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Thermal therapy can be regarded as one of the promising emerging technologies for 

cancer treatment. In the current study, proof-of concept patient-specific treatment 

protocols are formulated for high frequency ultrasound thermal therapy for intramural 

and external delivery. Propagation of ultrasound waves in biological tissue is first 

determined using the finite difference method, which generates the temperature 

histories from the bioheat transfer model. Thermal coagulation contours are 

determined by thermal dose information. From an analysis of the results for a range 

of parameters, treatment protocols for prostate and breast cancers are developed for a 

broad spectrum of patients. Results indicate tumors varying in size and location can 

be targeted effectively using the designs employed. To further improve simulations, 

thermal damage data for breast cancer is determined through pilot in vitro 

experiments.  The algorithms developed can help optimize the design of delivery 

equipment and generate accurate patient-specific US clinical protocols. 
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Chapter 1: Introduction 

 Fighting cancer can be stressful and uncertain, and side effects from 

traditional treatment methods such as radiation, open surgery, and chemotherapy can 

further compound the patientôs stress. Thermal therapy provides an attractive 

alternative treatment option.  It offers advantages of being minimally invasive, less 

expensive, and posing less risk of post-procedural complications, while possessing 

the potential to be effective.  The ultimate goal of the research conducted in this 

project is to increase the efficacy and accuracy of thermal therapy by ultrasound (US) 

thermal therapy, so that it can become a common cancer treatment.   

 

Prostate and Breast Cancers 

Prostate and breast cancers are two of the most prevalent cancers among men 

and women, respectively.  One in six male Americans is diagnosed with prostate 

cancer [1], while one in eight women in the U.S. will receive a breast cancer 

diagnosis [2].  The large disparity between the number of cases of prostate and breast 

cancer when compared to other cancer types is depicted in Figure 1 (for men) and 

Figure 2 (for women), from the Cancer Statistics report (reprinted with permission).  

The plots display the number of diagnoses per 100,000 people from 1975 to 2008, 

and prove how these cancers have consistently dwarfed the prevalence of other cancer 

throughout the years.  
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Figure 1 The number of men who are diagnosed with different types of cancer for every 100,000 men from 
1975 ς 2008 (with permission) [3]. 

 

Figure 2 The number of women who are diagnosed with different types of cancer for every 100,000 women 
from 1975 ς 2008 (with permission) [3]. 
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Treatment Problems 

 The current cancer modalities often are associated with a great deal of 

discomfort and health damage; also, these treatments often incur long patient 

recoveries in and out of the hospital.  Prostate cancer is usually treated with surgery, 

hormone therapy, chemotherapy, or radiation treatments [4].  These treatments are 

often associated with problems such as urinary incontinence, sexual dysfunction, 

urinary tract infections, and rectal damage [5, 6].  Trans-urethral resection of the 

prostate (TURP) is considered the ñgold-standardò for treating BPH and prostate 

cancer, but it is not acceptable for all patients (especially those who are older or of 

poor health) [7, 8].   

Breast cancer is also primarily treated with surgery, along with chemotherapy, 

radiation treatment, and hormone therapy [9].  A mastectomy can have a negative 

social impact and degrade the quality-of-life for females, while a lumpectomy, 

although not as severe, still leaves a scar [7].  Chemotherapy can be a problem 

because there are a finite number of chemotherapy treatments that patients can 

receive because, while becoming more focused in its targeting capabilities, it is still a 

toxin that adversely affects many different body systems. [7].  Radiation treatments 

harm the tissue surrounding tumors because the harmful rays spread throughout more 

than just the tumor volume [7]. 
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Thermal Ablation by Ultrasound Thermal therapy  

Thermal treatment is an innovative cancer treatment option which is 

potentially superior to other methods because it destroys the malignant cells without 

the harmful side-effects of radiation or chemotherapy.  Thermal therapy involves 

heating cancerous cells to supraphysiological temperatures with the goal of inducing 

cell death.  Thermal therapy refers to heating cells in the temperature range of 41 to 

46°C; if temperatures above 46°C are used in treatments then it is considered thermal 

ablation [10, 11].   

Currently microwave, radio-frequency (RF), and laser ablation are in use for 

local thermal therapy; however, they have limitations that warrant better methods be 

examined. For example, microwave therapy lacks the ability to focus heat into the 

target zones effectively, i.e., to treat tumors without affecting the surrounding healthy 

tissue, and RF therapy tends to be more invasive compared to other methods and may 

require multiple applications in smaller bursts to avoid damage to healthy 

surrounding tissue [12]. 

In the present study, high frequency ultrasound (US) ablation is utilized as a 

treatment option because of its ability to focus heat more effectively and less 

invasively compared to the other minimally invasive methods.  Additionally, delivery 

of US can be interstitial, intraluminal, or extracorporeal [7].  High intensity 

ultrasound for medical therapy was proposed back in 1942, but it was not until 1960 

that it was sufficiently validated to attempt human treatment [13].   

Ultrasound thermal therapy has the potential to be superior to traditional 

cancer treatments mainly because its non- or minimally-invasive nature results in less 
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disruption to the patientôs life.  There is little pain, no dosage limit, and it allows for a 

quick recovery with no scars [7].  Also, it has the ability to treat deep-set tumors from 

an extracorporeal transducer when the US beams are effectively located and steered 

[14].  US thermal therapy has been proven effective on cancers of the liver, prostate, 

breast, kidney, bone, bladder, and non-cancerous diseases such as benign prostatic 

thermal therapy (BPH), uterine fibroids, and acoustic hemostasis [14, 15, 16, 17]. 

Most importantly to this research, the potential and efficacy of US thermal 

therapy has been proven for prostate treatment (both for cancer and non-cancerous 

BPH) [13] and breast cancer [18].  This this study will focus on the improvement of 

treatment planning and device design for ultrasound thermal therapy for prostate and 

breast cancers. 

 

Objective 

There are three main objectives of this study: (1) to simulate and design a 

device for prostate cancer ablation from US thermal therapy, (2) to simulate and 

design a device for breast cancer ablation from US thermal therapy, and (3) to 

develop thermal-damage models for breast cancer cells to improve the simulations.  

The devices designed will also have an associated treatment planning protocol so the 

physicians can design patient-specific treatments. 

This thesis will first provide the necessary background information, then 

detail the numerical technique used to simulate tissue necrosis and device design for 

prostate cancer, explain the steps for simulation and design of breast cancer treatment 

devices, and finally describe how cell thermal damage information is determined. 
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Chapter 2: Background 
 

The process of tumor ablation by ultrasound thermal therapy begins with an 

ultrasonic wave created by a transducer.  This wave heats up the tissue, which will 

cause cell death after a lethal heat dose is administered.  An understanding of the 

science behind ultrasound and cellular death from thermal therapy is important for the 

choices made during this study.  The following chapter will first discuss prostate and 

breast cancer, and then it will explain the general principles behind ultrasound 

thermal therapy, the physics of ultrasound propagation and generation, the physics of 

heat transfer through biological tissue, and finally the currently-available ultrasound 

thermal therapy devices. 

 

Prostate and Breast Cancer 

 It is important to understand the anatomy of the parts of the body which are to 

be modeled to create an accurate simulation.  This section details the anatomy of the 

prostate and breast. 

 

Prostate Anatomy 

 The prostate gland is a male reproductive organ which adds a nourishing fluid 

to semen.  A healthy prostate should be about the size of a walnut, and surrounds the 

top of the urethra (passes urine from the bladder outside of the body).  During 

ejaculation, sperm flows from the testes to the prostate gland, where it becomes 

semen after combining with fluid in the prostate.  The semen flows into the urethra 
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and exits the body.  The prostate gland grows continuously after puberty, and if the 

prostate becomes too large it is called Benign Prostatic Hyperplasia, which can cause 

urinary disorders [19]. 

 Benign Prostatic Hyperplasia (BPH) is a non-cancerous growth of the prostate 

gland.  The enlarged prostate will block the bladder exit and the top of the urethra, 

which greatly impacts the urine flow rate (Figure 3).  This disease is very common, 

and mostly begins when the patient is in his middle ages (Figure 4).  Almost 100% of 

the males aged 90 or older are affected by BPH [20].  BPH results from a 

combination of normal prostate growth and the formation of nodules [20].   

  

Figure 3. The enlarged prostate blocks the bladder exit and the top of the urethra [21]. 

 

Figure 4. Number of men with enlarged prostates versus age, demonstrating the increase of BPH prevalence 
during aging [20]. 
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 BPH is not cancer and does not cause cancer, however it can be indicative of 

prostate cancer in the future.  Prostate cancer usually occurs in patients with an 

enlarged prostate and years after the development of BPH.  About ten percent of the 

prostates that are surgically removed for BPH are found to have a cancerous growth 

[20]. 

 

Breast Anatomy 

 The breast is mostly consisting of fat tissue with hollow lobules surrounding 

and connected to the nipple which bring the milk to the breast during nursing [22, 23, 

24].  The pectoralis muscle lies behind the breast on the chest [23, 24].  The 

vasculature and lymph ducts mostly propagate in the radial direction away from the 

nipple.  Figure 5 is a diagram of the anatomy of the breast. 

 

Figure 5 Anatomy of the breast [22]. 
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The Principles of Ultrasound Thermal therapy 

 When cells are heated, there are two mechanisms which contribute to cell 

death: thermal stress from the absorption of heat energy and mechanical stress from 

acoustic streaming and cavitation effects [7, 25].  Cavitation can occur from either 

highly negative pressures caused by the US wave which create an air pocket in the 

tissue, or the phase change of the water inside the tissue into gas at temperatures 

exceeding 100
o
C [13, 17].   

When the ultrasound wave is generated into the body, it causes a vibration of 

the tissue molecules [26].  This leads to friction in the tissue, which turns the 

ultrasonic energy into thermal energy [13].  Thermal therapy (41 to 46°C) causes cell 

death by inducing apoptosis (programmed cell death [27]), whereas thermal ablation 

(> 46°C) directly kills the cells by necrosis (lysis formation and membrane 

degradation [27]) [10].  Thermal ablation requires a much shorter heating time, 

usually on the scale of seconds to a few minutes, but thermal therapy needs anywhere 

from thirty minutes to a few hours to be successful [10].  Another difference is that 

higher temperature treatments usually require only one dose, while at moderate 

temperatures multiple treatments may be necessary: this adds to the appeal of thermal 

ablation, so recently further research has been conducted to fully understand the 

associated cell death to make it a more reliable option [28]. 

 US thermal therapy can be monitored in real-time during treatments through 

use of magnetic resonance imaging (MRI) or ultrasonic imaging [13, 26].  This 

allows for control of the procedure by observing the temperature in the treatment area 

because it is impossible to perfectly predict the thermal gradients since each body has 
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slightly different geometry of vasculatures.  This study does not research thermal 

monitoring of treatments, but it is important to be kept in mind during device design. 

 Ultrasonic waves have a higher intensity close to the transducer than at a 

distance away [26] (see Ultrasound Physics section); this is advantageous for tumors 

close to the edge of the body because a transducer can be nearby and then the tissue 

past the tumor location will be spared the high treatment temperatures.  However, if 

the tumor is deeper set, then it may be necessary to use high-intensity focused 

ultrasound (HIFU) to move the location of highest temperature further from the US 

source.  The ultrasonic wave can be focused by using a focusing transducer 

(explained in Ultrasound Physics section), and causes a very small volume of 

necrosed tissue (roughly an ellipsoid shape, with center diameter usually around 2-3 

mm with a length of 8-10 mm [17]).  There is a very distinct boundary created 

between the dead cells and non-disrupted tissue cells, which makes this treatment 

ideal for sparing healthy tissue surrounding a tumor [7].  Adding to this advantage is 

the increased toxicity of thermal therapy to tumors as opposed to healthy tissue 

because there is a lack of perfusion inside tumors, and perfusion cools the tissue 

during treatment [7].  An image depicting this is displayed in Figure 6. 
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Figure 6 Schematic of HIFU transducer focusing on a small volume of tissue.  The photo on the upper left 
shows the geometry of this necrosed region, and the image to its right displays the distinct boundary between 

the necrosed and unharmed tissue [7]. 

 This study focuses on the use of ultrasound thermal therapy for treating 

tumors in the prostate gland or the breast.  The anatomy and geometry of these body 

parts dictate the most-effective US treatment methods.  The prostateôs proximity to 

the urethra and the rectum allow for an intraluminal transducer to get very close to its 

surface.  It is especially useful in curing the non-cancerous prostate growth (BPH) 

because a total destruction of affected area is not crucial [5].  The breast works well 

with extracorporeal devices because of its convex shape, and since there are no bones 

and small vasculature, there is little blocking the ultrasonic waves from their 

predicted propagation path [15, 29]. 

 

Ultrasound Physics 

Ultrasound refers to an acoustic wave with a frequency above audible human 

levels, about 20 kHz, but it is usually only used medically at frequencies between 200 
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kHz and 45 MHz [30].  In order to understand how US creates a hyperthermic effect 

in the body, the physics behind US propagation must be understood. 

 

Single Wave Propagation 

 Sound is a compression wave, which has its peaks and valleys in the direction 

of propagation (longitudinally), shown in Figure 7.  This wave is created because the 

speed of the particles oscillates, so when they move slower compression of the 

particles occurs, and faster motion creates rarefaction.  The distance between two 

compression or two rarefaction locations is called the wavelength (ɚ). 

 

Figure 7 Sound waves travel by compression and expansion of particles [26]. 

The time it takes for one wavelength to pass a fixed location defines the wave 

period, which is the inverse of the wave frequency (f).  The wavelength and 

frequency are related by Equation 1 

Ὢ
ὧ

‗
 Equation 1 
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where c is the speed of sound propagation.  This speed is highly dependent on the 

medium through which the wave travels, and some common values for biological 

materials are given in Table 1. 

Table 1 Speed of sound through different biological materials [26]. 

Type of Biological Material Speed of Sound (c) 

Soft Tissue (except lung) 1550 m/s 

Fatty Tissue 1480 m/s 

Lung  600 m/s 

Bone 1800 ï 3700 m/s 

 

 The intensity of the ultrasonic wave will be very high in close proximity to the 

source, but then rapidly decreases past the ñnear-fieldò [26].  The near-field, also 

known as the Fresnel zone, is characterized by Equation 2 [26] 

Ὠ
ὥ

‗
 Equation 2 

where dF is the distance to the edge of the Fresnel zone and a is the radius of the 

planar, circular ultrasound transducer which created the wave.  A graphical 

representation of this decay in intensity is displayed in Figure 8. 

 

Figure 8 The normalized intensity of an ultrasonic wave as it travels axially away from the transducer source 

[26]. 
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 The amplitude is half of the difference in magnitude between the points of 

compression and rarefaction in the sound wave.  During its travel, the wave amplitude 

does not necessarily remain constant; dispersion, attenuation, and scattering 

contribute to the decrease of a waveôs amplitude.  Dispersion is the spreading out of 

the wave into different frequencies as it travels through a medium [31].  The US wave 

dispersion is neglected in this study because it has minimal effect on the energy losses 

[32]. 

 Also, as the wave travels energy is transferred from the sound wave to the 

medium in the form of heat absorption (as mentioned in The Principles of Ultrasound 

section).  Some of the wave energy is also scattered in directions other than the 

direction of propagation.  This absorption and scattering result in an attenuation of the 

waveôs intensity, characterized for travel through a homogenous material by Equation 

3 [13, 30, 33, 34] 

Ὅ ὍὩ  Equation 3 

where I is the intensity of the wave, Io is the initial intensity, Ŭ is the attenuation 

coefficient, and x is the propagation distance.  The attenuation coefficient is a 

material constant, and its value for different biological materials is displayed in Table 

2. 
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Table 2 Acoustic attenuation coefficient of different biological materials [35]. 

Biological Material 
Acoustic Attenuation 

(Np/cm at f = 1MHz) 

Water 2.5e-4 

Blood 0.02 

Mycardium 

 (perpendicular to fibers) 
0.10 

Liver 0.08 

Kidney 0.11 

Skull Bone 1.3 

 

These values are both frequency and temperature dependent.  The frequency 

dependence of the attenuation coefficient is approximately characterized by Equation 

4 [13, 36, 33] 

‌ ‌Ὢ  Equation 4 

where Ŭo is the temperature-dependent factor, f is the frequency, and n is between 1 

and 2 for biological tissues.  In biological tissues, there is a large increase in acoustic 

attenuation as the tissue temperature increases [14].  For the purpose of this paper, the 

attenuation coefficient is defined by Equation 5 [32] 

Ὢέὶ ὸὬὩὶάὥὰ ὨέίὩρππȟ ‌ υ 

Ὢέὶ ὸὬὩὶάὥὰ ὨέίὩρππȟ ‌ υ ὰέὫὸὬὩὶάὥὰ ὨέίὩς 

Equation 5 

where the thermal dose is a value defining the time and temperature exposure of the 

tissue, which will be discussed in the Thermal Damage to Cells section.  No 

frequency term is included in this equation because the thermal dose is dependent on 

the frequency. 
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US Focal Point ï Multiple Wave Interference 

 Wave diffraction is the diversion of the wave particles from their linear 

propagation direction [20].  This phenomenon was first reported by Francesco 

Grimaldi, and was claimed by Christiaan Huygens [20].  Huygensô principle states 

that a wave-front is the result of the combination of many spherical wave point 

sources (shown in Figure 9), which can be proven experimentally by the diffraction 

pattern created from a light source shining through a thin slit. 

 

Figure 9 (a) Flat and (b) curved wavefronts resulting from multiple point sources, according to HuygŜƴǎΩ 
principle [37]. 

Each spherical wave creates its own pressure along its propagation path, and the 

summation of each pressure determines the pressure profile within the tissue volume.   

 Each wave reaches a local maximum pressure every wavelength.   

If two waves of the same frequency are in phase (their peaks coincide), then 

constructive interference is created and the amplitude of the wave is the sum of each 

waveôs amplitude.  If two waves are out of phase (the peak from one wave coincides 

with the valley from the second), then it is completely destructive interference, and 

the amplitudes are subtracted from one another (Figure 10).  If constructive 

interference occurs in one location from multiple waves, then a focal point with a 

high relative intensity is created. 
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Figure 10 Two in-phase waves combine to create (a) constructive interference; two out-of-phase waves 
combine to create (b) destructive interference [38]. 

 This focal point can be created mechanically or electronically.  If it is 

mechanical, either a curved transducer is used or multiple wave sources are placed in 

locations where their peaks will all intersect at a specified point (Figure 11).  

Electronic focal points are created by timing the US emission of multiple sources so 

that the delays cause the peaks to coincide (Figure 12).   

 

Figure 11 An ultrasound transducer with a curved lens to focus the wave [26]. 

 

Figure 12 An ultrasound transducer with a planar array of elements to focus the wave [26]. 
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The phase difference between any two point sources with the same frequency 

waves for complete constructive interference will occur according to Equation 6 [39] 

ɝ‰
Ὠ Ὠ

‗
ςz“ Equation 6 

where ȹű is the phase difference, and d1 is the distance from the first source to the 

specified point, and d2 is the distance from the second source to the specified point (d1 

and d2 are depicted in Figure 13), and ɚ is the wavelength of the waves.  This 

calculation is performed for every transducer to determine the phase difference to 

create this peak.  However, it must also be considered that there will be secondary 

peaks where other wavelengths intersect with each other. 

 

Figure 13 Array of transducer elements (blue squares) and a focal point (red circle) are shown, where the 
distance between the focal point and two representative elements is shown with the distances d1 and d2. 

 

Ultrasound Transducers 

 This ultrasonic wave is created from the vibration of a piezoelectric crystal.  A 

piezoelectric material is one which generates an electric charge upon deformation, or 

inversely it deforms from an electrical stimulation [30, 33].  Therefore, the 

application of an alternating electrical current to a piezoelectric crystal will cause the 
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crystal to vibrate: if oscillated at the appropriate frequency, the vibration will be in 

the ultrasonic range.  If this crystal is placed against a backing material which has the 

same acoustic impedance as itself, then the wave generated by the vibration will 

propagate away from that backing [30].  The crystal is protected by a lens, and 

maximum energy transferal is ensured by minimizing air resistance with a coupling 

medium at the interface of the lens and the material into which the US will propagate 

[30]. 

 The shape and configuration of the transducer will change the manner of US 

propagation, so its choice depends on the application.  If the highest ultrasonic energy 

needs to be close to the transducer, then a single flat transducer can create the 

necessary field; it generates a wave perpendicular to the surface, so the attenuation 

will cause the highest heat at the transducer interface [30].  However, for situations 

where the highest US intensity must be far from the transducer, a single flat 

transducer will no longer suffice [30].  As was described in the US Focal Point 

section, a focus far from the US source can be created by a curved transducer, an 

array of flat transducers arranged in a curved configuration, or an array in a flat 

configuration which is subjected to electronic focusing.  Also, a curved lens in front 

of a planar transducer can create the same effect.  When ultrasonic energy is focused 

to create thermal ablation, it is considered high-intensity focused ultrasound (HIFU).   

 

Heat Generation 

 Ultrasonic heat is generated within the tissue from the heat absorption.  Heat 

generation in one dimension is related to the wave intensity by Equation 7 
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ή )ɳ Equation 7 

where qôôô is the heat generation and I is the wave intensity.  For the planar 

transducers, Equation 3 accurately describes the intensity propagation through the 

tissue, so in one dimension the final heat generation is calculated by Equation 8 

ή ς‌ὍὩ  Equation 8 

However, for HIFU the changes in intensity are not solely a factor of acoustic 

attenuation (as they are in Equation 3) ï since the transducer is not flat, the 

interference between waves also contributes greatly.  To determine the intensity from 

created by HIFU, the heat generation is calculated from the pressure profile created 

by the ultrasound in the tissue. The pressure created at each point in the tissue by an 

individual element in a transducer array can be calculated with Equation 9 [8] 

ὴὼȟώȟᾀ
ςὡ”

ὧὃ

ὪὛ

Ὠ
Ὡ  Equation 9 

 where pi is the pressure profile in the volume, x, y, and z are the spatial coordinates 

of that point, W is the power of the ultrasound source, ɟ is the density of the medium, 

c is the speed of sound, A is the total surface area of the ultrasound source, f is the 

frequency, S is the area of the individual element, d is the distance from the source to 

the current point, and ű is the phase of the wave.  The final pressure at each point is 

the sum of the pressure from each element at that point, as shown in Equation 10 [8] 

ὖὼȟώȟᾀ ὴὼȟώȟᾀ Equation 10 

where P is the total pressure.  The resulting heat generation is calculated by 
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ήᴂᴂᴂὼȟώȟᾀ
‌ὖ ὼȟώȟᾀ

”ὧ
 Equation 11 

The heat generation determines the temperature distribution throughout the tissue. 

 

Heat Transfer in Biological Tissues 

 Once the heat generation in the tissue is known, the temperature at those 

locations can be determined.  Biological tissues are a porous medium consisting of a 

matrix of collagen fibers, cells, and proteins, with an interstitial fluid running through 

its cavities (containing blood and plasma) (Figure 14) [40].  This results in a 

combination of conduction and convection which transfer the generated heat 

throughout the volume. 

 

Figure 14 Biological tissues consist of a solid matrix through which interstitial fluid flows [40]. 

 

Energy Balance 

 Each finite volume of tissue has the same amount of heat which exits it as the 

summation of the heat which enters, is generated, and is stored within the volume 

(Figure 15).  Every node in a simulation must adhere to this energy balance. 
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Figure 15 Depiction of energy balance through a finite tissue volume [41]. 

 Conduction is governed by Fourierôs Law [42], which states that the heat flux 

is proportional to the thermal gradient, shown by Equation 12 for one dimension 

ήᴂᴂ Ὧ
ὨὝ

Ὠὼ
 Equation 12 

where ήᴂᴂ is the heat flux, k is the heat transfer coefficient, and x is the propagation 

distance.  The heat flux at the entrance of the control volume is equal to the heat flux 

at the exit minus the change in flux along the length ȹx (Equation 13) [42]. 

ήᴂᴂήᴂᴂ
‬ήᴂᴂ

‬ὼ
ɝὼ Equation 13 

where ήᴂᴂ is the heat flux at the entrance and ήᴂᴂ  is the heat flux at the exit.  

Rearranging this equation results in Equation 14 

ήᴂᴂ ήᴂᴂ
‬ήᴂᴂ

‬ὼ
ɝὼ Equation 14 

In three dimensions, the resulting energy gain by conduction is shown in Equation 15 

ɝή
‬ήᴂᴂ

‬ὼ

‬ήᴂᴂ

‬ώ

‬ήᴂᴂ

‬ᾀ
ɝὼɝώɝᾀ Equation 15 

Substituting ήᴂᴂ with Fourierôs Law (Equation 12) results in Equation 16 
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‬Ὕ

‬ᾀ
ɝὼɝώɝᾀ 

Equation 16 

The second equation, with the conduction coefficient outside of the derivative, is 

obtained only with the assumption that heat conduction coefficient is constant 

through space.  The validity of assumption will be discussed in more detail in the 

Bioheat Model Assumptions section. 

 To account for the heat transferred by the interstitial fluid, the heat flux from a 

fluid moving through a body must be considered.  The equation defining this is 

shown in Equation 17 [41] 

ή άὧɝὝ Equation 17 

where ά is the mass flow rate of the fluid, cp is the fluidôs specific heat capacity, and 

ȹT is the temperature difference between the fluid and the body.  For bioheat transfer, 

the fluid is blood, so the specific heat and temperature of the fluid are represented by 

cpb and Tb, respectively. 

 Also, any heat generated within the control volume affects the final 

temperature of that volume.  In the case of biological tissue, without the presence of 

any external forces this is considered the metabolic heat generation per unit volume, 

ήᴂᴂᴂ.  To express this in terms of a heat flux, it must be multiplied by the volume 

element ήᴂᴂᴂzɝὼɝώɝᾀ.   

 Heat storage within a volume is the product of the mass (density times 

volume), specific heat, and rate of temperature change, displayed in Equation 18 [42]. 
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ή ”z ɝὼɝώɝᾀ ὧzᶻ
‬Ὕ

‬ὸ
 Equation 18 

 Summing the terms in Equation 16 ï Equation 18 and dividing by the control 

volume results in Equation 19 

”ὧ
‬Ὕ

‬ὸ
Ὧɳ Ὕ ὧ ×Ὕ Ὕ ήᴂᴂᴂ Equation 19 

where ύ ά ɝὼɝώɝᾀϳ  is the blood perfusion rate.  This equation is known as the 

Pennes Bioheat Transfer Equation (BHTE), and is widely used an accepted as an 

accurate model for energy transport through biological tissue [41, 42].  

 

Bioheat Model Assumptions 

 It is important to note the assumptions which are taken into consideration for 

heat transfer through these tissues.  The BHTE assumes the tissue vascularization has 

a negligible influence on the heat transfer, and that the effect of the interstitial fluid 

flow can be simplified to the isotropic blood perfusion term (the second term on the 

right side of Equation 19).  However, it was found that there can be a significant 

difference in the heat transfer around very small, counter current blood vessels (two 

parallel vessels with blood flow in opposite directions) [43].  Also, it assumes that the 

fluid temperature, Tb, is a constant value through space and time (the value of Tb is 

given in Table 3).  Khaled [43] describes various forms of porous media heat transfer 

equations which have been developed to more accurately describe this relationship; 

however, most models for thermal ablation have utilized Pennes and found their 

results matching well with in vivo and ex vivo experimentation (see Previous Studies 

with Ultrasound Thermal therapy section for details on these simulations). 



 

 25 

 

 Another set of assumptions for the values of the tissue and blood properties (ɟ, 

cp, k, cpb, w, and Tb), which are given in Table 3.  The tissue density and specific heat 

are determined by the relationship displayed in Equation 20 [44]. 

”ὧ
Ὧ

ὸὬ
 Equation 20 

where thdiff is the thermal diffusivity, given by 1.80 x 10
-7

 [44].  Thermal 

conductivity, k, has been found to increase as temperature increases, but it is widely 

accepted to use a constant value [14].  Blood specific heat is a known constant, given 

in Table 3.  Blood perfusion has also been shown to change with changing 

temperature, where it rises with increasing temperature before it decreases to about 

zero at very high heats [14].  Liang [45] observed a change in blood perfusion with 

different heating powers; this experimentally-determined relationship was used for 

this research study.   
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Table 3 Values of tissue and blood properties used during this study. 

Property Value 

Tb 37 
o
C [14] 

k 0.499 W/m
o
C [46] 

ɟcp 2.77e6 J/m
3
K [44] 

cpb 4200 J/ kg
o
C [47] 

w 

for Q range Value 

0 ï 7.5 W 0.0040 kg/m
3
s [48] 

7.5 ï 12.5 W 0.0075 kg/m
3
s [48] 

12.5 ï 17.5 W 0.0085 kg/m
3
s [48] 

> 17.5 W 0.0100 kg/m
3
s [48] 

 

For this study the metabolic heat generation term (qôôôm) is neglected.  This 

value is relatively small in comparison to the heat generated by the ultrasound input 

energy, so it has been proven that its contribution to the overall tissue temperature is 

insignificant during thermal ablation [49].  This results in a replacement of the 

metabolic generation with the ultrasonic heat generation, so the BHTE is rewritten as 

Equation 21. 

”ὧ
‬Ὕ

‬ὸ
Ὧɳ Ὕ ὧ ×Ὕ Ὕ ήᴂᴂᴂ Equation 21 
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Thermal Damage to Cells 

 To effectively create a device to ablate tumors, knowing the temperature 

reached within the tissue is not enough; the thermal dose which results in cell death 

must be determined.  The thermal dose refers to the time and temperature 

combination of the treatment, to be discussed in this section [50].   

 

Cell Death Considerations 

 Before determining the necessary thermal dose, it is important to note a 

couple of important considerations for thermal therapy treatment.  This section will 

first explain thermotolerance because it affects the outcome of multiple hyperthermic 

treatments, and then will describe the role of thermal therapy in combined treatments 

because it may not be necessary to result in 100% cell death just from heat. 

Thermotolerance 

 After long time periods and multiple doses which are needed for lower 

temperature hyperthermic treatments (<43°C), the tissue cells start to develop a 

thermotolerance [27].  The cells adjust to the supraphysiological temperature due to 

the expression of heat-shock proteins [51, 52, 27], which reduces the efficacy of 

future rounds of treatment.  Thermotolerance is acquired more readily through 

treatments with a slower heating rate, a lower hyperthermic temperature, and a longer 

exposure time [53].  To cause the same amount of damage for treatment after 

thermotolerance is acquired, it is necessary to either increase the treatment time up to 

twice as long or to increase the temperature by as much as one to two degrees Celsius 

[53] [54].  Thermal ablation lessens this problem because it greatly reduces the 
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treatment time when compared with conventional thermal therapy; however, the 

difficulty of sustaining such high temperatures and ensuring that only cancerous cells 

are adversely affected create complications that are not present with the lower thermal 

therapy treatments [27].  Another solution to combat thermotolerance is to combine a 

low temperature thermal therapy with another cancer treatment. 

Thermal Therapy in Combination with Chemotherapy 

 Thermal therapy can also be used with other treatments such as chemotherapy 

and radiation for cancer therapy [51, 27, 55, 56, 57, 58].  In combination with other 

treatments, a lower thermal dose of thermal therapy can be used (<43°C [55]).  This is 

because it is not the goal to kill the cancer cells directly from heat exposure, but to 

enhance the effects of the other treatment methods [51].  Specifically for 

chemotherapy, a reduced dose of these drugs has been proven to provide the same 

results as a normal dosage when administered with a hyperthermic treatment [51, 27, 

55, 57, 59].  The most affective temperature range for adding to the cytotoxic effects 

of chemotherapy was found to be between 40.5 and 43°C; above that any enhanced 

effect of chemotherapy may also be due to thermal therapy-induced cell death [56].   

The effect of heat treatment combined with chemotherapeutic treatment is 

highly dependent on the type of drug.  There is a linearly increasing effect of the 

medication with increasing temperature for alkylating agents and platinum 

compounds, while antimetabolites are not at all affected by the increased temperature 

[51, 60, 61].  There are some drugs, such as doxorubicin, which have a more 

complicated combined effect ï their efficacy is not improved before the temperature 

reaches a specific threshold value (around 42.5°C for doxorubicin) [60, 61]. 
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A problem encountered during chemotherapy is the drug resistance acquired 

by the cancer cells.  After the start of drug treatments, cancer cells lose sensitivity to 

not only the particular chemotherapy drug used, but other drugs as well (multidrug 

resistance) [27].  Adding thermal therapy to chemotherapy can help prevent this 

resistance [27, 60].  However, if the temperature treatments are not hot enough 

(>42°C), then they may add to the drug resistance because of the introduction of 

thermotolerance [27, 60].   

 

Thermal Damage Models 

 Mathematical models have been derived from experimental data to 

theoretically determine the cell death that occurs at each time-temperature 

combination.  The one-step Arrhenius equation is the most-widely accepted model (it 

is a two-state model, where the cells are assumed either viable or dead [52]); 

however, there has been recent research to describe hyperthermic cell death using a 

different process.  Feng [62] fit thermal therapy test data on prostate cancer cells to a 

different two-state model, which also describes the cells as either alive or dead.  This 

model was designed to fix the major problems of the Arrhenius model, specifically its 

difficulty with fitting the full range of temperature data and its large fluctuations from 

small changes in kinetic parameters.  Fengôs model was able to better describe the 

data at the lower temperatures.  OôNeill [63] developed a three-state model which 

contained a middle state where the cells were not yet dead but vulnerable.  These 

vulnerable cells could either reverse back to the alive state or continue on to 

irreversible damage, depending on the environmental conditions at that middle state.  
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This model fit the data well and was also able to describe not only the fast cell death 

rate during thermal therapy treatment, but also the continuing slow cell death in the 

time following treatment, where the cells are at normal physiological temperatures. 

Although there is ongoing work to find a better-fitting model, the Arrhenius is 

used for the majority of cell studies because it works well for most experiments.  

Also, if it has trouble accurately fitting the whole temperature range, then the tests 

can be split into different regions (at break points), where each region has its own set 

of kinetic parameters [52].  The kinetic parameters (A and Ea in Equation 22) define 

the Arrhenius equation, which relates the rate of cell death, k, to the prescribed 

temperature (T) by Equation 22 [64], 

ὯὝ ὃὩ ϳ  Equation 22 

 

where A is the frequency factor, Ea is the activation energy, and R is the universal gas 

constant.  Finding a combination of the frequency factor (A) and activation energy 

(Ea) for a certain cell type allows for optimal thermal doses to be determined.  The 

reaction rate k is related to cell survival by Equation 23 [52], 

Ὓ Ὡ᷿  Equation 23  

where S is the survival fraction.   

An equation introduced by He [52] to correlate Ea and A (Equation 24) works 

well for many recent studies [10, 11, 65, 66, 67].  However, this relationship cannot 

solely determine the kinetic parameters: both still need to be found experimentally to 

be accurate [28]. 

ὰὲὃ πȢσψὉ ωȢσφ Equation 24 [52] 
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Thermal Isoeffective Dose 

 Another method of predicting cell damage at specified time-temperature 

combinations is called the ñThermal Isoeffective Doseò (TID), which is a 

simplification of the Arrhenius equation [28].  With this method, once the injury at 

one reference isothermal temperature is known, the injury for any range of times and 

temperatures can be determined.  The TID is based on an equation determined by 

Dewey [68], where from the graph of the Arrhenius relationship of cell death rate, the 

inverse of the slope is defined as Ὀ .  For any given cell survival, the time of the 

thermal treatment is proportional to Ὀ , so it can be written as shown in Equation 25 

Ὀ Ὕ ὅ ὸzὝ Equation 25 

Dewey [68] defined R as the relative decrease in the rate of cell death for a 1°C 

increase in temperature, which becomes 

Ὑ
Ὀ Ὕ ρ

Ὀ Ὕ

ὅ ὸzὝ ρ

ὅ ὸzὝ

ὸὝ ρ

ὸὝ
 

Equation 26 

Sapareto and Dewey [69] rearranged Equation 26 to create a conversion of treatment 

times for any two isothermal temperatures (Equation 27). 

ὸ ὸὙ  Equation 27 

Sapareto and Dewey [69] then proposed the TID conversion to be specific to 

43°C, where the time it takes to inflict a certain amount of damage at any temperature 

can be converted into the time it takes to cause that same amount of damage at 43°C, 

using Equation 28     

ὅὉὓτσᴈ ὸὙ  Equation 28 

where CEM43°C is the cumulative number of equivalent minutes at 43°C, t is time 

(min), T is the average temperature during that time interval (°C), and R is the 
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number of minutes that are needed to compensate for a 1°C temperature difference 

[28, 53].  R is assumed to be 0.5 for temperatures above 43°C, and 0.25 for 

temperatures below 43°C [69] (however these are just assumptions, the values are 

actually different for every type of cell/tissue [53]).   

It can be difficult to have a single constant temperature throughout the entire 

treatment time, so the TID can be used for non-isothermal temperature profiles as 

well.  Transient profiles can be converted into one CEM43°C value by summing 

together sufficiently small intervals of time, shown by Equation 29 [70, 53, 69]. 

ὅὉὓτσᴈ Ὑ Ўὸ 
Equation 29 

where tfinal is the last time interval, Ὕ is the average temperature at the specified time 

interval, and ȹt is the time interval.  The TID and Arrhenius approaches give very 

similar results until the hold temperature exceeds 50°C, where the TID predicts a 

longer time needed to incur cell death [28].  An important distinction between these 

two models is that the TID is the same for all cell and tissue types, while the 

Arrhenius equation is specific to the type of cell in question. 

 

Previous Studies with Ultrasound Thermal therapy 

 Ultrasound thermal therapy has been considered for many years as a viable 

option for cancer treatment; however it is not yet implemented in a wide-spread 

manner because more research is needed to better predict treatment outcomes.  There 

are two main types of devices studied for this thesis: intraluminal cylindrical 

ultrasound transducers for use on prostate cancer, and external focused ultrasound 
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transducers for breast cancer.  Intraluminal devices are designed to be inserted either 

through the urethra or rectum of the patient for close access of the prostate gland.  

There is more flexibility with the external focused transducer for breast cancer 

because there are less geometric limitations than with an intraluminal device.   

Performing numerical simulations on the ultrasonic and heat propagation 

through the biological tissues is important for device design and treatment planning 

[71].  This section will discuss the current simulation studies and devices designed for 

ultrasound thermal therapy, including devices which are being currently-tested for use 

on patients.   

 

Simulations 

 Many numerical simulations using a finite difference method [6, 29, 49, 71, 

72, 73, 74, 75, 76] have been performed which determine the resulting tissue necrosis 

for ultrasound thermal therapy.  Ensuring the accuracy of the simulation model is 

important because the results will be invalid if the setup is incorrect or simplified too 

much.  However, a model which is too complex will increase the computational 

expense, so a tradeoff between accuracy and computation time is created.  The setup 

geometry, boundary and initial conditions, and governing equations are all involved 

in creating an accurate model of heat transfer through the breast and prostate.  

Setup geometry 

 The geometry of the volume to be ablated is usually a simplified version of 

the actual anatomical shape.  However in some cases, prostate volumes were derived 

from CT or MRI images taken from actual patients [5, 71].  Cubical shapes have been 

tested as computational domains to solely experiment with the pressure and heat 
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propagation within the tissue [34, 73].  The prostate was often modeled as a hollow 

cylinder of outer radius 3 cm with the transducers in its center [75].  Tyréus did not 

use a 3D model but instead split the problem into two 2D models in cylindrical 

coordinates, r-ɗ and r-z planes, as shown in Figure 16 [75]. 

 

Figure 16 Model setup of intraluminal transducer inside of cylindrical prostate, used by [75].  Two 2D 
simulations were used in the r-ʻ όƭŜŦǘύ ŀƴŘ Ǌ-z (right) planes. 

The breast was modeled as a 6 cm radius hemisphere by Ho [15], Huang [77], 

Cheng [72], and Ju [29].  Lin [78] modeled the breast as a bell-shape, shown in 

Figure 17.  Most studies used water as a coupling medium between the transducer and 

breast since it has similar acoustical properties to tissue, so interface attenuation was 

not included in the model [15, 29, 72].  Malinen included different thermal properties 

for the external skin, the healthy breast tissue, and the tumorous breast tissue [18]. 
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Figure 17 Lin modeled the breast as a bell shape, with the cylindrical transducer coaxially surrounding it [78]. 

Simulation Parameters and Boundary/Initial Conditions  

 Most simulations set the boundary and initial conditions to normal body 

temperature, 37
o
C [6, 8, 14, 15, 29, 71, 72, 73, 76, 79].  Wan [49] used a Neumann 

boundary condition instead of the Dirichlet condition because his computation 

volume was small.  For intraluminal simulations where cooling water was involved, a 

convective boundary condition was used in the center of the cavity, where the water 

temperature was set to either 5
o
C [75], 10

o
C [74], 25

o
C [14], or 30

o
C [71], or 

different temperatures were compared in the study ranging from 5 ï 42
o
C [76].  Ho 

[15] also tested the use of cooling water external to the breast at 20
o
C. 

 The cylindrical transducers will produce heat generation by the gradient of 

intensity as was shown in Equation 7, but instead of the one-dimension result in 

Equation 8, the heat generation is described by cylindrical coordinates, resulting in 

Equation 30 [74] [80] [75] [76] [48] [14] 

ή ς–‌ὍὶὩ  Equation 30 

where ɖ is the applicator efficiency, ro is the radius of the applicator, and r is the 

current radius. 
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 The studies which tested phased array transducers modeled them as individual 

point sources.  Huygenôs Principle determined the summation of the individual 

sources, and Saleh [6] and Hutchinson [8] used Equation 9 ï Equation 11 (in 

Ultrasound Physics section) to calculate the final pressure field.  The Rayleigh-

Sommerfeld integral was used in many studies to combine the pressure created by 

each individual element [15] [77] [72] [73] [79] [18] [5], written as 
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Equation 31 

where p(x,y,z) is the acoustic pressure, ɟ is the mediumôs density, c is the speed of 

sound, k is the wave number, u is the surface velocity, Ŭ is the attenuation coefficient, 

r is the location of the point where the pressure is being calculated, and rô is location 

of the transducer element.  The heat generation produced from this pressure is 

calculated using Equation 11 [15] [6] [29] [79] [18] [8] [49] [5].   

For most studies, the acoustic absorption was considered to be solely a 

function of the attenuation of the wave [15] [72] [29] [48].  A constant attenuation 

was considered by most studies, at 5.3 Np/mMHz for Chen [71], 8.3 Np/mMHz for 

Prakash [80], 0.5 dB/cmMHz for Chopra [5], 5.01/mMHz for Diederich [76], and 

different values from 2.5 ï 30 Np/m were tested by Lin [81].  Instead of using either a 

constant value for attenuation, or varying it with frequency, Liu [79] and Tyréus [74] 

[75] varied the ultrasonic absorption with respect to the thermal dose by 
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 37 

 

where Ŭ1 = 4.1 Np/mMHz, Ŭ2 = 9 Np/mMHz, and TD is the thermal dose at the (x,y,z) 

coordinate.   

 The blood perfusion in the tissue was also mostly held constant through time 

and space, where Lin [81] and Liang [48] used 6 kg/m
3
s, Chopra [5] simulated 5.3 

kg/m
3
s until the temperature reach 55

o
C when it became 0, Prakash [80] used a value 

of 2.5 kg/m
3
s at temperatures less than 60

o
C and 0 kg/m

3
s at higher temperatures, 

Diederich [76] tested values of constant perfusion from 0.5 ï 10.0 kg/m
3
s, and Chen 

[71] tested different constant values of attenuation at 0.5, 2.5, 3.5, and 5.0 kg/m
3
s.  

However, a more accurate model was created when it was varied.  Tyréus [74] [75] 

modeled it with a constant value (2 kg/m
3
s for prostate tissue) until the thermal dose 

reached CEM43
o
C = 300 minutes, when the perfusion dropped to 0.  In a recent 

study, Prakash [14] compared different combinations of functions which described 

the blood perfusion and acoustic absorption as a function of an Arrhenius equation 

defined by Schutt and Haemmerich [82], thermal damage thresholds, or temperature, 

in order to determine an accurate combination of parameters. 

All simulations used Pennesô BHTE (Equation 19) to describe the heat 

transfer through the tissue [15] [77] [72] [73] [6] [29] [79] [18] [8] [49] [71] [74] [80] 

[75] [5] [76] [48] [14].  Also, to find the tissue necrosis from the thermal doses, 

Sapareto and Deweyôs thermal isoeffective dose (Equation 28) was used.  For 

necrosis to occur, the studies set CEM43
o
C to equal 120 minutes [49], 240 minutes 

[15] [73] [79] [8] [80] [14], 300 minutes [72] [18], or a conservative 600 minutes [74] 

[75].  Some simulations restricted the computations to temperatures below 100
o
C [18] 

[8]. 
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Transducer Configurations  

 Intraluminal devices often consist of multiple cylindrical transducers axially 

arranged, which are segmented angularly so different segments can be tuned to 

different power levels (schematic displayed in Figure 18) [71] [74] [80] [81] [75] [76] 

[14].  Chopra [5] placed 4 mm x 20 mm planar transducers end-to-end inside of a 

6mm diameter catheter.  Chenôs [71] intraluminal design consisted of a 3 mm radius 

catheter, 1.75 radius transducer, and individual transducer length of 10 mm (R, Re, 

and Le in Figure 18, respectively).  Tyréus tested interstitial cylindrical transducers 

with outer diameter 2.2 mm and length 10 mm in one study [75], and outer diameters 

ranging from 1.5 ï 4.0 mm with lengths 5 ï 10 mm [74].  Diederich [76] had five 

axially-aligned cylindrical transducers with an outer diameter of 10 mm and length 10 

mm.  Prakash [14] simulated an intraluminal device with two cylindrical transducers 

with an outer diameter of 3.5 mm, length of 10 mm, and 2 mm of space between 

each.  To keep the transducer and cavity wall cool, chilled water can be circulated 

either inside the cylindrical transducers, or exterior to it within the catheter walls [71] 

[74] [75] [76] [14].  An example of a device with external cooling is displayed in 

Figure 19. 
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Figure 18 Intraluminal transducer schematic displaying four independently-controlled cylindrical transducers 
with angular segments that can be blocked so power is only emitted in desired angular direction [71]. 

 
Figure 19 Schematic of 5ƛŜŘŜǊƛŎƘΩǎ ǘǊŀƴǎŘǳŎŜǊ ǳǎŜŘ ƛƴ ǎƛƳǳƭŀǘƛƻƴǎ ŀƴŘ ƛƴ ǾƛǾƻ ŜȄǇŜǊƛƳŜƴǘǎ ƻƴ ŘƻƎǎΦ  Lǘ ŀƭǎƻ 
demonstrates the configuration of cooling water in between catheter wall and cylindrical transducer outer 

diameter [76]. 

Individual focused transducers of radius 8 and 15 cm, and phased arrays with 

16 and 32 elements of the same radii were tested and compared by Fan [73].  A flat 

phased array was tested by Saleh [6] (64 elements creating a 2 cm x 2 cm square) and 

Hutchinson [8] (a linear array of 1.5 cm x 9.0 cm x 0.2 cm with an element width that 

varies depending on the current simulation frequency to be half the wavelength).  Liu 

[79] tested a curved phased array with 400 elements arranged in a 20 x 20 

configuration with a radius of curvature of 12 cm.  Wan [49] simulated a phased array 

shaped as a square section of a 10 cm diameter sphere, with 3 mm x 3 mm square 

elements arranged 35 x 35 (Figure 20).  A cylindrical phased array of transducers 

which surrounds the breast was tested by Ho [15], Ju [29], and Lin [78].  Hoôs design 
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had a diameter of 20 cm, height of 2 cm, and included 200 elements.  Lin used 384 

elements, creating a cylinder of diameter 25 cm.  Malinen simulated and optimized 

necrosis for a hemispherical shell transducer of 530 elements (Figure 21) [18].  Cheng 

[72] split a part of a 10 cm radius square section of a spherical transducer into four 

equal transducers, each with a 45
o
 angle between their face and the central axis of the 

breast.  Huang [77] tested two phased array transducers, which were curved towards 

the breast and 24 cm apart on opposite ends of the breast.  The dimensions of the 

transducers were 15 cm x 16 cm x 1.5 cm, and they could be translated around the 

breast and rotated on their own axes parallel to each other and the base of the breast.   

 

Figure 20 A phased array transducer which is a square section of a 10 cm diameter sphere of 35 elements by 
35 elements, as was simulated by Wan [49]. 
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Figure 21 The hemispherical shell phased array transducer with 530 elements, simulated by Malinen [18]. 

Frequencies of 0.5 MHz [72] [8], 1 MHz [15] [77] [79] [18] [8], 1.5 MHz [8], 

2.0 MHz [8], 2.5 MHz [78], and 4.0 ï 4.5 MHz [78] were tested.  Ho [15], Cheng 

[72], and Lin [78] tested a physical scanning of the ultrasound transducer, where the 

focal points did not change location with respect to the transducer, but the transducer 

translated around the breast to ablate the entire tumor region. 

 For phased arrays, different focal patterns were tested.  The effect of one 

transducer was tested for both phased arrays and spherical transducers [72].  Ju [29] 

and Hutchinson [8] scanned a single focal point continuously throughout the ablation 

region.  Some studies tested multiple transducers concurrently ablating the tissue with 

a common focal point [77] [72] [18].  Other studies used a multifocal pattern which 

had the transducer split its focus on points in different locations around the volume to 

widen the necrosed volume tissue per ultrasound dose [15] [6] [79].  Cheng [72] 

tested the use of multiple transducers around the breast, each with a focal point in a 

different location (Figure 22).   
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Figure 22 A simulation study where there were four transducers surrounding the breast, each with a different 
focal point within the current volume to be ablated [72]. 

Conclusions of Previous Simulation Studies 

 Cylindrical intraluminal ultrasound transducers were found to be able to 

effectively heat targeted sections of the prostate with the correct set of transducer 

parameters [71] [75].  Tyréus [74] compared his data with previous ex vivo and in 

vivo experiments and found an agreement between the results, and Diederich [76] 

proved matching results with his own in vivo experiments: these verified that this 

model for cylindrical transducers is accurate.  Another finding was that the chilled 

water cooling the transducers not only lowered the temperature at the catheter wall, 

but also moved the point of highest heat away from the axis of the cavity and 

transducer [74] [75] [76].  Tyréus [74] and Diederich [76] found that larger diameter 

devices created larger necrosed tissue lesions, which was also useful because the 

devices that had cooling external to the transducers needed to be larger and were 

found to cool the cavity wall more effectively [74].  They also determined that the 

tissue perfusion was a larger factor in affecting the lesion size than the attenuation, 

where more perfusion decreased the temperature and lesion size, so it is important to 

choose an accurate value for it [74] [76].  Prakash [14] concluded that although using 
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a constant value of acoustic attenuation and blood perfusion is less computationally 

expensive, there are large differences in the results obtained between these constant 

conditions and those which vary with thermal dose so the results will be less accurate.   

 For the breast cancer focused simulations, it was found that using one curved 

transducer with a single focal point allows the heating around the focal point to be 

easily controlled [72].  The cylindrical design coaxial to the breast was found to 

effectively reach the desired target locations, and avoids excessive heat at the ribcage 

because the ultrasound propagates parallel to the ribs [15].  It was proven that using a 

phased array instead of a single curved array reduces the treatment time [73].  

Furthermore, the multifocus design allows for less cooling time between each 

sonication because the intensity is spread throughout the volume, and therefore led to 

reduced treatment times [15] [72].  Huang [77] found that with tilted transducers, rib 

heating could be avoided if the angle between the vertical and the transducer axis was 

greater than 56.6
o
.  When phased transducers are electrically steered away from the 

central transducer axis, they must be designed to avoid grating lobes because they 

produce unwanted heating in the areas around the focal point [6]; this means that the 

near-field temperature is higher for larger scan widths [8].  Including more 

transducers in phased array systems decreases the number of grating lobes, and 

therefore there is less unwanted heating in the space between the focal point and the 

transducers [18].  Another conclusion was that electrical scanning is quicker than 

physically scanning the focal point [6].  Also, since the focal point can be shifted very 

quickly to different locations that were not experiencing high heats before, then 

cooling time isnôt necessary before the next sonication.  In contrast, Wan [49] 
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discovered that non-scanned multifocal patterns decreased treatment time when 

compared to multiple focus scanning. 

It was found that the driving frequency needed to be set low for deep tumors, 

and high frequencies were appropriate for superficial tumors since their power is 

absorbed in a shorter space [29] [78].  Therefore, to obtain an even heating of the 

entire breast, a combination of low and high frequencies can be used [29].   

 

Previously-Developed Device Concepts 

 Ultrasound thermal therapy has gained interest and popularity throughout the 

years, so there have already been devices created which are currently being tested, 

including some which are in use at treatment clinics outside of the United States.  

Currently, transurethral US probes inside a catheter are still in the developmental 

stage [16], and concepts which have not yet come to market have been proposed in 

patents and are being tested.  A patent from 1995 describes a transurethral US device 

for BPH and prostate cancer treatments [83].  It includes cooling external to the 

transducer, and individually-controlled segments oriented axially from one another, 

with the transducers segmented angularly for control of angular US propagation 

(Figure 23).  Prakash [80] designed an interstitial device to be used for clinical pilot 

studies where the transducer slides into a catheter, has segmented transducers, and 

water flowing between the transducer and the catheter wall (Figure 24, upper and 

lower left).  He has also designed a concept for a flexible transurethral applicator with 

includes angularly segmented transducers and an inflatable balloon at the top to arrest 

the device in the bladder (Figure 24, upper and lower right). 
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Figure 23 Intraluminal patent idea with multiple cylindrical transducers arranged axially, and the right view 
shows two possible angular segmentation configurations [83]. 

 
Figure 24 Interstitial device for clinical pilot trials (upper and lower left), and intraluminal concept for 

simulation purposes (upper and lower right). 

Zhou [7] has compared different devices which are currently in-use in Europe 

or being clinically tested for HIFU ablation, and his table comparing these devices is 

reproduced (with permission) in Table 4.  The transrectal devices with a concave 

transducer for prostate cancer treatment include the Ablatherm (6-month post-

treatment efficacy demonstrated by Thuroff [84]) and the Sonablate-500 (5-year post-

treatment efficacy demonstrated by Uchida [85]) [7].  Extracorporeal devices with 

phased arrays arranged in a spherical bowl include the Exablate 2000 and the FEP-

BY02 [7] [13].  Images of the FEP-BY02 and Ablatherm devices are shown in 
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Table 4 Comparison of different HIFU devices currently in-use, reproduced with permission from [7]. 

 

 

Figure 25 Images of (A) the FEP-BY02 extracorporeal phased array transducer and (B) the Ablatherm 
transrectal curved transducer [7]. 
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Chapter 3: Summary of Cell Thermal Therapy Studies 

 To determine the mathematical model to represent thermal damage, thermal 

therapy studies must be conducted in a controlled experimental setting.  In vitro 

experiments are performed to isolate the cancer cells during testing, although the 

inaccuracies which are associated with this segregation must be kept in mind while 

reviewing the results of such experiments. 

 Previous review papers have compared the required thermal doses for 

hyperthermia in many human and animal cells in vitro.  In 1979, Bhuyan [86] 

reviewed the heat sensitivities for different cell types, finding the time to result in 

90% cell destruction for temperatures between 41 ï 45
o
C.  He [52] and Wright [64] 

compiled the Arrhenius parameters needed for the mathematical model which 

describes their cell death (explain later in this paper) for different types of cells.  

Some of the data from these three authors has been compiled in Table 5.   
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Table 5. Compilation of most results from previous reviewon cell death for different human and animal cell 
lines.  Tested temperature ranges and cell survival assays also presented [52, 86, 64]. 
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These three authors demonstrate the difference in cell survivability between 

the different cell types, especially between human and animal cell lines.  This is 

further shown in a review by Dewhirst [53].  He compared results from Chinese 

hamster ovary cells against hyperthermia tests on human melanoma cells of the same 

temperature range.  It was found that both exhibited a similar shape, but the same 

temperature tests took longer to result in the same cell death for the human cells than 

it did for the animal cells.  Graphs from the mathematical models (Arrhenius) were 

also compared for different human and rodent cell lines, and the shallower slopes for 

the human cells also support the claim that human cells are more resistant.  Therefore, 

to have the appropriate thermal dose, it is important to be experimentally determined 

for each cancer cell type. 

 The following chapter will review recent in vitro cell studies that have been 

performed on human cells, and summarize the mathematical models determined by 

these experiments which describe the cell death rate with respect to the thermal dose.  

The type of cell, cell survival assay, and heating method are important experimental 

parameters because they greatly impact the testing results [28, 87], so the different 

cell types and testing methods of these studies are discussed.   

 

Cell Types and Preparation Protocols 

 The thermal therapy experiments discussed below have been conducted on 

cancer cells of the prostate [62, 88], liver [11, 63, 65], bladder [10], kidney [66, 67, 

89], and lung [90] (although the lung data is not analyzed further than its 

experimental setup).  He and Walsh cultured  cells in 5% fetal bovine serum (FBS) in 
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a 5% CO2 environment at 37°C [66, 89], while the other authors used 10% FBS and 

1% penicillin/streptomycin and incubated in 95% humidity and either 10% CO2 [65, 

67] or 5% CO2 [10, 11, 62, 63, 88].   

Some studies tested only attached cells, while other performed experiments on 

both attached and suspended cells for comparison.  Jen [10] and Huang [11, 67] 

prepared only attached cells by first washing away the dead cells with phosphate-

buffered saline (PBS) and removing the live cells from the flask on which they were 

cultured with Trypsin.  These cells were placed on a 35mm Petri dish and allowed to 

attach for 24 hours.  It was washed twice more with PBS and mixed with 0.6mL of its 

media.  Feng [62] placed the flasks on which the cells were cultured directly into the 

water bath after removing the medium and replacing it with PBS.  Bhowmick [88] 

trypsinized prostate cancer cells off of the flasks, and plated them on either 12 mm x 

12 mm glass coverslips, single-well microslides, or in a 25 cm
2
 flask (for the survival 

assay calcein leakage, propidium iodide, and clonogenic survival assays, respectively, 

to be discussed in the Assay section) and left them overnight to attach.  Afterwards, 

the cells on the cover glasses were washed with PBS, and the cells on the slides were 

washed with salt solution and covered with a coverslip and silicone grease.  OôNeill 

[63] seeded the cultured cells into a 96-well plate and allowed them to attach 

overnight ï this was the receptacle used during the heating experiments.  Finally, 

Walsh [89] also only tested attached cells, and prepared the renal carcinoma cells by 

plating them in either well chamber slides or a 35 mm petri dish, and allowed them to 

attach for 48 hours. 
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Shah [65] and He [66] tested both attached and suspended cancer cells.  Shah 

tested suspended liver cancer cells, which were resuspended after trypsinizing them 

for 5-10 minutes to remove them from the flask on which they were grown, 

centrifuging for 5 minutes at 1200 rpm, and resuspending the cells in their media.  3 

µL of the cell suspension was placed between two 12 mm diameter cover glasses.  To 

test attached cells, Shah left some cover glasses to sit overnight with the cells on top.  

He used the same procedures, except he only trypsinized the renal cancer cells for 3-5 

minutes and specified the centrifuge speed in acceleration, 400g.   

 

Heating Methods 

 The cell heating method has a noticeable effect on the experimental results.  

One common method to heat the cells is using a heated water bath.  However, water 

baths heat cells at a slow rate.  This is a problem because if an isothermal experiment 

has a high target temperature (>50°C), then a slow heating rate will cause cell damage 

during the non-isothermal ramping before the peak temperature has been reached 

[88].  This is detrimental to the determination of a mathematical model to correlate 

thermal dose and cell death. 

Placing the cells on a heated plate or stage is another heating method used in 

the reviewed studies.  The heat is quickly transferred to the slide or petri dish 

containing the cells, so there is a significantly shorter time to reach high peak 

temperatures than with a water bath.  However, even with a heating stage the high 

temperature of thermal ablation still causes some cell death to occur while the 

sampleôs temperature is ramping, so there will always be some error when 
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determining the isothermal damage.  Also, it is more difficult to ensure an even 

temperature at all of the cells than with a water bath because a thicker layer of cells is 

tested, so the temperature of the solution in which they are suspended heats more 

uniformly. 

Some cell viability assays need to be used with a particular method of heating 

cells.  For example, although clonogenic survival is a trusted indicator of cell death, it 

requires the use of a heated water bath (restricting its use to low temperature studies) 

[88].   

 

Cell Survival Assay and Heating Protocols 

 In order to define the success of thermal therapy treatments, there must be a 

measurable assay to determine the that cell death that has occurred.  As previously 

mentioned, clonogenic survival is one such assay.  It counts the number of cells 

which can still reproduce; when this ability is destroyed, cancer cells can no longer 

proliferate.  This makes it the most reliable indicator for cancer treatment studies [28, 

88].  However, for in vitro experiments it takes at least a week for this assay to 

manifest after the treatment dose delivery [28]. 

All studies which used the clonogenic survival assay heated the cells with a 

water bath.  Bhowmick [88] used an immersion heater and a stirrer in the water bath 

to maintain the temperature.  After heating, the flasks of cells were then set in an 

incubator at normal body temperature (37°C) for seven days [88].  After Walsh [89] 

heated cells in the water bath, they were trypsinized and re-plated to be incubated for 

10 days.  For both studies, the cell colonies are counted after this incubation period.  



 

 53 

 

For Bhowmick, the time it took for the temperature to reach its peak (ramping time) 

was about 3 minutes for temperatures of 50°C or less and 4 minutes for 55°C, and 

about 1 minute of ramp down time back to 37°C.  The ramping time for Walsh was 

between 80 and 130 seconds for his hold temperatures that ranged from 55°C to 

70°C. 

Vital dyes have become a popular method for determining cell viability.  The 

dye is added to the cells and infiltrates the ruptured membrane of dead cells, resulting 

in a color change.  A second dye may also be added which will fluorescently stain the 

live cells as well.  Four common vital dyes are trypan blue dye (used by [10, 11, 67]), 

propidium iodide (PI) (used by [62, 66, 88]), EthD-1 (used by [65, 89]), and an MTT 

assay (used by [55, 90]).  For the same study, a vital dye assay will result in higher 

measurement of cell vitality than the clonogenic survival assay [28, 88, 91].  

Incubation time needs to be included post-heating because it can also take up to a few 

hours for the injury to the cell membranes to occur [28]. 

Most studies that used a vital dye assay heated their cells through use of a 

heating stage, but a few used a water bath.  Jiang [90] heated the cells in a water bath 

at the hold temperature for 2 hours, and then placed them in a 37°C incubator for the 

next 24 hours.  The cells were then plated and incubated for 2 days, at which point the 

MTT solution was introduced to them.  The solution was incubated at body 

temperature for another 4 hours.  Walsh [89] also used a heated bath with the EthD-1 

dye assay.  As was done for his clonogenic survival studies, the cells were placed in 

the heated water bath for the appropriate period of time (with ramping times of 80 to 

130 seconds, depending on the peak temperature), and then incubated at 37°C.  
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However, for the dye it was only incubated for 24 hours post-heating, at which time 

the cells were washed with phosphate-buffered saline (PBS) and the dye was added.  

Finally, Feng [62] used a water bath with the vital dye PI uptake assay.  The cells 

were placed in a 25 cm
2
 flask with PBS.  The flask was placed in the appropriately 

heated water bath (ranging from 44-60°C, ramp time of about 4 seconds) for the 

different treatment times (1-30 minutes).  The cells were then incubated for 72 hours 

at 37°C. 

The following are the methods used for the cell studies utilizing a heating 

stage and a vital dye assay.  Bhowmick [88] used a copper heating stage for studies 

using PI uptake.  The cells were plated overnight before they were washed and mixed 

with PI dye.  Then they were incubated for 15 minutes, covered with a cover slip, and 

then heated to the appropriate temperature on the stage (with about 10 seconds of 

ramping time).  Afterwards the cells were incubated for three hours at 37°C.  He [66] 

used PI uptake and Shah [65] used EthD-1 dye, but they had similar procedures (and 

both tested attached and suspended cells).  Their 12 mm cover glasses with the cells 

were placed on the heating stage (He used a quartz crucible between the cells and the 

stage).  There was only one heating rate for He, 130°C/min (and cooling rate of 

65°C/min), but Shah tested the effect of multiple heating rates: 100, 200, and 

300ÁC/min, and performed ñisothermalò testing with a heating rate of 525ÁC/min (the 

cooling rate for all studies was 100°C/min).  Then the cells were placed in their dye 

solution, which included both the previously-mentioned vital dye and Hoechst dye so 

that both the live and dead cells could be monitored.  Next, they were incubated for 3 

hours at 37°C before the stained cells were counted.  Jen [10] used trypan blue dye 
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for the cells, which were heated on a customized copper heating block.  The cells 

were heated on the stage (ramp time <50 seconds).  Afterwards they were stained 

with trypan blue to determine the viability.  Huang used the same method as Jen for 

experiments on liver [11] and kidney cells [67], except the liver cells were also 

stained with calcein AM prior to heating to stain the live cells green, and EthD-1 dye 

post-heating to stain the dead cells red.  Both dyes stained the cells for 30 minutes.   

Other methods which are commonly used in cell studies include calcein 

leakage assay [88], lysis assay [92], flow cytometry [90], and fluorescence [63].  As 

previously mentioned, the assay choice was also influenced by the desired heating 

method. 

 

Summary of Experimental Results 

Determining the correct thermal dose is an important part of hyperthermic 

studies.  Temperatures below about 43°C are incapable of inducing apoptosis, 

regardless of treatment times, so there is a large difference between the cell toxicity 

below this ñbreakpointò and above it [27, 55, 60, 70, 86].  The required thermal doses 

for bladder, prostate, liver, and kidney cells have been compiled from recent studies 

(Figure 26 ï Figure 28).  Each data point represents a different isothermal test, and 

the lines connect experiments of the same cell line.  The graphs all have a steep 

negative slope at the shortest testing times, demonstrating the minor difference in 

treatment time at very high temperatures.  Then the graphs flatten out because there 

are large differences in the time required for cell death at the lower temperatures.   
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The time necessary for 10% of the tested cells to die is displayed in Figure 

26(a-d), where each graph is a different cell type, and is sub-separated by cell line.  

Most of the cell lines were able to reach 10% death within 10 minutes at temperatures 

above 40°C. 

 
Figure 26. Times needed to achieve 10% cell death when subjected to isothermal heating at temperatures 
specified for (a) bladder cells [10], (b) prostate cells [62, 88], (c) liver cells [11, 65], and (d) kidney [66, 67]. 

Figure 27(a-d) displays the time it took for 50% cell destruction to occur in 

the different types of cancer cells.  At 50°C
1
, kidney cells required the most time to 

reduce by half: 7-8 minutes.  The bladder cells had the fastest response at this 

temperature, taking 2-4 minutes.   

                                                 
1
 arbitrary temperature chosen for comparison since it is the lowest available in all graphs 
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Figure 27. Times needed to achieve 50% cell death when subjected to isothermal heating at temperatures 
specified for (a) bladder cells [10], (b) prostate cells [62, 88], (c) liver cells [11, 65], and (d) kidney [66, 67]. 

Figure 28 shows the necessary thermal dose for 90% cell death.  There are 

fewer data points for these graphs than the previous figures because most of the lower 

temperature experiments were not run until 90% of the cells died (with the exception 

of Fengôs [62] prostate cell experiments, which were run for 30 minutes).  The kidney 

cells required the most time at 55°C
2
  to reach 90% cell death: 10 minutes.  The other 

three cell types only needed about 5 or 6 minutes at that same temperature. 

                                                 
2
 arbitrary reference temperature 
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Figure 28. Times needed to achieve 90% cell death when subjected to isothermal heating at temperatures 
specified for (a) bladder cells [10], (b) prostate cells [62, 88], (c) liver cells [11, 65], and (d) kidney [66, 67]. 

 

Discussion of Results 

The data displayed in Figure 26 ï Figure 28 was derived from the survival 

curves provided by each source (survival curves display the percentage of cell 

survival versus time for different hold temperatures).  For hyperthermic temperatures, 

these curves typically have two distinct regions: a shallow slope at the beginning of 

the heating time (shoulder region), and then a steeper slope develops, showing a fast 

rate of cell death when a damage threshold is surpassed [53, 60].  In contrast, at high 

thermal therapy temperatures the cell death rate is very high initially, and then it 

slows.  This occurs because at high temperatures the ñdamage thresholdò is surpassed 

at the outset of the test.  Figure 29 shows the survival curves of PC3 prostate cancer 

cells from Feng [62] (with permission), and it depicts this phenomenon because 

shoulder region only exists in the curves for experiments run at 50°C and below.   
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Figure 29. Reproduction of survival curves for PC3 prostate cancer cells (with permission) [62]. 

The graphs displayed in the results summary section are condensed into 

Figure 30 for 10% (a), 50% (b), and 90% (c) cell destruction, separated by cell type.  

A logarithmic trend line has been fitted to the compilation of the data from each 

general cell type
3
.  The graph for kidney cells flattens out the fastest for 50% and 

90% cell death, and in all three graphs the bladder trend lines have the steepest slope 

at the later times and lower temperatures.  This means that at lower temperatures, a 

small decrease in hold temperature had a much larger effect on the treatment time for 

kidney cells than bladder cells.  

 

                                                 
3
 graphs exclude the prostate data from the clonogenic survival assay, prostate cells counted after only 

1 hour post-treatment incubation, and any data past 10 minutes treatment time (all designated by 

ñtruncatedò) 
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Figure 30. Times needed to achieve (a) 10%, (b) 50%, and (c) 90% cell death for bladder, prostate, liver, and 

kidney cells, when subjected to isothermal heating at temperatures specified. 

Figure 31(a-d) displays those same trend lines
4
, but each graph contains one 

type of cell which has lines for the different survival rates.  Bladder cells required a 

lot of time to go from 10% - 50% and 50% - 90% cell destruction at any given 

temperature.  For example, at 50°C, 10% of the bladder cells died after 30 seconds, 

half died after about 3 minutes, and it took 10 minutes for 90% of the cells to die.  

Similarly, kidney cells required very little time to reach 10% cell destruction, but up 

to 40 minutes for 90% cell death at 50°C.  This is in contrast to prostate cells, which 

have very similar curves for all three cell death percentages, and it is not until below 

50°C that there are distinct differences in the treatment times needed to achieve each. 

                                                 
4
 now including data collected after 10 minutes 
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Figure 31. Times needed to achieve 10%, 50%, and 90% cell death for (a) bladder cells, (b) prostate cells, (c) 

liver cells, and (d) kidney cells when subjected to isothermal heating at temperatures specified. 

Decreasing heating time is often a goal of hyperthermic treatment, so to 

decrease it to less than an hour, following the curves in the figures above, it is 

necessary to raise the peak temperature above normal hyperthermic conditions.  

Temperatures below 46°C require a much longer hold time, and possibly multiple 

treatments, to be used as the sole method for cell death. 

Since eradicating cancer cells is the goal of treatment, the 90% curves are of 

the most interest to analyze.  However, most of the cell studies were not performed 

for sufficiently long time periods to reach 90% cell destruction at moderate 

hyperthermic temperatures, so the thermal doses can only be determined for thermal 

ablative temperatures.  According to the trend line for bladder cells, it takes 10 

minutes at 50°C, 3 minutes at 60°C, and 1 minute at 70°C to cause 90% cell death.  

For prostate cells (which were tested for longer time periods) to achieve this same 
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level, they require 30 minutes at 44°C, 7 minutes at 50°C, and less than a minute at 

60°C.  Liver cells needed 7, 2.5, and 0.25 minutes at 55, 60, and 70°C, respectively.  

The trend line for kidney cells will not cross 50°C until after 40 minutes, but will 

reach 90% cell death around 2 minutes at 60°C and almost immediately at 70°C.   

To estimate the necessary thermal dose at any temperature, this data was fit to 

an Arrhenius model.  The parameters from these recent cell studies are listed in Table 

6.  The heating method and survival assay are also presented in the table because they 

have a significant impact on the resulting parameters. 

Table 6. Compilation of Arrhenius parameters for different cell studies.5 

 
 

These cells types all have an activation energy in the range of 100 ï 360 

kJ/mol, but their frequency factor ranges from the order of 10
23

 ï 10
54

 s
-1
.  He [52] 

performed a similar review of both human and animal cells, and found that activation 

energy tended to be much higher for the clonogenic survival assay than with vital 

                                                 
5
 HR = heating rate 

Ea (kJ/mol) A (s
-1

)

HR = 100°C/min 272.4 7.757x10
40

HR = 200°C/min 262.02 1.502x10
39

HR = 300°C/min 257.38 2.576x10
38

HR = 525°C/min (attached) 248.64 5.396x10
36

HR = 525°C/min (suspended)229.46 3.495x10
31

Liver (HepG2) heating stage trypan blue dye 170.17 4.11x10
24

Huang 2010

Liver (Hep3B) heating stage trypan blue dye 152.44 1.07x10
22

Huang 2010

heating stage calcein leakage 0.7 threshold 81.33 5.069x10
10

Bhowmick 2000

heating stage PI uptake 0.7 threshold 244.8 2.99x10
37

Bhowmick 2000

water bath clonogenic survival0.7 threshold 526.39 1.04x10
84

Bhowmick 2000

Bladder (TSGH-8301, grade 2)heating stage trypan blue dye 164.65 7.04x10
23

Jen 2009

Bladder (J82, grade 3) heating stage trypan blue dye 145.48 8.15x10
20

Jen 2009

Bladder (TCC-SUP, grade 4) heating stage trypan blue dye 114.4 1.35x10
16

Jen 2009

Suspended w/all T(t) 287.49 4.362x10
43

Suspended w/T(t) @ 0 hold 338.54 6.375x10
51

Attached w/all T(t) 314.89 3.153x10
47

Attached w/T(t) @ 0 hold 358.51 2.291x10
54

Kidney (A498) water bath EthD-1 99% destruction 202.80 1.29x10
29

Walsh 2007

Kidney - embryonic (293T) heating stage trypan blue dye 211.79 5.95x10
30

Huang 2008

Kidney (SN12) heating stage PI uptake He 2005

Reference

Liver (HepG2) heating stage EthD-1 Shah 2006

Cancer Cell Type Heating Method Survivability Assay Notes
Arrhenius Parameters

Prostate (AT-1)
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dyes, which can be seen in Table 6 from the AT-1 cell studies performed by 

Bhowmick. 

 

Conclusion of Cell Studies 

The graphs of the cell data from this literature review display the significant 

difference in thermal dose results for different types of cells.  It is important to note 

that none of the studies in this review included breast cancer cells.  Literature for in 

vitro experiments was not available for breast cancer cells, so to have an accurate 

model for cell death of breast cancer, experiments on those cell lines will have to be 

performed.  Chapter 6 of this study will explain the experiments done to obtain this 

data. 
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Chapter 4: Numerical Modeling and Device Design for 

Ultrasound Thermal Therapy of Prostate Cancer  

As was proven in Chapter 2, numerical modeling of ultrasound propagation 

and heat transfer in biological tissues can accurately predict the outcome of a 

hyperthermic treatment.  It is a useful tool for both designing new devices to perform 

ultrasound thermal therapy and for treatment-planning purposes because it can 

individualize patient treatments [14].  Therefore, it is important to continually 

improve the numerical models so that the results will be closer to experimental 

values. 

The following prostate cancer simulations include a few novelties which 

distinguish them from the previous studies.  First, the tissue and blood properties vary 

throughout the duration of the simulation.  The acoustic attenuation and blood 

perfusion are dependent on the thermal dose and US power, respectively, where most 

studies just used constant values.  Without considering a variable attenuation and 

perfusion, the results could have a significantly different result from the realistic 

value [14]. 

Another important aspect of the prostate cancer simulations is the use of the 

Arrhenius equation to determine cell death, with parameters specific to prostate 

cancer cells.  Most simulations use an equivalent number of minutes at 43
o
C 

according to Sapareto and Deweyôs thermal effective dose, which is common to all 

soft tissue.  As was proven in Figure 30 in Chapter 3, there is a significant difference 

between the rate of cell death by thermal therapy for different cell types, so it is 

important to use a model which is specific to the type of cell under study. 
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This chapter will discuss the methods used to develop this numerical 

simulation, the results of these studies, and concepts designs of the US delivery 

device and treatment planning protocols.  The results will provide a relationship 

between ultrasound parameters and the final necrosed volume, which is important for 

treatment planning for physicians.   

 

Methods 

 MATLAB software was used to compute the final temperature throughout the 

volume and the resulting necrosed tissue locations.  The first step to achieving this is 

to define the geometry of the computational domain, which is the prostate gland in 

this case.  Next, the tissue, blood, and ultrasound properties are defined.  Then, the 

code runs through the total heating time.  At each time step, the acoustic attenuation 

and heat generation are calculated for every node in the domain.  Then the 

temperature distribution is calculated based on the heat generation value.  The 

necrosed cells are determined by the nodes (and therefore their associated volume 

elements) which have surpassed the thermal dose for cell death outlined by the 

Arrhenius relationship for prostate cancer.  The methods used to develop this 

simulation are described in this section, which include the discretization of the 

governing equation, the geometry used for the simulation, and the constants and 

variables used for testing. 
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Finite Difference Method 

 Using the numerical technique of finite difference (FD) is a common method 

for solving differential equations, and was used in many numerical studies of 

ultrasound thermal therapy (see Previous Studies with Ultrasound section).  It is only 

an approximation of the solution the results are discretized into finite volumes and 

time steps, so its accuracy is directly dependent on the size of those intervals.  This 

simulation uses an explicit scheme, so at each time step the results are calculated 

once, instead of an implicit scheme where the solution is determined by iterations at 

each time step until there is a sufficiently small error between the results in that step.  

The implicit scheme was not needed because the solution converged for this model. 

 Each differential equation is split into a finite central difference by the Taylor 

Series approximation, Equation 33. 

Ὢὼ ɝὼ Ὢὼ Ὢ ὼ ɝὼɝὼ ὌὕὝ Equation 33 

where x is the current location, ȹx is the length step in the x-direction, and HOT are 

higher order terms, which can be neglected because they are negligibly small 

compared to the preceding terms.  Rearranging this equation results in an 

approximation of a first-order derivative, shown in Equation 34. 

Ὢ ὼ ɝὼ
Ὢὼ ɝὼ Ὢὼ

ɝὼ
 Equation 34 

Equation 34 is an example of a forward difference, to compute a central difference 

the derivative at x spans two nodes, and is calculated by Equation 35. 

Ὢ ὼ
Ὢὼ ɝὼ Ὢὼ ɝὼ

ςɝὼ
 Equation 35 
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 A second derivative is derived by plugging the forward (and backwards) 

difference of the derivative shown in Equation 34 in for fô(x), resulting in Equation 

36 

Ὢ Ὢ ὼ
Ὢ ὼ ɝὼ Ὢᴂὼ

ɝὼ

Ὢὼ ɝὼ Ὢὼ
ɝὼ

Ὢὼ Ὢὼ ɝὼ
ɝὼ

ɝὼ
  

 

Ὢᴂᴂὼ
Ὢὼ ɝὼ Ὢὼ ɝὼ ςὪὼ

ɝὼ
 Equation 36 

 

Discretizing the Bioheat Transfer Equation 

Equation 35 and Equation 36 will be used to discretize the bioheat transfer 

equation (BHTE), defined in Chapter 2 and rewritten below. 

”ὧ
‬Ὕ

‬ὸ
Ὧɳ Ὕ ὧ ×Ὕ Ὕ ήᴂᴂᴂ Equation 21 

The ultrasound propagation does not have to be modeled with a central differencing 

scheme because the heat generation at each point is solely a function of its location 

and the temperature distribution at the previous time step. 

 The first term on the left and right sides of Equation 21 will be discretized 

with the Taylor series approximation because they include differential equations; they 

describe the storage of heat and conduction of heat, respectively.  The derivative of 

temperature with respect to time is written with the backwards difference method, and 

results in Equation 37. 
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‬Ὕὸ

‬ὸ

Ὕὸ Ὕὸ ɝὸ

ɝὸ
 Equation 37 

 The spatial derivatives are all determined based on the temperatures calculated 

at the previous time step at each point.  The Laplacian of temperature only includes 

second derivatives in a Cartesian coordinate system, but changes when the 

coordinates are no longer expressed in terms of (x,y,z).  For geometric simplicity, a 

cylindrical coordinate system (Figure 32) is used for prostate studies.   

 

Figure 32 3D cylindrical coordinate system used for prostate simulations (adapted from [93]). 

 The cylindrical system transforms the perpendicular linear (x,y,z) coordinates 

into the orthogonal radial, angular, and linear coordinates (r,ɗ,z), depicted by Figure 

32.  The Laplacian in cylindrical coordinates is described by Equation 38. 

ᶯὝ
‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬—

‬Ὕ

‬ᾀ
 Equation 38 

 The discretization of each of these terms is determined by either Equation 35 

or Equation 36, and is displayed in Equation 39 ï Equation 42.  All coordinates not 

specified in the equation are held constant. 

‬Ὕὸȟὼ

‬ὶ

Ὕὸ ɝὸȟὼ ɝὼ Ὕὸ ɝὸȟὼ ɝὼ ςὝὸ ɝὸȟὼ

ɝὼ
 Equation 39 

‬Ὕὸȟὼ

‬ὼ

Ὕὸ ɝὸȟὼ ɝὼ Ὕὸ ɝὸȟὼ ɝὼ

ςɝØ
 Equation 40 
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‬Ὕὸȟ—

‬—

Ὕὸ ɝὸȟ— ɝ— Ὕὸ ɝὸȟ— ɝ— ςὝὸ ɝὸȟ—

ɝ—
 

Equation 41 

‬Ὕὸȟᾀ

‬ᾀ

Ὕὸ ɝὸȟᾀ ɝᾀ Ὕὸ ɝὸȟᾀ ɝᾀ ςὝὸ ɝὸȟᾀ

ɝᾀ
 Equation 42 

 

Geometry of Domains/ Testing Parameters for Prostate Studies 

 The geometry of the prostate is simplified to a cylindrical shape commonly-

used in the former simulation studies detailed in Chapter 2.  The prostate is modeled 

as a hollow cylinder with thick walls, whose dimensions are displayed in Figure 33. 

 

Figure 33 Dimensions of cylindrical prostate geometry. 

 The US device simulated includes three cylindrical transducers which are 

independently powered and can emit power in a discrete set of angles between 90
o
 

and 360
o
.  Chilled water runs between the transducers and the prostate wall, providing 

a convective boundary condition at the inner wall of the prostate.  This setup is 

depicted in Figure 34, where the coordinate system is also displayed.   

Ø 60 mm 

Ø 3 mm 

48 mm 
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Figure 34 Schematic of prostate simulation model, showing the prostate, transducers, chilled water, and r- -̒z 
coordinate system in the a) top view, and b) front cross-sectional view.   

 Each transducer is 8 mm tall with a radius of 1.1 mm.  There is a 4 mm gap 

between each transducer in the z-direction.  The prostate tissue is initially set to body 

temperature, 37
o
C, and the external boundary condition is also held to that 

temperature. 

 

Testing Parameters 

 Table 7 displays the values of the parameters tested for the independent 

variables for the prostate simulations.  Throughout the results and discussion, the 

transducer powers will be written as Q = [Q1 Q2 Q3], where Q1 is the power for the 

bottom transducer, Q2 is for the middle transducer, and Q3 represents the top 



 

 71 

 

transducer power.  The dependent variables for the prostate simulations were the 

maximum temperature and the final volume of necrosed tissue. 

Table 7 Prostate simulation testing parameters and their values used in simulations. 

Independent Variables Tested Values 

Transducer Powers, Qi (W) 0, 30, 45, 60 

Heating Time, th (sec) 30-300 

¢ǊŀƴǎŘǳŎŜǊ !ƴƎƭŜΣ ɸ όŘŜƎǊŜŜǎύ 90, 120, 150, 180, 210, 270 

 

 The temperature in the tissue should not get too high because a patientôs pain 

threshold is generally exceeded after about 45
o
C, so minimizing temperatures above 

this value is important [94] [36].  For that reason and because cavitation effects were 

not taken into account for this simulation, a constraint on these studies was that the 

maximum temperature could not exceed 100
o
C anywhere in the computational 

domain.  The prostate code was run until either a set heating time was reached, or the 

necrosis reached a prescribed radial location.   

 

Determination of Cell Necrosis 

To determine cell necrosis, as was explained in the Background section, it is 

important to first determine the heat generation at each point in the volume.  For the 

prostate study a cylindrical transducer is used, so it is governed by previously-defined 

Equation 30, re-written below. 

ή ς–‌ὍὶὩ  
Equation 30 
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Therefore, it is only a function of the transducer efficiency ɖ, acoustic attenuation Ŭ, 

the initial intensity Io, the outer radius of the transducer ro, and the radial location of 

the current cell.  A transducer efficiency of 50% (ɖ = 0.5) was used for all studies.  

The acoustic attenuation was defined in Chapter 2 (Equation 5), rewritten below 

Ὢέὶ ὸὬὩὶάὥὰ ὨέίὩρππȟ ‌ υ 

Ὢέὶ ὸὬὩὶάὥὰ ὨέίὩρππȟ ‌ υ ὰέὫὸὬὩὶάὥὰ ὨέίὩς 

Equation 5 

The intensity is calculated from the input transducer powers by Equation 43 [34] 

)
–ὗ

Ὓ
 Equation 43 

where the values for Q are defined in Table 7 and S is the surface area of the 

transducer.  The radius of the transducer is the same as the inner radius of the 

prostate, defined in Figure 33. 

 After the heat generation is known, the temperature at each point is calculated 

using the discretized bioheat transfer equation.  The blood properties used in the 

bioheat equation can be referenced in Table 3 of Chapter 2. 

 The final step is to determine if  the thermal dose administered to each node in 

the volume is sufficient to conclude if the cells have been killed.  In this study, the 

Arrhenius relationship is defined in Equation 22 of Chapter 2, rewritten below 

ὯὝ ὃὩ ϳ  Equation 22 
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The Arrhenius parameters used in this study were found through a literature study for 

prostate cancer cell death [88].  A two-step equation was used
6
, where there are 

different parameters for temperatures below 50
o
C than above it.  Their values are 

listed in Table 8, and their accuracy was validated with canine prostate studies [47]. 

Table 8 Arrhenius parameters for prostate cancer studies. 

 
Ea (kJ) A (s-1) 

Below 50oC 526.39 1.04 x 1084 

Above 50oC 244.8 2.99 x 1037 

 

 

Grid Validation 

To ensure that the grid of nodes within the volume was sufficiently dense to 

account for the thermal gradients, a grid refinement study was performed.  The 

number of nodes in the three dimensions started with nominal values and were evenly 

multiplied by higher factors for different levels of grid fineness, and the maximum 

temperature and necrosed volume for two different sets of ultrasound parameters 

(parameters listed in Table 9) were recorded at each level.   

Table 9 Transducer parameters of two different cases tested for grid refinement study. 

Case # 
Center 

Transducer Power  

Transducer 

Angle 

Heating 

Time 

1 45 W 90
o
 55 sec 

2 60 W 90
o
 30 sec 

 

                                                 
6
 The Arrhenius parameters for the prostate were derived from Bhowmickôs study comparing different 

survival assays for prostate cancer cell death [67].  He recommended using the PI uptake numbers for 

temperatures above 50
o
C and the clonogenic survival parameters for temperatures below 50oC, which 

is what is presented in Table 8. 
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The multiplication factor was increased until the two most-fine grids have a 

negligible error between their values of maximum temperature and necrosed volume.  

Table 10 also includes the multiplication factor for the final node and its percent 

error, and Figure 35 displays the temperature and necrosed volume of each grid.  The 

final differential elements were ȹr = 0.6750 mm, ȹɗ = 11.25
o
, and ȹz = 1.000 mm.  

Separately, an accurate time step was calculated to be ȹt = 0.3052 sec. 

 

Figure 35 Temperature and necrosed volume for the different grids for ɸ = 90
o
 for case 1 (Q = [0 45 0] W and th 

= 55 s) and case 2 (Q = [0 60 0] W and th = 30 s). 

Table 10 The percent errors of the temperature and necrosed volume of each case when compared with the 
finest grid. 

  
Case 1 Case 2 

# of nodes Terror Verror Terror Verror 

nominal 11500 14.79 % 98.00 % 7.60 % 84.21 % 

1.5x 34600 3.00 % 10.00 % 3.83 % 10.53 % 

2x 92200 6.25 % 34.00 % 3.64 % 26.32 % 

3x 553000 1.30 % 8.00 % 0.70 % 7.89 % 

4x 1840000 0 0 0 0 
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Results from Prostate Studies  

 Multiple combinations of the parameters displayed in Table 7 were tested in 

multiple combinations, and the results were studied if the thermal dose was sufficient 

to result in necrosed tissue and the maximum temperature was less than 100
o
C.  The 

complete results are listed in Table 30 ï Table 39 in Appendix A.  Each test produced 

different temperature fields, and therefore different tissue necrosis contours.  The 

results will first display the effect of different parameters on the temperature fields, 

and then will demonstrate the resulting necrosed volumes.  

 

Temperature Fields 

 An example of a temperature distribution created by the cylindrical transducer 

is displayed in the 2D cross-sections at ɗ = 0
o
 (Figure 36a) and at z = 0 mm (Figure 

36b), created by 3 transducers at Q = [45 45 45] W, propagating at Ū = 90
o
 for th = 

100 s.  The white region between r = 0 and 3 mm in Figure 36a (rectangular region) 

and Figure 36b (circular region) represent the urethra, where the transducers are 

located.  
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Figure 36 Temperature contours for Q = [45 45 45] W, ɸ = 90
o
, and th = 100 s at (a) ̒  = 0

o
 and (b) z = 0 mm. 

 Another example is shown in Figure 37 for Q = [0 60 0] W, propagating at Ū 

= 270
o
 for th = 600 s.   

 

Figure 37 Temperature contours for Q = [0 60 0] W, ɸ = 270
o
, and th = 600 ǎ ŀǘ όŀύ ʻ Ґ л

o
 and (b) z = 0 mm. 

 The effect of one transducer on the maximum temperature versus the 

treatment time are displayed in Figure 38 and Figure 39, where Figure 38 compares 

graphs of different transducer powers Q for each transducer angle Ū, and Figure 39 

compares graphs of the same data but with different transducer angles for each power. 
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Figure 38 For single transducer simulation, the maximum temperature versus the heating time for 30 W (blue 

diamonds), 45 W (red squares), and 60 W (green triangles).  Graphed for (a) ɸ = 90
o
, (b) ɸ = 120

o
, (c) ɸ = 150

o
, 

(d) ɸ = 180
o
, (e) ɸ = 210

o
. 
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Figure 39 For single transducer simulation, the maximum temperature versus the heating time for ɸ = 90
o
 

(blue diamonds), ɸ = 120
o
 (red squares), ɸ = 150

o
 (green triangles), ɸ = 180

o
 όǇǳǊǇƭŜ ȄΩǎύΣ ŀƴŘ ɸ = 210

o
 (teal 

stars).  Graphed for (a) 30 W, (b) 45 W, (c) 60 W. 

 Next, the effect of varying the powers of two transducers was studied.  An 

example of the temperature contours created by transducers at two different powers is 

displayed in Figure 40 for Q = [45 60 0] W, propagating at Ū = 180
o
 for th = 200 s. 

 

Figure 40 Temperature contours for Q = [45 60 0] W, ɸ = 180
o
, and th = 200 ǎ ŀǘ όŀύ ʻ Ґ л

o
 and (b) z = 0 mm.  

 A sample of the data for selected angles is graphed to compare the effect of 

the power from a second transducer for a constant value of the middle transducer.  

The angles were chosen to result in the largest population of data points within the 
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constraints of Tmax Ò 100
o
C and Vnecr > 0 mm

3
.  Figure 41a displays the resulting Tmax 

versus heating time for Ū = 90
o
 the middle transducer set to 30 W, the top transducer 

varying from 0 ï 60 W, and the bottom transducer is set to 0 W.  Figure 41b and 

Figure 41c display similar graphs as Figure 41a, except for Ū = 150
o
 and 210

o
, and 

the middle transducer power set equal to 45 W and 60 W, respectively.  

 

Figure 41 Maximum temperature versus heating time for a constant heating power for the center transducer 

compared to different transducer power on the third transducer for (a) Q2 = 30 W at ɸ = 90
o
, (b) Q2 = 45 W at 

ɸ = 150
o
, and (c) Q2 = 60 W at ɸ = 210

o
. 

 Similar graphs were produced to compare the effect of activating multiple 

transducers at the same power level.  Figure 42a displays Tmax versus time for either 

one, two, or three transducers on at 30 W for Ū = 90
o
, Figure 42b is for 45 W and Ū = 

150
o
, and Figure 42c displays the data for 60 W and Ū = 210

o
. 
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Figure 42 Maximum temperature versus heating time for a specific heating power for different numbers of 

active transducers for (a) Q = 30 W at ɸ = 90
o
, (b) Q = 45 W at ɸ = 150

o
, and (c) Q = 60 W at ɸ = 210

o
. 

 

Necrosed Tissue Contours 

 When the thermal dose for prostate cancer cell death has been surpassed in a 

volume element of the computational domain, that element will be marked as dead 

cells.  To pictorially present the necrosed tissue from the simulations, two different 

types of graphs are employed and shown in Figure 43: the first is similar to Figure 

36a except instead of the temperature contour it is the necrosis contour displayed; and 

the second is a three-dimensional isometric view of both the urethra and necrosed 

tissue.  The frontal cross-section (Figure 43a) is split into areas where the highest 

temperature which caused the coagulation is displayed, and non-necrosed tissue is 

uncolored.  In the isometric view (Figure 43b), the blue cylinder represents the 

urethra, within which the transducer is located, and the red volumes are the areas of 

necrosed tissue inside of the prostate.  The prostate gland, but it can be imagined to be 
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a thick-walled cylinder surrounding the urethra.  The graphs are of the same set of US 

parameters as in Figure 36 (Q = [45 45 45] W, Ū = 90
o
, th = 100 s). 

            

Figure 43 Necrosis contours for Q = [0 60 0] W, ɸ = 90
o
, and th = 100 ǎ ŀǘ όŀύ ʻ Ґ л

o
 and (b) 3D view. 

 Another example of these graphs is shown in Figure 44 for the same 

transducer parameters as Figure 37 (Q = [0 60 0] W, Ū = 270
o
, th = 600 s). 

  

Figure 44 Necrosis contours for Q = [0 60 0] W, ɸ = 270
o
, and th = 600 ǎ ŀǘ όŀύ ʻ Ґ л

o
 and (b) 3D view. 

 The results for the effect of one transducer on the necrosed volume versus the 

treatment time are displayed in Figure 45 and Figure 46, where Figure 45 compares 

graphs of different transducer powers Q for each transducer angle Ū, and Figure 46 

compares graphs of different transducer angles for each power. 



 

 82 

 

 

Figure 45 For single transducer simulation, the necrosed volume versus the heating time for 30 W (blue 

diamonds), 45 W (red squares), and 60 W (green triangles).  Graphed for (a) ɸ = 90
o
, (b) ɸ = 120

o
, (c) ɸ = 150

o
, 

(d) ɸ = 180
o
, (e) ɸ = 210

o
. 
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Figure 46 For single transducer simulation, the necrosed volume versus the heating time for ɸ = 90o (blue 

diamonds), ɸ = 120o (red squares), ɸ = 150o (green triangles), ɸ = 180o όǇǳǊǇƭŜ ȄΩǎύΣ ŀƴŘ ɸ = 210o (teal stars).  
Graphed for (a) 30 W, (b) 45 W, (c) 60 W. 

 Another important result of these studies is the location of the necrosis.  

Predicting the location of necrosed tissue in the angular and axial directions is 

relatively accurate when considering the bounds defined by the transducer heights 

and angles of propagation.  However, the resulting radial distance that the cell 

necrosis reaches is important to measure because it takes longer heating times and 

higher powers to reach further towards the edge of the prostate gland with a 

cylindrical transducer.  Therefore, the depth of radial necrosis is limited by the 

necessity to remain under 100
o
C. 

 Figure 47 ï Figure 51 have graphs showing the maximum radial distance 

reached by the necrosis (open markers) and the radial centroid of the necrosed 

volume (filled markers).  They are compared for one transducer at (a) 30 W, (b) 45 

W, and (c) 60 W, at Ū = 90
o
 (Figure 47), Ū = 120

o
 (Figure 48), Ū = 150

o
 (Figure 49), 

Ū = 180
o
 (Figure 50), and Ū = 210

o
 (Figure 51). 
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Figure 47 ¢ƘŜ ŎŜƴǘǊƻƛŘŀƭ ŀƴŘ ƳŀȄƛƳǳƳ ǊŀŘƛŀƭ ŎƻƻǊŘƛƴŀǘŜǎ ŦƻǊ ǘƘŜ ƴŜŎǊƻǎŜŘ ƭŜǎƛƻƴ ŀǘ ɸ Ґ фл
o
 for one transducer 

set to (a) 30 W, (b) 45 W, and (c) 60 W. 

 
Figure 48 The centroidal and maximum radial coordinates ŦƻǊ ǘƘŜ ƴŜŎǊƻǎŜŘ ƭŜǎƛƻƴ ŀǘ ɸ Ґ мнл

o
 for one 

transducer set to (a) 30 W, (b) 45 W, and (c) 60 W. 
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Figure 49 The centroidal and maximum radial coordinaǘŜǎ ŦƻǊ ǘƘŜ ƴŜŎǊƻǎŜŘ ƭŜǎƛƻƴ ŀǘ ɸ Ґ м50

o
 for one 

transducer set to (a) 30 W, (b) 45 W, and (c) 60 W. 

 
Figure 50 ¢ƘŜ ŎŜƴǘǊƻƛŘŀƭ ŀƴŘ ƳŀȄƛƳǳƳ ǊŀŘƛŀƭ ŎƻƻǊŘƛƴŀǘŜǎ ŦƻǊ ǘƘŜ ƴŜŎǊƻǎŜŘ ƭŜǎƛƻƴ ŀǘ ɸ Ґ м80

o
 for one 

transducer set to (a) 45 W and (b) 60 W. 

 
Figure 51 The centroidal and maximum radial coordinates fƻǊ ǘƘŜ ƴŜŎǊƻǎŜŘ ƭŜǎƛƻƴ ŀǘ ɸ Ґ нм0

o
 for one 

transducer set to 60 W. 

 Figure 52 graphs the maximum radial necrosed point versus the heating time 

for each power at different propagation angles.  Figure 52a shows the maximum 
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radius location necrosed for 30 W at different angles of propagation, Figure 52b 

displays this for 45 W, and Figure 52c is for 60 W. 

 

Figure 52 The maximum radial location of the necrosed legion for ɸ = 90
o
 (blue diamonds), ɸ = 120

o
 (red 

squares), ɸ = 150
o
 (green triangles), ɸ = 180

o
 όǇǳǊǇƭŜ ȄΩǎύΣ ŀƴŘ ɸ = 210

o
 (teal stars).  Graphed for (a) 30 W, (b) 

45 W, (c) 60 W. 

 For multiple transducers, in Figure 53 graphs similar to Figure 41 show the 

necrosed volume with two active transducers: the top transducer set to varying 

powers and the middle transducer at a constant power (30 W at Ū = 90
o
 for Figure 

53a, 45 W at Ū = 150
o
 for Figure 53b, and 60 W at Ū = 210

o
 for Figure 53c). 
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Figure 53 Necrosed volume versus heating time for a constant heating power for the center transducer 

compared to different transducer power on the third transducer for (a) Q2 = 30 W at ɸ = 90
o
, (b) Q2 = 45 W at 

ɸ = 150
o
, and (c) Q2 = 60 W at ɸ = 210

o
. 

 The necrosed volume versus heating time graphs for multiple transducers at 

the same power level are displayed in Figure 54.  Transducers emitting 30 W at Ū = 

90
o
 are compared in Figure 54a, 45 W at Ū = 150

o
 in Figure 54b, and 60 W at Ū = 

210
o
 in Figure 54c. 
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Figure 54 Necrosed volume versus heating time for a specific heating power for different numbers of active 

transducers for (a) Q = 30 W at ɸ = 90
o
, (b) Q = 45 W at ɸ = 150

o
, and (c) Q = 60 W at ɸ = 210

o
. 

 

Discussion 

 The r-ɗ temperature contours (such as those seen in Figure 36b and Figure 37) 

show a clear distinction between the temperatures within and outside of the angle of 

US propagation (Ū).  This is important for treatment-planning because the healthy 

tissue outside of the chosen propagation angle will not experience high treatment 

temperatures (only reaches around 30
o
C).   

These figures also display the highest temperatures occurring closest to the 

transducers.  However, the location of the maximum temperature is slightly shifted 

away from the surface of the transducer, which is a result of the cooling water 

flowing between the transducer and the catheter wall.  To investigate this further, 

different coolant properties were tested.  The temperature contours are shown for Q = 

[45 60 0] W, Ū = 180
o
, and th = 200 s at Tc = 10

o
C and tc = 0 s in Figure 55a 
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(reproduction of Figure 40a), and Tc = 5
o
C and tc = 150 s in Figure 55b.  There is a 

drastic difference in their maximum temperatures, and the areas of highest heat have 

moved away from the urethra with the cooler water temperature and precooling time.  

Also, the temperature of the tissue is colder at the urethral wall. 

 

Figure 55 Temperature contours for Q = [45 60 0] W, ɸ = 180
o
, and th = 200 s at ̒  Ґ л

o
 for (a) Tc = 10

o
C and tc = 

0 s and (b) Tc = 5
o
C and tc = 150 s. 

 As would be expected, the maximum temperature increases more quickly with 

for the higher power settings.  In Figure 38a, for 30 W to reach about 95
o
C it took 

almost seven times as long as with the transducer set to 60 W.  This difference 

becomes more exaggerated as the propagation angle increases.   

Figure 39 shows the importance of the angle of propagation of the transducer 

to the final maximum temperature.  At 30 W there are no graphs for Ū > 150
o
 (and 

only two data points at 150
o
) because the temperature never reached a value sufficient 

to cause tissue necrosis.  Therefore, if a tumor stretches around a large angle, then a 

higher power setting will be necessary.  Conversely, at 60 W there is only one data 

point for Ū = 90
o
 because after a short time the maximum temperature will exceed 

100
o
C, and the surrounding healthy tissue will quickly become too hot.  Therefore, 
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with tumors that only require tight propagation angles, it may be necessary to use a 

lower power setting to have more control over the necrosed region.   

 When a second transducer was activated, the maximum temperature was only 

dependent on the power of the transducer with the highest setting.  Figure 41a has a 

slight difference between one and two transducers activated to 30 W, and then the 

temperature increases quicker for the increasing power of that first transducer.  In 

Figure 41b, the data almost exactly overlaps if  the top transducer is powered less than 

or equal to the center 45 W transducer.  The fourth data series in that graph is much 

steeper because the top transducer is set to a higher power (60 W).  All of the data 

overlaps in Figure 41c because the center transducer is set to the maximum power of 

60 W, so the top transducer is always less than or equal to this setting.  This is further 

proven in Figure 42, where the effect of increasing the number of transducers with the 

same power on the maximum temperature yields little difference in any of the graphs. 

 When Figure 43a and Figure 44a are compared with Figure 36a and Figure 

37a, respectively, it becomes apparent that the shape of the necrosis contour closely 

follows the temperature contours with the highest magnitudes.  This is a reasonable 

result because higher heats take less time to cause tissue ablation, so they would 

necrose first.  Also, the isometric views of the dead cells (Figure 43b and Figure 44b) 

display the wide variety of necrosis shapes which can be created by different sets of 

treatment parameters.  When three transducers are activated at a low angle of 

propagation, the dead tissue is in a long, thin rectangular shape spanning most of the 

height of the prostate (Figure 43b).  Conversely, one transducer activated at a large 

angle will create a volume that wraps around the urethra, but at a short vertical height 
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(Figure 44b).  This depicts the extremes of the wide variety of tumor shapes which 

can be accommodated with the cylindrical US transducers. 

 The graphs of the necrosed volume versus heating time shown in Figure 45 

were always steeper for the higher powers regardless of the propagation angle, 

showing the expected conclusion that higher powers cause tissue death more quickly.  

However, it is interesting to note that for Ū = 90
o
 (Figure 45a), when one transducer 

is set to 30 W it is able to achieve a higher volume of necrosed tissue than 45 W and 

60 W because it is able to propagate the necrosis further before 100
o
C was reached.  

Similarly, 45 W reaches a higher volume of necrosed tissue than 60 W at the same 

angle.  However, at the highest angle, 210
o
, 60 W is the only one that was able to 

cause tissue necrosis. 

 For 45 W and 60 W, almost the same volume of necrosis is able to be attained 

for differing angles of propagation (as seen in Figure 46b and c), it just takes longer 

with the larger angles.  This is helpful because different tumor shapes, whether 

oriented longer in the radial or angular direction, can be targeted with the correct 

combination of transducer properties.  For 30 W (Figure 46a), angles above Ū = 90
o
 

do not create a sufficient region of ablated tissue. 

 Based on the volume of tissue necrosed, the resulting radial necrosis locations 

are predictable: the maximum and centroid location of the necrosis are greater for 

lower transducer powers at Ū = 90
o
 (Figure 47).  At that angle with a power of 30 W, 

the necrosis reaches its furthest distance of all single transducer trials, about 20 mm 

from the central axis.  This is a third of the distance to the edge of the prostate.  If 
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tumors fall much past that location, a different transducer design may be necessary, 

such as a transrectal, interstitial, or external device.   

At the higher angles of propagation, a higher power is necessary to reach 

further radially through the prostate.  For example, at Ū = 180
o
 (Figure 50d), in 100 

less seconds 60 W is able to ablate tissue about 3.5 mm further than 45 W.  This 

shows that tumors which are large in both the radial and angular directions will need 

a high power setting, as would be expected. 

As shown in Figure 52, as the angle of propagation increases, the maximum 

radial location of necrosis decreases.  This occurs because the acoustic energy is 

spread around the larger angle instead of focusing on one section as it does at the 

higher angle. 

Figure 53 shows the greatest necrosed volume occurring for two transducers 

set to the same power setting.  However, this is misleading because propagation 

angles were chosen where the middle transducer was able to have the most data 

points within the constraints of temperatures under 100
o
C and non-zero necrosis 

volumes.  Therefore, it is not the fact that the powers are the same which causes the 

greatest tissue ablation, but that they are both values which were optimized at the 

specified angle.  So it is most important to realize that there is a specific power which 

needs to be chosen for large tumors which are situated at each angle. 

As would be predicted, the necrosed volume increases with increasing number 

of transducers activated, as seen in Figure 54.  This is attributed to the increase of 

ultrasound energy distributed in the axial direction.  Since the maximum temperature 

was not affected by turning on more transducers at the same power, a tumor with a 
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large distance in the axial direction can be necrosed by using the power and angle 

setting appropriate for the r-ɗ area of the tumor in those directions, and then the 

transducers at the appropriate axial distance along the transducer can be activated.   

To succinctly examine the results, an energy parameter was created which 

combines each of the transducer settings based on their influence on the final 

necrosed volume, where the goal is to result in a linearly positive relationship 

between this parameter and the necrosed volume.  This energy parameter, ɝ, is 

displayed in Equation 44 

‚
ὸ ὗ ὗ ὗ

ɡ
 Equation 44 

where k is an exponential constant less than one.  The heating time and transducer 

powers are both on the top of the fraction because an increase in either causes an 

increase in the necrosed volume, and the propagation angle is in the denominator 

because an increase in the angle causes a decrease in volume with other parameters 

held constant.  th has an exponent between zero and one because it is less influential 

than the power.  The power is not simply a summation of all three powers because as 

was shown previously, the highest power transducer has the greatest effect on the 

resulting temperature and necrosis curves.  Q2, the center transducer, is assumed to be 

the highest power.  One third of the average of the top and bottom transducers is 

therefore the importance of their contribution to the total input power for ɝ.   

 For all of the data, k is determined to create the best fit when equal to 0.5.  

The resulting plot of Vnecr v. ɝ is shown for all data collected in Figure 56, along with 

its line of best fit (including the equation and R
2
 value).  The resulting volume of 

ablated tissue is most predictable for small values of ɝ (and therefore smaller tumors).  
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This can be a helpful initial resource for physicians to find a good combination of 

transducer parameters for a tumor of a certain volume.  However, with only an R
2
 

value of 0.72, further analysis is needed. 

 

Figure 56 DǊŀǇƘ ƻŦ ǘƘŜ ƴŜŎǊƻǎŜŘ ǾƻƭǳƳŜ ±ƴŜŎǊ ǾŜǊǎǳǎ ǘƘŜ ŜƴŜǊƎȅ ǇŀǊŀƳŜǘŜǊ ˅Φ  ¢ƘŜ ƭƛƴŜ ƻŦ ōŜǎǘ ŦƛǘΣ ƛǘǎ 
equation, and its corresponding R2 value are also shown. 

 This energy parameter is considered for single transducer trials, and separated 

by power level.  The value of k is altered for each power level, and its resulting value 

which achieved the best linear fit of each data series is displayed in Table 11.  The 

graph showing the individual fits of each transducer power is shown in Figure 57, and 

they all have a very accurate linear fit, with R
2
 values ranging from 0.88 to 0.98. 

Table 11 The exponential constant of the heating time for different individual transducer powers. 

Q2 (W) k 

30 0.30 

45 0.35 

60 0.50 
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Figure 57 Graph of Vnecr v. ˅  for one active transducer at different powers.  Also includes their linear fits, their 
equations, and R

2
 values. 

 

Device Design and Protocol Development for Prostate Cancer 

 The prostate cancer studies are focused on finding the appropriate set of 

transducer parameters for different size and location tumors.  This section will outline 

a concept of the device which can be used for this treatment, along with important 

considerations for determining the treatment planning for physicians. 

 

Device Concept 

 For designing the US transducer for prostate cancer ablation, it was important 

to first determine the important functional requirements and design parameters of the 

device.  The functional requirements are the requirements which satisfy the customer 

needs, and design parameters are the features which fulfill the functional 
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requirements [95].  The functional requirements for the transducer are listed in Table 

12.   

Table 12 Functional requirements for US device to ablate prostate cancer. 

Functional Requirements 

1) Necrosed tissue must reach tumor area. 

2) Minimal ablation of healthy tissue (only a margin should remain). 

3) Easy to use correctly. 

 

 The design parameters which satisfy these functional requirements are shown 

in Table 13.  The second column of this table also provides the functional 

requirements (FRs) which are satisfied by each design parameter. 

Table 13 Design parameters for US device to ablate prostate cancer, including the functional requirements 
they each satisfy. 

Design Parameters FR satisfied 

Situated near prostate gland. (1) 

Targets tumorous tissue. (2) 

Harmful rays blocked from healthy prostate. (2) 

Easily arrests in correct location. (3) 

 

 Designs which fulfilled many of the parameters were presented in Figure 18 

and Figure 19 in Chapter 2 and are reprinted below.  Figure 18 shows a schematic of 

the intraluminal transducer which was simulated for an optimization study [71].  This 

device has multiple transducers inserted into a catheter, arranged axially, and 

independently controlled.  Its angle of propagation can be partially blocked to allow 

for a control of the ultrasound intensity distribution.  Figure 19 shows a drawing of 

the transrectal device used by Diederich for in vivo experiments on dog prostates [16].  
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This also has multiple axially-arranged transducers inside of a catheter, and includes 

an integrated coolant external to the transducers.  The coolant was input through the 

base of the device, flowed through tubes to the tip of the catheter, and then flowed 

across the transducer surface back towards the base of the catheter.  The coolant 

exited the device through tubes at the base. 

 

Figure 18 reprinted, displaying the intraluminal transducer schematic displaying four independently-controlled 
cylindrical transducers with angular segments that can be blocked so power is only emitted in desired angular 

direction [71]. 

 

Figure 19 reprinted, which is a schematic of 5ƛŜŘŜǊƛŎƘΩǎ ǘǊŀƴǎŘǳŎŜǊ ǳǎŜŘ ƛƴ ǎƛƳǳƭŀǘƛƻƴǎ ŀƴŘ ƛƴ ǾƛǾƻ ŜȄǇŜǊƛƳŜƴǘǎ 
on dogs [76]. 

 These ideas were integrated into the concept sketch of the transducer, which 

was designed to fulfill all design parameters.  This concept is shown in a CAD three-

dimensional view in Figure 58.  The diameter of the catheter was designed to be 

sufficiently small to fit inside of the urethra to gain access to the center of the 
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prostate, so a large range of tumor locations can be treated.  Three cylindrical 

transducers are inserted into the catheter and arranged axially, with inert material 

separating the transducers.  The multiple transducers will allow the device to easily 

target tumors which are in any axial location without having to perfectly position the 

device and tumors which are longer in the axial direction.   

Physicians will have multiple of these devices, each with a different set angle 

of propagation because the transducer will only be a fraction of a circular cylinder, 

with the remainder of the circle completed with non-transmitting backing material.  

The location and size of the tumor will dictate which of those catheters will be used 

for the duration of the treatment.  Also, coolant fluid flows past the transducer surface 

to prevent the urethral tissue from burning (and to move the necrosed region further 

into the prostate if desired, as discussed in the previous section).  The fluid enters and 

exits the device through tubes at the base of the catheter, and channels are built to 

create different paths for the inlet and outlet flows.  There is a locating balloon 

situated at the tip of the catheter, which will inflate in the patientôs bladder to arrest 

the device in the correct location. 

 

Figure 58 Concept drawing of intraluminal prostate design. 
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Physician Protocol 

 An important aspect of creating patient-specific treatment planning protocols 

is to design an easy method for physicians to determine the best treatment option for 

each case.  The studies performed in this chapter resulted in a database of input US 

parameters and output temperatures and necrosed volumes.  This information can be 

used to create a guide for physicians, where the physician would input the tumor 

positioning, and the output will be the ultrasound parameters.  An example of this is 

shown in the flowchart in Figure 59.  In the Treatment Outcome section of the chart, a 

necrosed tissue margin is mentioned.  Not only does the tumor need to be completely 

engulfed by the necrosed region, but there should be at least a margin of 1 mm which 

is ablated around all sides to ensure that all cancerous cells are destroyed, so this 

needs to be taken into consideration for treatment planning.   

 

Figure 59 Flowchart showing the patient-specific protocol for physicians to use for prostate cancer treatment 
planning. 

 To show an example of this, a separate code was written which determines the 

largest spherical tumor which can be treated with different sets of ultrasound 
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parameters for one active transducer.  An example result is shown in Figure 60 for 

transducer settings Q = [0 45 0] W, Ū = 120
o
, and th = 60 s, showing the frontal cross-

section at ɗ = 0
o
.  The largest spherical tumor which this set of parameters could 

ablate had a diameter of Ø6 mm (depicted as a black circle).  An orange target zone 

surrounds this tumor with the appropriate margin of healthy tissue ablation, and as 

can be seen the necrosed tissue (red area) mostly fills this area.  This will kill the 

tumor with a minimal amount of healthy tissue destroyed, although a slightly larger 

region of necrosis may be chosen to fully ablate the margin as well.  The complete 

results of this study are shown in Table 40 ï Table 42 in Appendix B. 

 

Figure 60 Tumor (black circle) of diameter Ø6 mm is the largest spherical tumor which can be fully ablated 
όƴŜŎǊƻǎŜŘ ǘƛǎǎǳŜ ƛǎ ǊŜŘ ǾƻƭǳƳŜύ ǿƛǘƘ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ м ƳƳ ƳŀǊƎƛƴ ŦǊƻƳ ¦{ ǇŀǊŀƳŜǘŜǊǎ v Ґ ώл пр лϐ ²Σ ɸ Ґ 

120
o
, and th = 60 s.  The target zone (orange open circle) displays the 1 mm margin which needs to be ablated 

outside of the tumor. 

The physician should have an easy-to-use configuration for both the device 

and the treatment planning tools.  Figure 61 displays an example of a possible user 

interface, where the physician just has to provide the patientôs tumor specifics into a 

ñblack boxò (left column of the interface), and after clicking the ñCalculateò button 

the resulting transducer parameters will be given (right column of the interface).  The 



 

 101 

 

device will be created to connect to this software and automatically input these 

parameters. 

 

Figure 61 Physician user interface to easily receive device parameters.  They input the tumor information on 
the left, and receive the information on the right when "Calculate" is clicked. 
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Chapter 5:  Numerical Modeling and Device Design for 

Ultrasound Thermal Therapy of Breast Cancer  

Simulating breast cancer ablation has a lot of similarities as the prostate 

studies, but the different geometry and the use of HIFU instead of planar ultrasound 

creates important differences.  As in the prostate studies, these simulations use 

variable properties for the acoustic attenuation and tissue perfusion to obtain realistic 

results.  However, a thermal damage model specifically for breast cancer cells is not 

used because the Arrhenius parameters for these cells are not available.  Instead, the 

general tissue model with the thermal isoeffective dose is used, which decreases the 

accuracy of these simulations. 

A phased array with electrical focusing for HIFU is simulated for tissue 

ablation.  The following study tests different transducer geometries, including the 

overall shape of the transducer and the height of the individual elements of the 

transducer.  The results determine the shape and volume of the necrosed tissue 

created by each combination of the transducer geometry and parameters.  The 

concepts of the device design and physician protocols which can be used with the 

results of these simulations will be presented.   

Ideally, one sonication would be sufficient to completely ablate the breast 

tumor with little cell death of the healthy tissue.  However, this is generally not 

possible with the small necrosed volumes typically created by HIFU, so finding a set 

of parameters which results in the maximum necrosed volume is important, while still 

resulting in a predictable shape of that volume.  These considerations are accounted 

for during the testing and reviewing the results of the breast cancer thermal therapy 

simulations.  This chapter will first describe the methods used to simulate the HIFU 
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treatments, and then present the results from these simulations, discuss their 

implications, and provide the considerations for device design and patient-specific 

protocol development. 

 

Methods 

MATLAB software is again used for the breast cancer simulations.  The order 

of the computation is the same for the breast cancer studies as it was for the prostate 

simulations: define the computational domain and tissue and ultrasound properties, 

calculate the heat generation and temperature at every node in the domain at every 

time step, and finally determine the nodes which represent dead breast cells from the 

temperature history. 

As was done before, the FD method discretizes the bioheat transfer equation 

(BHTE).  However, this time a spherical coordinate system is used for geometric 

simplicity (so the spatial derivatives in the BHTE are defined differently).  This 

system is defined by a radial coordinate and two angular coordinates (r,ɗ,ű), depicted 

in Figure 62.  Note that the angle ű is not defined in the traditional manner of 

descending from the z-axis, but instead MATLAB defines it ascending from the x-y 

plane.  
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Figure 62 3D spherical coordinate system used for breast simulations [96]. 

 The Laplacian in spherical coordinates is defined by Equation 45 
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Equation 45 

The partial derivatives of T with respect to r and ɗ are the same as were derived in 

Equation 39 ï Equation 41, and the derivatives with respect to ű are similarly 

derived, and displayed in Equation 46 and Equation 47, where the r and ɗ coordinates 

are held constant. 
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Equation 46 
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Equation 47 

 The preceding discretized differential functions are inserted into the BHTE, 

which is rearranged to be solved in terms of T(t,r ) (where r  is the spatial vector), and 

the temperature at each point is calculated at each time step. 
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Geometry of Domains/ Testing Parameters for Breast Studies 

 A simple hemispherical geometry is used to represent the breast in the 

simulations, which was also often used in the previous studies which simulated HIFU 

to the breast (described in Chapter 2).  The radial dimension of this hemisphere is 

displayed in Figure 63. 

 

Figure 63 Dimensions of the hemispherical breast geometry. 

 The coordinate system is displayed in Figure 64, and the bounds of the region 

are r = [0, 60] mm, ɗ = [0, 360]
o
, and ű = [0, 90]

o
.  Figure 64 also depicts the coupling 

water which is used for a smooth transmission of the US waves to the breast, and 

cools the surface of the breast to prevent burning.  There are two main transducer 

configurations: flat and curved.  With each configuration, the transducers are 

arranged around the breast in four segments, and elements span perpendicular to the 

chest from the base of the breast to the top (60 mm height).  The transducer variables 

are the number of transducers in each row parallel to the base of the chest, the number 

of rows of these elements from the bottom to the top of the breast (which in turn 

determines the transducer height since the total height is fixed at 60 mm), the number 

of active transducers, and the shape.  Half of the rows of transducers are always 
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activated, where the middle row of active elements is centered on the tumorous 

region.  The transducer configurations are shown in Figure 64 (curved transducer) 

and Figure 65 (flat transducer) with a sample number of elements (5 elements per 

angular segment (ne) and 5 rows of elements in the height (nr)).   

 

Figure 64 Schematic of breast simulation model for a curved transducer, showing the breast, chest (not part of 
simulation domain), transducer elements, coupling water, and r- -̒˒ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ƛƴ ǘƘŜ ŀύ ǘƻǇ ǾƛŜǿ, and 
b) front cross-sectional view.  This is showing a sample where there are 5 elements per transducer segment, 
and 5 rows of segments tall.  The US beams are focused on a point in the upper half of the breast and off-

center in the plane perpendicular to the chest, the bottom two rows of elements and the segment across from 
the focal point quadrant are not on. 
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Figure 65 Schematic of breast simulation for flat transducer. 

Each element width (le) is 1.5 mm (which determines the resulting US 

frequency to be f = 0.5 MHz because Ὢ  where c is the speed of sound, 1500 m/s 

[8]).  There is no gap between the elements within each segment or between the rows 

up the height of the breast; it is displayed this way in the schematics for clarity.  The 

breast tissue is initially set to body temperature, 37
o
C, the interface between the base 

of the breast and the chest is held to a constant 37
o
C, and the exterior of the breast is 

subject to a convection condition from the coupling water (Tc = 10
o
C). 

 

Testing Parameters 

 Studies are run to first test the affect the transducer parameters have on the 

location and magnitude of the heat generation (qôôô).  Then, separate studies are 

performed which examine the temperature gradients and necrosis contours resulting 

from the transducer settings. 

Parameters for Heat Generation Studies 

 Before simulating the heat transfer through the tissue, different transducer 

configurations were tested to determine optimal parameters to achieve a focal point of 

the heat generation in the desired location.  The shape of the transducer, the number 
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of segments activated (ns), the number of elements per segment (ne), and the number 

of rows (nr) were varied.  The values tested are shown in Table 14.  If ns = 1, then the 

first transducer is activated, and if ns = 3, then the two transducers which are on either 

side of the first transducer (the second and fourth transducer segments) are activated 

as well.  The shape and number of rows of elements are fixed values for a given 

device, but the number of transducers activated and the number of elements per 

transducer can be adjusted on a patient-specific basis (as long as the total number on 

the device are initially at the maximum). 

Table 14 Values tested for the different transducer configurations.  If this value needs to be fixed before 
transducer fabrication or not is also noted. 

Transducer 

Configuration 
Values Tested 

Fixed per 

Device? 

shape curved, flat yes 

ns 1, 2, 3 no 

ne 41, 51, 61 no 

nr 20, 30, 40 yes 

 

Also, there were 9 different focal locations tested, each in the plane in front of 

the first transducer (ɗ = 0
o
).  The foci are in three evenly-spaced heights (the total 

height is the breast radius, R, so the distance between heights is R/4), and three 

evenly-spaced locations from the center of the breast to its side at that height (the line 

segment length from the center to side of the breast is called ls), which changes at 

each height, so the distance between the points tested on this line were ls/4.  These 

focal locations are depicted in Figure 66. 
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Figure 66 [ƻŎŀǘƛƻƴǎ ƻŦ ǘŜǎǘŜŘ ŦƻŎŀƭ Ǉƻƛƴǘ ƛƴ ǘƘŜ ǇƭŀƴŜ ƻŦ ʻ Ґ л
o
 (in front of 1st transducer). 

 The location of the maximum qôôô is determined for each set of 

transducer parameters for a set transducer power of Q = 100W.  This location is 

compared to the location of the desired focal point, so the studies which minimize the 

difference in their distances are the optimal settings.  The desired focal point locations 

which were defined in Figure 66 are labeled in Figure 67, where each point is given 

the ordered pair (xn, zn) to represent its location in the x and z directions (not the 

actual value of the x-z coordinates).  This is the notation which will be used for the 

remainder of this report. 

 

Figure 67 Labels of the desired focal points, where the ordered pair (xn, zn) defines the point as the x-location 
(xn) and z-location (zn) but is not giving the actual coordinate values 
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Parameters for Necrosis Studies 

 Table 15 displays the testing parameters for the breast cancer studies which 

examined the tissue ablation caused by different sets of transducer parameters.  The 

majority of the tests were performed with just one transducer to determine the effect 

of the other transducer parameters.  If multiple transducers are used, the transducer 

powers will be listed as [Q1 Q2 Q3 Q4], where Q1 is the power for the transducer 

centered on the desired focal point, and moving clockwise around breast for 

transducers Q2 ï Q4.  Each study heated the tissue until 100
o
C was reached anywhere 

in the volume.  The dependent variables for the breast cancer thermal therapy 

simulations were the heating time and the final necrosed volume. 

Table 15 Breast simulation testing parameters and their values used in simulations. 

Independent Variables Tested Values 

Transducer Powers, Qi (W) 0, 50, 75, 100 

Transducer Fixed Geometry: 
 

Shape flat, curved 
Number of Heights 20, 30, 40 

Number of Horizontal Active 
Elements 

41, 51, 61 

Number of Active Transducers 1, 2, 3, 4 

Location of Necrosis  
 

xn-value 1, 2, 3 

zn-value 1, 2, 3 

 

 As with the prostate studies, the breast cancer studies did not surpass 100
o
C 

because the temperature in the surrounding healthy tissue needs to be kept below the 

pain threshold, and because the effects of water at its boiling point temperature are 

not accounted for in this study.  These simulations were stopped when the maximum 

temperature in the tissue reached 100
o
C. 



 

 111 

 

 

Determination of Cell Necrosis 

 A similar procedure is followed as with the prostate studies, where first the 

heat generation is determined, then the temperature fields within the computation 

volume, and finally the resulting cell necrosis is found.  However, the heat generation 

in the breast cancer studies first needs the pressure at each point defined because it 

uses a phased array transducer.  This was defined in Equation 9 in Chapter 2, and is 

rewritten below 

ὴὼȟώȟᾀ
ςὡ”

ὧὃ

ὪὛ

Ὠ
Ὡ  Equation 9 

Then the heat generation at each point was determined in Chapter 2 to be defined 

according to Equation 11, rewritten here 

ήᴂᴂᴂὼȟώȟᾀ
‌ὖ ὼȟώȟᾀ

”ὧ
 Equation 11 

where Ŭ is the same as that for the prostate studies (Equation 5), P is the sum of all 

individual element pressures, tissue density ɟ is defined in Table 3, and c is the speed 

of sound, which is 1500 m/s in tissue [8]. 

 As would be expected, the same blood properties (Table 3) are used for the 

BHTE for the breast studies as was used for the prostate simulations.  That equation 

uses the heat generation to determine the final temperature at each node in the 

domain. 
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 To determine the thermal dose for the cell necrosis, a general tissue model 

using the thermal isoeffective dose (TID) of CEM43
o
C = 240 minutes was used (as 

was shown to be used by multiple studies in Chapter 2 [15] [73] [79] [8] [80] [14]).  

The equation of this model was given in Equation 28 in Chapter 2, and is rewritten 

below. 

ὅὉὓτσᴈ ὸὙ ςτπ άὭὲ Equation 28 

240 minutes was the most-common value used for simulations in the previous 

literature reviewed.  An Arrhenius model was not used here as it was for the prostate 

cancer studies because there is little information available on the Arrhenius 

parameters specific to breast cancer, and this equation changes drastically with 

different cell lines. 

 

Grid Validation 

A similar grid refinement study was performed for the breast ultrasound 

simulations as was conducted for the prostate studies.  The nodes in the r (rn) are 

tested from 41 to 81, in the theta (ɗn) 65 ï 125 nodes are tested, and in phi the nodes 

(űn) are varied from 17 ï 67.  There are fewer nodes in phi than in theta because phi 

only varies from 0 ï 90
o
, while theta varies from 0 ï 270

o
.  A test case with a flat 

shape, ns = 1, ne = 61, and nr = 6 was used for the study.   

 For the breast cancer grid study, the individual numbers of nodes in each 

coordinate direction must be chosen separately because the shape of the volume 

element changes a lot based on the number of nodes in each coordinate (as opposed to 

the prostate cancer study which increased all nodes simultaneously).  Therefore, 
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graphs holding two of the directions constant were created for every combination of 

grid.  The maximum temperature was compared for each grid, and the percent error 

compared to the finest grid was calculated.  Two sample graphs are displayed in 

Figure 68 and Figure 69.  Figure 68 shows the graphs of percent error compared to 

the maximum temperature of the finest grid size v. ɗn for a set value of rn = 41 and for 

different series of űn.  For this value of rn, ɗn = 85 gives very similar results to the 

finest size in that coordinate, ɗn = 125, and also minimizes the error when coupled 

with űn = 27.   

 

Figure 68 The ҈ 9ǊǊƻǊ ƻŦ ¢ƳŀȄ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Ƴƻǎǘ ŦƛƴŜ ƎǊƛŘ ǾŜǊǎǳǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƴƻŘŜǎ ƛƴ ǘƘŜ ʻ ŀȄƛǎ όʻn) for 
rnҐпм ŀƴŘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ ˒n. 

 Figure 69 displays the graph of the percent error v. rn for a set űn = 27 for 

different values of ɗn.  Error for this grid size is minimized with the smallest node 

size of rn = 41.  Therefore, the final grid size chosen for the experiments to be used 

was ȹr = 1.500 mm, ȹɗ = 4.286
o
, and ȹű = 3.462

o
.  Also, it was tested that the code 

will converge at a time step of ȹt = 3.802 x 10
-5

 sec. 
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Figure 69 The % Error of Tmax compared to the most fine grid versus the number of nodes in the r axis (rn) for 

n˒=27 ŀƴŘ ŘƛŦŦŜǊŜƴǘ ǾŀƭǳŜǎ ƻŦ ʻn. 

 

Calculating Acoustic Attenuation 

 As explained in the introduction to this section, the acoustic attenuation is 

again varied for these simulations as a function of the thermal dose.  The thermal dose 

will change at every iteration, so to calculate the exact attenuation throughout the 

simulation it also needs to be determined at each time step.  For the prostate studies, 

the time step was sufficiently large that this could be easily performed; however with 

the breast cancer studies this is very computationally expensive since the time step is 

much smaller.  To reduce its expense, the attenuation was only calculated at certain 

time intervals instead of every time step.  The number of iterations between 

calculations was determined by testing different numbers to ensure it would retain the 

accuracy of the results.  The maximum temperature after 0.4 seconds of heating with 

one transducer activated at 100W was determined for simulations with a different 

number of iterations between calculations of the attenuation coefficient ()h, and the 

results of these tests are shown in Figure 70.  Figure 70a shows the maximum 
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temperature versus the number of iterations and the percent error between the 

maximum temperature of the current point and the case where  his calculated every 

iteration.  At 1000 iterations there is less than a 0.5% error, so this is the value which 

will be used during the simulations.  This will be greatly beneficial for computation 

time, as shown in Figure 70b, where h  calculated at each iteration takes about 570 

minutes to complete the heating loop, while if it is calculated only every 1000 

iterations it takes less than 5 minutes. 

 

Figure 70 Graphs showing (a) the maximum temperature and % error, and (b) the computation time and % 
ŜǊǊƻǊ ǾŜǊǎǳǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƛǘŜǊŀǘƛƻƴǎ ōŜǘǿŜŜƴ ŜŀŎƘ ʰ ŎŀƭŎǳƭŀǘƛƻƴΦ  ¢ƘŜ ҈ ŜǊǊƻǊ in Tmax series in each graph is 

the same, just reproduced for comparison purposes. 
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Results from Breast Studies  

 For the breast cancer simulations, first the results of the focal point studies 

will be presented.  Next, the temperature and necrosis contours will be provided 

concurrently for comparison purposes.   

   

Focal Location Studies 

The data from all focal location studies are listed in in Table 43 ï Table 54 

Appendix C.  The heat generation created by the different transducer parameters and 

focal locations varies from 2.05 x 10
8
 W/m

3
 to 7.37 x 10

9
 W/m

3
.  The values are 

spread evenly through this range, as is depicted by Figure 71, which displays the 

natural log of the heat generation for each trial. 

 

Figure 71 Boxplot of the natural log of the heat generation for the focal location studies.  The red line in the 
center is the mean, the blue box spans the upper (75%) and lower (25%) quartiles, the black horizontal lines 

span the data range without outliers, and the red plus is an outlier.  

An example of the resulting contour plot of the heat generation is shown in 

Figure 72 (transducer parameters: flat, 41 elements/row, 40 rows, focused at (3,1)).  

The top image is a sliced isometric plot displaying the contours on the three x-y-z 

orthogonal planes coinciding with the desired focal point: x = xn, y = 0, and z = zn 
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(the patientôs chest is located at the z = 0 plane).  There is a very sharp difference in 

heat generation between the focal point and the rest of the breast.   

 

Figure 72 Contour plot of the heat generation (W/m
3
) in the sliced isometric view (top), x-z plane (bottom 

left), and x-y plane (bottom right).  (Transducer parameters: flat, 41 elements/row, 40 rows, focused at (3,1)). 

The shape of this focal point varies drastically depending on its location.  

When the location of the focus is shifted to the coordinate (1,1) (with all of the same 

transducer parameters), a much larger focus is created, as demonstrated by Figure 72.  

It should also be noted that this larger focal point has a maximum heat generation 

which is almost a full order of magnitude smaller than the heat generation created at 

(3,1). 
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Figure 73 Contour plot of the heat generation (W/m
3
) in the sliced isometric view (top), x-z plane (bottom 

left), and x-y plane (bottom right).  (Transducer parameters: flat, 41 elements/row, 40 rows, focused at (1,1)). 

Effect of Transducer Parameters on Heat Generation 

 The goal of the focal location studies was to find the optimal transducer 

parameters, both for qualities which need to be decided before fabrication (the shape 

and number of rows of elements) and ones which should be adjusted based on the 

tumor location (the number of active elements and transducers).   The final focal 

point of the simulations was defined by the location of the maximum heat generation.  

The accuracy of each transducer configuration is shown in the pie chart in Figure 74, 

where difference between the final focal point and the desired location are examined 

for each trial performed.  The majority of the different transducer configurations 

resulted in the focal point exactly on the node which was input as the desired focal 

location.  The trials which resulted in a distance of 1 to 2 mm away from this point 

were one node away in any direction.  The trials which were more than 2 mm away 



 

 119 

 

were one node away in two coordinate directions.  There were no trials which 

resulted in maximum heat generation points more than two nodes away. 

 

Figure 74 The percentage of total trails which resulted within different ranges for the distance of the location 
of the maximum heat generation from the desired focal point.  Tests between 1 and 2 mm away were one 
node off in any direction, and above 2 mm away the tests were one node away in two different coordinate 

directions. 

To determine which parameters created an accurate focal point, a bar graph 

was created which gives the number of tests that resulted in exact matches between 

the focal point and the desired location for each parameter (Figure 75).  Each color 

groups the different types of parameters together, so the blue graphs represent the 

different shapes, red is for the different number of elements in one transducer row, the 

green bars are the different numbers of possible rows, and purple represents the 

number of active transducers.  The teal color for the desired location of the focal point 

is further delineated by its shade, where the light shade represents the focal points at 

the bottom height level (zn = 1), the medium shade is for the second height level 

halfway up the breast (zn = 2), and the dark shade is for the third height level (zn = 

3).  The gray bars on top of each value represent the number of studies with each 

parameter that did not result in exact focal point matches.  
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Figure 75 Number of trials which resulted in the focal point exactly coinciding with the desired location.  Blue 
graphs are for the transducer shape, red graphs are for the number of elements in each transducer row, green 

graphs are for the number of transducer rows, purple graphs are for the number of active transducers, and 
teal graphs are for the location of the desired focal point.  The gray bars on top of each value represent the 

number of studies with each parameter that did not result in exact focal point matches.  *(xn,zn) 

 Most of the parameters achieved similar success in resulting in an accurate 

focal point.  The transducer parameters which had the most successful trials were flat, 

51 elements per row, 30 rows, and 3 transducers.  The most accurate focal points 

were at the focal point location (1,3) which is in the top third of the breast and closest 

to the center, while (1,1) at the bottom third and closest to the center of the breast had 

the least successful trials.  From this graph it is apparent that each transducer 

parameter individually has the potential to be acceptable for HIFU treatments, so later 

the combinations of parameters need to be examined for patient-specific treatments 

 Next, the heat generations created by each combination of these parameters 

are compared.  Graphs of the maximum heat generation versus the number of active 

transducers are shown in Figure 76 ï Figure 81.  In all cases, an increase in the 

number of rows of elements resulted in an increase in the maximum heat generation.  

While examining these graphs, it is important to keep in mind that the y-scales are 

different for each plot so that the overall trend was easily apparent.   
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 Figure 76 displays the curves for the flat transducer at the height level at the 

bottom third of the breast (zn = 1) for each of the xn-values.  At xn = 1, where the 

focal point is closest to the center of the breast, the heat generation increases as the 

number of transducers increases for all combinations of number of elements and 

rows.  However, for xn = 2, when there was 41 and 51 elements per row, three 

transducers caused a decrease in the maximum generation.  Similarly for xn = 3, with 

41 elements greater than two elements decreased the final heat generation. 

 

Figure 76 For the flat transducers focusing on the height zn = 1 (top: xn = 1; bottom left: xn = 2; bottom right: 
xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active transducers, for 

different numbers of elements and rows of elements. 

 Figure 77 displays the plots for a curved transducer at zn = 1.  With the curved 

geometry, increasing the number of transducers never decreased the heat generation, 

but with xn = 2 and 3, with 61 elements per row there was only a slight increase 

between one and two transducers. 
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Figure 77 For the curved transducers focusing on the height zn = 1 (top: xn = 1; bottom left: xn = 2; bottom 
right: xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active 

transducers, for different numbers of elements and rows of elements. 

 Figure 78 shows these same graphs for the flat transducer at zn = 2.  At xn = 

2, 61 elements causes a decrease in the max qôôô with more than two transducers 

activated, and at xn = 3 this is also true for 41 elements with 30 rows. 
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Figure 78 For the flat transducers focusing on the height zn = 2 (top: xn = 1; bottom left: xn = 2; bottom right: 
xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active transducers, for 

different numbers of elements and rows of elements. 

 Figure 79 shows the trends of maximum heat generation versus the number of 

active transducers for curved transducers focusing at zn = 2.  The maximum heat 

generated increases with increasing numbers of transducers except when the focal 

point is at xn = 2 and 3 with 61 elements per row, where a third transducer decreases 

this value. 
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Figure 79 For the curved transducers focusing on the height zn = 2 (top: xn = 1; bottom left: xn = 2; bottom 

right: xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active 
transducers, for different numbers of elements and rows of elements. 

 Figure 80 depicts the graphs for flat transducers at zn = 3, in the top third of 

the breast.  For this case, it is 51 elements which causes a decrease in the heat 

generated with three transducers at xn = 2 and 3. 
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Figure 80 For the flat transducers focusing on the height zn = 3 (top: xn = 1; bottom left: xn = 2; bottom right: 
xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active transducers, for 

different numbers of elements and rows of elements. 

 Figure 81 depicts the same graphs but for a curved transducer at zn = 3.  The 

heat generation decreases when the number of active transducers is increased from 2 

to 3 for xn = 2 with 41 elements per row, and xn = 3 just for the case with 20 rows of 

30 elements. 
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Figure 81 For the curved transducers focusing on the height zn = 3 (top: xn = 1; bottom left: xn = 2; bottom 

right: xn = 3).  Plots of the natural log of the maximum heat generation versus the number of active 
transducers, for different numbers of elements and rows of elements. 

 The outcome of these parameter studies shows that increasing the number of 

transducers is most beneficial for increasing the maximum heat generation when the 

desired focal point is close to the center of the breast (xn = 1).  This is reasonable 

because the tumor is further from the transducer when it is closer to the breastôs 

center, so more transducers are needed to reach the same heat generation.  For 

locations towards the edge of the breast, the number of elements in the row needs to 

be determined individually based on the exact location of the tumor.  Also, with just 

one transducer the heat generation generally increased as the focal point moved closer 

to the edge of the breast. 

 The results are very similar for all cases close to the breastôs center (xn = 1).  

Also, the magnitudes of the heats generated were usually very similar for the flat and 

curved transducers, but for zn = 1 and 3, the flat transducer was more effected by the 
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decrease in heat generation with the inclusion of the third transducer.  Also, as was 

noted at the beginning of this section, the maximum heat generation always increases 

with increasing number of rows of elements.  The contour graphs of these studies 

show that the focal point has the exact same shape between graphs of two different 

numbers of rows, just with a change in magnitude.   

Effect of Change in Acoustic Attenuation 

 The preceding heat generation results were generated prior to heating the 

tissue (at the first time step).  The heat generation will change throughout the 

simulation because of the changes in the tissueôs acoustic attenuation.  To determine 

the importance of including the variability of this parameter, the heat generation 

contours are compared for two example cases.  Figure 82 shows the first example 

case (transducer parameters: curved, 51 elements, 40 rows, at (1,1)), where Figure 

82a is the heat generation contour prior to heating, and Figure 82b contains the same 

contours after the heating completes (when temperature reaches 100
o
C, in 0.53 

seconds).  There is a degeneration of the focal point, so the highest magnitude is 

moving towards the transducer and there is a larger fringe area of high heat 

generation.  In the x-y plane the elliptical shape of the focus has become a Y-shape.  

Also, the magnitude of the maximum qôôô has decreased by almost 50%. 
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Figure 82 The maximum heat generation (W/m
3
) contours in the x-z and x-y  planes (a) prior to tissue heating, 

and (b) upon completion of heating when temperature has reached 100
o
C.  (Transducer parameters: curved, 

51 elements, 40 rows, at (1,1)). 

 In Figure 83, this same comparison is made for the same transducer 

parameter, except moving the focal point to the edge of the breast (transducer 

parameters: curved, 51 elements, 40 rows, at (3,1)).  In contrast with the first case, the 

beginning and end of the heating cycle showed little change in the heat generation 

contours.  This can be attributed to the higher initial heat generation (about one order 

of magnitude increase), so the temperature reached 100
o
C much quicker (only 0.06 

seconds), therefore the changing acoustic attenuation of the tissue was not as 

significant.  As was noted in the Focal Location Studies section, the heat generation 

increases as the focal point moves closer to the edge of the breast (and therefore 
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closer to the transducer), so the heat generation will be more predictable throughout 

heating for those locations. 

 

Figure 83 The maximum heat generation (W/m
3
) contours in the x-z and x-y  planes (a) prior to tissue heating, 

and (b) upon completion of heating when temperature has reached 100
o
C.  (Transducer parameters: curved, 

51 elements, 40 rows, at (3,1)). 

 

Temperature and Necrosis Contours 

 This section examines how the temperature throughout the breast and the 

resulting necrosed tissue change from the different transducer parameters.  The data 

from all necrosis studies are listed in Table 55 ï Table 64 in Appendix D.  The two 

representative cases used in the heat generation study (transducer parameters: flat, Q 

= 100 W, 41 elements/row, 40 rows, focused at (3,1) and (1,1)) are used to show  an 
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example of the resulting temperature and necrosis contours.  The first case, focused at 

(3,1) is shown in Figure 84 (temperature) and Figure 85 (necrosis).  As would be 

expected, the location of the highest temperature coincides with the location of the 

necrosis.  Also, both coincide with the location of the maximum heat generation (as 

seen in Figure 72 and Figure 83).  This agrees with the literature on the expected 

outcome of a HIFU treatment, where a small volume of tissue is necrosed at the focal 

point (71.3 mm
3
, which has an equivalent radius of 2.58 mm).  The temperature in the 

majority of the breast was kept to around 40
o
C, which is below the pain threshold of 

45
o
C [94] [36]. 

 

Figure 84 Contour plot of the temperature (
o
C) in the sliced isometric view (top), x-z plane (bottom left), and x-

y plane (bottom right).  (Transducer parameters: flat, Q = 100 W, 41 elements/row, 40 rows, focused at (3,1)). 
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Figure 85 Contour plot of the necrosed cells in the sliced isometric view (top), x-z plane (bottom left), and x-y 
plane (bottom right).  (Transducer parameters: flat, Q = 100 W, 41 elements/row, 40 rows, focused at (3,1)). 

 However, the second representative case in Figure 86 for temperature and 

Figure 87 for necrosis shows a less expected result of the treatment.  When the focal 

point moves towards the center of the breast at (1,1), the highest temperatures are 

spread from the focal point, creating a larger lesion with a less-predictable shape.  

When it is compared with the heat generation prior to heating (Figure 73 and Figure 

82a) the necrosed tissue falls outside of just the highest heat generation locations, but 

the heat generation contour at the end of heating (Figure 82b) matches more closely.  

This shows that the normal shapes of necrosis for HIFU treatments are less valid 

when acoustic attenuation has changed significantly from its initial value. 
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Figure 86 Contour plot of the temperature (
o
C) in the sliced isometric view (top), x-z plane (bottom left), and x-

y plane (bottom right).  (Transducer parameters: flat, Q = 100 W, 41 elements/row, 40 rows, focused at (1,1)). 
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Figure 87 Contour plot of the necrosed cells in the sliced isometric view (top), x-z plane (bottom left), and x-y 
plane (bottom right).  (Transducer parameters: flat, Q = 100 W, 41 elements/row, 40 rows, focused at (1,1)). 

This section first examines the effect of the parameters of an individual 

transducer.  Then, how the necrosed region changes by introducing more active 

transducers is shown. 

Effect of Transducer Parameters on Necrosis 

 The volume of the necrosed region is an important outcome of the HIFU 

simulations.  An equivalent radius is also used to describe the volumes in this section, 

defined by Equation 48 

ὶ
σὠ

τ“

ϳ

 
Equation 48 

 



 

 134 

 

where req is the equivalent radius and Vnecr is the necrosed volume.  The resulting 

equivalent radius from different combinations of transducer parameters is explored.  

Figure 88 and Figure 89 display graphs of the necrosed equivalent radius versus the 

transducer power for one active transducer.  For most graphs, the radius increases 

with decreasing number of elements.  Also, for all graphs, as the focal point moves 

closer to the edge of the breast (from xn = 1 to 3), the necrosed volume decreases. 

 Figure 88 displays these plots for flat transducers at zn = 1 (a), zn = 2 (b), and 

zn = 3 (c) for different values of xn.  For xn = 1, as the power increases, the radius 

decreases.  This relationship is weaker for xn = 2, at the edge of the breast (xn = 3) 

there is no change in the equivalent necrosed radius when the power increases except 

at zn = 3.  These relationships are similarly true for curved transducers, shown with 

the same graphs in Figure 89, except the negative slopes are flatter. 

 

Figure 88 Necrosed equivalent radius versus transducer power for flat transducers focused at (a) zn=1, (b) 
zn=2, (c) zn=3 for different values of xn (distinguished by line type) and transducer parameters (distinguished 

by color). 
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Figure 89 Necrosed equivalent radius versus transducer power for curved transducers focused at (a) zn=1, (b) 
zn=2, (c) zn=3 for different values of xn (distinguished by line type) and transducer parameters (distinguished 

by color). 

As mentioned previously, the equivalent radius of the necrosed volume 

decreases towards the edge of the breast (and therefore closer to the transducer, 

towards xn = 3), which is in agreement with the example necrosed contours shown in 

Figure 85 and Figure 87.  Also, in all cases, as the focus gets closer to the edge of the 

breast, the transducer power has less of an effect on the final necrosed volume.   

Effect of the Number of Active Transduces on Necrosis 

The necrosis contours when more than one transducer was activated was also 

tested.  The same transducer parameters were tested with 1, 2, 3, and 4 active 

transducers all set to Q = 100 W.  Also, the transducers were tested when the total 

power summed to 100 W, so there may be the powers [50 50 0 0] W, [33 33 0 33] W, 

or [25 25 25 25] W.  These transducer tests were performed for the extreme cases for 
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the focal point closest to the transducers (xn = 3, zn = 1) and furthest from the 

transducers (xn = 1, zn = 3).   

Figure 90 shows the case of (3,1) for increasing numbers of transducers 

activated at 100 W (transducer parameters: flat, 41 elements, 40 rows).  The shape of 

the focal point changes minimally with increasing numbers of transducers at the same 

power.  The exact volume of the necrosed region and the heating times are displayed 

in Table 16.  The necrosed volume is the most and the same for one and three active 

transducers (71.30 mm
3
), and all four cases had the same heating time, just 0.06 

seconds. 

 

Figure 90 Temperature (left, 
o
C) and necrosis (right) contours in the x-y plane for (a) one, (b) two, (c) three, and 

(d) four transducers activated to 100 W.  (Transducer parameters: flat, 41 elements, 40 rows, (3,1)). 
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Table 16 The necrosed volume and heating time for different numbers of active transducers at (3,1). 

Location 
# of  

Trans 
Q (W) Vnecr (mm3) Heat Time (s) 

(3,1) 

1 [100   0     0     0  ] 71.30 0.06 
2 [100 100   0     0  ] 55.17 0.06 
3 [100 100   0   100] 71.30 0.06 
4 [100 100 100 100] 42.72 0.06 

 

Figure 91 shows the temperature and necrosis contours for increasing numbers 

of transducers which sum to 100 W (Figure 91a is the same as Figure 90a).  There is a 

slight difference in the temperature contours between this decreased transducer power 

and having all transducers set to 100W, but the necrosis contours look the same.  The 

volume of the necrosis and the heating time are displayed in Table 17.  The necrosed 

volumes are the same for each number of active transducers as in Table 16, but as the 

individual transducer power decreases, the heating time increases. 
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Figure 91 Temperature (left, 
o
C) and necrosis (right) contours in the x-y plane for (a) one, (b) two, (c) three, and 

(d) four transducers activated, powers summing to 100 W.  (Transducer parameters: flat, 41 elements, 40 
rows, (3,1)). 

Table 17 The necrosed volume and heating time for different numbers of active transducers at (3,1). 

Location 
# of  

Trans 
Q (W) Vnecr (mm3) Heat Time (s) 

(3,1) 

1 [100   0     0     0  ] 71.30 0.06 
2 [ 50   50    0     0  ] 55.17 0.11 
3 [ 33   33    0    33 ] 71.30 0.19 
4 [ 25   25   25   25 ] 42.72 0.22 

 

The case with the same transducer parameters, but at xn = 1 and zn = 3, there 

is a much larger initial volume.  Figure 92 shows the temperature and necrosis 

contours with increasing numbers of transducers all activated to 100 W.  Contrasting 
























































































































































































































































