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ABSTRACT 

Maintenance of the treatment temperatures at their target 

levels in the face of disturbances, a uniform temperature 

distribution within the treatment region, an acceptable temperature 

rise outside that volume, a fast temperature rise, and stability are 

desirable characteristics of an optimal hyperthermia treatment 

control system. Since scanned, focussed ultrasound systems (SFUS) 

have a great deal of flexibility it is necessary to use such a 

feedback system in shaping the power field during hyperthermia 

treatments. For best use of such a system many complicated, 

interacting decisions must be made to obtain an optimal hyperthermia 

treatment. This dissertation studies this optimization problem 

using a simulation program which searches for the optimal scan 

parameters, and presents a pro plus bang-bang feedback control 

system which gives a suitable power distribution to meet the above 

requirements for this hyperthermia system. 

Several objective functions were studied and compared based 

on temperature criteria. An extensive objective function study has 

been done in order to determine: the best formulation for that 

objection function, the characteristics of that objective function 

near the optimal operating point, the effects of the scan parameters 

on that objective function, and the domain of acceptable initial 

guess pOints for obtaining a globally optimal solution. A further 

comprehensive study of the optimal temperature distributions 
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attainable with single and multiple circular scans of a tumor was 

done. The results show that the optimal scan parameter 

configuration will allow this SFUS to produce a close to ideal 

treatment temperature distribution for a wide variety of clinically 

relevant conditions. 

To further study the variation of the temporal and spatial 

blood perfusion, a controller was used to obtain a more suitable 

power to meet the treatment needs. Both the simulation results and 

experimental animal results show that the controlled region can be 

rapidly heated to the target temperature with a small overshoot and 

maintained at that level in the face of disturbances. In vitro dog 

kidney model and in vivo dog thigh experiments show that the 

controller works well in practice, and verify that it can compensate 

for spatial and temporal blood perfusion variations. As shown in 

both these experiments and in simulations, the controller can be 

used for controlling a single temperature or multiple temperature 

points simultaneously, thus allowing relatively uniform temperature 

fields to be created. 
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CHAPTER I 

INTRODUCTION 

Analyses of clinical hyperthermia treatments have shown that 

a correlation exists between the minimum tumor temperature and the 

effectiveness of therapy. This correlation has been shown by Oleson 

et ale (1984), Dewhirst et ale (1984), and Van Der Zee et ale 

(1986). Similarly, the detrimental effects of elevated temperature 

on normal, healthy tissues have been demonstrated by Barlogie et ale 

(1979), Larkin et ale (1977) and Pettigrew et ale (1974). Given 

these factors, the general goal of localized hyperthermia is clearly 

to raise the temperature of a defined treatment volume above a 

threshold temperature (approximately 43°C) and maintain it at that 

level in the face of varying blood perfusion rates, while limiting 

the volume of normal tissue subject to excessive temperatures. 

To achieve this goal, clinical personnel usually monitor 

online the temperature of the tumor and normal tissues, and manually 

adjust the power up or down. An alternate treatment method employs 

a control algorithm to determine a sUitable power for a treatment, 

especially during a multi-point temperature control. Some 

investigators have proposed and/or designed control systems for this 

application. Lately, more flexible hyperthermia systems have been 
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developed which allow better geometric power deposition. This 

improved power deposition is achieved by varying the system 

parameters and the magnitude of input power. For better use of this 

new technology to obtain a specific power distribution for a given 

treatment, parameter optimization and temperature control are 

applied. Optimization can be used to determine a set of suitable 

system configurations for a hyperthermia treatment system based on a 

desired temperature distribution, and control can be used to change 

the power magnitude in order to overcome the unknown blood perfusion 

variations. It will be shown that a hyperthermia treatment system 

employing a suitable control algorithm and an optimization method is 

more effective in reaching the treatment goal than a system 

controlled by a clinical operator. 

1.1 Recent Advances in Hyperthermia Systems 

There is a variety of heating methods and devices used in 

today's hyperthermia treatment systems. Ultrasonic waves, 

microwaves, radiofreqency (RF) waves, infrared (IR) waves and 

conductive-convective modalities (Field and Franconi 1987) are 

typical power sources. Ultrasonic sources include single or 

multiple, focussed or unfocussed, stationary or scanned transducers, 

as well as electrically focussed and scanned arrays. Microwave 

energy can be delivered by apertures, horns, aperture phased arrays, 

monopole interstitial radiators set both singly and in arrays, and 
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dipole microstrip arrays. Radiofrequency devices vary depending on 

whether the power source is radiative, distributed E-field, H-field 

radiative, magnetic dipole, and inductive or capacitive currents. 

Treatment devices include RF electrode arrays, helix radiators, 

distributed current dipoles, distributed magnetic dipoles, 

distributed current sheets, and direct-contact electrodes. 

Conductive-convective sources include ferromagnetic thermoseed 

arrays, warm saline perfusion, warm blood perfusion and skin direct

contact methods such as warm water, wax baths, heat boxes with warm 

air, or radiant surfaces (Field and Franconi 1987). 

In recent years improved hyperthermia heating systems have 

allowed greater flexibility in varying the power deposition 

capabilities that dictate the geometric patterns of the power 

application. Investigations of the second generation hyperthermia 

systems based upon ultrasonic power include the systems described by 

Ogilvie et al. (1986), and Ter Haar and Hopewell (1985). For 

heating at depth, Lele and Parker (1982), and Hynynen et ale (1987) 

describe scanned focussed ultrasound systems. Investigations of the 

second generation microwave systems include studies of a fixed

position, multiple-element surface-heating system described by Hand 

et ale (1986), and a study of a fixed-position multiple 

antenna/electrode system for heating at depth by Trembly (1985) and 

Trembly et al. (1986). Lee et ale (1986) presented a clinical 

application of scanned, single-applicator microwave systems. Doss 

(1985) reported a localized current field system. It can be seen 
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that these second generation hyperthermia heating systems have 

better flexibility to adjust the power deposition to obtain the 

desired temperature distribution for a given control region. In 

order to take advantage of this flexibility, it is necessary to 

determine how to optimally deposit power during the hyperthermia 

treatments. To do this, one needs an ideal temperature 

distribution, a practical objective function, clear thermal 

treatment goals, an optimization method to obtain a set of suitable 

system parameters for the system configuration, and a suitable 

control algorithm to adjust the input power. 

1.2 literature Survey in Hyperthermia 

Control System and Parameter Optimization 

As second generation heating systems were being developed, 

more robust control systems and system parameter optimization 

methods were proposed and evaluated. A review of recent 

hyperthermia control and optimization literature explains why robust 

control system and parameter optimization are necessary for better 

hyperthermia temperature control. 
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De Wagter 
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De Wagter (1986) developed a simulation-oriented optimization 

for multiple electromagnetic applicators to determine a set of input 

variables (the electromagnetic (EM) incident power levels, mutual 

phase shifts of the elements, and the coolant temperatures of the 

waterboluses during the treatment). This method gives a specified 

temperature field in an optimum way, delivers guidelines for the 

treatment protocol, and reveals restrictions for the considered 

heating approach. A two-dimensional simulation, considering 

biological structures that vary much less rapidly in one direction 

than in the plane transverse to it, was performed. A transient 

bioheat transfer equation was used to solve for the temperature 

distribution. In addition, an objective function based on obtaining 

a prescribed temperature elevation in the tumor region and limiting 

the temperature of the surrounding tissue was used to adjust the 

control variables to get an optimal temperature distribution. A 

Simplex algorithm was used to find the optimal solution when dealing 

with incoherently excited applicators. In the case of coherent 

applicators, De Wagter reparameterized the problem as an 

unconstrained minimax problem, and then used the Fletcher method to 

solve it as a least pth problem. De Wagter made the following 

conclusions: 1) a thermal computer model containing sufficient 

generality and flexibility is a valuable alternative to the 

construction of dynamic phantoms; 2} simulation is an important tool 
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in individual patient treatment planning; 3) the optimization 

procedure forms the basis of an adaptive regulator algorithm used to 

control the transient temperature field. 

Ocheltree and Frizzell 

Ocheltree and Frizzell use a steady-state (1987)and a 

transient bioheat transfer equation (1988) to determine the power 

deposition patterns for localized hyperthermia. The objective of 

their analyses is to determine the power deposition pattern required 

to maintain a uniform elevated temperature throughout the tumor. 

This deposition pattern is constrained to zero power in the normal 

tissue. They use the one-to-one relationship between a power 

deposition pattern and its associated temperature at steady-state to 

calculate the power deposition for a desired temperature 

distribution. This steady-state approach is used in all analyses. 

In addition, they use a delta function to calculate the power 

deposition needed at the boundary between the tumor and normal 

tissue. They find that the weight of the delta function at the 

tumor boundary is a constant for the half-space tumor model, a 

quotient of Bessel functions dependent on tumor radius for the 

cylindrical tumor model, and a function of tumor radius for the 

spherical tumor model. In the time-dependent power deposition 

study, they first calculate the power deposition within the tumor 

following a desired temperature-time relationship for the entire 

tumor heating period. Afterwards, they calculate the time-dependent 
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strength of the delta function required at the tumor boundary. A 

three-dimensional numerical method was also developed for both the 

steady-state and the transient studies. This method uses a finite 

difference solution to account for the various geometries and 

parameter variations encountered in a clinical situation. Ocheltree 

and Frizzell made the following conclusions: 1) the power deposition 

patterns derived in their studies can be used to provide a goal for 

efficient tumor heating; 2) the material presented can give an 

understanding of the power deposition required to achieve and 

maintain a uniform therapeutic tumor temperature; 3) the study 

yields a numerical model that can be adapted for clinical use; and 

4) the results show that different power deposition patterns are 

necessary during the transient heating and the steady-state heating 

periods of the hyperthermia treatment. 

Strohbehn 

Strohbehn et ale (1989) reported a two-dimensional 

theoretical investigation where an optimization routine was used to 

select the amplitudes and phases of a noninvasive microwave 

hyperthermia system for deep-seated tumors. Their device consists 

of two rings of eight electromagnetic apertures that are placed 

concentrically about the long axis of the patient and radiate energy 

toward the center. Their optimization routine was based on a 

gradient search procedure which minimized the difference between an 

ideal power distribution and the simulated absorbed power. This 
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ideal power distribution is a uniform power deposition within the 

tumor and no power deposition in the normal tissue. After 

determining the optimal amplitudes and phases, the SAR (specific 

absorption rate) was calculated for the array. This resulting SAR 

data was then used as the input to a program based on the bioheat 

transfer equation to calculate the temperature distribution in the 

patient model for an assumed set of blood perfusions. They also 

utilized a hyperthermia equipment performance (HEP) value as a means 

of quantifying and summarizing the treatment data. The HEP value 

was defined as the percentage of the tumor region to achieve 

therapeutic temperature while the three conditions on the maximum 

temperature were met. These three conditions were: 1) the maximum 

tumor temperature was 60·C, 2) the maximum temperature of muscle, 

fat, or bone was 44·C, and 3) the maximum temperature of visceral 

organs was 42·C. 

Their optimization procedure was successful, since the power 

deposited within the tumor region was increased with less power 

deposited into the normal tissue region when compared to the equal 

amplitude and phase case. Their results show that there may be 

significant improvements in the produced temperature field under the 

right situations, and the percentage of the tumor region to reach 

the therapeutic temperatures may be increased significantly. The 

results gave a theoretical justification for further exploration of 

the use of amplitude and phase control in improving the power 

deposition and temperature distributions for annular phased array 



27 

type devices, even though there are two major restrictions in their 

model (a two-dimensional basis calculation and the bioheat transfer 

equation for the thermal model). 

Several other investigators have proposed and/or applied 

optimization approaches to the second generation hyperthermia 

systems. For example, Arcangeli et ale (1984) tried to focus the 

power in the tumor on a CAT scan section of a human chest with 915 

MHz peripheral sources. They proposed an optimization method to 

select the amplitudes and phases in such a way that the power level 

outside the focal region was kept below a given threshold. Yuan et 

ale (1990) reported results from a two-dimensional theoretical 

investigation and from a comparison of eight concentric, fixed 

microwave apertures and a four-applicator phased-array with movable 

apertures where an optimization routine was used to select the 

amplitudes and phases. Finally, Roemer (1990) presented a 

definition of the optimal treatment volume, an expanded analysis of 

the ideal temperature distribution which includes large blood vessel 

effects along with the bio-heat transfer equation, and an improved 

basis for power optimization calculations for non-ideal power 

deposition devices. 
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Kress (1988) developed three theoretical adaptive control 

schemes for controlling second generation hyperthermia heating 

systems. Each of these three schemes is made adaptive by 

continually estimating the perfusion distribution of the tumor with 

respect to space and time. All of these schemes use the estimated 

perfusion field to determine the tissue temperature at unmeasured 

temperature locations. All three adaptive control schemes are 

compared to a multiregion proportional-integral-derivative (PIO) 

control scheme. The first adaptive control scheme uses the PIO 

algorithm as its basis, and estimates an optimal set of set-point 

temperatures for the treatment. The second adaptive control scheme 

also uses the PIO algorithm as its basis, but controls unmeasured 

locations using an observer. The third adaptive control scheme 

again uses the PIO algorithm as its basis, but controls unmeasured 

locations using an observer and also estimates an optimal set of 

set-point temperatures. Following the recommendations of Clegg et 

al. (1985), Kress used a transient power-off data and a transient 

Gaussian estimation algorithm to estimate the perfusion distribution 

within the tissue regions of interest. The Gaussian estimation 

algorithm adjusts the magnitudes of the perfusion distribution 

until: 1) the difference between the modeled and measured transient 

temperatures is less than a preset tolerance, or 2) the modeled and 

measured transient temperatures agree as well as possible. In 
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addition, he uses optimization techniques to determine the specific 

power field which will minimize the difference between the modeled 

steady-state temperature distribution and a prespecified ideal 

temperature distribution. Based on the simulation study, Kress 

concluded that the adaptive schemes could outperform the pro scheme 

for most simulated treatments. Kress also made the following 

recommendations: 1) continuous functions (such as cubic splines and 

finite Fourier series) could be used to represent the spatial 

variations of the perfusion and specific power instead of the 

piecewise constant representations, 2) improved cost functions in 

the power optimizing routine can give better results, 3) the optimal 

specific power distribution can be used as an intermediate value 

when generating new set-point temperatures. 

Knudsen and Heinzl 

Knudsen and Heinzl (1986) developed a feedback controller for 

a hyperthermia heating system that uses inductive RF heating, and a 

water bag for surface cooling. The applied power and the cooling 

water temperature are used as the inputs to control the temperature 

at two boundaries (in the direction of propagation of the power 

below the applicator) of a tumor. The system was decoupled into two 

independent single-input single-output systems. The controller 

parameters were estimated during the temperature warm-up phase and 

then a self-tuning feedback controller was used to control the 

temperature. Knudsen and Heinzl experimentally evaluated the 
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controller using a perfused phantom consisting of an appropriate 

absorbing medium with embedded tubes to simulate blood vessels. The 

experimental results indicate that the control system works well for 

homogeneous and inhomogeneous tissue as long as the system input 

bounds are not exceeded. The controller was able to control a 

temperature maximum in a specified location, as demonstrated on the 

computer simulations and phantom experiments. It should be noted 

that Knudsen and Heinzl's control system controls only the 

temperature directly beneath the applicator. 

Knudsen and Hartmann 

Knudsen and Hartmann (1986) designed a control system for a 

hyperthermia system consisting of an array of four RF applicators 

surrounding a cylindrical tissue model. Four power amplitudes and 

the three independent phases are used as the inputs to an 

identification and optimal control algorithm that controls seven 

temperatures. Knudsen and Hartmann used a step-function test signal 

as input to each amplitude and phase, and observed the transient 

response of each output for the purpose of identification. The gain 

and time constant for the transfer function were determined from the 

transient responses. The control was implemented with an optimal 

control algorithm employing an objective function consisting of a 

weighted sum of squared control and error signals. The control 

system was tested on a two-dimensional tumor temperature simulation 

of patient treatments. One significant problem was that the time 
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required for parameter convergence during the identification was too 

long (approximately 50 min) for clinical implementation. Knudsen 

and Hartmann recommended that priori data used for determining the 

parameter values might be acceptable for a feedback control system. 

Johnson, Kress, Roemer and Hynynen 

Johnson et ale (1987) use integral feedback to control a two

dimensional temperature field for a scanned focussed ultrasound 

hyperthermia system. They conducted experiments in dog kidneys and 

thighs using one or four scanned focussed transducers operating in 

two-dimensional octagonal patterns. Power was calculated using an 

integral control law with the error signal determined from a 

temperature sensor placed near the scan path. They concluded that 

the control system was generally able to heat the temperature of 

each control thermocouple to the desired set-point temperature. 

However, the controller was not able to keep normally perfused 

regions adjacent to highly perfused regions from being overheated. 

The reason for this is that the same power deposition is used for 

both the normally perfused region and the highly perfused region. 

This could potentially cause the temperature in normal tissue to 

exceed the safe level. They recommended using estimation to monitor 

the temperature distribution. 

Several other investigators have proposed and/or applied 

control systems to the second generation hyperthermia systems. For 



32 

example, Babbs et ale (1986) have simulated a proposed "predictive

adaptive" multi-applicator controller that infers the applied power 

and the effective perfusion from the responses of temperature 

sensors as each of the power applicators is briefly turned off. 

Doss (1985) designed a control system for a four electrode 

interstitial RF heating system with one applied voltage. This 

system controls one temperature by varying the power in proportion 

to the temperature error signal, with a temperature band surrounding 

the desired set-point temperature. The controller sets full power 

at temperatures below the set-point band, and no power at 

temperatures above this set-point band. Nikawa et ale (1986) 

present a controller that varies the applied power of a direct 

contact converging applicator, and uses the cooling water flow rate 

to vary the position of maximum temperature in the tissue. Lele 

(1986) uses a power modulator to control the tissue temperature 

during scanned, focussed ultrasound patient treatments. Ogilvie et 

ale (1986) and Rude et ale (1987) present results for commercially 

available multipoint controllers for RF and ultrasound heating 

systems. 

Throughout most of the papers reviewed, two major 

improvements for second generation hyperthermia systems were 

suggested. These suggestions are: 1) to use an optimization method 

to search for the optimal system parameters that would give the best 

system configuration to effectively deposit the power, and 2) to 

provide a robust control algorithm which can overcome the spatial 



33 

and temporal variation of blood perfusion. 

Applying these recommendations, this dissertation discusses 

the design of a robust temperature control scheme and an 

optimization method for controlling the scanned focussed ultrasound 

hyperthermia system developed at the University of Arizona. This 

flexible ultrasound hyperthermia system is capable of varying power 

as a function of time and location. In addition, the scan 

parameters of this heating system can be so arranged that an optimal 

power deposition pattern for a given condition can be obtained. 
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CHAPTER II 

METHOD 

Scanned, focussed ultrasound systems have been shown to be 

practical clinical tools (Lele (1986), Hynynen et ale (1987), Shimm 

et ale (1988», which can produce good clinical temperature 

distributions (Hynynen et ale (1987), Shimm et ale (1988». It is 

significant to note that these results have been obtained with 

devices having operating parameters which were not optimized. This 

is primarily due to the fact that finding the optimal set of 

parameters for any particular system is a difficult task in clinical 

situations because of the large number of such parameters and the 

difficulty in performing clinical experiments. Thus, it is 

worthwhile to perform a comprehensive set of simulations with a 

simple, generic system using a standard set of patient conditions in 

order to obtain quantitative insights into the relative importance 

of the system parameters under various clinical conditions. Thus 

for this study a single transducer (fixed frequency, f-number) was 

chosen to scan circularly around a given tumor with fixed tumor and 

normal tissue blood flows. For this SFUS the following five 

parameters can then be varied: the transducer rotation and tilt 
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angles, the focal depth of the ultrasonic beam, the scan circle 

size, and the incident power level from the transducer. In this 

dissertation, a simulation study based on the steady-state bio-heat 

transfer equation is used to determine the set of these five scan 

parameters which optimize the tissue temperature distribution under 

a variety of tumor and normal tissue conditions. To further 

overcome the blood perfusion variations during the treatment, a PIO 

controller plus bang-bang control action for large temperature 

errors is designed for this scanned focussed ultrasound system. 

This control system has been studied using a simple analytical 

model, plus more realistic and complicated treatment simulations, 

and in vitro and in vivo experiments. 

2.1 Kidney Model and Dog Experiments 

In our scanned focussed ultrasound system (Hynynen et ale 

1987) the ultrasound heating field is generated by a set of four, 

large diameter, focussed ultrasound transducers. The locations of 

the thermocouple sensors in the heating field are determined by 

pulsing the transducers and monitoring the temperature changes in 

the thermocouples while scanning the transducers in a raster pattern 

(Hynynen et ale 1985). A controller has been developed and 

implemented on this system for use in controlling single and 
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multiple thermocouple temperatures. To avoid viscous heating 

artifacts the ultrasound power is turned off 3 seconds before each 

set of temperature readings. This allows sufficient time for these 

artifacts to decay to negligible values (Hynynen and Edwards 1989). 

2.1.1 In Vitro Kidney Model Experiments 

Since experimental conditions in vivo are difficult to 

control, the idea of employing a perfused phantom for evaluation of 

a controller in a thermal-biological system is necessary. A most 

obvious advantage of a perfused phantom is that base temperature and 

perfusion can be controlled as desired. Baish et ale (1986) have 

developed an artificial, perfused tissue phantom using tubes to 

represent arteries and veins. Their effort is limited since the 

system is hard to make and they do not do an adequate job of 

modeling the vasculature of actual tissues. A more suitable phantom 

should have a vasculature structure and thermal properties similar 

or close to those of actual tissues. One way to achieve this goal 

is to use a surgically isolated organ with a perfusion-control 

system. Valvano et ale (1984) used a freshly excised rat liver as a 

phantom and Holmes et ale (1984) used an alcohol fixated kidney as a 

phantom. An artificially perfused excised dog kidney (Holmes et ale 

1984) has been used to evaluate the temperature controller in vitro 

since the perfusion field in a kidney varies significantly with 

position, since a kidney has a single supply artery, and since the 
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excised kidney can be stored and reused repeatedly. In order to use 

the perfused kidney model, the apparatus shown in Figure 2.1 was 

constructed (Zaerr 1989). The total flow rate to the kidney can be 

adjusted using a computer program and a stepper motor to control a 

valve on the inlet to the kidney. During the kidney experiments a 

multi-junction thermocouple probe (with seven sensors, 1 cm apart, 

in 0.7 mm fused silica tubing) was 'placed in the focal plane of the 

ultrasound transducer. A single, regular octagonal scanning pattern 

with a width of 20 mm has been used for all of the kidney 

experiments. 

2.1.2 In Vivo Dog Experiments 

Eleven experiments were performed on the thighs of four dogs 

utilizing the scanned focussed ultrasound hyperthermia system. Six 

multi-junction thermocouple probes (seven sensors per probe, 1 cm 

apart fused silica tubing) were placed in the focal plane of the 

ultrasound transducers; one probe was placed centrally 1 cm above 

and one 1 cm centrally below the focal plane. The probes are all 

parallel and 1 cm apart, as shown in Figure 2.2. A scanning pattern 

with two concentric octagons (with widths 15 mm and 30 mm) has been 

used for all of the dog experiments. 
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Figure 2.1 Schematic of the perfused kidney model phantom 
system. Thermocouples are indicated by an (X). The ultrasound 
transducer is scanned horizontally in an octagonal pattern. 
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Figure 2.2 The arrangement and thermocouple locations for the 
dog experiments. (a) shows the thermocouple probes in the dog 
thigh (top view), and (b) shows the arrangement and the 
relative locations of thermocouples (front view). 
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2.2 Numerical Method 

The entire closed loop hyperthermia optimization and control 

approach used in this dissertation is shown in Figure 2.3. This 

figure depicts two major parts---phase I is the optimization method 

and phase II is the control scheme. The optimization method is used 

to obtain optimal scan parameters when a set of treatment 

information is given (tumor location, tumor size, blood perfUSion, 

boundary conditions, etc). This optimization employs a local 

minimization algorithm based on the conjugate-gradient technique 

with multiple initial guesses to search for the optimal scan 

parameters. The control scheme has PIO plus a bang-bang action. In 

this scheme an output power is determined by a PIO algorithm when 

the input temperature is within two prescribed temperatures. The 

input power is at the maximum value when the input temperature is 

below this temperature band, and at a zero power while the input 

temperature is above this temperature band. 

2.2.1 Optimization Study 

To study the optimization for scan parameters with concentric 

circular scans, a cylindrical model has been constructed. Anatomic 

properties are assumed symmetric in radial direction, and hence a 

two-dimensional set of cylindrical coordinates can be used to obtain 

the temperature distribution for circular scans. The following 
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Figure 2.3 The entire closed loop of scan parameter 
optimization and temperature control for the ultrasound 
hyperthermia simulations. Phase I uses an optimization method 
to search for optimal scan parameters, and phase II uses a 
control algorithm and these optimal scan parameters to control 
the input power to obtain better treatment results. 
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sections describe the procedures to develop a two-dimensional (r,z) 

power distribution for a set of given scan parameters, a steddy

state two-dimensional temperature solver, and an optimization with 

multiple initial guesses to obtain optimal scan parameters for 

single and multiple scans. 

2.2.1.1 Two-dimensional Power Development 

The geometry of the scanned, focussed ultrasound system is 

shown in Figure 2.4. Power is emitted from the transducer placed 

below the treatment volume. Also shown are the five scan parameters 

that can be varied to obtain an optimal configuration to heat a 

tumor; transducer tilt angle, rotation angle, scan radius, focal 

plane depth, and the magnitude of the ultrasound power (constant for 

any whole scan circle). The transducer scan pattern is either a 

circle or multiple concentric circles (not necessarily in the same 

plane). As a result, for tissues with homogeneous ultrasound 

absorption properties the resulting power distribution is symmetric 

in the radial direction. Two separate steps are needed in 

calculating the absorbed power distribution. First, the power 

deposition pattern for a stationary transducer with given parameters 

must be calculated, and then that power pattern must be 

appropriately scanned through the tissue to simulate the actual 

scanning of the transducer. 
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Figure 2.4 Schematic of the geometry studied for the SFUS. 
The scan parameters varied to produce the optimal power 
depositions for the treatments are transducer tilt angle, 
rotation angle, scan diameter, focal depth, and the incident 
power from the transducer. The focal depth is the distance 
between the skin and the focal plane. 
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To construct the ultrasound power distribution for a 

stationary transducer, the program developed by Swindell et ale 

(1982) for a transducer whose axis is normal to the skin is used. 

Next, to tilt the stationary power deposition field, a program 

(Moros 1987) is used to obtain the tilted power array, and a third 

program developed by Lin (1990) rotates that power array through a 

given rotation angle. To develop a power deposition pattern for a 

given scan radius, the power array is next translated (parallel to 

the x-axis) away from the scan center, a distance equal to the scan 

circle radius. To account for the scanning process, the average 

power at each node is obtained from a convolution integral of the 

stationary power pattern (after tilting, rotating, and translating). 

Finally, the three-dimensional power array in cartesian coordinates 

is converted into a two-dimensional array in cylindrical 

coordinates. This series of transform procedures is shown in 

Figure 2.5. 

Ultrasound Power 

To construct the ultrasound power distribution, a program 

developed by Swindell et ale (1982) for spherical transducers is 

used. The program computes the absorbed acoustic power for a region 

in front of the transducer face for a given set of transducer 

parameters (transducer diameter, curvature radius, and frequency). 

This program consists of a one-dimensional integration of the 

Rayleigh-Sommerfeld diffraction integral over the transducer face 
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Stationary, Unattenuated 
Power Field in Cylindrical 

Coordinates System 
(Swindell Program) 

Conversion to 
3-d Cartesian 

Coordinates System 

I Tilt I 
I Power Attenuation 

Rotation 

Translation 
to Scan Radius 

~ 
Convolution 

~ 
Conversion of the power 

Distribution to 2-d Cylindrical 
Coordinates System 

Figure 2.5 The flow chart to show the development of a 2-D 
power distribution. A large, unattenuated power array for a 
stationary transducer is developed first, and then this power 
array is tilted with a given tilt angle. After tilt process 
the top and the bottom parts of this large power array are cut 
to fit the control volume for a given focal depth. This new 
power array is then attenuated according the power travel 
distance within the tissue. Finally this attenuated power 
array is rotated, translated and convoluted to form a 2-D power 
array in Cylindrical Coordinates. 
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(Swindell et ale 1982). The power intensity is exponentially 

attenuated along the propagation direction for a given attenuation 

coefficient. The scattering effects are neglected and all 

attenuated energy is assumed to be absorbed by the medium. Since 

the transducer is spherical, it will produce a cylindrically 

symmetric acoustic field along the center axis. The output power 

distribution of this program is a symmetric, two-dimensional (r-z 

cylindrical coordinates) intensity array consisting of an axial 

plane of the power field. This power array is then transformed into 

a three-dimensional cartesian array by a subroutine (Moros 1987) 

that converts a radially symmetric pattern into a rectangular 

pattern. 

Tilt of Power Array 

A high temperature region will appear between the skin and 

the focal plane when an untilted, weakly focussed transducer is used 

to heat a large volume with the scanned focussed hyperthermia system 

(Moros et ale 1990). This high temperature region is caused by the 

power overlapping of certain scanning patterns. To avoid this high 

temperature region, the acoustic window (the area swept by the 

ultrasound field at the skin) must be increased. One way to enlarge 

the acoustic window is to increase the diameter of the transducer. 

Enlarging the transducer may be impractical in many clinical 

applications. A more practical method for enlarging the acoustic 

window requires the use of multiple tilted transducers with focal 
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points overlapping (Moros et ale 1990). The effect of tilting as 

used in this study is shown in Figure 2.6 where the overlapping 

region can be shrunken and moved along the center line (z-axis) by 

tilting and scanning a spherical transducer along a circular path 

with the transducer face always facing the tumor. This method is 

not only able to avoid the overheated region within the normal 

tissue caused by the power overlapping but is also able to move the 

overlapping region to heat the tumor. 

To do the simulation study, a program developed by Moros 

(1987) is used to obtain the tilted power array. The tilting 

program uses the following procedures: 1) enlarging of the space 

available for the ultrasound power array in both the x and z 

directions, 2) tilting of every node of the power array and 

reassigning new values to each node, 3) cutting the new tilted array 

on both ends of the z-axis to fit a desired focal depth (the 

distance between the skin and the focal depth) and a control region, 

4) returning the tilted power array to the original grid size, and 

5) attenuating the power. When attenuating the power, the distance 

which power travels in the tissue domain is considered. Figure 2.7 

shows the power distribution before and after this tilting process. 

Rotation of Power Array 

Tilting the power pattern to shrink and move the overlapping 

region may form a hot spot region within the tumor, or not uniformly 

heat the tumor. To improve the heating result, a rotation procedure 
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(c) 

Figure 2.6 The effect of tilt angle on the size and location 
of power overlapping. The overlapping region can be shrunk and 
moved along the z-axis (the tumor depth direction) by changing 
the transducer tilt angle (see from (a) to (b) to (c». 
A small tilt angle gives an overlapping between the transducer 
and the focal plane, but a large tilt angle gives an 
overlapping behind the focal plane. 
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z 

x x 

(b) 

Tilt Angle 

x 

(c) 

Figure 2.7 The power distributions before and after the 
tilting process for a cylindrical power distribution. a) the 
control volume and the cylindrical power, b) a vertical plane 
through the centers of the control volume and the cylindrical 
power before the tilting process, c) the power distributions on 
the vertical plane before and after tilting. 
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is used to obtain a more uniform power distribution to heat the 

tumor region. This procedure, similar to tilting, is used to rotate 

the power array in the x-y plane with respect to the z-axis after 

the tilting has been done (the tests of the rotation program and the 

effect of the grid size factor on the accuracy are shown in Appendix 

A). First, the grid size of the power array is reduced by a factor 

of five in both the x and y directions. Second, a rotation 

procedure is applied to rotate every node of the enlarged power 

array through a given rotation angle. Third, the power value at 

each node is reassigned corresponding to the rotation. Finally, 

this enlarged power array is reduced by a factor of five to return 

to the original array spacing. These procedures are applied at each 

layer in the z-direction. Figure 2.8a shows the power distribution 

before and after the rotation for a layer of power beneath the focal 

plane (a more detailed description of the effect of rotation angle 

on the power distribution is shown in Appendix B). 

Translation and Convolution 

In order to develop a power deposition for a given scan 

radius, a procedure called translation must take place. During 

translation, the power array is moved away from the scan center to 

the right-handed side, a distance equal to the scan circle radius 

(shown in Fig. 2.8b). Following this translation, a convolution 

technique is applied to convert the three-dimensional power array in 

cartesian coordinates (after tilting, rotating, and translating) 
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Figure 2.8 To show the effect of the rotation and translation 
on the power distribution. The rotation and translation 
processes are taken layer by layer. 
(a) shows that a layer of power is rotated with respect to the 
z~axis with a given rotation angle. 
(b) shows that this rotated power is then translated to the 
right-handed side (parallel to the x-axis) by a distance equal 
to the scan radius. 
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into a two-dimensional array in cylindrical coordinates (detailed 

tests of the convolution algorithm are shown in Appendix B). To 

perform the convolution, first, the power array in each x-y plane is 

increased by a factor of five in each direction to get a much finer 

grid size. Second, the power density at each node (with the 

original grid size) along the radial direction (in the cylindrical 

coordinates) is calculated by the following convolution process 

(Fig. 2.9): 

QCYI(Rj} (2.1) 

where: 

x,y represents the position of a power density on a 

layer of the 3-d power array (cartesian coordinates) 

RI represents the position of a power density in the 

radial direction (cylindrical coordinates) 

QcYI (RI) power density of a node located at RI after 

convolution (cylindrical coordinates) 

Qcar(x,y) power density of a node located at (x,y) before 

convolution (cartesian coordinates) 

ds the finer grid size in cartesian coordinates (equal 

to dx, dy) 

~R the grid size in cylindrical coordinates 



ds 

2~rxy 

~R 

ds 

factor of scan time for the power node (x,y) 

factor of grid size (equal to 5 in this study) 
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Figure 2.9 shows that the power density for the node at RI in 

cylindrical coordinates is calculated by equation (2.1) for all non

zero power nodes located within the entire ring with band width 

equal to ~R. The convolution procedure is taken layer by layer in 

the z direction, and finally a two-dimensional (R-Z) power density 

array is obtained. This process is only valid when the steady-state 

conditions have been reached, and the power distribution displays 

radial symmetry with respect to the z-axis. 

2.2.1.2 Two-dimensional Temperature Solver 

To calculate the temperature distribution for the power 

distribution of a set of given scan parameters, a model of the 

thermal process must be chosen. The basis of the model used here is 

Pennes' (1948) steady-state bio-heat transfer equation, 

(2.2) 

Here the thermal conductivity (k) is 0.5 (W/m/oC), the blood 

specific heat (Cb) is 3770 (J/kg/oC), and the arterial temperature 



y 

o R· I 

-dy 

x 

Figure 2.9 The convolution process which converts a 3-D power 
array (in Cartesian Coordinates) into a 2-D power array (in 
Cylindrical Coordinates). The power magnitude at R=RI is 
obtained by calculating all the power nodes which located within 
the ring ~R using eq. 2.1. This process is taken layer by layer 
in the depth direction. 
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(Tar) is 37°C. A blood perfusion function (W) that varies as a 

function of space is used. The anatomic properties (except blood 

perfusion) are assumed to be constant throughout the entire field 

and the metabolism is neglected due to its small contribution to the 

temperature changes as shown by Jain (1983) and Roemer (1990). All 

blood perfusiol1s used are symmetric about the z-axis: thus all cases 

studied have two dimensional (Z, R) temperature fields since the 

above radially symmetric power distribution is always used. 

This steady-state BHTE was numerically approximated using 

successive-over-relaxation and the method of central finite 

differences (Ferziger 1981). Applying this numerical approximation 

to the steady-state BHTE, the discrete form for cylindrical 

coordinates is, 

Kl Tlr,lz = K2 Tlr-l,lz + K3 Tlr+l,lz + K4 (Tlr,lz-l 

+ T I r , I z+,) + K5 Q I r , I z 

where 

(2.3) 

ir,iz represents the position of a temperature point in 

the 2-d temperature array 

2 2 WI r, I zCb 
Kl =--+ + 

(d r) 2 (dz) 2 k 

1 1 
K2 =--

(d r) 2 2rl rdr , 



1 
K3 =-+ 

(Ar) 2 

1 
K4 =--

(Az)2, 

1 
Ks = -

k, 

Ar ,/u 

Q'r. 'z 
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1 

2r'rAr , 

spatial resolution 

power density for a node located at (ir,iz) 

The grid size for simulations is 0.5 cm for which it has been shown 

(Moros 1990) that accurate results can be obtained for blood 

perfusions from 0 to 10 kg/m3/sec. The radius and the thickness of 

the tissue volume studied are 10 cm. The boundary conditions for 

the top, bottom, and outer surfaces are treated as a constant 

temperature of 37°C. The center line (z-axis) is treated as 

adiabatic, because the ultrasound power scans with a symmetric 

circular path with respect to this line. Hence, no energy transfer 

occurs in the radial direction at the center line due to the 

symmetry of the power distribution and anatomic properties. 
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2.2.1.3 Optimization 

The above two sections described the power development for a 

set of scan parameters and a temperature solver to obtain the 

temperature distribution for this power. The next step is to 

develop an algorithm to search for a set of scan parameters that 

will give an optimal temperature distribution for the treatment. In 

order to achieve an optimal treatment result, a set of treatment 

goals must be defined and a suitable optimization algorithm is 

required to search for the "best" conditions for the treatment based 

on an objective function which can describe the treatment goals. 

Figure 2.10 shows the optimization scheme which is used to obtain 

the set of optimal scan parameters. The following sections describe 

the details of the treatment goals, objective functions, and an 

optimization algorithm. 

Treatment Goals 

A major part of this dissertation analyzes methods for 

finding a set of scan parameters that will optimize the performance 

of a scanned focussed ultrasound hyperthermia system. When 

approaching an optimization problem, it is important to consider 

what quantities are to be optimized. Ideally, we would like to 

select the set of scan parameters to maximize cell kill within the 

defined tumor region, while minimizing cell kill within the normal 

tissue. For the present, this approach was ruled out because of the 
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Figure 2.10 Flow chart showing the process to obtain optimal 
scan parameters. An optimization algorithm is used to 
determine the optimal scan parameters by calculating the 
objective function which is based on the ideal temperature 
distribution and the temperature distribution developed by the 
latest scan parameters from the optimization. 
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lack of understanding of all the important biological parameters. 

For example, how do survival curves for various normal and cancerous 

tissues or the importance of thermal tolerance relate to cell kill. 

Thus, the treatment goals given here are based on an ideal 

temperature distribution. For real heating systems, this ideal 

temperature distribution is the goal which one will try to reach, or 

to approach as closely as possible. Table 2.1 lists the treatment 

goals used to determine the suitability of a temperature 

distribution. After listing the treatment goals, optimization is 

applied to obtain an optimal temperature distribution that meets the 

treatment goals. In order to apply optimization to determine the 

'best' conditions for the treatment, several objective functions 

have been considered. The following sections describe these 

objective functions and the optimization algorithm. 

Objective Functions 

Since different objective functions can give different 

results, hence to study systematically the choice of objective 

function, several such functions have been used to determine the 

optimal scan parameters for the treatment. These objective 

functions are based on either two ideal temperature distributions 

(in the normal tissue and in the treatment volume), or on three 

ideal temperature distributions (the above two plus the interface 

temperature at the normal tissue/tumor volume boundary). For the 



Table 2.1: Criteria used to determine the suitability of a 

temperature distribution. 

a) Are all tumor temperatures higher than 43·C ? 

b) Is the maximum tumor temperature lower than 47·C ? 

60 

c) Is the tumor-normal tissue boundary temperature at 43*1·C ? 

d) Is there a small volume of normal tissue with temperatures 

higher than 40·C? Is the normal tissue maximum 

temperature lower than 43·C ? 
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two ideal temperature cases the interface temperatures are included 

in both the normal tissue and the treatment volume. In all cases 

only the normal tissue temperatures from r=O to r=4 cm (for all z-d 

positions) are included in the objective function (the temperature 

is close to the basal temperature (37°C) when r=4 cm for a tumor of 

size 2cm (diameter) x 2cm (thickness». The seven objective 

functions studied are all based on a square error criterion. 

1) UC:UTU/UNT: This unconditional (UC) function attempts to 

obtain a uniform (U) temperature of Tt,set=4So C within 

the tumor volume (TU) and a uniform (U) temperature of 

Tn. se t=37·C within the normal tissue region (NT). 

E(Tn - Tn. se t)2 E(Tt - Tt.set)2 
Jl = + q (2.4) 

where: 

Nn 

for all Nn and Nt. 

Tn: (Tt> 

Tn.set: (Tt.set) 

Nn: (Nt) 

q 

normal tissue (tumor) temperature 

normal tissue (tumor) set temperature 

total number of nodes within normal 

tissue (tumor) region 

weighting function (scalar) 
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2) CC:MINTU/MAXNT: a completely conditional (CC) square error 

criterion that requires that the minimum (MIN) temperature within 

the tumor volume (TU) exceeds Tt.set=43·C and that the maximum (MAX) 

temperature within the normal tissue region (NT) is below 

Tn,set=40·C. 

E(Tn - Tn,set)2 E(Tt - Tt,set)2 
J2 = ------ + q ------ (2.5) 

Nn Nt 

for only the tumor and normal tissue nod~s with Tn > Tn.set 

and Tt < Tt,set. 

Nn (Nt) is still the total normal tissue (tumor) nodes. 

Note: This function is conditional in that only when a normal 

tissue temperature (Tn) is higher than Tn,set (40·C), is 

that temperature included in the objective function. 

Similarly, only when a tumor temperature (Tt) is lower than 

Tt,set (43·C), is it included in the objective function. 

3) M:UTU/MAXNT: a mixed (M), i.e. partially conditional and 

unconditional, criterion that requires a uniform (U) 

temperature of Tt,set=45·C within the tumor volume (TU) 

and that the maximum (MAX) temperature within the normal 

tissue (NT) is below Tn,set=40·C. 
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Ja = 
l:(Tt - Tt.set)2 

+q------ (2.6) 
Nt 

for all Nt. but only the Nn where Tn > Tn.set 

4) UC:MAXR/UB: maximizes (MAX) the ratio (R) of the minimum 

where 

J4 

temperature elevation within the tumor to the maximum 

temperature elevation within the normal tissue. and 

requires a uniform (U) temperature on the tumor boundary 

(B) of Tb.set=43°C. 

1 l:(Tb - Tb.sed 2 

= + q (2.7) 

[ATt,mln] Nb 

ATn. max 

ATt.mln :min. temperature elevation within tumor (Tt.mln-37) 

.AT~.max :max. temperature elevation within normal tissue 

(Tn. max-37) 

:tumor-normal tissue boundary temperature 

:set temperature for tumor-normal tissue boundary 

:number of nodes on tumor-normal tissue boundary 
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5) M:MINTU/UB/MAXNT: requires that the minimum (MIN) temperature 

within the tumor volume (TU) be higher than Tt,set=43°C r 

a uniform (U) temperature on tumor-normal tissue 

boundary (B) at Tb,set=43·C r and a maximum (MAX) 

temperature within the normal tissue (NT) lower than 

Tn,set=40·C. 

E(Tt - Tt,set)2 E(Tb - Tb,set)2 E(Tn - Tn,set)2 
Js = ------ + q ------ + ------

Nt Nn 

for all Nbr but only the Nt where Tt < Tt,set and 

only the Nn where Tn > Tn,set. 

(2.8) 

6) M:UTU/UB/MAXNT: requires a uniform (U) temperature of 

Tt,set=45·C within the tumor (TU) volume r a uniform (U) 

temperature on the tumor-normal tissue boundary (B) at 

Tb,set=43°C r and a maximum (MAX) temperature within the 

normal tissue (NT) lower than Tn,set=40·C. 

E(Tt - Tt,set)2 E(Tb - Tb,set)2 E(Tn - Tn,set)2 
Ja = ------ + q ------ + ------ (2.9) 

for all Nbr all Ntr but only the Nn with Tn > Tn,set. 
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7) UC:MAXAS/UB: maximizes (MAX) the average slope (AS) at the 

tumor-normal tissue boundary, and requires a uniform (U) 

temperature on the tumor-normal tissue boundary (8) at 

1 r(Tb - Tb.set)2 
J7 = + q -------

r(~Tt - ~Tn) Nb 
(2.10) 

2 ~r Nb 

where the temperature difference (~Tt - ~Tn) is considered 

along the tumor-normal tissue boundary---that means for all 

boundary nodes Nb. 

Optimization Method 

An optimization approach based on the conjugate-gradient 

algorithm is employed to search for the set of optimal scan 

parameters. The conjugate-gradient algorithm was first developed 

by Hestenes and Stiefel (1952) and then applied to the minimization 

of functions by Fletcher and Reeves (1964). This method has proven 

to be popular, since it is economical in its use of computer 

storage and in the operation count, and since its convergence rate 

has been found to be satisfactory (Fletcher 1980, Walsh 1979). 

This conjugate-gradient method minimizes a function F(x) of 

n variables by searching in sequence along directions dl, d2, •.• , 

dJ, ••• (starting from initial point xd, and obtaining successive 
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approximations X2. Xg ••••• XJ+l •••• to the minimum. It can be 

described by the following relations: 

d, = -g, 
dJ = -gJ + PJ-l dJ-l. (2.11 ) 

XJ+l = xJ + ~JdJ. 

where gJ is the gradient of F(x) at xJ. and PJ-l is a scalar 

suggested by Polak (1971). 

(2.12) 

and ~J ¢ 0 is a scalar chosen so that XJ+l minimizes F(x) along dJ. 

A golden section search technique (Reklaitis et ale 1983) has been 

used to search for this parameter ~J. 

To obtain the gradient of a function one needs to know the 

derivative of this function. However. in this optimal scan 

parameter search it is impossible to evaluate the derivatives 

af/axJ directly since this is a discretized system in which the 

power deposition and temperature distribution are calculated from 

simulation programs. Hence the derivatives are approximated by 

differences---the gradient of a given point is determined by 
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calculating the objective function values of all of the surrounding 

pOints around that given point. When the evaluated point is not 

exactly located at a node during the line minimum search, the 

nearest node is taken instead. 

2.2.2 Control Study 

The above optimization approach is used to obtain the 

optimal scan parameters and treatment temperature distribution 

based on uniform anatomic properties. The biood perfusion is 

assumed symmetrical in the angular direction and maintained at 

constant values for both the tumor and normal tissue regions. For 

a more practical study, the perfusions for the tumor and normal 

tissues might be varied temporally and spatially (perfusion is 

unknown in real treatments). In order to obtain a good temperature 

distribution for this type of tumor, a controller has been 

implemented into this heating system to give a time dependent power 

distribution to overcome the variation of blood perfusion. In 

addition, the steady-state condition has been considered in the 

optimization study. The transient temperature response has been 

neglected. Hence it is necessary to investigate the transient 

temperature response and blood perfusion variation during 

treatments. The following section describes a robust control 



scheme to obtain the input power and temperature response by 

solving a three-dimensional transient bioheat transfer equation. 

2.2.2.1 Control 
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In order to obtain a good temperature distribution during a 

treatment, it is necessary to employ a controller to supply a 

reasonable power to overcome the variation of blood perfusion which 

is unknown in treatments. A PIO controller plus bang-bang control 

action for large temperature errors is used for control of this 

scanned focussed ultrasound hyperthermia system. A simple 

analytical model (Kress et al. 1989) for a tumor has been used to 

study the stability of this control algorithm. In addition, the 

stability property is investigated using more realistic and 

complicated treatment simulations, and in vitro and in vivo 

experiments. Three-dimensional parametric results employing the 

simulation program are presented together with in vitro and in vivo 

verification of the controller performance. This thorough study 

was needed since this particular type of controller (or a portion 

of it) has been used by several investigators for several heating 

systems, yet no systematic evaluation of its performance 

characteristics has been presented. While our results are obtained 

with a scanned focussed ultrasound heating system, the study is 

primarily of the controller, and is relatively independent of the 



heating system. Thus, many of the conclusions concerning the 

controller should be applicable to other heating systems. 

Controller . 
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The basic on-line control scheme, which has two separate 

control actions, is schematically shown in Figure 2.11. One is PIO 

(proportional-integral-derivative) action employed when the 

controlled temperature (Te) is close to the target temperature; 

i.e., the controlled temperature is between two prescribed values. 

The other is on-off, or "bang-bang", action used when the 

controlled temperature is outside these two values. In analog form 

this is: 

(2.13) 

This controller has the potential to give a fast rise time by using 

the maximum permissible power (Pmax ) when the controlled 

temperature is low (Te ~ Tl); the maximum possible cooling rate 

(p=o) when the controlled temperature is high (Te ~ T2); and an 

accurate PIO controller when the error is small (Tl < Te < T2). 

To implement this control law in digital form, backward 

difference derivatives and trapezoidal numerical integrations are 
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Figure 2.11 Conceptual block diagram of temperature controller 
with PID plus bang-bang action. 



used to give the following general controller when the controlled 

temperature is measured digitally (Te = Tn), 

if Tc ~ Tl 
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~ Pmax if Tl < Te < T2 

if T2 ~ Te 

(2.14) 

The integral error summation (index j) is initialized at zero at 

the beginning of a treatment, and then operates only when the 

measured temperature is within the two prescribed values TI and T2. 

Finally, since it has been shown (Hynynen et ale 1986) that 

the rapid local heating and cooling rates present during scanned 

focussed ultrasound can produce significant temporal temperature 

fluctuations at a given point in space (and measurement noise will 

produce additional temperature fluctuations), some process must be 

incorporated to damp out the effects of these potentially 

disruptive oscillations. So, in order to obtain more stable 

temperature readings, an ARMA model (Box 1982) was used to express 

the controller input temperature in terms of a linear combination 

of the current and preceding measured temperature readings using 

the following, experimentally determined coefficients: 

Te = O.35Tn + O.3Tn_1 + O.2Tn-2 + O.15Tn-3 (2.15) 
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Given this controller it is necessary to investigate its 

feasibility under known, well controlled conditions, and to 

determine which controller parameters are suitable for patient 

treatments. This can best be done via treatment simulations, which 

were used to study the effects on the controller performance and 

stability of: 1) the controller parameters and, 2) the clinically 

important disturbance sources (the effect of spatial and temporal 

blood perfusion variations, the relative position of the 

thermocouple and the scanning path, and noise). 

2.2.2.2 Simulation Program 

In order to determine suitable controller parameters for 

patient treatments and to investigate the controller performance 

for the specific case of scanned focussed ultrasonic power 

deposition, a simulation program developed by Moros et al. (1988) 

was employed with this controller. The basis of the simUlations 

was the three-dimensional transient bioheat transfer equation 

(2.16) 

For our simulations the thermal properties were chosen to 

approximate averages for soft tissues (Bowman 1981, Chato 1985, 
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Gordon et ale 1976). The anatomic properties are shown in Table 

2.2. The simulated treatment region was a uniformly perfused, 

homogeneous soft tissue cube with side length 10 cm and boundary 

conditions of 37 ·C for all six surfaces. The scanning plane of 

the transducer was always parallel to the skin surface and the 

acoustical focal plane was located 5 cm below the skin. The 

ultrasound absorbed power deposition term (Q) was calculated using 

the program developed by SWindell et ale (1982) for a uniformly 

attenuating tissue without scattering. To simulate scanning, a 

subroutine moved this ultrasound power in a circular path, or in 

concentric circular paths, and appropriately redistributed the 

power deposition (Moros 1988). After the power redistribution had 

taken place, an explicit three-dimensional temperature solving 

routine calculated the transient temperatures. 

The transducer used in the simulations had a 25 cm radius of 

curvature, a 13 cm diameter of surface, and 1.0 MHz frequency (the 

power distribution shown in Fig. B.4). This gave a focussed power 

region of slightly greater than 7 mm diameter as measured radially 

between the first off axis zeroes in the focal plane. In order to 

simulate close to clinical conditions, the initial tissue 

temperature was assumed to be 37 °C and the target temperature was 

always 43 °C. During all simulations (unless otherwise stated) the 

following values were used: the scanning speed was kept constant at 
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Table 2.2: Tissue Properties Used in the Simulations 

Thermal conductivity (k) 0.5 (W/mrC) 

Density (p) 998 (kg/m3) 

Heat capacity (cp) 3770 (J/kgrC) 

Blood heat capacity (Cb) 3770 (J/kg;oC) 

Blood perfusion (W) variable (kg/m3/s) 

Ultrasound attenuation coefficient 5.0 Np/m-MHz 
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21 mm/sec: the scanning circle was 20 mm in diameter; the maximum 

input power was 50 Watts: the control temperature measurement 

location was located on the scan path; .and temperatures were always 

measured when the scanning power was at the same location, thus 

avoiding temperature fluctuations due to asynchronous scanning and 

sampling periods. 



CHAPTER III 

RESULTS/DISCUSSION 

3.1 Optimization Results 

3.1.1 Objective Functions 
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The above objective functions were investigated to find 

which one(s) could give a "best" temperature distribution to meet 

the treatment needs. In addition to the fitness of the temperature 

distributions, consideration of the objective function properties 

from the viewpoint of optimization was also included (Table 3.1); 

i.e., possession of a unique, global minimum that was easy to find, 

and insensitivity of results to weighting function choice and to 

scan parameter and tissue property variations. 

For each objective function an exhaustive search method was 

used to determine the optimal scan parameters and the temperature 

distribution at the global minimum location. The ranges and the 

grid sizes of the scan parameters used for the exhaustive search 

are listed in Table 3.2. A minimum was taken when the objective 

function value of a pOint was smallest when compared with the 

values at all 242 surrounding points (i.e. in all directions). A 

uniform blood perfusion was considered in this part of the study, 
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Table 3.1: Desirable characteristics for a temperature distribution 
and an objective function. 

Temperature Distribution Criteria Used to Determine the Choice of 
Objective Functions. 

a) Are all tumor temperatures higher than 43°C? 
b) Is the maximum tumor temperature lower than 47°C ? 

c) Is the tumor-normal tissue boundary temperature at 43z1°C ? 

d) Is there a small volume of normal tissue with temperatures 
higher than 40°C? And is the maximum normal tissue 
temperature lower than 43°C? 

Desirable Objective Function Characteristics: 
e) Is there a unique minimum? 
f) Are the optimal scan parameters insensitive to the 

weighting function? 
g) Are the objective function values insensitive to scan 

parameter variations at the minimum pOint? This is 
desirable since it will allow a range of choices for these 
parameters that give good temperatures during an actual 
treatment. 

h) Are the optimal scan parameter variations insensitive to 
the normal and tumor tissue characteristics (blood 
perfusion values, tumor shape and size) ? This is 
desirable since the model predictions will not match 
perfectly with actual clinical conditions due to the model 
mismatch problem. 
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Table 3.2: Domains, grid sizes and number of grid points for the 
scan parameters used in the global and local minimum investigation 
for objective functions. 

Scan Parameters Domain Grid Size # of Grid 

Tilt (0) o - 45 5 10 

Rotation (0) o - 90 10 10 

F.D. (cm) 3 - 7 0.5 9 

S.R. (cm) 0-3 0.5 7 

Power (W) Depends on Blood Perfusion 



with a magnitude equal to 1.0 kg/m3/sec for both tumor and normal 

tissue. 
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These exhaustive searches were performed for a series of 

weighting function values for each objective function. The 

resulting global minimum characteristics are plotted as a function 

of the weighting function values in Figures 3.1a-d for the mixed 

objective function M:MINTU/UB/MAXNT. Similar data were obtained 

for all six remaining objective functions and the results were used 

to compare the objective functions as described below. Fig. 3.1a 

shows the variation of the objective function magnitude at the 

global optimum as a function of the weighting function. The 

objective function value has been separated into three parts, J(N) 

for normal tissue, J(N-T) for the tumor-normal tissue boundary, and 

J(T) for tumor region. J(total) is the summation of J(N), J(N-T), 

and J(T). Fig. 3.1b shows the following temperatures at the global 

minima, again as a function of weighting: maximum normal tissue 

(Tn,max), maximum and minimum boundary (Tb,max, Tb,mln), as well as 

maximum and minimum tumor (Tt,max, Tt,mln). Fig. 3.1c shows the 

variation of the optimal scan parameters with respect to the 

weighting function. Fig. 3.1d shows the temperature distribution 

at the optimal scan conditions. These figures are correlated with 

the criteria (a-d) listed in Table 3.1 as follows. A good 

temperature distribution is one with a low objective function, and 
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Figure 3.la Typical graphs (3.la-d) used to determine the 
range of suitable weighting functions for a given objective 
function. Each data point is the global minimum for a given 
weighting function value. 
(a) The objective function is separated into three parts; J(N) 
for normal tissue, J(N-T) for the boundary between tumor and 
normal tissues, J(T) for tumor region. The range of suitable 
weighting functions is the center region with low objective 
function values. 
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Figure 3.1b Five critical temperatures used to determine the 
suitability of a temperature distribution. They are maximum 
normal tissue temperature (Tn max), maximum and minimum 
temperatures on the boundary between tumor and normal tissue 
(Tb,max, Tb,mln), and the maximum and minimum tumor 
temperatures (Tt,max, Tt,mln)' A good temperature distribution 
is one wi!h Tt,max < 47°C, Tt,mln > 43°C, Tb,max and Tb,mln 
around 43 C, and Tn,max below 42°C. 
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Figure 3.1e Temperature contour plot for objective function 
M:MINTU/UB/MAXNT with a weighting function of 1. Tumor 
boundary is shown by the dashed line. 
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hence Fig. 3.1a was used to determine the range of suitable 

weighting functions that gave a low objective function. This range 

is listed in Table 3.3 for each objective function. Fig. 3.1b is 

used to consider the temperatures at each location which meet the 

desirable temperature criteria (a-c in Table 3.1): i.e. a good 

temperature distribution is one with Tt.max < 47°C, Tt.mln > 43°C, 

Tb.max and Tb.mln around 43°C, and Tn•max below 42°C. Finally, for 

clinical treatments it is hoped that the optimal scan parameters 

are insensitive to the choice of weighting function value---i.e., 

that the optimal scan parameters are the same for a large range of 

weighting functions; criterion (f) of Table 3.1. 

The above exhaustive searches showed, first, that all of the 

objective functions had numerous multiple local minima (one example 

is shown in Table 3.4), and hence the unique minimum condition 

(criterion (e» could not be used to choose the objective function. 

Second, Table 3.3 summarizes the weighting function study results 

as illustrated in Fig. 3.1a-d. The range of suitable weighting 

function values given in the table for each objective function 

shows the scope of those values which can produce temperature 

distributions and scan parameters which meet criteria (a-d) & (f) 

in Table 3.1. Table 3.3 shows that objective functions 

(UC:MAXR/UB, M:MINTU/UB/MAXNT, and M:UTU/UB/MAXNT) each has a large 

range of suitable weighting functions which meets all of the 

desirable criteria. 
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Table 3.3: Summary of suitable weighting function ranges for 
sets of objective functions which meet the temperature criteria. 

Range of Weighting Function That Meet Range of Range of 
Individual Temperature Criterion Weighting Weighting 

Functions Functions 
Temperature Criteria (in Table 3.1) That Meet with Const. 

OBJECTIVE All Temp. Scan 
FUNCTIONS (a) (b) (c) (d) Criteria Parameters 

UC:UTU/UTN 1 - 50 .05 - .1 
1 - 50 1 - 5 .05 - 1 ------ ------

CC:MINTU/ ------ .05 - 50 5 - 50 .05 - .5 ------ 20 - 50 
MAXNT 

M:UTU/ .05 - 50 .05 - 50 .05 - 1 .05 - 50 .05 - .5 ------
MAXNT 

UC:MAXR/ .05 - 50 .05 - 50 .05 - 50 .05 - 5 .05 - 5 .05 - 5 
UB 10 - 50 

M:MINTU/ .05 - 50 .05 - 50 .2 - 50 .05 - 20 .2 - 20 .2 - 20 
UB/MAXNT 

M:UTU/UB/ .05 - 1 .05 - 1 .05 - 1 
MAXNT .05 - 50 .05 - 50 .05 - 50 10 - 50 10 - 50 10 - 50 

UC:MAXAS/ .05 - 50 .05 - 50 ------ .05 - .1 ------ 5 - 50 
UB 
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In comparing these three candi~ates, it should be noted that 

even though the ranges of su1tabl~ weighting function values are 

different in magnitude, the optimal temperature distributions for 

each objective function are quite similar when the central, optimal 

weighting function value is chosen for each objective function. 

This can be seen in Figures 3.2a-c which show typical temperature 

distributions at the global minimum locations. Fig. 3.2a is for 

UC:MAXR/UB with weighting function equal to 1.0, Fig. 3.2b is for 

M:MINTU/UB/MAXNT with weighting function equal to 1.0, and Fig. 

3.2c is for M:UTU/UB/MAXNT with weighting function equal 0.2. 

Si~ilarities among these plots are: 1) the 43°C isotherm line is 

very close to being the tumor-normal tissue boundary, 2) the 

highest temperature is always located within the tumor region, 3) 

maximum tumor temperature is lower than 47°C, and 4) the volume of 

normal tissue with temperature higher than 40°C is small. These 

three temperature distributions are produced by three slightly 

different sets of scan parameters. The ranges of these scan 

parameters are; 35° to 45° for tilt angle, 30 to 70° for rotation 

angle, 4.0 to 5.0 cm for focal depth, 38 Watts for power, and 0.5 

to 1.0 cm for scan radius. 

In summary, at this point, three approximately equal, and 

acceptable objective functions have been found which give 

equivalent and very good thermal results. Thus to simplify further 

calculations, objective function M:MINTU/UB/MAXNT which has a large 
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Figure 3.2 Three temperature plots to show the similarity of 
the temperature distributions at optimal conditions for 
different objective functions. Temperatures are symmetric with 
respect to the center line (z-axis). The tumor is within the 
dashed line. A uniform blood perfusion is considered with a 
magnitude equal to 1.0 kg/m3/sec for both tumor and normal 
tissue. (a) Objective function UC:MAXR/UB with weighting 
function=l; (b) Objective function M:MINTU/UB/MAXNT with 
weighting function=l; (c) Objective function M:UTU/UB/MAXNT 
with weighting function=0.2. 



range of suitable weighting function values has been used in all 

further studies. 

3.1.2 Optimization 

Since this is a six dimensional problem with 5 independent 

scan parameters, calculating the globally optimal value for a 
. 

88 

single objective function is very time consuming (approximately 30 

hours of cpu on VAX 8600 using an exhaustive search): thus a 

computationally more efficient approach is needed. Hence an 

optimization algorithm based on conjugate gradient method with a 

golden section search (Reklaitis et al. 1983) for the line minimum 

search has been used (Fig. 2.10). Since this is a discrete 

optimization with large grid sizes, the minimum is taken when a 

point is smaller than all of the surrounding pOints in every 

direction. Secondly, since the above exhaustive study showed that 

this is a nonunique minimum problem, the standard approach of using 

multiple initial guess points (Thorn 1989, Dixon et al. 1980) has 

been employed. Each initial guess point converges to one of 

several possible local minima locations, the smallest of which is 

taken as the global minimum. Figure 3.3 shows this global 

optimization routine with multiple initial guess points. 
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Figure 3.3 Flow chart showing the process to obtain optimal 
scan parameters using a multiple initial guess technique. Each 
initial guess converges to a local minimum, and the minimum of 
these local minima is then taken as the global minimum. 
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A good initial guess point can both greatly reduce the 

convergence time and also lead directly to the global minimum 

location. In order to intelligently pick good initial guess 

points, it is necessary to know the distribution of the objective 

function values and the general heating patterns that produce low 

objective functions. To illustrate the characteristics of the 

objective function encountered in these problems, (a) Table 3.4 

lists all of the local minimum locations for objective function 

M:MINTU/UB/MAXNT with weighting function equal to 1.0, and (b) 

Figures 3.4a-j show the contour plots for this objective function 

in the orthogonal parameter planes that pass through the global 

minimum location. 

The contour plots show that the objective function is not as 

sensitive to tilt angle, rotation angle and input power since there 

are broad, flat regions in the tilt, rotation, and power directions 

around the global minimum location. This allows more tolerance for 

and flexibility in the choice of scan parameters during actual 

clinical treatments. This meets criteria (g) of Table 3.1. On the 

other hand, the objective function is relatively sensitive to scan 

radius and focal depth (with steep, narrow valleys in the scan 

radius and focal depth directions). Knowing the heating pattern 

characteristics that give a low objective function is important in 

choosing a good initial guess point for an optimization. Table 3.5 

lists the ranges of scan parameters, and the heating pattern 
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Table 3.4: Local mlnlma for objective function M:MINTU/UB/MAXNT 
when an exhaustive search is used for a tumor with both diameter 
and thickness equal to 2 cm. The blood perfusion is uniform for 
tumor and normal tissue with a value of 1 kg/m3/sec. The domain 
for this search is: 0-45·C for tilt angle, 0-90· for rotation 
angle, 3-7 cm for focal depth, 34-52 Watts for input power, and 0-
3 cm for scan radius. The grid sizes are 5·, 10·, 0.5 cm, 2 
Watts, and 0.5 cm, respectively. 

Minimum Locations Temperatures (0) Objective 
Function 

Ti lt Rot F.D. PWR S.R. Tn,max Tb,max Tb,mln Tt,max Tt,mln Values 
(0) (0) (em) (W) (cm) 

0 0 7 * 48 1.0 44.2 43.1 41.6 42.8 41.9 2.35 

5 10 7 * 36 0.5 43.8 43.6 40.8 43.6 43.0 3.25 

10 50 7 * 40 0.5 44.0 43.7 41.4 43.4 42.8 2.46 

30 50 4.5 46 1.0 42.3 43.6 41.9 43.9 42.7 0.51 

35 40 4 42 1.0 42.7 43.6 42.0 45.1 44.3 0.43 

40 20 3 * 42 2.0 41.7 43.5 41.8 45.5 44.2 0.39 

40 20 3.5 38 1.5 41.6 43.4 41.6 46.0 44.6 0.38 

45* 40 4.5 42 1.0 41.9 43.9 42.0 45.6 43.6 0.52 

45* 70 5 38 0.5 41.3 43.4 42.3 46.9 44.8 0.18 

* points which are on the boundary of the search domain. 
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Figure 3.4 Ten, two-dimensional contour plots for objective 
function M:MINTU/UB/MAXNT. All contour plots are on the 
orthogonal planes which pass through the global minimum 
location (tilt=45°C, rotation=70·C, focal depth=5 cm, power=38 
Watts, scan radius=O.5 cm). These plots show the sensitivity 
of the objective function to scan parameters around the global 
minimum. 
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descriptions that give low objective functions. The heating 

pattern description is determined from the combination of the scan 

parameters (tilt angle, rotation angle, scan radius and focal 

depth) and the tumor shapes. This table indicates that the post 

focal zone overlapping and/or the focal zone heating patterns 

generally give low objective functions. Table 3.5 and Fig. 3.4a-j 

show the suitable regions of scan parameters that could be used for 

the initial guess points when an optimization routine is used to 

search for the global minimum. 

3.1.3 Single Scan Results 

After having chosen the objective function and studied its 

characteristics, a single scan study was done to investigate the 

optimal scan parameters and the resulting temperature distribution 

for several; tumor and normal tissue blood perfusions, tumor 

depths, skin boundary condition temperatures, and tumor sizes and 

shapes. The above optimization with the multiple initial guess 

technique (Fig. 3.3) was used. Three to five initial guesses have 

been used to search for the global minimum. 

Several factors can potentially affect both the ability of a 

given system to attain a good, optimal solution, and the scan 

parameters at which the optimal point is attained. First, the 

blood perfusion distribution is known to be one of the most 
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Table 3.5: The groups of low objective functions and the regions 
of scan parameters that produce these groups. 

Range of Ranges of Scan Parameters Types of 
Objective 
Function Tilt (.) Rot (.) F .0. (em) PWR (W) S.R. (em) 

Heating 
Pattern-

o - 0.3 40 - 45 60 - 80 5 38 - 40 0.5 F & 0 

40 20 3 - 3.5 38 - 42 1.5 - 2.0 0 
o - 0.4 

40 - 45 60 - 80 5 36 - 40 0.5 F & 0 

30 - 40 30 - 40 3.5 - 4.0 38 - 44 1.0 F & 0 

o - 0.5 40 20 3 - 3.5 38 - 44 1.5 - 2.0 0 

40 - 45 60 - 90 5 36 - 42 0.5 F & 0 

* "F" is focal zone: "0" is post-focal zone overlapping 
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important factors that affect temperature distributions in 

hyperthermia. In order to see the effect of blood perfusion 

variations on the optimal scan parameters and optimal temperature 

distribution, a parametric study was done in which the normal 

tissue perfusion was held constant at a value of either 1.0, 5.0, 

or 10.0 kg/m3/sec while the tumor perfusion was varied either 0.0, 

1.0, or 5.0 kg/m3/sec. Figures 3.5a-d show the effects of 

perfusion levels on the objective function value, temperature 

distribution, and scan parameters at the global minimum locations. 

The optimal scan parameters (except power) have small variations 

with respect to either the normal tissue or the tumor perfusion. 

The input power is coupled with perfus;on---higher perfusions with 

higher powers. The one inconsistent point is associated with a 

perfusion of 1.0 kg/m3/sec for normal tissue and 5.0 kg/m3/sec for 

tumor. This is the only case in which the tumor perfusion is 

higher than the normal tissue perfusion. Figures 3.6a-d are the 

temperature contour plots at the global minimum locations for the 

extremes of these blood perfusion cases (perfusion 1 and 10 

kg/m3/sec for normal tissue, and 0 and 5 kg/m3/sec for tumor 

tissue). These plots show that the 43°C isotherm line is always on 

the tumor-normal tissue boundary, the temperature drop from the 

tumor to the normal tissue is large, and the tumor temperature is 

higher than 43°C. 
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Figure 3.5a These figures (3.5a-e) used to determine the 
effect of blood perfusion on the optimal scan parameters and 
temperature distribution. A combination of different blood 
perfusions for tumor and normal tissue have been considered. 
Tumor blood perfusion levels are 0, 1 and 5 k~/m3/secr and 
normal tissue perfusions are 1, 5 and 10 kg/m /sec. 
(a) The variation of objective function with blood perfusion. 
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The second parametric study varied the tumor depth in order 

to evaluate the effects of power penetration and attenuation on the 

optimal temperature distribution and scan parameters. For this 

study, the center of the tumor (still a cylindrical tumor with both 

diameter and thickness equal to 2.0 cm) was set at skin depths from 

2.0 to 7.0 cm. The results in Figures 3.7a-d show that again, as 

in the parametric perfusion study, there are no significant 

differences in either the optimal temperature or scan parameters 

for these tumor depths. As expected, the optimal focal depth is 

coupled with the tumor depth, and the input power has to be 

increased with the tumor depth due to attenuation. When the tumor 

is located at 2 cm, the boundary temperature (37·C for the skin) 

behaves as an energy sink. This cooling action affects the 

temperature distribution so much that the optimal scan parameters 

all change when compared to the deeper tumors. 

The third parametric study was performed in order to better 

understand the effects of the skin boundary condition on the 

optimal temperature distribution and scan parameters. The 

temperature at the skin was set to 20 ·C to represent surface 

cooling. These results have been compared with those of the tumor 

depth study with a 37 ·C boundary temperature. These figures (Fig. 

3.7a-e) show that both cooled and non-cooled front skin cases 

approach the same results as the tumor depth increases. This 
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indicates that the influence of the boundary condition decreases as 

the tumor depth increases. From the temperature plots, it can be 

seen that the temperature distribution is affected most when the 

tumor is located at 2 cm below the skin. 

All the above studies are based on a tumor with both a 

diameter and a thickness equal to 2 cm. Since the closeness of the 

optimal, attainable temperature distribution to the "desired" 

treatment temperature distribution for different tumor shapes and 

sizes is an important characteristic of a heating system, it is 

necessary to investigate the ability of this heating system to heat 

different shapes of tumors. To investigate the conformability of 

this heating system with the transducer used in this study, both 

the tumor diameter and thickness were varied from 1.0 to 3.0 cm. 

The temperature and objection function results (Fig. 3.8a-b) show 

that this transducer is able to optimize the scan parameters (Fig. 

3.8c-d) in order to give a reasonable power distribution to heat 

different types of tumors. In Figures 3.8a-d the results have been 

separated into three sections: section 1 with the tumor thickness 

equal to tumor diameter, and both varied from 1 to 3 cm, section 2 

with the tumor diameter kept at 1 cm and the tumor thickness varied 

from 1 to 3 em, and section 3 with the tumor thickness kept at 1 cm 

and the tumor diameter varied from 1 to 3 cm. Figures 3.9a-d are 

the temperature contour plots at the global locations for largest 

and smallest tumor size and shape cases (1 and 3 cm for the tumor 
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diameter, and 1 and 3 em for tumor thickness) when a single scan 

was applied to heat the tumor. These figures show that this 

ultrasound heating system is able to give a suitable power 

distribution to heat the tumors even though a single scan was used. 

3.1.4 Discussion 

The results of this study show that using the optimization 

method to obtain the optimal scan parameters results in a much 

better temperature distribution than those obtained without using 

the optimal scan parameters (e.g. Moros et al. 1990). Not only are 

the results better in a relative sense, but this simulation study 

shows that good temperature distributions can be obtained for a 

large range of blood perfusion variations, as well as tumor sizes 

and shapes. These can be seen in the temperature contour plots for 

the blood perfusion study (Fig. 3.6a-d) and the tumor size and 

shape study (Fig. 3.9a-d) which were obtained for a single scan 

circle. The addition of multiple concentric scan should improve 

these results even more. 

8y comparing the power distribution for a stationary 

transducer (Fig. 8.4) and the optimal results for different tumor 

shapes, it is clear that the match between the power deposition 

pattern formed by scanning the transducer and the tumor shape is 

very important. To obtain a good temperature distribution, the 

present ultrasound heating system uses the post focal zone 
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overlapping caused by the scanning and/or the focal zone scanning 

itself to optimally heat the tumor region. This is shown in the 

single scan study and the local minima study. Fig. 3.Sd (which 

shows the optimal scan parameters for various blood perfusions) 

shows that the global minimum is always located within a domain 

with a scan radius O.S cm, a focal depth S-S.S cm, and a tilt angle 

40-4S· for a 2cm x 2cm tumor with different blood perfusions. This 

indicates that there are only small variations of the optimal scan 

parameters for different blood perfusions. This optimal scan 

parameter domain is the region where the scanned focussed 

ultrasound system uses the focal zone and the overlapping region to 

heat the tumor. Fig. 3.7d-e (which illustrate the optimal scan 

parameters for tumor depths from 2 to 7 cm, with boundary 

temperatures of 20 and 37·C) show that the tilt angle is around 40· 

and the scan radius is at O.S cm as the focal depth follows the 

tumor depth. Fig. 3.Sd and 3.7d-e show that the heating patterns 

formed by the optimal scan parameters are the same for a 2cm x 2cm 

tumor under different blood perfusion, tumor depth and boundary 

conditions. However, the simulation results (Fig. 3.8c-d) for the 

tumor size and shape study show that the optimal scan parameters 

varied with both tumor size and shape. For a transducer producing 

an enlongated, ellipsoided power distribution (Fig. 8.4), the tilt 

angle is around 40-4S· for a square or flat tumor (diameter ~ 

thickness) and around 20· for a thick tumor (diameter < thickness). 
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This shows that the transducer first needs to be tilted to a 

suitable angle in order to produce a power distribution that 

matches the tumor shape. Then the other scan parameters are varied 

to obtain a power distribution that covers the entire tumor region. 

Even though the scan parameters varied with the tumor size and 

shape, this heating system still used the focal zone and 

overlapping region to heat the tumor (this can be seen from'the 

tumor shape, the stationary transducer power distribution, and the 

scan parameters). 

This general knowledge of what type of power deposition 

patterns occur at the optimum point can be used to choose a good 

initial guess point when an optimization method is used to search 

for the optimal scan parameters. Since this is a multiple minima 

problem, the heating patterns for the other local minima need to be 

investigated in order to choose suitable initial guesses for 

optimization. Table 3.6 lists the locations and objective function 

values for the local minima attained within the range of scan 
.~., 

parameters studied for a 2cm x 2cm tumor centered at 5 cm depth. 

This table shows that the tilt angle is small (0, 5, and 10°) when 

the focal depth is located at 7 cm---this means that the heating 

system is using the overlapping of the ultrasound beam in front of 

the focal zone to heat the tumor (Moros et ale 1990). This type of 

heating pattern gives a much higher objective function. On the 

other hand, the tilt angle is large (30-45°) when the focal depth 

is located from 3 to 5 cm---this means that tIle heating system is 
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Table 3.6: Effect of the initial guess locations on the final 
converging minimum locations (a single scan study with tumor size 
2cm x 2cm and uniform blood perfusion (1 kg/m3/sec». 

Initial Guess Locations Minimum Locations Objective 
Function 

Tilt Rot F.D. PWR S.R. Tilt Rot F.D. PWR S.R. Values 
(0 ) (0) (em) (W) (em) (0) (0 ) (em) (W) (em) 

0 30 6 50 1.0 0 20 8 52 1.0 1.96 

5 30 6 45 1.0 0 20 8 52 1.0 1.96 

10 60 5 40 1.0 30 50 4.5 46 1.0 0.51 

15 40 5 40 1.0 35 40 4 40 1.0 0.43 

20 60 5 50 1.0 30 50 4.5 46 1.0 0.51 

25 60 5 30 1.0 45 70 5 38 0.5 0.18* 

30 80 4.5 45 0.5 30 50 4.5 46 1.0 0.51 

35 30 4 45 0.5 40 20 3 42 2.0 0.39 

40 10 4 30 0.5 40 20 3.5 38 1.5 0.38 

45 80 4 40 0.5 45 70 5 38 0.5 0.18* 

* The global minimum 
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using the overlapping of the tilted beams behind the focal zone, 

and/or the focal zone scanning itself to heat the tumor. This 

heating pattern gives a much lower objective function. Table 3.6 

shows that most of the local minima (included the global minimum) 

are formed by this second type of heating pattern. The heating 

pattern discussion indicates that a good set of initial guess scan 

parameters should develop a power distribution that is able to 

roughly cover the tumor region. Since the global minimum and most 

of the local minima with low objective functions are formed by the 

same heating pattern, it is difficult to choose initial guesses for 

optimization just from the power formation pattern. Hence the 

objective function contour plots and the low objective functions 

were used together to help choose the initial guesses for our 

single scan studies. Tables 3.5 and 3.6 indicate that the low 

objective function points are clustering together around the global 

and local minimum locations. This means that there is no guarantee 

of finding the global minimum location when optimization methods 

are employed with a single initial guess. That this is true can be 

seen in Table 3.6 which shows several initial guesses and their 

respective minimum locations. 

It is important for a heating system to have good 

conformability to develop a suitable power distribution that fits a 
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given treatment situation. For this ultrasound heating system the 

combinations of scan parameters studied are able to develop the 

power distribution needed for spatial blood perfusion variation, 

tumor depth, and tumor size and shape changes. However, it should 

be remembered that this study is limited to a single transducer and 

a single scan. Multiple circular scans with single or multiple 

transducers should be used to improve the heating results. 
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3.2 Multiple Scan Results 

3.2.1 Multiple Scans and Sequential Optimization 

Multiple, concentric, circular scans are used to obtain a 

desired treatment temperature distribution for a large tumor due to 

the limitation of the power distribution developed by a single scan 

with a single transducer. To perform the simulation study for 

these multiple circular scans, all scan circles are centered at the 

z-axis even though they have different scan parameters. The 

resulting power distribution for multiple scans under this 

condition is radially symmetric with respect to the z-axis, and 

hence the 2-d temperature solver can still be used to obtain the 

temperature distribution with the linearity of the BHTE. With all 

the scans centered at the z-axis, the power array containing the 

power field for multiple concentric circular scans can be developed 

in the following way. First, the power array for the tilting, 

rotating, translating (before the convolution) for each circular 

scan can be created by the procedures shown in section 2.2.1.1 

according to the scan parameters for each scan, independently. 

Second, the power array for each scan (after tilting, rotating, 
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translating) is added to form the new power array for the multiple 

scans. Third, this new power array is then converted to a two

dimensional power array using the convolution technique. The flow 

chart (Fig. 3.10) shows the creation of a two-dimensional power 

array for double, concentric, circular scans. Similar procedures 

can be used to obtain the power distribution for multiple circular 

scans. 

The optimization method is also used in the multiple scans 

to obtain optimal scan parameters and the temperature distribution 

for the treatment. When the optimization method is employed to 

search for optimal scan parameters for multiple scans, it becomes 

difficult to calculate the gradient. Since each scan is five

dimensional (five independent scan parameters), it is necessary to 

calculate 35 data points for a single scan to obtain the gradient. 

For a double scan there are 32x5 data points for the gradient 

calculation. It becomes very time-consuming to obtain the gradient 

when the scan number increases. In order to overcome this 

difficulty, a procedure called sequential optimization is employed. 

The main point of this procedure is to divide the whole treatment 

region into several subregions (equal to the scan number) and then 

search for the optimal scan parameters for each subregion based on 

the preceding power distributions (shown in Fig. 3.11). A simple 

example for double scans is given to show this optimization 

procedure. The treatment region is assumed to be region I (shown 
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Figure 3.12 The subdivisions and the sequence of optimizations 
for double scans. 
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in Fig. 3.12) when first doing the inner scan optimization. After 

having obtained the optimal scan parameters for the inner scan, the 

next step is to do the outer scan optimization which is based on 

the power distribution developed by the inner scan and the 

treatment region 1+11 (the whole treatment region). To get a 

better temperature distribution, the sequential optimization method 

needs to repeat the inner scan optimization based on the power 

distribution developed by the outer scan and the treatment region 

1+11 (the whole treatment region). Finally, the optimal sean 

parameters for both inner and outer scans are all based on the 

whole treatment region. 

3.2.2 Multiple Scan Results 

A typical series of simulation results for a double scan are 

shown in Figures 3.13a-e. In this simulation, both the tumor 

diameter and thickness are 3 em, and the blood perfusion is uniform 

(for tumor and normal tissue) with a value of 1 kg/m3/sec. Two 

subregions are: region I with 1cm x 3cm, and region II with 2cm x 

3cm. Fig. 3.13a is the optimal temperature distribution for the 

inner scan with the tumor region I (shown by the dashed line) and 

Fig. 3.13b is the temperature distribution for the outer scan. 

This outer scan optimization is based on the tumor region 1+11 

(shown by the dashed line) and the power distribution developed by 

the inner scan. The resulting temperature distribution developed 

by the combination of the inner and outer scans is shown in 
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Figure 3.13a-e A typical series of intermediate optimization 
results for double scans. The tumor diameter and thickness are 
3 cm, and the blood perfusion is uniform for both tumor and 
normal tissue with a value of 1 kg/m3/sec. Region I is 1cm x 
3cm, and region II is 2cm x 3cm. (a) temperature distribution 
for scan I when the tumor region was assumed region I (shown by 
the dashed line): (b) for scan II, while the optimization was 
based on region 1+11 (shown by the dashed line) and the power 
distribution developed by scan I: (c) the resulting temperature 
distribution for the combination of scan I and II: (d) for the 
new scan I: and (e) temperature distribution developed by scan 
II and the new scan Ii (f) for a single scan case. The highest 
temperature within the tumor region has been reduced to an 
acceptable level when double scans are used. 
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Fig. 3.13c which doesn't meet the treatment needs very well (since 

43·C isotherm line is not on the tumor boundary). The reason for 

this is that the outer scan was based on the whole treatment region 

but the inner scan was only based on part of the tumor region 

(region I). Hence it is necessary to repeat the optimization 

search for the inner scan based on the whole treatment region 

(region I+II) and the power distribution developed by the outer 

scan. Fig. 3.13d shows the temperature distribution for the new 

inner scan, and Figure 3.13e is the one developed by the outer scan 

and the new inner scan (both are based on region I+II). This 

temperature distribution is more satisfactory when compared with 

the one shown in Figure 3.13f which is for a single circular scan 

case. 

To systematically study the effect of multiple scans on the 

temperature distribution for different sizes and shapes of tumor, a 

double scan is used for a tumor size with both diameter and 

thickness varied from 3.0 to 5.0 cm. The optimization procedure is 

the same as the above example and a single initial guess point is 

used for both inner and outer scans. Figures 3.14a-d are the 

simulation results that show the objective function, critical 

temperatures, and optimal scan parameters. The objective function 

and the temperatures (Fig. 3.14a-b) show that good temperature 

distributions can be obtained for all different types and shapes of 

tumors. The scan parameters (Fig. 3.14c-d) show that: 1) all scans 

have large rotation angles, 2) the input power increases with the 



1.5 1 2 3 A 
('\1_ TUMOR TUMOR TUMOR 

(J THICKNESS DIAMETER THICKNESS 
= DIAMETER =3em = 3 em 

0 - -e-.J(N) . 1.0 "~'J(NoT) 
(J -ll-J(T) 

Z -J(totll) 

::l 
LL 

. 0.5 .., 
III 
0 

0.0 
3 4 5 3 4 5 3 4 5 

54 1 2 ; 3 8 ; 
; - 52 l--e--Tnmax (N) 

(.) =--*' Tbmax (NoT) 
0 i .. A. Tbmln (NoT) -
W 

50 1-t1-Tlmax (T) 
l"s Tlmln (T) c: . 

::J 48 ; 

I-
~ 

II ·I~ <C r 
c: 46 
W ; 

c.. ; 

:: 44 ~A A Q.. ! ~~ .... 
w '£}···o :0···1;l ~ -.. • • ft ... : •.. :t! 1 ~ I- 42 tr:'·.A. 

·ft.~ 
I 

1 
40 

3 4 5 3 4 5 3 4 5 
TUMOR TUMOR TUMOR 
SIZE THICKNESS DIAMETER 
(cm) (em) (em) 
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Figure 3.14c-f Optimal scan parameters for both inner and 
outer scans. (c) Tilt and rotation angles, (d) Focal depth, 
(e) Power, (f) Scan radius. 
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Figure 3.15 The optimal temperature contour plots for the 
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tumor size, 3) there are small tilt angles for the inner scans and 

large tilt angles for the outer scans, 4) the focal depths are 

around the tumor depth for inner scans, and deeper than or as deep 

as the tumor depth for outer scans,S) the scan radii for both 

inner scan and outer scan are all within the tumor region. Figure 

3.15 shows the optimal temperature profiles for the largest and 

smallest tumors. 

Secondly, to study the effect of blood perfusion on the 

optimal temperature distribution and the scan parameters for large 

tumors, a tumor with both diameter and thickness equal to 5.0 cm 

(the worst case in the tumor size and shape study) was used and 

the normal tissue perfusion was held constant at a value of either 

1.0, 5.0, or 10.0 kg/m3/sec while the tumor perfusion was varied 

through 0.0, 1.0, or 5.0 kg/m3/sec. The simulation results (Fig. 

3.16a-g) show the effects of perfusion levels on the objective 

function value, temperature distribution, and scan parameters. 

Figure 3.17 shows the temperature contour plots for the largest and 

the smallest of these blood perfusion cases. The maximum and 

minimum tumor-normal tissue boundary temperatures (Fig. 3.16b) show 

that these two temperatures are around 42.5°C (0.5°C lower than the 

set temperature). Fig. 3.16c shows that Tt,max and Tn,mln are 

close together for high blood perfusion cases. These two plots 

(Fig. 3.16b-c) indicate that double scans can not develop suitable 
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power distributions to cover the tumor region for high blood 

perfusion cases. This also can be seen in the objective function 

plot (Fig. 3.16a). Fig. 3.16d-e show the tilt angles are smaller 

and the focal depth are deeper for both inner and outer scans when 

compared with those in the single scan study (Fig. 3.5d). 

Different types of divisions for the treatment region might 

result in different optimal scan parameters and temperature 

distributions when optimization is used for multiple scans. Since 

there are many combinations for the divisions, it is difficult to 

investigate all possible cases. An example is given to show the 

effect of different divisions on the resulting temperature 

distributions. A big tumor is used with both diameter and 

thickness equal to 5.0 cm, and the blood perfusion is uniform 

(1.0 kg/m3/sec) for both tumor and normal tissue. Figures 3.18a-b 

show two types of divisions (the dashed lines) for optimization and 

the temperature contour plots for the simulation results. 
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3.3 Control Results 

3.3.1 Controller Parameter Choice 

The general controller (equation 2.14) has three unknown 

gain parameters (Kp , Tf and Td) which should be optimized for 

particular applications. Before doing this, it is first noted that 

for systems with small sampling times, the Zeigler-Nichols criteria 

(1942) and the Roberts and Dallard (1974) approach can be used to 

reduce the three parameter controller to a one parameter controller 

that is independent of sampling period. Roberts and Dallard (1974) 

report that the performance of such a single parameter controller 

is not much inferior to that of the three parameter controller. 

Using this approach gives: 

ts 
-- = 0.2 
Tf 

-- = 1.25 

or the controller (for Tc = Tn), 

if Tc ~ Tl 

if Tl < Tc < T2 

if T2 ~ Tc 

(3.1a) 

(3.1b) 

(3.1c) 



It is desirable to keep this single parameter feature in any 

practical controller for reasons of simplicity. To do so, one 

needs to search for improved, optimal values for TI and Td in 

equation 2.14, since the values given in equations 3.1a and 3.1b 

are only first order estimates, and valid only for short sampling 

times--a condition not always met in the clinic. 
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These optimal searches were done with the 3-d simulation 

program (in section 2.2.2.2), by using a step function input and 

measuring the following quantities: the peak temperature 

overshoot, the rise time (the time required to reach the target 

temperature), and the settling time (the time required for any 

measured oscillations to decrease to less than 0.1 ·C--about 2 % of 

the total temperature rise of 6 ·C). The initial parameter search 

was for an optimal Kp value in equation 3.1c that could be used in 

further steps where the optimal values of TI and Td were found. 

For this search the sampling time ts was taken as 12 sec to 

simulate a realistic clinical situation. Then, the proportional 

gain Kp was varied through a wide range for several values of blood 

flow (from 0.2 to 10 kg/m3/s). The results showed (Fig. 3.19a-c) 

that the overshoot and settling time reached broad minima around Kp 

approximately equal to 0.4 for all perfusions. 

Second, using this optimal value of Kp = 0.4 and a sampling 

time of 12 sec, a series of searches was done by varying the 
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integral and derivative coefficients (T, and Td) in equation 2.14 

through a range of values. The results showed that the overshoot 

and the settling time reached the nadir of broad minima when the 

derivative and the integral coefficients were taken as T, = 80 and 

Td = 3, respectively. (That is, the results obtained from varying 

T, and Td had the same general shape as Fig. 3.19a-c). These gave 

the retuned digitized controller: 

if Tc~Tl 

~ Pmax if Tl < Tc < T2 

if T2 ~ Tc 

(3.2) 

This final, traditional form of· the controller with these 

optimal values for T, and Td was next used in simulations to 

determine the performance characteristics of the remaining control 

parameters; 1) the relation between the sampling time ts and the 

single variable control gain Kp and, 2) the effect of Pmax • Figure 

3.20a shows the simulation results for the Kp and ts study. Shown 

are an optimal gain line, an allowable maximum gain line, an 

allowable minimum gain line, and an oscillatory limit line. The 

optimal gain line was obtained as follows. For each t s , curves 

similar to Fig. 3.19a-c were obtained (Fig. 3.19a-c are for ts = 12 
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Figure 3.20a The optimal gain for various sampling times as 
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is for a 12 sec sampling time). Also shown are the minimum and 
maximum acceptable gain lines, and the oscillatory limit line, 
above which sustained temperatures oscillations with extreme 
values greater than Tl and/or less than T2 occur (see text). 
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sec only), and the optimal Kp at each ts was taken at the nadirs of 

the minimum regions of those curves. The maximum allowable gain 

line was determined from those same graphs as the value of Kp (at 

each t s) which gave either an overshoot greater than 1 ·C or a 

settling time greater than 10 min. Similarly, the minimum 

allowable gain line was obtained for the same 1 ·C and 10 min 

criteria. The line marked oscillatory limit was obtained from the 

simulations as the line for which the measured temperature always 

had sustained oscillations which exceeded the Tl and T2 limits. 

That is, no constant steady state temperature was reached even 

though the temperature measurement periods and scan periods were 

synchronous. Finally, to determine if the trends predicted by the 

simulations could be produced in vivo, experiments were performed 

on a dog thigh for pOints PI, P2 and P3 on Fig. 3.20a. These 

results are shown in Figure 3.20b for point PI which gives, 

experimentally, a good rapid response with little overshoot, as 

expected from the simulations. For increased gain (Fig. 3.20c) or 

increased sampling time (Fig. 3.20d) the performance becomes more 

oscillatory, again, as expected from the simulations. 

The final controller parameter choice studied was Pmax • 

This variable was studied since a high maximum input power combined 

with a large sampling time may cause an undesirably large 

temperature overshoot before the controller can lower the power. 

These effects have been studied for simulations of both a single 
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circular scan (Fig. 3.21a-b) and double, concentric circular scans 

(Fig. 3.21c-d). Figure 3.21a indicates that there is no 

significant overshoot when the value of the maximum input power was 

smaller than 100 Watts, but it also shows that the peak overshoot 

became large as the maximum input power increased over that value. 

The overshoot also increases significantly with increased sampling 

time for large Pmax values (Fig. 3.21b). Fig. 3.21c-d show the same 

simulation results for scans with double concentric circles of 

diameters 15 and 30 mm. It can be seen by comparing Fig. 3.21a-b 

and Fig. 3.21c-d, that while the same general trends are present, 

the overshoot problem is not so serious for double, concentric 

circular scans. (Note the scale changes for the double scan 

graphs. ) 

3.3.2 Stability 

For patient safety it is important to investigate the 

stability of any feedback system used to control treatment 

temperatures. Since the actual tumors/patients represent complex 

systems with unknown characteristics at present, it is not possible 

to model them analytically in a manner that would lead to accurate 

predictions of stability. Thus, it is necessary to perform 

heuristic stability investigations using simulations of treatments, 

plus similar animal or dynamic phantom tests which can all provide 
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Figure 3.21a-b The effect of high maximum input powers and 
large sampling times on peak overshoots as determined from 
simulations for the controller of eq. 3.2 with Kp=0.3, and ARMA 
(eq. 2.13). The initial temperature was 37°C and the target 
temperature 43°C. The scan diameter was 20 mm for the single 
circle scan cases in Fig. 3.21a-b; and 15 and 30 mm for the two 
concentric circle scan cases in Fig. 3.21c-d. The scanning 
speed was 20 mm/sec for both cases. (a) Peak overshoot vs 
maximum input power for a single circular scan with and a 
sampling time of 15 sec. Two perfusion levels are shown 
parametrically. (b) Peak overshoot vs sampling time for a 
single circular scan with a blood perfusion of 5 kg/m3/s. The 
effect of Pmax is shown parametrically. 
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Figure 3.21c-d (c) Peak overshoot vs maximum input power for 
two concentric circular scans with a sampling time of 15 sec. 
Results are shown for a temperature sensor on both the inner 
and the outer scan. (d) Peak overshoot vs sampling time for two 
concentric circular scans with a blood perfusion of 5 kg/m3/s. 
Results are shown for a temperature sensor on both the inner 
and the outer scan. 
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approximations to real case tests. It is also possible to obtain 

closed form stability proofs for simplified models of the system. 

All of these have been done for this controller. For the simple 

system model, it has been previously shown (Kress et ale 1990) that 

,a first order model can be used to characterize the main features 

of a perfused system transient thermal response---especially when a 

flat temperature profile exists, as when a good temperature 

controller is being used. While it is well known that PID feedback 

control of a continuous time first order system (with a negative 

eigenvalue) is always stable (Landau 1979) it can also be shown 

using a z-transform and Jury's stability test (Kuo 1980) that for 

sampled data control of a first order system (tumor model) with a 

transfer function of Tc/Q = b/(s+a) and a PID controller with a 

transfer function of Q/(Tr-Tc) = Kp(l + l/T,s + TdS), that the 

condition to keep the digital model stable is 6(bKpTd+1)T, - bKpt s2 

> O. For tumors, a and b represent the values of Weff/P and l/pcp, 

respectively, where Weff is the effective perfusion obtained from 

the first order tumor model which combines perfusion and conduction 

cooling effects together (Roemer et ale 1985). In general bKpTd « 
1 and thus the stability condition can be approximated by 6T, -

bKpt s2 > O. The line 6T, - bKp t s2 = 0 on the plane formed by Kp 

and ts is the critical line for the digital model stability. This 

equation indicates that the control gain for stability is inversely 

proportional to the square of the sampling time. This inverse 
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trend is also clearly visible in the results of the simulation 

studies that have been performed (see the oscillatory limit line in 

Fig. 3.20a). While the results of the analytical stability study 

of the simple linear system model are positive, even more valuable 

are the results of the more comprehensive simulation studies (Fig. 

3.20a) which contain the major controller non-linearities (a 

maximum allowable power, the bang-bang control action and only 

natural cooling effects). These latter studies show that by a 

proper choice of control gain and sampling time, that potential 

instabilities may be avoidable in clinical cases, and their effects 

limited to small temperature fluctuations about a steady state 

value. 

3.3.3 Controller Performance Characteristics 

Having established the optimal control gain, and further 

established the stability of the controller, the simulations and 

the experimental setups were used to further test and characterize 

the performance of the controller. Several questions have been 

studied concerning the effect of: unsynchronized scanning and 

feedback sampling periods (seasoning): noise: the relative position 

of the thermocouples and the scanning path: and blood perfusion 

variations. 
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3.3.3.1 Temperature Fluctuation/Seasoning 

The presence of naturally occurring temperature fluctuations 

in a system can potentially cause problems since it is possible 

that they can be amplified by a controller and make a system become 

unstable. Measurement noise can do this for any heating system, 

while for all systems which heat periodically (e.g. our scanned 

focussed ultrasound system), the associated periodic temperature 

fluctuations can cause similar problems if the temperatures are 

sampled asynchronously (at quasi-steady state a synchronously 

sampled system will not measure the periodic temperature 

fluctuations). The effects of these two possible sources of 

temperature fluctuations, periodic heating and measurement noise, 

will be discussed in the next two sections. 

It has been shown (Hynynen et ale 1986) that the rapid local 

heating when the focal zone passes a point and the subsequent rapid 

cooling when power is not present at the point can produce 

significant temporal temperature fluctuations during scanned, 

focussed ultrasound. The magnitude of these temperature 

fluctuations increases when the blood perfusion increases and/or 

the scanning speed decreases. Since the highest power intensity is 

on the scan path in the acoustical focal plane, the largest 

temperature fluctuations are always at this location. Figure 3.22a 

shows a typical set of temperature readings on the scanning path 
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Figure 3.22a The effect of adding ARMA to the final controller 
(eq. 3.2) is shown in this series of graphs where no 
measurement noise is present, but the measured temperature 
fluctuates because of asynchronous measurement and scanning 
periods. (a) Simulation results showing a typical, seasonal 
temperature record of Tn versus time with no controller when 
asynchronous temperature sampling (15 sec) and power scanning 
periods (7.85 sec) are used. 
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when a constant power (no controller) is applied and the 

continuously fluctuating temperature is digitally sampled in an 

asynchronous manner---i.e. the temperature sampling period (15 sec) 

is not equal to an integer multiple of the period of a complete 

power scan (7.85 sec in this case). This asynchronicity gives rise 

to the periodic temperature fluctuations in the graph, a phenomenon 

traditionally called seasoning (Box 1982)---a term indicating a 

tendency to periodically repeat a pattern. 

To see the effect of these kinds of temperature readings on 

the controller, simulations and kidney model experiments have been 

performed. Figure 3.22b shows the simulation results for the 

controller with and without ARMA, and the ideal case (using 

constant steady state power) for a range of blood perfusion values 

and scanning speeds. It can be seen that the temperature 

fluctuation values for the controller with ARMA are significantly 

smaller than those for the controller without ARMA. The kidney 

model experimental results (Fig. 3.22c) show similar trends as a 

function of blood perfusion and scanning speed for the controller 

with ARMA. These experimental results also include the effects of 

measurement noise. 

3.3.3.2 Noise 

To determine how noise on the measured temperatures affects 

the controller performance, a subroutine was employed to generate 
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Figure 3.22b-c (b) Simulation results showing the effect of 
scanning speed, blood perfusion and the addition of ARMA on the 
magnitude of the temperature fluctuations caused by the 
asynchronous sampling shown in Fig. 3.22a. The temperature 
fluctuations were calculated as the difference between the 
maximum and the minimum measured temperature (Tn) after quasi
steady state conditions had been reached (see Fig. 3.22a). The 
ideal case has constant power, the no ARMA case has the final 
controller of eq. 3.2 but with no ARMA, while the ARMA case has 
the same controller with ARMA. Results are from a single 
circular scan of 20 mm diameter and for a temperature sampling 
period of 15 sec. (At a scan speed of 21 mm/s the temperature 
sampling and scan periods are synchronous.) (c) Experimental 
in vitro canine kidney preparation results in the same format 
as Fig. 3.22b, and for the same conditions. The total kidney 
blood flow (TKBF) was varied between 0 and 10 kg/m3/s. 
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noise for simulated treatments. The true temperature at the 

measurement location plus the noise were used as the measured 

temperature input to the control algorithm. The noise was randomly 

chosen from a normal distribution with variances of 0.0, 0.1, 0.3 

and 0.5 ·C. Figure 3.23a shows the steady state temperature 

fluctuations with ARMA and without ARMA as a function of the level 

of noise for blood perfusions of 0 and 10 kg/m3/s, respectively. 

Figure 3.23b shows the ratios of the fluctuations with ARMA divided 

by those without ARMA for the same levels of noise and blood 

perfusion. These figures indicate that the effect of the noise on 

the temperature fluctuations is not seriously amplified by the 

controller, and that any effects present can be approximately 

reduced in half by the ARMA algorithm used in this study. 

3.3.3.3 Thermocouple Location (Single/Multiple Scans) 

The relative radial locations of the control thermocouple and 

the actual scan path are very important since the Gaussian shape of 

the ultrasound power deposition combined with the circular scan 

path produces an oscillatory radial power distribution when 

multiple concentric scans are used (high powers on the scan paths, 

and low powers in between). The resulting temperature 

distributions will have similar patterns (with higher temperatures 

on the scan paths, and lower temperatures between the scan paths) 
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Figure 3.23 Simulation results for the final controller (eq. 
3.2) with and without ARMA as a function of measurement noise. 
(a) Effects of measurement noise on the quaSi-steady state 
temperature fluctuations for asynchronous sampling. The 
temperature fluctuation magnitude was determined as the 
difference between the maximum and the minimum measured 
temperatures (Tn) during the quasi-steady state oscillations. 
The scanning speed was 20 mm/s for a Single scan of 20 mm 
radius, the initial temperature was 37°C, the target 
temperature was 43°C, and blood perfusions were 0 and 10 
kg/m3/s. (b) The results of Fig. 3.23a in terms of the ratio 
of the fluctuations with ARMA divided by the magnitude of the 
fluctuations without ARMA. 
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with the magnitude of the oscillations dependent on the tissue 

blood perfusion for the case with no feedback control (Moros et al. 

1988). The question of concern here is, when a feedback controller 

is added, what will be the effect of any offset between the control 

thermocouple radius and the scan path radius? That is, when the 

control thermocouple is directly on the scan path it is affected by 

the maximum ultrasound power, but as the control thermocouple is 

moved away (radially) from the scan path, it moves into a position 

of lower ultrasound power. For this case, the maximum temperatures 

will still exist on the scan path, but they will not be measured--

i.e. the feedback control system will not be sensing or controlling 

the maximum temperatures. This effect has been studied by using 

the simulation program for both a single circular scan and 

multiple, concentric circular scans. 

To study a "worst case" situation and thus obtain an 

overprediction of the magnitude of the resulting radial temperature 

differences, we have simulated a single scan in the following 

manner. Normally, to obtain a relatively uniform radial 

temperature profile, Moros et al. (1988) have shown that concentric 

scans should be spaced by the width of the focal zone (6 mm in our 

case), and the innermost scan should have a similar diameter. To 

obtain our conservative single scan results, we have used 

approximately 3 times that recommended size for the circle diameter 

(20 mm). Figure 3.24a shows the results from the single scan 
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Figure 3.24a-b The effect of moving the controller temperature 
sensor location (thermocouple distance in radial direction) 
relative to fixed scan paths. The final controller (eq. 3.2) 
is used with ARMA. The results are given in terms of the 
difference between the averaged control thermocouple 
temperature (see text) and the similarly averaged temperature 
on the corresponding scan path at the same angular location. 
(a) Simulation results for a single circular scan and a single 
temperature sensor at several blood perfusion values. (b) 
Experimental results from the canine kidney preparation at 
several total kidney blood flow rates for the same single scan 
conditions as Fig. 3.24a. 
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circle simulations in terms of the difference between the average 

sampled control thermocouple temperature (average of the periodic 

temperatures over one cycle once quasi steady state conditions had 

been reached) and the similarly averaged temperature on the scan 

path. (As an aside, it should be noted that the instantaneous 

difference between the temperature at the control sensor location 

and the corresponding radial temperature on the scan path was 

essentially constant for all times.) From this figure it can be 

seen that placing the control thermocouple outside the scan circle 

results in larger temperature differences than placing it inside 

the scan circle. The blood perfusion is also an important factor 

affecting the radial temperature distribution, with higher blood 

perfusions resulting in larger temperature differences in all 

cases. This important control characteristic was also studied 

using the dynamically perfused kidney phantom and the scanned 

focussed ultrasound system (section 2.1.1). Figure 3.24b shows the 

experimental results for a single scan with diameter 20 mm. By 

comparing the simulations (Fig. 3.24a) and kidney phantom 

experiments (Fig. 3.24b), it can be seen that both show similar 

trends. 

More realistic, non "worst case", results were obtained for 

multiple scans using the guidelines of Moros et ale (1988). 

Figures 3.24c-d show the simulation results for three concentric 

scan circles at 5, 10 and 15 mm radii as indicated by the arrows 
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Figure 3.24c-d (c) Simulation results for three concentric 
scans at 5, 10, and 15 mm radii (see vertical arrows) with two 
of the temperature sensors fixed on their scan paths and the 
third thermocouple moved through a range of radial values. The 
extent of the radial movement or each sensor is given for the 
movement of the inner (I), middle (M) and outer (0) sensors as 
shown in Fig. 3.24d. (d) Same results as Fig. 3.24c, but now 
the two fixed control sensors were offset in the central 
direction from their respective scan radii by a set amount (5, 
3 and 1 mm for the inner, middle and outer sensor, 
respectively). With two of the three sensors fixed, the third 
was moved through the radial range shown by the I,M,O labels. 
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in Fig. 3.24c. In Figure 3.24c two control thermocouples were kept 

on their respective scan circles and the third was systematically 

moved radially from its scan circle. The power applied on each 

circle was controlled by the thermocouple temperature on that 

circle (or near that circle for the offset scan). In Figure 3.24d 

two control thermocouples were offset to fixed positions inside 

their respective scan circles and the third was moved radially. 

Thus, in this figure all three thermocouples were offset from their 

scans. The fixed distance offsets were 5, 3 and 1 mm for the 

central, middle and outer thermocouples respectively. The range of 

the variable offsets is shown in Figure 3.24d. Clearly the 

multiple scans reduce the magnitudes of the temperature differences 

for the inner scans (note the change in scale between Figures C and 

o compared to A). 

3.3.3.4 Inhomogeneous Blood Perfusion (Multiple 

Thermocouple Control) 

Tissue blood perfusion is a major unknown during practical 

hyperthermia treatments. It can vary both spatially and 

temporally, and can significantly affect the tissue temperature 

distribution. Thus, it is important to determine how the 

controller behaves for both temporal and spatial changes in 

perfusion. To investigate this, both a single thermocouple and a 



multiple thermocouple control case have been simulated and 

experimentally evaluated for close to identical conditions. 

Figures 3.25a-b show the simulation and the kidney experiment 

results, respectively. For the single thermocouple control case, 

the scanning speed was 20 mm/sec. 
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For the simulations of the multiple thermocouple control 

case the power scan pattern (Fig. 3.25c) was two concentric scan 

circles with one revolution per cycle on the inner 15 mm scan and 

also on the outer 30 mm scan. The sampling time was 15 sec, 

maximum applied power was 50 watts, the scanning speed was 20 

mm/sec and the target temperature was 43°C. The control region was 

divided into five subregions, one within the inner scan path and 

four along the outer scan path. Each subregion had one temperature 

measurement used as the controller input. The blood perfusion was 

kept constant within each subregion (and its radial extension into 

the normal tissue) for the first 5 min. and then changed (Table 

3.7). It can be seen that the controller maintains the tissue 

temperature at the target temperature, provided the required power 

does not exceed Pmax (region 4 is below the target temperature at 

high blood flows since the power for region 4 had saturated at 

Pmax , which was insufficient to reach 43°C). 

In order to examine the controller for both the 

inhomogeneous spatial and temporal blood perfusion situations more 

thoroughly, eleven experiments were performed in the thighs of four 
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Figure 3.25a-b The effects of temporally and spatially 
inhomogeneous blood perfusion on the measured temperature (Tn) 
for the final controller (eq. 3.2 with ARMA). (a) Simulation 
results of a single circular scan with a uniform blood 
perfusion of 6 kg/m3/s for times from 0 to 15 min and then 3 
kg/m

3
/s. (b) In vitro kidney preparation experimental results 

for the same scanning and measurement conditions as in the 
simulations of Fig. 3.25a. The total kidney blood flow (TKBF) 
was changed similarly to the perfusion in Fig. 3.25a. 
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Table 3.7: Perfusion (kg/mS/s) distributions for the simulations 
of Fig. 3.25c. The perfusion is uniform within each of the 
numbered .regions and for the normal tissue extending radially 
outward from regions 1 through 4. 

Perfusion Region 

Time 1 2 3 4 5 
(min) 

0-5 2.0 6.0 2.0 4.0 0.5 

5 - 10 4.0 3.0 6.0 8.0 2.0 
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Figure 3.25c Simulation results for two concentric circular 
scans. The control thermocouple locations, power scan paths 
and the domain of each control subregion are shown on the top. 
The blood perfusion distribution is shown in Table 3.7. 

160 



T2 

~ 45T---------------------------------o 
o -w 
a: 40 
~ 
l-
e:( 

ffi 35 
a. 
:5 
w 

Power Off 

I- 30+-~~--~~~~--~~~~--~ 
o 2 4 6 8 10 12 

TIME (min) 
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multiple thermocouple control. The control thermocouple 
locations, power scan paths, and domains of each control 
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parameter values were the same as in the simulations of Fig. 
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Figure 3.25e The average temperature distribution (*IS.D.) 
versus radial distance from the center of the scan for all 
eleven dog experiments. All thermocouples within concentric 
bands of 3.75 mm radius increments are averaged together 
regardless of their angular location. Shown in parentheses are 
the total numbers of dogs and measurement pOints within each 
band. The scanning and measurement parameters were the same as 
those of Fig. 3.25c and 3.25d. 
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dogs. The experimental conditions used to test the controller were 

almost all the same as for the simulations (two concentric octagons 

with widths 15 mm and 30 mm, a scanning speed of 20 mm/sec, and a 

15 sec sampling time). The target temperature was 43°C and the 

maximum input power was 130 watts. A typical experimental result 

for this control algorithm is shown in Figure 3.25d. Figure 3.25e 

shows the average temperature distributions along the radial 

direction for these dog experiments. To calculate these 

temperatures, the thermocouples were divided into those located 

within 6 concentric circular bands. The innermost circle is 3.75 

mm in diameter, and the others increase sequentially in radius by 

3.75 mm. The average temperature at each sensor location was 

calculated during the steady-state period of every experiment. The 

mean average temperatures (.IS.D.) shown in Figure 3.25e for each 

band were computed based on the average temperatures for all 

sensors located within each band for all dog experiments. These 

experimental results (Fig. 3.25e) indicated that the temperatures 

within the controlled region (even at the uncontrolled locations) 

were relatively uniform and the temperature drop outside the 

controlled region boundary was sharp. Secondly this controller was 

able to compensate for blood perfusion changes to maintain the 

controlled region temperature at the target level (Fig. 3.25a-d). 
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3.4 Optimal Thermocouple Locations and Target Temperatures 

Due to the unknown values and variations of blood perfusion 

during clinical treatments, optimization is used initially to 

determine the power pattern that is best able to cover the tumor 

region for an assumed blood perfusion distribution, and control is 

used to adjust the power level to meet the actual blood perfusion 

variations. While applying a control scheme to adjust the power 

level, the control thermocouple location and the target temperature 

are the two major factors that would affect the resulting 

temperature distribution. To obtain the optimal values for these 

two factors, a single scan and double scans with a wide range of 

blood perfusions have been studied. 

The flow chart in Figure 3.26 shows the procedure used to 

obtain the optimal control thermocouple location and the respective 

target temperature for a single scan. The optimal thermocouple 

location is the region where the optimal temperature profiles are 

close together for all different blood perfusion levels, and the 

optimal target temperature is the temperature related to that 

region. Figure 3.27 is a typical simulation result (for a single 

scan with a tumor size 2cm x 2cm) to show the region of optimal 

control thermocouple location and the target temperature. 



Obtain Optimal Scan Parameters 
for a Given Tumor Size and Shape 

with a Given Blood Perfusion Wo 

Determine Optimal Powers for a 
Certain Range of Perfusions Centered 

at Wo While Maintaining the Scan 
Geometry Parameters 

Plot the Temperature Profiles 
for Those Perfusions 
at Different Depths 

Determine the Optimal Thermocouple 
Location and the Respective 
Target Temperature from 

These Temperature Profiles 

Figure 3.26 Flow chart showing the process to obtain the 
optimal thermocouple locations and target temperatures. 
Optimization is used to determine the input power for different 
blood perfusion levels with the fixed scan geometry parameters 
obtained from step 1. 
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Figure 3.27 Optimal temperature profiles at z=4cm for 
different blood perfusion levels. The optimal thermocouple 
location is the region with all temperature profiles close 
together and the optimal target temperature is related to that 
region. These optimal temperature profiles were obtained by 
optimizing the input power with the fixed scan geometry 
parameters as determined from a complete optimization of a 
tumor with W(T)=O.5 and W(N)= 2 kg/m3/sec. 
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To see how good the temperature distributions based on this 

approach are, the control scheme (see section 2.2.2) with this 

approach for the optimal thermocouple location and target 

temperature was used to determine the power needed for different 

blood perfusions while the scan system geometry was maintained. 

These simulation results are then compared with those obtained from 

the full optimization (with all scan parameters), and those from 

power optimization (with fixed scan geometry parameters). Both 

optimizations are with known blood perfusions, but the control is 

based on the unknown perfusion. Figure 3.28 is the simulation 

result showing that the control (with optimal thermocouple location 

and target temperature) gives results close to those from the 

optimizations. 

To further study the control with this optimal thermocouple 

location and target temperature approach, double scans are 

simulated for a 5x5x5 cm3 tumor. Since the heating patterns for 

high perfusion and low perfusion cases are different (section 

3.2.2), the determination of the optimal thermocouple locations and 

target temperatures have been conside)~d for both cases. The 

optimal locations and temperatures for double scans use the same 

procedures as used in the single scan case (Fig. 3.26). Figure 

3.29 is an example showing the optimal thermocouple regions and 

target temperatures for the inner and outer scans. Figure 3.30 

plots the objective functions for the full optimization (with all 



C\I -
0.8 r---------:W:-::-::(N::-)--:=5::----~B 

---0--. opU 

--e-- opU.Jl0W 

---tr-· optLctrl 

(,) 
~ O.S . 
(,) 
z 
~ 
u. 
-; 0.4 
r:D o 

",,- ...... .". 
'0 ...... 

.' .' .' .' .' 

.' .' .' .' .' 
.' .' 

.' .' .' 
.,.() 

a . 20L-........----.l.1---""--L.2 ----'--3.1--....---....L
4

---""---'-5 ----'----S 

TUMOR PERFUSION, W(T) 

Figure 3.28 The comparison of objective functions for three 
different approaches used to obtain the optimal temperature 
distribution. They are: opt1---the full optimization with all 
scan parameters: opt1-pow---the power optimization with fixed 
scan geometry parameters: and opt1 ctrl---control with optimal 
thermocouple location and target temperature (Ref. Fig. 3.27). 
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scan parameters), the optimization for power (with fixed scan 

geometry parameters), and the control with optimal thermocouple and 

target temperature with and without random tumor perfusions. 

Figure 3.31 illustrates the temperature contour plots showing the 

closeness among optimizations (with known blood perfusion) and 

controls (with unknown perfusion). 

The inaccuracy of the control thermocouple location and the 

target temperature is the major factor affecting the clinical 

treatment result when the control scheme is used to obtain the 

input power with fixed scan geometry parameters. Hence it is 

necessary to investigate the sensitivity of the control 

thermocouple location and target temperature to the resulting 

temperature. Figure 3.32 is the simulation result in which the 

optimal thermocouple locations are given (see Fig 3.29) and the 

target temperatures for both inner and outer scans are varied 

around the optimal values. This figure shows that there is a flat 

low objective function region (obj. func. value less than 1.5 when 

Ttarget is 43.5-45°C for the inner scan, and 42-43°C for the outer 

scan). It also shows that the target temperature of the outer scan 

is more sensitive than that of the inner scan. Figures 3.33a-b are 

the results of moving the control thermocouples along the radial 

direction while the optimal target temperatures are given. Both 

figures indicate that there is a low objective function region of 

about 0.3-0.4 cm radius for both inner (r=0.7-1.0 cm) and outer 

control thermocouples (r=1.8-2.2 cm). 
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Figure 3.29 Typical temperature profiles to determine the 
optimal thermocouple locations and target temperatures for the 
inner and outer scans when double scans are used to heat a 5x5x5 
cm3 tumor. The optimal thermocouple locations are shown by the 
arrows where the temperature profiles for different perfusion 
levels are close together. The temperatures related to these two 
regions are the optimal target temperatures. These optimal 
temperature profiles were obtained by optimizing the input powers 
with the fixed scan geometry parameters (both inner and outer 
scans) as determined froW a complete optimization of a tumor with 
W(T)=5. and W(N)=5. kg/m /sec. 
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Figure 3.30 The comparison of objective functions for three 
different approaches used to obtain the optimal temperature 
distribution for a 5x5x5 cm3 tumor with double scans. They 
are: opt1, opt1 pow, opt1 ctrl (see Fig. 3.28), and opt1 ctrl, 
random---controT with random tumor perfusion. (a) Low tumor 
perfusion case (for random tumor perfusion case the W(T) is 
uniformly chosen for each tumor node from a to 2 W(T) by using 
a random function); (b) High tumor perfusion case (for random 
perfusion case the W(T) is uniformly chosen from 0.5 W(T) to 
1.5 W(T». 
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Figure 3.31 Typical temperature contour plots (with W(N)=8, 
W(T)=5 taken from Fig. 3.30b) to show how well the temperature 
obtained from control method with unknown blood perfusion can 
approach the optimal temperature distribution obtained from the 
optimization with known blood perfusion. (a) optf: 
(b) optf-pow: (c) optf_ctrl (see Fig. 3.28): (d) Same as (c) 
but with random tumor perfusion from 0.5 WeT) to 1.5 WeT). 
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Figure 3.32 Target temperature sensitivity study when the 
control thermocouples located at the optimal regions (see Fig. 
3.29) for a 5x5x5 cm3 tumor with W(N)=8 and W(T)=5 kg/m3/s. 
Shown are the variation of objective function with respective to 
the target temperatures of both inner and outer scans. 
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Figure 3.33a-b Thermocouple location sensitivity study when the 
target temperatures set at the optimal values (see Fig. 3.29: 
4S·C for the inner scan and 43·C for the outer scan) for a Sx5xS 
cm3 tumor with W(N)=8 and W(T)=S kg/m3/s. (a) Outer scan 
thermocouple moved radially from r=1.S81 to 2.S em with inner 
scan thermocouple set at r=O.S, 0.707, 1.0, and 1.12 em, 
respectively; (b) Inner scan thermocouple moved from r=0.5 to 
1.12 em with outer scan thermocouple set at r=1.S81, 1.803, 2., 
2.121, 2.236, and 2.S em, respectively. 
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CHAPTER IV 

CONCLUSIONS 

This dissertation details the development of power 

distributions for tilted and rotated scans of the SFUS, the optimal 

system configu~1tion search, and the temperature controller for the 

hyperthermia treatment. The optimization scheme was developed with 

the particular ultrasound heating system; however, the general 

approach is applicable to any other system with the ability to vary 

power distribution as a function of system parameters. In 

addition, the control scheme is not limited to applications in 

hyperthermia treatments and, in fact, could be applied to any 

system with a given target and a maximum input that is large enough 

to drive the system to the target region. 

4.1 Optimization Study 

The objective function and single scan studies show that it 

is possible to obtain good temperature distributions for treatments 

for different tumor conditions by using this ultrasound heating 

system with optimization. Even though the power distribution from 

this ultrasound transducer was an elongated, ellipsoidal shape and 
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the transducer parameters (frequency, diameter, curvature) were 

fixed a priori, the scan parameters (tilt angle, rotation angle, 

focal depth, power, and scan radius) could be so arranged that the 

system was able to give a suitable power distribution to meet the 

treatment needs. The following specific conclusions can be drawn 

from this study: 1) this ultrasound heating system has a good 

conformability to give suitable power distributions for different 

types of tumors and is also able to avoid overheating the normal 

tissue: 2) a good initial guess for the optimization process is 

always located within those heating patterns formed by the focal 

zone and post-focal zone overlapping: 3) multiple minima exist for 

all objective functions and hence multiple initial guesses should 

be used to search for the global minimum when an optimization 

algorithm is used: 4) extension of the optimization technique to 

obtain the optimal scan parameters for multiple scans is necessary 

when the tumor is large. 

4.2 Control Study 

Together, the analysis, simulations, in vitro kidney model 

and in vivo dog thigh experiments all show that this control 

algorithm is stable, works well, and is capable of maintaining the 

controlled temperatures at the target level under the influence of 

both natural temperature fluctuations and noisy measurement data, 

and of spatial and temporal blood perfusion variations. 

Additionally, it is significant to note that the major trends 



predicted by the bio-heat transfer equation based simulations are 

borne out by both the in vitro and in vivo experimental results. 

The main controller features are: 

Stability: The controller is stable for a range of 

gains that is inversely proportional to the square of the 

sampling time. This stability is shown from both a simple 

analytical model and treatment simulations, and has been 

verified in experimental in vitro and ~ vivo tests. 

Gains: Optimal gain values exist which minimize both 

the system settling time and overshoot. 
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Disturbances: As shown in both the simulated treatments 

and the in vitro and in vivo tests, the system can 

compensate for both temporal and spatial blood flow changes. 

It can also operate well when temperature fluctuations and 

noise are present. The addition of ARMA for the control 

temperature is valuable in reducing the effects of such time 

varying temperatures. 

Distributed Control: The single point control algorithm 

works well when extended to control temperatures at multiple 

locations in a plane. Additionally, this controller should 

be extendable to control thermocouples in a three 

dimensional pattern. However, the current study has only 

controlled temperatures in a single scan plane. 
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Extendab111ty: While our application has been for 

scanned focussed ultrasound, the controller can be used for 

many other hyperthermia heating systems, for both single and 

mult1ple thermocouple control. 

4.3 Future Work 

These studies have demonstrated the feasibility of obtaining 

good temperature distributions for the treatments in simulations as 

well as in in vivo dog experiments. However, as the results of the 

optimization simulations for big tumors using multiple scans 

(section 3.2) indicated, much work is necessary before this 

optimization can be applied clinically. It is apparent that a 

better temperature distribution can be obtained for a big tumor 

when multiple scans are used, but the time required for computing 

the optimal scan parameters increases a lot even though the 

sequential optimization is used. Due to the multiple local minima 

shown in the single scan results, the local minimum problem is even 

worse for the multiple scans. A multiple initial guess technique 

was used in the single scan. Similarly, it could be used in the 

multiple scans but would result in a large number of possible 

combinations among the scans. This would take much more computing 

time to search for the global minimum. Thus, speed enhancement is 

necessary: specifically a faster method for computing the global 

minimum. 
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As was previously mentioned, the transducer parameters 

(frequency, diameter, and curvature) were given during all 

simulations. Instead of fixing the tranducer parameters, which can 

give an optimal temperature distribution for certain tumor 

conditions, it is suggested that some different tumor conditions 

(tumor sizes, shapes, and locations; boundary conditions; tissue 

properties) be used to search for the optimal transducer parameters 

for each case. 

To apply the optimal scan parameters to clinical treatments, 

one needs to consider the mismatch between the simulations and the 

patient treatments. This includes: 1) the fuzzy effect---the 

difference between the simulations and the clinical treatments 

(tumor sizes, shapes, locations, and boundary conditions) on the 

optimal scan parameters, and 2) the thermal model mismatch---the 

BHTE, the inhomogeneous blood perfusion, and blood vessels. 

It was demonstrated in section 3.3 that this controller is 

able to overcome the blood perfusion variations for single and 

multiple thermocouple sensors. To obtain a whole field temperature 

control, an estimation method should be used to determine the 

temperature distribution in order to give a more suitable power 

distribution. 



180 

APPENDIX A 

ROTATION 

The rotation program (section 2.2.1.1) used to rotate the 

ultrasound power array was developed from the following processes: 

1) reduce the power grid size based on a given factor (that means 

to increase the spatial resolution of the power array), 2) rotate 

each power node of this new enlarged power array to the new 

location (according to a given rotation angle) and assign each 

power of this rotated node to the nearest node, 3) increase the 

power grid size to the original size and also scale the power to 

the original level. 

This rotating program was validated with a parallel straight 

lines test and a concentric circles test. For the straight lines 

test the desired rotation angles are 22.5·, 45·, 67.5·, and 90·, 

respectively. Figure A.1a shows the original horizontal straight 

lines, and Figures A.1b-c show the results after rotation for 

rotation angle equal to 22.5·, and 90·, respectively. The results 

indicate that the straight, parallel lines remain parallel with the 

given rotation angle, and the lines exhibit only a small amount of 

wiggle. At the rotation angle of 90·, the parallel, straight lines 
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Figure A.1 These figures used to test the rotation program 
using a set of parallel straight lines and a set of concentric 
circles. The rotation center is located at the center point 
(5,5). (a) the original, horizontal straight lines before the 
rotation: and (b-c) the plots after rotating for rotation angle 
22.5, and 90·, respectively: (d) the concentric circles before 
rotation: and (e-f) the plots after rotating for rotation angle 
30, and 60·, respectively. 
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are perfectly straight. This straightness arises from the match of 

the grid nodes before and after the rotation. For the concentric 

circle~ test, the rotation angles of 30·, 60·, and 90· are chosen. 

Figure A.1d shows the concentric circles before rotation, and the 

results (Fig. A.1e-f for rotation angles equal to 30, and 60·, 

respectively) show that the concentric circles remain concentric 

with only small wiggles. 

The wiggle seen in the figures after rotation is associated 

with the grid size factor used in the spatial resolution---a larger 

grid size factor results in a smaller wiggle. This wiggle 

reduction can been seen in Figures A.2a-c which show the 

differences among the factors 3, 5, and 7 for a 45· rotation angle. 
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Figure A.2 These plots used to see the effect of grid size 
factor on the rotation results. These plots are rotation angle 
equal to 45° with grid s~ze factor 3, 5, and 7, respectively. 
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APPENDIX B 

CONVOLUTION 

The convolution program (section 2.2.1.1) used to convert a 

3-D power distribution in cartesian coordinates into a 2-D power 

distribution in cylindrical coordinates was tested using the 

following two simulations. Since the convolution is done layer by 

layer in the z direction, only the 2-D cases need consideration. 

These two tests are all two-dimensional cases, and produce results 

that are in one-dimension. The grid size factor for these two 

tests is 5. 

Test 1: A uniform, circular power distribution with 

magnitude equal to 100 Watts (shown in Fig. B.1a) was used to test 

the error for the convolution. This uniform power is assumed to be 

scanning in a circle about the center point at a constant speed. 

The result in Figure B.1b shows that a smooth power distribution 

with values around 100 Watts from r=O to 3 cm is obtained. 

Test 2: A uniform power distribution with magnitude equal to 

100 Watts within a quarter fan region (shown in Figure B.2a) was 

used to show that the resulting power distribution after 

convolution is the average of the power distribution in the 

tangential direction. This power distribution is again rotated 

circularly about the center point. Figure B.2b shows that the 
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Figure B.1 Use a circular, uniform power distribution to test 
the convolution program when this power is scanning with 
respect to the center point. (a) shows the uniform power 
distribution (with 100 Watts) before the convolution; and (b) 
the power distribution along the radial direction after 
convolution. 
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Figure B.2 Use a uniform power distribution within a fan
shaped region to test the convolution program. (a) this fan
shaped power region (with 100 Watts) scanning with respect to 
the center point; and (b) the power distribution along the 
radial direction after convolution. 
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power distribution after convolution is approximately 25 Watts from 

r=l to 3 em as expected. 

Both of the tests were based on a grid size factor of 5. 

Since the grid size factor is the major cause of inaccuracy, test 1 

with different grid size factors was used to investigate this 
. 

inaccuracy. The grid size factors used in the study are 1, 3, 5, 

7, 9, respectively. Figure B.3 shows that the maximum error 

decreases as the grid size factor increases. 

Two examples are given to illustrate the changes in the 

power distribution for the ultrasound heating system with tilting, 

rotating, translating, and convolution procedures. An ultrasound 

transducer with a 25 cm curvature and a 13 cm surface diameter is 

used, and the power distribution for this transducer is shown in 

Figure B.4 (without attenuation). This power distribution is taken 

from the plane parallel to the z-axis and passing through the power 

center line. The power has been scaled to a maximum value of 100 

and a minimum value of o. The power center is located at a focal 

depth of 5 cm. 
~, 

Since there is no attenuation, the power 

distribution is symmetric with respect to the horizontal plane 

passing through the depth of 5 cm. 

Example 1: Given a tilt angle, focal depth, and scan radius 

of 0·, 5 cm, and 3 cm, respectively, and scan the power (Fig. 8.4) 

with respect to the center line (r=Ocm). A steady state situation 

is considered---which means that the scanning speed is fast enough 
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Figure B.3 The effect of the grid size factor on the 
convolution process using the maximum power differences between 
the original power distribution (see Fig. B.1a) and the one 
after convolution (see Fig. B.1b) for grid size factor equal to 
1, 3, 5, 7, and 9, respectively. 
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Figure 8.4 Power distribution for an ultrasound transducer 
with curvature radius equal to 25 cm, the surface diameter 
equal to 13 cm, and 1MHz for frequency. The power distribution 
has been scaled from a to 100. This plot is taken from the 
vertical plane passing through the power center line. 
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to ignore any power fluctuations. The rotation angle varies from 

0·, 45·, 60·, to 90·. Figures B.5a-d show the simulation results 

in cylindrical coordinates. These figures show that there is no 

significant difference among these plots due to rotation angles. 

This agrees with the ideal case when there is no node mismatch--

that means all results for different rotation angles should be the 

same for the a· tilt angle case (this can be seen in the 

convolution test 1). This is seen further by noting that Figure 

B.5d (rotation angle equal to 90·) is identical to Figure B.5a 

(rotation angle equal to 0°). 

Example 2: Given a tilt angle, focal depth, and scan radius 

of 45·, 5 cm, and 1 cm, respectively, the resulting power 

distributions are compared for rotation angles equal to 0, 30, 60, 

and 90·. The simulation results (Fig. B.6a-d) show that the power 

distribution varies significantly with the rotation angle, even 

though other scan parameters are maintained at constant values. 

When the rotation angle is a·, the post-focal zone overlapping is 

very strong around the depth equal to 6 cm. As the rotation angle 

increases, the high power region moves away from the center line 

(r=O) and down towards the focal zone. 
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Figure B.5a-d The effect of rotation angle on the power 
distributions for a tilt angle equal to o· with fixed focal 
depth (5 cm) and scan radius (3 cm). The simulation results 
(rotation angle equal to 0, 30, 60, 90·, respectively) show 
that close power distributions are obtained. 
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Figure B.6a-d The effect of rotation angle on the power 
distributions for a tilt angle equal to 45· with fixed focal 
depth (5 cm) and scan radius (1 cm). The simulation results 
(rotation angle equal to 0, 30, 60, 90·, respectively) show 
that a more uniform, symmetric power distribution can be 
obtained as the rotation angle increases. 
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APPENDIX C 

INTERPOLATION OF ARBITRARILY LOCATED 
FOUR-DIMENSIONAL DATA USING SPLINES 

C.l Introduction 
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In many engineering applications it is sometimes necessary 

to determine the complete temperature field from a finite number of 

measurements. One method for determining the complete temperature 

field requires that the thermal process be modeled using finite 

differences, for example. This presents a problem since the input 

energy must be known at all the finite difference nodes. In 

experimental situations a large number of measurements are 

available, thus it may be possible to fit this data to a polynomial 

interpolation function to provide the necessary energy deposition 

information. In this appendix, an algorithm for fitting measured 

data to polynomials is presented. It fits a spline based function 

to a set of irregularly spaced four-dimensional data (three spatial 

dimensions plus one function value) within a cube. The 

coefficients of this spline representation are obtained by 

minimization of a square error. The solution of this problem is 

linear and the system is arranged in a matrix form for ease of 

computation. Instead of using gradient or curvature end conditions 

for this complex three dimensional problem, an order-reduction 
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approach is used. Results of applying this algorithm to data 

generated from known functions with varying degrees of irregularly 

spaced data are shown. In addition, results of applying this 

method to experimentally measured data are given. This same 

procedure has the potential of being applied to other experimental 

problems in which large amounts of four-dimensional data are taken. 

It is sometimes necessary to determine a functional 

representation to data measured at a few pOints. A typical example 

is the linear least squares fit that is frequently performed during 

data analysis. Oftentimes it is desirable to fit the data to 

polynomials with more degrees of freedom. To achieve the increased 

degree of freedom, splines are sometimes chosen. (A theoretical 

basis for this type of data fitting can be found in Prenter 1975). 

Fitting two-dimensional data (that is f(x)) is not an 

uncommon procedure. There is even a great deal of available 

literature on fitting three-dimensional data to splines. (By 

three-dimensional data it is meant some function of over two

spatial dimensions.) The routines that have been developed for 

fitting splines through two- and three-dimensional data have in 

general required that the data be regularly spaced. However, this 

is not as strong a requirement for the two-dimensional problem as 

for the three-dimensional problem (Prenter 1975, Hayes 1974, Roemer 

1987). The reason for requiring that the data be regularly spaced 

is to s1mplify the algorithms used to determine the "best" fit to 
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the data. Requiring that the data be measured on a regular spatial 

grid represents a significant limitation since an experimental 

procedure may not easily lend itself to this limitation. An 

example is the measurement of power in vivo during a hyperthermia 

treatment, where the anatomical considerations limit the placement 

of the thermocouples. So a procedure for fitting data which allows 

for arbitrarily located data points is desirable. For three

dimensional data fitting, this problem has been addressed (Prenter 

1975) but for the more realistic situations found during 

hyperthermia treatments where the data is generally four

dimensional, this problem has not yet been solved. 

To compute numerically the temperature field during 

hyperthermia, the SAR is needed as an input parameter (Roemer 

1987). If the SAR has been measured at a finite number of 

arbitrarily located points which is less than the number of finite 

difference nodes, then it is necessary to interpolate that data to 

the node points. The same problem is also present in finite 

element schemes where some average volumetric SAR is needed for 

every element. Thus, a method for interpolating four-dimensional 

power data is needed to compute the temperature field. In this 

paper a least squares error based method for fitting four

dimensional data, which is measured at arbitrarily located points, 

to piecewise continuous polynomials (splines) is developed. The 

method is first tested with a simple spherical test function. Then 



it is applied to "simulated power data" which might be obtained 

during a hyperthermia treatment. Finally, it is applied to data 

obtained from a hyperthermia treatment of a canine thigh. No 

attempt is made to show that the fit obtained using this method 

either exists or is unique. 

C.2 Method 
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A least squares based method has been developed to fit four

dimensional measured data. The advantage of this method is that 

the data need not lie in a regular grid pattern, but may instead be 

arbitrarily located. The method makes no assumptions about the 

form of the data that is to be fit, but if that information is 

available then this method could be modified to a Maximum 

likelihood estimator. The least squares cost functional used to 

determine the "best" fit to the measured data is: 

(C.1) 

where f(f,) is the lth measurement at spatial location f, and S(f,) 

is the value predicted by the spline function. The formulation 

used to describe the spline function S(f,) for three spatial 

dimensions is given by: 
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NXs Nys NZS 
S{x,y,z) = E E E aijk B{i,x)B{j,y)B{k,z), (C.2) 

i =1 j=l k=l 

where Nxs, Nys, and Nzs are the number of splines used in the x, y 

and z directions, respectively, the alJk's are the coefficients of 

the spline function, and B{i,x) is the x direction spline function 

defined as; 

B{i,x) = X*{4 - i + ~~), (C.3) 

.c e € [0,1) 
6 

! + (e-1) + (e-1)2_ (e- 1)3 
6 2 2 2 e € [1,2) 

3 
~ - (e-2)2 + (e22) * X (e) = e € [2,3) (C.4) 

1 (e-3) + (e-3)2_ (e-3)3 
6 - 2 2 6 e € [3,4] 

o otherwise 

The y and z direction spline functions ar~ defined similarly. 

To determine the best fit to the data. it is necessary then 

to minimize the cost function with respect to the coefficients 

alJk. Here the alJk's are determined to give the "best" fit within 

the domain 0 = [a.b] x [c.d] x [e.f] from data 

(xl.YI.zl,f(xl.YI.zl». 1 = 1.2 ••••• M. which are scattered 

arbitrarily in the domain D. The three ranges [a.b]. [c.d] and 

[e.f] are evenly subdivided by the knots al. PJ and 1k. where. 



ao < al = a < ••• < aNxs-2 = b < aNxs-l 

Po < Pl = c < ••• < PNYS-2 = d < PNyS-l 

70 < 71 = e < ••• < 7Nzs-2 = f < 7Nzs-l· 

(C.Sa) 

(C.Sb) 

(C.Sc) 
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This subdivision yields Ax = al-al+l = (b-a)/(Nxs-3), and similarly 

for Ay and Az. The points (al,PJ,7k) partition the cubic domain D 

into small cubes, DIJk, i = 1,2, ••• , Nxs-3, j = 1,2, ••• ,NYs-3, 

and k = 1,2 , ••• , Nzs-3, where DIJk is the small cube al ~ x ~ 

al+l, PJ ~ y ~ PJ+l and 7k ~ z ~ 7k+l. Each cube DIJk has 

continuity up to the second partial derivative everywhere in D. To 

represent the general spline, a set of basis functions is used 

which are constructed from the tensor product of three one

dimensional sets. Thus, if we have a set of basis functions in x 

with respect to the knots ao, al, ••• , aNxs-l, a set of basis 

functions in y with respect to the knots Po, Pl, ••• , PNys-l and a 

set of basis functions in z with respect to the knots 70, 

71, ••• ,7Nzs-l, the set of all cross-products of one function from 

each set provides a basis for the spline. This gives B = { 

B(i,x)B(j,y)B(k,z), i = 1,2, ••• ,Nxs, j = 1,2, ••• ,Nys, k = 

1,2, ••• ,Nzs } as the basis function. The basis functions 

B(i,x)B(j,y)B(k,z) are each non-zero only over a cube composed of 

64 adjacent small cubes in a 4x4x4 arrangement. Specifically, 

B(i,x)B(j,y)B(k,z) is non-zero only when al-2 < x < al+2, PJ-2 < y 

< PJ+2 and 7k-2 < z ~ 7k+2. Correspondingly, at any given point 



199 

(x,y,z), only 64 basis functions are non-zero. If this point lies 

in the small cube Duvw, the non-zero B(i,x)B(j,y)B(k,z) are those 

with u-I ~ i ~ u+2, v-I ~ j ~ v+2 and w-I ~ k ~ w+2. Again the 

knot sets have been extended outside each end of each range. The 

point is that if the data lies on a knot then there are only 3x3x3 

splines that act on that point. However, if the data lies within 

the domain Duvw then there are 4x4x4 splines that act on it. This 

is what makes the solution to arbitrarily placed data more 

difficult. 

Now we wish to approximate our four-dimensional data by 

equation (C.2) yielding the observation equation: 

Nxs Nys Nzs 
S(x1'Yl,zl) = E E E afjkB(f,X1)B(j'Yl)B(k,zl)' (C.6) 

1=1 j=l k=l 

wi th 1 = 1, 2, ••• , M. 

These equations can be written in matrix form as: 

B a = s (C.7) 

where B is now a matrix with M rows and Nxs x Nys x Nzs columns. 

It has the value of B(i ,x,)B(j,y,)B(k,z,) as its element in row 1 

of column i+(j-I)*Nxs+(k-I)*Nxs*NYs. Similarly s is vectorized 

where the lth row corresponds to the value measured at point f,. 
Also, a is vectorized where row i+(j-I)*Nxs+(k-I)*Nxs*NYs 
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corresponds to coefficient a'Jk. Using the least-squares error to 

determine the "best" fit to the measured data, it is necessary to 

minimize Q(f,S) over each of the coefficients a'Jk. Thus the curve 

fitting problem becomes a matter of determining values for the 

coefficients a'Jk as the least-squares solution to the observation 

equations. Differentiating the least square error functional 

Q(f,S) with respect to a'Jk and vectorizing the result using the 

formula previously given, one obtains: 

G a = c, (C.8) 

Where: 

M 
Gpq =1:IB(1',X1)B(j"Y1)B(k',zl)B(1,X1)B(j'Y1)B(k,zl)' (C.9a) 

M 
cp =1:1 f(X1'Y1,zl)B(1',X1)B(j "Y1)B(k"Zl)' (C.9b) 

p 

q 

= i'+{j'-I)*Nx +{k'-I)*Nx *Ny 
5 5 5, 

= 1+(j-l)*NX +(k-l)*Nx *Ny 
5 5 5. 

(C.9c) 

(C.9d) 

This set of linear coupled equations can now be solved yielding the 

a'Jk's. For the results presented in this paper, this set of 

equations was solved using gaussian elimination with partial 

pivoting (Yakowitz 1986). 
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In applying spline fitting routines, the boundary conditions 

are usually specified by a gradient or curvature condition. 

However, due to the complexity of specifying this type of boundary 

condition for four-dimensional data, simpler approaches were used. 

The first approach required that enough measured data be available 

to insure that equation (C.S) was over-determined, that is the 

amount of measured data exceeded the number of coefficients. The 

other approach assumed some knowledge about the function values on 

the boundary of the domain D. This was the approach taken when 

attempting to fit the data measured during actual hyperthermia 

treatments. In this case fictitious zero power data was added at 

the boundaries of the domain. This is reasonable provided the 

domain is taken to be large enough to insure that the power is 

indeed zero on the boundary. One potential difficulty with this 

approach is that the data points may be clustered together in a 

small volume relative to the size of the domain necessary to insure 

that the power is zero on the boundary. This could potentially 

cause significant errors in the resulting fit, so care must be 

taken during the planning of the experimental procedure to insure 

that the measurements will not be clustered. 
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C.3 Results 

In this section, three examples are presented which 

investigate typical features of the algorithm. The first example 

illustrates influence of data randomness and accuracy of 

approximations from different sets of data obtained for a known 

test function. The second example is a step toward the application 

of this method to fitting experimental data. In this example, 

ultrasonic power data is generated using a numerical method for a 6 

cm plane transducer operating at 0.5 MHz. A subset of this 

numerically generated data is then used as the measured data input 

to the spline fitting routine with the rest of the data used for 

comparison purposes. The third example applies the algorithm to 

SAR data measured during a hyperthermia treatment of a canine 

thigh. The heating was performed using a 6 cm plane transducer 

operating at 0.5 MHz--the same operating conditions for the 

transducer as was used in the numerical experiments of example 2. 

All of these examples demonstrate the numerical feasibility and 

accuracy of this approximation. The curve fits were all performed 

using double precision fortran on a VAX 8600 computer. 

To illustrate the accuracy of the algorithm and check the 

influence of the degree of randomness of the measurement locations, 
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the following test was constructed. Consider the set of data 

{ (x1'Yj,Zk,f(X1'Yj,zk))' 1=1,2,3,4, j=I,2,3,4, k=I,2,3,4 } (C.I0) 

where xi = t * (1-1) + A*ranijk, 

Yj = j * (j-l) + A*ran ijk , 

zk = j * (k-l) + A*ran1jk, 

with f(XI,YJ,Zk) = (XI-0.5)2+(YJ-O.5)2+(Zk-0•5)2, and rani Jk a 

random number chosen from a uniform distribution between *0.5. The 

fitting algorithm was then used to determine a four-dimensional 

spline approximation S(x,y,z) which "best" fit this data. Note 

that with A equal to zero, the data points are all evenly spaced. 

To show the effect of having the measurements arbitrarily placed in 

space, the data locations were randomly displaced from the knot 

locations according to equation (C.IO). It should be noted that 

the true function value (f(XI,YJ,Zk» was used as input for each of 

the randomly placed locations. This data was then fit using 4x4x4 

splines within the domain D=[O,I]x[O,I]x[O,I] giving Ax=Ay=Az=l. 

Figure C.I shows the maximum error and the mean error with respect 

to the magnitude of randomness and Figure C.2 illustrates the 

effects of arbitrary measurement locations by plotting the contours 

of the curve fit. The dashed lines represent the true data value 

and the solid lines are the fitting value. These contour plots are 
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Figure C.l The effect of the randomness of data locations on 
the approximation accuracy during the spherical test. The 
figure shows the maximum error and mean error for the whole 
fitting region. 
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Figure C.2 The spline fitting contour plots for different 
random spaced data. These plots are for the x-y plane 
intersecting z=0.2 with randomness equal to 0. 1/9. 2/9 and 
1/3, respectively. The dashed lines are the true value and the 
solid lines are the approximated value. 
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for the x-y plane intersecting z=0.2 with A equal to 0, 1/9, 2/9 

and 1/3, respectively. 
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The theoretical ultrasonic power used to heat the canine 

thigh is shown in Figure C.3. It is seen in that figure that the 

ultrasonic power deposition will not be a slowly changing function, 

thus it was decided to fit the measured SAR data with cubic 

splines. (The splines could capture the shape of the power 

distribution more accurately than using a linear interpolation 

function.) However, fitting the data with splines in three 

dimensions presented a difficult problem because the data was not 

regularly spaced due to the imprecise insertion of the thermocouple 

probes. Thus this spline fitting method was used to resolve the 

problem of fitting four-dimensional irregularly spaced data to 

splines. 

To test further the effects of the random data on this 

algorithm, the theoretical power data was used to fit to a set of 

spline functions. A procedure similar to test 1 was used to 

generate the random data based on the regular 6x7x4 grid. The grid 

size is 10 mm in x, y direction and 15 mm in z direction. This 

theoretical power data was used as input to this fitting routine. 

No additional boundary condition data was provided as input in this 

test. In order to reduce the oscillations, the spline number in 

the x direction has been reduced by one. It means that 6x7x4 data 

was used to fit 5x7x4 spline. Figure C.4 shows the maximum error 
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Figure C.3 Theoretical ultrasonic power for a 6 cm plane 
transducer operating a 0.5 MHz. The topographical plot show 
the power on a plane parallel to and 337.5 mm from the face of 
the transducer. 

207 



12~~~. 

9~~~.~ 

~ 
0 
~ 

6~~~.~ ~ 
w 

3~~~.£1J 

I!IERRDR_HEAN 
AERRDR_HAX 

2.£1J 4.£1J 6.0 

RANDOM RANGE (mm) 

208 

8.0 10.0 

Figure C.4 The effect of the randomness of data locations on 
the approximation accuracy during the theoretical ultrasound 
power test. The figure shows the maximum error and mean error 
for the whole fitting region. 
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and the mean error between the theoretical ultrasound power and the 

fitting results for different random ranges. Figure C.5 is the 

contour plots to show the effects of the data randomness on this 

fitting routine. These plots are for the x-y plane intersecting 

z=38 mm with d equal to 0, 2, 6, 10 mm, respectively. The solid 

lines represent the fitting results and the dashed lines represent 

the theoretical power values. 

To investigate the oscillations near the boundaries, a 

broader fitting region has been considered. The data obtained from 

the theoretical power data and used as input to this fitting 

routine was on a regular 7x7x4 grid. The grid size is 18 mm in x, 

y direction and 15 mm in z direction. In addition to the measured 

data, boundary condition data was provided as input to the fitting 

routine, for this example. It was known that at a distance of 50 

mm away from the central axis of the transducer the power was zero. 

Thus, zero power boundary data was created along the planes x=z53 

mm and y=z53 mm. It was also necessary to create data on the z=O 

and z=75 mm planes. Since the power was not zero on these two 

boundaries, a different approach was used. The measured power 

levels (all within the boundaries of the cube) were fit to the 

simple exponential curve in the z direction given below, 

(C.ll) 
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Figure C.5 The spline fitting contour plots for different 
random spaced data. These plots are for the x-y plane 
intersecting z=38 mm with randomness equal to 0, 2, 6 and 10 
mm, respectively. The dashed lines are the true value and the 
solid lines are the approximated value. 
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The data was fit to an exponential because it was known that the 

ultrasonic energy is exponentially attenuated as it penetrates the 

tissue. The data nearest the z=o plane was then extrapolated to 

the z=o plane using this exponential relation creating the z=o 

boundary data. Similarly, the data nearest the z=75 mm plane was 

extrapolated using equation (C.ll) to the z=75 mm plane creating 

that boundary data. Now enough data was available to fit the 

splines in the three spatial directions. 

A total of 196 coefficients was fit, that is there were 

seven splines in the x and y directions and four splines in the z 

direction (Nxs=NYs=7 and NZs=4). The power generated by this fit 

was then used to determine a new estimate of the attenuation 

coefficient. The measured power data was again extrapolated to z=o 

and z=75 mm using this newly obtained attenuation coefficient. 

Then, the spline fit was performed again and a new estimate for the 

attenuation coefficient was obtained. This procedure was repeated 

until the attenuation coefficient did not change by more than 0.05 

nepers/m from one fit to the next. The final set of spline 

coefficients obtained from this iterative procedure were the ones 

used for interpolating the power. The resulting spline fit was 

then compared to the theoretical ultrasonic intensity to verify the 

accuracy of this fitting procedure. Recall, Figure C.3 is a plot 

of the theol'etical ultrasonic intensity for the ultrasonic 

transducer used during the hyperthermia treatment. As can be seen 
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in Figure C.6 which is a plot of the fit results, there are 

significant oscillations which are due to the large matrix equation 

that must be solved and the fact that the matrix is poorly 

conditioned. A new fit was obtained using a different solution 

method which pre-conditioned the matrix (Groetsch 1977). To pre

condition the matrix, the following functional was minimized: 

M J 2 Q(f,S) = E [ fer,) - S(r,) ]2 + 5xl0-5 [S(r)] dV. 
'=1 V 

(C.12) 

The factor 5x10- 5 was chosen by trial and error to minimize the 

oscillations while still obtaining a reasonable fit to the actual 

data. The results of this fit are shown in Figure C.7 and it can 

be seen that the oscillations have been significantly reduced 

without much loss of accuracy. Finally, Figure C.B shows the 

fitting results for irregularly spaced data obtained during an 

actual hyperthermia treatment minimizing the same functional 

defined in equation (C.12). 

C.4 Discussion 

Comparing Figures C.1-C2, it is apparent that the accuracy 

of approximation is related to randomness of data point locations. 

As any two data points in the three-dimensional space approach each 



Figure C.6 Fit results when the theoretical power data on a 
regular grid was used as input to the routine. 7x7x4 splines 
were used and no pre-conditioning was performed. The 
topographical plot is for the same plane as the data shown in 
Fig. C.3. 
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Figure C.7 Fit results when the theoretical power data on a 
regular grid was used as input to the routine. 7x7x4 splines 
were used and pre-conditioning was performed. The 
topographical plot is for the same plane as the data shown in 
Fig. C.3. 
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o 

Figure C.B Fit results using the data measure in vivo during a 
hyperthermia treatment of a normal canine thigh. 7x7x4 splines 
were used and pre-conditioning was performed. The 
topographical plot is for the same plane as the data shown in 
Fig. C.3 
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other, the accuracy of the fit will degrade in that area since 

"numerically" it is possible to pass many curves through these two 

pOints. Also, it is evident from these figures that the accuracy 

of the fit has degraded particularly near the boundaries. This is 

due in part to the fact that no boundary condition data was 

supplied for this test. In this three dimensional example the 

number of the data used in interpolation is 4x4x4; that is, there 

were only four spline functions in direction totalling 64 spline 

functions. On the other hand, if a gradient or curvature end 

condition were used, then there would have been a total of 6x6x6 

fit data. In other words, 216 spline functions could have been 

used with an expected improvement in the accuracy of the fit. The 

problem is that it is necessary to determine 152 end conditions for 

this case which is not a trivial task. Thus, it was decided to 

suffer this loss of accuracy but for those problems in which the 

function values can be reasonably approximated on the boundary of 

the domain, this may not be a problem since additional fictitious 

boundary data can be used. 

In the SAR random data test, it can be seen once again by 

comparing Figures C.4-C.5 that the randomness of the input data 

locations affected the fitting accuracy and might cause 

oscillations near the boundaries. The approximation accuracy 

decreases as the randomness of data locations increases. Both of 

the tests gave the hint that the boundary conditions or other 
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conditions might be necessary if the data is too irregularly 

spaced. For the oscillation investigation and the SAR 

experiments, it can be seen by comparing Figures C.3, C.6, C.7 and 

C.B that the fit gave the general shape of the power, although the 

fit did tend to broaden the power. The fit is also missing the 

detail of the small side lobes that are shown to exist 

theoretically. This loss of detail is because the number of 

splines used to generate the fit was insufficient to capture this 

behavior; that is, there were not enough degrees of freedom in the 

function S(x,y,z). The loss of detail is also due to the solution 

method used which requires a particular conditioning of the matrix. 

To obtain the required level of conditioning some of this detail 

was lost. Although this loss of detail is not desirable, the less 

desirable oscillations were eliminated with the pre-conditioning. 

Finally, it should be noted that the fit obtained from the 

irregularly spaced treatment data agrees very well with the 

theoretical data. It should be noted that the absolute magnitudes 

of the fitting results of the theoretical SAR data and the 

experimental SAR data differ because different power levels were 

used for these two examples. 



218 

REFERENCE 

Arcangeli, G., Lombardini, P.P., Lovisolo r G.A., Marsiglia, G., and 
Piattelli, M., "Focusing of 915 MHz electromagnetic power on deep 
human tissues: a mathematical model study," IEEE Trans. on 
Biomedical Eng., Vol. BME-31, p 47, 1984. 

Babbs, C.F., Vaguine, V.A., and Jones, J.T., "A predictive
adaptive, multipoint feedback controller for local heat therapy of 
solid tumors," IEEE Trans. on Microwave theory and Technique, Vol. 
MTT-34, p 604, 1986. 

Baish, J.W., Foster, K.R., and Ayyaswamy, P.S., "Perfusion phantom 
models of microwave irradiated tissue," J. of Biomechanical Eng., 
Vol. 108, p 239, 1986. 

Barlogie, B., Corry, P.M., Yip, E., Lippman, L., Johnston, D.A., 
Khalil, K.K., Tenczynski, T.E., Reilly, E., Lawson, R., Dosik, G., 
Rigor, B.B., Hankenson, R., and Freireich, E.J., "Total-body 
hyperthermia with and without chemotherapy for advanced human 
neoplasms," Cancer Research, Vol. 39, p 1481, 1979. 

Bowman, H.F., "Heat transfer mechanism and thermal dosimetry, 
"Presented at the 3rd Int. Symp. Cancer Therapy by Hyperthermia, 
Drugs, and Radiation, Colorado State University, Ft. Collins, 
Colorado, 1980. J. of the National Cancer Institute, Monograph, 
Vol. 61, p 437, 1981. 

Box, G.E.P., and Jenkins, G.M., Time Series Analysis: Forecasting 
and Control, Revised ed., Holden-Day, 1982. 

Chato, J.C., "Selected thermophysical properties of biological 
materials," in Heat Transfer in Medicine and Biology, Analysis and 
Applications, A. Shitzer and R.C. Eberhart Eds., Vol. 2, Plenum, 
New York, 1985. 

Clegg, S.T., Roemer, R.B., and Cetas, T.C., "Estimation of complete 
temperature fields from measured transient temperatures," Int. J. 
of Hyperthermia, Vol. 1, No.3, P 265, 1985. 

De Boor, C., "Bicubic spline interpolation", J Mathematical 
Physics, vol. 41, p 212, 1962. 

De Wagter, C., "Optimization of simulated two-dimensional 
temperature distributions induced by multiple electromagnetic 
applicators," IEEE Trans. on Microwave Theory and Techniques, Vol. 
MTT-34, p 589, 1986. 

Dewhirst, M.W., Sim, D.A., Sapareto, S., and Connor, W.G., 
"Importance of minimum tumor temperature in determining early and 



219 

long-term responses of spontaneous canine and feline tumors to heat 
and radiation," Cancer Research, Vol. 44, p43, 1984. 

Dierckx, P., "An algorithm for least-squares fitting of cubic 
spline surfaces to functions on a rectilinear mesh over a 
rectangle", J. Comp Appl Math, vol. 3, p 13, 1977. 

Dixon, L.C.W., Spedicato, E., and Szego, "E.P., Nonlinear 
Optimization: Theory and Algorithms, Birkhauser, Boston, 1980 

Doss, J.D., "Simulation of automatic temperature control in tissue 
hyperthermia calculations," Medical Physics, vol. 12, p 693, 1985. 

Ferziger, J.H., Numerical Methods for Engineering Application, John 
Wiley & Sons, 1981. 

Field, S.B., and Franconi, C., Physics and Technology of 
Hyperthermia, Martinus Nyhoff Publishers, Boston, 1987. 

Fletcher, R., and Reeves, C.M., "Function minimization by conjugate 
gradients," Computer Journal, Vol. 7, p 149, 1964. 

Fletcher, R., Practical Methods of Optimization: Volume 1 
Unconstrained Optimization, John Wiley & Sons, 1980. 

Gordon, R.G., Roemer, R.B., and Horvath, S.M., "A mathematical 
model of the human temperature regulatory system - transient cold 
exposure response," IEEE Trans. on Biomedical Eng., Vol. BME-23, p 
434, 1976. 

Groetsch, C.W., Generalized Inverses of Linear Operators, Marcel 
Dekker, New York, 1977. 

Hand, J.W., Cheetham, J.L., and Hind, A.J., "Absorbed power 
distributions from coherent microwave arrays for localized 
hyperthermia," IEEE Trans. Microwave Theory and Techniques, Vol. 
MTT-34, p 484, 1986. 

Hand, J.W., and James, J.R., Physical Techniques in Clinical 
Hyperthermia, John Wiley, New York, 1986. 

Hayes, J.G., and Halliday, J., liThe least-squares fitting of cubic 
spline surfaces to general data sets", J. Inst. and Math. Appl., 
vol. 14, p 89, 1974. 

Hestenes, M.R., and Stiefel, E., "Methods of conjugate gradients 
for solving linear systems, II Research Journal of the National 
Bureau of Standard, Vol. 49, p 409, 1952. 



220 

Holmes, K.R., Ryan, W., Weinstein, P., and Chen, M.M., "A fixation 
technique for organs to be used as perfused tissue phantoms in 
bioheat transfer studies," ASME Winter Annual Meeting, 1984. 

Hynynen, K., Roemer, R.B., Anhalt, D., Johnson, C., Xu, Z.X., 
Swindell, W., and Cetas, T.C., "A scanned focused multiple 
transducer u'ltrasonic system for localized hyperthermia 
treatments," Int. J. of Hyperthermia, Vol. 3, p 21, 1987. 

Hynynen, K., Roemer, R.B., Anhalt, Do, Johnson, C., and Moros, 
E.G., "Focused scanned ultrasound for local hyperthermia", Proc. 
IEEE Seventh Annual Conference of the Engineering in Medicine and 
Biology Society, p 341, 1985. 

Hynynen, K., and Edwards, D.K., "Temperature measurements during 
ultrasound hyperthermia", Medical Physics, Vol. 16(4), p 618, 1989. 

Hynynen, K., Roemer, R.B., Moros, E.G., Johnson, C., and Anhalt, 
D., "The effect of scanning speed on temperature and equivalent 
thermal exposure distributions during ultrasound hyperthermia in 
vivo," IEEE Trans. on Microwave Therory and Technique, Vol. MTT-34, 
p 552, 1986. 

Jain, R.K., Bioheat Transfer: Mathematical Models of Thermal 
Systems. In: Hyperthermia Cancer Therapy (Storm, F.K., ed.), Hall 
Medical Publishers, Boston, Ma, p 11, 1983. 

Johnson, C., Kress, R.L., Roemer, R.B., and Hynynen, Ke, 
"Multipoint feedback control system for scanned focussed ultrasound 
hyperthermia," Physics in Medical and Biology (accepted, 1990). 

Knudsen, M., and Hartmann, U., "Optimal temperature control with 
phased array hyperthermia system," IEEE Trans. on Microwave Theory 
and Techniques, Vol. MTT-34, p 597, 1986. 

Knudsen, M., and Hei nzl, L., "Two-poi nt control of temperature 
profiles in tissue," Int. J. of Hyperthermia, Vol. 2, p 21, 1986. 

Knudsen, M., and Overgaard, J., "Identification of thermal model 
for human tissue," IEEE Trans. on Biomedical Eng., Vol. BME-33, p 
477, 1986. 

Kress, R.L., Adaptive Model-following Control for Hyperthermia 
Treatment Systems, Ph.D. Dissertation, Univ. of Arizona, Tucson, 
Arizona, 1988. 

Kress, R.L., Roemer, R.B., Hynynen, K., and Johnson, C., "A first 
order tumor model for hyperthermia control system simulations," 
submitted. 



Kuo, B.C., Digital Control Systems, Holt, Rinehart and Winston, 
1980. 

221 

Landau, V.D., Adaptive Control: rile Model Reference Approar.:h t 

Marcel Dekker, New Vork, 1979. 

Larkin, J.M., Edwards, W.S., Smith, D.E., and Clark, P.J., 
"Systemic thermotherapy: description of a method and physiologic 
tolerance in clinical subjects," Cancer, Vol. 40, p 3155, 1977. 

Lele, P.P., "Rationale, technique and clinical results with 
scanned, focused ultrasound (SIMFU) system," IEEE/Eighth Annual 
Conference of the Engineering in Medicine and Biology Society, p 
1435, 1986. 

Lele, P.P., and Parker, K.J., "Temperature distributions in tissues 
during local hyperthermia by stationary or steered beams of 
unfocussed or focussed ultrasound," Brit. J. Cancer, Vol. 45, 
Supplement V, p 108, 1982. 

Lin, W.L., Roemer, R.B., Moros, E.G., and Hynynen, K., "Temperature 
optimization for scanned focussed ultrasound hyperthermia," 
submitted. 

Moros, E.G., Roemer, R.B., and Hynynen, K., "Simulations of 
scanned, focused ultrasound hyperthermia: The effects of scanning 
speed and pattern on the temperature fluctuations at the focal 
depth", IEEE Trans. on Ultrasonic, Ferroelectrics, and Frequency 
Control, Vol. 35, p 552, 1988. 

Moros, E.G., Simulations of Scanned Focussed Ultrasound 
Hyperthermia: The Effect of Scanning Speed, Scanning Pattern and 
Multiple Tilted Transducers, Master Thesis, Dept. of Aero. and 
Mech. Eng., Univ. of Arizona, 1987. 

Moros, E.G., Roemer, R.B., and Hynynen, K., "Pre-focal plane high 
temperature regions induced by scanning focused ultrasound beams," 
Int. J. of Hyperthermia, Vol. 6, No.2, P 351, 1990. 

Moros, E.G., Evaluation of Scanned Focussed Ultrasound Hyperthermia 
Models in Canine Muscle Tissue in Vivo, Ph.D. Dissertation, Univ. 
of Arizona, Tucson, Arizona, 1990. 

Nikawa, V., Watenabe, H., Kikuchi, M., and Mori, S., "A direct
contact microwave lens applicator with a microcomputer-controlled 
heating system for local hyperthermia," IEEE Trans. on Microwave 
Theory and Technique, Vol. MTT-34, p 626, 1986. 

Ocheltree, K.B., and Frizzell, L.A., "Determination of power 
deposition patterns for localized hyperthermia: a steady-state 
analysis," Int. J. of Hyperthermia, Vol. 3, p 269, 1987. 



Ocheltree, K.B., and Frizzell, L.A., "Determination of power 
deposition patterns for localized hyperthermia: a transient 
analysis," Int. J. of Hyperthermia, Vol. 4, p 281, 1988. 

Ogilvie, G.K., Goss, S.A., Badger, C.W., and Burdette, E.C., 
"Performance of a multi sector ultrasound hyperthermia applicator 
and control system---Results of animal studies in vivo," Sixth 
Annual NANG Meeting, Las Vegas, Nevada, 1986. 

222 

Oleson, J.R., Sim, D.A., and Manning, M.R., "Analysis of prognostic 
variables in hyperthermia treatment of 161 patients," Int. J. of 
Radiation, Oncology, Biology and Physics, Vol. 10, P 2231, 1984. 

Pennes, H.H., "Analysis of tissue and arterial blood temperatures 
in the resti ng human forearm," J. of App li ed Physi 01 ogy, Vo 1. 1, P 
93, 1948. 

Pettigrew, R.T., Galt, J.M., Ludgate, C.M., Horn, D.B., and Smith, 
A.N., "Circulatory and biochemical effects of whole-body 
hyperthermia," British J. of Surgery, Vol. 61, p 727, 1974. 

Polak, E., Computational Methods in Optimization, Academic Press, 
New York, New York, 1971. 

Prenter, P. M., Splines and Variational Methods, John Wiley and 
Sons, New York, 1975. 

Reklaitis, G.A., Ravindran, A., and Ragsdell, K.M., Engineering 
Optimization: Methods and Applications, John Wiley and Sons, New 
York, 1983. 

Roberts, P.O., and Dallard, K.E., "Discrete PID controller with a 
single tuning parameter," Measurement and Control, Vol. 7, p 97, 
1974. 

Roemer, R.B., Fletcher, A.M., and Cetas, T.C., "Obtaining local SAR 
and blood perfusion data from temperature measurements: steady 
state and transient techniques compared," Int. J. Rad. Oncol. Bio1. 
Phys., Vol. 11, p 1539, 1985. 

Roemer, R.B., "Optimal power deposition in hyperthermia I. the 
treatment goal: the ideal temperature distribution: the role of 
large blood vessels," Int. J. of Hyperthermia, accepted, 1990. 

Roemer, R. B., "Thermal models/temperature distributions", Physics 
and Technology of Hyperthermia, S. Field and C. Franconi 
(Eds),artinus, Nijhoff, Dordrecht, p 562, 1987. 

Rude, J., Luk, K., Vova, N., Fovell, B., Findley, D., and Doggett, 
S., "Multipoint feedback control of power: Preliminary clinical 



results,1I Proceedings Thirty-fifth Annual Radiation Research 
Society Meeting, Atlanta, Ga., p 6, 1987. 

Strohbehn, J.W., Curtis, E.H., Paulsen u K.D., and Lynch, D.R., 
1I0ptimization of the absorbed power distribution for an annular 
phased array hyperthermia system,1I Int. J. Radiat. Oncol. Biol. 
Phys., Vol. 16, p 589, 1989. 

Swartz, B.K., and Varga, R.S., IIError bounds for spline and L
spline interpolation," J Approx Theory, vol. 1, p 6, 1972. 

Swindell, W., Roemer, R.B., and Clegg, S., "Temperature 
distributions caused by dynamic scanning of focused ultrasound 
transducers,1I Proc. 1982 IEEE Ultrasound Symp., p 750, 1982. 

223 

Ter Haar, G., and: Hopewe 11, J. W., "The i nducti on of hyperthermi a by 
ultrasound: its value and associated problems: II. scanned~plane 
transducer,1I Phys. Med. Biology, Vol. 30, p 1327, 1985. 

Thorn, A., Global Optimization, John Wiley and Sons, New York, 1989 

Trembly, 8.S., liThe efft:cts of driving frequency and antenna length 
on power deposition within a microwave-antenna array used for 
hyperthermia,1I IEEE Trans. on Biomed. Eng., Vol. 8ME-32, p 152, 
1985. 

Trembly, B.S., Wilson, A.H., Sullivan, M.J., Stein, A.D., Wong, 
T.Z., and Strohbehn, J.W., "Control of the SAR pattern within an 
interstitial microwave array through variation of antenna driving 
phase," IEEE Trans. on Microwave theory and Techniques, Vol. MTT-
34, P 568, No.5, 1986. 

Valvano, J.W., Allen, J.T., Walsh, J.T., Hnatowich, D.J., Tomera, 
J.F., Brunengraber, H., Bowman, H.F., "An isolated rat liver model 
for the evaluation of thermal techniques to quantify perfusion," J. 
of Biomechanical Eng., Vol. 106, p 187, 1984. 

Van Der Zee, J., Van Putten, W.L.J., Van Den Berg, A.P., Van Rhoon, 
G.C., Wike Hooley, J.L., Broekmeyer-Reurink, M.P., and Reinhold, 
H.S., IIRetrospective analysis of the response of tumors in patients 
treated with a combination of radiotherapy and hyperthermia," Int. 
J. of Hyperthermia, Vol. 2, p 337, 1986. 

Walsh, G.R., Method of Optimization, John Wiley and Sons, New York, 
1979. 

Yakowitz, S., and Szidarovszky, F., An Introduction to Numerical 
Computations, Macmillan Publishing, New York, p 136, 1986. 

Young, J.D., "An optimal bicubic spline on a rectilinear mesh over 
a rectangle", Logistics Transportation Review, Vol. 8, p 33, 1972. 



Yuan, X., Strohbehn, J.W., Lynch, D.R., and Johnsen, M., 
"Theoretical investigation of a phased-array hyperthermia system 
with lIIovable apertures, II Int. J. of Hyperthermia, Vol. 6,p 227, 
1990. 

224 

Zaerr, J.B., Development and Evaluation of a Dynamic Phantom Using 
Four Independently Perfused In Vitro Kidneys as a Tool for 
Investigating Hyperthermia Systems, Master Thesis, Univ. of 
Arizona, Tucson, Arizona, 1989. 

Zeigler, J.G., and Nichols, NIB., "Optimum settings for automatic 
controllers, ". Trans ASME, Vol. 64, p 759, 1942. 


