose. (For a 
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Figure 12. Peak temperature (*C) required during a two second pulse 
for various transducer half beam widths to achieve a 
thermal dose of 60 equivalent minutes at 43 *C. 
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7.65 mm transducer the difference In dose between a 100 and 200 s 

profile 1s 0.34 equivalent minutes.) The time-temperature profile 

generated 1n the focus for the nonperfused case was scaled to 60 

minutes and all remaining doses were calculated using the resultant 

scale factor. Similar results for the axial distribution of 

temperature and dose around the focus are given in Figures 13 c & d. 

3.1.4 Parametric Study of Tissue Properties 

A parametric study of different tissue properties (thermal 

conductivity, specific heat and ultrasonic absorption coefficient) was 

conducted to determine how changes 1n the tissue properties affect the 

temperature elevation during 2 second ultrasonic pulses. The 

simulation study investigating changes in thermal conductivity 

included three transducers (half beam widths of 7.65 mm, 3.29 mm and 

0.48 mm) and perfusion values of 0 and 5 kg m"3 s"1 (Figures 14 & 15). 

Both peak temperature and thermal dose are decreasing functions of 

thermal conductivity for values ranging from 0.3 to 0.6 W m"1 C"1. As 

the focal region becomes smaller there 1s a much greater effect on the 

temperatures and dose as the thermal conductivity increases. The 

investigation of the specific heat of tissue covered a full range of 

values found in all types of tissues, from 2000 to 4200 J kg"1 •C"1. 

Peak temperature changes from variation of specific heat for half beam 

widths of 7.65, 3.29, and 0.48 mm are shown in Figure 16. Perfusion 

values of 0 and 5 kg m~3 s~1 were included to show any effects due to 

the presence of local perfusion. Peak temperatures are affected by 

changes in specific heat, with the largest changes occurring as the 
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half beam width gets larger. Similar results are shown for the 

thermal dose in Figure 17. 

The last parameter to be studied was the absorption 

coefficient. The transducer characteristics used for this study were 1 

MHz, radius of curvature 230 mm, and diameter of 105 mm. Simulations, 

including coefficient values between 2.3 and 23.0 Np m"1, were run 

maintaining the focus at fixed depths of 3, 6, 10, and 12 cm in the 

tissue. For all cases, the total applied power remained unchanged at 

13 W. The changes in peak temperature are plotted for different 

coefficients at each depth in Figure 18. Thermal dose as a function of 

absorption for each depth is plotted in Figure 19. The dose 

corresponding to the maximum peak temperature at each depth was scaled 

to 60 minutes. Scaling was accomplished by multiplying all of the 

temperature elevations 1n the profile by a multiplicative factor large 

enough to produce a a dose of 60 minutes. 

3.2 Experimental Results 

3.2.1 In Vitro Kidney Experiment Results 

Experiments were done with alcohol fixed canine kidneys to verify 

the simulated results In a laboratory setting. The photograph 1n 

Figure 20 shows a fixed kidney that was perfused with dye following an 

experiment. Dye was circulated throughout the kidney by injecting it 

into the pumping system. After the dye circulated throughout the 

kidney, it was cut open to expose four thermocouple locations (marked 

in the photo). This was done to verify the presence of perfusion in 



53 

nonperfused 

*\\ 
•\\ «\\ 
*\\ 

perfused 

3.29 mm >\ n Aa \\ 0.48 mm 

\\ \\ 

\\ •\ Y\ 
W Y\ 
\\ \ \\ 

7.65 mm v. \ '\ tt \ %\ 
«« % «\ it \ «\ « \ A •» \ »\ Y i »\ i 1 i\ i %\ 

s \ *\ 
> » »\ 
\ % »\ V 1 »\ \ % *v \ I »x. 

\ 

A_ 

1 0 0 0  2000 3000 

Specific Heat (J kg ' 

4000 
B<r') 

Figure 17. Calculated thermal dose as a function of specific heat. 
Dose scaled to 60 minutes for the smallest value of 
specific heat. 



54 

cm deep 

12 cm deep 

$ cm deep 

10 cm deep 

I | I I 

5 10 15 20 25 

Attenuation Coefficient (Np/m) 
30 

Figure 18. Peak temperature versus absorption coefficient for 2 second 
pulses given with a 1 MHz, radius of curvature 23 cm, and 
diameter 10.5 cm for various depths In the tissue. 



3 cm deep 

6 cm deep 

10 cm deep 

12 cm deep 

• i 
5  

i i i | i—rvcv*"1' 
10  15  20  25  

Attenuation Coefficient (Np/m) 

30  

Figure 19. Thermal dose versus absorption coefficient at various 
depths with the dose scaled to 60 minutes at the value 
maximum temperature for each depth. 



Figure 20. Alcohol fixed canine kidney perfused with colored dye to 
show flow pattern around thermocouple locations (1, 2, 3, 
and 4). 
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the area surrounding each thermocouple junction by discoloration caused 

by dye circulating through the kidney via the vascular structure. 

Figure 21 shows temperature elevation versus time for 20 second pulses 

applied to a thermocouple located in the cortex of the kidney (location 

#1 in the photo). These are typical examples of pulses found in all 

locations in the kidney. The differences between pulses given in 

different locations in the kidney are that the actual peak temperature 

elevation is not consistent at different locations for the same total 

flow to the kidney. This supports the fact that the local perfusion in 

the kidney is higher in the cortex and varies spatially throughout the 

kidney (Eberhart, 1985). For all of the experiments the total flow to 

the kidney was varied from 0 to 130 ml min-1. As flow increases there 

is a marked decrease of maximum temperature, agreeing with the 

simulated results shown in Figure 6. Experiments were done in 5 kidneys 

and in 11 different locations to determine if these trends were general 

for different kidneys and at different locations. Results compiled 

from all the experiments and locations are shown in Figure 22. Peak 

temperatures for all flow cases were normalized by dividing by the 

average slope of the temperature rise at the beginning of the sound 

pulse (between .3 and .7 seconds) for the nonperfused case at each 

location. This has been shown to be a measure of the amount of 

absorbed power in the surrounding tissues (Fry and Fry, 1954) and was 

done to eliminate the possible effects of variation in the power 

absorption at different locations. The slope was averaged from several 

pulses given at the same location for a total flow of zero. 
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3.2.2 In V1vo Perfusion Effects 

Experiments similar to those from the i_n vitro organ models were 

done in vivo in further attempt to verify previous results. These 

experiments were carried out 1n canine thigh muscle. Pulses were given 

in normal resting tissue and repeated immediately following the sacri

fice of the animal. Seven experiments were performed and typical 

examples of ten minute and four second pulses given iji vivo are shown 

in Figure 23. The percentage difference 1n peak temperature between the 

two 10 minute pulses given in perfused and nonperfused tissue was much 

greater than that seen between two 4 second pulses. The results from 

all experiments are shown in Figures 24 a & b where the peak tempera

ture and thermal dose for the short and long pulses and plotted 

together. This shows that in every case the short pulse showed less 

decrease in both peak temperature and thermal dose than the long pulse. 

Summarizing the results from all 7 experiments shows that the peak 

temperature is reduced by an average of 4% * 3% s.d. for 4 second 

pulses and 29% * 15% s.d. for 10 minute pulses due to resting perfusion 

in thigh muscle. Comparable average results from thermal dose calcula

tions show that the percent reduction in dose for a 4 second pulses is 

28% ± 22% s.d. and for a 10 minute pulses the dose is reduced by 68% * 

22% s.d. The large standard deviations are probably due to perfusion 

variations between the experiments. The maximum temperature reached in 

the tissue for these experiments was 41.4 °C. This maximum occurred 

during a 10 minute pulse in nonperfused tissue in experiment number 4 

and it was assumed that the temperature elevation did not cause tissue 
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damage which would effect the results. The average temperature 

elevation reached during all of the four second pulses was 39.1'C and 

39.5'C for all of the ten minute pulses. 

3.2.3 In Vivo Mapping Results 

In vivo experiments Involving the mapping of thigh muscle were 

performed to see how temperature elevation and thermal dose fluctuated 

due to changes in the tissue properties. A total of 7 experiments 

were performed in 7 different animals. Results showing the average 

peak temperature for 10 second pulses given at different locations are 

shown in Table 3. The average applied power was 6.4 watts and the 

average depth in the tissue remained at 20 mm. The same transducer 

was used for all experiments (frequency 1 MHz, radius of curvature 25 

cm, diameter 13 cm, and efficiency of 0.74). 

Table 3. Average peak temperatures for 10 second pulses 1n thigh 
muscle. 

Experiment 
number 

# of 
locations 

Average Peak 
Temperature 

Standard 
Deviation 

1 13 1.73 0.22 

2 14 1.22 0.30 

3 17 2.70 0.63 

4 9 1.35 0.32 

5 9 1.71 0.28 

6 20 1.08 0.16 

7 10 1.00 0.07 



From each experiment a pulse that had a peak temperature very 

close to that of the calculated average peak temperature elevation was 

scaled to give a dose of 60 minutes at 43'C. This scale factor was 

then used to calculate the dose for pulses given at every location in 

each experiment. The resulting doses are shown 1n Figure 25. Of a 

total of 92 locations, the graph shows the percentage of locations 

having a calculated dose above the plotted value. From these results 

the calculated values of thermal dose ranged from 3 to 2806 equivalent 

minutes. Represented on the graph are all of the points below 345 

equivalent minutes. This represents 86% of all the locations. The 

important Information shown here 1s that only 54% of the pulses given 

were above 60 equivalent minutes. 

Another result from these experiments was obtained from the 

diagnostic image of the thigh muscle. From three of the mappings the 

ultrasound image showed the catheter passing through a muscle 

interface where two muscle groups are connected. This Interface 

appears on the image as an area of higher absorption. As the mapping 

progressed toward this region and the thermocouple junction becomes 

embedded in this connective tissue, the local temperature elevation 

increased. For three separate experiments, the temperature elevation 

rose by 74%, 86%, and 165% as the thermocouple passed through this 

region. Figure 26 shows the peak temperature elevations encountered 

at the location where the thermocouple intersects a muscle interface. 

(This location was determined from the B-scan image). 
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This is an important result depicting the valuable information about 

the tissue that is obtainable from the diagnostic ultrasound image. 

3.2.4 Tumor Treatment Results 

The concluding study using ultrasound to treat murine melanoma 

was conducted to determine, on a preliminary basis, whether or not 

high temperature ultrasound hyperthermia treatments using a thermal 

dose of 60 minutes at 43'C would produce a positive tumor response. 

The overall results of the study are graphed in Figure 27 where the 

measured volumes of the tumors, both treated and control, are shown as 

a function of time in days after the treatment. These results give 

values averaged from data obtained from the 16 animals surviving 

treatment. Anesthesia related problems were responsible for the 

deaths of four animals which consequently had to be excluded from the 

study. A statistical paired difference test was performed using the 

tumor measurements. The results concluded that the treated tumors 

showed a significant statisical difference from the control tumors 

with a 90% confidence level. Although this study did not prove to be 

successful in inducing complete tumor response, the results do show 

that there is a definite reduction in tumor volume after hyperthermia 

treatment. 
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Figure 27. Normalized tumor volume (normalized to the original tumor 
volume at the time of treatment) verses the number of days 
following treatment for control and treated tumors. Errors 
are represented In a single direction. 
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CHAPTER 4 

DISCUSSION 

4.1 Discussion of Simulation Results 

The computer simulations of the effects of perfusion on 

ultrasonic pulses led to two major conclusions Important to high 

temperature ultrasound treatments. According to the results 

presented, the dependence of temperature elevation and thermal dose on 

perfusion decreases as the pulse length becomes shorter. The 

simulations show that by decreasing the sonication time to 

approximately 2 seconds, the losses of temperature elevation due to 

perfusion can be kept within 10% for most transducers over a complete 

range of perfusion values found in the body (0 to 100 kg m~3 s"1). A 

blood perfusion rate of 100 kg m"3 s"1 would only be found in a kidney 

or other highly perfused organ. These are very high values rarely 

ever found in tumors. Blood perfusion found in tumors is reported to 

be between 0 and 10 kg m~3 s~1 (Waterman, 1986). When one considers 

results only on this range, the prospects for administering ultrasonic 

pulses with very little dependence on perfusion become very good for 

most of the transducers. A maximum reduction of thermal dose of only 

17% for all transducers (excluding the 7.65 mm half beam width which 

reduces thermal dose by 41%) would result with a perfusion of 10 kg m" 



The second conclusion drawn from this study is associated with 

the effect that the focal diameter (or half beam width) has on the 

temperature profiles and thermal dose results. By decreasing the size 

of the focal region, temperature gradients become very steep producing 

an increased rate of decay which is highly conduction dominated. 

Temperature decays produced by energy deposition in a small focal area 

are least effected by the presence of perfusion (Kress et al, 1987). 

Therefore, calculated values of thermal dose are more uniform over a 

large range of perfusion values for a small half beam width. 

Another characteristic for transducer selection is the fact 

that very small focal diameters enable the use of longer pulse lengths 

with less loss of temperature elevation or thermal dose due to 

perfusion. The length of the son 1 cation may become an important 

variable for patient treatments because longer pulses require a lower 

peak temperature to administer the same dose as a shorter pulse. 

Increasing the pulse length 1s another way of reducing the required 

intensity by reducing the applied power to achieve a therapeutic dose. 

Although the conclusion of this study is to keep pulses as short as 

possible, 1t 1s Important to be aware of the advantages as well as the 

disadvantages of going to a longer pulse length. Using a transducer 

with a small beam width and going to a longer pulse length can achieve 

the same temperature elevation and thermal dose changes as a larger 

half beam width and shorter pulse length. 



From the relationship between half beam width and calculated 

intensity 1t is clear that small half beam widths require much higher 

intensities. The fast temperature decay produced with a small half 

beam width requires higher temperatures to obtain a therapeutic 

thermal dose than those produced by a larger half beam width. 

APPENDIX B shows the relationship between peak temperature and thermal 

dose for different transducers. These high intensities would mean 

that nonlinear propagation (Hynynen, 1987) and transient cavitation 

(Frizzell, 1988) may have an effect on the temperature elevation. The 

effect of both of these factors are difficult to predict, thus, an 

ultrasound intensity low enough to avoid both factors should be 

selected. This may mean that some compromises 1n the beam diameter 

(larger half beam width), sonication time (longer pulses) and 

frequency may be necessary to decrease the required ultrasound 

intensity to a level that would provide predictable linear wave 

propagation (Hynynen and Blllard, 1989). 

From the axial and radial distributions of temperature and 

thermal dose around the focus of the ultrasound beam, information 

concerning the size of the volume being treated by one pulse can be 

obtained. Obviously, using a transducer with a large half beam width 

will treat a larger volume with one pulse than a small one. For a 

half beam width of 0.48 mm, the temperature elevation after 2 seconds 

drops to 50 percent of the maximum at a radial distance of 0.5 mm from 

the focal point. For a half beam width of 7.65 mm the distance where 

the temperature elevation drops off by 50 percent is 4 mm. The 



results Indicate that the temperature elevation closely follows the 

intensity distribution, however the thermal dose drops off faster at 

shorter distances from the focal point because the dose is a 

nonlinear function of temperature. The thermal dose drops to 50 

percent of the maximum by 0.4 mm from the focal point for the 0.48 mm 

half beam width and just over 3 mm for the large (7.65 mm) half beam 

width transducer. The implications of these numbers require spacing 

between treatment pulses to be at least 0.4 mm or 3 mm based on the 

corresponding transducer used to deliver a therapeutic thermal dose 

throughout a volume. 

The axial extent of temperature elevation and thermal dose is 

larger than in the radial direction. To achieve a value of 

temperature elevation greater than 50 percent of the peak temperature 

with a half beam width of 0.48 mm, the distance from the focal point 

must be less than 2 mm in either direction. Larger half beam widths 

(7.65 mm and 3.29 mm) deliver 50 percent of the temperature elevation 

up to 20 mm from the focus. The thermal dose distribution for a 0.48 

mm half beam width drops to less than 50 percent 1 mm away from the 

focal point in the axial direction. A 7.65 mm half beam width can 

extend the 50 percent dose mark out to 15 mm from the focus. Again, 

these values imply that the spacing between pulses during a treatment 

should be 2 mm for the small focus and up to 30 mm for the largest 

focus. This study revealed the necessity for a transducer evaluation 

to plan a treatment that will administer a therapeutic dose uniformly 

throughout the treatment volume. 



The simulation study of tissue parameters, including thermal 

conductivity, specific heat and absorption coefficient, revealed how 

isolated variations of these parameters affected peak temperature and 

thermal dose. Changes in thermal conductivity had a larger effect 

when using a transducer with a small half beam width. This was due to 

the large thermal gradients produced 1n the small focal region. 

Referring to the bioheat transfer equation [1], the conduction process 

is described by Fourier's law where k, the thermal conductivity is 

multiplied by the spatial rate of change of the temperature. A small 

area of energy deposition creates large temperature gradients which 

coupled with Increasing values of thermal conductivity gives very high 

rates of heat transfer by conduction. This can explain the reduction 

of peak temperature and thermal dose with the increase of thermal 

conductivity for smaller half beam widths. As the gradients become 

greater, energy is conducted away from the focal point at a higher 

rate. The 0.48 mm half beam width transducer produces'temperature 

profiles that are most dependent on changes in thermal conductivity. 

The peak temperature dropped 36% over the range of thermal 

conductivity (0.3 to 0.6 W m~1 *C"1) and the thermal dose dropped 98% 

as the thermal conductivity increased for the smallest half beam 

width. Clearly, this is an unacceptable variation of both temperature 

elevation and thermal dose. However, the value of thermal 

conductivity within normal tissue and tumors is reported to vary less 

than 0.1 W m"1 'C-1 (Bowman, 1982). Considering only fluctuations of 

this magnitude changes in peak temperatures would be approximately 



0.5%, 1%, and 12% for half beam widths of 7.65, 3.29, and 0.48 mm 

respectively. Correspondingly the dose would reduce by approximately 

22%, 35%, and 75% for the same transducers. Considering these facts, 

normal fluctuations of thermal conductivity will not have a 

significant effect on the temperature elevation or the thermal dose, 

provided half beam widths on the order of .5 mm are avoided. 

The results from the variation of specific heat showed that 

both peak temperature and thermal dose are decreasing functions of 

specific heat. Again, referring to the bioheat transfer equation [1], 

the value of specific heat of tissue is multiplied by the time rate of 

change of the temperature. Considering an energy balance around the 

focal region, this transient term would represent the change of energy 

stored in the focal region and as this term increases in magnitude the 

resulting temperatures decrease. By Increasing the value of specific 

heat the resulting peak temperatures are decreased. The smallest half 

beam width has the smallest effect on both peak temperature and 

thermal dose while the larger half beam widths create larger effects. 

The effects of a perfusion value "of 5 kg m"3 s"1 are similar to 

previous results showing that a larger half beam width gives a more 

perfusion dependent temperature elevation and thermal dose. 

Considering the whole range of values of specific heat found 

throughout the body (2000 to 4200 J kg"1 'C~1 as reported by Sekins 

and Emmery, 1982), the maximum drop in peak temperature is 51% for the 

large focal size. The corresponding loss in thermal dose 1s 99% for 



any transducer used. These results imply that variations in specific 

heat create large fluctuations in temperature elevation and thermal 

dose. However, these results are over a complete range values found 

in the body. Different tissues have very different properties. For 

example, the value of specific heat of fat is 2300 J kg"1 °C"1 and 

muscle is 3770 J kg"1 *C_1. A variation from 2000 to 4200 would only 

be encountered by moving from one type of tissue to another. The 

actual fluctuations of specific heat within a particular tissue or 1n 

tumor are reported to be small (Bowman, 1982) and should not have a 

significant affect on peak temperature or thermal dose. Important 

implications from this study are that the type of tissue being treated 

and the thermal properties of that tissue will have an impact on the 

temperatures reached during a treatment but that the changes in 

specific heat will not have a significant effect. 

In investigating the variation in absorption coefficient, the 

results showing temperature elevation attained at different depths for 

a fixed applied power, displays three characteristics of the 

absorption of ultrasound 1n tissue. The first, and probably most 

obvious is the fact that as the focus of the sound beam is moved 

deeper into the tissue less temperature elevation 1s achieved at the 

focus. Less sound energy will reach a focus situated deep in the 

tissue because of attenuation occurring in the tissue preceding the 

focus. For a shallow location less beam attenuation occurs before the 

focus causing a higher temperature elevation from absorption at the 

focus. 



Another conclusion drawn from this study, is the existence of 

an attenuation coefficient at a given depth, that will yield the 

largest temperature elevation. The results show that at a shallow 

depth this coefficient has a higher value than at a greater depth in 

the tissue. As the coefficient increases more energy is absorbed in 

the focus hence elevating temperatures there. As the absorption 

coefficient continues to increase, the increase in the amount of sound 

absorbed before the focus begins to reduce the level of sound absorbed 

at the focus, causing the temperature at the focus to go down. A beam 

situated deep in the tissue will attenuate much more sound before the 

focus, which explains the occurrence of this peak temperature at a 

smaller attenuation coefficient. 

A final result rising from this information shows that some 

ranges of attenuation give smaller changes in temperature elevation at 

a given depth than other ranges. At a depth of 3 cm, a change in 

attenuation from 0.2 to 0.3 Np m"1 results in a 5 'C change in peak 

temperature where a change from 0.8 to 1.0 Np m"1 gives a 0.9 °C 

change. This implies the possibility of tailoring treatments to give 

the smallest changes in temperature over a range of attenuation 

coefficient. Although it is impossible, in a clinical situation to 

vary the absorption and depth of a tumor, it is possible to select a 

transducer frequency which will give the best result for the given 

situation. By evaluating depth of the treatment volume and 

approximating an absorption coefficient, a choice of transducer could 

be made to guarantee changes in thermal dose caused by the uncertainty 



in the absorption coefficient (Goss et al.f 1978) to be less than 50%. 

This parameter study does not suggest that a particular transducer 

would be optimum in minimizing changes in temperature elevation or 

thermal dose caused by changes in absorption, however implies that 

each treatment situation must be evaluated individually to determine 

the best transducer. Let us consider a tumor with an average 

absorption coefficient of 5 Np m~1 MHz"1 at a depth of 3 cm. It can 

be seer, from Figure 19 that by selecting a frequency of 2.5 MHz, the 

coefficient can have a variation from 9 to 18 Np m"1 ( i.e. the 

absorption in the tissue can vary from 3.6 to 7.2 Np m"1 MHz-1) and 

still guarantee a thermal dose between 30 and 60 minutes at 43'C. 

This goal is not reachable for present hyperthermia systems. 

Although this was a finite study considering only one transducer with 

a half beam width of 3.3 mm, a great deal of information was revealed 

about the interaction of sound with tissue with different absorbing 

properties. These results lead the way to a complete study which can 

be conducted both theoretically and experimentally to optimize the 

parameters of a treatment to make uniform dose distribution possible 

independent of absorption changes in tissue. 

4.2 Discussion of Experimental Results 

4.2.1 Study of Perfusion Effects 

Experimentation done in vitro and in vivo showed a significant 

advantage in using short pulses over long ones to avoid the cooling 

effect of local blood perfusion. The in vitro kidney experiments were 



successful 1n showing that Increase 1n flow to an area will reduce 

temperatures achieved by external heating. The Increase of total 

flow to the kidney reduced the peak temperature attained. However, 

as the sonication time was reduced the percent reduction in 

temperature elevation was smaller. This result 1s 1n agreement with 

the results of the simulation study. 

The in vivo study was necessary to prove that the same trends 

found in vitro as well as in the simulations are obtainable 1n tissue. 

Conducting the experiments 1n dead tissue and alive tissue was the 

only way to create a definite perfusion variation in the muscle tissue 

since there is currently no easy, reliable and quantitative way to 

control the blood flow rate 1n the muscle. Again the advantage of 

short pulses over long pulses in reducing perfusion effects on 

temperature elevation was shown. The differences 1n the shape of the 

temperature profiles and the large differences in peak temperature 

reached during a 10 minute pulse strongly support the assumption of 

the presence of perfusion in the location of the thermocouple. With 

all other variables fixed, perfusion was the only mechanism for 

cooling that would create these differences. Both of these 

experiments were successful in proving that short ultrasonic pulses 

are much less dependent on perfusion than long pulses. 

4.2.2 Mapping study 

The mapping experiments performed in thigh muscle did not give 

the expected results. The temperature elevation and thermal dose 



distributions associated with ten second pulses with a 1 MHz 

transducer of 3 mm half beam width given 20 mm deep in thigh muscle 

were not uniform throughout the muscle tissue. From these experiments 

it appears that there is only a 50% chance of administering a dose of 

60 equivalent minutes or better. While this may seem to be a major 

set back for this technique, there are some factors contributing to 

this result that must be addressed. First, from the simulation result 

investigating absorption coefficients, (Figures 18 & 19) a 1 MHz 

transducer used at a depth of 2 cm theoretically gives very large 

changes in temperature elevation and thermal dose for very small 

changes in attenuation coefficient. Therefore, with this knowledge, 

more experiments should be done with different transducers and at 

different depths within the tissue to determine 1f the fluctuations 

can be minimized. Also a consideration for future experiments may be 

to shorten the pulse length. A ten second pulse length probably 

allowed for variation of temperature and dose due to variation of 

perfusion both within the thigh muscle and from different animals. By 

using a pulse length of approximately 2 seconds the perfusion changes 

would not effect the results. The results from these experiments are 

therefore not conclusive and should only be considered as useful 

Information for future studies. 

4.2.3 Tumor Treatment 

The study involving murine melanoma in mice was designed to 

give a preliminary look into the clinical feasibility of this high 
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temperature technique, and was conducted with full knowledge that 

several aspects of this technique had not been thoroughly 

Investigated. The objective was to determine if a therapeutic thermal 

dose could be delivered with a short pulse. The results revealed 

problems with this technique associated with those aspects of high 

temperature ultrasound still in need of further investigation. 

Problems stemmed from incorrect transducer selection and inadequate 

treatment planning. As a consequence of these difficulties, there was 

Incomplete response 1n the tumors, there was occurrence of cavitation 

in the tumor, and burns developed on the skin. 

From examinations of all tumors (a total of 16 successfully 

treated) it was apparent that the total tumor volume had not been 

completely treated. In areas where there was evidence of treatment 

the tumor volume reduced in size and became black and necrotic in 

appearance. However sections of the tumor which appeared to be 

untreated continued to grow and quickly surpassed the original tumor 

volume. The results from the study show that by five days most of the 

tumors had grown past the original volume and by 11 days all of the 

tumors had done so. An important note about this result, is the fact 

that four animals, all showing significant tumor response after 5 

days, did not live past six days. The cause of death of these animals 

was unknown. Therefore the data after five days was averaged from the 

surviving 12 animals, including three cases that showed no response at 

all. 



In attempting to explain the partial treatment of the tumors, 

it was found that the spacing between the pulses was not small enough 

to ensure therapeutic heating throughout the volume. The spacing 

between location of sonication was limited to a minimum of 1 mm based 

on the design of the scanner used to move the transducer. According 

to a simulated result of the power field generated by this transducer, 

the thermal dose drops by almost 60% at a radial distance of .5 mm 

from the focus and by almost 94% at a radial distance of 1 mm from the 

focus. From this information, the conclusion can be made that the 1 

mm spacing between pulses was too large for the transducer used and 

therefore the entire tumor volume was not being treated with a 

therapeutic level of sound as had been assumed. 

A major difficulty encounter while conducted this study was the 

inability to consistently give an accurate thermal dose due to the 

presence of cavitation. Controlling the dose experimentally and 

calculating the dose during the treatment were Impossible 1n some 

cases. The small focal region of the 0.94 MHz transducer which was 

driven at high power levels was the contributing factor to intensity 

values above the transient cavitation threshold. The presence of 

cavitation In the tissue was suspected from extremely high 

thermocouple readings followed by Irregular temperature profiles. The 

Irregularity of the profiles made estimations of the actual tissue 

temperature and calculation of the actual thermal dose impossible. 

The inability to calculate dose and record tissue temperatures 

resulted in treatment at a fixed power level. All the tumors were 



treated with an applied power of 38 Watts(400 mV and 90% duty cycle), 

a value that was selected based on calculations of dose in animals 

where cavitation did not appear to occur. 

An attempt to alleviate the problem of cavitation was made by 

increasing the length of the treatment pulse from 4 seconds to 8 

seconds. By increasing the pulse length, a therapeutic thermal dose 

could be delivered at a lower peak temperature and hence a lower 

applied power. The longer pulse length did not totally prevent the 

occurrence of cavitation, but did allow the power level to be reduced 

from 50 Watts to 38 Watts to obtain a therapeutic dose. Another 

possibility for the cause of the Irregular temperature profiles would 

be the presence of gas trapped near the thermocouple junction after 

insertion 1n the tumor. These problems can only be eliminated by more 

Information on transient cavitation thresholds in tumors and proper 

transducer selection based on that information. 

Another difficulty encountered during this study arose from the 

use of a 0.94 MHz transducer on a surface tumor creating burns on the 

skin. The burns developed due to the increased absorption coefficient 

of the skin over that of soft tissue. For shallow penetration beneath 

the skin, high intensity levels are encountered at the surface of the 

skin which, coupled with the increased absorption, resulted in 

cutaneous burns. For a deep seated tumor, this would not happen 

because the intensity levels at the skin would be much lower. Again, 

the depth to the target volume is an Important factor in determining 

the type of transducer necessary to provide the best treatment. For 



this particular study a more sharply focussed transducer may have 

prevented the occurrence of burns on the skin. 

In spite of the difficulties associated with this particular 

tumor study using high' temperature ultrasound, the procedure still 

shows promise in inducing a response in murine melanoma and provides a 

great deal of important information for future work necessary for the 

success of this technique. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the findings of this study, high temperature 

ultrasound hyperthermia is feasible. Although there 1s much work left 

to be done before this technique can be used in a clinical situation, 

these results are encouraging. This study has concluded that the 

effects of perfusion on temperature elevation and thermal dose can be 

reduced by using this technique, the normal fluctuations of the 

thermal properties will not significantly reduce the effectiveness of 

this technique, and a tumor response can be induced. All of these 

conclusions are contingent on the fact that the proper transducer be 

used to achieve the best results. 

Based on the information presented, a large focal diameter is 

too dependent on perfusion changes and a very small focal diameter may 

be too sensitive to changes 1n thermal conductivity or may surpass the 

thresholds for transient cavitation. The use of a transducer with a 

half beam width on the order of 3 mm will avoid these problems. 

However, frequency, radius of curvature, and diameter of a transducer 

will need to be chosen to optimize the results for individual 

treatments. 

The use of focused ultrasound for short, high temperature 

hyperthermia treatments could be a significant improvement over 

present forms of treatment. This technique can Induce a therapeutic 



thermal dose almost Independent of blood perfusion and may be 

accurately predicted and repeated. The use of this method will 

require fewer Invasive temperature sensing probes than present 

techniques and theoretically, using a model with Improved accuracy and 

actual tissue geometry and properties obtained from ultrasound images, 

could eliminate the need for thermometry all together. Hence, from a 

physical point of view, high temperature ultrasound hyperthermia, if 

successful, will substantially Improve thermal dose distributions 

during hyperthermia treatments for cancer therapy. However, there 

needs to be more biological and clinical studies to evaluate the human 

responses to these high temperature ultrasound pulses. 

There 1s a great amount of work to be done before high 

temperature ultrasound treatments can be deemed totally feasible and 

successful. Continuing on with this work, more mapping experiments 

must be done to determine what temperature and dose fluctuations are 

like in different tissues. Also experiments must be done to verify 

the simulation results so that the model can be used to prescribe the 

proper transducer for a given set of treatment variables. A complete 

study of transient cavitation must be done to develop guide lines on 

the relationship between transducer characteristics and thresholds in 

different tissues. A similar Investigation must be completed on the 

nonlinear propagation of ultrasound in vivo to enable better treatment 

planning. From all of these experiments, the information must be used 

to develop a model that can account for all of the treatment variables 

and determine the temperature and thermal dose being administered 
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during treatment without the aid of Invasive thermometry. And finally 

a extensive clinical study must be done to determine what dose 

actually 1s required to be therapeutic and what temperatures can be 

administered without any undesirable side effects. 
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APPENDIX A 

To further investigate exponential fitting of the temperature 

decay to extrapolate the value of the peak temperature, this technique 

was applied to theoretical data generated by the ultrasound simulation 

program. Figure A.l shows the fitting routine applied to theoretical 

data of a four second pulse for a nonperfused case. Although the 

decay does not coincide after about 6 seconds, the fit did extrapolate 

back to approximately the same peak value. The exponential fit was 

also applied for perfusion values of 0, 1, 5, 10, 30, 50, and 100 kg 

m"3 s-1 and pulse lengths of 2, 4 and 8 seconds, always resulted in a 

extrapolated value that was within 3% of the theoretically calculated 

peak temperature (applied power remained unchanged). 
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the peak temperature. 
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APPENDIX B 

The relationship between temperature and thermal dose is a 

complicated one because 1t 1s nonlinear 1n nature. Figure B.l shows 

thermal dose as a strong function of the peak temperature for three 

transducers of half beam widths 7.65, 3.29, and 0.48 mm. The dose 

calculations were based on 2 second pulses and a total time of 100 

seconds. From this graph, evidence of the role of temperature decay 

1n determining the thermal dose can bee seen. Because of the slow 

temperature decay produced by the 7.65 mm sound beam it requires a 

lower temperature elevation to achieve a therapeutic dose. The 

temperatures remain higher for a longer period of time, hence the 

large contribution to the thermal dose. In contrast, the 0.48 mm beam 

produces high rates of temperature decay and thus requires higher 

temperature elevation to achieve a therapeutic thermal dose. All 

transducers seem to give the same rate on increase of dose for a given 

temperature Increase for values near 60 equivalent minutes. The 

implications are that a small overshoot in peak temperature can give a 

very large rise in the resultant thermal dose. 
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Figure B.l Thermal dose as a function of peak temperature for three 
transducers (half beam widths of 7.65 mm, 3.3 mm, and 
0.48 mm. 
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