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ABSTRACT 

The purpose of this research was to investigate 

temperature elevation variations caused by tissue 

location, tissue interfaces, and large blood vessels 

through a series of in vivo experiments using high power 

ultrasonic pulses. Results show that high temperature 

ultrasound hyperthermia does not suffer extensively from 

the tissue heterogeneities and even tissues within a few 

millimeters from an artery could be adequately exposed. 

Experimental results were compared with the temperature 

distributions predicted with computer simulations. The 

computer model studies indicate that matching simulation 

sound field distributions to the treatment transducer in 

vivo half power beam width provides an accurate method of 

matching the theoretical and experimental temperature 

distributions. 
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CHAPTER 1 

1. INTRODUCTION 

The use of hyperthermia in cancer therapy has been 

under investigation for over a century.1 From the initial 

findings that a fever in a patient with cancer increased 

that patient1s chances of survival to the many modern 

methods of inducing hyperthermia we have today, this 

treatment has seen increasing interest and application. As 

early as the 1950's, tests indicated that cancerous cells 

heated to above 42°C exhibit a significant amount of cell-

killing, and further increases in the temperature reduced 

the time of thermal exposure necessary to achieve the same 

level of cell-killing.^ In addition, recent studies have 

shown that hyperthermia combined with radiation can 

significantly increase the local response rate of treated 

tumors J1* 

Modern hyperthermia treatments as cancer therapy 

require heating of the diseased tissue to a therapeutic 

temperature (typically 42-43°C) for a specified amount of 

time (30-60 minutes). Whole-body hyperthermia attempts to 

elevate the entire body temperature to therapeutic levels 

and treats metastasized cancer cells as well as tumors. 

Regional hyperthermia heats a region of tissue (i.e, the 
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pelvic area), and local hyperthermia heats only the tumor 

and its immediate area. The goal of any local hyperthermia 

treatment is to administer a therapeutic thermal dose to 

the tumor, with minimal heating of surrounding normal 

tissue. Hyperthermia dose is currently measured as a 

thermal isoeffect dose, which calculates an equivalent 

time at some reference temperature (typically 43°C) to 

achieve a given biological effect. Although there is much 

controversy over this concept, currently it is accepted as 

the best quantification method for determining the effects 

of thermal response in the diseased tissue to varying 

temperature and time exposures.5''6'7 

Whole-body, regional, and local hyperthermia now 

exist in a variety of modalities - including microwave and 

radio frequency applicators, ferromagnetic implants, and 

ultrasound. Presently there exists much interest in 

noninvasive techniques of cancer treatment, especially for 

deep-seated tumors. A. noninvasive technique has several 

advantages: less chance of infection, less patient 

discomfort, reduced total treatment time, and a reduction 

of personnel required to perform a treatment. 

There are several noninvasive systems currently 

available or under investigation that are capable of 

treating deep-seated tumors. These include: [1] magnetic 

induction using concentric coils, [2] fixed-phase, 



13 

multiple-antenna microwave devices, [3] magnetic induction 

using coaxial coils, [4] multiple-antenna microwave 

systems with variable phase, amplitude and frequency 

controls, and [5] focused ultrasound using single or 

multiple transducers.8 Although clinical results with 

hyperthermia have been encouraging,in many cases a 

decreased response to treatment is seen in tumors at 

depths of 5 cm or more within the body.''*0 This is 

probably due to the decreasing ability to deposit energy 

at increasing depths typical of magnetic inductive and 

microwave applicators. Focused ultrasound has the 

advantage of deep penetration into tissues due to the 

associated short wavelength and ease of propagatipn 

through the medium, however there are problems with 

achieving therapeutic levels of hyperthermia in the entire 

volume of large tumors due to the variability in blood 

flow and tissue properties. Another drawback of all these 

systems is the need for invasive thermometry to monitor 

treatment temperatures, reducing the benefits of these 

noninvasive methods. 

Temperatures and thermal doses achieved during 

treatments are difficult to predict due to the many 

physical parameters which effect hyperthermic distribution 

in tissue. Most clinical treatments involving hyperthermia 

have reported having documented cold spots where 
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temperatures did not reach a therapeutic level, at least 

partially due to the variation in local blood perfusion. 

Perfusion and blood flow in large vessels are very 

important parameters effecting temperature distribution in 

all types of hyperthermic treatments because of its 

ability to remove heat from both tumors and surrounding 

normal tissues.1^ If regions of compromised perfusion 

exist in tumor tissue, temperature in this region will be 

higher than areas that are well perfused. In addition to 

being unknown in the tumor volume, blood perfusion will 

also change during and as a result of the treatment.13,14 

It has been shown that tumor perfusion response to 

treatment changes during fractionated hyperthermia,1^ 

making the effects on temperature distribution even more 

difficult to quantify over a series of treatments. The 

advantages of development of a noninvasive, perfusion 

independent method of hyperthermia treatment are evident. 

Recent research in the area of high temperature 

hyperthermia using focused ultrasound indicate the 

possibility for this modality to deliver a therapeutic 

thermal exposure independent of the blood perfusion.11,16 

High temperature ultrasound hyperthermia uses focused 

ultrasound to deliver a thermal dose in a time short 

enough that heat transfer by blood perfusion is 

insignificant, generally 5 seconds or less. It has been 
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shown in computer simulations and in vivo animal 

experiments that the effects of blood perfusion on 

temperature elevation are decreased during the initial 

power deposition of hyperthermia applicators.11,17,18 

The sharp focusing capabilities of ultrasound 

allow spatially selective production of lesions in 

1Q Oft 
tissue17'4" with significant power deposition at up to 10 cm 

21 depth. 1 Results of high intensity-ultrasonic irradiation 

of various tumor types have demonstrated dramatic 

reduction of tumor growth effected by this treatment.^ 

The results of a study conducted recently by Davis and 

Lele16 indicate that, theoretically, scanned beams of high 

intensity, focused ultrasound are capable of producing 

significant thermal damage. Their research also predicted 

that a scanned beam is capable of delivering a therapeutic 

dose to a tumor accessible to heating by ultrasound in a 

reasonable time period. 

This study is a continuation of the work begun 

by B. Billard in a Master's Thesis at the University of 

Arizona, 1989.^ Billard's research involved a theoretical 

and experimental look at the feasibility of high 

temperature ultrasound as a cancer treatment modality. The 

results of that research indicated that high temperature 

ultrasound hyperthermia can induce a therapeutic thermal 

dose independent of blood perfusion. 
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The purpose of the current study is to 

accurately determine the local power absorption in high 

temperature ultrasound hyperthermia through a series of in 

vivo experiments- The local absorption has been quantified 

and averaged at various depths and intensities in tissue 

and at tissue interfaces. Variations in power 

distribution in vivo due to tissue property differences 

have been determined. In vivo beam plots have been plotted 

at various depths and on tissue interfaces to study the 

effects of beam shape distortion on temperature elevation. 

This information will be used to determine the accuracy 

with which researchers can predict temperature 

distributions and thermal dose delivery in a high 

temperature ultrasound hyperthermia treatment. 

An in vivo study of large blood vessel effects 

on ultrasound hyperthermia has been conducted. This study 

will show the effects of a large artery (diameter= 4-5 mm) 

on temperature distribution of focused ultrasound. The 

ultrasound was administered in short and long pulses and 

with various arterial flow rates. The results from this 

study will aid in determining the effect of blood flow in 

large vessels on rapid hyperthermia as well as providing 

new information about these effects on ultrasound 

hyperthermia in general. 

If blood perfusion effects can be shown to be 
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insignificant, the problem of maintaining a uniform 

temperature across a large tumor volume will be greatly 

reduced. With more uniform and predictable tumor 

temperature distributions, cold spots will be reduced in 

number and will have less temperature differential from 

the remaining treatment area. It has been shown that the 

coldest tumor temperature most accurately predicts the 

success of a hyperthermia treatment26, thus more evenly 

distributed temperatures should result in higher 

attainable temperatures with less variation from the 

desired treatment temperature and improved overall dose 

administration. 

Ultrasonic heating introduces several factors 

unique to this modality that must be addressed. Although 

ultrasound propagates well in most soft tissues, bone and 

air cavities in the body must be avoided. Bone has a much 

higher ultrasonic absorption coefficient and impedance 

than soft tissue, causing a large portion of the sound 

field to be absorbed and not passed through bone. The 

ultrasound impedance of air is much smaller than that of 

tissue, thus air cavities create an interface with 

surrounding tissue that will result in reflection of most 

of the ultrasonic field. These problems can be avoided 

through proper treatment planning. 

Other problems associated with ultrasound are 
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the variation of the ultrasound attenuation coefficient 

within tissues and between individuals, transient 

cavitation thresholds and nonlinear propagation of 

ultrasound. For all the in vivo experimental procedures 

conducted in this study, muscle tissue was used as the 

target volume. Muscle tissue is the most often encountered 

tissue type in application of ultrasound as hyperthermia 

cancer therapy. Unfortunately, this tissue also exhibits a 

very large variation in attenuation coefficients, possibly 

due to muscle fiber orientation. 27,28,29 ip^is study will 

attempt to quantify the variation of the attenuation 

coefficient and its effect on thermal dose delivery with 

short ultrasonic pulses. All the experimental procedures 

in this study were conducted at ultrasonic intensity 

levels well below the transient cavitation threshold 

(approximately 700 W crn^ at 1.0 MHz).30 Propagation of 

ultrasound was assumed to be linear for the computer 

simulations used in this study, however nonlinear 

propagation effects were studied in vivo. 

The data obtained from these experiments will 

be used to modify existing temperature predicting 

simulation routines to match temperature patterns seen in 

vivo. If certain transducer parameters are known {in vivo 

beam shape, efficiency, f-number, frequency), researchers 

will be able to use this information to accurately predict 
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the in vivo temperature elevation per watt of applied 

acoustic power using high-intensity, focused ultrasound. 

In the future, these modified programs will be applied to 

patient treatment plannings, initially reducing the number 

of probes required during treatment and ultimately 

eliminating the need for invasive thermometry. 
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2. EXPERIMENTAL METHODS 

The goal of this study is to determine the local 

power absorption of high temperature ultrasound and its 

variation due to tissue properties. A series of in vivo 

experiments have been performed to obtain data to 

calculate the power absorption at various depths in muscle 

tissue. Transducer design, tissue properties, and 

sonication intensity level effects were studied. In vivo 

beam plots in the focal plane were determined for various 

transducer designs, tissue depths and types. A study of 

thermal dose administration was conducted for high 

temperature ultrasound hyperthermia pulses. Large blood 

vessel effects were examined for short and long ultrasonic 

pulses. 

Chapter 2 describes the experimental procedures 

used to perform this series of in vivo experiments. The 

different experimental designs and associated equipment 

and methods will be described in detail. The data obtained 

from these experiments will then be applied to computer 

simulation programs (described in chapter 3) to facilitate 

accurate prediction of temperature elevations and thermal 

dose obtained with high temperature ultrasound 
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2.1 Experimental Apparatus 

2.1.1 Sonication System 

For all in vivo experiments the sonications were 

performed using a scanned, focused ultrasonic system 

described by Hynynen et al.21 The system includes both 

imaging (used to image the treatment area) and treatment 

transducers (used to generate heat in the target volume). 

Eight focused diagnostic ultrasound transducers mounted in 

a circular arc on a movable gantry are used for imaging. 

The gantry can be translated in the X,Y and Z directions 

and tilted and rotated about the central imaging plane 

axis by computer controlled stepper motors. A single 

focused heating ultrasonic transducer was mounted on the 

gantry transducer platform for each of these experiments. 

The treatment transducer was kept in a fixed position 

(gantry immobile) for administration of experimental 

sonication pulses. The location of the treatment 

transducer focal point relative to the focal point of the 
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diagnostic transducers was measured for each experiment. 

This measurement enabled accurate positioning of the 

treatment transducer focus from information obtained with 

the imaging system. The entire gantry, including all 

imaging and treatment transducers, and the stepper motors 

were immersed in a temperature controlled water bath. The 

target volume was placed on top of the waterbath tank and 

was coupled to the ultrasonic system through a Mylar 

membrane window located above the transducer gantry. 

The generation of ultrasound is provided by a 

radio frequency signal originating in a frequency 

generator (Wavetek, Model 271) and amplified by an RF 

amplifier (ENI, Model A150). The treatment transducers 

were air-backed and matched to the 50 ohm output load of 

the amplifier by an external matching circuit individually 

calibrated for each transducer. The frequency and power 

level to the treatment transducer was variable, and the 

forward and reflected electrical powers for each 

ultrasonic pulse were measured with a watt meter (Bird, 

Model 4410A). An HP 9836 computer was used to control the 

movement of the gantry with the stepper motors. A block 

diagram of the complete system is shown in Figure 1. 

Three treatment transducer designs were used, 

[1] FOCI: radius of curvature = 250 mm, diameter = 30 mm 

and frequency = 1.07 and 3.58 MHz, [2] F0C2: radius of 
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curvature = 250 mm, diameter = 70 mm, frequency = 1.01 

MHz, and [3] FOC3: radius of curvature = 250 mm, diameter 

= 130 mm, and frequency = 1.00 MHz. The treatment 

transducer being used for a subsequent experiment was 

calibrated no more than 24 hours prior to that experiment. 

This calibration of the total acoustic power output of the 

transducer as a function of the applied electric power was 

performed with the radiation force measurement 

technique.^ Five measurements at five increasing levels 

of power over a practical linear range were performed for 

each calibration session. The slope of the total electric 

power (forward power - reflected power) versus the 

acoustic power is the efficiency of the transducer. 

Figure 2 shows the transducer calibration curve for FOCI 

at 1.07 MHz for a single calibration session and the 

average efficiency of each calibration session over the 

course of this research. The efficiency for a particular 

ultrasound transducer is generally fairly stable. During 

the course of this study several transducers of the same 

design (FOCI) were employed as some were damaged during 

use. All large changes in efficiency seen in Figure 2 were 

due to different transducers of the same design. 

2.1.2 Temperature Measurement 

Temperature measurements for the experimental 
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procedures described in this manuscript were made using 

manganin-constantan thermocouple probes. The probes were 

fabricated by twisting two electrically insulated, 50 pm 

diameter wires together and soldering one end of each wire 

to a connector. A small, adjacent region of insulation was 

chemically stripped from the twisted wires and welded 

together to form a thermocouple junction with a length of 

less than 1 mm. Beyond this junction, at least one wire 

was always left attached to the junction to be used as a 

lead wire to pull the thermocouple through the tissue. 

An HP 9836 computer with a data acquisition 

system (HP Model 3497) and digital voltmeter (HP Model 

3456) was used to acquire thermocouple readings. The 

thermocouple voltage was measured at 20 ms time intervals 

by the digital voltmeter and then transferred to the 

computer for calculation of temperatures. Reference 

temperatures were recorded from a thermistor located in an 

interface box between the probe connector and the data 

acquisition system. A standard copper-constantan 

polynomial was used to convert the voltages to 

temperatures. This has been shown to be accurate when only 

the temperature elevation and not the absolute temperature 

is determined from the readings.32 

The very fine thermocouple wire diameter of 50 

jim was chosen to minimize experimental error in 
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temperature readings due to the presence of the 

thermocouple probe in the ultrasound field. This error, 

termed artifact, is a result of the mechanical ultrasound 

pressure wave creating viscous interaction with the probe 

and the surrounding tissue and results in a temperature 

reading which is higher than the actual tissue 

temperature.33,34 With a small probe diameter and the 

associated smaller heat capacity, a shorter time is 

required for the probe temperature to drop to the actual 

tissue temperature after the sonication is powered off. 

The junction of the probe was not insulated for 

two reasons: [1] to keep the diameter of the probe as 

small as possible, and [2] to keep the absorption 

coefficient small. It has been shown that coated 

thermocouple junction readings have a much larger 

associated error than those taken with bare junctions. The 

coating materials (i.e. insulation) generally have larger 

ultrasonic absorption coefficients than tissue,3® 

extending the decay time taken for the probe to reach the 

actual tissue temperature. 

Although error was minimized in these 

temperature readings, the values measured in the period 

during sonication and just after power off must be 

corrected for viscous artifact and scattering effects. It 

has been shown that as the sound is turned off the viscous 



28 

effects which result in artifact cease and the probe 

temperature then decays down to the temperature of the 

surrounding tissue.34 Switching off the sound and waiting 

only 200 ms to take a reading with a small diameter probe 

(< 76 pm)3® will give an accurate value of the tissue 

temperature at that point in time. 

The error correction method used in this study 

will be described briefly here and in further depth in 

Appendix A. The temperature reading taken after the probe 

has been allowed to decay following sonication off is used 

to approximate the actual tissue temperature occurring at 

the peak of a sound pulse. This can be accomplished by 

performing an exponential fit of the decay where the 

temperatures are known and extrapolating back to the time 

17 of power off. For these experiments, the exponential fit 

of the data was started one second after the sound was 

turned off to allow viscous heating effects to dissipate 

and ending four seconds later with data points taken every 

17 0.5 seconds. The peak value was determined by 

extrapolating back to the time of power off, and this was 

used as the estimation of actual tissue temperature at the 

peak of the pulse. The difference between the estimated 

value and the thermocouple reading was used as an 

approximation of the error in the temperature reading to 

be subtracted out of the temperature rise.11 
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2.1.3 Computerized Location of Thermocouples 

For all of the experimental procedures conducted 

in this study it was necessary to know the exact location 

of the thermocouple junction relative to the focus of the 

treatment transducer. For most of these procedures it was 

necessary to have the ultrasound beam focused directly on 

the thermocouple junction, and for the others the focus 

was moved in steps away from the junction. The precise 

orientation of the thermocouple junction in relation to 

tissue interfaces and large blood vessels was also 

determined. To locate the thermocouple junction in 

relation to the treatment transducer focus, a computerized 

scan routine capable of 3 dimensional movement was used. 

A catheter was used to insert the thermocouple 

wire into tissue oriented perpendicular to the imaging 

sound field. Using the diagnostic imaging capabilities of 

the sonication system, the location of the catheter in the 

treatment volume was determined. The treatment transducer 

(oriented parallel to the skin surface) was then 

positioned under the thermocouple by translating the 

imaging coordinates using the translation measurement 

found before positioning the animal. Using the imaging 

coordinates (translated into treatment transducer 

coordinates) of a particular tissue location, the 

thermocouple junction was moved to the desired position 
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with a micromanipulator. This location was used as the 

center coordinates of a raster scan thermocouple search 

routine with a resolution of 0.5 mm. 

The computerized location routine applied short, 

high power pulses from the treatment transducer to the 

treatment volume in a scan pattern by using the stepper 

motors to move the gantry upon which the transducer was 

mounted. A variable time delay between ultrasound pulses 

was set for 3 seconds when a scan step size of less than 1 

mm was used to minimize error due to heat conduction from 

adjacent pulses. Each pulse was accompanied by a 

thermocouple reading which was stored in the computer. A 

rapid temperature increase was obtained when the 

ultrasound beam was focused on the thermocouple junction 

and was recorded as the location of highest intensity. 

When the scan was completed, the computer returned the 

gantry to a location such that the treatment transducer 

focus was aligned with the highest recorded intensity -

which corresponded to the thermocouple junction. With the 

focus located on the junction, accurate positioning of the 

treatment transducer was made by manual control of the 

gantry movement (resolution = 1 mm). 

2.1.4 Sys tem Accuracy 

The accuracy of the sonication system was 
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checked with mappings conducted in a phantom 

(polyethylene) suspended in degassed water. A block of 

polyethylene (dimensions = 80 mm x 40 mm x 10 mm) was 

melted in an oven. A thermocouple wire was embedded 

lengthwise into the liquid polyethylene with its junction 

centered in the block. The polyethylene was allowed to 

cool, forming a solid block around the thermocouple 

(Figure 3). The test was designed to imitate the 

experimental conditions as closely as possible while 

minimizing errors due to changes in the attenuating 

medium. All calculations were made using the corrected 

temperature elevation in the phantom at the peak of the 

sonication pulse. The accuracy of the system was dependent 

on the variability of thermocouple readings and power 

output from the treatment transducer, gantry movement 

resolution, and the repeatability of the thermocouple 

location routine. 

Three types of variations which result in an 

error in temperature measurement were tested: [1] between 

pulses given at different thermocouple locations in the 

mappings - most closely imitates the methods used in the 

experimental mappings, [2] between pulses given 

consecutively at the same location - to determine 

transducer power output variations, and [3] between pulses 

with a thermocouple location routine repeated before each 
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Figure 3. System error testing design - A) thermocouple 
embedded in a polyethylene block, and B) entire design 
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pulse - to determine the sum of gantry movement and power 

output variations. All measurements were performed using 

transducer design FOCI at 1.07 and 3.58 MHz, as a majority 

of the experimental work was performed using this 

transducer design. All variations were determined as the 

standard deviation from the mean value. As the attenuating 

medium was uniform and the focus was kept at a constant 

depth, the temperature rise per watt of acoustic power 

should be constant in all these tests. 

Small variations from the mean were seen in the 

error between pulses, which is actually a measure of 

transducer power output variation. Acoustic power 

variation was measured to be less than 1% at 1.07 MHz and 

about 2.5% at 3.58 MHz. This small variation was expected, 

as acoustic power output should be stable if the 

transducer is operating properly. Locating routine error 

measurements are an indication of the accuracy of the 

movement of the stepper motors that position the gantry 

plus power output variations. It was found that the 

positioning variation from the mean was about 3% for 1.07 

MHz and 5% for 3.58 MHz. The error is larger at the higher 

frequency because the beam is more sharply focused, 

resulting in a larger temperature differential for the 

same amount of positioning variation. Mapping tests were 

conducted by moving the entire block of polyethylene in 
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steps of approximately 5 mm, positioning the transducer 

focus on the thermocouple junction, and applying five 

separate five second sonication pulses. The variation from 

the mean for this test was found to be 8% for 1.07 MHz and 

11.5% for 3.58 MHz, and is an indication of all 

measurement variations associated with a mapping 

experiment. 

It was expected that the acoustic power 

variation added to the positioning error (locating routine 

test) would equal the total variation for the system. 

However, there was significantly more total variation than 

this sum seen in the mapping tests (Figure 4). As the 

thermocouple was immobilized in an unvarying attenuation 

medium, the additional variation seen in the mapping tests 

are representative of system error and may be due to 

nonlinear propagation effects or generation of standing 

waves. Nonlinear propagation creates harmonic propagating 

waves, and can increase or decrease the specific 

absorption rate, depending on how quickly the harmonics 

are attenuated. Standing waves can have a similar effect, 

depending on the type of interference (constructive or 

destructive) they generate at the measurement point. As 

soft tissue has very similar acoustic properties as water, 

these effects can also be expected to be small in tissue. 

For these reasons, the mapping error was considered to be 



36 

A) 

O 3.0 

DC 1.5 

9- 0.5 

2 4 6 8 10 
Position Number 

B) 
12 3 4 

Position Number 
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the best approximation of total system variation, and was 

measured as a standard error of approximately 8% for 1.07 

MHz and 11.5% for 3.58 MHz. Typical error measurement 

mappings are shown in Figure 5. 

2.2 Experimental Procedures 

2.2.1 Treatment Transducer Design 

Treatment transducer design is determined by 

several factors involving the power deposition and 

associated temperature elevation in tissue. Variations in 

temperature rise due to thermal conduction during 

sonication are not a significant problem with the short 

pulse length associated with high temperature ultrasound 

hyperthermia, although thermal conduction is the dominant 

factor in decay. It has been shown that the thermal 

conductivity in tumors varies by 5% or less, therefore 

decay due to thermal conduction can be accurately 

predicted.11,48 A more significant and variable effect is 

that of perfusion on pulse decay when using short 

sonication pulses. Billard et al.(1990) have shown that a 

smaller half power beam width produces a temperature 

profile that is the least effected by perfusion for longer 

pulse lengths.11 Another practical consideration for 



38 

transducer design was the ability to deliver a therapeutic 

dose in a 5 second pulse. The required intensity to 

deliver a thermal dose equivalent to 60 minutes at 43°C 

using short pulses increases sharply at half beam widths 

smaller than 2 mm"®5, putting an additional limitation on 

treatment transducer design. The three transducer designs 

used in this study were chosen to minimize the effects of 

perfusion while maintaining the ability to administer a 

therapeutic dose to the target volume. 

The characteristics of the three treatment 

transducer designs used in this study are summarized in 

Table 1. The half power beam width is the diameter of the 

ultrasound beam in the focal plane at the point where the 

specific absorption rate reduces to one half of the 

absolute maximum value (Figure 6). The F-number is 

calculated from the physical characteristics of the 

transducer - radius of curvature/diameter. 

2.2.2 Sound Field Distribution Measured in Water 

The sound field of each transducer used for 

these experiments was measured in degassed water. The 

transducer was mounted in a fixed position in a water tank 

parallel to the length of the tank. A thermocouple (50 pm 

wire) coated with a bead of silicon rubber (radius 

approximately = 0.5 mm) was held in position with a frame 
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Transducer F-Number Frequency 

(MHz) 

1/2 Power Beam 

Width (mm) 

FOCI 8.33 

1.07 6.0 

FOCI 8.33 3.58 3.5 

F0C2 3.57 1.01 4.3 

F0C3 1.92 1.00 4.0 

Table 1. Characteristics of the three transducer designs 
used for the in vivo mappings. Half power beam widths are 
from in vivo measurements. F-number = radius of curvature/ 
diameter of the transducer 
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that was attached to an arm capable of three dimensional 

movement. Movement of the arm was accomplished via stepper 

motors under computer control. 

Ultrasound transducers have a geometric radial 

plane focus point which can be determined from the 

physical characteristics of the transducer, and an actual 

focus. The actual radial focus will always be shorter than 

or equal to the geometric focus and is a result of 

constructive interference of the sound waves emanating 

from different positions on the transducer (modeled as a 

number of point sources). The actual focus of the 

transducer was found by applying power to the transducer 

and moving the thermocouple manually until the point of 

highest intensity was located. A raster scan was then 

performed (under computer control) moving the thermocouple 

across and along the axial field of the transducer. The 

radial step size used was 1 mm and the axial step size was 

5 mm. At each thermocouple location, five 60 ms ultrasound 

pulses were administered. The rate of temperature increase 

from the beginning of the pulse is proportional to the 

pressure amplitude squared of the ultrasonic field at that 

measurement position.The computer stored the 

temperature information, calculated the pressure amplitude 

squared value and an average of the five measurements at 

each location. 
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The in vivo sound field distributions measured 

in this study were used to modify the beam shape in the 

simulations as a comparison to the distributions 

calculated by the computer program. The determination of 

the actual focal length from the axial measurements along 

the focal plane in water was used as an estimate of the 

focal length of the transducer in tissue. Soft tissue is 

similar to water in its acoustic properties, so this 

approximation was relatively accurate. However, the actual 

focus in tissue was found using the computerized 

thermocouple search routine described in section 2.1.3 

(step size = 1 mm). Typical examples of radial and axial 

beam shape plots (showing both the actual and geometric 

focus) on the focal plane in water are shown in Figure 7. 

2.2.3 In Vivo Mappings In Muscle Tissue 

In vivo mapping experiments were conducted to 

determine variations in local power absorption in muscle 

tissue for three transducer designs at various depths. A 

mapping is performed by pulling the thermocouple junction 

through the tissue, applying sonication pulses (focused on 

the junction), and moving the junction to a new location 

where the process is repeated. Tissue property variations 

and intensity level effects were studied. These 

experiments were conducted at five different depths in 
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canine thigh muscle, using three treatment transducer 

designs. 

Experiments were performed on Greyhound dogs that had 

been anesthetized with Halothane. All hair was removed 

from the thigh area by first clipping the area and then 

applying a hair debilitator (Nair) to the skin. After hair 

removal, the skin was washed with a soap and degassed 

water solution to help minimize problems with air bubbles 

caught between hair stubble and the skin surface. The 

animal was placed on the sonication system waterbath tank 

with the thighs positioned over the membrane window. The 

skin was coupled to the Mylar membrane with degassed 

water. The animal's thighs were coupled together with 

acoustic gel to minimize sound wave reflections at this 

interface. 

The imaging capabilities of the sonication 

system were used to image the thigh area. The locations of 

the femur and tissue interfaces were found and translated 

into coordinates for the treatment transducer. Bone has a 

much higher absorption coefficient and acoustic impedance 

than soft tissue, thus the location of the femur was 

important to note so that it could be avoided when placing 

the thermocouple. The connective tissue interface between 

muscle groups were also avoided unless they were 

specifically being studied. An 18 gauge needle and 
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catheter was inserted proximally into the thigh muscle at 

the desired location and depth. The needle was pushed 

through the tissue and kept level and perpendicular to the 

sound field by monitoring its progress on the imaging 

screen until it emerged from the anterior aspect of the 

thigh (approximately parallel to the median line of the 

animal). The exact location of the needle was verified by 

imaging the area and translating the image location 

coordinates to treatment transducer coordinates. 

The needle was removed and the thermocouple lead 

wire was threaded through the catheter imbedded in the 

muscle tissue. The lead wire was used to pull the 

thermocouple junction all the way through the catheter and 

out the anterior side of the thigh. The catheter was 

injected with degassed saline (to decrease the possibility 

of air pockets) and removed from the thigh, leaving the 

thermocouple in place. The junction was placed in the 

desired posterior-anterior position by measuring the 

distance from the anterior edge of the thigh to the 

desired location, and moving the junction that distance 

into the tissue. On the posterior side the thermocouple 

was attached to a fixed micromanipulator, with the lead 

wire emerging from the anterior aspect allowing accurate 

bi-directional movement. A diagram of the experimental 

set-up is shown in Figure 8. 
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Figure 8. Diagram of experimental system used for in vivo 
mapping studies 
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The thermocouple was pulled through the tissue 

in steps of approximately 5 mm. At least two ultrasonic 

pulses were given at each mapping location, with the 

temperature decay after power off recorded for 95 seconds. 

The temperature was allowed to return to the baseline body 

temperature (monitored throughout the experiment) of the 

animal before a subsequent pulse was administered. When 

all mapping locations had been completed, the animal was 

sacrificed and an autopsy of the thigh area performed. 

Mappings were performed at 2, 3, 5, and 6 cm depths, and 

at several intensity levels. Sonications were performed 

with two frequencies at a three centimeter depth, and a 

total of three transducer designs were used at various 

depths in muscle tissue. 

The acoustic power of each pulse was calculated 

from the measured efficiency and forward and reflected 

powers. This value was used to normalize peak temperature 

elevation for the 5 second pulse length, giving a rise in 

temperature per acoustic watt for each pulse administered 

in the mappings. All in vivo peak temperatures were 

corrected with the method described in section 2.1.2 prior 

to any mathematical manipulations. 

The time rate of temperature change, (dT/dt)0, 

of the temperature in tissue at the time of initiation of 

the sonication was also determined for each pulse in the 
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mappings. It has been shown that at the time of initiation 

of the acoustic disturbance in a medium, the following 

relationship exists33 (1) : 

(.go = 2*1 (1) 
dt o pC 

where a is the amplitude absorption coefficient (5.56 Np 

m~* MHz"* as measured in this study, 1990*3 for canine thigh 

muscle), I is the acoustic intensity in W/m2, p is the 

density of muscle tissue (998 kg/m3) , and C is the 

specific heat of muscle tissue (3770 J kg"1 °C~*) . The 

local energy deposition, known as the specific absorption 

rate (SAR), is given by (2): 

SAR = 2a I (2) 

Substitution of (1) into (2) gives the equation which can 

be used to calculate in vivo SAR values (3): 

SAR = PC(-̂ |)0 (3) 
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(dT/dt)Q was approximated as the slope of the least 

squares fit of the time rate of temperature change between 

0.5 and 0.9 seconds in the initial temperature rise 

(Figure 9) for each pulse in the mappings and normalized 

with the applied acoustic power measured experimentally. 

The time interval of 0.5 to 0.9 seconds is used in order 

to avoid the viscous heating artifact, the effects of 

thermal conduction and perfusion effects on the 

temperature elevation.^ The attenuation coefficient can 

be found from the average SAR values at different depths 

in muscle tissue. The intensity at the focus in the 

attenuating medium can be represented as (4): 

I = I0e <-20*> (4)  

where z is the depth in the attenuating medium in meters. 

The results are plotted as In(SAR) vs. depth and the 

the equation of the line is (5): 

In (SAR) = -2zl0a (5)  

The attenuation coefficient can be calculated from the 

slope of the line, -2a. 
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2.2.4 In Vivo Tissue Interface Study 

A muscle tissue interface study was performed 

on Greyhound dogs anesthetized with Halothane. The 

experiments were conducted in the thigh muscles of the 

animals, which were prepared in the same manner as used 

for the mappings. The thermocouple was placed in a similar 

manner as the mappings, using the diagnostic imaging 

transducers to accurately locate the interface. An 

interface is indicated by a brighter line (area of higher 

reflection) than the surrounding tissue (Figure 10A). The 

placement of the catheter was monitored on the imaging 

screen to ensure interface contact (Figure 10B). Imaging 

location coordinates of the interface were translated into 

treatment transducer coordinates to determine the exact 

location of the interface in a posterior-anterior 

orientation. 

The thermocouple was initially placed anterior 

to the interface coordinates, and then pulled through the 

tissue in 5 mm steps up to 5 mm from the interface, at 

which point 1 mm steps were used. A 1 mm step size after 

the interface was used until 5 mm posterior, and then a 5 

mm step size thereafter. At least two 5 second sonication 

pulses were given at each location, the decay of each 

pulse was recorded for 95 seconds after power off. 

After all pulses were given, the thermocouple 
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A> 

B> 

Figure 10. Photos of interface in canine thigh muscle 
from the diagnostic imaging system, A) prior to placement 
of catheter - the upper "+" marks a portion of the 
interface, the lower "+" marks the skin/Mylar membrane 
interface, and B) after placement of catheter across the 
interface. 
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was removed and the catheter was replaced in the position 

the thermocouple had occupied by placing it in the same 

entry location in the skin and monitoring its depth on the 

imaging screen. The animal was sacrificed and an autopsy 

of the thigh area was performed. By pre-marking the 

catheter with the measured distances to each tissue 

interface, this was used as a guide to the interface area 

in the autopsy. Interface studies were performed at 2 and 

3 cm depths in muscle tissue using transducer FOCI at a 

frequency of 1.07 MHz. 

2.2.5 In Vivo Ultrasound Field Distributions 

Ultrasound field distributions radially across 

the acoustic focus were plotted in vivo at different 

depths and frequencies, and on tissue interfaces to 

determine the effect of tissue on the sound field shape. 

The field measurements were taken during the in vivo 

mapping and interface studies. Locations for the field 

measurements taken during the mappings were determined 

randomly. Beam shapes on an interface were located by 

translating the imaging coordinates of the interface into 

treatment transducer coordinates. 

Starting from a position centered on the 

thermocouple junction, 5 second sonication pulses (with 

decay measured for 95 seconds), were given at 1 mm steps 
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radially across the ultrasound field in both directions. 

At least two pulses were given at each location to verify 

repeatability. In vivo ultrasound field distributions 

were determined at 2 and 5 cm depths in tissue at a 

frequency of 1.07 MHz, and at 3 cm depth at frequencies of 

1.07 and 3.58 MHz. 

2.2.6 In Vivo Large Blood Vessel Study 

A large blood vessel study was conducted on 

Greyhound dogs anesthetized with Halothane and with the 

thigh area prepared as described in section 2.2.3. A 

surgery was performed to expose the femoral artery at a 

location as far from the femur as possible. Once the 

vessel was exposed, a vascular occluder with a pressure 

indicator (Druck, Model DPI 203, Danbury) and doppler flow 

meter (Transonic Systems, Model T101, Ithaca) were placed 

around the artery (Figure 11 A) to control and monitor 

vascular flow. A catheter was placed through the adjacent 

muscle tissue and directly underneath the vessel by visual 

inspection of the surgical site. The area was imaged to 

determine depth and location coordinates of the artery. 

Next, the thermocouple lead wire was threaded 

through the catheter as described in section 2.2.3. After 

removal of the catheter, the thermocouple junction was 

visually centered underneath the artery and attached to a 
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micromanipulator for precise movement. The incision was 

sutured closed and filled with degassed saline to remove 

any gas pockets. To prevent reflections from the skin/air 

interface above the artery, a water filled bag 

(constructed of PVC, thickness = 76 ym) with acoustical 

absorbers was coupled to this surface with degassed 

saline. The experimental system is shown in Figure 11B. 

The transducer design used for this series of 

experiments was F0C2 (radius of curvature = 250 mm, 

diameter = 70 mm, frequency = 1.0 MHz). This transducer 

was chosen for its ability to produce relatively high 

power pulses and for its small half power beam width of 

4.33 mm, minimizing perfusion effects in the short pulses. 

Two types of sonication were used for the large 

blood vessel studies: [1] 5 second pulses with 95 second 

decay, and [2] 180 second pulses (where temperature 

elevation approached steady state) with 30 second decay. 

Short (5 second) and long (180 second pulses) were 

performed at the same locations in an artery mapping and 

at varying arterial flow rates. Power was kept low in the 

long pulses to prevent damage (temperature elevations of 

less than 3°C) to the tissue in and near the target area. 

The first mapping location was directly underneath the 

artery, then the thermocouple was moved in 1 mm steps both 

directions from the vessel. Each movement of the 
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thermocouple was accompanied by locating the transducer 

focus on the thermocouple junction as described in 2.1.3 

thus the transducer focus was positioned directly on the 

thermocouple junction at every mapping location. 
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CHAPTER 3 

3. CX3MFTJTER SIMULATIONS 

Computer simulations were used to match the data 

obtained with the in vivo mappings. The goal was to modify 

the existing programs to accurately simulate the 

temperature distributions found experimentally. If it can 

be shown that variations in temperature distributions due 

to tissue property changes are small, these modified 

programs can then be used to accurately predict the amount 

of acoustic power necessary to achieve a desired thermal 

dose in a rapid ultrasound hyperthermia therapy session, 

given a particular treatment transducer and target volume. 

Chapter 3 describes the simulation programs used to 

accomplish this goal. 

3.1 Focused Ultrasonic Field Simulations 

A computer simulation program was used to model 

the power field generated by a focused ultrasound 

transducer of specified design (Fan, 1990). Fan's program 

calculates the absorbed power density in tissue for a 

spherical focused transducer of known size through a two 
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dimensional integration over the face of the transducer 

using the Rayleigh-Sommerfield diffraction integral. 

Fan's program also accounts for wave refraction at the 

interface of two media described by a general plane 

equation . The simulation program was used to calculate 

the specific absorption rate at all integration interval 

locations in a cylinder of homogeneous tissue, assuming 

all of the energy was absorbed locally. In the model, the 

transducer is assumed to emit uniformly over its surface 

with the given emittance in W/cm^. 

Variables in the program include the transducer 

frequency, radius of curvature, diameter and emittance. 

The tissue absorption coefficient used in all simulations 

was 5.56 Np m~* MHz"* (as measured in this study). The 

transducer parameters can be varied to produce a 

simulation half beam width equivalent to those measured 

for each transducer in water tank scans or in vivo. This 

program establishes the node spacing to be used in the 

finite difference temperature solver, and was 0.5 mm 

radially and 1 mm axially for all the simulations in this 

research unless otherwise indicated. 

3.2 Simulated Tissue Temperature Distributions 

To obtain the simulated tissue temperature 

distributions, the transient bio-heat transfer equation 
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-kV*T+Wcb(T-Ta) +-¥j^I.=Qa+Qp (6)  

T is the local tissue temperature and Ta is the 

arterial temperature of the blood, both in degrees 

centigrade. W is the local blood perfusion in kg m~^ s"*, 

and k is the muscle tissue thermal conductivity in W m~* 

°C_1 . Other tissue parameters are the specific heat of 

blood, C|,, and the specific heat of muscle tissue, cp/ 

both in units of J kg"1 °C"1. QB, the local metabolic rate 

was ignored due to its small magnitude with respect to the 

applied power, Qp (W m"^) The values of the tissue 

properties used in the simulations for this study are 

given in Table 2. 

The equation in cylindrical coordinates was 

solved using an explicit finite difference approximation 

with the spatial derivatives in the equation represented 

in the computer program by a central difference 

approximation.^ A new set of temperatures is calculated 

based on the previous temperatures by using the central 

difference representation of the time derivative to 

introduce the time step. A stability check was performed 

to ensure that the chosen time step (0.2 seconds for these 
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Tissue Property Variable Numeric Value Units 

k - tissue thermal 

conductivity 

0.5 W m"1 °C"1 

cb - specific heat of 

blood 

3770 J kg"1 0C_1 

p - density of tissue 998 kg m"3 

Ta - arterial temperature 

of blood 

37 °C 

cp - specific heat of 

tissue 

3770 J kg"1 °C"1 

Table 2. Numeric values of tissue properties used in the 
Pennes' bio-heat transfer equation for calculation of 
simulation temperature distributions" 
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simulations) was small enough to give stable results 

relative to the node spacing used in the ultrasound power 

generation. The stability check was calculated as a Von 

Neuman analysis performed on the Pennes' homogeneous bio-

heat transfer equation to give the requirements for the 

size of the time step, At (7): 

Ati 2— (7) 
, 12a Wcba 
As2 k 

At is the time step in seconds, As is the grid spacing in 

0 -1 meters, and a is the diffusxvity in m6 s . 
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4. RESULTS 

4.1 Experimental Results 

4.1.1 In Vivo Ultrasound Field Distributions Results 

Radial beam plots on the focal plane were 

measured in 11 animals at various depths and frequencies. 

The resulting radial distributions were plotted by 

determining the time rate of change, (dT/dt, Section 

2.2.3), for each pulse in the plot and using this to 

determine the SAR. The mean of the SAR values were taken 

for each radial location of similar beam shapes and used 

as the final value for the in vivo beam plots. The results 

of the water tank scans of radial beam distributions will 

be shown as reference for in vivo beam shapes. 

Figure 12 shows the in vivo and water beam plots 

for FOCI at 3.58 MHz. Notice the larger half power beam 

width seen in the in vivo beam shape. Also there is 

increased power deposition in the side lobes of the in 

vivo plot. Figure 13 shows in vivo beam plots of FOCI at 

1.07 MHz at three depths in muscle tissue. Beam distortion 

appears to be more pronounced at deeper depths, due to 

scattering and reflection/refraction effects which are 
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3.58 MHz 
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amplified as the ultrasound field progresses through the 

tissue. 

Beam plots were also measured on muscle tissue 

interfaces to determine distortion effects of this type of 

tissue geometry. Typical beam plots with FOCI at 3 cm 

depth in muscle tissue, and on an interface (also at 3 cm 

depth) are shown in Figure 14 with the water tank beam 

plot for this transducer. Notice the larger half beam 

width and general distortion of the in vivo beam plot. As 

the thermocouple was carefully positioned directly at the 

interface, the distortions seen can be attributed to 

effects of the connective tissue layer on the sound field. 

In vivo beam shapes are plotted for F0C2 and 

F0C3 in Figures 15 and 16 respectively. Both of these 

transducers were much more sharply focused relative to the 

diameter of the transducer than FOCI. Although increased 

power deposition in side lobes is seen as in FOCI, much 

less in vivo beam distortion is seen with these two 

transducers and may be due to the wider beam path the 

smaller F-number transducers have until closer to the 

focus. The acoustic power is spread out over a larger 

surface area, giving the propagating beam a lower 

intensity per unit area, decreasing the chance of a large 

amount of the field to be reflected or scattered at a 

single location on the beam path. 
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4.1.2 In Vivo Mapping Results 

Mappings were conducted at several intensity 

levels using the three transducer designs at various 

depths and short pulse lengths of 4, 5 and 10 seconds. 

Variations in the local specific absorption rate per 

applied acoustic power indicated that the sound field 

propagation was not entirely linear. Nonlinear propagation 

is the result of the physical limitation of particle 

displacement in the propagating medium. The wave form 

distortion is dependent on the intensity, the distance 

from the transducer, the frequency, and the acoustical 

properties of the medium. The speed of propagation of the 

acoustic pressure wave varies, depending on the phase of 

particle oscillation, resulting in a generation of 

harmonic frequencies in the propagating wave. These 

harmonic frequencies are attenuated faster than the 

fundamental frequency, and also contribute to a limiting 

effect, known as shock, where the particle displacement is 

maximized and any additional mechanical energy deposited 

will be absorbed locally and not transmitted a greater 

distance.*' Thus, a larger nonlinear propagation effect 

would be expected to be seen at increasing intensities, 

increasing depths in tissue and at higher frequencies. 

To determine the intensities at which nonlinear 

propagation became evident, a 3 cm depth mapping was 
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conducted using FOCI and F0C2 at 1.0 MHz and increasing 

acoustic powers encompassing the powers used in the 

mapping experiments. A one second pulse length was chosen 

to minimize the possibility of thermal damage (which may 

change tissue acoustic properties) to the tissue. 

Additionally, an autopsy was performed on the thigh area 

after the animal was euthanized to verify absence of 

thermal damage by a gross inspection for lesions in the 

target area. Due to the increased absorption rate, 

determination of intensity from (dT/dt) at acoustic powers 

above the linear propagation range will result in higher 

absorption values than actually exist. The local intensity 

at low acoustical powers was calculated from measurement 

of (dT/dt) as described in section 2.2.3, and using an 

absorption coefficient of 5.56 Np m~* MHz"*. This value was 

used to extrapolate the higher intensity values based on 

the increase in acoustic power. 

Results of the nonlinear propagation study show 

that as the intensity was increased in FOCI and F0C2, the 

specific absorption rate per applied acoustic power 

increased. If propagation were entirely linear the rate of 

time temperature rise per applied acoustic power should be 

constant (horizontal lines shown in Figure 17A). The 

acoustic powers used for the remainder of the mappings for 

this study are indicated by the arrows on Figure 17A, and 
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Nonlinear propagation can add to the local power 

absorption due to the generation of harmonic propagating 

waves. This can also lead to distortions in the beam 

shape, and the focal area can become narrower due to 

higher frequency harmonics. Beam plots on the radial focal 

plane were taken at low (125 W/cm2) and high (650 W/cm2) 

intensities at the same location in muscle tissue using 

FOC2 at 1.01 MHz. Focal area measured with the high 

intensity plot is narrower than seen at low intensities 

(Figure 17B). 

To determine thermal exposure variations caused 

by tissue location, mappings were performed in the thigh 

muscles of 17 Greyhound dogs using three transducer 

designs at depths of 2, 3, 5, and 6 cm, and at sonication 

frequencies of 1.00, 1.07 and 3.58 MHz. At least two 

ultrasound pulses of 5 second duration with 95 second 

decay were given in each mapping location. Table 3 shows 

the number of animals and mapping locations for each depth 

studied in the mapping experiments using FOCI and 5 second 

sonication pulses at a frequency of 1.07 MHz. 

An autopsy of the thigh area was performed after 

each mapping to determine the muscle fiber orientation in 

relation to the sound field. The results from a gross 

inspection indicate relative uniformity of fiber 

orientation in a plane perpendicular to the sound field. 
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Depth 

(cm) 

Number of 

Animals 

Number of 

Pulses 

Number of 

Mapping 

Locations 

2 4 146 61 

3 7 224 109 

5 4 112 56 

6 1 24 12 

Table 3. In vivo mapping summary of number of animals and 
locations at 2, 3, 5, and 6 cm depths, using FOCI for 5 
second pulses at 1.07 MHz 
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There was a slight variation in fiber orientation in 

mappings that crossed different muscle groups, however no 

significant change in pattern of temperature elevations 

that could be attributed to this was seen. 

The mean temperature elevation per acoustic watt 

calculated for a particular depth was used to determine 

the acoustic power/temperature relationships in vivo at 

each depth in tissue. Standard deviation (Appendix B) was 

calculated for all mapping locations in all the animals at 

a given depth, and also for each individual. Table 4 shows 

the results of these calculations with the largest 

standard deviation for an individual shown for each depth 

studied. Typical mappings at various depths are shown in 

Figure 18. 

The mean of the normalized SAR values for each 

depth was taken and the In(SAR) is plotted in Figure 19 as 

a function of the depth. To determine an average 

attenuation coefficient, a least squares fit of the line 

In(SAR) vs. depth was calculated. The slope of the least 

squares fit line is -2a. The average attenuation 

calculated from the experimental mapping results is (5.56 

+ 0.999) Np m"1 MHz"1. 

A thermal dose study was conducted with F0C2 to 

determine the ability to deliver a therapeutic thermal 

dose in a 5 second sonication pulse (generally, 60 minutes 
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Figure 18. Typical results from in vivo mappings at 2, 3, 
5 and 6 cm depths in canine muscle tissue, FOCI, 5 second 
pulses, 1.07 MHz. Standard deviation is shown. 
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Depth Temperature Largest Standard 

(cm) elevation per Standard Deviation 

watt total Deviation in over all 

acoustic power an mapping 

(m°C/W) Individual locations 

(m°C/W) (m°C/W) 

2 71.73 8.91 17.06 

(12.4%) (23.8%) 

3 66.56 5.68 7.77 

(8.5%) (11.7%) 

5 56.47 9.19 10.42 

(16.3%) (18.0%) 

6 49.00 5.39 5.39 

(11.0%) (11.0%) 

Table 4. Calculated values of mean temperature elevation 
per watt of acoustic power from in vivo experimental data. 
Data taken from mappings using FOCI in 5 second pulses at 
1.07 MHz. 
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at 43°C is considered to be a therapeutic dose). A mapping 

was conducted in canine thigh muscle in which increasing 

acoustic power was applied to the target area. Thermal 

dose was calculated in equivalent minutes (t^> (8): 

t43 = £ a"3-«At (8) 

where T is average temperature over the time step, t is 

the time in minutes, 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.^ The equation was summed over the 

entire temperature profile, including decay, for each 

experimental pulse. The results of the thermal dose 

delivery in 5 second pulses is shown in Figure 20. As 

reference, Table 5 shows thermal dose at various 

temperatures and the corresponding dose in equivalent 

minutes. 

To determine variations in thermal dose 

delivery, the thermal dose was calculated for all 3 cm 

experimental mapping pulses - 224 pulses, 109 locations 

(FOCI, 1.07 MHz). As the thermal dose is not linearly 

dependent on temperature elevation, the pulses had to be 

scaled up to provide a thermal dose in the desired range 
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Thermal dose at various 

temperatures 

Thermal dose in equivalent 

minutes - t^ 

60 minutes @ 42°C 15 

60 minutes @ 43°C 60 

60 minutes @ 44°C 120 

60 minutes @ 45°C 240 

60 minutes @ 46°C 480 

60 minutes @ 47°C 960 

60 minutes @ 48°C 1920 

60 minutes @ 49°C 3840 

60 minutes @ 50°C 7680 

Table 5. Thermal dose at various temperatures and the 
corresponding dose in equivalent minutes - calculated from 
equation (8). 
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to accurately determine variations. To accomplish this, 

temperature profiles in pulses providing mean temperature 

elevations per applied acoustic powers were multiplied 

with a scaling factor that would increase the temperature 

profile to provide the desired thermal dose. The same 

scaling factor was then applied to the remaining pulses 

and the results are graphed in Figure 21A. for mean value 

thermal doses of 60 minutes at 43t and 120 minutes at 

43°C. From Figure 21B it can be seen that with all sources 

of error included, a thermal dose of 30 minutes at 43°C 

was provided by 87% of pulses when the mean was designed 

to deliver 60 equivalent minutes, and 92% of pulses when 

the mean was designed to deliver 120 equivalent minutes. 

The large variation seen in thermal dose 

administration is partially due to measurement error 

(section 2.1.5). To determine the maximum amount of 

variation in thermal dose that may be due to system 

measurement error, representative pulses with 

approximately 8% (measurement error at 1.07 MHz, FOCI) 

change in temperature elevation from the mean were found. 

These pulses were scaled with the same factor as used to 

calculate 60 minutes at 43°C for the mean, and the thermal 

dose delivered by each scaled pulse was determined. The 

difference between the mean thermal dose values and the 

system variation thermal dose values can be used to 



83 

A) 

B) 

60 minutes at 43°C 
120 minutes at 43°C 

a) 50 

S 30 
o 20 

200 400 600 800 
Thermal Dose (eq. min) 

1000 

92% t 43> 30 
87% t 43> 30 

*5 60 

a 50 
O) 
| 40 
8 30 
o 20 

60 120 180 240 300 360 
Thermal Dose (eq. min) 

Figure 21. Thermal dose variation from the mean in 
mappings at 3 cm depth A) scaled to provide 60 and 120 
equivalent minute means B) enlarged view showing percent 
of pulses providing a thermal dose of at least 30 
equivalent minutes 



84 

600 

© 500 </> 

° 400 
(0 
E 
0) 
.c 
H 

d) 
o 
c 
.2 z 
CO 
> 

300" 

200" 

100-

Measurement error 
Total Variation 
Tissue Variation 

- 2 - 1 1 2  

Standard Deviations From the Mean 

Figure 22. Thermal dose variations due to all sources of 
error, measurement error only and tissue variations with 
maximum measurement error subtracted from the total 
variation. 



85 

approximate the maximum possible variation due to 

measurement error. It was found that measurement errors 

can result in a measured thermal dose that is 51 to 220% 

of the mean dose. These results are shown in Figure 22. 

4.1.3 In Vivo Interface Study 

Mappings were conducted in tissue interfaces in 

5 animals using FOCI at 1.07 MHz. An autopsy performed 

after each interface mapping confirmed two types of tissue 

interfaces encountered here: [1] connective tissue between 

muscle layers, thickness < 1 mm, and [2] tendon, thickness 

> 3 mm. It was found that no significant temperature 

increase was seen on the connective tissue interface, 

however a significant temperature increase was seen in 

tendon. This is due to the beam shape of FOCI, with a 

relatively large half power beam width of 6 mm (in vivo), 

the thin connective tissue layer had little effect on the 

overall temperature distribution. The larger tendon areas 

did effect temperature distribution significantly due to 

the higher absorption coefficient and larger area of 

absorption in tendon. Mean values at mapping locations 

relative to interface and tendon are graphed in Figure 23 

for 3 cm depth. 
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at 3 cm depth. The confidence level is 95%. 
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4.1.4 Large Blood Vessel Study Results 

Femoral artery mappings were performed in 6 

animals. A vascular occluder with a pressure indicator was 

used to control the flow rate in the vessel, and a doppler 

flow probe was used to monitor the flow rate. The femoral 

artery diameter was approximately 5 mm in each animal. 

Sonication pulses were administered for two time 

intervals: [1] 5 second pulse length with 95 second decay, 

and [2] 180 second pulse length with 30 second decay. The 

long pulse length allowed enough time for the power 

deposition to approach steady state with local heat 

removing mechanisms in the tissue. Typical short and long 

pulses with flow and no flow in the artery are shown in 

Figures 24 and 25. 

Results of the femoral artery mappings 

calculated from uncorrected pulses are graphed in Figure 

26. The correction method depends only on the decay of the 

pulse and will result in false temperature elevations and 

beam shape. The results are presented as mean values at 

each location of all six mappings for both short and long 

pulses. It can be seen that the temperature difference 

between flow and no flow cases for long pulses is much 

larger than the difference seen in the short pulses. 

Additionally, the difference seen between flow and no flow 

in the short pulses is only significant when directly 
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Figure 25. Typical long pulse shape under the femoral 
artery with flow and no flow cases shown. A) Thermocouple 
positioned under the center of the artery. B) Thermocouple 
positioned 9 mm from the center of the artery. Pulses are 
not corrected for artifact to retain true pulse shape. 
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underneath the artery, falling off within 2 mm of the 

artery edge. However, the long pulses exhibit a relatively 

large temperature differential well beyond the edge of the 

artery. 

Relative flow rate was varied in the short pulse 

mappings underneath the artery to determine any 

differences in the temperature elevations. Reducing the 

flow in the vessel has a similar effect as reducing the 

size of the vessel. Relative flow rates of full (100 - 350 

ml/min), half, quarter and no flow were used. It was found 

that there was no significant difference between full, 

half and quarter flow temperature differential from the no 

flow case. Both flow and no flow short pulses should 

exhibit a drop in temperature underneath the artery due to 

a decreased amount of tissue in the focal area. However, 

the difference in temperature between the two is a result 

of convective heat loss to the vessel. Even a relatively 

small amount (1/4 of full flow) of flow in the vessel will 

provide enough convective heat transfer to create a 

temperature differential between the flow and no flow 

cases. Varied relative flow rate mapping results are 

graphed in Figure 27. 

Although the temperature differential between 

the flow and no flow cases is relatively small in the 

short sonication pulses when directly underneath the 
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artery, the absolute temperature elevation of each is also 

important. Due to less tissue surrounding the thermocouple 

when it is located underneath an artery, the specific 

absorption rate can be expected to decrease regardless of 

flow in the artery. Mean values of temperature elevation 

normalized by applied acoustic power from the short and 

long pulse mappings exhibiting this drop in temperature at 

the artery for both the flow and no flow cases are shown 

in Figure 28. 



93 

® 1.0 

-10 10 30 50 70 90 110 
Relative Flow Rate (%) 

Figure 27. Mean temperature elevation for artery mappings 
using five second pulses with varied relative perfusion 
rate. Standard deviation is shown. 



94 

150 

125 O O 
E 
— 100 
0) 
o> 
£ 
a> >_ 
3 «•» 
<0 
0) 
a. 
E 
o 
I— 

No Flow 

A) 
-15 -10 -5 0 5 10 15 
Distance Relative to Artery (mm) 

a) 
a. 
E 
o 
h 

500 

400 " 

300 

200 ' 

a. 

a> 
V) 

£ 
a> 
3 
(0 

1 0 0 -

if 

No Flow 

B) 
-10 -5 0 5 10 15 

Distance Relative to Artery (mm) 

Figure 28. Femoral artery mappings showing temperature 
elevation per watt acoustic power for A) 5 second pulses 
and B) 180 second sonication pulses, standard deviation is 
shown. 
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4.2.1 Ultrasonic Field Matching Results 

Due to the beam distortions seen in the in vivo 

beam plots, simulation power field distributions for the 

physical transducer design used in vivo were not accurate 

in modeling a beam shape like that seen experimentally. 

The increased half power in vivo beam width and power 

deposition in side lobes significantly reduced the local 

power absorption seen at the focus of the beam. It was 

found that matching the half beam width of the distorted 

in vivo beam shape was the most accurate method of 

producing similar power fields. This was accomplished by 

changing the simulation transducer design (increasing the 

F-number) until the correct half power beam width was 

achieved. An example of the matching techniques used for 

simulation beam plots is shown in Figure 29. 

The temperature elevation/acoustic power 

relationships calculated from the in vivo mappings in 

section 4.1.2 were used to determine the amount of power 

to be applied to the simulation program to achieve the 

desired power distributions matching to the in vivo 

distributions. Frequencies used in the simulations were 

the same as used for the transducer design in vivo. A 
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Transducer Frequency Depth In Vi vo Simulation 

Design (MHz) in SAR SAR 

Tissue (W/cm2) (W/cm2) 

(cm) 

FOCI 3.58 3 3.21 + 0.7 3.29 

FOCI 1.07 2 2.54 + 0.6 2.38 

FOCI 1.07 3 1.88 + 0.3 1.58 

F0C2 1.00 3 16.7 + 2.4 17.0 

F0C3 1.00 5 1.08 + 0.1 1.13 

Table 6. A comparison of simulation SAR values to in vivo 
SAR values. Standard deviation for in vivo data is given. 



comparison of SAR values at the focus in the simulations 

to SAR values calculated at the peak in vivo is given in 

Table 6. As can be seen, the simulation values for SAR all 

fall within one standard deviation from the mean in vivo 

SAR values. Simulation SAR values are from the modified 

transducer design (to match in vivo half power beam width) 

model. 

4.2.2 Temperature Profile Matching Results 

The matched power field distributions were 

applied to the temperature solver to produce a temperature 

profile of the desired pulse length and decay time. 

Perfusion effects were examined first to attempt to 

quantify a typical perfusion value to be used in the 

remainder of the simulations. As perfusion effects are 

most prominent for long pulses, in vivo long pulses were 

used to predict the perfusion value. 

Perfusion effects were quantified using results 

of mappings in 7 animals conducted by B.Billard (1989) 

using short (4 second) and long (10 minute) pulses with 

transducer design FOC3 at 1.00 MHz in canine dog thigh 

muscle. Although the actual perfusion rate cannot be 

determined, it can be assumed that there exists a 

perfusion rate greater than 0 in the tissue while the 

animal is alive. It may also be assumed that no perfusion 
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exists in the tissue when the heart is not beating. 

Perfused pulses were administered to the living animal, 

then the animal was euthanized and non-perfused pulses 

were given in the same locations after the heart had 

stopped beating. Resulting measured temperature profiles 

were not corrected for viscous artifact, as the correction 

method relies on pulse decay only, this could result in 

incorrect pulse shape and peak temperatures. 

Billard's results show a strong perfusion 

dependence in temperature rise for long pulses, and 

relative perfusion independence in temperature rise for 

short pulses. This was expected as the 4 second pulses do 

not allow sufficient time for perfusion in the tissue to 

have a major effect on the temperature distribution during 

sonication. The 10 minute pulses have greatly reduced 

temperature elevations, an average of 25.9% reduction from 

the non-perfused peak temperatures, due to the conduction 

of heat through the tissue to blood vessels where it is 

carried away from the target area (perfusion effects). 

There was no significant difference (approximately 4%) in 

temperature elevation seen for short pulses in perfused 

and non-perfused muscle tissue.25 

The power field simulation which matched F0C3 

was applied to the temperature distribution program with a 

perfusion of zero. As the acoustic power was not measured 
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for the perfusion study, temperature elevations were 

normalized to the peak value. First, matching of a 

simulation with no perfusion to the in vivo non-perfused 

pulse shape was completed by increasing the F-number of 

the simulation transducer design until the half power beam 

width matched that measured in vivo. Then perfusion in the 

simulation was varied with all other parameters held 

constant until the simulation pulse shape matched the 

corresponding in vivo perfused pulse. Perfusion rates 

varying from 1 to 9 kg m"3 s"1 were used in simulations to 

match the 7 animals used in the perfusion study. An 

average perfusion was calculated to be 3.92 kg m~3 s"1 and 

was used for all simulations matching in vivo pulses where 

perfusion values were not determined. An example of 

simulation matching to perfused and non-perfused long 

pulses is given in Figure 30. 

Short pulse perfusion effects were matched using 

the perfusion values found with the corresponding long 

pulse simulation matching for a particular animal. Good 

agreement between in vivo temperature distributions and 

simulation generated profiles were seen in all the short 

pulse matchings. A typical example is shown in Figure 31. 

Mapping results of short pulses with measured 

acoustic power from data taken in this study were matched 

in temperature elevation and decay. Pulses were matched 
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matchings to perfused and non-perfused short pulses. The 
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perfusion value of 7.0 kg m3 s more closely matched the 
decay of the pulse. 
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Figure 32. Comparison between in vivo peak temperatures 
and those from simulations using: [1] the physical 
transducer design, and [2] the modified design (to provide 
same half power beam width as seen in vivo) Standard 
deviation for the in vivo data is shown 
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from in vivo data for all three transducer designs at 

varying depths and short pulse lengths. Initially, the 

physical design of the transducer (F-number equivalent to 

the treatment transducer F-number) was used in the 

ultrasound power distribution simulations. It was found 

that the temperature distributions generated using these 

power field simulations were much higher than temperature 

elevations measured for the same acoustical powers in 

vivo. By modifying the transducer design (increasing the 

F-number) until the half power beam width was matched to 

the in vivo half power beam width, temperature 

distributions were very similar to those seen in vivo. A 

comparison of peak temperatures found using the physical 

transducer design and the modified design to in vivo peak 

temperatures is shown in Figure 32. 

It was found that the temperature distribution 

program provided an excellent match to the experimental 

data at the acoustical focus when the half power beam 

widths of the power field simulations were equivalent to 

those measured in vivo . Temperature peaks and decays were 

matched with good accuracy for all three transducers at 

various pulse lengths and depths (Figures 33 - 34). In 

order to ascertain accurate modeling of the entire sound 

field, simulations were matched to in vivo temperature 

distributions measured radially off the acoustic focus. It 
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was found that simulations gave good agreement with in 

vivo peak temperatures as the measurement point was moved 

in 1 mm steps radially (Figure 35), however the decay was 

more variable with the best match within the half power 

beam width of the transducer. 
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CHAPTER 5 

5 - DISCUSSION 

5.1 Discussion of Experimental Results 

The major goal of this study was to determine 

the feasibility of high temperature ultrasound 

hyperthermia as a cancer treatment modality. In order to 

accomplish this goal, several factors involving the 

administration of a therapeutic thermal dose in a short 

sonication pulse had to be investigated. Variations in 

local power absorption due to perfusion, tissue property 

changes, intensity levels, and measurement error were 

studied. 

In vivo beam plots show a significant increase 

in half power beam width and power deposition in side 

lobes when compared to beam plots in water. Additionally, 

the distortion increases at increasing depths in tissue. 

This will result in a much lower specific absorption rate 
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at the focus of the beam, as less power is being deposited 

there. In vivo beam plot determination may be an important 

part of high temperature ultrasound hyperthermia treatment 

planning. The power deposition pattern of the treatment 

transducer is essential in predicting accurate thermal 

dose administration. 

Thermal dose determination from pulses in 

mappings at 3 cm show that 87% of the pulses will provide 

a thermal dose of at least 30 minutes at 43t when the 

mean is designed to administer a thermal dose of 60 

equivalent minutes. Additionally, by scaling the typical 

mean dose up to 120 equivalent minutes, only 8% of the 

treatment area would receive a thermal dose of less than 

30 equivalent minutes. These variations are primarily due 

to tissue property changes, and have been measured in 

muscle tissue - tumor tissue properties may show more or 

less variation. In this study, at least 65% of the pulses 

provided a thermal dose of 60 equivalent minutes (when the 

mean was scaled to 60 minutes at 43°C) . Additionally, it 

has been shown here that scaling the mean dose up will 

result in improved dose administration - 84% of the pulses 

provided a thermal dose of 60 equivalent minutes when all 

pulses were scaled up with a value which gave typical mean 

pulses a thermal dose of 120 equivalent minutes. Less than 

15% of the doses were greater than three times the mean 
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value, and the largest variations are most likely due to 

tissue interfaces and tendon. 

The 3 cm mapping thermal dose results include 

all sources of error, including measurement error. It was 

found that measurement error could have a significant 

effect on thermal dose variations measured in this study. 

With all variations included, the thermal dose can vary 

from 5 -550% of the mean over 95.4% of the tumor volume (+ 

2 standard deviations). However, measurement error alone 

can show variations of 51 - 220% in the thermal dose. This 

implies that thermal dose variations due to tissue 

property changes may be smaller than measured here, and 

that a more accurate thermal dose than indicated by 

measurements was being administered. 

The ultrasound attenuation coefficient range for 

all depths in muscle tissue studied was determined to be 

(5.56 + 0.999) Np m~* MHz~*. It has been shown that the 

attenuation coefficient can vary due to the orientation of 

Q? 0Q 
muscle fibers in relation to the sound field. The mean 

attenuation coefficient calculated in this study is an 

average over many locations and individuals. Although care 

was taken to conduct mappings in similar locations on 

different animals, precise muscle fiber orientation 

uniformity cannot be expected. The value measured here is 

in close agreement with the total power intensity 



112 

absorption measured by Moros and Hynynen (1990)^ (5.5 + 

1.0 Np m"1 MHz"1) in canine thigh muscle for the same 

experimental system as used here. The large variations 

(200-300%) in attenuation coefficients reported by other 

37 QQ 
authors6 ' were not encountered in this study. 

The intensity studies show that a transducer 

design with a larger diameter relative to the half power 

beam width is less likely to exhibit nonlinear propagation 

effects at higher intensities. Also, nonlinear propagation 

of the sound field can have a large effect on the local 

power absorption, thus the linear operating range of the 

treatment transducer should be quantified prior to a 

treatment. It is possible that this phenomenon can be used 

to increase temperature elevations in a hyperthermia 

treatment. However, little information is currently 

available on the quantification of nonlinear propagation 

effects, and must be determined before accurate 

predictions of temperature distributions can be made. 

Tissue interface results indicate no significant 

difference in temperature elevation on a connective tissue 

interface of 1 mm or less, when using a relatively large 

half power beam width. Beam shape plots on the interface 

did show more distortion than in vivo beam plots at the 

same depth in normal muscle tissue. Interfaces of 

tendon/muscle where the tendon diameter was approximately 
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half the half power beam width, did show a significant 

increase in temperature elevation (27%) due to the higher 

acoustic impedance of tendon and a large absorption area. 

Large blood vessel study results show that short 

sonication pulses are much less effected by large blood 

vessels in the treatment volume than long pulses. 

Temperature elevations in short pulses will be reduced due 

to flow in the vessel only directly underneath and within 

2 mm of the vessel. However, long sonication pulses show 

larger temperature elevation fluctuations underneath the 

artery and extending at least 7 mm from the vessel. It is 

usually desirable to leave large blood vessels intact in a 

tumor treatment, as these vessels also supply the 

surrounding normal tissue area. The peak temperature 

elevation of 5 second pulses drops when the pulse is 

directly underneath the artery, due both to flow in the 

vessel and less tissue in the surrounding area for power 

absorption. This could result in less damage to the large 

vasculature in the target area relative to tumor tissue 

damage. Relative flow rate results indicate that even a 

small amount of flow will show similar results to those 

described above, indicating that smaller diameter vessels 

will exhibit the same effects as seen with the 5 mm 

diameter femoral artery. 
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5.2 Computer Simulations Discussion 

The goal of this section of the study was to 

determine how accurately high temperature ultrasound 

hyperthermia thermal doses can be predicted. It was found 

that the wider half power beam widths found in the in vivo 

beam plot experiments were the key to obtaining accurate 

simulation results. When transducer designs in the 

simulations were modified to provide half power beam 

widths equivalent to those seen in vivo, the simulation 

peak temperatures were accurate in matching the in vivo 

temperatures. 

Perfusion values were determined by matching in 

vivo perfused and non-perfused long pulse shape by varying 

the simulation perfusion rates. Simulation perfusion 

values required to match in vivo perfusion effects varied 

from 1 to 9 kg m~^ s~*, with an average of 3.92 kg m~^ s~*. 

The average simulation perfusion value was used for all 

matchings where the perfusion was unknown. 

All simulations were matched to in vivo pulses 

using the temperature elevation per applied acoustic power 

determined in the mapping experiments. These results can 

be used to calculate the acoustic power needed to 

administer a desired thermal dose distribution in a 



115 

hyperthermia treatment. Simulations were matched to the 

entire temperature distribution seen in vivo by comparison 

of pulses radially off the acoustic focus. It was found 

that good agreement is seen in the peak temperatures and 

the decay within the half power beam width of the 

transducer. This result shows that the computer 

simulations can be used to accurately predict the spacing 

between pulses needed to provide a uniform thermal dose in 

a high temperature ultrasound hyperthermia treatment. 
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CHAPTER 6 

6. CX3NCUJS TONS AMD REXXMMENDATIONS 

This study has shown that high temperature 

ultrasound hyperthermia is feasible as a cancer treatment 

modality. Other methods of clinical hyperthermia 

treatments strive to achieve a uniform temperature 

distribution across the treatment volume for a relatively 

long period of time. These methods are plagued with 

variations in temperature elevations and thermal dose due 

to blood perfusion changes in the treatment area. High 

temperature ultrasound hyperthermia provides the same 

thermal dose in a short time period (generally 5 seconds 

or less), almost eliminating variations in thermal dose 

due to blood perfusion changes. Results of this study show 

that thermal exposure variations caused by tissue location 

and tissue interfaces are acceptably small. Given a 

specific transducer design and treatment volume, this 

method can administer a thermal dose almost independent of 

blood perfusion. Also, large blood vessels in the 

treatment volume will have little effect on the thermal 

dose delivered except when the transducer focus is within 

2 mm of the vessel, possibly reducing damage to the 
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vessels during a treatment while maintaining therapeutic 

thermal dose delivery to the adjacent tumor area. 

This study has also shown that a therapeutic 

thermal dose can be delivered in a five second pulse at 

intensity levels well below those measured for transient 

cavitation. Also, nonlinear propagation may increase the 

specific absorption rate, but needs to be quantified 

before its effects can be accurately predicted. Meanwhile, 

operating within the linear range of propagation for a 

particular transducer design and sonication frequency will 

allow accurate prediction of temperature elevations and 

thermal dose delivery. Transducer designs with smaller F-

numbers, will have a larger linear propagation operating 

range. 

Computer simulation results from this study show 

that matching the simulation sound field distribution to 

the in vivo half power beam width accurately predicts 

temperature distributions seen in vivo. This result 

indicates a method that allows matching of the theoretical 

and experimental temperature distributions, ultimately 

providing a means of predicting acoustic power necessary 

to achieve a desired thermal dose distribution in a high 

temperature ultrasound treatment. 

Preliminary studies have shown that a tumor 

response can be induced with high temperature ultrasound 
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hyperthermia, however a study of spontaneous tumor 

response to this modality is the next step. With extensive 

thermometry, the thermal dose variations in a tumor 

treatment can be determined. The thermal dose information 

can be used to correct the computer model, reducing the 

number of temperature measurements needed in the treatment 

area. 

Finally, the results from a spontaneous tumor 

response study can be applied to a clinical study which 

will determine the thermal dose required to have a 

therapeutic effect and maximum temperature elevations 

which can be administered without any adverse side 

effects. The final goal is to develop a model which can 

predict the temperature and thermal dose being 

administered in a treatment without the aid of invasive 

thermometry. 
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APPENDIX A: Artifact Corirection Method 

Each temperature profile from an experimentally 

measured sonication and decay was corrected for viscous 

artifact and scattering using the method described by 

Parker (1983).^ After the sound is powered off, the 

viscous effects causing the artifact cease and the probe 

temperature decays down to the temperature of the 

surrounding tissue.33'^ The decay time required for this to 

occur with a small thermocouple probe design has been 

shown to be approximately 200 ms by Hynynen et al., 

1983. 3 The correction method used in this study allowed 

the thermocouple probe temperature to decay for one 

second, at which point it was assumed the probe 

temperature was equal to the tissue temperature. An 

exponential fit of the decay from one to four seconds 

(data points taken every 0.5 seconds) was made and used to 

extrapolate back to the peak temperature.^ The difference 

between the measured temperature and the extrapolated 

value was used as an approximation of the error to be 

subtracted from the measured temperature values (Figure 

A. 1) . 
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Figure A.l Example of an experimental ultrasonic pulse 
with an exponential fit method of correction for viscous 
artifact effects 
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APPENDIX B: Statistical Methods 

B.l Sample Mean and Standard Deviation 

Sample mean values and the associated standard 

deviations were calculated for all experimental data 

obtained for similar experiments and positions in order to 

determine an accurate range of normal values. For all 

calculations of arithmetic mean values used in this study, 

the following equation was used (9)^: 

positive square root of the sum of the squares of the 

deviations of the data points from the mean value of the 

sample divided by (n-1) (10)^: 

(9)  

The standard deviation was calculated as the 

(10) 

Sample variance was calculated as the square of 

the standard deviation. 
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B.2 Tests on the Difference of Two Means 

Hypothesis testing is a method of statistical 

inference. A statement concerning the probability 

distribution of a random variable is a statistical 

hypothesis. Once the hypothesis has been stated, 

statistical procedures are used to determine whether it is 

acceptable or unacceptable within a defined confidence 

level. If the information furnished by the data supports 

the hypothesis, then the hypothesis is not rejected, 

otherwise it is rejected. The hypothesis being tested is 

referred to as the null hypothesis, HQ, and an alternative 

hypothesis, Hj, is also stipulated to complement the null 

hypothesis. If Hq is accepted, then H^ is automatically 

rejected and vice versa. 

Hypothesis testing was used to compare two 

sample means calculated for different tissue types 

(tendon, interface, muscle) at the same depth. It is 

possible to make an error in accepting or rejecting any 

given hypothesis. The probability of rejecting Hq when it 

is true is called a type 1 error (a), and a type 2 error 

occurs when Hq is accepted when it is false (P).*7 The 

power of the test is defined as: power = (1 - P) . The 

probability of rejecting HQ when it is true is denoted as 

a and was equal to 0.05 for the statistical calculations 

used in this study, thus the confidence level was 95%. 
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Null Hypothesis Alternative Rejection Region 

H0 ha 

Ho: Wi - u2 = 0 Ha: Hi - y2 != 0 Z > zl-a/2 or 

Z < "zl-a/2 

H0: V*1 - ^2 <= 0 Ha: UJ - u2 > 0 z > Zl.a 

H0: Uj - u2 >= 0 Ha: ui - p2 < 0 z < "zl-a 

Table B.l Tests on the difference of two means, pj and 
U2f when the standard variance o2 for each is known. A 95% 
confidence level was used. 
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The experimental data were treated as random 

samples from two different populations. Let Sj and S2 

denote the sample standard deviations corresponding to the 

sample means of two different tissue types with means Uj 

and ii2 and standard deviations Oj and Oj. Variance is 

calculated as the square of the standard deviation, (Oj)^ 

and (og) . The test statistic used to test Hq: equal to 

1*2 against the alternative hypothesis, : Pj not equal to 

U2 is the standard normal random variable, Z (11)*': 

Z  = ^ ~ ̂  " (Pi ~ »*a> (11) 

(Oj)2 + (a2) 2 

*2 

where n^ and nj are the sample sizes. The test rejects H^: 

Hj  equal to ]i2 if z > zl-a/2 or z K za/2 ~ -zl-a/2 * Tlie 

possible results of this test are given in Table B.l. 
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