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Chaptlenrt rlooduct i on

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 patiénstress. Thermal therapy provides an attvacti
alternative treatment option. dffers advantages of being minimally invasjVess
expensie, and posing less risk of pegtocedural complications, while possessing
the potential to be effective. The ultimate goal of the research conducted in this
project is tancrease the efficacy and accuracytrermal therapy by ultrasound (US)

thermal tlerapy so that it can become a common cancer treatment

Prostate and Breast Cancers

Prostate and breast cancers are two of the most prevalent cammerg men
and women, respectively. One in smaleAmericarsis diagnosed with prostate
cancel[1], while one in eight women in the U.\Bill receivea breast cancer
diagnosid2]. The large disparity between the number of cases of prostate and breast
cancer when compared to other cangpes is depicted iRigurel (for men) and
Figure2 (for women) from theCancer Statisticseport (reprinted with permissian)
The plots display the number of diagnoses per 10(pe0plefrom 1975 to 2008,
and prove how these cancers havesistently dwarfed the prevalence of other cancer

throughout the years.
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Treatment Problems

The current cancer modalities often are associaittda great deal of
discomfort anchealth damage; also, these treatments often incur long patient
recoveries in and out of the hospital. Prostate cancer is usually treated with surgery,
hormone therapyghemotherapy, aradiation treatmentgl]. These treatments are
often associated with problems such as urinary incontinence, sexual dysfunction,
urinary tract infections, and rectal dam§fe6]. Transurethral resection of the
prostatdf TURP) i s constdedaddbhéofigbltdati ng BPH
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 tted with surgery, along with chemotherapy,
radiation treatment, and hormone therfgly A mastectomy can hawenegative
socialimpact and degrade the qualiflife for females, while a lumpectomy,
although not as severdilldeaves a scaff7]. Chemotherapy can be a problem
because there are a finite number of chemotherapy treatmengatients can
receive because, while becoming more focused in its targeting capabilities, it is still a
toxin that adversely affects many different body syst¢ijs.Radiation treatments
harm the tissue surrounding tumors because the harmful rays spread throughout more

than just the tumor volunié].



Thermal Ablation by Ultrasoun@hermal 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 sideeffects of radiation or chemoth@ra Thermal therapy involves
heating cancerous cells to supraphysiological temperatures with the goal of inducing
cell death. Thermal therapyefers to heating cells in the temperature range of 41 to
46°C; if temperatures above 46°C are used in treastkean it is considered thermal
ablation[10, 11}

Currently microwave, radifrequency (RF), and laser ablation are in use for
localthermal therapyhowever, they have limitations that warrant better methods be
exanined. 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
requre multiple applications in smaller bursts to avoid damage to healthy
surrounding tissufl2].

In the present study, high frequency ultrasound (US) ablation is utilized as a
treatment option because of its ability to focustimare effectively and less
invasively compared to the other minimally invasive methods. Additionally, delivery
of US can be interstitial, intraluminal, or extracorpof@&gl High intensity
ultrasound for medical therapy wasoposed back in 1942, but it was not uh850
that it was sufficiently validated to attempt human treatrfie3jt

Ultrasoundthermal therapyas the potential to be superior to traditional

cancer treatments mainly becaitsenorr or minimally-invasive nature results in less



di sruption to the patientodos |ife. There

quick recovery with no scafg]. Also,it has the ability to treat deegettumors from

an extracorporeal transducer when the US beams are effectively located and steered
[14]. USthermal therapyas been proven effective on cancers of the liver, prostate,
breast, kidney, bone, bladder, and fvamcerous diseassach adenign prostatic

thermal therapyBPH), uterine fibroids, and acoustic hemostis 15, 16, 17]

Most importantly to this research, the potential and efficacy ofhdB8nal
therapyhas been proven for prostate treatment (both for cancer arthnoarous
BPH)[13] and breast cancgt8]. This this study will focus on the improvement of
treatment planning and device design for ultrasdbedmal therapyor prostate and

breast cancers.

Objective
There are three main objectives of this stydy:to simulate and desica
device for prostate cancer ablation from ti8rmal therapy(2) to simulate and
design a device for breast cancer ablation frontidé@mal therapyand (3 to
develop thermatlamage models for breast cancer dellsnprove the simulations
The devies designed will also have an associated treatment planning protocol so the
physicians can design patiespecific treatments.
This thesis will first provide the necessary background information, then
detail the numerical technique used to simulate tissgeosisand device design for
prostate canceexplain the steps for simulation and design of breast cancer treatment

devicesand finallydescribe how cell thermal damage information is determined



Chapter 2: Background

The process of tumor ablation by ultrasotimermal therapypegins 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 gkl deathfrom thermal therapys important for the
choices made during this study. The following chapter will éirstuss prostate and
breast cancegnd then it willexplain the general principles behind ultrasound
thermal therapythe physics of ultrasound propagation and generatierphlgsics of
heat transfer through biological tissue, and finally the currexthilable ultrasound

thermal therapylevices.

Prostate and Breast Cancer

It is important to understand the anatomy of the parts of the body which are to
be modeled to creatm accurate simulation. This section details the anatomy of the

prostate and breast.

Prostate Anatomy

The prostate gland is a male reproductive orghith adds a nourishing fluid
to semen. A healthy prostate should be about the size of a walnutireouhds the
top of the urethr@passes urine from the bladder outside of the boByjring
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 theaurethr



and exitghe 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 disorder$§19].

Benign Prostatic Hyperplas{8PH) isanoncancerous 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 rgféigure3). This disease is very common,
and mostly begins when the patient is in his middle dgegsie4). Almost 100% of
the males aged 90 or older are affected by BRIl BPH results frona

combination ohormal prostate growth and the formation of nod{2€3.

Normal prostate

Urethra

Total 60
number of
prostates

(%) 40

20

0
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Figure4. Number of men with enlarged prostatesevsus age, demonstrating the increase of BPH prevalence
during aging20].



BPH is not cancesanddoesnot 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 removedB&H are found to have a cancerous growth

[20].

Breast Anatomy

The breasts mostly consisting of fat tissue with hollow lobules surrounding
and connected to the nipple which bring the milk to the breast during n{28ir2f3,
24]. The pectoralis muscle lies behind the breast on the [@%<4] The
vasculature and lymph ducts mostly propagate in the radial direction away from the

nipple. Figure5is a diagram of the anatomy of the breast.
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Figure5 Anatomy of the breas{22].



The Principles of Ultrasound@ihermal 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 effd@s25]. 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 10(C [13, 17]

When the ultrasound wave is generated into the body, it causes a vibration of
the tissue moleculd26]. This leads to friction in the tissue, which turns the
ultrasonic energy intthermal energfl3]. Thermal therapy41 to 46°C) causes cell
death by inducing apoptosis (programmed cell dgat}), whereas thermal ablation
(> 46°C) directly Kills the cells by necrosis (lysis formation and membrane
degradatioj27]) [10]. Thermal ablation requires a much shorter heating time,
usually on the scale of seconds to a fewutens, buthermal therapyeeds anywhere
from thirty minutes to a few hours to be succesdfQl]. Another difference is that
higher temperature treatments usually require only one dose, while at moderate
temperatures multipleeatments 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 make it a more reliable opti¢28].

USthermal therap can be monitored in reéime during treatments through
use of magnetic resonance imaging (MRI) or ultrasonic imd@di®g26] This
allows for control of the procedure by observing the temperature in the treatreant

because it is impossible to perfectly predict the thermal gradierdseach body has



slightly different geometry of vasculatures. This study does not research thermal
monitoring of treatments, but it is important to be kept in mind during deesigm
Ultrasonic waves have a higher intensity close to the transducer than at a
distance awaj26] (seeUltrasound Physics sectiprthis is advantageous for tumors
close to the edge of the body because a transducer caaty 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 usateghity focused
ultrasound (HIFU) to move the location of highest temperatutbdufrom the US
source. The ultrasonic wave can be focused by using a focusing transducer
(explained inJltrasound Physics sectiprand causes a very small volume of
necrosed tissue (roughly an ellipsoid shape, with center diaostally aroun®-3
mmwith alength of 810 mm[17]). There is a very distinct boundary created
between the dead cells and rdisrupted tissue cells, which makes this treatment
ideal for sparing healthy tissue surrounding a tuppr Adding to this advantage is
the increased toxicity dhermal therapyo tumors as opposed to healthy tissue
because there is a lack of perfusion inside tumors, and perfusion cools the tissue

during treatmenf7]. An image depicting this is displayedHigure6.
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Figure6 Schematic of HIFU transducer focusing on a small volume of tissue.pfib® 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 tissyé].

This study focuses on the use of ultrasotmatmal tlerapyfor treating
tumors in the prostate gland or the breast. The anatomy and geometry of these body
parts dictate the mostffective US treatment method$.h e p r praximiyttoe 6 s
the urethra and the rectum allow for an intraluminal transducet teegeclose to its
surface. It is especially useful in curing the foamcerous prostate growth (BPH)
because a total destruction of affected area is not cf6tiallhe breast works well
with extracorporeal devices becausets convex shape, and since there are no bones
and small vasculature, there is little blocking the ultrasonic waves from their

predicted propagation path5, 29]

Ultrasound Physics

Ultrasound refers to aamcoustic wave with a frequency above audible human

levels, about 20 kHabut it is usually only usenhedicallyat frequegies between 200

11



kHz and 45 MHZ30]. In order to understand how US creates a hyperthermic effect

in thebody, 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 Figure7. 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

compressim or two rarefaction | ocations i s

Mechanical Wave Propagating in a Medium
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Figure7 Sound waves travel by compression and expansion of parti¢hs.

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 lyquationl

Q - Equationl
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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 ihablel.

Tablel Speed of sound through different biological materidi26].

Type of Biological Material Speed oSound (c)
Soft Tissue (except lung) 1550 m/s
Fatty Tissue 1480 m/s
Lung 600 m/s
Bone 180071 3700 m/s

The intensity of the ultrasonic wave will be very high in close proximity to the
source, but then r apfiidd2¢gd Ghencafielhases past th

known as the Fresnel zone, is characterizeBdwaton 2 [26]

Q Equaton 2

&
where ¢ 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 displaye€igpuire8.
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Figure8 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, atienuahd scattering
contribute to the decrease of a waveds amp
the wave into different frequencies as it travels through a meg@ijn The US wave
dispersion is neglected in this dyubecause 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 mentionékhim Principles of Ultrasound
sectior). 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
waveods intensity, characteri zedEqbaton tr avel
3[13, 30, 33, 34]

‘0 0OQ Equation3

where | is the intensity of the wavgjils t he i ni ti al intensity, C
coefficient, and x is the propagation distance. The attenuation coefficient is a
material constant, and its value for different biological materials is displaykable

2.
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Table2 Acoustic attenuation coefficient of different biological materia[85].

Biological Material Acoustic Attenuation
9 (Np/cm at f =1LMHz)
Water 2.5e4
Blood 0.02
Mygardlum ‘ 0.10
(perpendicular to fibers
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 characteriEspihton
413, 36, 33]

1 "Q Equation4
w h e 1, ie thedemperaturdependent 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 incrdadégs Forthe purpose of this paper, the
attenuation coefficient is defined Bguation5 [32]
QEFTMI A& Pt | v

§ Equation5
QEIMiI aB&i P mhr | UV & IMiI aBai Q
where thehermal doses a value defining the time and temperature exposure of the
tissue, which will be discussedtime Thermal Damage to Cells sectidwo

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

the frequency.
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US Focal Point Multiple Wave Interference
Wave diffraction is the diversion of the wave particles from their linear
propagation directiof20]. This phenomenon was first reported by Francesco
Grimaldi, and was claimed by Christiaan Huyggty. Huygenso6 principl
that a waveront is the result of the combination of many sphenizale point
sources (shown iRigure9), which can be proven experimentally by the diffraction

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

Wavelet Wavelet Y
source point source point .
S 0y

Wave front / Wave front Wave front
1 2 1

(a) ()

Figure9 (a) Flat and (b) curved wavefrontesulting from multiple point sources, according tduygS y & Q
principle [37].

Each spherical wave creates its own pressure along its propagation path, and the
summation of each pressure determines the pressure profile wéehiashe 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
w a v anddgude. 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 anoffigu(el10). 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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Figurel0 Two inphase waves combine toreate (a) constructive interference; two otf-phase waves
combine to create (b) destructive interferend@8].

This focal point can be created mechanically or electronically. Ifitis

mechanical, either a curved transdusarsed or multiple wave sources are placed in

locations where their peaks will all intersect at a specified pbigu(el11l).

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

that the delays cause the peaks to coindtipife12).

Ultrasonic
Transducer

-

..................

Figurel2 An ultrasound transducer with a planar array of elements to focus the w2@).
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The phaselifference between any two point souregeth the same frequency

waves for complete constructive interferemgl occur according td&Equation6 [39]

3%o z¢" Equation6

where @i is the pdthesiganafrdmfthe firg soareetothend d
specified point, and.ds the distance from the second source to the specified(dgint

and d aredepicted inFigurel3d, and & i s the wahsel ength of
calculation is performed for every transducer to determine the phase difference to

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

peaks where other wavelengths intersect with each other.

(W ;
W
m
array of . /,’/dz
tZTé’;de”ni‘Zr< m espant
O
[
B

Figurel3 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 distancesnd d,.

Ultrasound Transducers

This ultrasonic wave is creatérom the vibration of a piezoelectric crystal. A
piezoelectric material is one whidgeneratesin electricchargeupon deformation, or
inversely it deforms from an electrical stimulati®®, 33] Thereforethe

application ofanalternatingelectrical currento a pezoelectric crystal will caugbe
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crystalto vibrate if oscillated at the appropriate frequenthe vibration will be in
theultrasonicrange |If this crystal is placed againsbacking materialvhich has the
same acoustic impedancei@elf, then the wave generatdxy the vibratiorwill
propagate away from that backif8p]. The crystal is protected bylens, and
maximum energyransferals ensured by minimizingir resistance with coupling
mediumat the interface of the lens and the matenia which the US will propagate
[30].

The shape and configuration of the transducer will change the manner of US
propagation, so its choiakpends on the applicatioif. the highest ultrasonic energy
needs to belose to the transducehen a singldlat transducer can create the
necessaryield; it generates a wave perpendicular to the surfsxéhe attenuation
will cause the highest heat the transducer interfaf®@0]. However, br situations
where the highest US intensityust befar from the transducea,single flat
transducer will no longer suffig80]. As was describeith the US Focal Point
section a focus far from the US source can be createa cuyrved transducean
array of flat transducewrranged in a curved configuraticr an array in a flat
configurationwhichis subjected to electronic focusinglso, a curved lens in front
of a planar transducer can create the same effghen ultrasonic energy is focused

to create thermal ablation, it is considered kiglnsity focused ultrasound (HIFU).

Heat Generation

Ultrasonic heat is generatadthin the tissue from the heat absorptidteat

generationn one dimensiors related to the wave intensity BEguation7
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N n) Equation7

where q666 1 s the heat generation and | is
transducerd-quation3 accurately describes the intensity propagation through the
tissue soin one dimensiomhe final heat generation is calculatedEquation8

N ¢ 0Q Equation8

However for HIFU thechanges in intensity are not solely a factor of acoustic

attenuatior(as they are ikquation3) i since the transducer is not fltie
interferencebetweenwvavesalso contributes greatlyTo determine the intensity from
created by HIFUthe heat generatias calculated fom the pressurgrofile created
by the ultrasound in thisssue. hepressurereated at each point in the tistiyean

individual element in &ransducearraycan be calculated witBquation9 [8]

Cw” QY

— — Equation9
wo Q

N it

where pis the pressurprofile in the volume, x, y, and z are the spatial coordinates

of that pointt Wil s t he power of the wultrasound sourc
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
thecurent point, and G Thefinal pressupelateackepoiatis t he wa

the sum of the pressure from each element at that point, as shBguation10[8]
0 ofcr N ohuh Equation10

where P is the total pressure. The resulting heat generation is calculated by
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Theheat generation determines the temperature distribution throughout the tissue.

Heat Transfer in Biological Tissues

Once the heat generationthe tissue is known, the temperature at those
locations can be determined. Biological tissues are a porous medium consisting of a
matrix ofcollagen fibers, cells, and proteins, with an interstitial fluid running through
its cavities ¢ontainingblood aml plasma) figure14) [40]. This results in a
combination of conduction and convection which trangfergenerated heat

throughout thezolume.
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Figurel4 Biological tissues consist of a solid matrix through which interstitial fluid floj8].

Energy Balance
Each finite volume of tissue has the same amount ofwigah exits it as the
summation of the heat whi@ntes, isgenerategandis storedwithin the volume

(Figurelb). Every node in a simulation must adhere to thisrgy balance.
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Figurel5 Depiction of energy balance through a finite tissue volurf#].
Conduction i s gov B2],whiah stétes th&heheatflug r 6 s Law
is proportionalto the thermal gradienshown byEquation12 for one dimension

Neeae ~QgiY Equation12
Qw

wherenaasathe heat flux, k is the heat transfer coefficient, and x is the propagation
distance.The heat flux at thentranceof the control volume is equal tbe heat flux
attheeximi nus t he change i nkEqdationl®[42l.l ong t he | en

Neee nee ﬁa&o Equation13
[

wherena as the heat flux at the entrance af@a is the heat flux at the exit.

Rearranginghis equation results iBquation14

Nee nee TT—3~oo Equation14
[

In threedimensionsthe resulting energy gain by conductiosh®wn inEquationl5

, pt f
T nee?eeT N ; T neeee&d&d&d Equation15
Tw T o T

3N

Substitutingieewsel t h  F o u rEquatiord 3 results imEqation16
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Equationl6

3GBUBA

The second equation, withe conduction coefficient outside of the derivatige,
obtained only with the assumptitimt heat conductiocoefficientis constant
through space. Thvalidity ofassumption will be discussed in more detail in the
BioheatModel Assumptions section

To account for theat transferred by theterstitial fluid, the heat flux from a
fluid moving through a body must be considered. The equation defining this is
shown inEquationl17[41]

A d o3y Equationl?

whered is the mass flow rate of the fluidics t he fl ui dés specific
T is the temperature dif f dgorbioheattrafisiert ween t
the fluid is blood, sehe specific heat and temperature of the fanel represented by
Cob and Ty, respectively.

Also, any heat generated within the control voluaféects the final
temperature of that volumdn the case of biological tissue, without the presence of
any external forces this is considered the metabekit generation per unit volume,
Neeaea@o expresshis in terms of a heat flux, it must be multiplied by the volume
element nee aa3-GB-uBq .

Heat storagavithin a volume is the product of the mass (density times

volume), specific heat, and rate of temperature change, displaegiation18[42].
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n " Z 3BUBA Z W ZTT_(‘) Equation18

Summing the terms iBquation16i Equation18and dividing by the control
volume results ifcquation19

1Y L . '
”d)TT—‘O ,Q uY (b x "Y "Y r']&%& Equatlonlg

where0  &j 3asusd is the blood perfusiorate This equation is lkawn as the
Pennes Bioheat Transfer Equat{@HTE), and is widely used an acceptesian

accurate moddbr energy transport through biological tis§dé, 42]

BioheatModel Assumptions

It is important to note thassumptions which are taken into consideration for
heat transfer through these tissuebe BHTE assumeshetissue vascularizatiomas
anegligibleinfluence on the heat transfend that the effect of the interstitial fluid
flow can be simplified to #hisotropic blood perfusion term (the second term on the
right sideof Equation19). However, it was found that there can be a significant
difference in the heat tnafer around very small, counter current blood vessels (two
parallel vesselwith blood flow in opposite direction$#3]. Also, it assumes that the
fluid temperatureTy, is a constant value through space and (iine valueof Ty, is
given inTable3). 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 witin vivoandex vivoexperimentation (seerevious Studies

with UltrasoundThermal therapgectionfor details on these simulations).
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Another set of assumptiofigr the valus of the tissue and blood propertigs,
Co, K, Gb, W, and ), whicharegiven inTable3. The tissue density and specific heat

are determined by the relationship displayeBguation20 [44].

Q
dQ

A

Equation20

where thy; is the thermal diffusivitygiven by 1.80 X.0” [44]. Thermal

conductivity, k, has been found to increase as temperature ingreasiss widely
accepted to use a constant vdllg]. Blood specific heat ia knownconstant, given

in Table3. Blood perfusion has also been shown to change with changing
temperature, where iiseswith increasing temperature before it decreases to about
zero at very high heaf$4]. Liang[45] observed a change in blood perfusion with
different heating powers; this experimentadigtermined relationship was used

this research study
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Table3 Values of tissue and bbd properties used during this study.

Property Value
To 37°C [14]
k 0.499W/m°C [46]
1 6 2.77e6)/m*K [44]
Cob 4200 J/ kgC [47]
for Q range Value
07 7.5W 0.0040 kg/mis[48]
W 7.51 125 W 0.0075 kg/mis[48]
12.57 17.5W 0.0085 kg/mis[48]
>175W 0.0100 kg/mis[48]

For this studythe metabolic heat generation ternd (@) @& neglected. This
valueis relatively small in comparisao the heat generated by the ultrasound input
energy, so it has bagroven that its contributioio the overall tissue temperatuse
insignificant during thermal ablatidd9]. This results in a replacement of the
metabolic generatiowith the ultrasaic heat generation, so tlBHTE is rewritten as

Equation21.

"W—, @AY O x Y Y fewee Equation21
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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 determinedTlhe thermal dose refers to the time and temperature

combination of the treatent to be discussed in this secti@].

Cell Death Considerations

Before determining theecessaryhermal dose, it is important timtea
couple ofimportant considerations foéinermal therapyreatment. This section will
first explain thermotolerance becausaffects the outcome @hultiple hyperthermic
treatments, anthen will describe the role ¢fiermal therapyn combined treatments
because it may not be necessary to result in 100% cell jdetiom heat.

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

temperature hyperthermic treatments3*@), the tissue cells start to develop a
thermotoleranc§7]. The cells adjust to treupraphysiological temperature due to

the expression of heahock protein$s1, 52, 27] which reduces the efficacy of

future rounds of treatment. Thermotolerance is acquired more readily through
treatmentsvith a slower heating rate, a lower hyperthermic temperature, and a longer
exposure tim¢s3]. To causehe same amount of damage fimatment after
thermotolerance is acquiredjstnecessary to either increase the treatiene up to

twice as long or to increasieetemperaturdy as much asne to two degrees Celsius

[53] [54]. Thermal ablation lessens this problem because it greatly reduces the
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treatment timavhen compared with conventiortaermal therapyhoweverthe

difficulty of sustaining such high temperatures and ensuring that only cancerous cells
are adversely affectedteate complications that are not present with the |oermal
therapytreatment$27]. Another solutiorio combathermotolerance is to combine a

low temperaturéghermal therapyvith another cancer treatment.

Thermal herapyin Combination with Chemotherapy
Thermal therapgan also be used with otheratments such as chemotherapy

and radiatiorfor cancertherapy{51, 27, 55, 56, 57, 58]In combination with other
treatments, a lower thermal doseluérmal therapgan be used (&C|[55]). This is
because it is not the goal to kill the cancer cells directly fieat exposureut to
enhance the effects of the other treatment metfidds Specifically for
chemotherapy, eeduceddose of thesdrugs has been proven to provide the same
results as a normal dosage when administered with a hyperthermic tre@&nent,
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 duéhermal therapynduced cell deatfb6].

The effect of heat treatment combined with chemotherapeetitmnenis
highly dependent on the type of drug. There is a linearly increasing effect of the
medicationwith increasing temperature for alkylating agents and platinum
compounds, Wwile antimetabolites are not at all affected by the increased temperature
[51, 60, 61] There are some drugs, such as doxorubicin, which haweea m
complicated combined effetttheir efficacy isnotimprovel before the temperature

reaches apecificthreshold value (around 42.5°C for doxorubigs0), 61}
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A problem encountered during chemotherapy is the drug resistance acquired
by the cancer cells. After the start of drug treatmeatscercells lose sensitivity to
not only theparticularchemotherapy drug used, but other drugs as well (multidrug
resistace)[27]. Addingthermal therapyo chemotherapy can help prevent this
resistanc¢27, 60] However, if the temperature treatments are not hot enough
(>42°C), then they may add to the gdmesistance because of the introduction of

thermotoleranc§7, 60}

Thermal Damage Models

Mathematical models have been derived from experimental data to
theoretically determine the cell death that occurs at @@ehtemperature
combination. The onstep Arrhenius equation is the megatlely accepted model (it
is a twastate model, where the cells are assumed either viable of5#gd
however, there has been recent research to describe hyperthermic cell death using a
different process. Feri§2] fit thermal therapyest data on prostate cancer cells to a
different twostate model, which also describes tells 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 parametersnfed s mo d e | was able to bet
data at t he | owe [63]tevailoped a tarestate madel whicl® 6 Ne i | |
contained a middle state where the cells were not yet dead but vulnerable. These
vulnerable cells cdd 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 duringhermal tlerapytreatment, 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 betféting model, the Arrhenius is

usedfor the majority ofcel 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 parameterf2]. The kinetic paramete(é and E in Equation22) define

the Arrhenius equation, which relates the rate ofdeslh k, to the prescribed

temperature (T) biEquation22[64],

QY 06Q | Equation22

where A is the frequency factor, I8 the activation energy, and R is the universal gas
constant. Finding a combination of the frequency factor (A) and activation energy
(Eo) for a certain cell typallows for optimal thermal doses to be determined. The
reaction rate k is related to cell survivalbguation23[52],
v Q- Equation23

where S is the survival fraction.

An equation introduced by H&2] to correlate Eand A Equation24) works
well for many recent studig¢&0, 11, 65, 66, 67] However, this relationship cannot
solely determine the kinetic panaters: both still need to be found experimentally to
be accurat§?8].

a8 TP o Equation24[52]

30



Thermal Isoeffective Dose
Another method of predicting cell damage at specified-tengperature

combinations is called the fAiTher mal | soef f
simplification of the Arrheniugquation28]. 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 fronthe graph of the Arrhenius relationship of cell death rate, the
inverse of the slope is defined'@s. For any given cell survival, the time of the
thermal treatment is proportional@, so it can be written as shownkiquation25

O Y 06z0"Y Equation25
Dewey[68] defined R as the relative decrease in the rate of cell death for a 1°C

increase in temperature, which becomes

O"Y p 0z20°Y p 07Y p Equation26
O Y 0z0"Y 0"Y

Y
Sapareto and Dewg§9] rearrangedEquation26to create a conversion of treatment
times for any two isothermal temperaturgsjjation27).
0O 0Y Equation27
Sapareto and Dewg§9] then proposed the TID conversion todpecific to
43°C, where the time it takes to inflict a certain amount of damageydemperature
can be convertento the time it takes to cause that same amount of damage at 43°C,
usingEquation28
00D o3 OY Equation28
where CEM43°C is the cumulative number of equivalent minutes at 43°C, tis time

(min), T is the average temperature during that time int¢?@3) andR is the
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number of minutes that are needed to compensate for a 1°C tampeliterence
[28, 53] R is assumed to be 0.5 for temperatures above 43°C, and 0.25 for
temperatures below 43%969] (however these are just assumptions, the values are
actually differem for every type of cell/tissud3]).

It can bedifficult to have a single constant temperature throughout the entire
treatment time, so the TID can be used for-rsmthermal temperature profiles as
well. Transient profilecan be converted into oil@EM43°C value by summing

together sufficiently small intervals of time, shownHguation29[70, 53, 69]

o . o Equation29
0ObD o3 Y Yo

where #na is the last time intervallis the average temperature at the specified time
interval, and ot is the time interval. Th
similar results until the hold temperature exceeds 50°C, where the TID predicts a

longer time needed to incur cell defi2B]. 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.

PreviousStudieswith UltrasoundThernal therapy

Ultrasoundthermal therapyas been considered for many years as a viable
option for cancetreatmenthowever it is not yet implemented in a wisjeread
manner becauseore research iseeded to better predict treatment outcanTdwere
are two mairtypesof devicesstudiedfor this thesis: intraluminadylindrical

ultrasound transducers for use on prostate cancer, and external focused ultrasound

32



transducers for breast cancéntraluminal 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.
Performng numerical Bnulations on the ultrasonand heat propagan
through the biological tissues is important for device design and treatment planning
[71]. This section will discuss the current simulation studies and devesggned for
ultrasoundhermal therapyincludingdevices which are being currentigsted for use

on patients

Simulations

Many numerical simulationgsing a finite difference methd#, 29, 49, 71,
72,73, 74, 75, 7@8ave been performed which determine the resulting tissue necrosis
for ultrasoundhermal therapy Ensuring the accuracy of the simulation model is
importantbecause the results will bevialid if the setup is incorrect or simplifiedo
much However, anodelwhich is too complex will increase the computational
expense, so adeoffbetweeraccuracyandcomputation times 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
Thegeometry of the volume to be ablatedissiallya simplified version of

the actual anatomical shapdowever h some caseprostate volumes were derived
from CT or MRI images taken from actual patief®s71]. Cubical shapes have been

testedas computational domains sdely experiment witlthe pressure and heat
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propagation within the tissyd4, 73] The prostate wasftenmodeled as a hollow
cylinderof outer radius 3 crwith the transducers in its cenf@b]. Tyréusdid not
use a 3D model but instead split the problem iwiw 2D models in cylindrical

coordinates,-d  a-z planes, as shown Figure16[75].

- L r-zmodel
h‘.. Constant-

temperature
boundary

Tissue

Convective Tissue

Boundary

Biocompatible

Constant- Plastic
M temperature
boundary Transducer
>
]

Figure16 Model setup of intraluminal transducer inside of cylindrical prostate, used[B$]. Two 2D
simulations were used inthe-t 6 t S Tzi{right)plafiés. NJ

The breast was modeled as a 6 cm radius hemisphere pHKbluang[77],
Cheng[72], andJu[29]. Lin [78] modeled the breast as a b&tlape, shown in
Figurel7. Most studies used water as a coupling mediatween the transducer and
breastsince it has similaacoustical properties to tissue, so interface attenuatisn
not included in the mod¢l5, 29, 72] Malinen included different thermal properties

for theexternal skinthe healthybreast tissue, arttietumorous breast tissyi#8].
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Chest Wall a

/ Transducer

Figurel7 Lin modeled the breast as a bell shapeith the cylindrical transducer coaxially surrounding[iZ8].

Simulation Parameters and Boundary/Initial Conditions
Most simulations set the boundary and initial conditionsaional body

temperature37°C [6, 8, 14, 15, 29, 71, 72, 73, 76, 79Van[49] used a Neumann
boundary condition instead of the Dirichlet condition bec&iseomputation

volume wa 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 éither5°C [75], 10°C [74], 25°C [14], or 30°C [71], or

different temperatures were companedhe studyranging from 5 42°C [76]. Ho

[15] also tested the use of cooling water external to the tae2@iC.

The cylindrical transducers will produce heat generdbpthe gradient of
intensity as was shown Hquation?, butinstead of the ondimension result in
Equation8, the heat generation is describedclglndricd coordinatesresultingin
Equation30[74] [80] [75] [76] [48] [14]

N ¢4 "0 Q Equation30
where d i s the agthelradicsaftthe applieatof, and i issthec vy ,

current radius.
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The studiesvhichtesedphased arragransducersnodeled them as individual
pointsourcesHuy genos Pr i nc ispnmationdothe iedividualn ed t he
sourcesand Salelf6] and Hutchinsof8] usedEquation9 i Equationll (in
Ultrasound Physics sectiotg calculate the final pressure fieldlhe Rayleigh
Sommerfeld integral was used in many studies to combine the pressure created by

each individual elemeft5] [77] [72] [73] [79] [18] [5], written as

 cf Q &;QQ ‘ ‘5 ¥ 0"y Equation31
C I I®
where p(x,y,z) is the acoustic pressure, |
sound, k is the wave number, u is the surf
r is the |l ocation of the point logdtienr e t he p

of the transducer elementhe heat generation produced from this pressure is

calculated usingquation11[15] [6] [29] [79] [18] [8] [49] [5].

For most studies, the acousdiicsorption was considered todmely a
function ofthe attenuation of the way&5] [72] [29] [48]. A constant attenuation
was considereddy most studies, at 5.3 Np/mMHz for CHei], 8.3 Np/mMHz for
Prakash80], 0.5 dB/cmMHz for Chopr§b], 5.0l/mMHz for DiedericH76], and
different values from 2.5 30 Np/m were tested by Li@1]. Instead of using either a
constant value for attenuation, or varying it with frequency[18]) and Tyréug74]

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

| h -
. a €& WO ¢ _
e a € W0 . N Equation32
Cehee ) 2 SF ¢ agwo x O
IR a ¢ WO ¥
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wh e n®4.1Np/mMHz =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 spacewhereLin [81] and Liang[48] used 6 kg/r’s, Chopra[5] simulated 5.3
kg/m®s until the temperature reach®%5when it became, ®rakasi80] used a value
of 2.5 kg/nis at temperatures less thalf®@nd 0 kg/rs at higherémperatures,
Diederich[76] tested values of constant perfusion fromi01®.0 kg/nis,and Chen
[71] tested different constant values of attenuation at 0.5, 2.5, 3.5, and 5%.kg/m
However,a more accurate model was created when it was varied. Ty@&y3g5]
modeled it with a constant val kg/nTs for prostate tissue)ntil the thermal dose
reached CEM4% = 300 minuteswhen tle perfusion dropped to On a recent
study, Prakas[iL4] comparedlifferent combinations of functions which described
the blood perfusion and acoustic absorption as a function of an Arrhenius equation
defined by Schutt and leanmerich82], thermal damage thresholds, or temperature,

in orderto determine an accurate combination of parameters.

Al l si mul at i BHTE (Equatient9) té’destribe teetheat
transfer through the tiss(i#5] [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 therduaes,
Sapareto and Dewey 06 s Equdtian28rwasused.sForef f ect i ve
necrosis to occur, the studies set CERG® equall20 minuteg49], 240 minutes
[15] [73] [79] [8] [80] [14], 300 minutes[72] [18], or a conservative 600 minutgst]

[75]. Some simulations restricted the computatiorteniaperaturs below100°C [18]

[8].
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Transducer Configurations
Intraluminaldevicesoften consist of multiple cylindrical transducers axially

arranged, which are segmented angularly so different segments caedhi® tu

different power levelgschematic displayed iRigurel8) [71] [74] [80] [81] [75] [76]

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

6mm diameter daeter. C h e [i7d] sitraluminal design consisted of a 3 mm radius
catheter, 1.75 radius transducer, and individual transducer length of 10 mm (R, Re,
and Le inFigure18, respectively).Tyréus tested interstitial cylindrical transducers
with outer diameter 2.2 mm and length 10 mm in one Sty and outer diameters
ranging from 1.5 4.0 mm with lengths 5 10 mm[74]. Diederich[76] had five
axially-aligned cylindrical transducers with an outer diameter of 10 mm and length 10
mm. PrakasH14] simulated an intraluminalevice 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 exteigat within the catheter wallg’1]
[74][75] [76] [14]. An example of a device with external cooling is displayed in

Figurel9.
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Axial multi-transducers

Figurel8Intraluminal transducer schematic displaying four independentigntrolled cylindrical transducers
with angular segments that can be blocked so power is only emitted in desired angular direfibp

CYLINDRICAL TRANSDUCERS

/\ WATER INPUT
TRANSDUCER — < 7 WATER auTRuT

ARRAY e 7 RF SIGHAL
i

WATER
QUTPUT

WATER
INPUT

PLASTIC ' ?
HMEMBRANE 1cm

Figure19Schematico6 A SRS NA OKQa (G NI yaRdzOSNJ dzZAaSR Ay aAYdzZ I GA2y& | yF
demonstrates the configuration o€ooling water in between catheter wall and cylindrical transducer outer
diameter[76].

Individual focused transducersradius 8 and 15 cm, and phased arrays with
16 and 32 elements of the same radii were tested and compared[Gg]F-akflat
phased array was tested $gleh[6] (64 elements creating a 2 cm x 2 cm squang
Hutchinson8] (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 frequéodye half the wavelengthLiu
[79] tested aurved phased array with 400 elements arranged in a 20 x 20
configuration with a radius of curvature of 12 cilWan[49] simulated a phased array
shapd as a square section of a 10 cm diameter sphighe3 mm x 3 mm square
elements arranged 35 x 3&dure20). A cylindrical phased array of transducers

which surpunds the breast was tested by[iH8], Ju[29], and Lin[78]. Hobs desigr
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had a diameter of 20 cm, height of 2 cm, and included 200 elenigntssed 384
elements, i@ating a cylinder of diameter 25 crivalinen simulated and optimized
necrosis for a hemispherical shell transducer of 530 elerffégtge21) [18]. Cheng

[72] split a part of a 10 cm radigsjuare section of gpherical transducer into four
equal transducers, each with & dBgle 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 amd they could be translatesand the

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

Element (1,1}
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Figure20 A phased array transducer which is a square section of a 10 cm diameter sphere of 35 elements by
35 elements, as wasmiulated by Wan[49].
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Figure21 The hemispherical shefihased arraytransducer with 530 elementssimulated by Maliner{18].

Frequencies dd.5 MHz[72] [8], 1 MHz [15] [77] [79] [18] [8], 1.5 MHZz]8],
2.0 MHz[8], 2.5 MHz[78], and 4.0' 4.5 MHz[78] were testedHo [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 aays, different focal patterns were testddhe effect of one
transducer was tested for both phased arrays and spherical tranfdiceia [29]
and Hutchinsofi8] scannedh singlefocal point continuously throughout the ablation
region. Some studietested multiple transduceconcurrentlyablaing the tissuewith
a common focal poif77] [72] [18]. Other studiessed a multifocal pattern which
hadthe transducer split if®cuson points in different locations around the volume to
widen thenecrosed/olume tissue per ultrasound dg$8] [6] [79]. Cheng[72]
tested the use of multiple transducarsund the breaseéach with a focal point in a

different location(Figure22).
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Figure22 A simulation study where there were four transducers surrounding the breast, each with a different
focal point within the current volume to be ablate@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
parameter§71] [75]. Tyréus[74] comparedis data with previougx vivoandin

vivo experiments and founachagreemenbetween the resultand Diedericl76]

proved matching results withdhown in vivo experiments: theserified that this

model for cylindrical transducers is accurafaother finding was thabe chilled

water cooling the transducers not only lowered theptrature at the catheter wall,
but also moved the point of highest heat away from the axis of the cavity and
transducef74] [75] [76]. Tyréus[74] and Diedericij76] found that larger diameter
devices created larger necrosed tissue leswhigh was also useful because the
devices that had cooling external to the transducers needed to be larger and were
found b cool the cavity wall more effective[y4]. Theyalso determined that the
tissue perfusion was a larger factor in affecting the lesion size than the attenuation,
where more perfusion decreased the temperature and lesiososizis, important to

choose an accurate value fof7t] [76]. PrakasH14] concluded that although ing
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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 dese¢he results will be less arate
For the breast cancer focused simulations, it was found shrag ane curved
transducer with a single focal point allows the heating around the focal point to be
easily controlled72]. The cylindrical desigiroaxid to the breasivas found to
effectively reach the desired tard@tations andavoids excessive heat at the ribcage
because the ultrasound propagates parallel to thglBhsIt was proven that using a
phased array instead a single curved array reduces the treatment [fiBp
Furthermore,lie multifocus design allows for less cooliinmge between each
sonication because the intensity is spread throughout the vounaéhereforéed to
reduced treatment tim¢s5] [72]. Huang[77] found that with tilted transducers, rib
heating could be avoided if the angle between the vertical and the transdueasaxis
greater than 56°6 Whenphasedransducers are electrically steered away from the
central transducer axis, theyst be designed to avoid grating lobesause they
produceunwanted heating in the areas around the focal f@linthis means that the
nearfield temperature is highdor larger scan widthg8]. Including more
transducers in phased array systems decreases the number of grating lobes, and
therefore there is less unwanted heatimtipe space between the focal point and the
transducer§l8]. Another conclusion was thdeetricalscanning is quicker than
physically scanning the focal poiff]. Also,sincethe focal pointan be shifted very

quickly to different locationthat were not experiencing high heats before, then

cooling time isndt necelsoarasiWan4f or e t he
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discovered that neacanned 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 tumocg sheir power is
absorbed in a shorter spd28] [78]. Therefore, to obtain an even heating of the

entire breast, a combination of low and high frequencies can b¢2®jed

PreviouslyDevelopedDevice Concepts

Ultrasoundthermal therapyas gained interest and popularity throughout the
years, so there have already been devices created which are currently being tested
including some which ane use at treatmerdinics outside of the United States.
Currently, transurethral US probes inside a catheter are still in the developmental
stageg[16], andconcepts which have not yet come to market have been proposed in
patents andre beingestd A patent from 1995 describes a transurethral US device
for BPH and prostate cancer treatmdB8&. It includes cooling external to the
transducerand individuallycontrolled segments oriented axially from @mether,
with the transducers segmented angularly for control of angular US propagation
(Figure23). Prakasl80] designed ainterstitial 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 Miglirge24, 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 bladdeFigure24, upper and lower right).
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Figure23 Intraluminal patent idea with multiple cylindrical transducers arranged axially, and the right view
shows wo possible angular segmentation configuratiofi@3].
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Figure24 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 currentlysiein Europe

or beng clinically testedor HIFU ablation, and his table comparing these devices is

reproducedwith permissiofin Table4. Thetransrectal devicesith a concave

trarsducer for prostate cancer treatmiectude theAblatherm (6month post

treatment efficacy demonstrated by Thuf8#]) and theSonablate500 (5-year post

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

phased arrays arranged in a spherical bowl include the Exablate 200@ &ttt

BYO02[7] [13]. Images of the FEBBY02 and Abléaherm devices are shown in
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Table4 Comparison of different HIFU devices currentlyuse, reproduced with permission frorfv].

Table 1 Summary of most popular high-intensity focused ultrasound system for

Model Manufacturer Size (mm) Focal length Frequency Focusing method Imaging guidance Clinical applications
(mm) (MHz)
FEP-BY02 Beijjing Yuande OD =370 255 1 251 elements driven GE Logiq series Liver, kidney, breast,
Biomedical ID =120 in phase ultrasound system  pancreatic, bone tumor and
Engineering Inc, China uterine fibroid
Model-JC Chongqing Haifu Tech D=1200r 90,130,160 0.8, 1.6, 3.2 Flat ceramics with AU3 ultrasound Liver, kidney, breast,
Ltd, China 150 acoustic lens imaging system pancreatic, bone tumor and
uterine fibroid
ExAblate 2000 InSightec Ltd, Israel 120 150 09,13 Phased array GE Signa 1.5/3.0T Uterine fibroids, breast
208 hexagonal MR imaging system tumor, liver cancer, bone
elements, 3 metastases, neurosurgery,
cavitation detector prostate cancer
Sonalleve Philips, USA N/A N/A 12,14 Phased array Philips Achieva Uterine fibroids
1.5/3.0T MR imaging
system
Sonablate 500 Focus Surgery Inc., 30x22 30and 40 or 4 2 elements Element for both Prostate cancer
UsSA 45/50 mounted back-to-  therapy and imaging
back
Ablatherm Edap-Technomed, 40 x 22 45 3 Single concave 7.5 MHz integrated  Prostate cancer
France ID=8 element ultrasound imaging
TH-One Theraclion, France 56 38 3 Single concave B-K Medical Hyperparathyroidism
element ultrasound imaging
system

Figure25Images of (A) the FEBY02 extracorporeal phased array transducer and (B) the Ablatherm
transrectal curved transducef7].
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Chapter 3: Summary of Cel |

To determine the mathematical model to repredermal damage, thermal
therapy studies must be conducted in a controlled experimental séttivitro
experiments are performed to isolate the cancer cells during testing, although the
inaccuracies which are associated with this segregation must tie kepd while
reviewing the results of such experiments.

Previous review papers have compared the required thermal doses for
hyperthermia in many human and animal cillgitro. In 1979, Bhuyafi86]
reviewed the heat sensitivities for different cell tydexling the time to result in
90% cell destructiofor temperatures between #¥5°C. He[52] and Wright[64]
compiledthe Arrhenius paramtersneeded for the mathematical model which
describes their cell death (explain later in this pafeenjifferent types of cells.

Some of the data from these three authors has been compilabl@b.

a7
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Table5. Compilation of most results fromevious reviewon cell death for different human and animal cell
lines. Tested temperature ranges and cell survival assays alsegmted[52, 86, 64]

Temp Range Time to 90% Arrhenius Parameters
Review Ref | Cancer Cell Type o Survivability Assay . a Reference
0 Cell Death (min) | g, (kJ/mol)| A(s")
100 Sapareto 1978
43 94 Bhuyan 1977
) 83 Gerwerk 1977
Chinese Hampster
Ovary (CHO) 30 Westra 1971
’ #“ 30 Sapareto 1978
233 Gerwerk 1977
45 133 Westra 1971
Bhuyan e 150 Johnson 1974
1979 V79 140 Schulman 1974
44 84 Johnson 1974
L1210 43 50 Bhuyan 1977
EMT-6 23 30 Marmor 1977
) 102 Leith 1977
82 Palzer 1973
Hela 43 86 Bhuyan 1977
150 Gerner 1976
37-45 Hemolysis (1%) 12134 4.2x10° | Gershfeld 1958
Human 44-60 Hemolysis (5%) 103.72 7621007 |Moussa 1979
Erythrocyte 46-54 K+ Leakage 24602 33x10°°  |Prinsze 1991
60-77 Chosting 210.87 180" |Lloyd 1973
e K+ Leakage 587.43 9.5x10°°  |Prinsze 1991
Fibroblast Clonogenicity 773.62 8.5510'  |Prinsze 1992
40-70 Calcein Leakage 158.99 not found |Bischof 1995
41-44 1697.03 7.37x10°
44-49 Clonogenics 70542 1‘91;;101 L Landry 1978
Hela 49-55 10837 1.ox10'®
e 2003 —
14-68 Membrane Bubbling 24895 9.1x10 Moussa 1977
48.2-65 50% eosin Y-stain 38828 8.8510°  |Mixter 1963
30-43 118114 |24x10°*" | Dikomey 1991
~ |ctonogenics 1266.08 4 86x10°"
CHO not specified T Bauer 1979
55061 7.28x10
48.2-65 Clonogenicity 616.72 21210'"  |Prinsze 1992
40-60 Flourescent Dye Leakage 137.65 2.27x10"° Padanilam 1994
41-60 Mechanical Contraction 121.34 2.1x10” Cravalho 1992
Skeletal Muscle =
45-60 Increased Permeability to FADH 241 1.6x10 Gaylor 1989
3 - 7T
CDTA Leakage 176.98 7.3x107 Cravalho 1992
40-48 Chromatin Increase 363 574310 Roti Bati 1670
oti Roti 197
44-48 Cell Death 644 9.61x10'™
Hela T
44-68 Bubble Formation 249 9.09x10 Moussa 1977
48-65 Fosin Y-Staining 360 1.00x10°7 | Mixter 1963
. Lysis. Reversible 250 4.10x10°°
Wright 2003 |Erythrocytes 44-60 - T Moussa 1979
Lysis, Irreversible 128 1.70x10
1% Survival 498 1.7x10™
Hampster Kidney [37-70 10%% Survival 498 1.26x10"° Borrelli 1990
90% Survival 498 8.40x10"°
19
Rat Muscle 37-70 Caleein-AM Leakage 138 6.36x10 Padanilam 1993
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These three authors demonstrate the difference in cell survivability between
the different cell types, especially between human and animal cell Tiings is
further shown in a revielwy 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
temperatee 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 huma cells also support the claim that human cells are more resiStaerefore,
to have the appropriate thermal dose, it is important to be experimentally determined
for each cancer cell type.

The followingchaptemwill review recentin vitro cell studieghat have been
performed on human cells, and summarize the mathematical nuedetsined 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 impor{zariraental
parameters because they greatly impact the testing rgZil87] so the different

cell types and testing methods of these studies are discussed.

Cell Types and Preparation Protocols

The thermal theay experiments discussed below have been conducted on
cancer cells of the prostd&2, 88] liver[11, 63, 65] bladde{10], kidney[66, 67,
89], andlung[90] (although the lung data is not analyzed further than its

experimental setup). He and Walsh cultucadls in 5% fetal bovine seru(RBS)in
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a5% CQ environmentat 37°C[66, 89] while theotherauthos used10%FBSand
1% penicillin/streptomycin and incubated in 95% humidity and either 10%{&X0
67] or 5% CQ [10, 11, 62, 63, 88]

Some studies tested only attached cells, while other performed experiments on
both attached and suspended cells for comparison[10pand Huandl11, 67]
prepared only attached cells by first washing away the dead cells with phesphate
buffered saline (PBS) and removing the live cells from the flask on which they were
cultured with Trypsin. These cells wereg#d 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. Fen@62] placed the flasks on which the cells were cultured directly into the
water bath afteremoving the medium and replacing it with PBS. Bhownji3&q
trypsinized prostate cancer cells off of the flasks, and plated them on either 12 mm x
12 mm glass coverslips, singheell microslides, or in a 25 chflask (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 celisstidek were
washed with salt solution and covered with
[63] seeded the cultured cells into a®éll plate and allowed them to attach
overnighti this was the receptacle used during 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 510 minutes to remove them fraime flask on which they were grown,
centrifuging for 5 minutes at 1200 rpm, and resuspending the cells in their media. 3
pL of the cell suspension was placed between two 12 mm diameter cover glasses. To
test attached cells, Shah left some cover glass&s dvernight with the cells on top.

He used the same procedures, except he only trypsinized the renal cancer célls for 3

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

Heating Methods

The cell heating method has a noticeabteatfon 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 (36)) then a slovheating rate will cause cell damage
during the norisothermal 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
temperature 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

sampl ebébs temperature I s ramping, so there

51



determining the isothermal dangagAlso, 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 assys 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 ¢bitdeath 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 releindicator for cancer treatment studj28,

88]. However, folin vitro experiments it takes at least a week for this assay to
manifest after the treatment dose deliVi@8§j.

All studies which used the clonogenic survival assay heated the cells with a
water bath. Bhowmicf88] used an immersion heater and a stirrer in the water bath
to maintain the temperature. After heating, the flasks of cells wereghenan
incubator at normal body temperature (37°C) for seven [@8}s After Walsh[89]
heated cells in the water bath, they were trypsinized apthted to be incubated for

10 days. For bothktudies, the cell colonies are counted after this incubation period.
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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 rap 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 infites 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 (usgdb¥1, 67],
propidium iodide (P1) (used %2, 66, 88], EthD-1 (used by65, 89), and an MTT
assay (used b5, 90). Forthe same study, a vital dye assay will result in higher
measurement of cell vitality than the clonogenic survival ag&388, 91]

Incubation time needs to be included plosating because it can also taleto a few
hours for the injury to the cell membranes to o¢28t.

Most studies that used a vital dye assay heated their cells through use of a
heating stage, but a few used a water bath. Jéfljdneated 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. Thawion was incubated at body
temperature for another 4 hours. WdR®| also used a heated bath with the EthD
dye assay. As was done for his clonogenic survival studies, the cells were placed in
the heated water bath ftive 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-peating, at which time

the cells were washed with phosphbuffered saline (PBS) and the dye was added.
Finally, Feng62] used a water bath with the vital dye Pl uptake assay. The cells
were placed in a 25 dlask with PBS. The flask was placed in the appropriately
heated watebath (ranging from 440°C, ramp time of about 4 seconds) for the
different treatment times {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. Bhown{&&] used a copper heating stage for studies
using Pl uptake. The cells were plated overnight before theywasteed and mixed
with Pl 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 hoGi&’&t He[66]
used Pl uptake and Shigb] used EthD1 dye, but they had similar procedures (and
both tested attached and suspended cells). Their 12 mm cover glasses with the cells
were placed othe 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
300AC/ mi n, ainsdotpheerrfroarinde ot eist i ng with a heat
cooling rate for all studies was 100°C/min). Then the cells were placed in their dye
solution, which included both the previoushentioned vital dye and Hoechst dye so
that both the live and deaells could be monitored. Next, they were incubated for 3

hours at 37°C before the stained cells were counted[10¢unsed 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 livell1l] and kidney cell$67], except the liver cells were also

stained with calcein AM prior to heating to stain the live cells green, and Ethj2

postheating to stain the dead cells red. Both dyes stained the cells for 30 minutes.
Other methods which are commonised in cell studies include calcein

leakage assd8], lysis assay92], flow cytometry[90], and fluorescenc3]. As

previously mentioad, 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
bel ow this @br ek p5060,7Q@, 86] Therehjuiradahewnal dosds
for bladder, pretate, liver, and kidney cells have been compiled from recent studies
(Figure267i Figure28). 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 tidesyonstrating 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.

55



The time necessary for 10% of the tested ¢elldie is displayed ifrigure

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

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

o
above 40°C.
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Figure26. Times needed to achieve 10% cell death when subjected to isothermal heating at temperatures
specified for (a) bladder celld.0], (b) prosate cells[62, 88] (c) liver cell§11, 65] and (d) kidney66, 67}

Figure27(a-d) displays the time it took for 50% cell destruction to occur in

the different types of cancer cells. At 58°&idney cells required the most time to

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

temperature, taking-2 minutes.

! arbitrary temperature chosen for comparison since it is the lowest available in all graphs
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Figure27. Times needed to achieve 50% cell death when subjected to isothermal heating at temperatures
specified for (a) bladder celld0], (b) prostate cell§62, 88] (c) liver cell§11, 65} and (d) kidney66, 67}

Figure28 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 weret run until 90% of the cells died (with the exception
of F 8] gréastte cell experiments, which were run for 30 minutes). The kidney
cells required the most time at 53°® reach 90% cell death: 10 minutes. Theepth

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

2 arbitrary reference temperature
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Figure28. Times needed to achieve 90% cell death when subjected to isothermal heating at temperatures
specified for (a) bladder cellg.0], (b) prostate cell§62, 88] (c) liver cell§11, 65} and (d) kidne)[66, 67]

Discussion of Results

The data displayed iRigure26i1 Figure28was 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 tenmestatu
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 surpfs3e60] In contrast, at high
thermal therapy temperatures the cell death rate is very high initially, and then it
sl ows. This occurs because at high temper
at the outset of the teskigure29 shows the survival curves of PC3 prostate cancer
cells from Fend62] (with permissiof, and it depicts this phenomenorchase

shoulder region only exists in the curves for experiments run at 50°C and below.
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Figure29. Reproduction of survival curves for PC3 prostate cancer cells (with permisf@i)

The graphs displayed in the results summary section are condensed into
Figure30for 10% (a), 50% (b), and 90% (c) cell destruction, separated btygell
A logarithmic trend line has been fitted to the compilation of the data from each
general cell typ& 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 siegeest
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 graphsexclude the prostate data from the clonogenic survival assay, prostate cells counted after only
1 hour postreatment incubation, and any data past 10 minutes treatment time (all designated by

Atruncatedo)
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Figure30. Timesneeded 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.

Figure31(a-d) displays those same trelimes’, 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 grgiven
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 destmcbat 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 timesaézdehieve each.

* now including data collected after hfinutes
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Figure31l. 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°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 cellefwaere 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 cab&es 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 @ atinut
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 [isbtein
6. The heating method and survival assay are also presented in the table because they

have a significant impact on the resulting parameters.

Table6. Compilation of Arhenius parameters for different cell studies.

. A Arrhenius Parameters
Cancer Cell Type Heating Method| Survivability Assay Notes = Reference
E, (kJ/mol)[ A(s7)
HR = 100°C/min 272.4 7.757x16°
HR = 200°C/min 262.02 1.502x18°
Liver (HepG2) heating stage [EthD-1 HR = 300°C/min 257.38 2.576x18° |Shah 2006
HR = 525°C/min (attached) [248.64 5.396x16°
HR = 525°C/min (suspendeql}29.46 3.495x8*
Liver (HepG2) heating stage [trypan blue dye 170.17 4.11x18* [Huang 2010
Liver (Hep3B) heating stage [trypan blue dye 152.44 1.07x16” |Huang 2010
heating stage [calcein leakage 0.7 threshold 81.33 5.069x18° | Bhowmick 2004
Prostate (AT-1) heating stage |PI uptake 0.7 threshold 244.8 2.99x16”  |Bhowmick 2004
water bath clonogenic survival0.7 threshold 526.39 1.04x18*  [Bhowmick 200(
Bladder (TSGH-8301, grade Peating stage [trypan blue dye 164.65 7.04x16° |Jen 2009
Bladder (J82, grade 3) heating stage [trypan blue dye 145.48 8.15x16° |Jen 2009
Bladder (TCC-SUP, grade 4)|heating stage [trypan blue dye 114.4 1.35x10° [Jen 2009
Suspended w/all T(t) 287.49 4.362x16°
T hold|338. 6.375x16"
Kidney (SN12) heating stage [Pl uptake Suspended wT() @ 0 hold338.54 = He 2005
Attached w/all T(t) 314.89 3.153x16
Attached w/T(t) @ O hold |358.51 2.201x16%
Kidney (A498) water bath EthD-1 99% destruction 202.80 1.29x16° |walsh 2007
Kidney - embryonic (293T) |heating stage [trypan blue dye 211.79 5.95x16° Huang 2008

These cells types all have an activation energy in the range 6f3&D
kJ/mol, but their frequency factor ranges from the order 8¥i100°* s*. He[52]
performed a simdr 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

®HR = heating rate
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dyes, which can be seenTiable6 from the AT-1 cell studies performed by

Bhowmick.

Conclusion ofCell 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
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. Chaptes of this study will explain the experiments done to obtais th

data.
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ChapitNeurmer i calanvtb dizdvingge Desi gn
Ul t r aBmhamiidalr aPyost ate Cancer
As was proven ilChapter 2numerical modeling of ultrasound propagation

and heat transfer in biological tissues can accurately prediotitbeme of a
hyperthermic treatment.t is a useful tool foboth designing new devicés perform
ultrasoundhermal therapynd for treatmenrplanning purposes because it can
individualize patient treatmenf$4]. 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. Fits,tissue and blood properties vary
throughout the duration of the simulatiohhe acoustic attenuation and blood
perfusion are dependent on the thermal dose and US power, respectively, where most
studies just used constant values. Witlemuntsidering avariable attenuation and
perfusion, the results could have a significantly different result from thetreal
value[14].

Another important aspect of the prostate cancer simulations is the use of the
Arrhenius equation to detmine cell death, with parameters specific to prostate
cancer cells. Most simulations use an equivalent number of minute*Cat 43
according to Saparet o anwhiciscoranprdotsallt her mall
soft tissue. As was proven igure30in Chaptel3, there is aignificantdifference
between the rate of cell death tyermal therapyor different cell types, so it is

important to use a adel 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 concesignof the US delivery
device and treatment planning protocols. Theltesvill 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 locatidih® first step to achieving this is
to define thegeometry of the computational domain, which is the prostate gland in
this case Next,thetissue, blood, and ultrasound properties are definedn, The
code runs through thetal heating time At each time stephé acoustic attenuation
and heat generation are calculatedevery node in the domainThen the
temperature distoution is calculatebased on the heat generation vallibe
necrosed cells are determined by tioeles (and therefore their associatellime
elementywhich have surpassed the thermal dose for cell death outlined by the
Arrhenius relationshifor prostde 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 DifferenceMethod

Using the numerical technique of finite diffepce(FD) is a common method
for solving differential equations, and was used in many numerical studies of
ultrasoundhermal therapyseePrevious Studies with Ultrasound secjioft is only

an approxination of the solution theesults araliscretizednto finite volumes and

time steps, so its accuracy is directly dependent on the size of those intervals. This

simulationuses an explicit scheme, so at each time step the results are calculated

once,instead of an implicit scheme where the solution is deterniogerationsat

each time step until there is a sufficiently small error between the results in that step.

The implicit scheme was not needed because the sotdgiorergedor this model
Each differential equation is split into a finite central differencéhieyTaylor
Series approximatiorf;quation33.

MM 30 QM Qw 3w3w 00 "Y Equation33
where x i s t heisthelengtestep in thedeeation, anchHOT ere
higher order terms, which can be neglected because they are negligibly small
compared to thprecedingerms. Rearrangingithequation results ian
approximation of a firsbrderderivative, shown ifcquation34.

MQw 3w 20 3“ Qw Equation34
3W

Equation34is an example of a forward difference, to compute a central difference

the derivative at x spans two nodes, achlculated byEquation35.

"Q® Q0 30 ‘Qoo 3w Equation35
¢ ®

66



A second derivative is derived by plugging the forward (and backwards)
difference of the derivative shown liguation34in for f ®),(resulting inEquation
36

30

Qo 30 Qo Qw Qw 3w
30 30
30

Qw 3 Qw 30 Qw
30 Equation36

Discretizing the Bioheat Transfer Equation

Equation35 andEquation36 will be used to discretize the bioheat transfer
equation(BHTE), defined inChapter Zand rewritten below.
Ty

”(BT_‘O MY O x Y Y Reee Equation21

The ultrasound propagation does not have tmbedeled witha central differencing
schene because the heat generation at each paotesya function of its location
andthe temperature distribution at the previous time step.

Thefirst term on the left and right sides Bfjuation21 will be discretized
with the Taylor series approximation because thelude differential equationshey
describe the storage heatand conduction of heat, respectively. The derivative of
temperature with respect torteis written with thebackwards differencmethod,and

results inEquation37.
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T YO “YO 30

; : Equation37
T 0O 30

The spatial derivatives are all determined based on the temperatures calculated
at the previous time step at each poihihe Laplacianof temperatur@nly includes
second derivativgin a Cartesian coordinate system, but changes tigen
coordinates aremlonger expressed in terms of (X,y,For geometric simplicity, a

cylindrical coordinate systeffrigure32) is used folprostate studies.

Figure32 3D cylindrical coordinate system used for prostate simulatigi@asiapted from[93]).

The cylindrical system transforms therpendicular linear (x,y,Zoordinates
into the orthogonal radial, angular, and lineaordinateg r ,, depiated byrigure
32. TheLaplacianin cylindrical coordinatess described b¥quation38.

n "y T Y et Ypl ¥T ¥ Equation38

T irTi it— ta
The discretization of each of these terms is determined by Eitjuation35

or Equation36, and is displayed iBquation3971 Equationd2. All coordinates not

specified in the equation are held constant.

T Yo YO 30 30 YO 30w 30 YO 30w
T 20 Equation39

T "Yo  Yo 30 3 YO 30 3w
T ® C® Equation40
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T "Yoh— Yo 30h— 3— YO 3th— 3— ¢'YOo 30h—
T — 30— Equationd41

T Yo Yo sohx 3 Yo s 30 YO 30T
T a 30 Equation42

Geometry of DomainsTesting Parametefer Prostate Studies

The geometry of the prostatesimplified toa cylindricalshape commonty
used in the former simulation studies detaile@apter 2.The prostate is modeled

as a hollow cylinder with thick wallsvhose dimensions are displayedrigure33.

@ 60 mm

®3mg

]

€ >

N

48 mm

N

Figure33 Dimensions of cylindrical prostate geometry.

TheUS device simulated includésree cylindrical transducers which are
independently powered and can eputverin a discrete set of angles betweefi 90
and 360. Chilled water runs between the transducers and the prostat@noaitiing
a convective boundary condition at the inner wall of the prostate. Thisisetup

depicted inFigure34, where the coordinate system is also displayed.
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Figure34 Schematic of prostate simulation model, showing the prostate, teglucers, chilled water, and-r-z
coordinate systemin the a) top view, and) front crosssectional view.

Each transducer is 8 mm tall with a radius of 1.1 mm. There is a 4 mm gap
between each transducer in thdiection. The prostate tissue is initially set to body
temperature, 3T, and the exteal boundary conditiois also held to that

temperature.

Testing Parameters

Table7 displays the valuesf the parametentgsted for the independen
variables fotthe prostate simulationshroughout the results and discussion, the
transducer powers will be written as Q = [@ Qs], where Q is the power for the

bottomtransducer, Qis for the middle transducer, and @presents thep
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transducer powerThe dependent varialdéor the prostate simulations were the

maximum temperature and the final volume of necrosed tissue.

Table7 Prostate simulation esting parameters and their values used in simulations.

Independent Variables TestedValues
Transducer Powers,; W) 0, 30, 45, 60
Heating Time,qt(sec) 30-300
¢ N> yaRdzOSNJ ! y= 90,120, 150, 180, 210, 270

The temperature in the tissue should no
threshold is generally exceeded after abo€450 minimizing temperatures above
this value is importariB4] [36]. For that reason and because cavitation effects were
not taken into account for thesmulation aconstrainon these studies wésat the
maximum temperature could not exceed’@anywhere in theomputational
domain The prostate code was run umither a set heating time was reached, or the

necrosis reachedmescribedadial location.

Determination of Cell Necrosis

To determine cell necrosis, as was explaingtieénBackground section, it is
important to first determine the heat generation at each point uokinae. For the
prostate studg cylindrical transducer is used, so it is governed by previaiefiped
Equation30, rewritten below.

4 4G Q Equation30
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Therefor e, it is only a function of the
the initial intensity §, the outer radius of the transducgrand the radial location of
thecurrat cel | . A transducer efficiency of
The acoustic attenuation was defined in Chap{&iquation5), rewritten below

QEFTML aBai Pt | v

3 Equation5
QETMiI aB&i P mhr | VU & OMi aBai Q

The intensity is calculated from the input transducer poweEgomation4 3 [34]

Equation43

N
:||
<l e,

where the values for Q are definedliable7 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 iRigure33.

After the heat generation is known, the temperature at each point is calculated
using the discretized bioheat transfer equatibine blood properties used in the

bioheat equation can be referenced@atle3 of Chapter 2

The final step is to determiriethe thermal dose administered to each node in
the volumaes sufficient toconclude if the cells have been killebh this study, the
Arrhenius relationships defined inEquation22 of Chapter 2rewritten below

QY 06Q | Equation22
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The Arrhenius parameters used in this study were found through a literature study for
prostate cancer cell dedB8]. A two-step equation was usedvhere thee are
different parameters for temperatures beloWCsthanaboveit. Their values are

listed inTable8, and their accuracyasgvalidated withcanine prostate stigs[47].

Table8 Arrhenius parameters for prostate cancer studies.

Ea (kJ) A (sh

Below 50C 526.39 1.04 x 16
Above 56C 244.8 2.99 x 16’

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 perfoithed.
number of nodes in the three dimensistasted withhnominal values and weeyenly
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 ihable9) were recorded at each level.

Table9 Transducer parameters of two different cases tested for grid refinement study.

Case # Center Transducer Heating
Transducer Powe Angle Time
45W o’ 55sec
60 W o’ 30sec

®The Arrhenius parameters for the prostate were der
survival assays for prostate cancer cell d§gfh He recommended using the Pl uptake numbers for

temperatures above #Dand the clonogenic survival parameters for temperatures below 500C, which

is what is presented ifiable8.
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The multiplication factor was increased until the two rfost grids havea
negligible error between their values of maximum temperature and necrosed volume.
Tablel0also includes the multiplication factor for the final node and its percent

error, andrigure35 displays the temperature and necrosed volume of each grid. The

final differential elementsve r e @r = 0. 67% 0amoh, Papd==1100D5T
Separately, an accurate time step was calc
100 L L 2
90 Tkﬁ, 18
80 1.6 P
o 70 1.4 E
E 60 1.2 E —4—Case 1-Temp
‘g 50 & 1 -:S —B—Case 2 - Temp
E‘ 40 08 @&  ——Casel-Volume
2 30 mﬁ 0.6 % —f—Case 2 - Volume
20 - 04 &
10 0.2
0 T T 0
10000 100000 1000000 10000000

Number of Nodes

Figure35 Temperature and necrosed volume for the different grifsr ¢ = 9 for case 1 (Q = [0 45 0] W angl t
=55 s) and case 2 (Q = [0 60 0] W and 80 s)

Table10 The percent errors of the temperature and necrosed volume of eachecaben compared with the
finest grid.

Case 1l 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 130% 8.00% 0.70% 7.89%
4x 1840000 0 0 0 0
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Results fronProstate Studies

Multiple combinations oftte parameters displayedTiable7 were tested in
multiple combinationsand the results were studied if the thermal dose was sufficient
to result in necrosed tissue and the maximum temperature was less tf@nTii0®
complée results are listed ihable3071 Table39in Appendix A Each tesproducel
differenttemperature fields, and therefore diéiettissue 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 inthe 2D cross e ¢ t i 0 n°’¢Figaea36a)dand=at zG- 0 mni{gure
36h), created by 3 transducers atfor@== [ 45
100 s The white region bleveen r = 0 an®@ mm inFigure36a (rectangularegion)
andFigure36b (circular region) represent the urethra, where the transducers are

located.
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Figure36 Temperature contours for Q &5 45 45W, ¢ =90°, and {,=100s at (a) = and (b) z =0 mm.
Another example is shown Figure37forQ = [ 0 60 0] W, propag

= 270 for t, = 600 s.

(a) (b)
40
-—-30 u
£
£
10
% 10 20 30

r{mm)

Figure37 Tempeature contours for Q = [0 60 0] W) =270°, and ,=600& |  &andi(b) z = T'mmn

Theeffect of one transducer on the mauim temperature versus the
treatment time are displayedkigure38 andFigure39, whereFigure38 compares
graphs of different transducerFigmeB%ver s Q f o

compares graphs tiie same data but withfferent transducer angiéor each power.
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Figure38 Forsingle transducer simulation, the maximum temperature versus the heating time for 30 W (blue
diamonds), 45 W (red squares), and 60 W (green triangles). Graphed fdr €90°, (b)$ =120°, (c)$ =150°,
(d) ¢ =180° () =210°
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Figure39 For single transducer simulation, the maximum temperatwersus the heating time fofy =90°
(blue diamonds)$ =120° (red squares) =150° (green triangles)$ =180°6 LIdzNILI S ¢ EXX @eal | y R
stars). Graphed for(a) 30 W, (b)45 W, (c)60 W.

Next, the effect of varying theowers of twaransduceswas studied. An
example of the temperature contours created by transducers at two different powers is

displayed inFigure40forQ=45 60 0] W, pr@foa,ga00s.ng at

(a)

0 10 20 30
r (mm)

Figure40 Temperature contours for Q 4560 0] W,p =180°, and t,=200a I (i dandi(b) z = C'mmn
A sample of the datfor selected anglds graphed t@ompare the effect of
the poweifrom 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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constraint®df Tnax O  P@ahd Vieer> 0 mnt. Figure4ia displays the resulting,k

ver sus

heat i fthe niddletenstiucer setlio 36 W,3h@ top transducer

varying from Oi 60 W, and the bottom transducer is set to OFMgure41b and

Figure4ic display similar graphs &gure4la |,

e x ceptanfd2i@, and

the middle transducer power set equal to 4&rwf 60 Wrespectively.
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Figure41 Maximum temperature versus heating time for abostant heating power for the center transducer
compared to different transducer power on the third transducer for (a) Q2 = 30 VWpat 90°, (b) Q2 = 45 W at
¢ =150° and (c) Q2 = 60 W &t =210°.

Similar graphs were produced to compare the effeattfating multiple

transducers at the same power leeQure42a displays TaxVversus time for either

one, t wo , or thre

150, andFigure42c di spl ay

e

S
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Figure42 Maximum temperature versus heating time for specificheating powerfor different numbers of
activetransducesfor (a) Q = 30 W ab =90°, (b) Q =45 W ap =150°, and (c) Q = 60 W & =210°.

Necrosed Tissu€ontours

When the thermal dose for prostate cancer cell death has been surpassed in a
volume element of the computational domain, that element witidmked as dead
cells. To pictorially present the necrosed tissue from the simulations, two different
types of graphs are employed and showfigure43: the first issimilar toFigure
36a except instead of the temperature contour it is the necrosis contour displayed; and
the second is a threkmensional isometric view of both tleethra and necrosed
tissue. The frontal crossection Figure43a)is split into areas where the highest
temperature which caused the coagulation is displayed, andewoosed tissue is
uncolored. In the isometric viewigure43b), 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. Jiostate glandout it an be imagined to be
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a thick-walled cylinder surrounding the urethréhe graphs are of the same set of US

parameters as lRigure36( Q = [ 45 45°%=500sW, U = 90
(a) (b)

2] | -

60

ESO -

£ 50

o 45

%o 20 30 0

rinmm

Figure43 Necrosiscontours for Q = [0 60 0] W) =90°, and {,=1004 | G dandi(b)3D view n

Another example of these graphs is shawRigure44 for the same

transducer parametersfigure37( Q = [ 0 60 °@,¥600%K). U = 270

(a) (b)

Figure44 Necrosiscontours for Q = [0 60 0] W) =270°, and {,=600& | (i ®andi(b)3D view n

The results fothe effect of one transducer on the necrosed volume versus the
treatment time are displayedkigure45 andFigure46, whereFigure45 compares
graphs of different transducerFigmedver s Q f o

compares graphs of different transducer agigleeach power.
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Figure45 For single transducer simulation, theecrosed volumeversus the heating time for 30 W (blue
diamonds), 45 W (red squares), and 60 W (green triangles). Graphe@Jdr =90°, (b)¢ =120°, (c)¢ =150°,
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Figure46 For single transducer simulation, theecrosed volumeversus the heating time fop =900 (blue
diamonds),¢ =1200 (red squares)$ =1500 (green triangles)¢p =1800 6 LIdzNLI S ¢ £2008 (edl stars). R
Graphed for(a) 30 W, (b5 W, (c)60 W.

Another important result of these studieshe location of the necrosis.
Predicting thdocationof necrosed tissue the angular and axial directions is
relatively accurate when considering the bounds defined by the transducer heights
and angles of propagation. However, dsultingradialdistance that the cell
necrosis reaches is importaatmeasurdecause 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 necrediimited by the
necessity to remain under a0

Figure47i1 Figure51 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 transdu¢ay 2@ W, (b) 45
W, and(c)60 W,at U°(Figure4d) , U °(Figute2s)) U HFigLrs4Q),

U = °(Figuwe50),andU 210° (Figure51).
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Figure52 graphs the maximumadialnecrosed point versus the heating time

for each power at different propagation anglegyure52a shows the mamum
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radius location necrosed for 30 W at different angles of propag&igure52b

displays this for 45 W, anidigure52c is for 60 W.
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Figure52 The maximum radial location of the necrosed legion ffpr= 90° (blue diamonds)p =120° (red
squares)$ =150° (green triangles)¢ =180° 6 LIdzNLI S ¢ £2008 (tedl starsy. Braphed for(a) 30 W, (b)
45 W, (c)60 W.

For multiple transducers, Frigure53 graphs similar té-igure41 show the
necrosed volumwith two activetransduces: the top transducer set to varying
powers and the middieansduceat a constant pow¢B0 W atU = ° fd® Eigure

53a,45Watd = °forFigure53b, and 60 W atl = °@rIFigure53c).
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Figure53 Necrosed volumeversus heating time for a constant heating power for the center transducer
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The necrosed volume versus heating time graphs for multiple transducers at

the same power level are displayedrigure54. Transducers emitting0 W atU =

90° arecomparedn Figure54a, 45 W atJ

210 in Figure54c.
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Discussion

The rd temperature contours (such as those se€igure36b andFigure37)
show a clear distinction between the temperatures within and outside of the angle of
US propagationl{). This is important for treatmeptanning because the healthy
tissue outside of the chosen propagation angle will not experience high treatment
temperaturegonly reaches around 30).

These figures alsdisplay the highsttemperature occurring closest to the
transduces. However, the location of th@maximumtemperature 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 Wallinvestigte this further,
different coolant properties were tested. Tdraperature contours ashown for Q =

[45600]W,U = ° hr@l@=200sat T.=10PC and ¢ = 0 s inFigure55a
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(reproduction ofigure40d), andT, = 5°C and ¢ = 150 sin Figure55b. There is a
drastic difference in themaximum temperatures, atitkareas of highest heat have
moved away from the urethra with the cooletertemperature and precooling time.

Also, the tenperature of the tissue is colder at the urethral wall.

(a) (b)
40 40
= 30 = 30
E E
£ £
~ 20 = 20
10 10
00 10 20 30 00 10 20 30
r (mm) r(mm)

Figure55 Temperature contours for Q 560 0] W, =180°, and ,=200s at*  f'for () T, =10°C anct. =
Osand (b)T.=5°C ancdt,=150s.

As would be expected, the maximum temperature increases quickly with
for the higher power settings. Figure38a, for 30 W to reachbout 95C 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.

Figure39 shows the importance of the angle of propagation of the transducer
to the final maximum temperaturéit 30 Wthere are no graptisr U $50° (and
only two data points at 180because theemperature 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 necessaonversely, at 60 W there is only one data
poi nt f°beacaude after a%lime the maximum temperature will exceed

100°C, andthe surrounding healthy tissue will quickly become too Wdterefore,
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with tumors that only require tight propagation angles, it may be necessary to use a
lower power settingo have more control ovelné necrosed region.

When a second transducer was activated, the maximum temperature was only
dependent on the power of the transducer with the highest sdtionge4la has a
slight difference between one and two transduaetivatedto 30 W, and then the
temperature increases quicker for the increasing power dirgtdatansducer. In
Figure41b, the data almost exactly overlapghe top transducer goweredess than
or equal to the center 45 W transducer. The fourth data series in that graph is much
steeper because the toprsducer is set to a higher power (60 W). dlthedata
overlaps inFigure41c becauséhe center transducer is set to the maximum power of
60 W, so the top transdeicis always less than or equal to this setting. This is further
proven inFigure42, where the effect of increasing the number of transducers with the
same power othe maximum temperature yields little difference in any of the graphs.

WhenFigure43a andFigure44a are compared withigure36a andFigure
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 cEitgufe43b andFigure44b)
display the wide variety of necrosis shapes which can be created by differerit sets
treatment parameters. When three transducers are activated at a low angle of
propagation, the dead tissue is in a long, thin rectangular spapaing most of the
height of the prostat@-igure43b). 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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(Figure44b). This depicts the extremes of the wide variety of tumor shapes which
can be accommodated with the cylindrical US transducers.

The graphs of theecrosed/olume versus heating time showrfigure45
were always steeper for the higher powers regardless of the propagation angle,
showing the expected conclusion that higher powers cause tissuendeattickly.
However, it is interesting to note that fdr = ° (FigOre45a), when one transducer
is set to 30 W it is able to achieve a higher volume of necrosed tisud5 W and
60 W because it is able to propagate the necrosis further befd@ Wwédreached.
Similarly, 45 W reaches a higher volume of necrosed tissue than 60 W at the same
angle. However, at the highest angle, 2160 W is the only one that wabla 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 seeifrigure46b 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 30RMre46a ) , angl es® above U
do not create a sufficient region of ablated tissue.

Based on thgolume of tissue necrosetthe resulting radial necrosis locations
are predictablethe maximum andentoid location of the necrosis are greater for
l ower tr ans du c YFigurpdy)wat that anglavith@dpowerod 3D W,
the necrosis rehes 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 &ransrectal, interstitial, or external device.

At the higher angles of propagation, a higher power is necessary to reach
futherr adi al l'y through t he p%(Eguesd),al00 For
less seconds 60 W is able to ablate tissue about 3.5 mm further than®&sw.
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 inFigure52, as the angle of propagation increases, the maximum
radial location of necrosis decreases. This occurs because the acoustic energy is
spread arond the larger angle instead of focusorgone sectioas it does at the
higher angle.

Figure53 shows the greatest necrosed volume occurring for two transducers
setto the same power setting. However, this is misleading begaopagation
angles were chosen where the middle transducer was able to have the most data
points within theconstraints of temperaturaader 106C and norzero necrosis
volumes Therefore,tiis 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 whighr
needs to be choséor large tumors which are situated at each angle.

As would be predicted, the necrosed volume increases with increasing number
of transducers activated, as seefigure54. 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, avitimeor
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large distancen the axial direction aabe necrosed by using the power and angle
setting appropriate for thred area of the tumor in those directions, and tinen
transducersit the appropriate axial distance along the transducer can be activated
To succinctly examine the results, @mergy parameter was created which
combines each of the transducer settings based on their influence on the final
necrosed volumewhere the goal is to result in a linearly positive relationship
between this parameter and the necrosed volufhés energp ar amet er , 3, i S

displayed irEquation44

~

o 0 -0

g

C

Equation44

where k is an exponential constant less than one. The heat;ngnd transducer

powers are both on the top of the fraction because an increase in either causes an

increase in the necrosed volume, and the propagatigle is in the denominator

because an increase in the angle causes a decrease in volume wihratineters

held constant t, has an exponent between zero and one because it is less influential

thanthe power. The power is nsimply a summation of all three powers because as

was shown previously, the highest power transducer has the greatastretiee

resulting temperaturand necrosis curve$),, the center transducer, is assumed to be

the highest powerOne thirdof the average of the top and bottom transducers is

therefore the i mportance of their contribu
For all of the data, k is determined to create the best fit when equal to 0.5.

The resulting plotof VeV . 3 1 s s hown f Bigurezlabngditht a c ol | €

its line of best fit (including the equation ané\Rlue). The resulting volume of

ablated tissue is most predictable for sma
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This can be a helpful initial resource for physicians to find a goodic@ation of

transducer parameters for a tumor of a cestalome However, with only an R

value of 0.72, further analysis is needed.

14

12 <

10 ¢ 3

3 y =0.0235x- 4.3901

R*=0.7277

Necrosed Volume {V, ) (cm?)

0 T

0 100 200 300 400 500 600
Energy Parameter (£) (W*sec®>/rad)

Figure56DNJ LK 2F G(GKS ySONRBaSR @2ft dzy$S
equation, and its corresponding R2 value are also shown.

700

+y SONJ @S NE dzi

This energy parameter é®nsidered fosingle transducedrials, andseparated

i K

by powerlevel. The valie of k is altered for each power level, and its resulting value

which achieved thbestlinear fit of each data series is displayed able11l. The

graph showinghe individual fits of eackransducepower is shown ifrigure57, and

they all have a very accurate linear fifith R? values ranging from 0.88 to 0.98

Tablel1 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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y =0.0554x-3.314

3 R2 = 0.9855
y =0.018x - 2.331
T . R2=0.9562 #
= ' B Q=30W
z Q= 45W
s y = 0.0334x- 2.3811
3 R?=0.8827 ¢ Q=60W
o
z 1> f —— Linear (Q = 30W)
g 1 Linear (Q .= 45W)
= ——Linear (Q = 60W)
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Energy Parameter (£) (W*sec ¥/rad)

Figure57 Graph of Ve v. Vfor one active transducer at different powersAlso includes the linear fits, their
equations, and®’ values

Device Design an@rotocol Developmerfbr Prostate Cancer

The prostate cancer studies are focused on finding the appropriate set of
transducer parameters for different size and location tunidms. section will outline
aconcept of the device which can be used for this treatment, along with important

considerabns for determining the treatment planning for physicians.

Device Concept

For designing the US transduder prostate cancer ablatiomwas important
to first determine the important functional requirements and design parameters of the
device. The functional requirements are thequirements which satisfy the customer

needs, and design parameters are the features which fulfill the functional
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requirement$95]. The functional requirements for the transducer are listédbie

12

Tablel2 Functional requrements for US device to ablate prostate cancer.

Functional Requirements

1) Necrosed tissue must reactumor 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 Tablel3. The second column of this table also provides the functional

requirements (FRs) which are satisfied by each design parameter.

Table13 Design parameters for US deeito ablate prostate cancer, includingpe functional requirements
they each satisfy

Design Parameters FR satisfied
Situated near prostate gland. (2)
Targets tumorous tissue. (2)
Harmful rays blocked from healthy prostate. (2)
Easily arrests incorrect location. 3)

Desigrs which fulfilled many of the parameters were presentefigure18
andFigurel19in Chapter 2and are reprinted belowrigure18 shows a schematic of
the intraluminal transducer which was simulai@dan optimzationstudy[71]. This
device has multiple transducénserted into a catheteafranged axiallyand
independentlgontrolled. Its angle of propagation can be partially blocked to allow
for a control of the ultrasound intensity distributidfigure19 shows a drawing of

the trarsrectal deviceised by Diederich fan vivo experiments on dog prostatgs].
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This also has multiple axialgrranged transducers inside of a catheted includes

an integrated coaht external to the transducersheTcodant 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.

Axial multi-transducers
Le

,/.-:iixc : _
' - 4 '
l’ J I’
R —an
L Il (3
Angular Sectors l
x 4 A L3 4 A = A A -
- » L 3 »
>
© & ©
- v - L v -
" I’ . . E 2 *Iﬂ
Figurel8reprinted, displaying themtraluminal transducer schematic displaying four independentigntrolled

cylindrical transducers with angular segments that cae blocked so power is only emitted in desired angular
direction [71].

CYLINDRICAL TRANSDUCERS

/\ WATER INPUT
TRANSDUCER - / WATER OUTPUT
ARRAY = 7 \ R P RF SIGAL
7T 7 - .
WATER | | _ : —~
QUTPUT [ :
WATER nd o -
INPUT
PLASTIC —
MEMBRANE 1cm

Figure19reprinted, which is ashematicof5s A SRS NA OKQa G NI yaRdzOSNJ dzaSR Ay aAavydzZ I
on dog9[76].

These ideas were integrated into the consketch of the transducer, which
was designed to fulfill all design parameters. This concept is shown in alCéd
dimensionaliew in Figure58. 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 treBlede cylindrical
transducers are inserted into the cathater arrangg axially, with inert material
separating the transducerBhe multiple transduceusill 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 &xgal direction.

Physicians will have multiple of these devices;tewith a differentset angle
of propagation because the transducer will only fraaionof a circular cylinder,
with the remainder of the circle completed with itansmitting backig material.
The location and size of the tumor will dictate which of those catheters will be used
for the duration of the treatmenAlso, molant fluid flowspast the transducer surface
to preventthe urethral tissue from burnirfgnd to move the necsed region further
into the prostate if desired, as discussed in the previous secliba)fluid enters and
exits the devicéhrough tubes at the base of the catheter, and channels ate built
createdifferent paths for the inletnd outlet flows. Theris a locating balloon
situated at the tip of the catheter, which

the device in the correct location.

Chilled water channelsaround Backing material only allows US
transducersto preventskinburn 43 nmission at a specified angle

Small \ J
diameterto ) Ballooninflates

fit inside b’ inside bladderto
urethra arrest device

Transducers at 3 different
z-locationsfor more ablation geometries

Figure58 Concept drawing of intraluminal prostate design.
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Physician Protocol

An important aspect of creating patiestecific treatment planning protocols
is to design an easy method for physicians to determine the best treatment option for
each case. The studies performethia chapteresulted in a databaseioput US
parameters and output temperatures and necrosed volumes. This information can be
used tocreate a guide for physicianghere the physiciawould input the tumor
positioning,and the output will be the ultrasound parameténs.example of thiss
shown in the flowchart ifrigure59. In the Treatment Outcome section of the chart, a
necrosed tissue margin is mengon Not only does the tumor need to be coetglly
engulfed by the necrosedgion, butthere 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 codsration for treatment planning

tumor geometry:
*max/min radial location

e etotal angle
Physician Input «total height

etransducer power
stransducer angle
e heating time

* parameters are input to device
etumor (and appropriate margin of
Treatment surrounding tissue) are ablated
QOutcome

Figure59 Flowchart showing the patienspecific protocol for physicians to use for prostate cancer treatment
planning.

To show an example of this, a separate code was written which determines the

largestsphericakumor which can be treated twidifferent sets of ultrasound
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parametergor one active transduceAn example resulls shownin Figure60 for
transducer setti ng%andg=60skhowing the fbijtaldrdss U = 12
s ect i of Tketargest spheri@aimorwhich this sebf parameters could

ablate had a diameter of @6 mm (depicted as a black circle). An orange target zone
surrounds this tumor with the appropriate magihealthy tissue ablatigrand 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 destrogdithough a slightly larger

region of necrosis may be chosen to fully ablate taegim as well The complete

results of this study are shownTiable407 Table42in Appendix B

Target
/ Zone

10
5 /

Zz (mm)
=

10 5 10 15 20
r ()

@6 mm Spherical Necrosed
Tumor Tissue

Figure60 Tumor (black circle) of diameter @6 mm is the largest spherical tumor which can be fully ablated
OySONRB&aSR GAaadzsS§ Aa NBR @2tdzySo gAGK GKS FLILINBLNAFGS ™
12¢°, and t, = 60 s.The target zone (orange open circle) displays the 1 mm margin which needs to be ablated
outside of the tumor.

The physiciarshould have an eadg-use configuration for both the device
and the treatment planning tooBigure61 displays an example of a possible user
interface, where the physician jimosat has to
i b | a coKeft botumn of the interfacegndafter clickingh e A Cal cul at eo but

the resulting transducer parameters will be giragiht column of the interface)The
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device will be created to connect to this software and automatically input these

parameters.

B untitled o = &=

Transducer Parameters

Input Tumor Dimensions Necessary Device Parameters
Max. Radius (cm) Angle (deg)
15 180
Min. Radius (cm) Transducer Power (W)
1 Top: 45
Middle | 60
Height (cm) Bottom| ¢
17
Heating Time (s)
Angle (deg)

200
150

Chilled Water Temp (C)
Calculate 5
Precooling Time (s)
200

Figure61 Physician usemierface 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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Chapteumer i calanvib ddviniiger Desi gn
Ul t r aBmhaimidelr aByeast 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
creaesimportantdifferences.As in the prostate studiefiese simulationsse
variableproperties for thacoustic attenuation and tissue perfusmnobtainrealistic
results. However, a thermal damage model specifically for breast cancer cells is not
used because the Arrhenius parameters for these cells are not availabkd, 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 HIFJsimulated for tissue
ablation. The followingstudytess different transducegeometries, including the
overall shape of the transducer and the height of the individual elements of the
transducer. The results determineghape and volume of the necrosed tissue
created byach combination of the transducer geometry and paramétees
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 healtttissue. 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 thatwoke. These considerations are accounted
for during the testing and reviewing the results of the breast ctirereral therapy

simulations. This chapter will first describe the methods used to simulate the HIFU
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treatmentsand thempresent the results fnothese simulations, discuss their
implications, and provide the considerations for device design and pspeecitic

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 et generation and temperature at every node in the domain at every
time step, and finallgeterminghe nodes which represent dead breast cells from the
temperature history.

As was done beforehé FD methoddiscretizes the bioheat transfer equation
(BHTE). However, this time apherical coordinate systamused forgeometric
simplicity (so the spatial derivatives in tB&ITE are defined differently). This
systemsdef i ned by a radial coordinate and
in Figure62. Not e t hat definbdin tha tnaditiomal manneref n ot
descending from the-axis, but instead MATLAB defines it ascend from the xy

plane.
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Figure62 3D spherical coordinate system used for breast simulati¢@8].
The Laplacian in spherical coordinates is define@&gyation45

LYY e 1Y opr

noy — - P —
T IT1 1t OEkT %! — 1 T %o

N Equation45
AT ©Om % T Y

i OEdbT %! %o

The partial derivatives of T with respecttorahd ar e t he same as wer e
Equation397 Equatior4dl, and t he derivatives with respe
derived, and displayed lBquationd6 andEquatiord7, wher e t he r and d
are held constant.

T Yoo YO 306 3% YO 30 3% CYO 30
T %o 3:%o Equation46

! "Yf%o “YO 3"(‘17%0 3% "YO 3‘&%0 3%o
T %o ¢3n Equationd7

The preceding discretized differential functions are inserted intB ke,
which is rearranged to be solved in terms ofrJ (iwherer is the spatial vectorand

the temperature at each point is calculated at each tape s
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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 sihcitated HIFU
to the breast (described in Chaptgr Zheradialdimension of this hemisphere is

displayed inFigure63.

<>
| R 60 mm

Figure63 Dimersions of the hemispherical breast geometry.

The coordinate system is displayedrigure64, and the bounds of the region
are r = [0, 6°] amou.degurecd also defdcts 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 burnirtgere are two main transducer
configurations: flat and curved. With eacbnfigurationthe transducers are
arranged anand the breast in four segmerdad elementspan perpendicular to the
chestfrom the base of the breast to the top (60 mm heidtig transducerariables
are thenumber of transducers in eacw parallel to the base of the chebie 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 6Gmemumber

of acive trarsducers, and the shapldalf 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 showfigure64 (curved transducer)
andFigure65 (flat transducer) with a sample number of elements (5 elements per

angular segmer{ng) and 5 rows of elements in the heigh))n

US beam

) HIFU
coupling elements
@ water . /

| \
. r

breast |

chest . )

|

Figure64 Schematic of breast simulation model for a curved transducer, showing the breast, chest (not part of
simulation domain), transducer elements, coupling water, and+ O22NRAY Il (1S &deaija®dar Ay GKS |
b) front crosssectional view. This is showmy 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 gegment across from
the focal point quadrant are not on.
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Figure65 Schematic of breast simulation for flat transducer.

Each element widthd)lis 1.5 mm (which determines the resulting US

frequency to be f = 0.5 MHz becauSe — where c is the speed of sound, 1500 m/s

[8]). There is n@ap between the elements within each segment or between the rows
up the height of the breast; it is displaybi$ wayin the schematics for clarityThe
breasttissue is initially set to body temperature;G7the interface between the base

of the breast and the chest is held to a constaf, 2ind the exterior of the breast is

subject to a convection condition from the coupling wéker 10°C).

TestingParameters

Studies are run to first test the affect the transducer parameters have on the
|l ocation and magnitude of the heat generat
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 the desired location. The shape of the transducer, the number
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of segments activated{inthe number of elements per segmegt @nd the number

of rows (n) were varied. The values tested are showrainle14. If ns= 1, then the

first transducer is activated, and i-n3, 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 patspecific basis (as long as the total number on

the device are inally at the maximum).

Table14 Values tested for the different transducer configurations. If this value needs to be fixed before
transducer fabrication or not is also noted.

Configuration_ Values Tested 'Y
shape curved, flat yes
Ns 1,23 no
Ne 41,51, 61 no
n 20, 30, 40 yes

Also, there were 9 different focal locations tested, each in the plane in front of

the first ©0O)rThefscdarednghree ¢vehpacedoheights (the total

heightis the breast radius, R, so the distance between heights is R/4), and three
evenlyspaced 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 cglladhich changes at
eachheight, so the distance between the points tested on this linejeréhese

focal locations are depicted Higure66.
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Figure66[ 2 OF GA2ya 2F (S5adSR T 2(0fdntollatkafislucarly GKS LI I yS 27
The |l ocation of the maximum gqo6d606 i s

transducer parameters for a set transducer power of Q = 100W. This location is

compared to the locatiorf the desiredfocal point, so the studies which minimize the

difference in their distances are the optimal settiridse desired focal point locations

which were defined ifFigure66 are labeled irrigure67, where each point is given

the ordered pair (xn, zn) to represent its location in the x and z directions (not the

actual vale of the xz coordinates). This is the notation which will be used for the

remainder of this report.

(xn,zm) - AT s o
(3.3) (2,3)(1.3)
------ A TR o Qi o Quiiy
32) 22) (1.2)
------ O e R, S

@Gy 21 @1y

Figure67 Labels of the desired focal points, where the ordered pair (xn, zn) defines the point as4beation
(xn) and 2location (zn) but is not giving the actual coordinate values
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Parameters for Necrosis Studies
Tablel5displays the testing parameters for the breast cancer swies

examined the tissue ablation caused by different sets of transducer paraie¢ers
majority of the tests were performedthvjust one transducer to determine the effect
of the other transducer parameters. If multiple transdacerused, the transducer
powers will be listed as [{QQ. Q3 Q4], where Q is the power for the transducer
centered on the desired focal point, amaiving clockwise around breast for
transducers € Q4. Each study heated the tissue until@®&as reached anywhere
in the volume. The dependent variables for the breast ctrereral therapy

simulations were the heating time and the final necroskane

Tablel5 Breast simulation testing parameters and their values used in simulations.

Independent Variables Tested Values
Transducer Powers,; W) 0, 50, 75, 100
Transducer Fixed Geometry:
Shape flat, curved
Number ofHeights 20, 30, 40
Number of Horizontal Active 41 51, 61
Elements
Number of Active Transducers 1,2,3,4
Location of Necrosis
xnvalue 1,2,3
znvalue 1,2,3

As with the prostate studies, the breast cancer studies did not surp¥ss 100
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 400
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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 defirteguiation9 in Chapter 2and is

rewritten below

N choft C_<_p_ 'EY‘Q — Equation9
' wo Q
Then the heat generation at eacinpwas determined in Chaptet@be defined

according ® Equationl11, rewritten here

IO VI 6

ee adedty 5 Equation11

where U is the same a ¢Equatiomb) P istoersuntohadl pr ost at
individual el ement pr es sTable8 andcisthesspeede densi

of sound, which is 1500 m/s in tissj33.

As would be expected, the sabileod propertieg¢Table3) are used fothe
BHTE for the breast studies as was used for the prostate simulalibasequation
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 CEN@3: 240 minutes was uséds
was shown to be used by multiple studie€mapter 415] [73] [79] [8] [80] [14]).
The equation of this model was giverEqguation28in Chapter2, and is rewritten
below.

00D o3 OY ¢ T Qe Equation28

240 minutes was the mesbmmon value used for simulations in thevovas
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.nodes in the r{rare
tested from 41 to 81, in the theth) 651 125 nodes are tested, and in phi the nodes
( §) are varied from 17 67. There are fewer nodes in phi than in theta because phi
only varies from @ 90°, while theta varies from 027(. A test case with fiat
shape, p= 1, n.= 61, and p= 6 was used for thetudy.

For the breast cancer gstudy, the individual numbers of nodes in each
coordinate direction must be chosen separately because the shapeohirtie
elementchange a lotbased on the number of nodes in each coord{aatepposed to

the prostate cancer study which increasedadles simultaneously)Therefore,

112



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 sagmglehs are displayed in
Figure68 andFigure69. Figure68shows the graphs of perceartor compared to

the maximum temperature of the finest grid sizd\for a setvalue of = 41 and fo

di f fer ent Fathisvialeefy d,f= 85(mives very similar results to the

finest size in that coordinatd, = 125, and also minimizes the error when coupled

Wi taF27
r,=41
20
18 |
16
14 2 3
5 12 B pn=17
=10
R 8 & dn=27
6 -— dn=47
4 !—
5 dn=67
*
0
0 20 40 60 80 100 120 140

Figure68The: 9 NNEBNJ 2F ¢YIE O2YLI NBR (2 G(KS Y2aid FTHWS INAR @SN
rfam YR RAFFSNBY (G O fdSa 27

Figure69displays the graph of the percenterroryfror a=23f@rt U
different values off,. Error for this grid size is minimized with the smallest node
size of = 41. Therefore, the final grid size chosen for the experiments to be used
was @r = 1=46268) mmd qpii Also, it Svas4ested that the code

wi || conver ge =3t802x 10tsecme st ep of ot
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Figure69 The % Error of Tmax compared to the most fine grid versus the number of nodes inakis () for
=27 YR RAFFSNEBY(G @I tdsSa 27 °

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 changeat 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 epsitiormedhowever with
the breastancer 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 wasletermined 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 transduceactivatedat 100W was determined for simulations vattiifferent
number of iterationbetween calculations of the attenuation coefficieht#&nd the

results of these tests are showirigure70. Figure70a shows the maximum
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temperature versusémumber of iterations and the percerror betveen the

maximum temperature of the current point and the case Wherealculated 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 vk greatly beneficial foramputation
time, as shown ifrigure70b, wherée" calculatedcat each iteration takes about 570
minutes to complete the heating loop, while if it is calculated onlgyeM@00

iterations it takes less than 5 minutes.
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Figure70 Graphs showing (a) the maximum temperature and % error, and (b) the computation time and %

SNNBNJ OSNEdzA G(KS ydzYoSNI 2F A G SNI b ik EnyasserieSit enh §rsfph 5 |

the same, just reproduced for comparison purposes.
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Results fronBreast Studies

For the breast cancer simulations, first the results of the focal point studies
will be presented. Next, the temperature and neccositours will be provided

concurrently for comparison purposes.

Focal Location Studies

The data from all focal location studies are listed ifiable4371 Table54
AppendixC. The heat generation created by the different transducer parameters and
focal locations varies from 2.05 x 0/m? to 7.37 x 16 W/m®. The values are
spread evenly through this range, as is depictdeiduyre 71, which displays the

natural log of the heat generation for each trial.

2251 4
22 i
215r i

21r i

In(max g™)

2051 i

20 i

19.5 i

19= =

Figure71 Boxplot of thenatural log of the heat generation fothe 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 heatkegation is shown in
Figure72 (transduceparameters: flat, 41 elements/row, 40 rows, focused at (3,1)).
The top image is a sliced isometric plot displaying the agston the three-y-z

orthogonal planes coinciding with the desired focal point: x =xn, y =0, and z = zn
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(the patientodés chest is |l ocated at the

heat generation between the focal point and the rese dfrtast.

0.00 1.25e+9 2.5e+9

Figure72 Contour plot of the heat generation (W/r?) in the sliced isometric view (top),-x plane (bottom
left), and xy plane (bottom right). (Transducer parameters: flat, 41 elements/row, 40 rows, focused&i}).

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 demonstratpadiR2.
It should also be noted that this larger focal point has a maximum heat generation
which is almost a full order of magnitude smaller tHamheat generation created at

(3,1).
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0.00 1.75e+8 3.5e+8

Lo

Figure73 Contour plot of the heat generation (W/rj) in the sliced isometric view (top),-x plane (bottom
left), and xy plane (bottom right). (Transducer parameters: flat, 41 elements/row0 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 s 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 trsaucer configuration is showntine pie chart ifFigure74,
wheredifference betweethe final focal point and the desired location @xamined

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 trialsch were more tha mm away
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were one node away in two coordinate directions. There were no trials which

resulted in maximum heat generation points more than two nodes away.

W Exact Focal Point
Location

B Focal Point >0 mm
Away and <2 mm Away

Focal Point 2-4.5 mm
Away

Figure74 Thepercentage of total trails which resulted within different ranges for ttdistance 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 awdye 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 desd location for each paramet€&idure75). Each color
groups the different types of parameters together, so the blue graphs represent the
different shapes, red isrfthe 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 delineatedybits shade, where the light shade represents the focal points at
the bottom height level (zn = 1), the medium shiader the second height level
halfway upthe breast (zn = 2), and the dark shade is for the third height level (zn =
3). Thegray bars oriop of each value represent the number of studies with each

parameter that did not result in exact fquaint matches.
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Number of Tests

Figure75 Number of trials which resulted in théocal pointexactly coincidingwith the desiredlocation. 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 locatioof 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 match&n,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 treatmelattgrso
the combinations of parameters need to be examined for pspiecific treatments

Next, the heat generatisnreated by each combination of these parameters
are compared. Graphs of the maximum heat generation versus the number of active
transduces are shown ifrigure761 Figure81. In all cases, an increase in the
numker of rows of elements resulted in an increase in the maximum heat generation.
While examining these graphs, it is important to keep in mind thatslealgs are

different for each plot so that the overall trend was easily apparent.
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Figure76 displays the curves for the flat transducer at the height level at the
bottom third of the breast (zn = 1) for each of thevalues. At xn = 1, where the
focal point is closst to the center of the bredsie heat generation increasesthe
number of transducers increasesall combinations of number of elements and
rows However, for xn = 2, when there was 41 and 51 elements per row, three
transducers caused a decraaghe maximum generation. Similarly for xn = 3, with

41 elements greater than two elements decreased the final heat generation.

Flat Trans. at (1,1)

,e=41, h=20
,e=41, h=30
, e=41,h=40
,e=51, h=20
,e=51,h=30
, =51, h=40
,e=61,h=20
,e=61, h=30
,e=61, h=40

1 15 2 25 3
Number of Transducers

Flat Trans. at (2,1)
22 23

215

L&
N
o

n
N
M

In(max q™)
In(max q")

N
=
5

1 1.5 2 25 3 211 1?5 2 2‘5 3
Number of Transducers Number of Transducers

Figure76 Forthe 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 einents.

Figure77 displays the plots for a curved transducer at zn = 1. With the curved
geometry, increasing the number of transducers never decreased the hrasibgene
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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Curved Trans. at (1,1)
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Curved Trans. at (2,1) Curved Trans. at (3,1)
22

In{max q™)
In(max q™)
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Number of Transducers Number of Transducers

Figure77 For the curved transducers focusing on the height zn = 1 (top: xn = 1; bottom left: xn = 2;rhotto
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.

Figure78 shows these same graphs for the flat transducer at zn = 2. At xn =
2, 61 elements causes a decrease in the ma

activated, and at xn = 3 this is also true for 41 elements with 30 rows.
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Flat Trans. at (1,2)
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Figure78 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.

Figure79 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 numbetsangducers 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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Curved Trans. at (1,2)

- curved, e=41, h=20
w3 curved, e=41, h=30
== curved, e=41, h=40
—&— curved, e=51, h=20
—6— curved, e=51, h=30
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Number of Transducers

Curved Trans. at (2,3)
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Figure79 For the curved transducers focusing on the height zn = 2 (top: xn = 1; bottom left 2nbottom
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.

Figure80 depicts the graphs for flat transducers at zn = 3, in the top third of
the breast. For this case, itis 51 elements which causes a decrease in the heat

generated with three transducers at xn =2 and 3.
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Flat Trans. at (1,3)
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Figure80 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 elementsaind rows of elements.

Figure81 depicts the same graphs but for a curved transducer at zn = 3. The
heat generation decreases when the number of active transduoersased 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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Curved Trans. at (1,3)
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Figure81 Forthe 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 @ements.

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 tran
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 deterrmed 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 casdsse tot h e b cemtex &t 01
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 thinddtecer. 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 drapbsidferent

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 generatidlhchange througout the
simulation becausef the changes in thessué® s a cattemugation. cTo determine
the importance of including the variability of this parameter, the heat generation
corntours are compared for two exampbeses.Figure82 shows the first example
case(transducer parameters: curved, 51 elements, 40 rowls gt WwhereFigure

82a is the heat generation contour prior to heating Fagure82b contains the same
contours after the heating complete$iéntemperature reaches 00 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-y plane the elliptical shape of the focus has becomeshaye.

Also, the magnitude of the maxi mum qb666éb
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@ 0.0 1.88e+8 3.75e+8
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@ 0.0 0.90e+7 1.80e+8
C—

Figure82 The maximum heat generation (W/f‘r) contours in the >z and xy planes (a) prior to tissue heating,
and (b) upon completion of heating when temperatureab reached 10UC. (Transducer parameters: curved,
51 elements, 40 rows, atl(1)).

In Figure83, this same comparison is made for the same transducer
parameter, exgd moving the focal point to the edge of the breiahéducer
parameters: curved, 51 elements, 40 rows3,af)( In contrast with the first case, the
beginning and end of the heating cycle showed little change in the heat generation
contours. This aabe attributed to the higher initial heat generation (about one order
of magnitude increase), so the temperature reaché@ 10ch quicker (only 0.06
seconds)thereforethe changing acoustic attenuation of the tissue was not as
significant. As was notkin theFocal Location Studies secticime 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 locatign

@ 0.0 1.88e+9 3.75e+9

@ 0.0 1.38e+9 2.75e+9

Figure83 The maximum heat generation (W/f‘r) contours in the >z and xy planes (a) prior to tissue heating,
and (b) upon completion of heating when temperature has reached 400 (Transducer parameters: cune
51 elements40 rows, at (3,)).

Temperature and Necrosis Contours

This section examines how the temperature throughout the breast and the
resulting necrosed tissue change from the different transducer paranmétedata
from all necrosis studies are listedTiable551 Table64in AppendixD. The two
representative cases used intieat generation study@nsducer parameters: flat, Q

=100W, 41 elements/row, 40 rows, focused3t)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 irFigure 84 (temperature) anBigure85 (necrosis). As would be

expected, the location tiie highest temperature coincides with the location of the
necrosis. Also, both coincide with the location of the maximum heat generation (as
seen inFigure72 andFigure83). 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, which has an equivalent radius of 2.58 mm). The temperature in the
majority of the breast was kept to around@O0which is below the pain threshold of

45°C [94] [36].

25.0 55.0 85.0

Figure84 Contour plot of the temperature {C) in the sliced isometric view (top);zplane (bottom left), and x
y plane (bottom right). (Transducer parameters: flat, Q = M0 41 elements/row, 40 rows, focused aB1)).
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live dead

Figure85 Contour plot of the necrosed cells in the sliced isometric view (top}, glane (bottom left), and %
plane (bottom right). (Transducer parameters: flat, Q = 10 41 elements/row, 40 rows, focused aB,l)).

However, the second representative caségnre86 for temperature and
Figure87 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 agestictable shape.

When it s compared with the heat generation prior to heakigu(e73 andFigure

82a) the necrosed tissue falls outside of just the highest heat generation locations, but
the heat generation contour at the end of heakigy(e82b) matches more ately.

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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25.0 55.0 85.0

Figure86 Contour plot of the temperature {C) in the sliced ismetric view (top), Xz plane (bottom left), and x
y plane (bottom right). (Transducer parameters: flat, Q = M041 elements/row, 40 rows, focused at (1,1)).
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live dead

Figure87 Contour plot of the necrosed cells in the sliced isometric view (top}, glane (bottom left), and %
plane (bottom right). (Transducer parameters: flat, Q = 180 41 elements/row, 40 rows, focused at (1,1)).

This section first examines the effecttibé 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 byEquation48

ow J Equation48
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where gqis the equivalent radius ande¥is the necrosed volume. The resulting
equivalent radius from different combinations of transducer parameters is explored.
Figure88 andFigure89 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, fbgephs, as the focal point moves
closer b the edge of the breast (from xn = 1 jJptBe necrosed volume decreases.

Figure88 displays these plots for flat tratgcers 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 nealtaselius when the power increases except
at zn = 3. These relationships are similarly truectoved transducers, shown with

the same graphs Figure89, except thenegative slopes are flatter.
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Figure88 Necrosed equivalent radius versus transducer power ftat transducers focused at (a) zn=1, (b)
zn=2, (c) zn=3 for different values of xn (distinguished by line type) and transducer pammgistinguished
by color).
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Figure89 Necrosed equivalent radius versus transducer power faned transducers focused at (a) zn=1, (b)
zn=2, (c) zn=3 for different values of xn (distinguished by line type) and transdpammeters (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 necrosgoure shown in
Figure85 andFigure87. Also, in all cases, as the focuggyeloser 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 sae 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. Thedeansducer 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).

Figure90 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 Tablel6. The necrosed volume is the most and the same for one and three active
transducers (71.30 nipand all four cases had the same heating time, just 0.06

seconds.

Figure90 Temperature (left,°C) and necrosis (right) contours in theyxplane for (a) one, (b) two, (c) three, and
(d) fourtransducers activated to 100 W. (Transducer parameters: flat, 41 elements, 40 rows, (3,1)).
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Tablel16 The necrosed volume and heating time for different numbers of active transducers at (3,1).

Location Tﬁ;)r':s Q (W) Voeor (M) Heat Time(s)
1 [00 0 0 0 7130 0.06
) 2 [100100 0 0] 55.17 0.06
! 3 [100100 0 100] 713 0.06
4 [100100100100]  42.72 0.06

Figure91 shows the temperature and necrosis contours for increasing numbers
of transducers which sum to 100 Wdure91la is the same d3gure90a). There is a
slight difference in theeimperature contours between this decreased transducer power
andhaving all transducers set to 100W, but the necrosis contours look the same. The
volume of the necrosis and the heating time are display&dhblel7. The necrosed
volumes are the same for each number of active transducer$asen 6, but as the

individual transducer power decreases, the heating time increases.
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Figure91 Temperature (left,’C) and necrosis (right) contours in theyxplane for (a) one, (b) two, (c) three, and
(d) four transducers activated, powers summing to 100 \Wransducer parameters: flat, 41 elements, 40
rows, (3,1)).

Tablel7 The necrosed volume and heating time for different numbers of active transducers at (3,1).

Location Tﬁgs Q (W) Vheor (MM?)  Heat Time(s)
1 [100 0 0 0 7130 0.06
) 2 [50 50 0 0 5517 0.11
! 3 [3333 0 33 713 0.19
4  [25 25 25 25] 42.72 022

The case with the same transducer parameters, but at xn = 1 and zn = 3, there
is a much larger initial volumeFigure92 shows the temperature and necrosis

contours with increasing numbers of transducers all activated to 100 W. Contrasting
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