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ABSTRACT 

A theoretical model for scanned focussed ultrasound hyperthermia 

was evaluated in canine muscle in vivo. This model is composed of two 

models: an ultrasonic power deposition model and a heat transfer model. 

One ultrasound model and two bio-heat transfer models were considered. 

1) Ultrasound field distributions were measured using thermal 

techniques in both canine thighs in vivo and in water. The experimental 

results were compared with distributions obtained from a model based on 

the one dimensional integration of the Rayleigh-Sommerfeld diffraction 

integral. The comparisons showed that the model is a good approximation 

to the distributions measured in water. The main lobe profiles obtained 

in the muscle also agreed well with both model predictions and results 

measured in water. However, these in vivo distributions showed 

enlargement of the side lobes. It was also found that muscle interfaces 

produced considerable beam distortions and increased side lobes. These 

findings were verified by measurements of the peak intensity and the 

total acoustic power attenuation coefficients for passage of the beams 

through th'i ghs that showed that the former was about 40% hi gher than the 

latter. Also, absolute intensities at the acoustic focus were measured 

in water with a hydrophone for 11 transducers ranging in frequency from 

0.246 to 3.54 MHz. When these intensities were compared to model 

predictions, it was found that the model overestimated the peak 

intensity by a factor of less than 2. That is, the model can be used to 

obtain upper bounds for absolute intensity. 
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2) Steady state temperature profiles from a simple (uniform blood 

perfusion) three dimensional bio-heat transfer model (Pennes), and from 

a simple (isotropic thermal conductivity) three dimensional effective 

thermal conductivity model, were compared with temperatures measured 

during scanned focussed ultrasound hyperthermia experiments in canine 

thighs in vivo. The experimental data consisted of radial temperature 

profiles across single octagonal scans measured at different depths into 

the thighs. The results showed that the bio-heat transfer equation 

predicted the experimental trends qualitatively and that the effective 

thermal conductivity equation failed to do so. Both models failed to 

predict the influence of thermally significant vessels. 

A scanned focussed ultrasound model composed of the ultrasound 

model evaluated here and the bio-heat transfer equation, can be used to 

predict the major features of temperature fields for hyperthermia 

patient treatment planning. 
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CHAPTER 1 

INTRODUCTION 

1.1 Hyperthermia. 

Hyperthermia is a type of therapy in which living tissue is raised 

to a temperature of and above 41·C for some period of time by external 

means overcoming thermoregulatory actions of the body (Hand and James 

1986). These therapy has been in used for medicinal purposes for more 

than 5000 years. In recent times, during the 1950's and 60's 

hyperthermia in general suffered a declined in interest triggered by the 

developments and improvements in antibiotics, chemotherapy and 

radiotherapy. As a cancer therapy modality, it was not until 1975 when 

the first International Symposium on Cancer Therapy by Hyperthermia and 

Radiation (Robinson and W1zenburg 1975) that hyperthermia regained much 

attention (Hand and James 1986). The history and the development of 

hyperthermia is well documented in the literature by several 

investigators (i.e., Neymann 1938, Schl1ephake 1935, Hahn 1982, Licht 

1982, Overgaard 1985) and its beneficial effects have been and are being 

reported in many publications (i.e., Hall and Rozin-Towel 1984, Hahn 

1984, Meyer 1984, Overgaard 1989, Sijens et ale 1987). The benefits 

offered by hyperthermia originate from the cytotoxic, and radio- and/or 
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chemo-sens1t1zat10n effects that elevated temperatures have on l1v1ng 

cells. That is, hypertherm1a itself is cytotoxic especially in tumors 

since many tumors are heat-sensit1ve due to their low blood perfusions, 

low pH and chronic hypoxic state; and, hypertherm1a 1ncreases the 

radiosensitivity of cells and enhances the cytotoxicity of chemotherapy 

(Hahn 1984). Therefore, in conjunct10n w1th radio- and/or chemo-therapy, 

hyperthermia has become during the last 15 years an important modality 

in cancer treatment (Overgaard 1989). 

Clinically, hyperthermia treatments can be given to the whole 

patient (whole body hyperthermia) or to selected areas of the body such 

as the trunk (regional hyperthermia) or to a solid tumor (local 

hyperthermia). Commonly a hypertherm1a treatment of a cancerous tumor 

lasts approximately 60 minutes at a target temperature of or above 

42.SoC. Rapid hyperthermia, a new evolving modality (Billard et al. 

1990, Davis and Lele 1989, Dorr 1990), has the goal of inducing 

perfusion independent thermal doses (Sapareto and Dewey 1984) in tumors 

utilizing very short, high intensity ultrasonic pulses. In any case, the 

goals of the physic1st or engineer are: 1) to develop devices and 

methods to deposit energy appropriately in tumors in order to achieve 

therapeut1c temperatures (or thermal doses), while avoiding excessive 

heating of normal tissues, and 2) to measure and/or estimate the 

temperature field in the treated volume and its surroundings, and 3) to 

monitor and evaluate the thermal efficacy of the treatment. These goals 

are in practice very difficult problems to solve especially when 

attempting to treat deep seated tumors with localized hyperthermia. 
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Among the hyperthermia modalities used to produce hyperthermia in 

deep seated tumors are interstitial and regional rf currents, 

interstitial ferromagnetic seeds, interstitial and regional microwaves 

and scanned focused ultrasound. The interstitial techniques can localize 

the power deposition to deep tumors but have the disadvantage of being 

invasive (Field and Franconi 1987, Hand and James 1986). Regional 

microwave, rf and magnetic induction methods are noninvasive but have 

poor focussing capabilities (Field and Franconi 1987, Hand and James 

1986). On the other hand, Scanned Focused Ultrasound (SFU) is a 

noninvasive heating method which can focus power into desired regions. 

There exists evidence that this modality is an effective noninvasive 

heating method for the treatment of superficial as well as deep seated 

cancerous tumors. (For an up to date review of the physics and 

technology of ultrasound hyperthermia see Hynynen 1990, and for a 

historical review of hyperthermia by ultrasound see Kremkau 1979). In 

fact, several hyperthermia systems utilizing SFU have been built and 

extensively tested with in vitro and in vivo experiments, and with human 

patients (Hynynen et ale 1985, 1987a, 1987b, 1989b, Lele 1983, 1986, 

Lele and Goddard 1987, Lele and Parker 1982). Results from these tests 

have shown that this technique can induce well-controlled localized 

elevated temperatures in tumors at different depths. Computer 

simulations of scanned focussed ultrasonic heating using two- and three

dimensional models have confirmed these experimental results (Moros et 

ale 1988, 1989a, Parker 1981, Parker and Lele 1980, Roemer et ale 1984, 

Swindell et ale 1982), showing that it is feasible to induce maximum 
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temperature elevations inside the target volumes with rapid temperature 

fall-off outside the scanned volumes. These numerical simulations along 

with others (i.e. Cooper 1984, Dickinson 1984, and for a comprehensive 

review of hyperthermia computer simulations see Strohbehn and Roemer 

1984) can be considered to fall into the "comparative thermal dOSimetry" 

aspect of bio-thermal computations (Strohbehn and Roemer 1984, Roemer 

and Cetas 1984). That is, these simulations have been performed mainly 

to find out about the effectiveness of SFU as a hyperthermia modality 

when compared to other energy delivery systems and to study the effects 

of different parameters on resulting temperature fields. 

Now that SFU hyperthermia has been shown to be effective; 

prospective, concurrent and retrospective biothermal computations 

(Strohbehn and Roemer 1984, Roemer and Cetas 1984) start to play 

important roles for this modality. However, this new generation of 

simulations is still faCing three fundamental problems: 1) the lack of 

knowledge of the blood flow/perfusion field as a function of space and 

time, 2) The lack of knowledge of the effects of living tissue on 

ultrasonic power deposition (absorption, reflection and scattering) and 

vice versa, and 3) the selection of an appropriate thermal model for 

living tissues that characterizes the treatment volume. The scope of 

this work deals directly with the latter two above mentioned problems. 



1.2 Theoretical and experimental 

ultrasound power deposition in tissues. 
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Numerical simulation of local ultrasound power deposition for 

homogeneous absorbing media is given by the product of the local 

absorption coefficient and the local acoustic intensity (assuming plane 

wave behavior for focussed fields). The intensity distribution can be 

calculated by squaring the local acoustic velocity potential which is 

obtained from the Rayleigh-Sommerfeld diffraction integral by applying 

Huygen's principle to the face of the transducer. This is a double 

integral which demands long computational times. This fact has motivated 

research which has resulted in faster formulations that reduce the 

double integral techniques to one dimensional integration techniques. 

Among these single integral techniques are the independent approaches of 

Madsen et a1., (1981) and Swindell et a1., (1982). Their technique 

reduced the two dimensional integration to a one dimensional integration 

by summing the contributions at a point in the field from all sources on 

the transducer face that were equidistant from this point. These models 

assume that all of the attenuated energy is locally absorbed. Whereas 

this assumption has been partly justified (see Lyons and Parker 1988), 

there are other phenomena that occur as a consequence of u1trasound

tissue interactions that are not taken into account in either Madsen's 

or Swinde11's formulations, mainly because these phenomena are poorly 

understood. 
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Ultrasound-tissue interactions may include the following phenomena 

as reported by researchers (see section 2.1), I} distortion of the 

ultrasonic beam, 2} deviation of the beam from its central axis, and 3} 

scattering of the beam (enlargement of the side lobe levels). Therefore, 

the ultrasound pressure amplitude squared distributions measured in 

water or simulated may differ considerably, in both magnitude and shape, 

from those measured in tissues. As mentioned before, these interactions 

are currently not taken into account in mathematical models. From the 

point of view of hyperthermia treatment simulations the above results 

imply, if the existing models are used, that the predicted power 

deposition pattern may be considerably different from the one actually 

existing in a patient during a treatment. Consequently, the simulated 

temperature field (even if using the perfect thermal model) for that 

same patient may also be considerably different from the actual field. 

In this work, theoretical and in vivo measured fields distributions are 

compared to determine if the existing model predicts the experimental 

data with reasonable accuracy. The study was performed using focussed 

hyperthermia transducers of different designs and operating frequencies. 

1.3 Bio-heat transfer models. 

Thermal modeling of biological systems emerged in this century 

stimulated by the study of human thermal regulation in various 

environments (cold environments during war time, diving suits, space 

suits, etc) (Chato 1981). More recently, the application of hyperthermia 
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to the treatment of malignancies has also stimulated heat transfer 

research in living tissues, in this case the efforts has been directed 

to the modelling of parts or sections of the body (Jain and Gullino 

1980). At the same time whole body models have been further developed 

and applied to hyperthermia as well. Since 1948, when Pennes introduced 

the bio-heat transfer equation with its apparent success in modelling 

the temperature distribution in the human forearm, bio-heat transfer 

studies flourished using this formulation. Pennes major contribution was 

the modelling of the warming of normothermic tissue due to blood 

perfusion by introducing a source term as it will be explained later in 

this chapter. In the late 1960's and early 1970's a new modelling 

approach utilizing the concept of effective thermal conductivity was 

derived (Keller and Seiler 1971, Lin 1972, Mitchell and Myers 1968, 

Trezek and Jewett 1970). In this latter approach the effects of 

perfusion are described by an "enhanced" thermal conductivity. Both 

approaches have been and are being used nowadays to model heat transfer 

in the living human body. While various investigators favor one or the 

other of these approaches, their validity remains to be experimentally 

verified in many specific applications. 

The Bio-Heat Transfer Equation (BHTE) of Pennes (1948) has been 

the subject of criticism due to its scalar treatment of the convective 

blood perfusion term and to the fact that it fails to model the 

countercurrent heat exchange between thermally significant vessels 

(e.g., Jain and Gullino 1980, Keller and Seiler 1971, Mitchell and Myers 

1968, Weinbaum et ale 1984, Weinbaum and Jiji 1985). Still, the BHTE has 
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been used in almost all of the models employed for predicting 

temperature fields in all modalities of hyperthermia. This fact can be 

primarily attributed to the following: 1) despite the complexity of both 

blood flow patterns and of the anatomy of living tissues, the simple 

energy sink/source term introduced by Pennes (as an approximation) has 

made the BHTE a good predictor and a very useful tool (e.g., Chen and 

Holmes 1980b, Emery and Sekins 1982, Hand et al. 1982, Hynynen et al. 

1989a, Pennes 1948, Sekins et al. 1982, 1984, Valvano et al. 1984): and 

2) the new (since 1980) mathematical formulations of tissue heat 

transfer are less tractable and require knowledge of certain parameters 

that are always difficult (if not impossible) to obtain, such as details 

about the vascular anatomy and/or the blood flow velocity field (e.g., 

Chen and Holmes 1980a, Jiji et al. 1984, Lagendijk et al. 1984, Weinbaum 

and Jiji 1985, Weinbaum et al. 1984, Wulff 1974). Moreover, the newer 

derivations (since 1984) of tissue heat transfer, although they 

represent improvements over the derivation of the BHTE of Pennes and 

have stimulated needed research efforts in this field: 1) they still 

seem to be in the developmental and refining stages (Weinbaum and Jiji 

1987, Wissler 1987a, 1987b, Sekins 1989), and 2) they have not been 

experimentally verified. Also, the application of these newer equations 

to hyperthermia has been questioned in terms of their simplifying 

assumptions and their validity in vascularized cancerous tumors (Charny 

et ale 1989, Roemer and Morita 1989). In the meanwhile as the new models 

are refined and their use become practical, one must rely on eXisting 

---- -_ ..... ,-,.,-.. ,.. ' ..... - _ ............ -,.- .... - .. _' 



relatively "simple" formulations (like the BHTE) or on "simplified" 

equations from more complex formulations. 
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One of the major differences between the BHTE of Pennes and 

subsequent formulations is the introduction of an effective thermal 

conductivity mentioned earlier. In this formulation, the effective 

thermal conductivity accounts for the effects of thermal conduction, 

blood flow/perfusion and vascular anatomy. For example, the new bio-heat 

transfer equation of Weinbaum and Jiji (1985) uses an enhanced thermal 

conductivity which is related to parameters describing the local 

vascular anatomy and blood flow instead of the linear sink/source term 

of the BHTE which is proportional to the local blood-tissue temperature 

difference. A even more "simplified" equation for tissue heat transfer 

would be the general conduction equation with an "enhanced" or 

"effective" thermal conductivity and a source term representing power 

deposition. This "simple" model has had also been proposed by several 

investigators (Jain 1983, Lagendijk et al. 1984, Lagendijk 1984, 1987, 

Trezek and Jewett 1970). In this work, temperature fields obtained from 

these two "simple" tissue thermal models, namely, the BHTE and Effective 

Thermal Conductivity Equation (ETCE) were compared to experimental 

hyperthermia data obtained in dogs' thighs in vivo in order to evaluate 

their performances as SFU hyperthermia models for patient treatments. 
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CHAPTER 2 

ULTRASOUND FIELDS IN TISSUES FROM FOCUSED TRANSDUCERS: 

THEORY AND EVALUATING EXPERIMENTAL METHODS 

2.1 Introduction and literature survey. 

The knowledge and understanding of the interactions of ultrasonic 

waves with living tissues are of extreme importance in the field of 

diagnostic imaging since the quality and resolution of images depend 

strongly on ultrasound-tissue effects. These interactions are also 

becoming very important in other application areas of ultrasound. as in 

the case of cancer therapy by ultrasound hyperthermia where the 

intensity field in vivo. along with the blood flow/perfusion pattern. 

determines the temperature distributions. and consequently the 

effectiveness of a treatment. 

Unfortunately. the physics of ultrasound in living tissues is very 

complex and even though a great deal of research effort has been 

focussed on ultrasonic tissue characterization (the determination of 

ultrasonic properties of tissues) during the last three decades. 

(Chivers and Parry 1978. Goss et ale 1978. 1980) knowledge in this field 

is still incomplete as is the knowledge of the effects of soft tissue on 

ultrasound field distributions in vivo. 
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In 1969, White et a1., reported distortions and deviations in 

ultrasonic fields in passage across both living and cadaver heads. They 

used an unfocussed, 13 mm diameter, 2 MHz transducer and concluded that 

the acoustic energy was greatly diffused and scattered irregularly even 

when the skull on the side of the transmitter was removed. This work was 

the first to report on ultrasound beam distortion in passage through 

living tissue. 

Beam plots after passage of the sound field through the human calf 

muscle in vivo and in a free field situation were measured using both 

pulse echo (with a 9.5 mm-diameter steel ball as the target) and 

transmission (with a 2 mm-diameter omnidirectional receiving transducer) 

techniques by Mountford and Halliwell (1973). The beam contours were 

measured at 150 and 300 mm from a 20 mm diameter, 1.5 MHz transducer. 

They reported considerable deformation of the ultrasonic beam, but with 

small deviation and divergence effects. They thought that the beam 

distortion was possibly introduced at the interfaces between the sheets 

of muscles, although they did not excluded the possibility of distortion 

within the muscle tissue itself. They also found increased side lobe 

amplitude levels of the order of 10 dB below the main lobe. 

Beam plots were also obtained by Banjavic et a1., (1977) through 

sections of adult pig kidney and liver, excised human liposarcoma, 

water, castor oil, and tissue equivalent phantom material paths by 

detecting the echo amplitude obtained from a steel ball reflector. They 

used two transducers: a 19 mm diameter, focal length of 100 mm, 

operating at 2.25 MHz, and a 13 mm diameter, 60 mm focal length 
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(approximate value) and frequency of 3.5 MHz. Their results from passing 

the beam through fresh tissue samples showed beam contours that were 

"frequently" distorted a considerable amount and often underwent 

deflections from the central axis path. In addition, beam divergence was 

observed through all attenuating materials with respect to water, and 

this effect was larger for the smaller diameter transducer. These 

authors pointed out that the profiles measured in tissue samples may 

differ considerably from profiles predicted on the basis of frequency, 

crystal diameter, and focussing properties measured in water. 

Halliwell (1977) observed ultrasonic beam distortion by the normal 

human breast in vivo. He used a null and pulse-echo techniques with an 

unfocussed, 18 mm diameter, 2.25 MHz transducer. He also observed that 

the maximum intensity had a large random scatter around the axis but 

with an insignificant deviation on the average. 

Foster and Hunt (1979) used focussed transducers ranging in 

diameter from 11-50 mm (bandwidth of 5.1 MHz and average frequency of 

4.1 MHz) and a 0.8 mm, 5 MHz microphone disk of PZT5 to study focussing 

and attenuation effects of ultrasonic transmission through human tissue. 

They concluded that the major mechanisms of defocussing appear to be 

attenuation and phase distortion of the converging wavefront due to 

refractive index variations in the tissue (causing deflection of the 

beam). Focussing properties were dependent on tissue type with optimal 

focussing, for all tissues, for f-numbers less than 3. (The f-number is 

defined as the ratio of the radius of curvature to the diameter of the 

radiator). 
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Martin et al., (1984) measured ultrasonic energy distributions in 

rat tumors in vivo and in ox liver in vitro using a thermocouple coated 

with ultrasound absorbing material technique. They used a transducer of 

38 mm diameter and 70 mm radius of curvature at 1 and 3 MHz. The 

measurements were in the center of the tumors (30-35 mm in diameter and 

10-15 mm thick in the left hind leg) and at 10 mm deep in 40 mm thick 

fresh ox liver. They compared beam profiles measured in water and in the 

liver and found great similarity, however, the beam profiles measured in 

the rat tumor were different from the one measured in water at the same 

distance from the transducer showing enlarged side lobes. They 

attributed this difference to reflections from the back wall of the 

tumor and from muscle-bone structures lying behind the tumor. 

In a recent publication by Moshfeghi and Waag (1988), the authors 

reported measurements of ultrasound beam shape after focussing through 

human calf and liver tissues in vitro of 10-35 mm thick using a pulse

echo technique with a 1.5 mm spherical ball reflector. They also 

performed experiments in vivo by focussing the beam through human 

breasts (average thickness of 30 mm). They used two transducers both 

focussed at 50 mm and with diameters of 19 mm and 50 mm, and measured 

center frequencies of 3.1 and 3.3 MHz, respectively. Their in vitro 

results showed broadening of the beam as compared to free field 

measurements and a rise in the side lobe levels, which the authors 

attributed to tissue inhomogeneities. These degradations in the beam 

profiles were more pronounced for the smaller aperture transducer. 

Similar results were obtained from their in vivo breast experiments, but 



with larger side lobe levels when compared to the in vitro liver 

results. They also reported that breasts tissue steered the beam off

axis at random for as much as 10 mm in some cases. 
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Measurements of relative Pressure Amplitude Squared (PAS) 

distrib"utions from four ultrasonic transducers focussed at a common 

point (each having a diameter of 130 mm, a radius of curvature 250 mm 

and an operating frequency of 1.0 MHz) were taken both in a waterbath 

and inside a dog's kidney in vivo by Hynynen et al., (19a9a). Even 

though in the in vivo experiments the combined beam passed through the 

skin, muscle tissue, muscle-kidney interface and the kidney tissue (for 

total of about 40 mm of tissue) no significant beam distortions were 

observed: instead, the major difference between the in-water and the in

kidney results was spreading of the combined beam diameter in the in 

vivo experiments for relative PAS levels lower than 10% of the peak 

value (side lobe region). 

It can be concluded from the evidence found in the literature 

that, in general, living tissues have the following effects on 

ultrasound field distributions: 1) beam widening and reduction in the 

distance from the transducer to the peak intensity due to attenuation 

and, 2) distortion of th~ beam due to scattering, refractions and 

reflections of the sound waves caused by tissue inhomogeneities. These 

distortions include increased side lobe levels and deviation of the beam 

from its nominal path. 

In this work, comparisons between experimental and theoretical 

results were made, and an attempt was made to point out the deficiencies 
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of the theoretical model presently in use at the University of Arizona 

(Swindell et ale 1982) in reproducing experimental measurements. 

Previous comparisons between theoretical results (also using a single 

integration technique) and experimental data obtained in a waterbath 

were made by Madsen et al., (1981). They found good pressure amplitude 

(and phase) distribution agreements across the beam at several planes 

located more than 4 cm away from the transducer face for a single 

diagnostic transducer (transducer of 19 mm diameter, 110 radius of 

curvature, operating frequency of 2.46 MHz and nominal frequency of 3.5 

MHz). For measurement locations close to the transducer face (S 2 cm for 

their transducers), high amplitude fluctuations as a function of 

position were observed experimentally (Madsen et ale 1981, Goodsitt et 

ale 1982). These were thought to be caused by radial modes of 

oscillations in the radiator. The theory predicted mild fluctuations in 

comparison. Mair et al., (1987) have also reported deviations of the 

theory (based on a one-dimensional integration) from experimental 

results close to the transducer face. They stated that these were 

probably caused by complex modes of vibration where power can be 

absorbed as well as emitted from parts of the transducer. However, 

careful verification of the ultrasonic models at different frequencies 

and for different transducer designs, both in water and in vivo in 

different tissues, has not been done yet. The purpose of work paper was 

to experimentally evaluate the theoretical model for large, sharply 

focussed hyperthermia transducers. The information obtained from this 
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evaluation is critical for the development of accurate patient treatment 

planning in ultrasound hyperthermia. 

2.2 Theory, experimental methods and equipment. 

2.2.1 Ultrasound simulations. 

Simulations were performed assuming that the transducer emits into 

a non-absorbing water coupling medium between the transducer and the 

soft tissue, and that all of the energy attenuated in the tissue was 

locally absorbed (that is, reflections from interfaces and scattering 

effects were not taken into account). The model was based on a one

dimensional integration technique of the Rayleigh-Sommerfeld diffraction 

integral over the surface area (S) of the transducer (Swindell et ale 

1982, also similar to Madsen et ale 1981). The original double integral 

can be written as follows: 

II -I kr 
;(ro) = ~ ~(s) ds, 

S 

(2.1) 

where ;(ro) is the acoustic velocity potential, r is the distance from a 

source on the transducer face to the point of interest located at ro, k 

is the wave number (k = 2~/A, where A is the wavelength), and ~(s) is 

the source normal-velocity weighting function. Notice that the 

integration had to be carried out for each point (ro) of interest. 

However, this double integral was reduced to a single integral by first 
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assuming t(s) to be constant over the transducer, and secondly, since r 

is now the only variable inside the integral, those elements of area on 

the crystal over which r is essentially constant are considered 

simultaneously. This approximation required considerably less computing 

effort. From the acoustic velocity potential, the PAS at ro was 

calculated as follows, 

(2.2) 

where P(ro) is the acoustic pressure at ro and Z is the specific 

acoustic impedance of the tissue. The absorbed power density (W/m3) was 

then computed, including attenuation, from the following equation, 

(2.3) 

Notice that the effect of soft tissue ultrasonic attenuation was 

accounted for by simply multiplying the right hand side of the above 

equation by e-2ar ' where a is the pressure amplitude linear attenuation 

coefficient and rl is the path length into tissue. In order to further 

reduce computational effort, rl was assumed constant at tissue planes 

perpendicular to the axis of symmetry of the propagating wave and equal 

to the normal distance from the field point ro to the soft tissue-water 

interface (this is true in the case of a planar transducer and a good 

approximation for many of the transducers used in this study). 
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This model assumes that the transducer radiates uniformly over its 

surface. Calculating the transducer surface area and knowing the 

acoustic power output desired. a value for the emittance was calculated 

and used to obtain focal point absolute intensity values that were 

compared with measured intensity values (at the acoustic focus. 

intensity is equal to Z- l P{ro)2/2). 

Relative ultrasonic PAS distributions were also computed and 

compared to distributions that were measured in vivo and in a waterbath. 

2.2.2 Ultrasound generation and calibration. 

A list of the transducers used. their dimensions and power 

conversion efficiencies are tabulated in Table 2.1. The transducers were 

excited using voltage supply from a RF pulse/function generator (Wavetek 

Model 271) which was amplified by a URI-Therm X or an ENI (Model 240L) 

RF power amplifiers. All transducers were air backed and electrically 

matched to the amplifiers' output impedances. Forward minus reflected 

power measurements were made using a wattmeter (Bird. model 4410A). 

2.2.2.1 Acoustic power measurements. 

The total acoustic power as a function of the applied electric power 

(forward minus reflected) was measured using the radiation force 

technique (Stewart 1982, microbalance made by Mettler, model AE160) over 

a linear range of practical power values. Five measurements at five 

power levels repeated at four different times for a total of 100 

measurement points were taken. From these power measurements an average 
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Table 2.1 

Ultrasonic transducers used. 

Radius of Simulated 3Measured 4% Power 
Name Freq. Diameter Curvature Focal Dist. Focal Dist. conversion 

(MHz) (mm) (mm) (mm) (mm) efficiency 

n 0.246 100 100 95.0 98 73 

T2 0.5 70 350 226.0 202 77 

T3 0.558 100 100 98.5 98 78 

T4 0.94 63 100 97.5 97 70 

T5 1.0 70 250 227.0 224 71 

T6 1.0 100 100 99.5 100 52 

T7 1.68 100 100 99.9 100 57 

lT8 1.79 70 350 328.0 256 57 

T9 1.94 100 200 199.0 202 64 

no 3.0 70 350 342.0 345 70 

2Tll 3.57 70 250 247.0 231 43 

1 T8 is the same transducer as T2 operated at the third harmonic 
electric frequency. 

2 TIl is the same transducer as T5 operated at the third harmonic 
electric frequency. 

3 Measurement error * 1 mm. 
4 Maximum estimated standard error < 0.5%. 
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efficiency was calculated by performing a regression analysis (Beck and 

Arnold 1977). The slope of the applied electric power versus acoustic 

power measured is the efficiency for a given transducer. The 

estimatedstandard deviation of the slope was also computed and found to 

be < 0.5% for all transducers.-

2.2.2.2 Absolute peak intensity measurements. 

The absolute intensity values at the acoustic focus were measured 

using a PVDF membrane hydrophone 0.5 mm in diameter (GEC, Marconi 

Research Center, England). Six measurements at different power levels 

were taken for each of the transducers. The hydrophone voltage was 

measured and stored by an oscilloscope (Sony-Tecktronix 336) and then 

converted to an absolute intensity based on a calibration done by The 

National Physics Laboratory in Teddington, England. The intensity 

measurements were done at low power levels where no wave distortion was 

detected. To estimate the error in the measurements due to the size of 

the hydrophone with respect to the wavelength (Smith 1989), the 

theoretical focal plane intensity profiles of each transducer were 

averaged over the hydrophone area. Comparing the averaged intensities to 

the peak intensities it was found that the hydrophone underestimated the 

peak intensity by an average of 2.5% for the transducers used in this 

study. The largest error was of 10.5% for transducer T7. Since the 

underestimation error was small the measured values were not corrected. 

Notice that the experimental/simulated values were measured/calculated 
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at the acoustic focus. This must be pointed out due to the differences 

between the simulated and measured focal lengths (see Table 2.1). 

2.2.2.3 Ultrasound field measurements. 

The relative PAS distributions measured in a tank filled with 

degassed, distilled water were obtained by scanning a thermocouple probe 

across and along the axial field of a particular transducer. The rate of 

temperature increase during the first 60 ms of a pulse is proportional 

to the PAS of the ultrasonic field at the measurement position (Martin 

and Law 1980, 1983). Five pulses at each thermocouple location were 

emitted to obtain an average relative value at that position. This was 

done to reduce electric noise. The scanning procedure using stepper 

motors as well as the temperature measurements were carried out under 

computer control. Typical step lengths were of 0.5 mm across the beam 

and 2 mm in the axial direction. Rubber matting was used to cover the 

inside walls of the tank to prevent sound reflections. The beam was also 

directed so that a 45· rubber wall reflected the unabsorbed sound 

towards a brush absorber. 

The thermocouple junction used in this study was coated with 

Thermogrip R Brand plastic for hot glue guns (Bostik, cat. No. 216). The 

plastic was melted on the junction with a soldering iron under a 

microscope to ensure that no air bubbles were trapped inside the bead. 

After cooling, the plastic formed into a spherical shape and it adhered 

strongly to the thermocouple junction making the total probe diameter be 

between 0.5 to 0.8 mm. This plastic coating was used in the in vivo 
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experiments to avoid variations in the measurements that may be caused 

by the contact of the otherwise bare junction with tissue, and changes 

of local acoustic properties of tissues (Martin et ale 1984): and it was 

used in the water bath measurements to provide an ultrasound absorbing 

medium. The PAS versus power relation for this type of probe was 

measured and found to be linear with good signal to noise ratio. 

2.2.3 Scanned focussed ultrasound hyperthermia system. 

A commercial diagnostic ultrasound imaging unit (Octoson; Ausonics 

Inc., Australia: see Kossoff et al., 1975) modified to be a scanned 

focussed ultrasound hyperthermia system (Hynynen et ale 1987a) was used 

for in vivo ultrasound field measurements. The Octo son had eight 

diagnostic transducers mounted in a circular arc on the gantry that 

could be moved with 5 degrees of freedom by stepper motors. The gantry 

was immersed in a water bath (coupling medium) on top of which the dog's 

thigh rested, separated from the water by a mylar membrane (72 pm thick) 

as shown in Figure 2.1. The transducer to be studied was also mounted on 

the gantry and its focal point location relative to the focal point of 

the diagnostic transducers was measured. This relative location allows 

one to accurately position the focus of the transducer where desired by 

using the imaging capabilities of the system. For more details see 

Hynynen et al., 1987a. 
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2.2.4 Animal experiments. 

All animal experiments were performed on greyhound dogs' thighs 

(13 total) in vivo. Before and during all experiments the animals were 

kept under anesthesia (Halothane). After the experiments were performed 

the dogs were euthanized while still under anesthesia. The average basal 

thigh temperature for these anesthetized animals was about 36 ·C. These 

dogs were very muscular and had no visible fat when one dissected the 

skin and muscle tissues of the thighs (dissection was only done after 

euthanization). The interfaces (less than 1 mm thick) between the 

different muscle groups in the thigh were identified very well both in 

the ultrasound images and by dissection. The position of the dogs' 

thighs with respect to the sound fields rendered the orientation of the 

muscle fibers perpendicular to the direction of sonification. Likewise, 

the muscle interfaces were perpendicular (or close to perpendicular) to 

the sonification direction for measurements performed in these 

locations. Both sides of both thighs were shaved in all of the dogs and 

acoustic gel was used as necessary between the thighs for sound 

coupling. 

2.2.4.1 Relative PAS distributions in dogs' thighs in vivo. 

A total of 10 greyhound dogs were used for these measurements. The 

dogs were anesthetized and positioned on top of the Octo son as shown in 

Figure 2.1. Degassed water was used between the skin and the mylar 

membrane to couple the sound waves, and the thigh shown was coupled to 

the one above it using acoustic gel to prevent wave reflections. 
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A coated thermocouple probe (section 2.2.2.3) was then inserted 

vertically using 14 gage catheters as depicted in Figure 2.1. 
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While positioning the thermocouple probe, the imaging capabilities 

of the Octoson unit were used to avoid muscle interfaces. On the other 

hand, while perform1ng measurements at muscle interfaces the probe was 

inserted into the dogs' thighs horizontally and imaging was used to 

locate the junction right at the interface (see Figure 3.8). 

After locating the thermocouple junction with respect to the 

transducer, using sound pulses and a raster scan technique (with a 

resolution of 0.5 mm) (Hynynen et ale 1987a), the transducer was scanned 

stepwise radially (Figure 2.1) and the initial rate of temperature 

increase of the junction was measured during each sound pulse. Five 

parallel scans spaced by 0.5 mm were performed at each thermocouple 

location to make sure that the PAS distribution across the center axis 

of the transducer was obtained. These scans were 20 mm in length and 

were discretized every 0.5 mm. Five sound pulses were emitted at each 

transducer position and five measurements of the initial rate of 

temperature increase were taken, from which an average value was 

computed. The electric power applied to the transducers was kept high 

enough to get good signal readings and low enough to avoid cavitation 

and/or non-linear effects (Hynynen 1987). After all five scans were 

performed the thermocouple probe was pulled a short distance up using a 

micromanipulator (Figure 2.1), where another set of scans was performed. 

The pullback distance depended on the particular transducer being used 

but was never larger than 10 mm or smaller than 3 mm. This pullback 
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technique allowed us to measure the relative PAS distributions at 

different distances from the face of the transducer (which corresponded 

to different depths into the dogs' thighs). 

2.2.4.2 Measurement of absolute intensity through dogs' thighs in vivo. 

The absolute peak intensity through dogs' thighs (3 animals) were 

measured using a thermocouple in a castor oil cell (Fry and Fry 1954). 

The temperature and frequency dependent ultrasonic absorption of the oil 

was taken into account by a computerized calibration routine based on 

data reported by Fry and Dunn (1962). Transducers T2, T5, T8 and T11 

were used in these experiments (see Table 2.1). A schematic diagram of 

the experimental setup is shown in Figure 2.2. A container with a 

plastic membrane bottom (PVC, 76 pm thick), and filled with degassed 

water was positioned on top of the dog's thigh. Acoustic gel was used 

between the membrane and the dog's skin to permit passage of the 

ultrasound and to eliminate air bubbles. Degassed water was used between 

the dog and the mylar membrane for ultrasound coupling. The castor oil 

cell was located underwater inside the container at approximately 2 cm 

from the dog's thigh. Using the thermocouple locating routine, the peak 

sound intensity of the beam was positioned on the thermocouple junction 

inside the castor oil cell (i.e., the measurements were done at the 

acoustic focus of the beam). Measurements at different power levels (5 

measurements at each level) were performed at 5 different locations 

through the thigh. Rubber sheets were used above the castor oil cell to 

absorb the beam and to avoid reflections from the water-air interface. 



PVC membrane 
To computer 

I 
Plexiglass 

· · · · · · · · · · · · · · · · · · · · · 
Dog's Thigh 

. 

. . 

. 
i . . . . . . 

Skin 

/ 

: . VVater 

\ 
Mylar 

~ltrasoun:0 ........ ____ L ~ Transducer 

Figure 2.2 Schematic diagram of experimental setup for the in vivo 
intensity attenuation coefficient measurements. 

44 



45 

All measurements were performed first without the animal (that is, water 

replaced the thigh), and then with the animal Iceeping the distance from 

the transducer to the thermocouple constant. 

2.2.4.3 Measurement of acoustic power through dogs' thighs 1n vivo. 

Radiation force acoustic power measurements (Stewart 1982) were 

performed after passage of the beam through the dog's thigh (same 3 

animals and same transducers as in section 2.2.4.2). Using the same 

plastic bottom container technique as explained above, an ultrasound 

absorber inside the water-filled container was suspended from an 

electronic balance at approximate 3 to 4 cm from the skin of the dogs' 

thighs (Figure 2.3). Measurements were performed with and without the 

animal. Average acoustic powers at different input electric powers were 

computed and average power attenuation coefficients were obtained for 

each of the transducers. 

The attenuation coefficients (for both, the total power in section 

2.2.4.2 and the intensity in this section) were computed from the 

following equation, 

A.C. = - In(Xl/XO)/2d 

where A.C. is the attenuation coefficient, Xl and Xo are the peak 

intensity or total acoustic power measured with and without the thigh 

respectively, and d is the average thickness of the thigh. 
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CHAPTER 3 

ULTRASOUND FIELDS: 

SIMULATED AND EXPERIMENTAL RESULTS 

3.1 Results from in-water measurements. 

Figure 3.1 through 3.4 show the pressure amplitude squared (PAS) 

beam plots (both as contours and as surfaces) measured in a waterbath 

and numerically simulated for transducers T2, T4, T5 and T11 

respectively. In the contour plots, the lines of constant PAS (or iso

PAS lines) are plotted every 10% of the peak value starting with the 10% 

iso-PAS line. The horizontal axes plot the radial distance across the 

beam and the vertical coordinates plot the distance from the transducer 

face as measured in the waterbath and as given by the simulation 

program. Notice that the experimentally measured distances from the 

transducer faces to the peak value in the field are different from those 

given by the simulation, especially for the higher f-number transducers 

(also see Table 2.1). In the surface plots, the measured and simulated 

fields can be qualitatively compared especially for relative values 

below the 10% iso-PAS line; that is, small peaks and valleys can easily 

be visualized. For example, Figure 3.2b shows two isolated contours 
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d 

Figure 3.1 Pressure amplitude squared distributions for transducer T2. 
a) and b) are the simulated and in-water measured contour 
plots respectively. c) and d) are the surface plots for the 
a) and b) contours respectively. 
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Figure 3.4 Pressure amplitude squared distributions for transducer TIl. 
a) and b) are the simulated and in-water measured contour 
plots respectively. c) and d) are the surface plots for the 
a) and b) contours respectively. 



52 

(10% and 20%) in the near-field of the beam which were not duplicated by 

the theory (Figure 3.2a). These contours can also be seen as a "hill" in 

Figure 3.2d: notice that the simulated result (Figure 3.2c) also shows a 

"hill" but of lower magnitude. 

The absolute intensity at the acoustic focus of each transducer 

was measured (in a waterbath using a hydrophone, see section 2.2.2.2) 

and compared to the simulated value to investigate the ability of the 

model to predict this absolute quantity. The ratio of the measured 

intensity to the simulated intensity, each normalized by the acoustic 

power output are plotted on Figure 3.5 for all transducers. For most of 

the transducers, the theory overestimates the absolute intensity values 

up to by a factor of 2. For transducers T2, T5 and T8 the opposite was 

true. Since the differences between measured and predicted focal lengths 

for T2 and T8 (actually the same transducer operating at different 

frequencies) were fairly large (24 and 72 mm respectively, see Table 

2.1), simulations were carried out for this transducer where the radius 

of curvature was decreased until the simulated and measured focal 

lengths agreed. This happened at a radius of curvature of 26.6 cm 

(originally 35 cm). The absolute intensities were recomputed and the 

ratios were calculated again. These values were represented by open 

squares on Figure 3.5, and as it can be seen, they are lower than the 

original calculated values (solid squares). For T2, the recalculated 

ratio was between 0.5 and 1.0 as for most of the transducers. The ratio 

for T5 and the recalculated ratio for T8, were larger than 1.0, but only 

by a maximum of 30%. 
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Figure 3.5 The ratio of the measured to simulated absolute intensity at 
the acoustic focus, each normalized by the acoustic power 
output, as a function of the transducers' operating 
frequencies. The open squares are ratio values for 
transducers T2 and T8 after simulations performed using a 
radius of curvature of 26.6 cm (originally 35 cm) in order 
to reconcile the difference between simulated and measured 
focal lengths. The error bars (where larger than the 
symbol's size) are for z one standard error. 
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3.2 Results from in vivo measurements. 

Since the measurements of PAS distributions in vivo are very 

difficult to obtain with the same spatial resolution as in a waterbath 

due to the fact that the coated thermocouple cannot be scanned inside 

the thigh, and also because of the length of time that these 

measurements require, radial distributions in vivo were measured at 

different distances from the transducer face by scanning the transducer 

and not the coated thermocouple. Figure 3.6 presents the intensity 

distributions across the acoustic foci of transducers T2, T4, T5 and T10 

as they were measured in vivo and in a waterbath, and numerically 

simulated. The depth into the thigh muscle are reported on the figure 

captions. Notice the general good agreement of the results except for 

the presence of enlarged side lobes in the in vivo distributions. 

Non-focal plane PAS distributions for transducer T5 are shown in 

Figure 3.7. Figures 3.7a through 3.7e show the beam profiles at 14, 18, 

22, 26 and 31 mm deep into the dog's thigh muscle which corresponded to 

distances to the focal plane (at 35 mm deep) of 21, 17, 13, 9 and 4 mm 

respectively. Figure 3.7f shows the distribution 9 mm past the focal 

plane at 44 mm deep. Agreement between theoretical and experimental 

results is good for the main lobe; the side lobes present in the in vivo 

results are generally larger than those obtained in-water, and the model 

failed to predict the side lobes measured in-water in two of the cases 
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Figure 3.6 Relative intensity profiles across the acoustic focus 
comparing in vivo, in-water and simulated results. 
a) Transducer T2, in vivo profile at 38 mm deep; b) T4, in 
vivo profile at 24 mm deep; c) T5, in vivo profile at 36 mm 
deep; and d) TI0, in vivo profile at 20 mm deep • 
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Figure 3.7a,b Non-focal pressure amplitude squared distributions for 
transducer T5. a) and b) are for depth into the muscle of 
14 and 18 mm which correspond to 21 and 17 mm to the 
focal plane respectively. The distribution across the 
focus for this transducer and experiment, which is at 35 
mm deep, is shown on figure 3.6c. 
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Figure 3.7c,d Non-focal pressure amplitude squared distributions for 
transducer T5. c) and d) are for depth into the muscle of 
22 and 26 mm which correspond to 13 and 9 mm to the focal 
plane respectively. The distribution across the focus 
for this transducer and experiment, which is at 35 mm 
deep, is shown on figure 3.6c. 
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Figure 3.7e,f Non-focal pressure amplitude squared distributions for 
transducer T5. e) 31 mm deep in muscle tissue which 
correspond to 4 mm to the focal plane. f) 44 mm deep in 
muscle tissue which correspond to 9 mm past the focal 
plane. The distribution across the focus for this 
transducer and experiment, which is at 35 mm deep, is 
shown on figure 3.6c. 
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(a and c). Notice that the simulated and in-water profiles agree better 

the closer they are to the acoustic focus. 

Figure 3.8 is an schematic diagram taken from an ultrasound image. 

in the image one of the thigh muscle interfaces and a thermocouple probe 

were shown as illustrated in the figure. Using the Octo son imaging 

transducers. images were obtained continuously in order to assist in the 

accurate positioning of the thermocouple junction at the muscle 

interface. For this particular experiment the in vivo and in-water 

intensity profiles using the 0.94 MHz (T4) transducer is shown in Figure 

3.9. Figure 3.10 shows the same information but for the 3.0 MHz (TIO) 

transducer and from a different animal. Notice that the in vivo results 

have been distorted with respect to the in-water distributions. Also 

notice the presence of the enlarged side lobes. The same measurements 

were also done on other two dogs using T2 and T4 (repeat) respectively. 

Distributions in vivo using transducer T4 showed similar distortions of 

the field. but distributions using T2 did not show such distortions. 

Figure 3.11 shows the in vivo attenuation coefficient measurement 

results. These measurements show that the peak intensity was attenuated 

more that the total acoustic power. The solid lines are the results from 

linear regression analyses with zero coordinate intercepts. The slopes 

of these regression lines are 5.76*0.25 and 4.06*0.22 Nepers/m/MHz (* 

S.E.) for the peak intensity and total power attenuation coefficients 

respectively. The values for 0.5 and 1.79 MHz (T2 and T8) were obtained 
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Figure 3.9 In vivo relative intensity distribution across the acoustic 
focus for T4 when the thermocouple junction (coated with 
ultrasound absorbing material) was position on the muscle 
interface. The muscle interface was 27 mm deep at this 
measurement location. 
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from one animal, and the values for 1.0 and 3.57 MHz (T5 and T11) were 

obtained from a different animal (both animal thighs were 6.2 cm • 0.26 

cm S.D in thickness measured on the ultrasound images). The values for 

the total power attenuation coeff1cient were verified on a third an1mal 

using T2 and T5, and the values were 4.26 and 4.61 Nepers/m/MHz 

respect1vely: the thigh of this third an1mal had a thickness of 5.0~0.2 

cm. The number of measurements for each one of the points on the figure 

are shown in parenthesis. The error bars shown correspond to ~ one 

standard error which was computed taken into account all measurements 

errors as previously done by Parker and Lyons (1988). 
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CHAPTER 4 

ULTRASOUND FIELDS: 

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

In general, good agreement was found between the simulated 

pressure amplitude squared (PAS) distributions and those measured in

water. This is especially true if adjustments are made to take into 

account the differences between simulated and measured focal lengths. 

The agreement was better closer to the focal region of the transducers. 

Disagreements were most probably caused by nonideal behavior of the 

crystals. That is, a transducer may not emit energy uniformly over its 

surface, and therefore, its PAS distribution may disagree with the 

idealistic Huygen's principle based predictions. From the experimental 

evidence presented here and that reported by the referenced 

investigators (see section 2.1) it can be concluded that the theory, 

under the current assumptions, predicts well the ultrasonic field 

distributions measured in-water in regions away from the radiator face. 

This conclusion holds for transducers which allow relatively 

unrestrained movement of the whole crystal (as was the case in this 

study). 

The ratio of the measured to simulated acoustic focus absolute 

intensities ranged from 0.5 to 1.3, but for most of the transducers it 
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was between 0.5 and 1.0. In other words, the theory seemed to 

overpredict this quantity with a maximum deviation of less than a factor 

of 2. For transducers T2 and T8, their original ratios were greater than 

1.0, this can be attributed to nonideal behavior of these radiators as 

also suggested by the significant difference existing between their 

measured and simulated focal lengths. After simulations were carried out 

using a radius of curvature of 26.6 cm (originally 35 cm), in order to 

match the measured focal lengths, the recalculated ratios fell between 

0.5 and 1.0 for T2, and decreased from 2.2 to 1.3 for T8. Notice that 

these recalculated values were among the values for all other 

transducers. That is, if the measured and simulated focal region beam 

shapes and the focal lengths agree, then the theory is able to predict, 

the experimental absolute intensity values at the acoustic focus within 

a factor of 2. Since underestimation errors due to hydrophone size were 

small (see section 2.2.2.2), the discrepancies between simulated and 

experimental absolute intensities were most probably due, again, to 

nonideal behavior of the piezoelectric crystals and some movement 

restriction of the crystal due to its holder. 

While the PAS beam profiles measured in-water and those 

numerically simulated were in good agreement, the distributions in thigh 

muscle in vivo showed enlarged side lobes. These enlargements were also 

seen in the non-focal plane PAS distributions, indicating that this 

effect was not limited to the focal region. These results imply that the 

relative energy content in the main lobe in vivo may differ considerably 

from that either predicted by the model or by the in-water measurements, 
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since, in muscle tissue, some of the energy from the main lobe is spread 

out contributing to the energy content of the side lobes. This type of 

ultrasound-tissue effect may have important consequences in both medical 

imaging and in hyperthermia cancer therapy. For hyperthermia patient 

treatment planning applications in general, the power deposition 

distribution in the target volume must be known accurately in order to 

successfully predict temperature fields induced, and consequently, the 

efficacy of a treatment. However, the use of the model as it is for 

qualitative simulations of SFU hyperthermia patient treatment planning 

may be justified due to: 1) the scanning of the ultrasonic beam through 

the tissue which spreads/scatters the energy of the main lobe as well as 

side lobes, and 2) the thermal diffusion process which further smooths 

the energy deposited. That is, the differences between the simulated and 

the PAS distributions that may actually be induced during a treatment 

are diminished by both the scanning action and the thermal removal 

processes of the body. However, one must have in mind that these results 

applied only to muscle tissue in vivo; the model must also be compared 

to measurements taken in other tissue types, preferentially in vivo, to 

avoid deviations that fresh or fixed samples may have (Bamber and 

Nassiri 1985). 

Another effect, frequently observed while mapping field 

distributions in muscle tissue, was the shift of the peak pressure of 

the field towards the transducer due to ultrasonic attenuation. This 

effect is thoroughly documented in the literature (see section 2.1). 
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Muscle interfaces also affected the ultrasonic beams. The profiles 

measured showed distortions in the main lobe as well as enlarged side 

lobes. Since the coated thermocouple junction used to measured the beam 

profiles was carefully located at the muscle interfaces, it can be 

concluded that the beam distortions were caused by these interfaces and 

not by muscle tissue. Beam distortion and enlarged side lobes were 

observed at frequencies of 0.94 MHz (T4), 1.0 MHz (T5) and 3.0 MHz 

(T10). However, distortions were not observed at the frequency of 0.5 

MHz (T2); if this outcome is not due to experimental variations, it was 

most probably due to the interface thickness being smaller than the 

wavelength (~ ~ 3 mm, interfaces ~ 1 rom). 

The values of the attenuation coefficients measured in passage of 

the beams through the thighs in vivo were in the lower end of the range 

of values found in the literature for muscle tissue; these values range 

from 4 to 74 Nepers/m/MHz (Chivers and Parry 1978, Goss et ale 1978, 

1980, Lyons and Parker 1988). The low values may be due, in part, to the 

perpendicular orientation of the muscle fibers with respect to the sound 

waves propagation direction, and to the fact the measurements were 

performed in living muscle instead of fresh or fixed. However, notice 

that these measurements were taken through the whole thighs (including 

skin tissue and muscle interfaces), therefore the attenuation values 

reported here are not for "pure" muscle tissue even though the thighs 

were mostly composed of muscle. Also, notice that the power attenuation 

coefficient was measured with a technique that took into account the 

whole beam (phase insensitive), giving values that were representative 
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of the total power loss during passage of the beam through the thigh. 

Likewise, the intensity attenuation coefficient measurement technique 

was also phase insensitive and gave the local absorbed power at the 

focus: hence, the technique measured the attenuation of the peak 

intensity. Consequently, one can conclude from these attenuation 

measurements that the peak intensity was attenuated more that the total 

acoustic power. This difference in attenuation values is an indication 

of scattering and refraction of the beam during passage through the 

thigh. This difference in attenuations values is in agreement with the 

enlarged side lobes seen in the in vivo PAS profiles. 

Muscle tissue is an anisotropic medium that has been shown to 

affect measurements of absorption (Lyons and Parker 1988). Also, 

measured values of attenuation coefficients has been shown to depend on 

the orientation of the muscle fibers with respect to the sonification 

direction (Goss et al. 1978, Lyons and Parker 1988). Furthermore, 

results presented in the literature and those presented here have shown 

the ultrasonic scattering effects of muscle tissue and the distorting 

effects of muscle interfaces on beam shape. These effects of muscle 

tissue on the distribution of ultrasonic fields in vivo are among the 

most important of all tissue-ultrasound effects, due to the fact that 

muscle tissue is almost always in the way of the sound propagation in 

applications such as diagnostic imaging and hyperthermia cancer therapy. 

Therefore, further studies on the interactions of this tissue with 

ultrasonic waves need to be performed in order to better understand 

their consequences on the different medical applications of ultrasound. 
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For tissues with high degree of heterogeneity and/or high number 

of interfaces the present model may not be applicable. Nevertheless, the 

model can be used with caution to predict relative PAS distributions and 

absolute acoustic focus intensities for safety purposes (it gives the 

theoretical maximum exposure), for parametric hyperthermia studies, and 

for qualitative hyperthermia treatment planning. The more homogeneous 

the propagation medium is, the more realistic the model's predictions 

will be. However, due to the disagreements found between the 

experimental and theoretical results, it is clear that a new model that 

takes into account the effects of tissue and of tissue interfaces on the 

ultrasound field should be developed (as suggested by Chivers and 

Santosa 1986) for quantitatively ultrasound hyperthermia treatment 

planning, or when accurate absolute acoustic pressures in living tissue 

need to be computed to determine the physical and biological effects of 

an ultrasound exposure. This program should be developed along with 

experimental studies such as this one. 



CHAPTER 5 

·BIO-HEAT TRANSFER MODELS 

AND 

EVALUATING HYPERTHERMIA EXPERIMENTS 

5.1 Bio-heat transfer models and numerical simulation methods. 

5.1.1 The Bio-Heat Transfer Equation (BHTE) of Pennes. 
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The general transient, three dimensional BHTE can be written as, 

8T P Cp ~ = V-(kVT) - W Cb (T-Ta) + Q. (5.1) 

This is a distributed parameter equation describing the spatial and 

temporal temperature field in a specified perfused tissue region. Here T 

is the local tissue temperature, Ta is the arterial blood temperature, p 

is the tissue density, k is the tissue thermal conductivity, W is the 

blood perfusion rate, Cp and Cb are the tissue and the blood specific 

heats respectively, Q is the local power deposition, and t is the time. 

The values or range of values of the physical and physiological 

quantities and tissue properties appearing in Equation 5.1 (and 

following equations) as well as references are listed in Table 5.1. 



Table 5.1 

Tissue thermal properties and physical parameters 
used in the simulations. 

PHYSICAL PARAMETER 
OR TISSUE PROPERTY SYMBOL VALUE OR RANGE 

Tissue Temperature T 32-41 

Arterial Temperature Ta o or 33-37 

Density p 998 

Thermal Conductivity k 0.5 

Effective T. Conductivity keff 0.5-2.5 

Blood Perfusion Rate W 0.:.2 

Specific Heat of Blood Cb 3770 

Specific Heat of Tissue Cp 3770 

Local (Average) Power Q variable 

Time t variable 
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UNITS 

·C 

·C 

kg/m3 

W/m/oC 

W/m/oC 

kg/m3/s 

J/kg/oC 

J/kgrC 

W/m3 

s 

For a tabulation of tissue thermal property values see Bowman et al., 
1975, Bowman 1982 and Chato 1985. For a compilation of perfusion values 
for normal and neoplastic tissues see Sekins and Emery 1982, and Jain 
and Ward-Hartley 1984. 
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The term on the left hand side of Equation 5.1 describes the rate 

of change of internal energy of the tissue commonly known as the storage 

term. The first term on the right hand side describes the heat transfer 

due to conduction, and the third term, Web(T-Ta), accounts for a large 

number of blood perfusion effects. This is the term introduced by Pennes 

under the assumption that the blood reaches the capillaries at Ta and 

comes to thermal equilibrium with the tissue which is at a temperature T 

due to the large surface area available to heat transfer. This is 

basically an approximation that does not take into account several 

physical situations of importance such as the influence of large blood 

vessels, the variation of the arterial blood temperature as a function 

of the vessels· length, directional behavior of blood perfusion, and 

countercurrent heat exchange between thermally significant arteries and 

vanes. In other words, the effects of blood flow/perfusion and power 

deposition are simply introduced as sources in the heat conduction 

equation. Notice that the basal metabolism term has been omitted due to 

its small magnitude with respect to the applied ultrasonic power. 

In the simulations performed for this investigation a "simple" 

steady state version of the BHTE was used. This version was, 

(5.2) 

This equation was obtained by setting the left hand side term of 

Equation 5.1 equal to zero and assuming a constant thermal conductivity. 

The power deposition term (Q) in Equation 5.2 no longer represents the 
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local instantaneous power density but the time-averaged local power 

density instead. If the power deposition modality is SFU, then the 

steady state temperature field computed using this average Q corresponds 

to the temporal average temperature field that would be calculated for a 

complete scanning cycle at periodic steady state if a transient routine 

were to be used (Moros et al. 1988): or it can also be considered to be 

the temperature field that would be present when very fast scanning 

speeds are used so that no significant transient temperature 

oscillations occur. The regions simulated were uniformly perfused, 

homogeneous and isotropic, soft tissue rectangular parallelopipeds with 

constant boundary conditions. The size of these parallelopipeds were 

chosen to conform the size of the dogs' thighs, including the thighs 

above the ones treated. The numerical discretizations of the BHTE and 

the ETCE using central differences and a SOR technique are presented in 

Appendix B. More details about the simulation of the experiments are 

given in section 5.2. 

5.1.2 The Effective Thermal Conductivity Equation (ETCE). 

The mathematical form of the ETCE used in this study is identical 

to the BHTE if the perfusion term is omitted and the thermal 

conductivity k is replaced by the effective thermal conductivity keff, 

that is, 

8T P Cp ~ = V·(keffVT) + Q. (5.3) 
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Here all of the perfusion effects are taken into account in the 

parameter keff named the effective (or enhanced) thermal conductivity. 

All other variables were defined in the previous section and in Table 

5.1. Notice that this equation is the well known conduction equation 

with the addition of a source term. The value of keff depends, in 

general, on the blood flow field characteristics and on the vascular 

anatomy of the region of interest. These dependencies make keff a tensor 

quantity that varies with position and, in the transient case, with 

time. The effective thermal conductivity concept has been used and 

tested in many situations by many investigators who have been seeking 

alternative models for tissue heat transfer (e.g., Chen and Holmes 

1980a, Keller and Seiler 1971, Jafari and Higgins 1989, Higgins and 

Jafari 1986, Higgins et ale 1989, Lagendijk 1982, Lagendijk et ale 

1984). 

For simulation purposes a "simple" steady state version of 

Equation 5.3 was used here. The form of this equation was, 

(5.4) 

Notice that keff was assumed to be isotropic. The power source term (Q) 

and the regions simulated were the same as the one used in the BHTE for 

each of the experiments simulated. 



5.2 In vivo hyperthermia experiments and their simulations. 

5.2.1 Preliminary study using 7-junction thermocouple probes. 

This preliminary study was performed to gain insight into the 

experimental and numerical aspects of SFU hyperthermia as a tool for 

evaluating thermal models. 

5.2.1.1 Experimental methods. 
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The scanned focussed ultrasound system used was described in 

section 2.2.3. The schematic of the system and experimental setup is 

shown in Figure 5.1. Transducer T5 (see Table 2.1) with a radius of 

curvature of 250 mm, a diameter of 70 mm and operating frequency of 1.0 

MHz) was mounted on the octoson gantry so that its face was parallel to 

the skin surface (which was parallel to the thermocouple probe). Its 

unattenuated intensity distribution as measured in a waterbath and as 

simulated are shown in Figure 3.2. The entire transducer gantry, 

including the stepper motors, is immersed in a temperature controlled 

water bath covered by a plastic membrane (Mylar) upon which the animal 

rested (Figure 5.1). During an experiment the stepper motors are driven 

under control by an external Apple II computer to move the acoustical 

focus along a desired scanning pattern. 

The radio frequency signal for the generation of ultrasound was 

provided by a frequency generator (Wavetek, model 271) and amplified by 
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Figure 5.1 Schematic diagram of the hyperthermia experimental setup 
showing the 7-junction thermocouple probe, the transducer 
orientation and scanning procedure. Figure not to scale • 
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an RF amplifier (ENI, model 240L). The transducer was air backed and 

matched to the 50 n amplifier output by an external matching network. 

The power level to the transducer was controllable by the operator. 
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The experiments were all performed on canine thighs (3 Greyhound 

dogs, 17 experiments) with the dogs under general anesthesia 

(Halothane). The scan pattern used was a regular octagon; that is, the 

ultrasound beam moved in a octagonal scan pattern whose size was 

specified by the distance separating opposite sides (see Figure 5.2). A 

7-junction thermocouple probe was inserted horizontally at a depth of 5 

cm so that a measure of the radial temperature distribution across the 

scan pattern could be obtained as depicted in Figure 5.2. This depth 

corresponded to the unattenuated focal plane of the sound field. Each of 

the thermocouple junctions were located using the raster scan 

thermocouple search routine which applies short high power ultrasound 

pulses to obtain a rapid temperature increase when the scan is focussed 

on the thermocouple being located. This allowed the scan pattern to be 

accurately located (- 1.0 mm) with respect to the known thermocouple 

positions. For all of the present experiments a scan speed of 20 mmls 

was used, and the power was kept constant as a function of position 

until steady state conditions were reached. 

The 7-junction thermocouple probes were made of manganin and 

Constantan wires (50 pm in diameter, California Fine Wire Co., Grover 

City, CA) by spot welding the junctions (Hynynen and Edwards 1989). The 

junctions were separated at 1 cm intervals. In order to provide 

electrical isolation and mechanical strength and rigidity the 
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thermocouple probes were encased in fused silica tubing with outer and 

inner diameters of 0.71 and 0.53 mm, respectively. Temperature 

measurements were taken every 30 s from the beginning of each 

hyperthermia session both to monitor the experiment to avoid to high or 

too low temperatures, and to have an indicator that steady state 

conditions were reached. The thermocouples were switched sequentially to 

a digital voltmeter by the data acquisition system (Hynynen et al. 

1987a). To avoid the artifact induced by ultrasound-probe interactions 

during hyperthermia. the power was switched off for 1 seconds before the 

first thermocouple reading (Hynynen and Edwards 1989). Temperatures were 

calculated from the voltage readings using a standard polynomial 

formula. 

5.2.1.2 Simulation of preliminary experiments. 

For all simulations in this preliminary study the steady state 

Equations 5.2 and 5.4 were solved using a three dimensional successive 

overrelaxation finite difference routine (Appendix 8) with a 2.5 mm grid 

size. The periodic steady state criterion for convergence was a maximum 

difference of less than O.OOl°C between three consecutive iterations for 

all of the points along the central axis of the scan and for all of the 

points along a radial line in the focal plane. All temperatures were 

calculated as increases from baseline values (Ta = O·C) and all internal 

boundaries were set equal to zero under the assumption that the scanned 

volume was smaller than the overall size of the dog's thighs: and 
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Figure 5.2 Schematic diagram showing the relative position of the 7-
junction thermocouple probe with respect to a 4 cm octagonal 
scan path as used during the experiments (This is a top view 
of Figure 5.1). The equivalent circular scan used in the 
simulations is also shown. 



81 

therefore, temperatures outside the scanned volume would falloff 

quickly to basal levels rendering the distant boundaries thermally 

insignificant. The skin boundary condition was set equal to the 

difference between measured temperature and the basal temperature 

measured before each hyperthermia session. The absorbed power pattern 

(Figure 3.2) was obtained from Swindell IS (section 2.2.1) numerical 

integration of the Rayleigh-Sommerfeld diffraction integral assuming a 

uniform tissue attenuation coefficient of 5 Nepers/m/MHz. The value of 

the absorption coefficient was estimated experimentally as explained in 

the next paragraph. The experimental octagonal scan patterns were 

simulated by equivalent size circles using the programs developed by 

Moros (1987). That is, the diameter of the circles were made equal to 

the distance between parallel sides of the octagonal scan (see Figure 

5.2) 

At the end of each set of experiments on a given dog, the dog was 

euthanized and a final hyperthermia session done to calibrate the total 

power absorbed by the dog. This was necessary because not all of the 

attenuated power was locally absorbed as assumed in the ultrasound 

model. This final heating was performed immediately after euthanization 

and for a period of one hour. The power-on time was limited to a hour 

because the acoustic properties of the unperfused muscle tissue may 

change with time after death affecting the power absorption rate (Bamber 

and Nassiri 1985). The acoustic absorption coefficient used in the 

simulations was obtained by adjusting it until the central temperature 

of the scan predicted by the thermal model (Equation 5.2 with Ta and W 
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equal to zero or Equation 5.4 with keff = 0.5 W/m/·C) agreed with the 

experimentally observed data at the same location in the euthanizeddog. 

That is, the ultrasound power deposition was computed using the 

following version of Equation 2.3, 

(5.5) 

where p (which replaced a in Equation 2.3) is the total power 

attenuation coefficient (5 Nepers/m/MHz in the preliminary study, see 

section 2.2.1 for the definitions of variables). The estimated value of 

a was then used in the simulations of the live animal experiments. If 

the absorption coefficient (a) would have been the same as the total 

power attenuation coefficient (p) higher temperatures would have been 

computed for the euthanized animal experiments. Chapter 6 will present 

some simulation results comparing temperature distributions obtained 

using the estimated value of a and the measured value of p (Figure 

3.11), and simulations were a was set equal to p. 

For the BHTE simulations the uniform blood perfusion magnitude was 

adjusted for each experiment until the temperature predicted at the 

center of the scan matched the experimentally measured temperature at 

that location. 

Similarly, for the ETCE simulations (Equation 5.4) the isotropic 

effective thermal conductivity magnitude was adjusted until the above 

described temperature agreement was reached at the scan center. It must 

be emphasized that all simulation parameters in both thermal models were 



83 

the same except for the value of the blood perfusion in the BHTE and the 

value of the effective thermal conductivity in the ETCE. 

5.2.2 Study using a thermocouple pullback system. 

5.2.2.1 Experimental methods. 

The main difference between these experiments and the ones 

described in section 5.2.1.1 is the use of the thermocouple pullback 

system described in Appendix C. That is, instead of using standard 

stationary 7-junction thermocouple probes, single junction bare 

manganin-constantan thermocouples were pulled across the scanned volume. 

Several of these bare thermocouples, each at a different depth inside 

the thigh, were pulled all at the same time across the octagonal scan 

without perturbing the ultrasound field due the small diameter of the 

wires (Hynynen and Edwards 1989). For an experimental set up see Figure 

5.3. A total of 3 dogs and 11 hyperthermia sessions were performed. 

The experimental procedure using this pullback system was as 

follows: 

1) The animal was positioned on the Octoson hyperthermia system as 

schematically shown in Figure 5.3. The thighs of the animal were 

immobilized using a conforming foam substance that solidifies 

creating a hard mold (KGF Enterprise Inc., Mt. Clemens, MI). 

2) Hypodermic tubing (All-Tube Corporation, Medway, MA, 0.0. = 1.65 mm 

and 1.0. = 1.19 mm) was used to make 23 cm long needles. These 

needles were inserted horizontally into the thighs (from the 
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posterior face of the thigh towards the anterior face) using a 

plexiglass template as a guide and under the guidance of a laser so 

that when several were inserted they all were aligned in the same 

vertical plane (see Figure 5.3). Furthermore, by imaging these 

needles one could find out if they were horizontal indeed (that is, 

parallel to the transducer face and the skin-mylar interface). The 

depths of the needles inside the thigh could be measured on the 

ultrasound images. The needles were long enough to transverse the 

entire thigh. (Note: needles could not be inserted at the depth of 

the femur for obvious reasons). 

3) After each needle was inserted through the thigh, a bare 

thermocouple with lead wire was passed through the inside of the 

needle from the posterior to the anterior face of the thigh. The 

lead wire was used to pull the junction in the this direction. After 

the junction was located where desired the hypodermic needle was 

then pulled out of the thigh in the posterior-anterior direction 

leaving the thermocouple junction inside the tissue. This step was 

repeated as desired to place thermocouples at different depths. The 

minimum number of thermocouples used in this experiments was 2 and 

the maximum was 5. 
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Figure 5.3 Schematic diagram of the hyperthermia experimental setup 
using the thermocouple pullback system. Figure not to scale . 
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4) All thermocouple junctions were aligned vertically with the help of 

previously painted marks. Then they were all attached to the 

pullback system located on the posterior side of the thigh. The 

thermocouples and the pullback device were connected to the same 

computerized data acquisition system described in Hynynen et al~, 

1987a. 

5) With the help of imaging and measurements, the junctions were 

position centrally between the posterior skin side of the thigh and 

the vertical plane containing the femur. Then the junction at the 

focal depth was located using the raster scan technique (section 

5.2.1.1). This location would be the center of the scan pattern. 

6) Before any heating a pullback was performed to measure the basal 

temperature profiles. First the slider of the pullback system (where 

the thermocouples were attached) was moved half the pullback 

distance towards the anterior of the thigh. Next the junctions were 

manually pulled in the same direction using the lead wires. Then the 

pullback was performed in the anterior-posterior direction. The 

pullback distance was 80 mm and the pullback steps were of 2 mm 

each. Notice that with this technique 41 measurement locations were 

obtained over 80 mm (for each thermocouple) instead of 7 

measurements in 60 mm as when using the 7-junction probes. The 

disadvantage is that the transient information can only be obtained 

at one location for each pullback junction instead of at 7 locations 

for each 7-junction probe. 
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7) After the computer controlled pullback explained in the previous 

step, the junctions were manually placed back to the center of the 

scan pattern by pulling the lead wires after moving the slider of 

the pullback system to the corresponding position. 

8) The next step was to start the hyperthermia section using a 

preselected octagonal scan size. During heating, transient 

temperatures were recorded every 30 seconds until steady state was 

reached. Constant power was kept on continuously during each 

hyperthermia session. 

9) Once hyperthermic steady state was reached another pullback was 

performed as explained in step 6. During all pullbacks at steady 

state the scanning procedure continued and power was never switched 

off. For all pullbacks, five temperature readings at each step and 

for each junction were taken. The readings were evenly spaced along 

the scan time. For example, for a 20 mm/s scanning speed and a 4 cm 

octagonal scan the transducer completed a cycle in approximately 7.1 

s: hence, the readings for each junction were taken every 7.1/5 s = 

1.42 s. This technique allowed two important things: a) the power 

could be kept on all the time because out of the five readings the 

highest temperature would correspond to when sound beam was the 

closest to the junction, and the minimum temperature to when the 

beam was the furthest. Due to the relatively fast scanning speed 

used (scan times < 10 s) the minimum temperature would also be very 

close to the average temperature (Moros 1988). In fact the 

difference between the maximum and minimum temperatures at each 
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location was always less than 0.2·C except close to the scan path 

where the difference was between 0.2 to 1.0·C, and in some cases 

even larger. The largest difference recorded was of 3·C for a 

junction pulled superficially. And b} the relative position of the 

scan path with respect to the pullback tracks could be checked by 

finding the locations along the pullback tracks where the largest 

two differences between the maximum and minimum temperatures 

existed. Also, the rectal (Trectal) and skin-mylar interface (Tskln) 

temperatures were recorded throughout the experiments. Neither 

Trectal nor Tskln increased by more than 0.4 ·C during the 

hyperthermia sessions. 

10) After the first pullback at steady state a second one was performed 

after approximately 13-15 minutes. This was done to check for two 

possible problems: a) if the temperatures of the second pullback 

were larger than those from the first pullback it meant that steady 

state conditions were not met during the first pullback (since a 

decrease in normal tissue blood perfusion is unlikely to happen in 

hyperthermic conditions), and b) if the contrary was true it meant 

that the blood perfusion increased during or in between pullbacks 

(for a 4 cm scan the pullback time was approximately 5.5 minutes) 

and steady state conditions were questionable. This step was never 

repeated more than once in these experiments since difference 

between temperature profiles between the first and second pullbacks 

were always negligible for all of the hyperthermia sessions 

performed. This result was expected because the maximum absolute 
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temperature during all experiments was always less than 41·C; thus, 

avoiding vasodilation (Roemer et a1. 1985). That is, steady state 

conditions were maintained for as long as power was on • 

11) After the last pullback at steady state the junctions were moved 

again to the scan center and transient data was recorded during the 

cooling period to make certain that the animal was able to return to 

basal conditions before the beginning of another experiment. 

12) The entire procedure could be repeated only after the temperatures 

in the thigh were back to basal values. Every time the procedure was 

repeated some parameters could be changed such as the focal depth 

and/or the scan size, thus allowing multiple experiments per animal. 

Table 5.2 gives typical heating times to steady state as a function 

of the scan size and percentage of maximum power used. Also the 

maximum temperature elevation measured at the depth into the thigh 

corresponding to the unattenuated focal plane of the sound field are 

reported in this table. Typical cooling times were between 40 

minutes to a hour. 

5.2.2.2 Simulation of SFU experiments using pullbacks. 

For the simulations of these experiments the steady state 

Equations 5.2 and 5.4 were again solved. Since temperature distributions 

were measured at different depths, a different simulation approach was 

used here than the one used for the preliminary study (section 5.2.1.2). 



SCAN SIZE 
(cm) 

2.0 

3.0 

4.0 

5.0 

Table 5.2 

Heating and cooling times to steady state 
as a function of the scan size and power level 

needed for the live animal experiments. 

TIME OF HEATING % OF MAXIMUMa 
dT~eC)ax (minutes) POWER USED 

25-30 37 3.57 

30-35 57 4.25 

35-40 78 4.40 

40-45 100 4.07 

90 

b 

a The maximum acoustic power used was 17.4 Watts. For the euthanized dog 
experiments the acoustic power values used were 6 and 3.8 watts in 
the preliminary study (using 7-junction probes) and the study using 
the pul'lback system respectively. 

b dTfp,max was the maximum temperature elevation measured at the focal 
depth. 
Typical cooling times were between 40 to 60 minutes. 
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First, the absorption coefficient (a) to be used in the ultrasound 

model (see Equation 5.5) was again found by performing an experiment 

after the animal was euthanized. (The value of the total power 

attenuation coefficient (p) used was 4 Nepers/m/MHz obtained from in 

vivo measurements (see Figure 3.11». This time, however, the absolute 

temperatures measured during the experiment were entered into a program 

which uses the Gauss method for estimating parameters by minimizing the 

following function (Liauh et al. 1990), 

s = 1 
N [ 

N ] 1/2 L( TI.I - TS.I )2 
1=1 

(5.6) 

where Tm, I are the measured temperatures, Ts , I are the simulated 

temperatures for the same location, and N is the number of measurements. 

For absorption coefficient estimation purposes, a and 5 out of the 6 

boundary conditions were the estimated parameters. The side boundary 

facing towards the main body of the animal was fixed at the measured 

rectal temperature. The boundary conditions were estimated to account 

for possible heat conduction losses from the dead animal; hence, the 

estimated value of a would also include the effect of thermal losses. 

For the BHTE simUlations the arterial temperature (Ta) and all' 

boundaries except for the skin-mylar interface boundary were set equal 

to the average basal temperature measured from the basal pullbacks. 

Again this was done so assuming that since the animal is alive, blood 

perfusion neutralizes the thermal effect from the boundary conditions. 

Only the non-superficial pullbacks were used for this calculation to 
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avoid influences from the boundaries. The skin-mylar boundary was set 

equal to the measured temperature at that location. Since several 

temperature distributions at different depths were obtained from these 

experiments the value of the blood perfusion was not found by matching 

measured and simulated temperatures at the focal depth as done in the 

preliminary study. Instead, a value of uniform blood perfusion (for the 

whole field) that minimized S in Equation 5.6 was found for each 

simUlation of each experiment. 

The boundary conditions in the ETCE were the same as those used in 

the BHTE. The value of the effective thermal conductivity used was 

computed in the same way the value of perfusion was computed for the 

BHTE, that is, by minimizing S in equation 5.6. 

The spacing used in all simUlations was the same as the pullback 

steps, that is, 2 mm. The convergence criteria of the overrelaxation 

routine remained the same as in section 5.2.1.2. The regions simulated 

were uniformly perfused and isotropic soft tissue parallelopipeds, 15 cm 

high and 12 cm in width and thickness. Again the stationary power field 

obtained from Swindell's program (using the estimated value of a and the 

measured value of p) was convoluted over the scan pattern to obtain the 

time-averaged power field used in the simulations (Moros 1987). 



CHAPTER 6 

BIO-HEAT TRANSFER: 

SIMULATED AND EXPERIMENTAL RESULTS 

6.1 Results from the preliminary study using 

7-junction thermocouple probes. 
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SFU hyperthermia temperature elevation profiles across the scan 

pattern at the focal plane obtained from both, in vivo experiments and 

simulations (from both thermal models: the BHTE and the ETCE) are shown 

in Figures 6.1 through 6.3. These results were obtained as explained in 

section 5.2.1. 

Figure 6.1 shows the temperature elevation profiles obtained from 

one of the euthanized dog experiments and from a numerical simulation 

using Equation 5.2 with zero blood flow. This was a 2 cm diameter scan 

pattern where the simulated temperature at the scan center was matched 

with the experimental temperature at that location by tuning the 

absorption coefficient in the model as previously explained in section 

5.2.1.2. In this case, alp was equal to 0.38. Notice that the agreement 

is better inside the scan region than outside of it: this was most 

probably due to the cooling of the entire euthanized dog which may have 

introduced transient boundary conditions. 

---- .. -~~ .. , ...... " .. ~ ... "'. , .. 
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Figure 6.1 Experimentally measured temperature elevation profile across 
the focal plane (5 cm deep) for a 2 cm diameter scan in a 
euthanized dog and its corresponding simulated distribution 
for zero perfusion (W = 0 in Equation 5.2). The emitted 
acoustic power was adjusted in the simulation to obtain 
temperature agreement at the scan center. alp = 0.38. 
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Figures 6.2a and 6.2b show typical temperature profiles for 

similar 2 cm scans in two different live dogs, while Figures 6.3a and 

6.3b show typical results for 4 cm scans also in two different live 

animals. The values of perfusion used in the BHTE to obtain temperature 

agreement at the scan center and the values of the effective thermal 

conductivity needed to obtain the same agreement for the ETCE 

simulations are given in the captions of the figures. Two different scan 

size results are shown to demonstrate the effect of this parameter, and 

two cases are shown for each scan size to demonstrate that the patterns 

obtained were not isolated examples. Results similar to those shown in 

Figures 6.2 and 6.3 were observed in experiments performed in one 

particular animal, in several sites in one animal and in different 

animals. Less frequently seen in vivo temperature profiles across the 

focal plane were: 2 cm scans where the peak temperature was located in 

the center of the scan and not on the scan path, and 4 cm scans where 

one side of the scan path showed higher temperature elevation than the 

other. Some of these less frequently seen distributions are presented in 

the next section and their probable causes are discussed in the next 

chapter. 
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Figure 6.2 Results from two different SFU hyperthermia experiments (a 
and b) using a 7-junction thermocouple probe and a 2 cm scan 
size in two live dogs. For the BHTE (Equation 5.2) the blood 
perfusion (W) was adjusted to obtain temperature agreement 
with the experiment at the scan center. For the ETCE 
(Equation 5.4) the effective thermal conductivity (keff) was 
adjusted for the same agreement. alp = 0.38. 
a) For the BHTE, W = 0.60 kg/m3/s and for 

the ETCE, keff = 0.99 W/m/oC. 
b) For the BHTE, W = 1.64 kg/m3/s and for 

the ETCE, keff = 1.86 W/m/oC. 
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Figure 6.3 Results from two different SFU hyperthermia experiments (a 
and b) using a 7-junction thermocouple probe and a 4 em sean 
size in two live dogs. For the SHTE (Equation 5.2) the blood 
perfusion (W) was adjusted to obtain temperature agreement 
with the experiment at the scan center. For the ETCE 
(Equation 5.4) the effective thermal conductivity (keff) was 
adjusted for the same agreement. alp = 0.38. 
a) For the SHTE, W = 1.10 kg/m3/ s and for 

the ETCE, keff = 2.20 W/m/oC. 
b) For the SHTE, W = 0.88 kg/m3/s and for 

the ETCE, keff = 2.12 W/m/oC. 
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6.2 Results from the study using the thermocouple pullback system. 

6.2.1 Digital Subtraction Angiography (DSA) of a dog1s thigh. 

In order to have an idea of the number and sizes of the blood 

vessels in the thighs of these Greyhound dogs, a DSA was performed in 

one of them prior to the hyperthermia experiments. For this study 4 

hypothermic needles were inserted across the dog1s left thigh, and a 

port for the DSA imaging agent was place in the left femoral artery. 

Then DSA was performed. Shown in Figure 6.4 is a photo of one of the DSA 

films. This is an oblique top view photo where the posterior side of the 

thigh is at the bottom and to the left is the main body. The study had 

to be done at an oblique angle because of the lifting of the dog1s right 

leg which also caused the hypodermic needles to bend as seen in the 

figure. Because of this oblique projection the needles are not seen one 

on top of the other. To have a sense of the size of these vessels their 

diameters can be compared to the needles l outside diameter of 1.65 mm. 

Several pictures like this one were taken the DSA section as function of 

time from the moment that the agent injection started. The photo shown 

here was taken at a moment when both arteries and veins were visible. In 

fact the countercurrent artery-vein pairs can be easily seen. Notice 

also that there are fewer and smaller vessels in the path of the needles 

when compared to the higher number and diameters seen on both, the far 

left and the far right sides of the photo. Based on this DSA photo it 
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Figure 6.4 DSA photo of the left thigh of a dog. The posterior side of 
the thigh is at the bottom and to the left is the main body 
of the animal. Visible are both arteries and veins, the 
femur and the hypodermic needles. 

---_ .. -~ . , .. , ... " .. ~ .. ",," .-... ,...... .., '. . .. -." .... ' 
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can be said that the volume of tissue where the ultrasonic beam was 

scanned possessed vessels of all sizes. The largest vessels. the femoral 

artery-vein pair which is visible along with the femur towards the 

anterior side of the thigh (top of photo) were outside of the scanned 

volume. 

6.2.2 Basal temperature distributions. 

As mentioned in section 5.5.2.1 basal temperature distributions 

were measured over 80 mm of tissue before each SFU hyperthermia 

experiment. These 80 mm pullbacks were centrally located between the 

femur and the posterior side of the thigh. These were also exactly the 

same pullbacks performed at steady state during hyperthermic conditions. 

Figure 6.5 shows 4 basal distributions all obtained at the same 

time. That is. 4 thermocouples were pulled simultaneously. Junctions 1, 

2, 3 and 4 were at 18, 40. 52 and 60 mm deep respectively. Notice that 

the most superficial basal distribution had the lowest temperature 

values. Also notice that the distribution for junction 4 (60 mm deep) 

shows a temperature dip between the 2 and 3 cm marks. This dip indicates 

the possible presence of a large thermally significant vessel (or vessel 

pair) as the hyperthermic temperature profiles will show later. For 

presentation purposes this dog will be referred to as dog 1. 

Figure 6.6 shows basal temperature distributions (from dog 2) 

measured with 5 simultaneously pulled thermocouples. Again the 

superficial distribution (junction 1 at 18 mm deep) has lower 
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2, 3 and 4 were at 18, 40, 52 and 60 mm deep respectively. 
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Figure 6.6 Basal temperature profiles measured in a live dogls thigh 
(dog 2) using the pullback thermocouple system. Junction I, 
2, 3, 4 and 5 were at 18, 28, 44, 55 and 69 mm deep 
respectively. Trectal = 37.2·C, Tskln = 36.2·C. 



103 

temperatures than the deeper ones. Also notice that the distributions at 

55 and 69 mm deep (junctions 4 and 5 respectively) show more variations 

in temperature, probably caused by a higher blood flow rate in the 

vessels, than other basal profiles. Also, when inserting the hypodermic 

needle for junction 3 (44 mm deep) some bleeding occurred. Judging by 

the bright red color of the blood and its rapid flow, an artery was 

probably punctured. This bleeding stopped after a few minutes and the 

experiment continued. However, later when the basal profiles were 

observed a temperature "bump" was seen for junction 3 between the 4 and 

6 cm marks as shown in Figure 6.6b. This bleeding (whether from a 

punctured artery or not) also influenced the hyperthermic temperatures 

profiles as it will be shown later. In general, dips in these basal 

temperature profiles may represent the presence of blood vessels (or 

vessel pairs) close to or next to the pullback tracks. 

6.2.3 Results from the in vivo SFU hyperthermia experiments and their 

simulations. 

Figure 6.7 shows a representative plot of the maximum minus the 

minimum temperature (Tmax-Tmln) recorded at each position during 

pullbacks. Two curves are plotted, one for a 2 cm scan at 18 mm deep and 

the other for a 4 cm scan at 44 mm deep. As it can be seen Tmax-Tmln was 

always less than 0.1 °C except where the pullback tracks crossed the 

scanning pattern. On the scan path, Tmax-Tmln was generally between 0.2 

and 1.0 oCr but in a few cases it was as large as 3°C. The magnitude of 
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The maximum minus the minimum (Tmax-Tmln) temperatures 
recorded at each position during pullbacks. Larger values of 
Tmax-Tmln were obtained on the scan paths. The solid line ;s 
for a 2 cm octagonal scan at 18 mm deep, and the broken line 
is for a 4 em scan at 44 mm deep • 
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Tmax-Tmln depended on the power level, depth of the junction into the 

thigh, blood perfusion rate, and the proximity of the sound beam to the 

junction at the time of the measurement. Using plots like these the 

positions of the scan patterns with respect to the pullback tracks were 

always checked for every experiment. 

Figure 6.8 presents the results from one of the euthanized dog 

experiments. The profiles measured in the dog and the ones obtained from 

the Gauss estimation routine (using equation 5.2 with W = 0) are shown. 

As it can be seen using the estimated values of the boundary conditions 

and of the absorption coefficient produced temperature profiles that 

were in very good agreement with the measured ones. In this case alp was 

equal to 0.78. These plots correspond to dog 1 and the profiles for all 

four depths are presented. 

Figure 6.9 shows the same simulated temperatures as in the 

previous figure and it also shows the simulated temperature profiles 

when a was set equal to p. The same boundary conditions, given by the 

Gauss estimation routine, were used in both cases. As it can be seen 

from this figure larger temperatures were obtained for all 4 depths 

(Figures 6.9a, b, c and d) when assuming that all of the attenuated 

energy was locally absorbed. 

Figures 6.10 through 6.13 show in vivo measured temperature 

profiles in dog 1 and the simulated profiles using the BHTE and the ETeE 

for scan sizes of 2, 3, 4 and 5 cm respectively. The blood perfusion and 

the effective thermal conductivity values used in the simulations were 
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Figure 6.8a,b Pullback temperature distributions measured in an 
euthanized dog (dog 1) (solid lines) after one hour of 
heating using a 4 cm scan with the transducer focused at 
52 mm deep (Figure 6.8c). The simulation results 
(Equation 5.2, W = 0), using the estimated boundary 
conditions and estimated a (a/~ = 0.78) as explained in 
section 5.2.2.2, are shown in broken lines. Trectal = 
34.1·C, TSkin = 34.1·C. a) 18 mm deep and b) 40 mm deep • 
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Figure 6.8c,d Pullback temperature distributions measured in an 
euthanized dog (dog 1) (solid lines) after one hour of 
heating using a 4 cm scan with the transducer focused at 
52 mm deep (c). The simulation results (Equation 5.2, W = 
0), using the estimated boundary conditions and estimated 
a (alp = 0.78) as explained in section 5.2.2.2, are shown 
in broken lines. Trectal = 34.1·C, Tskln = 34.1·C. 
c) 52 mm deep and b) 60 mm deep. 
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Figure 6.9a,b Simulations of the euthanized dog experiment. The solid 
lines are from the simulation using the estimated value 
of a (p = 4 Nepers/m/MHz) and the estimated boundary 
conditions (same simulation data as in Figure 6.8). The 
broken lines are from the simulation using the estimated 
boundary conditions and a = p. The scan path was a 4 cm 
diameter with the transducer focused at 52 mm deep. 
a) 18 mm deep and b) 40 mm deep. 



109 

39 r e -(.) 38 
0 -
W 37 
IX: 
:;) 36 
l-
e( 
a:: 35 
W 
Q. 

34 :5 aJu. = 0.78 W ,._--- wlJ.= 1.0 I- 33 

32 
0 2 4 6 8 10 12 

DISTANCE (em) 

39 
d - 1- '. (.) 38 i \. 

0 ! \ - / 37 \ 
W ! \ 
IX: I \ :::) 36 
l- I \ 
c( l \ 
IX: 35 / \\.\ W .~ 

a. l .,' 
:5 34 . 

wlJ.=O.78 \ .... 

W \ •.. 
I-

t .. _______ 

WIJ.= 1.0 
33 

32 
0 2 4 6 8 10 12 

DISTANCE (em) 

Figure 6.9c,d Simulations of the euthanized dog experiment. The solid 
lines are from the simulation using the estimated value 
of a (# = 4 Nepers/m/MHz) and the estimated boundary 
conditions (same simulation data as in Figure 6.8). The 
broken lines are from the simulation using the estimated 
boundary conditions and a = #. The scan path was a 4 cm 
diameter with the transducer focused at 52 mm deep. 
c) 52 mm deep and b) 60 mm deep. 
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Figure 6.10a,b In vivo temperature profiles measured at steady state 
for a 2 em scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The values of Wand keff that minimized S 
(Equation 5.6) were 1.10 kg/m3/s and 1.59 W/m/·C 
respectively. Ta = 33.5·C, Trectal = 34.0·C, Tskln = 
32.8·C, a/# = 0.78. a) 18 mm deep, and b) 40 mm deep. 
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Figure 6.10c,d In vivo temperature profiles measured at steady state 
for a 2 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure'S legend) are for the BHTE and the ETCE 
simulations. The values of Wand keff that minimized S 
(Equation 5.6) were 1.10 kg/m3/s and 1.59 W/m/·C 
respectively. Ta = 33.5·C, Trectal = 34.0·C, Tskln = 
32.8°C, alp = 0.78. a) 52 mm deep (focal depth), and b) 
60 mm deep. 
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Figure 6.11a,b In vivo temperature profiles measured at steady state 
for a 3 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The values of Wand keff that minimized S 
(Equation 5.6) were 0.92 kg/m3/s and 1.61 W/m/-C 
respectively. Ta = 33.9-C, Trectal = 34.1-C, Tskln = 
32.S-C, a/~ = 0.78. a) 18 mm deep, and b) 40 mm deep. 
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Figure 6.11c,d In vivo temperature profiles measured at steady state 
for a 3 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The values of Wand keff that minimized S 
(Equation 5.6) were 0.92 kg/m3/s and 1.61 W/m/oC 
respectively. Ta = 33.9°C, Trectal = 34.1°C, Tskln = 
32.8°C, alp = 0.78. c) 52 mm deep (focal depth), and d) 
60 mm deep. 
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Figure 6.12a,b In vivo temperature profiles measured at steady state 
for a 4 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The values of Wand keff that minimized S 
(Equation 5.6) were 0.84 kg/m3/s and 1.67 W/m/oC 
respectively. Ta = 34.6°C, Trectal = 34.6°C, Tskln = 
32.8°C, alp = 0.78. a) 18 mm deep, and b) 40 mm deep. 
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Figure 6.12c,d In vivo temperature profiles measured at steady state 
for a 4 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The value of Wand keff that minimized S 
(Equation 5.6) were 0.84 kg/m3/s and 1.67 W/m/oC 
respectively. Ta = 34.6°C, Trectal = 34.6°C, Tskln = 
32.8°C, alp = 0.78. c) 52 mm deep (focal depth), and d) 
60 mm deep. 
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Figure 6.13a,b In vivo temperature profiles measured at steady state 
for a 5 em scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The value of Wand keff that minimized S 
(Equation 5.6) were 0.91 kg/m3/s and 2.22 W/m/oC 
respectively. Ta = 33.9°C, Trectal = 34.4°C, Tskln = 
33.6°C, alp = 0.78. a) 18 mm deep, and b) 40 mm deep. 
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Figure 6.13c,d In vivo temperature profiles measured at steady state 
for a 5 cm scan with the transducer focused at 52 mm 
deep in dog 1 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The value of Wand keff that minimized S 
(Equation 5.6) were 0.91 kg/m3/s and 2.22 W/m/oC 
respectively. Ta = 33.9·C, Trectal = 34.4·C, Tskln = 
33.6°C, a/# = 0.78. c) 52 mm deep (focal depth), and d) 
60 mm deep. 
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obtained by minimizing the squared of the difference between the 

measured and simulated temperatures (S in Equation 5.6) for all depths 

simultaneously. These values are tabulated in Table 6.1 along with the 

values of S (Sw and Sk are S values for the BHTE and the ETeE 

simulations respectively). Notice that for the 3, 4 and 5 cm scans at 

the depth of 60 mm (Figures 6.lld, 6.l2d and 6.l3d respectively) the 1rr 

vivo measured temperature distributions show only the right hand side 

characteristic peaks produced by SFU. Since the 4 cm scan performed in 

this dog after euthanization did not show a cold spot in this same area 

and depth, these cold spots seen in vivo must have been caused by a 

large thermally significant vessel (or vessel pair) and not by a lack of 

absorbed power at that location. Figure 6.14 show the basal temperature 

distribution (from Figure 6.5d), the in vivo temperature distribution 

measured at steady state for a 4 cm scan (from Figure 6.l2d), and the 

temperature distribution measured at the end of the one-hour, 4 cm scan 

hyperthermia session performed on the euthanized dog (from Figure 6.8d). 

As it can be easily seen the distribution measured in the euthanized 

animal showed elevated temperatures on both sides of the scan indicating 

that there was no lack of power in this region. Also notice that the 

distributions at the focal depth (52 mm deep) from Figures 6.l0c, 6.1lc 

and 6.l2c were also thermally affected probably by the same vessel. 

Figure 6.15 show in vivo and simulated results for dog 2. In this 

experiment 5 thermocouples were pulled simultaneously. The scan size was 

4 em and the transducer was focused at 55 mm deep. The variations in the 

basal temperature profiles (Figure 6.6) and the presence of 
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Figure 6.14 Effect of a thermally significant vessel (or vessel pair). 
The basal temperature distribution at 60 mm deep (from 
Figure 6.5d) showing a dip between the 2 and 3 em marks, 
the in vivo temperature distribution measured at the same 
depth and at steady state for a 4 em scan (from Figure 
6.12d) missing a temperature peak between the 2 and 3 em 
marks, and the temperature distribution measured at the 
same depth and at the end of the one-hour, 4 em scan 
hyperthermia session performed on the euthanized dog (from 
Figure 6.8d) showing temperature elevations on both sides 
of the scan. A large thermally significant blood vessel (or 
vessel pair) induced the low temperatures seen in the left 
hand side of the in vivo distribution. 
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Figure 6.15a,b In vivo temperature profiles measured at steady state 
for a 4 cm scan with the transducer focused at 55 mm 
deep in dog 2 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The value of Wand keff that minimized S 
(Equation 5.6) were 1.19 kg/m3/s and 2.38 W/m/oC 
respectively. Ta = 36.4°C, Trectal = 37.5.0·C, Tskln = 
36.1°C, alp = 0.78. a) 18 mm deep, and b) 28 mm deep. 
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Figure 6.15c,d In vivo temperature profiles measured at steady state 
for a 4 cm scan with the transducer focused at 55 mm 
deep in dog 2 (solid lines). The broken lines (see 
figure's legend) are for the BHTE and the ETCE 
simulations. The value of Wand keff that minimized S 
(Equation 5.6) were 1.19 kg/m3/s and 2.38 W/m/oC 
respectively. Ta = 36.4°C, Trectal = 37.5°C, Tskln = 
36.1°C, alp = 0.78. c) 44 mm deep (ruptured artery), and 
d) 55 mm deep (focal depth) • 
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Figure 6.15e In vivo temperature profile measured at steady state for a 
4 em sean with the transducer focused at 55 mm deep in dog 
2 (solid lines). The broken lines (see figure's legend) 
are for the BHTE and the ETCE simulations. The value of W 
and keff that minimized S (Equation 5.6) were 1.19 kg/m3/s 
and 2.38 W/m/oC respectively. This distribution was 
measured at 69 mm deep. Ta = 36.4°C, Trectal = 37.SoC, 
Tskln = 36.1°C, a/~ = 0.78. 



Table 6.1 

Perfusion and thermal conductivity values 
used in the BHTE and ETCE simulations respectively, 

that minimized S in equation 5.6. 

SIMULATION SCAN BLOOD4 Swb 

x10- 2 
EFFECTIVEc Sk d 

xlO- 2 
Sk-SW 

RESULT OF SIZE PERFUSION CONDUCTIVITY 
FIG. # (em) (kg/m3/s) (·C) (W/mrC) (·C) 

6.8 4.0 0.0 0.50 0.69 

6.10 2.0 1.10 5.04 1.59 7.08 

6.11 3.0 0.92 5.97 1.61 9.91 

6.12 4.0 0.84 7.10 1.67 11.60 

6.13 5.0 0.91 6.58 2.22 8.83 

6.15 4.0 1.19 3.77 2.28 5.92 

a The value of W that minimized S (see Equation 5.6). 
b Sw = the minimum value of S as a function of W. 
C The value of keff that minimized S. 
d Sk = the minimum value of S as a function of keff. 

Sw 

40 

66 

63 

34 

57 
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x100 



pronounced dips in the in vivo measured profiles shown in Figure 6.15 

indicate that this animal probably had a higher perfusion rate. The 

simulation of this experiment using the BHTE also predicted a higher 

perfusion rate than for all other simulations (see Table 6.1). 
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In general, most of the in vivo measured temperature profiles had 

the following two characteristics: a) a temperature dip in the middle of 

the scan region and between two temperature peaks that coincided with 

the scan path, and b) relatively fast temperature fall-off outside the 

scanned volume. These are especially true for scan sizes larger than 2 

cm. Two centimeter scans are relatively small compared to the width of 

the sound beam: therefore, due to continuous power overlap (see Appendix 

A) very small, if any, temperature dips were seen in the middle of 

these scans (see Figures 6.2 and 6.10). The less frequently seen 

profiles were most probably caused by the influence of large vessels 

and/or differences in blood perfusion from one region to the others 

(e.g., different perfusion rates in different muscle groups). Also 

trauma caused to the animal during instrumentation (e.g., rupturing 

vessels with the hypothermic needles) may also have induced 

uncharacteristic temperature profiles. Nonetheless, the characteristic 

profiles were observed more often under many experimental conditions: at 

different power levels, using different scan sizes, at different depths 

into the thighs and in all animals. 

The temperatures distributions induced by SFU hyperthermia 

measured in the euthanized dogs (see Figure 6.1 and 6.8) had the 

following two characteristics: a) a basically flat and smooth 
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temperature profile inside the scanned volume. and b) a relatively slow 

temperature fall-off away from the scan path. These are typical thermal 

conduction temperature fields found in solids. 

The power requirement needed for a given temperature elevation 

were much less for the euthanized. dog experiments than for in vivo 

experiments due to the absence of heat removal by blood convection 

processes. For example. for a 4 cm scan done on the euthanized animal 

1.21 Watts of acoustic power were needed for a I·C temperature elevation 

at the focal depth. while 3.07 W/·C were needed by the live animal. 

Appendix 0 contains more in vivo measured temperature profiles 

from other SFU hyperthermia experiments that were not simulated here. 

but that have the typical characteristics most often observed. 

---- -~" ..... _.- ....... ".-"- -. " .. _ .... .. 
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CHAPTER 7 

BIO-HEAT TRANSFER: 

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

The estimation of the absorption coefficient used in the 

simulations based on the temperature data collected from euthanized dog 

experiments was necessary because when the absorption coefficient (a) 

was assumed equal to the total power attenuation coefficient (p, 

measured in several animals, see Figure 6.11) higher than expected 

temperatures were obtained (see Figure 6.9). This result indicated that 

not all of the attenuated power was locally absorbed as assumed in the 

ultrasound model presented in Chapter 2. Instead, the ultrasonic energy 

may have been scattered away from the scanned tissue. The scattered 

energy could then have been absorbed and removed by conduction and/or by 

the blood without having a significant thermal effect on the scanned 

region. Notice that since the scanning patterns were basically circular, 

any energy scattered towards the surroundings would have been absorbed 

by larger volumes of tissue, thus, producing less of a temperature rise. 

This explanation is also supported by the in vivo measurements of the 

beam profiles which showed increased side lobes indicating scattering of 

the sound waves. Also, any sound reflection (as the sound entered the 

thighs or when crossing muscle interfaces) would have also contributed 



to a loss of locally absorbed power. A combination of all of the 

aforementioned factors is also a plausible explanation. 
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The ratio alp was equal to 0.38 in the preliminary study, and 

equal to 0.78 in the study using the pullback system. The reasons for 

this difference are: 1) in the preliminary study a was tltuned tl to 

matched only the measured temperature at the center of the scan with the 

simulated temperature at that location, and p was assumed equal to 5 

Nepers/m/MHz; and 2), in the study using the thermocouple pullback 

system a was estimated along with the boundary conditions by minimizing 

the cost function S (Equation 5.6) for many measurements locations at 

several depths simultaneously, and the value of p used was that measured 

in several animals (4 Nepers/m/MHz, see Figure 6.11). Although the value 

of alp = 0.38 agrees with previously reported ratios (Goss et al. 1979), 

there are reasons to believe that these reported ratios may be low 

because the measurements of p were done on fresh samples rather than in 

vivo (Bamber and Nassiri 1985). On the other hand, the value of alp = 

0.78 agrees with more recent measurements of the absorption, scattering 

and attenuation coefficients (Lyons and Parker 1988, Nassiri and Hill 

1985) making it more reliable. 

In any case, higher or lower values of a are equivalent to higher 

or lower acoustic power values used in the simulations since a appears 

as a multiplying factor in the ultrasound power computations (see 

Equation 5.5). For thermal model evaluation purposes, higher or lower 

acoustic power values are in turn translated into higher or lower values 

of Wand keff. For both the ETCE and the BHTE, the shape of the 
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temperature profiles practically remained the same for 20% changes in 

keff and W respectively. Only temperature magnitudes change (see 

Appendix E). Therefore, errors in the estimation of the absorption 

coefficient only affected the values of keff and W that minimized S 

(Equation 5.6) and not the characteristic profiles given by each model. 

However, the keff and W values were within the expected/physiological 

range for muscle tissue indicating that the values of a used in the 

simulations were good estimates. Having discussed this point, the 

performances of the thermal models are evaluated. 

A direct comparison between the experimentally measured 

temperatures against those numerically generated (Figures 6.2, 6.3, 

6.10-6.13, and 6.15) shows that the BHTE predicted the proper trends 

qualitatively, and in some cases quantitatively, while the ETCE failed 

to do so. The better performance of the BHTE was also indicated by lower 

values of Sw when compared to Sk values. Values of Sk were 40 to 63% 

higher than Sw values (Table 6.1). Lele (1983) and Parker (1981) also 

obtained similar qualitative results using the BHTE to simulate SFU 

hyperthermia experiments in cats' brains in vivo and in rat tumors in 

vivo. However, they only presented selected results at one depth 

(simulating experiments done with a 2.7 MHz transducer focussed between 

2 and 4 cm deep) and none using the ETCE. The agreement between the BHTE 

and the experimental results was better for the larger scans than for 

the 2 cm scans. The reason for this was a combination of a small scan 

size with respect of the beam's diameter (which induced power overlaps), 

and scattering of the sound waves. This combination contributed to 



deposit more energy in the center of the scan inducing higher 

temperatures there than those predicted by the BHTE. 
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As mentioned above the perfusion values used in the BHTE were 

physiologically possible for muscle tissue. Likewise. the keff values 

used were within the range of enhanced thermal conductivity values 

calculated by other investigators (Lagendijk 1987. Song et al. 1987. 

Weinbaum and Jiji 1985). These results imply that the simulated results 

using the BHTE/ETCE agreed/disagreed with the experimental data because 

the BHTE/ETCE was capable/uncapable to describe conservation of energy 

in living muscle tissue and not because the thermal and/or physiological 

parameters were off. 

In the SFU hyperthermia studies (using 7-junction thermocouple 

probes and the thermocouple pullback system) nonuniform temperature 

distributions characterized by having a dip at the scan centers were the 

in vivo experimental results observed the most. However. some results 

showed that the temperature at one side of the scan pattern was higher 

than the temperature reached at the opposite side. This could have been 

caused by several factors: 1) the thermocouple(s) was/were not properly 

aligned with the scan pattern (study using 7-junction probes). 2) the 

thermocouple(s) was/were close to a thermally significant vessel. 3) 

variations of blood perfusion magnitude within the scanned volume (e.g., 

from one muscle group to another) and 4) the ultrasound power was 

absorbed less at one end of the scan due to tissue inhomogeneities (such 

as muscle interfaces). 
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However, regardless of the above asymmetries, based on the 

repeatability of the characteristic experimental results, the main 

conclusion to be drawn from these studies is that the "simple" (uniform 

blood perfusion) BHTE of Pennes is a better model to use for SFU 

hyperthermia in muscle tissue than a "simple" (isotropic keff) ETeE. 

Nonetheless, this conclusion should be verified under many other 

experimental conditions due to the simple nature of the situations 

studied and of the models used. For example, for patient treatment 

planning applications where a fast, simple and reliable thermal model is 

needed, the BHTE could be used only if similar results are obtained from 

experiments performed in tumors of interest. In other words r only if the 

vasculature of tumors and muscle tissue are comparable from the heat 

transfer point of view (notice that this could very well be the case 

based on the results presented by Parker (1981) in brain and tumor 

tissues). It must be emphasized that the conclusions of this work may 

not applied to all tissues/situations and that the presence of large 

blood vessels have strong thermal effects, and therefore, proper 

judgement should be exercised when using the BHTE. 

From the experimental evidence presented both here and found in 

the literature it can be concluded that BHTE is indeed a very useful 

model to describe heat transfer in living tissues. For example, It has 

been and can be used for biothermal simulations of situations 

encountered in hyperthermia such as comparative, prospective, concurrent 

and retrospective thermal dosimetry. In other words, it can be used to 

investigate the heating capabilities of devices and/or modalities, to 

___ •• __ • " •. ·n .. ·_.· ... 
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predict best and worst hyperthermia scenarios for individual patient 

treatments, to implement feedback control during treatments, to perform 

optimization studies on a given heating technique and to estimate 

complete temperature fields from thermometry-gathered data for post

treatment evaluation. The use of the BHTE for this latter application is 

very encouraging because, if a uniform perfusion value for the entire 

region was able to predict the correct temperature trends, and in many 

cases absolute values, the inverse estimation process where different 

perfusion values are assigned to different regions based on limited 

number of measured temperatures, should be able to generate an accurate 

picture of the three dimensional temperature field even if large blood 

vessels are present. 

Recently, there has been controversy in literature about: 1) the 

physical and physiological meaning of Pennes' blood perfusion term, and 

2) the need of this type of perfusion term in new formulations (Charny 

et ale 19S9, Wissler 19S7b). Computer simulations using newly developed 

models (which require the specification of many parameters) and the BHTE 

have shown that these produce "surprisingly" similar temperature 

distributions under both transient and steady state conditions (Charny 

et ale 19S9, Weinbaum and Jiji 19S5). However, none of these new models 

have been verified by careful experimentation. A quote from Dr. 

Lagendijk (19S6) is appropriate here, 

"It is a pity but, including ourselves, the present thermal 
modelling world completely lacks verifiable in-vivo 
experiments on the theories used." 
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Although this was a general quote including all biothermal models, 

it did not truly apply to Pennes' equation since experimentation 

(although scarce) has been the reason why the Pennes' formulation has 

gained such widespread popularity. The experimental work of many 

investigators (Bowman 1985, Chen and Holmes 1980b, Emery and Sekins 

1982, Gordon et al. 1976, Hynynen et al. 1989a, Jain 1983, Knudsen and 

Overgaard 1986, Parker and Lele 1980, Parker 1981, Shitzer 1977, Wissler 

1985, just to name a few) have supported the applicability of the BHTE 

in many different biological situations and settings. This support began 

with the work of Pennes (1948) himself where: 

- Temperature fields were carefully measured in vivo 
through and around human forearms. 

- Development of the theory was based on justifying 
assumptions according to available experimental data and 
knowledge, (e.g., constant arterial temperature for a 
section of the forearm, uniform metabolic heat 
production, uniform thermal conductivity, uniform blood 
perfusion values, and thermal equilibrium between the 
arterial blood and tissue at the capillary level.) 

- The limitations of the theory and assumptions were 
clearly stated. Specifically, Pennes excluded modelling 
of blood vessels, but he did discuss their influence in 
tissue temperature distributions. He even questioned the 
validity of several assumptions such as uniform 
metabolism and blood perfusion, and the validity of a 
uniform thermal conductivity in the presence of bones. 

- The values of the thermal properties used in his 
analytical model for comparisons between modelled and 
measured temperatures were experimentally measured 
quantities available at the time. The agreement of the 
results was thoroughly discussed. 

- Pennes clearly stated that the complexity (or simplicity) 
of his model was justified by possible experimentation. 

- Finally, Pennes discussed steps for further experimental 
work. 
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One can say that Pennes work was the first "complete" bio-heat transfer 

study of a section of the human body. Notice that he not only clearly 

stated the usefulness of his derived equation, but he also clearly 

stated and discussed its limitations. The newly developed equations lack 

the experimental support that the BHTE has. Some comparisons has been 

made between new models and experimental data (Higgins and Jafari 1986. 

Higgins et al. 1989, Jafari and Higgins 1989, Song et ale 1988), but 

much more experimentation is needed to verify new and traditional bio

heat transfer models under many practical conditions to determine their" 

usefulness and range of applicability. 

There have been other works similar to this one. Parker (1981) 

developed a two dimensional (transient and steady state) ultrasound

thermal model for the analysis of ultrasound hyperthermia. His work 

studied the effects that ultrasound absorption coefficients and blood 

perfusion rates had on temperature fields induced by SFU hyperthermia. 

Cooper (1984) performed transient numerical stUdies using an ultrasound 

model and the BHTE in spherical coordinates. He compared his numerical 

results to experimental data measured in a nonperfused spherical 

phantom. The use of such a phantom greatly simplified his study and 

limited the application of his results to nonperfused media. A more 

recent work was that of Chin (1988). He also performed verification 

stUdies using both an ultrasound model and a transient thermal 

conduction model in a phantom. The main objective of his work was the 

measurement of the phantom's acoustic and thermal properties for 



ultrasound hyperthermia quality assurance use. His work, as that of 

Cooper's, was greatly simplified by the absence of flowing blood. 

Some recommendations for future work follow: 
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- More experimentation is needed before application of the BHTE to other 

normal and neoplastic tissues. For example, more studies should be 

done in liver, brain and tumor tissues. Also, both the absorption and 

attenuation coefficients should be measured in vivo in the same animal 

to better evaluate the models quantitatively. 

- As previously suggested by Parker (1981) the blood perfusion value (W) 

in the BHTE needs to be compared with thermally independent 

measurements of perfusion. Techniques such as radioactive tracers or 

colored microspheres could be used. 

- A study to investigate the influence of vessels on surrounding 

temperature fields (both numerically and in vivo) should be performed 

to determine the size/flow parameters of vessels that must be 

separately modelled when using the BHTE. 

- In this work comparisons were made at steady state conditions. SFU 

hyperthermia studies should also be performed to determine how 

suitable the BHTE is for transient simulations. This must also be done 

in a variety of tissue types. 

- An ideal living tissue thermal model for hyperthermia would take into 

account all of the vessels whose heat transfer is not dominated by 

thermal conduction (from the very large to approximately half mm in 

diameter), their branching and flow parameters. This may seem as an 

untractable task. However, modern radiation/computer-based visual 
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technologies such as Digital Subtraction Angiography (DSA), Magnetic 

Resonance Imaging (MRI) and Computer Aided Tomography (CT scans) are 

making this task more feasible every day. With these technologies and 

the power of supercomputers algorithms can be developed to obtain the 

anatomical, physiological and rheological information needed for a 

highly sophisticated heat transfer program that would include all of 

the inherent macrostructures of living tissues, avoiding the 

application of field equations to highly inhomogeneous media. The 

development of such a model should be pursued and its experimental 

verification should follow. 

---~ -~ ..... -.-.. -" ...... ~ .. - -.... . .. -....... ' 



APPENDIX A 

A PARAMETRIC STUDY OF THE PRE-FOCAL HIGH TEMPERATURE REGIONS 

INDUCED WHEN SCANNING FOCUSED ULTRASONIC BEAMS 

DUE TO CONTINUOUS POWER OVERLAPS 

A.l Introduction. 
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Attempting to produce hyperthermia in deep seated tumors using SFU 

presents the problem of localizing the power deposition to confined 

volumes deep in the body while simultaneously avoiding excessively 

elevated temperatures outside the tumors. Both simulated (Moros et ale 

1988, Parker 1981, Parker and Lele 1980, Roemer et ale 1984, Swindell et 

a 1. 1982) and experimental results (Chapte',,, 6 in thi s thesi s, Hynynen et 

ale 1985, 1987a, 1987b, Lele 1983, 1986, Lele and Goddard 1987, Lele and 

Parker 1982) have shown that when treating deep seated tumors with SFU, 

pre-focal-depth high temperature regions can be present if the scan 

pattern is such that a pre-focal volume of tissue receives power 

continuously (continuous power overlap) rather than intermittently 

(Dickinson 1984, Hynynen et ale 1985, 1987a, Lele 1985, Roemer et ale 

1984, Swindell et ale 1982). This phenomenon has also been observed 

clinically (Hynynen et ale 1989, Lele 1983). To avoid this problem it is 

necessary to find the combinations of scanning patterns and transducer 
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parameters which minimize the power overlap so that the peak 

temperatures can be induced at the focal depth inside tumors and not in 

the intervening normal tissue. However, there is very little 

quantitative information in the literature regarding optimal scanning 

patterns and transducer choice (Hynynen, et al. 1986, 1987a, Lele 1983, 

1985, 1986) that would minimize temperature elevations outside the 

treatment volume (i.e., hot spots in the pre-focal region). In fact, the 

pre-focal high temperature regions can be seen in many of the results in 

the literature referenced above, but they have not been thoroughly 

discussed or studied. 

The three dimensional SFU, BHTE-based simulation program (Moros 

1987) has been used to quantify the magnitude of this potential problem 

and to determine the transducer parameters (frequency and f-number) and 

scanning patterns that will minimize the pre-focal depth overheating 

problem. 

A.2 Methods. 

The steady state three dimensional temperature field was computed 

using the bio-heat transfer equation (Equation 5.2). The numerical 

simulation methods and tissue properties were the same ones used in 

Chapter 5. The grid sizes used were 2.5 and 5.0 mm for the single and 

multiple tilted transducers simulations respectively. The region 

simulated was a uniformly perfused, homogeneous and isotropic, soft 

tissue rectangular parallelopiped with boundary conditions of 37°C on 
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all sides including the skin surface. The arterial temperature (Ta) was 

fixed at 37·C. Skin cooling was not modelled in the present study since 

its maximum effect only reaches up to about 1.5 cm deep when the blood 

perfusion is low (see Roemer 1988). 

The ultrasound intensity values used to construct the steady state 

scanned ultrasound power term (Q in Equation 5.2) were calculated as 

explained in section 2.2.1. The tissue was simulated as a homogeneous, 

uniformly attenuating, average human soft tissue with an attenuation 

coefficient of 5 Nepers/m/MHz (Goss et ale 1980) where scattering was 

neglected. 

In all of the simulations the scanning patterns consisted of 

concentric circular paths obtained by translating the transducer(s) (see 

Figure A.1) in circles. That is, the acoustical focal point of the power 

field was translated in a circular orbit in a plane parallel to the skin 

and perpendicular to the central axis of the beam(s). This focal plane 

circle was obtained by translating the transducer(s) in an identical 

circle parallel to the skin (the transducer(s) were always at a fixed 

angular orientation with respect to the skin). The distance from the 

skin to the plane in which the ultrasonic focal point of the 

transducer(s) was translated is referred to as the focal depth and the 

plane itself is referred to as the focal plane (see Figure A.1). The 

ultrasonic scanning patterns were constructed using a simulation program 

previously developed by the author (Moros 1987) in the following way: 1) 

the innermost scan had a diameter equal to the diameter of the focus 

(see Table A.1), 2) the radii of the consecutively larger concentric 
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Figure A.l Schematic diagram of the simulated geometry showing 2 out of 
the 4 tilted transducers with overlapping foci. The other 2 
transducers are in a plane perpendicular to the plane shown 
here. The cut A-A is also shown on Figure A.B. Figure not to 
scale. 



Table A.1 

Focal diametersa ( in mm) for the frequency/f-numberb 

combinations of the focussed ultrasound transducers used 
in single transducer simulationsc• 

FREQUENCY (MHz) + 
0.5 1.0 1.5 2.0 

F-NUMBER .l, 

1.0 7.0 4.0 3.0 2.0 

1.5 10.0 5.0 4.0 3.0 

2.0 12.0 7.0 5.0 4.0 

140 

a The focal diameter is twice the distance from the axis of the 
transducer to the first radial minimum power location in the focal 
glane. 

The f-number is defined as the ratio of the radius of curvature to the 
diameter of a particular transducer. 
C For multiple overlapping foci transducers the focal diameter was taken 
as that of an individual transducer. 
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scans were each separated by a distance equal to the diameter of the 

focus, and finally, 3} the outer scan had a radius determined from the 

desired treatment volume: thus the spacing between the last and next to 

last scans was less than or equal to the focal diameter. Using this 

scanning pattern the average temporal power deposition term (Q in 

Equation 5.2) was computed for every point in the field. This scanning 

pattern (referred to in this paper as the Focal Diameter Spacing (FDS) 

scanning pattern) was previously reported to induce a fairly uniform 

average temperature distribution at the focal depth (Moros et ale 1988). 

In all cases where multiple concentric scans were performed, the two 

power magnitudes for (a) the outer scan and, (b) all of the inner 

scan(s) were adjusted so that the temperatures at the center of the scan 

pattern and on the outer scan were 43°C. That is, all inner scans were 

performed with the same power magnitude, while a different magnitude was 

used for the outer scan. In the few cases where a single scan was 

performed the power was adjusted so that the scan pattern center 

temperature was 43°C. This was done to standardize all simulations and 

to approximate a reasonable clinical goal. 

Twelve different transducers (three f-numbers and four 

frequencies) were used for the single transducer simulations. Table A.1 

presents the different frequency/f-number combinations and their 

respective focal diameters. It is important to recognize that the number 

of concentric scans needed for a given outer scan diameter depends on 

the size of the focal diameter. The narrower the focal diameter the more 

concentric scans are needed for a specified outer scan size. 

____ • __ c. • •• """_ ..... " ••.••••••• ,., ••• c •• • 
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A parametric study was performed using the FOS scanning pattern in 

order to search for a transducer choice (among the twelve transducers in 

Table A.l) that minimized the pre-focal high temperatures while 

maintaining therapeutic temperatures inside the outer scan at the focal 

depth; The following ranges of variables were investigated in various 

combinations: 

Blood perfusion: 

Outer scan diameter: 

Focal depth: 

0.5,2.5 and 5.0 kg/m3/s. 

2.0,3.0,4.0 and 5.0 cm. 

5.0,10.0 and 15.0 cm. 

In order to present the results of the parametric study in a 

concise form the following definitions were used (see Figure A.2): 

r = ratio of the maximum temperature elevation above arterial 
temperature (Ta = 37·C) along the central axis of the 
scan pattern (Tp) to the desired temperature elevation in 
the center of the scan pattern at the focal depth (Tf = 
43·C) that is, 

r = (Tp - Ta)/(Tf - Ta). 

043 = distance along the central axis of the scan pattern from 
the first location where the temperature is 43·C to the 
focal plane. This parameter characterizes the size of the 
pre-focal zone volume which is above the therapeutic 
temperature. 

040 = distance along the central axis of the scan pattern from 
the focal depth to the location beyond the focal depth 
where the temperature has decayed to 40·C. This parameter 
describes the region beyond the focal plane which is 
between 43·C and 40·C (i.e., the temperature has decayed 
to 50% of the desired temperature elevation). This is 
informative in determining the potential amount of post 
focal zone heating. 
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Figure A.2 Typical axial temperature profile induced by the FOS 
scanning pattern with the inner and outer scan power 
magnitudes adjusted so that 43·C temperatures are induced at 
the center of the scans and on the outer scan radius at the 
focal depth. Tp, Tf, 043 and 040 are defined in the text. A 
1 MHz, f-number 1 transducer focused at 15 cm deep was used 
in this case. The blood perfusion rate was 5.0 kg/m3/s and 
the outer scan diameter was 4 cm. This is the axial 
temperature profile for the result in Figure A.3d. 
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A.3 Results and discussion. 

A.3.1 Temperature distributions for single circular scans. 

Figure A.3c illustrates the pre-focal region overheating problem. 

Here the contour plot of the normalized average temperature pattern 

(angularly symmetric) for a single 4 cm diameter scan with a transducer 

f-number of 1.0 and frequency of 1.0 MHz focussed at 15 cm deep in the 

tissue with uniform perfusion of 5.0 kg/m3/s is presented. Figure A.3a 

shows the corresponding average power deposition pattern. The zero depth 

location corresponds to the skin line. The isotherms are drawn every 20% 

interval of the maximum temperature elevation beginning with the 10% 

elevation isotherm. Notice that the 70% contour encloses three regions 

on this plane. Two of the regions (which actually denote a ring in three 

dimensions) are on the scan path at the focal depth and the third is 

located in the pre-focal region on the central axis. This unwanted pre

focal high temperature region is caused by the continuous overlap of the 

low magnitude power field (see Figure A.3a). One other disadvantage of 

single scans is that unwanted radial temperature variations can occur in 

the focal plane (see results in Chapter 6, Moros et ale 1988) •. This can 

be easily seen in Figure A.3c ,i.e., the temperatures decay to the 30% 

isotherm inside the 90% annulus in the focal plane. From these 

simulation results it can be seen that single scans (i.e. a single scan 

around the treatment volume) are not recommended because they can induce 

highly nonuniform radial temperature distributions in the focal plane 

and high temperatures in the pre-focal region outside the desired 
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Figure A.3 Typical temperatures and power fields. a) and b) are 
normalized average power contour plots for a single 4 cm 
scan and for multiple scans (4 cm outer scan diameter) using 
the FDS scanning pattern respectively. c) and d) are 
normalized average isotherms induced by the power in a) and 
b) respectively. In a) the power was adjusted to obtain 43°C 
at the center of the scan at the focal depth. In b) the 
inner and outer scan power magnitudes were adjusted so that 
43·C temperatures were obtained at the center of the scans 
and on the outer scan at the focal depth. All the inner 
scans were performed using the same power magnitude. The 
transducer was focussed at 15 cm deep and the perfusion 
magnitude was 5.0 kg/m3/s. The iso-lines are plotted every 
20% of the peak value beginning with the 10% contour. 
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treatment volume. The nonuniform radial profiles result is in agreement 

with the in vivo experimental results of Chapter 6 (notice, however, 

that the transducer used (T5) in the experiments had a f-number equal to 

3.57 which has not been modelled in this study, due to this large f

number (long focal region) nonuniform radial distributions were induced 

at different depths within the thighs and a pre-focal high temperature 

region was only weakly induced for small, 2 em, scan diameters). In 

simulation studies, similar focal plane temperature dips were 

encountered every time a single scan was used except for cases for which 

the scan was small relative to the focal diameter and/or a very low 

blood perfusion was present. To eliminate these temperature variations 

the FDS scanning pattern was studied in a previous work (Moros et ale 

1988) and the pre-focal zone heating is the subject of this study. 

A.3.2 Temperature distributions for the FDS scanning pattern. 

Figure A.3d shows the same simulation as in Figure A.3c except 

that the FDS scanning pattern was used and the power magnitude of the 

inner scans and the outer scans were adjusted in order to obtain 43°C at 

the center of the scans and on the outer scan respectively (the power 

data for this case is plotted on Figure A.3b). Even though the FDS 

scanning pattern induced a uniform temperature distribution on the focal 

plane it failed to eliminate the pre-focal high temperature region. 

Indeed, the maximum temperature no longer occurs in the focal plane but 

approximately 35 mm in front of it for this particular case. In 

addition, notice that the 70% isotherm contour in Figure A.3d now 
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encloses only one region and not three as in Figure A.3c. This is a 

consequence of the more uniform power deposition. These results also 

show that it is possible (for this uniform perfusion case) to set the 

power' delivered on the outer scan in terms of the power delivered in the 

inner scans in order to obtain 43°C in the scan's center and on the 

outer scan. This procedure could, in principle, be generalized and 

implemented in an actual scanned focused ultrasound hyperthermia system 

by utilizing a feedback control algorithm which could also compensate 

for inhomogeneous blood perfusion patterns. Since the focal plane 

temperature distributions obtained using this scanning technique have 

the desirable characteristics of being essentially independent of the 

blood perfusion rate inside the target volume (Moros et ale 1988) and of 

being smooth when compared to those obtained from single scans, a 

parametric study was carried out to investigate the choices of 

transducer frequency and f-number that minimize the undesirable high 

temperatures in the pre-focal region for both single and multiple 

transducers. 

While all of the above discussion has concentrated on treating the 

pre-focal zone heating region as a normal tissue heating problem to be 

avoided, it should also be noted that one could take advantage of the 

power overlap region by focussing the ultrasound beam(s) at the back of 

the tumor so that the pre-focal hot spot is inside the tumor volume. 

Since tumor perfusion is often lower than its surrounding normal tissue 

perfusion this technique may in practice induce preferential heating of 

the tumor. To use it, however, would require knowledge of the 
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characteristics of the pre-focal high temperature region (r and 043). In 

either case this knowledge is required, thus it motivated this study. 

A.3.3 FOS scanning pattern results. 

A.3.3.1 Single transducer. 

Figure A.4 shows the graph of r, 043 and 040 versus frequency for 

a 4 cm outer scan diameter, blood perfusions of 0.5 and 5.0 kg/m3/s and 

two focal depths (5 and 15 cm). Figures A.4a and A.4b show the variation 

of the temperature elevation ratio (r) with frequency and f-number. The 

general trends are: for the 15 cm focal depth (A.4b) the higher the 

frequency and the f-number the larger r (a study of a 10 cm focal depth 

showed the same results -- results not shown); in the case of the 5 cm 

focal depth (A.4a) there is only a weak increasing frequency dependence 

when compared to the 15 cm depth results (notice the vertical scale 

changes between the two figures) and r is essentially independent of f

number. Notice that deeper seated tumors have higher r values for all 

other parameters constant and that the blood perfusion plays a 

significant role for the more superficial depths, but almost no role at 

all for the deeper locations. This can be explained by the influence of 

the surface temperature boundary condition which extends at greater 

depths at lower perfusion rates (Roemer 1988). For deeper focal depths 

(deeper Tp locations) the surface temperature boundary condition does 

not affect Tp. 

---- -_ .. , ... " .. -.. ". . .- .. _ .... - .............. . 
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Figure A.4 T, D43 and 040 for single transducer scanning patterns as a 
function of the transducer frequency and f-nu~ber. a), c) 
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and 0.5 kg/m3/s respectively. All runs were obtained using 
the FOS scanning pattern for an outer scan diameter of 4 cm. 
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The variations of 043 with frequency and f-number are shown in 

Figure A.4c and A.4d for the 5 and 15 cm focal depths respectively. In 

general the lower the frequency and the lower the f-number, the shorter 

is 043' (The same trends were obtained for the 10 cm focal depth -

results not shown). Notice for the deep seated case (15 cm) that for 

frequencies higher than 1 MHz and f-numbers higher than 1, 043 is almost 

as large as the focal depth -- an undesirable result. Therefore, the use 

of a single transducer FOS scanning pattern for deep seated tumors is 

limited to low frequencies and low f-number applications. As in the T 

results for the superficial scan, the dependence of 043 on f-number is 

minimal when compared to the deeper scan results. This is actually the 

effect of the constant temperature skin boundary condition of 37°C and 

the low focal depth so that the power overlap is such that T and 043 

become independent of the sharpness of the power field. Again, blood 

perfusion is an important variable for the superficial scans, but not 

the for the deeper scans. 

040 shows how far behind the focal depth the temperature decays to 

40·C. This decay is nearly independent of the focal depth as it can be 

seen from the results for 5 and 15 cm focal depths in figures A.4e and 

A.4f respectively (the 10 cm focal depth results were also very close to 

both the 5 and 15 cm focal depths results). The frequency dependance of 

these results reflect the fact that the lower the frequency the deeper 

the ultrasound energy penetrates into the tissue. As can be seen, 040 

becomes independent of the f-number for frequencies greater than 1.5 

MHz. For frequencies below 1.0 MHz, the shortest 040 is given by the 
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lowest f-number. All 040 results are also independent of blood perfusion 

rate. 

In general, for deep seated tumors the FOS scanning technique 

(utilizing feedback control to adjust the power on the external scan 

relative to the internal scans) gives results which are almost 

independent of the (uniform) blood perfusion rate. Notice that a uniform 

perfusion probably represents a worst case situation since many tumors 

have lower perfusibns than their surrounding tissues. Lower values of T, 

043 and 040 would be obtained with poorly perfused tumors. This 

situation was not modelled in the present study. 

To investigate the variation of the pre-focal heating as a 

function of the outer scan diameter (tumor size), Figure A.5 plots T 

(A.5a) and 043 (A.5b) for different outer scan sizes and f-numbers. The 

data is for a blood perfusion value of 2.5 kg/m3/s, a frequency of 1.0 

MHz and focal depths of 5 and 10 cm. Notice how T and 043 are 

independent of both f-number and outer scan size for the shallow (5 cm) 

focal depth case due to both the lack of significant power overlap 

region and the closeness of the constant temperature boundary condition 

at the skin. This indicates that for superficial tumors the f-number is 

not the important parameter but the frequency is, since less post focal 

zone power penetration is achieved at higher frequencies (see D40 in 

Figures 4e and 4f). However in the case of the 10 cm focal depth both T 

and 043 increase with both f-number and outer scan size (similar results 

were obtained for a focal depth of 15 cm -- results not shown). In 
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general for deep tumors (focal depths ~ 10 cm), the larger the tumor the 

longer the pre-focal high temperature region. 

All of the above results (summarized in Table A.2) from the s1n~le 

transducer parametric study show that from the thermal point of view low 

f-number transducers are desirable because they are able to more 

effectively localize the power at depth and reduce the pre-focal region 

heating problem caused by the power overlap, even though they require 

more concentric scans. The results show that the lowest f-number induced 

the lowest T almost independently of the range of blood perfusions 

presented. Also the smallest T is obtained for the lowest frequency 

case; hence, at first one would be tempted to use the most sharply 

focused ultrasound transducer with a low frequency in order to minimize 

T and in this way minimize the possibility of high temperatures outside 

the treatment volume. However, the lower the frequency the deeper the 

power penetration. Therefore, in trying to induce hyperthermia to deep 

seated tumors using low frequency transducers, there exists the risk of 

heating a critical organ or bone behind the target volume, or of 

overheating of a skin-air interface in the far field. In order to 

minimize T and the volume of tissue outside the treatment volume subject 

to excessive temperature elevations one has to compromise between a 

short D43 and a long D40. which would be solely a matter of choosing the 

optimal frequency since the f-number must be definitely low. However, 

very low f-numbers require very large transducers to achieve deep focal 

lengths - a practical manufacturing and economic limitation. A 

reasonable choice is to use transducers of f-number equal to 1. To pick 
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Table A.2 

Dependence of the pre-focal heating zone characteristics 
(r and 043) on several variables for shallow and deep seated tumors. 

Both rand 043 increase for increases of all the variables shown. 

SHALLOW DEEPER 
VARIABLE TUMORS « 5 CM) TUMORS () 10 CM) 

FREQUENCY WEAK STRONG 

F-NUMBER NONE STRONG 

SCAN DIAMETER NONE STRONG 

BLOOD PERFUSION STRONG NONE 

" ••• _ •••• ~ , •• ~ •. _ ._,," __ ' '~' .• _.,_<. .. -.., .. _____ ........ __ ._~.. . - A_" ____ ~ __ ~ •• _.-
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a frequency requires a compromise between short 043 plus a low T, and a 

long 040. While individual cases may require special considerations a 

reasonable general ch01ce 1s a frequency of about 1.0 MHz. Frequenc1es 

from 0.7 MHz to 1.5 MHz are opt1mal frequenc1es for depths between 5 and 

15 cm when a planar transducer 1s used (Sw1ndell 1986). A frequency of 

1.0 MHz is also the opt1mal frequency obtained from a theoret1cal study 

of focused ultrasound transducers (Hynynen et ale 1981). This 

combinat10n induces acceptable temperature patterns when using the FOS 

scanning pattern even though the pre-focal power overlap problem still 

exists. 

A.3.3.2 Multiple tilted transducers. 

In order to possibly reduce the size of the pre-focal heating zone 

the use of several tilted transducers focused on a common point (that 

is, having overlapping foci) was investigated by tilting four 

transducers of f-number equal to 2.0 and frequency of 1.0 MHz. The 

frequency of 1.0 MHz was chosen as a reasonable choice to obtain low T, 

short 043 and short D40 values. The f-number of 2.0 was chosen in order 

to be able to have the overlapping foci at 10 cm depth since the number 

of transducers, their diameters and their radius of curvatures have 

limitations on their allowable physical arrangement. An f-number equal 

to 2 is, geometrically, the minimum possible f-number (among the 3 f

numbers used in the simulations) that four tilted 10 cm diameter 

spherical transducers with overlapping foci can have before they touch 

each other and the skin. Single transducers have similar limitations 
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when they touch the skin. This restriction is illustrated in Figure A.6 

where the maximum possible focal depth (based on geometrical 

considerations) divided by the transducer diameter is plotted as a 

function of the f-number for one untilted transducer, one transducer 

_ tilted by 45·, and two and four tilted transducers with overlapping 

foci. Note that these are best case results since the ultrasound focus 

actually occurs before the geometric focus, a phenomenon which is 

frequency dependent. 

Figure A.7a shows the temperature contour plot induced by a four 

transducer arrangement for the case of a 5 kg/m3/s perfusion rate, a 4 

cm outer scan diameter, a frequency of 1.0 MHz, and a focal depth of 10 

cm. To determine how different the size of the pre-focal hot region was 

compared to equivalent single transducers, these results were compared 

with the case of a single transducer of surface area equivalent to the 

sum of the areas of the four tilted tran~ducers of Figure A.7a (an 

equivalent area transducer, f-number = 1.0), and with the case of a 

single transducer having a diameter just large enough to enclose the 

four tilted transducers of Figure A.7a (an equivalent diameter 

transducer; this transducer had an f-number of 0.86). The temperature 

distributions for the equivalent diameter transducer and the four tilted 

transducers (Figure A.7a) were practically the same, having the pre

focal overheated region slightly closer to the focal depth than for the 

equivalent area transducer (results not shown). Hence, from these and 

other studies (Moros 1987) it was determined that multiple tilted 

transducers induced temperature fields very similar (but slightly 
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Figure A.6 Maximum possible focal depth (based on geometrical 
considerations) divided by the transducer diameter as a 
function of the f-number. The configuration of four multiple 
tilted transducers with overlapping foci is not possible for 
f-numbers less that 1.12. 
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Figure A.7 Normalized average isotherms for an outer scan of 4 cm 
induced by four tilted transducers of 1 MHz and f-number 2 
focussed at 10 cm deep. The inner and outer scan power 
magnitudes were adjusted so that 43·C temperatures were 
obtained at the center of the scans and on the outer scan at 
the focal depth. All the inner scans were performed using 
the same power magnitude. The blood perfusion was 5.0 
kg/m3/s. The isotherms are plotted every 20% of the peak 
value beginning with the 10% isotherm. a) Results using the 
FDS scanning pattern. b) Results using the FDS scanning 
pattern and with the power of the transducer whose beam was 
crossing the overlapping region turned off. 

________ .• "_"'-0"" ...• - .. __ ................ -, .••• - __ .• _. __ •. _. . _ •.. _____ .. 



159 

improved in terms of T, 043 and 040) to those of a single, equivalent 

diameter transducer. This conclusion is important for two reasons: 

first, for this study it means that the results of Figure A.4 will hold, 

approximately as a worst case, for the multiple transducers if one uses 

the equivalent single transducer f-number; and, second, practically it 

is advantageous since higher f-number transducers are easier to 

manufacture and consequently less expensive than lower f-number 

transducers. Multiple transducer systems are also more flexible in the 

sense that the arrangement of the transducers can be changed to obtain a 

desired power field configuration for each individual treatment and the 

power magnitude of the transducers can individually be changed to modify 

the ultrasound power deposition during a treatment. The better heating 

capabilities of multiple tilted transducers with overlapping foci are 

due to the contribution of several different effects: 1) the geometric 

ultrasonic window size at the skin surface is larger for multiple tilted 

transducers than for equivalent area. The larger window allows one to 

spread power over a larger volume while still maintaining the peak 

intensity at the focal point. And, 2) in the case of multiple tilted 

transducers the unheated spacings between the individual power beams 

enhance cooling by conduction. Notice, however, that the size of the 

actual available windows on the body have not been taken into account 

since these are strongly dependent on site and on the particular patient 

anatomy; the available body window may limit the actual acoustic window 

that can be used. 
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Studies with four tilted transducers with overlapping foci but 

with only 3 transducers applying power at anyone time were performed 

(Figure A.7b). Using the FDS scanning pattern, the scanning technique in 

this case consisted of turning the power off for the transducer which 

was closest to the central axis of the scans (see Figure A.8), thus 

further minimizing the power overlap, and consequently, the temperatures 

in the pre-focal region. Comparing Figure A.7b against Figure A.7a, it 

can be easily seen that in Figure A.7b the pre-focal overheated region 

has now moved to and even beyond the focal depth. This is a direct 

consequence of the flexibility offered by multiple transducer 

arrangements, plus the effect of the FDS scanning pattern. The results 

obtained using this technique show that localized heating at depth can 

be achieved without inducing high temperatures in the pre-focal volume. 

Although the general conclusion to be drawn is that the configurations 

studied so far will definitely heat a finite volume of tissue 

preferentially at depth, to use this ability optimally will require 

further study to match the heated volume boundary to that of the tumor. 

Nonetheless, even though optimal heating cannot be performed at 

present, the ability to preferentially heat at depth noninvasively is 

clinically very useful. Thus, a hyperthermia system which uses multiple 

tilted transducers and that is able to effectively induce therapeutic 

temperatures in target volumes of 5 to 6 cm in diameter and up to 12 cm 

deep has been built (Hynynen et al. 1985, 1987a): and extensively tested 

(Hynynen et al. 1986, 1987b, Hynynen and DeYoung 1988) in vivo, and with 

patients (Hynynen et al. 1987b, Shimm et al. 1988). Another scanning 
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Figure A.a Schematic diagram showing a top view of the gantry and the 
four tilted transducers at four different places along a 
scan circle. Notice that the angular orientation of the 
transducers do not change while scanning, that is, the 
gantry does not rotate with respect to its own axis. Also 
shown are the regions for which each transducer is turned 
off. For a circular scan done in a counterclockwise 
direction the transducers are switched off in the following 
sequence: A,Dre and B. The cut A-A is also shown which 
corresponds to the plane presented in Figure A.I. In this 
figure the size of the scan circle has been greatly 
exaggerated. Figure not to scale. 
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approach is to have one tilted transducer with variable tilting angle 

which rotates around the central axis of the scans. With this 

configuration the transducer can be scanned in 3 dimensions avoiding 

power overlaps, and possibly avoiding air containing organs and bone 

structures while the focal zone is only scanned inside the target 

volume. A system which uses the rotating tilted transducer approach and 

induces desirable temperature distributions has also been built. tested 

and used extensively in the clinic (Lele 1983. 1986. Lele and Parker 

1982). Even for this system. there are geometrical limits to the 

attainable focal depths for given transducers (Figure A.6). 

A.4 Summary. 

The results of the present study can be summarized as follows. 

While simple and easy to implement and control. single circular scan 

scanning patterns al~e not recommended since they can induce highly non

uniform temperature distributions at the focal depth and a pre-focal 

depth hot spot. The FDS scanning patterns induce smooth temperature 

distributions at the focal plane but still cause high temperatures in 

the pre-focal plane region. The above results apply for both single and 

multiple transducer arrangements. The combination of multiple tilted 

transducers with overlapping foci and the FDS scanning pattern where the 

transducer closest to the central axis of the scans is turned off gave a 

uniform temperature distribution at the focal depth without inducing 

pre-focal high temperature regions. From the results of the parametric 
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study using single transducers and the FDS scanning pattern it was 

determined that the size and magnitude of the pre-focal high temperature 

region depends on frequency, f-number and blood perfusion as follows: 1) 

as frequency increases both the size and the magnitude of the pre-focal 

high temperature region increase, but less power penetration is achieved 

in tissues beyond the focal plane: 2) as the f-number increases both the 

size and magnitude of the pre-focal high temperature region increase. 

And 3) the effect of blood perfusion is important only for focal depths 

less than approximately 5 cm deep. For these shallow focal depth cases 

the larger the perfusion magnitude the larger the size and magnitude of 

the pre-focal high temperature region. Unfortunately, skin cooling will 

probably not be able to compensate for this since the penetration depth 

of such cooling is short at high perfusions (Roemer 1988). From the 

results of previous and present studies and practical considerations, a 

reasonable general transducer choice is one with frequency of about 1.0 

MHz and f-number as low as possible. In general, the simulation results 

showed that it is possible to induce therapeutic temperatures in a 

localized volume at depth in uniformly perfused tissues using SFU when 

the proper choice of transducers and scanning patterns is made. 

Although the high temperature regions induced by SFU can be seen 

anecdotely in many results in the literature. they have never been 

properly characterized. The present work has: illustrated the existence 

of these pre-focal region heating zones: determined their 

characteristics: and presented possible strategies for minimizing their 

size and better controlling their positions (i.e., the FDS scanning 
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pattern, multiple tilted transducers with overlapping foci, scanning 

techniques where one or more transducers are switched off to avoid power 

overlaps). 

This simulation study, along with the in vivo results from the 

eXisting SFU hyperthermia systems, have not only demonstrated the great 

flexibility of these systems, but they have also demonstrated the 

efficacy of these systems to heat tumors deep in the body when the right 

combinations of transducer{s) and scan parameters are known. Since the 

transducer{s) choice and the optimal scan parameters are most likely to 

be patient dependent, the application of optimization theory to a given 

system-patient combination is only logical due to the large number of 

parameters that SFU systems have. lin et al. (1990), have performed such 

optimization studies for a single transducer SFU system for a variety of 

tumor sizes, depths and perfusion rates. The results of their parametriC 

studies (based on the SHTE) show that it is possible to obtained optimal 

temperature distributions inside tumors while inducing nonnecrotic 

temperatures in the normal tissues. Thus, they have further demonstrated 

that SFU is an effective modality for preferentially heating tumors. 
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SUCCESSIVE OVERRELAXATION (SOR) CENTRAL DIFFERENCE 

NUMERICAL REPRESENTATION OF THE BHTE AND THE ETCE 
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Finite differences (Ferziger 1981) were employed to numerically 

represent the three dimensional, constant properties BHTE and the ETCE. 

The successive overrelaxation technique (Ferziger 1981) was used to 

obtain the steady state temperature fields induced by previously 

calculated time-averaged scanned focused ultrasound power deposition 

arrays (term Q in Equation 5.2 and 5.4). 

Central differences are used to approximate the second partial 

derivative of temperature with respect to space (the Laplacian operator, 

first term on the right hand side of equations 5.2 and 5.4, the symbols 

used here for temperature and properties are the same as in section 5.1, 

Table 5.1). This is a second order approximation, therefore the 

truncation errors were of order O(AS2). For the x-direction this 

approximation takes the form, 

1 
6Qx = --; ( T?+l,J,k - 2 T?,J,k + T?-l,J,k ) (B.1) 

AS 

where: 
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subscript representing partial derivatives with respect to 

space in the x-direction. Similarly yy and zz are for the y 

and z-direction respectively. 

i,j,k are the indices representing the position of a node in the 

n 

~S 

three dimensional arrays, i for x, j for y and k for the z

direction. 

is the iteration number. 

is the grid spacing, same in all directions. 

Similar expressions can be written for the central differences in 

the y-direction (69y) and in the z-direction (62z). 

Substituting the central differences for each direction into 

equation Equation 5.2 (BHTE) and grouping like terms the following 

expression (representing the iterative Jacobi method) for the 

temperature at the i,j,k node and at the nth iteration is obtained, 

T?~J.k = ~ [[ T?l.J.k + T?J+l.k + T?J.k+l + 

T?-l,j,k + T?,j-l,k + T?,j,k-l] + 

[ Q?J.k + W Cb T. 1 ,:2 ] (B.2) 

p=6+ (B.3) 

The SOR method is now applied which is basically an extrapolation 

mechanism to help this iterative process to converge in less number of 
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iterations. Let the SOR solution for the temperature node at i,j,k and 

at the nth iteration be Tnsor • Then this solution is given by, 

T~or = w T?J.k + (l-w) T?:l.k (B.4) 

where the second and third terms on the right hand side are given by 

equation B.2 at the nth and (n_1)th iterations. w is called the 

overrelaxation factor and its value should be such that 1<W<2. 
Appropriate values of w used in the simulations depended on the value of 

the blood perfusion. For low perfusion (W<2.0 kg/m3/s), values of w 

between 1.5 and 1.8 were found to give fast convergence rates (smaller 

number of iterations required for the SOR algorithm to converge). The 

lower the blood perfusion the higher the values of w needed. For zero 

blood perfusion (pure conduction, say the ETCE) a w value of 1.9 gave 

fast results. w values less than 1.5 always gave longer computational 

times (larger number of iterations). In all cases convergence was always 

faster the larger the value of the blood perfusion and the slowest for W 

= O. For example, using the same convergence criteria used in Chapter 5, 

a case with 41 X 41 X 61 nodes in the x, y and z-directions respectively 

and for a temperature elevation of 2.8°C at the scan center, the BHTE 

(with W = 0.6 kg/m3/s and w = 1.75) converged after 60 iterations while 

the ETCE (with keff = 1.0 and w = 1.9) needed 169 iterations. 

For the ETCE, Equation 5.4, the SOR representation is obtained by 

just setting W equal to zero and changing k by keff in the above 

equations. 



168 

The program which computes the temperature field using the above 

SOR method (the SOR program) was checked against a previously checked 

transient program for SFU hyperthermia (see Moros 1987). The steady 

state temperatures given by the SOR program were found to be exactly the 

same as the average temperatures given by the transient program for all 

values of perfusion and thermal conductivity. Notice that the SOR 

program computes the average temperatures because the Q term input is 

the t1me-averaged ultrasound power deposition. According to an error 

analysis of a three dimensional SOR algorithm of the BHTE performed by 

Clegg (1988). the absolute d1fference between an analytical an the 

numerical solutions 

was 0.1°C for a grid size of 1 cm. The grid sizes used in this work were 

always less than or equal to 0.5 cm for which this absolute difference 

is less than or equal to 0.02°C. 
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APPENDIX C 

THERMOCOUPLE PULLBACK SYSTEM 

C.1 Introduction 

A system able to pull several thermocouples through tissue 

simultaneously was needed to record temperatures across the scan 

patterns at different depths into the thighs with fine spatial 

resolution. The system had to be flexible and portable. This first 

requirement includes the following desired capabilities: 1) flexible in 

the length of pullback steps. 2) fine spatial resolution (pullback steps 

of less than 1 mm). 3) flexible in total pullback length (with a maximum 

travel larger than 10 cm). and 4) flexible in speed. The system needed 

to be light weight and portable to minimize experimental setup time 

requirements and to ease in the positioning of this device with respect 

to the dogs' thighs. Such a system will be described in the sections 

that follow. 

C.2 Hardware 

The following is a list describing the components of the 

thermocouple pullback system: 

---- -~ ..... ~.-- .. , .... -.. - ................ _",.- .. _, .... . 



UniSlide motor driven assembly model No. ZB2512Q1J from Velmex 

Inc. Routes 5 & 20, P.O. BOX 38, E. Bloomfield, NY 14443. 
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Phone 1-800-642-6446. Regional representative: Fred C. Warren & 

Associates, P.O. BOX 215, Covina, CA 91723. Phone (818) 919-1881 

This is a hard anodized assembly with ~ 'Qminal base length of 
30.5 cm allowing a total of 16.5 cm free travel. The weight of the 
assembly is 2.4 kg. It has a precision lead screw that moves the 
6.3 cm slider 1 rom per revolution (since the motor/driver system 
is capable of 400 steps/rev, the minimum movement possible is 
equal to 1/400 of a millimeter). The assembly has two limit 
switches that when activated cut current to the motor. These 
switches prevents the slider from running against the assembly end 
walls. Specially designed parts were mounted on slider to attach 
the thermocouples. 

Compumotor PK-2 stepper motor drive and PK-2-57-51 motor, from 

Compumotor Division, Parker Hannifin Corporation, 1179 N. McDowell 

Blvd., Petaluma, CA 94952. Phone 1-800-358-9068. In Arizona: Dick 

Schuff and Co., 4620 E. Elwood St., Ste 11, Phoenix, AZ 85040. 

Phone (602) 966-6008. 

The driver has the following features: full (200 steps/rev) or 
half (400 steps/rev) stepping resolution, variable speed (variable 
motor current) up to 1500 rpm, compact (16.5 cm x 12.7 cm x 7.6 
cm, it weighs 1.9 kg). The PK-2-57-51 motor is ready to be mounted 
on the assembly. It weighs 0.73 kg and it has more than enough 
torque for the present application (see manufacturer user guide 
catalog for more specifications). 

Control/Switch Box. 

This box was built as an interface between the drive/motor 
system, the assembly and the HP 236 computer that was programmed 
to execute desired motions. This box allows "manual" operation of 
the system (without computer control) or "auto" (computer control 
only) operation. The limit switches on the assembly will only 
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function in auto operation mode. If the limit switches are 
activated (cutting current to the motor) the only way to move the 
slider is in manual operation mode. The control/switch box has 
three switches and a push button: an auto/manual operation 
switch, a direction switch (manual operation only), a power 
on/off switch and the push button is to move the motor during 
manual operation mode. 

The HP 236 computer is connected to the thermocouple pullback 

system through the control/switch box as depicted in the general diagram 

of the system (Figure C.1). The connection is made with a GPIO 98622a 

interface (50 PIN connector). Figure C.2 shows the pin numbers used and 

where they are connected. Also the shown in this figure is the limit 

switches' circuit diagram. Figure C.3 is a circuit diagram for the 

control/switch box and the motor driver, and Figure C.4 shows the 

parallel connection between the stepper motor and the motor driver. 

C.3 Software 

A BASIC computer program was written to activate the motor, to 

read the thermocouple voltages and to calculate the temperatures. (The 

data acquisition system used here is the same system described by 

Hynynen et ale (1987a». To minimize time all of the voltages are stored 

in an array and at the end of a pullback these are converted to 

temperatures and stored in a floppy disk. The program ask the user basic 

questions such as the length of the pullback desired, the length of the 

pullback step desired, and the name of the temperature-output data file. 

Initial positioning of the slider must be done during manual operation 

mode. The thermocouples are read in sequential order five times at each 
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pullback step. The readings are spaced by equal intervals of time. The 

user specifies the total time desired at each pullback step. In the SFU 

experiments (Chapters 5 and 6) this time was chosen to be the scan time: 

that is, the time that takes for the transducer to complete one cycle. 

For example, if the scan time is 10 seconds: and two thermocouples are 

being pulled, the voltages are read every 10s/{(5 readings/junction) (2 

junctions)} = 1s. The computer activates the motor by simply sending 5 

volts pulses to the motor diver, the direction is simply specified by 

positive or negative number in the program which simply sets a second 

signal high or low. At present the program is set up for fast speed (200 

steps/mm, 1 mm/rev). 
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Figure C.l General Diagram of the thermocouple pullback system. 
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GpI098622A 
.5,0 PIN CONNECTOR 

PIN' 16 001 
RED WIRE TO AUTO/MANUAL SWITCH ON 
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Figure C.2 Circuit diagram for the GPIO 98622a 50 PIN connector and the 
limit switches on the assembly • 
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Figure C.3 Circuit diagram for the control/switch box and the motor 
driver. The filled circles represent actual soldered 
connections. 
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Figure C.4 Circuit diagram for the parallel connection of the stepper 
motor to the motor driver. Filled circles represent actual 
soldered connections. 
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APPENDIX D 

MORE IN VIVO MEASURED TEMPERATURE DISTRIBUTIONS 

Temperature distributions. measured in dogs' thighs in vivo during 

basal and steady state hyperthermic conditions. that were not simulated 

are presented in this appendix. 

Figure 0.1 and 0.2 show results from the preliminary study (using 

a 7-sensor thermocouple probe). Figure 0.1 presents three hyperthermic 

distributions at 5 cm deep into the thigh using 2 cm scans. Each one of 

these distributions were obtained in the same animal using the same 

constant power magnitude (6 acoustic watts) but at different locations 

within the thigh. The center of the scan pattern was moved inside the 

thigh by two centimeters from D.1a to D.1b and two more centimeters from 

D.1b to D.1c. Figure 0.2 presents two 4 cm scans hyperthermic 

distributions at 5 cm deep obtained in two different animals. 

Figures 0.3 through 0.7 show results from the study using the 

thermocouple pullback system. Figure 0.3 shows the basal distributions 

(D.3a) before a 2 cm scan experiment (D.3b) for three different depths. 

The transducer was focused at 44 mm deep (acoustic power was 6.4 watts). 

the depth at which an artery was ruptured when inserting the probes. 

Notice that at the depth of 28 mm considerable temperature variations 

are present in both the basal and hyperthermic distributions. Figures 

------ -_., .. -.- - .-.~." .. -...... _- .-, ._, -. _.- .. 
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0.4, 0.5 and 0.6 show temperature profiles for the junctions at 18, 28 

and 44 mm deep respectively (same animal as in Figure 0.3), when the 

transducer was focused at 44, 55, 65 and 85 mm deep into the thigh. The 

same power level (13.5 acoustic watts) was used in all cases. These 

figures show the effect of power overlap; that is, the deeper the 

transducer is focused into the tissue the more power is deposited inside 

the scan path especially for tissue close to the transducer face (see 18 

mm deep distribution). This effect can be seen 1n these f1gures as an 

1ncrease in temperature in the profiles, espec1ally 1n the center of the 

scans, as the transducer 1s focused deeper 1nto the th1gh. 

F1gure 0.7 presents hypertherm1c temperature d1str1but1ons at two 

depths 1nduced by a 4 cm octagonal scan. The transducer was focused at 

the more shallow depth. The acoust1c power was 12.8 watts. Th1s an1mal 

had an elevated basal temperature d1str1but1on around 39·C (for unknown 

reasons). 

In general, the character1st1cs of the temperature d1str1but1ons 

measured 1n live an1mals at steady state hypertherm1c cond1t1ons across 

s1ngle scans were (as already ment10ned 1n Chapters 5 and 6): a dip 

correspond1ng to the pos1t1on of the scan center, temperature peaks 

correspond1ng to the locations where the scan path and the pullback 

track crossed and steep temperature decay away from the scan path. 

D1str1but1ons that d1d not have these character1st1cs were those 

1nfluenced by large thermally s1gn1f1cant vessels or some k1nd of trauma 

caused to the animal during instrumentation. 
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Figure 0.1 In vivo measured temperature distributions across 2 cm 
scans at 5 em deep. All three profiles were obtained from 
the same animal using the same acoustic power (6 watts), 
but a), b) and c) are for three different scan center 
locations in the thigh. a) was 2 em away from b) and 4 em 
away from c). b) was 2 em away from c). 
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In vivo measured temperature distributions across two 4 cm 
scans at 5 cm deep. a) and b) were obtained in two 
different animals. a) 13.5 acoustic watts, b) 6 acoustic 
watts. 
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Figure 0.3 In vivo measured temperature distributions measured at 
basal conditions (a) and across a 2 cm scan at steady state 
(b). The transducer was focused at 44 mm deep and the 
acoustic power was 6.4 watts. An artery was ruptured at 
this same depth. 
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Figure 0.4 In vivo measured temperature distributions across 4 cm 
scans. These distributions were measured at a depth of 18 
mm when the transducer was focused at 44, 55, 65 and 85 mm 
deep into the thigh. The acoustic power was 13.5 watts • 
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Figure 0.5 In vivo measured temperature distributions across 4 cm 
scans. These distributions were measured at a depth of 28 
mm when the transducer was focused at 44, 55, 65 and 85 mm 
deep into the thigh. The acoustic power was 13.5 watts. 
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Figure 0.6 In vivo measured temperature distributions across 4 cm 
scans. These distributions were measured at a depth of 44 
mm (ruptured artery between the 4 and 6 cm marks) when the 
transducer was focused at 44, 55, 65 and 85 mm deep into 
the thigh. The acoustic power was 13.5 watts. 
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Figure 0.7 In vivo measured temperature distributions across a 4 cm 
scan. Two distributions are shown, one at 45 mm deep (where 
the transducer was being focused) and the other at 58 mm 
deep. This animal had an elevated basal temperature 
distribution around 39°C. The acoustic power was 12.8 
watts. 
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APPENDIX E 

EFFECTS OF CHANGES IN POWER MAGNITUDE. 

EFFECTIVE THERMAL CONDUCTIVITY AND BLOOD PERFUSION 

ON THE CHARACTERISTIC TEMPERATURE DISTRIBUTIONS 

GIVEN BY THE BHTE AND THE ETCE. 
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Changes in power magnitude and/or keff in the ETCE produce changes 

in the magnitude of the temperature field while the field's shape 

remains basically the same (given that all other parameters and boundary 

conditions are kept constant). This is a well known fact that will be 

illustrated here to show that the disability of the ETCE to model heat 

transfer in large living tissue volumes is not due to errors in the 

values of power magnitude and keff. 

Figure E.la shows the focal depth temperature distributions 

measured in vivo and simulated using the ETCE (same as in Figure 6.15d) 

along with ETCE simulations for *20% changes in power magnitude. Figure 

E.1b shows distributions for *20% changes in keff. Notice that *20% 

changes in either power or keff produce changes in the magnitude of the 

temperatures but the characteristic shape of the profiles remain the 

same. In other words the temperature fields were only shifted up or 

down. 
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Figure E.la The effect of changes in power magnitude in the ETCE. Shown 
are the focal depth temperature distribution measured in 
vivo at hyperthermic steady state for a 4 cm scan (squares) 
and its ETCE simulation for minimum S (triangles) as it was 
presented in Figure 6.15d, a simulation with 20% more power 
(circles), and a simulation with 20% less power (diamonds). 
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Figure E.1b The effect of changes in effective thermal conductivity in 
the ETCE. Shown are the focal depth temperature 
distribution measured in vivo at hyperthermic steady state 
for a 4 cm scan (squares) and its ETCE simulation for 
minimum S (triangles) as it was presented in Figure 6.15d, 
a simulation with a 20% larger keff (circles), and a 
simulation with a 20% lower keff (diamonds). 
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In the case of the BHTE, changes in power magnitude and/or W 

produce changes in temperature magnitudes and slight changes in the 

shape of the temperature field. For *20% changes in power and W the 

characteristic shape given by the BHTE remains basically the same as 

shown in Figure E.2. Figure E.2a shows again the in vivo measured 

temperature distribution at the focal depth, the BHTE simulation result 

using the W value for minimum S, and BHTE simulations for *20% changes 

in power magnitude. Figure E.2b shows similar distributions but for z20% 

changes in W. Again the typical characteristics of the temperature 

distributions are the same. Notice, however, that the magnitude of the 

peak temperatures and that the "depths" of the dips are different for 

different power and W values. That is, the curves are not just shifted 

up or down. 

Concluding, the BHTE generates temperature profiles that best 

predict the characteristics of the experimental results observed, even 

if changes are introduced in power magnitude or in blood perfusion 

magnitude. On the other hand, the temperature distributions generated by 

the ETCE do not resemble the experimental data for any value of power 

magnitude or any value of effective thermal conductivity. 
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Figure E.2a The effect of changes in power magnitude in the BHTE. Shown 
are the focal depth temperature distribution measured in 
vi vo at hyperthermi c steady state fc·r a 4 cm scan (squares) 
and its BHTE simulation for minimum S (triangles) as it was 
presented in Figure 6.15d, a simulation with 20% more power 
(circles), and a simulation with 20% less power (diamonds). 
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Figure E.2b The effect of changes in blood perfusion in the BHTE. Shown 
are the focal depth temperature distribution measured in 
vivo at hyperthermic steady state for a 4 cm scan (squares) 
and its BHTE simulation for minimum S (triangles) as it was 
presented in Figure 6.15d, a simulation with a 20% larger W 
(circles), and a simulation with a 20% lower W (diamonds). 



APPENDIX F 

A POWER FIELD CONSTRUCTED FROM 

PAS DISTRIBUTION MEASUREMENTS 

IN MUSCLE TISSUE IN VIVO 
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An absorbed power pattern was constructed from the in vivo 

measured PAS profile across the focal plane of transducer T5. This 

normalized PAS distribution shown in Figure 3.6c was first scaled so 

that the PAS values represented the desired acoustic power emitted by 

the transducer. The scale factor (SF) was computed the following way, 

SF = Qd- 1 t [PAS I (". rl drj) (0.5 / a)] 
i=2 
for i=1 replace rl by drl 

where Qd is the desired acoustic power to be emitted by the transducer, 

PAS I is the normalized intensity value at each of the ith locations (0.5 

mm apart, see Figure 3.6c) starting from the center (highest intensity 

at i=1) to the outer radius where i=n, rl is the radius from the center 

of the profile to the ith location, drl is the width of the annulus (or 

grid spacing) corresponding to rl, and a is the attenuation coefficient 

used which was 4.0 Nepers/m in the calculations performed here. The 

absolute power density profile (Q) was obtained by multiplying each PAS I 
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by SF. Then a power cylinder was constructed by placing at each depth 

(every 2 rom) into the tissue this power density distribution: in other 

words, the scaled focal PAS proffle was repeated every 2 mm from the 

skin to the boundary in the far ffeld. Finally, exponential attenuation 

of the field with depth into tissue was introduced fn the same way as 

explained in Chapter 2. 

Thermal simulations were run using this constructed power file 

with the same power magnitude, effective thermal conductivity and blood 

perfusion values used for the case presented in Figure 6.15. The results 

are presented in Figure F.1 and F.2 along with the temperature 

distributions given by the simulated power field. As it can be seen in 

these figures the temperatures profiles from both cases are in very good 

agreement. Notice that in both the BHTE and the ETCE simulations the 

temperatures induced by the constructed power field are slightly higher 

than those induced by the simulated power field due to the increased 

side lobe levels of the measured distribution that overlap continuously. 

The agreement in the results suggest that PAS profiles measured in 

any type of tissue (or in water where large fields can be measured more 

easily) can be used to generate power fields for thermal modelling 

purposes. These created power fields may be better to used in many cases 

especially if ultrasound-tissue effects produce substantial distortion 

of the beam or in cases where the field of a given transducer is not 

accurately predicted by ultrasound models. 
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Figure F.1a ETCE radial temperature distributions induced by a power 
field created from in vivo measurements (circles) and a 
numerically simulated power field (triangles). Also shown 
is the in vivo temperature distribution (squares) across 
the focal depth (same as in Figure 6.15d). 
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Figure F.1b ETeE axial temperature distributions through the center of 
the scan pattern induced by a power field created from in 
vivo measurements (squares) and a numerically simulated 
power field (triangles). 
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Figure F.2a BHTE radial temperature distributions induced by a power 
field created from in vivo measurements (circles) and a 
numerically simulated power field (triangles). Also shown 
is the in vivo temperature distribution (squares) across 
the focal depth (same as in Figure 6.15d) • 
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Figure F.2b BHTE axial temperature distributions through the center of 
the scan pattern induced by a power field created from irr 
vivo measurements (squares) and a numerically simulated 
power field (triangles). 
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