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The Effects of Dynamic Optical Properties During

Interstitial Laser Photocoagulation

Megumi N. lizuka. B.A.Sc.
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Lasers can be used to heat and destroy cancer cells by delivering light via fiber directly
into a tumour. in a novel and promising procedure called Interstitial Laser Photocoagu-
lation (ILP). Thermal lesion formation during ILP is a dynamic process involving many
heat induced alterations of tissue such as changes in optical properties and blood perfu-
sion. However. the effects of these changes on the outcome of lesion formation are not
well understood. Therefore. thermal models é.re being developed to investigate the impor-
tance of the effects on predicting treatment outcomes. These models are essential for the
successful planning of thermal therapy treatments of ILP to achieve complete tumour de-
struction while sparing normal tissue and avoiding the deleterious effects =f vapourization
and charring.

The aim of our work is to propose and validate a model which incorporates heat
induced changes of optical properties due to coagulation by solving the nonlinear bioheat
equation. The dynamic effects are modeled based on the Arrhenius damage formulation
which describes thermal damage as an irreversible rate process. The validity of the model
assumptions was investigated experimentally by developing novel opto-thermal phantoms
with properties similar to those of tissue. An albumen based phantom was used to represent
the case when optical properties change with heat. Polyacrylamide phantoms, designed
with static optical properties. were used to illustrate the difference in temperature rise when
dynamic optical properties are not taken into account. The influence of these changing
optical properties on fluence. temperature and damage predictions were then examined
theoretically for the case of ILP of the liver.

Temperatures measured during ILP in the two phantoms agreed well with theoreti-
cal predictions. The experimental results confirmed both the conventional static model and
the Arrhenius damage formulation used to describe the dynamic coagulation process. The
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model demonstrated that changes in optical properties. namely an increase in scattering
due to heat. causes a sharper temperature gradient and increases the peak temperature
close to the optical source. Consequently, a sudden increase in the rate of temperature rise
occurs. at the onset of coagulation which was confirmed experimentally in the albumen
phantom. Hence. vapourization begins earlier in time than predicted by conventional static
models which is an important consideration in order to avoid charring of the fiber tip.

The thermal lesion is both smaller and requires less optical power to produce than
that predicted assuming native optical properties when the peak temperature is limited at
the end of the therapy for the two cases. However. the size of the lesion is approximately
the same as that predicted by the static case with coagulated optical properties. This
suggests that the simpler static model with coagulated optical properties, can be used
instead of the nonlinear model to predict final damage outcome. However. the laser power
requirernents. as well as the thermal histories. are considerably different between the static
and nonlinear models.

In general. the temperature. fluence and damage profiles are highly dynamic during
lesion formation due to the coagulation process. This establishes the need for theoretical
models to account for changing optical properties during ILP. Furthermore, the Arrhenius
damage formulation can be used to quantify accurately the effects of dynamic changes in
optical properties in these models.



Contents

Acknowledgments

Abstract

List of Figures

Nomenclature

Chapter 1 Introduction

1.1

1.2
1.3
1.4

Interstitial Laser Photocoagulation . . . . . . ... ... ... .......
1.1.1 Clinical Experience . - . . . . . . . . . ... oL,
1.1.2 Theoretical Models . . . . .. ... ... ... ... ... ... ...
Phantoms . . . . . . . . . . . .. .. e
Purposeof Thesis . . . . . . . . . . . . . . . . o e
Organization of Thesis . . . . . . . . . . . . . .. ...

Chapter 2 Optical Phantom Materials for Photocoagulation Studies

2.1
2.2
2.3

2.4

Abstract . . . . L L e e e e e e e e e e e e e e e e

2.3.1 Light Propagation in Tissue . . . . . . .. . ... ... .. ......
2.3.2 Measurementof Fluence . . . . . .. . ... ... .. ... ......
2.3.3 Poisoned Moderator Technique . . . . .. .. ... .. ........
Materials and Methods . . . . . . .. .. ... ... ... ..
2.4.1 Albumen Phantom . . ... ... ... ... ... ... .. ...

iv

=

11
13
14



2.7 Conclusions . . . . . . . .. L. e e e e e e e e e 34
Chapter 3 Modeling of ILP 35
3.1 ADSETAaCt . . . . . . . . e e e e e e e e e e e e e e e e 35
3.2 Imtroductionm . . . . . . . .. L. L e e e e e e e 36
33 Theory . . . . o o o o ot e e e e e e e e e e e e e e e e e e 39
3.3.1 Mathematical Modeling . . . ... ... ... ............. 39
3.3.2 Numerical Methods. . . . ... ... ... .. ... ... 45
3.4 Materialsand Methods . . . . .. ... .. ... ... ... .. 48
3.4.1 Experimental Validation . . . . . . ... . . . . ... ... ... ... 48
3.4.2 A Theoretical Clinical Example: ILP of the Liver . . . . . ... ... 51
3.5 Results. . . . . . . . . e e e e e 53
3.5.1 Albumen and Polyacrylamide Phantoms . . . . . .. ... .. .. .. 53
352 ILPoftheLiver ... .. .. ... . ... @i, 58
3.6 Discussion . . . . . . . . L e e e e e e e e e e e e e e 62
3.7 Comnclusions . . . . . . . .. . L e e e e e 66
Chapter 4 Conclusion and Future work 67
4.1 Summary and Conclusions . . . . . . .. .. ... .. ... ... 67
4.2 Future Work and Preliminary Results . . . ... . . . ... ... ... ... 70
Appendix A Dosimetry Probe Design 78
A.l Construction . . . . . . .. . ... e e e e e e e e 78
A.2 Characterization . . . . .. . .. . ... ... e 7
Appendix B Diffusion Approxizx;ation Equation: Two Layer Solution 80
B.1 Homogeneous and Particular Solutions . . . . . . . . . ... ... ...... 80
B.2 Boundary Conditions for TwoMedia . . . . . . . . . . ... .. .. ..... 82
Appendix C Testing of Model 87

References 91



I.1

1.2

2.2

2.3

2.4

2.5

2.6

2.8

List of Figures

Block diagram of basic model to calculate thermal damage due to laser irra-
diation. The inputs along the top of the diagram indicate the experimentally
measured properties. . . . . .. . .. L. ... Lol e e e,
Block diagram of dynamic model to calculate thermal damage due to laser

irradiation. . . . - . . . L. e e e e e e e e e e e e e e e e

Experimentally determined absorption coefficients of dye samples at 805 nm
compared with spectrophotometer results. Concentration of dye samples:
9.5,19.1,28.6 and 38.2 g-pul=t . . . .. ...
Fluence rate as a function of radial distance for the base albumen phantom
and the doped samples in the nativestate. . . . . . ... . .. ... ... ..
Fluence rate as a function of radial distance for the base albumen phantom
and the doped samples in the coagulated state. . . ... ... ... .....
Plot of pess? against added absorber y, used to determine the optical prop-
erties of the albumen base phantom. . . . .. ... ... ... ... ...,
The absorption coeflicient of acrylamide before and after polymerization -
spectrophotometer measurements . . . . . . . . . . e et e e e e e 0o .
The u} and p.gr of polyacrylamide samples with varying concentrations of
Imtralipid. . . . . . . . . . L. e e
Comparison of p.fs between the albumen and doped acrylamide phantoms

confirming matched optical properties of the two phantoms. . . . . . .. ..

-

2

30



3.1

3.2

3.3

3.4
3.5

3.6

3.7

3.8

3.9

3.10

Schematic diagram of a two layer case for solving the light diffusion approx-
imation. Regions 1 and 2 represent the inner coagulated and outer native
regions respectively. The boundary between the regions is defined as r,.
The region. r2, extends to infinity which represents an unbounded region of
DALIVE LISSUE. . « « v o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
Flow chart of nonlinear algorithm used to solve the bioheat equation for
dynamic optical properties. n is the number of iterations performed per
node and time-step. The number of iterations were usually between 2-4
CYClES. . o e e e
Schematic diagram of apparatus used to measured the temperature rise
within phantoms. . . . . . . . . ..o oo
Photograph of temperature measurement apparatus: side view. . . . .. ..
Thermocouple probe measurements at r = 5.3 mm with theoretical pre-
dictions for polyacrylamide phantom with the optical properties of native
(lower curve) and coagulated (upper curve) albumen phantom. (OP: Optical
PIODEILIES) . . . . v o v i o et e e e e e e e e e e e e
Thermocouple probe measurements at r = 2.0 mm with theoretical pre-
dictions for polyacrylamide phantom with the optical properties of native
(lower curve) and coagulated (upper curve) albumen phantom. (OP: Optical
PIOPErties) . . . . . . . . o i e e e e e e e e e e e
Thermocouple probe measurements of final temperature after 15 mins of
heating at r = 5.3 mm with theoretical predictions for polyacrylamide phan-
tom with the optical properties of native (lower curve) and coagulated (up-
per curve) albumen phantom. (OP: Optical Properties) . .. ........
Thermocouple probe measurements of final temperature after 15 mins of
heating at r = 2.0 mm with theoretical predictions for polyacrylamide pban-
tom with the optical properties of native (lower curve) and coagulated (up-
per curve) albumen phantom. (OP: Optical Properties) . .. ... .....
Thermocouple probe measurements at r = 2 mm and r = 5.3 mm compared
with theoretical predictions at r = 2 mm. r = 5.3 mm and r = 1y for the
albumen phantom after 19.5 minutes of heating. . . . . ... ... ... ...
Photograph of thermal lesion formed in albumen phantom after 3.5 W at
19.5 minutes: top view. The vertical are the thermocouples positioned at 2

and 5.3 mm away from thesource . . . . . . . . . . . ... el

vii

47



3.11 Thermocouple probe measurements at r = 2 mm, r = 5.3 mm for polyacry-

lamide and albumen phantoms. . . . .. .. ... ..o 58
3.12 Transient changes in fluence rate of liverat 20 W. . . . . . ... ... ... 59
3.13 Development of coagulation front during heating at 2.0 W. . . . . ... ... 60

3.14 Effect of changing optical properties on temperature rise. The powers are
adjusted so that the peak temperature is 60°C above ambient for all cases. . 61

3.15 Effect of changing optical properties on temperature profile. . . . ... . .. 62

3.16 Effect of changing optical properties on damage front. . . . ... ... ... 63

4.1 Temperature profile demonstrating effects of dynamic blood perfusion. Treat-
ment time: 15 minutes calculated with dynamic optical properties. Tem-
perature at the fiber tip was controlled to be just beneatl the vapourization
threshold (97°C). . . . . . . . . . e e e e e e e e e 71

4.2 Temperature rise as a function of radial distance away from the fiber tip. . . 71

4.3 Development of the cell death damage front. The damage plot is extended
to 25 minutes. since damage may continue to accumulate after the laser
powerisshutoff. . . . ... ... ... ... ..ol 72

4.4 The effects of cooling on temperature profile. The resultant damage front
depths are shown in the inset graph. Constant native optical properties are

4.5 Variable power with time and resultant rise in peak temperature at the ap-
plicator radius. Total treatment time: 15 minutes calculated with dyramic
optical properties. . . . . . ... L. L. e 74

4.6 Damage front demonstrating the effects of variable power. Total treatment
time: 15 minutes calculated with dynamic optical properties. . . ... ... 75

4.7 Normalized fluence at various depths in tissue during photocoagulation of
liver at 2.11W . . . _ L . L e e e e e e e e 76

A.1 Normalized detected fluence of dosimetry probe. Irradiation by an external
collimated beam. The probe faces forward at 180°. . . . . . . .. ... ... 79

C.1 Validation of numerical results with analytical solution. The analytical so-
lution is the steady state solution of temperature profile for the an isotropic

point source in a homogeneous, diffusing medium [129] . . . ... ... ... 88



C.2 Energy balance between energy deposited into tissue and energy transfer due
to thermal conduction and convection. The difference between deposited
and transfer energies is 0.3 % after 15 mins of heating at 2W. . . . . . . .. 89
C.3 Effects of node size. dr. on final and peak temperature predictions after 15
mins of heating in liver fo static and dynamic optical properties. . .. . .. 89



Nomenclature

A Frequency factor {s~!]

¢ Heat capacity of tissue [J-g~1-°C™!]

¢ Volumetric heat capacity of blood {J -g~!-°C~!]
D Optical diffusion coefficient [cmn|

E Activation energy [J - mol~1]

E; Exponential integral of the first order

F, Fourier number

g Anisotropy factor

1 Discretized spatial index

7 Discretized temporal index

k Thermal conductivity of tissue [W -cm™!.°C~!]
L Energy radiance {J-sr~-s7t.cm™2]
Lope Optical diffusion length [cm]

OD Optical density

P Deposited Power {W - cm ™3]

P, Optical power (W]

r Radial distance [cm]

ro Radial distance of coagulation front [em]



R Universal gas constant [J - mole™! - K1}
s Light source term [W - emd)

t Time (s]

T Temperature [°C]

Ture Temperature of arterial blood [°C]

T, Transmittance of tissue

a, 8 Exponential integral parameters [cm™!]
ra Absorption coefficient [cm ]

pe Effective attenuation coefficient [cm 1]
s Scattering coefficient [cm 1]

., Reduced scattering coefficient [crm~!]

per Total transport coefficient [em ™t

Q Solid angle (st}

Q Arrhenius Damage index for cell death
Qop: Arrhenius Damage index for changing optical properties
¢ Fluence rate (W - cm™?

¢ Collimated fluence rate (W - cm™?]

¢4 Diffuse fluence rate (W - cm 2]

p Density of tissue [g - cm ™3]



Chapter 1

Introduction

1.1 Interstitial Laser Photocoagulation

Heat. as a therapeutic agent for the treatment of cancer. has a long and varied history
ranging in both method of heating and intensity [31]. In 400 B.C. Hippocrates introduced
red-hot irons to treat small non-ulcerating cancers. In more modern times, W.C. Coley used
milder temperatures by administering bacterial toxins to induce fevers in cancer patients
in the late 1800s. Shortly thereafter, in 1909. W.E. Schmidt was the first researcher to
investigate the use of heat as an adjuvent to radiation therapy. Since then. heat largely
continues to be used in combination with other cytotoxic modalities such as radiation, and
chemotherapeutic agents. giving rise to what will be referred to as traditional hyperthermaia.

The heating regimes of traditional hyperthermia consist of relatively mild tempera-
tures (41°C to 45°C) for long times (minutes to hours) [31]. More recently, the use of high
temperatures for short exposures has been proposed [10]. This approach. also known as
high temperature thermal therapy, aims to achieve rapid cell death by coagulating target
tissues at temperatures above 50°C and is used as a stand-alone procedure. There are
many sources of heat delivery in tissue. such as microwave antennas. ultrasound transduc-
ers and lasers. Investigations into the use of light as a therapeutic thermal agent began
soon after the first ruby laser was invented in 1960. Since then, laser light has been used
widely as a strong light source that can produce intense local heating {23].

The use of an optic fiber to deliver high intensity light percutaneously into tissue
was first demonstrated in the early 1980s (13] in a procedure which is now commonly
called interstitial laser photocoagulation (ILP). This is a minimally invasive technique
which heats tumours directly by the delivery of optical power via thin flexible optical
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fibers. The fibers are positioned through hollow needles which are inserted percutaneously
under image guidance into the tumour. This method has the potential to treat deep-seated
tumours without damaging overlying healthy tissue. Near infrared (NIR) wavelengths of
laser light are used as a light source. The biophysical effects of light energy absorption are
wavelength dependent. NIR wavelengths induce photothermal effects and permit deepest
penetration into tissue relative to other wavelength ranges. The conventional wavelength
is 1064 nm produced by the Nd:YAG laser. However, recently, high powered compact
laser diodes (LD) at ~805 nm and ~980 nm wavelengths are being investigated. Typical
thermal therapies of ILP last from 5 to 45 minutes using 2 to 10 watts of laser power.
This produces a thermal lesion with various zones of destruction. These zones, listed from
the hot centre to the cooler periphery, may include: a) an ablative crater, b) a layer of
charred tissue. c) a coagulated zone. d) a band of hemostasis. hemorrhage and hyperemia
and e) an outer boundary of grossly normal appearing tissue [76.108]. Several weeks after
treatment the dead tissue is re-absorbed by normal healing mechanisms [14]. The healing
mechanisms include the formation of scar tissue and the proliferation of new blood vessels
and fibroblasts [105]. In addition to in-viiro and in-vivo animal studies, much of the
knowledge of ILP has emerged from clinical trials. The clinical work has been essential
in determining the efficacy of ILP for the actual treatment of cancer. Furthermore, the
clinical experiences have played a role in the development of the methods and techniques
of ILP to make it a viable treatment option. Thus. the next section describes the current

status of the clinical experiences as well as future prospects and developments of ILP.

1.1.1 Clinical Experience

In addition to cancer. ILP has been studied in the treatment of other pathologies, such
as benign prostate hyperplasia [54], congenital vascular disorders (78] and benign brain
tumours [6]. For the treatment of cancer. ILP has been used most frequently in the
brain [65.86] and liver [15.85]. It has also been used to treat tumours of the breast [39.41],
head and neck [30.50.111], and prostate [2.70]. The potential niche of ILP differs for each
tumour site and depends upon the tumour characteristics (metastasis versus primary, size.
number and accessibility), prognosis (treatability with conventional methods), and desired
treatment outcome (curative versus palliative). Thus far. however. ILP has been generally
used to treat patients whose tumours are unresectable or who have failed conventional
approaches such as radiation or chemotherapy. Most often. the cases present as metastatic
disease. making ILP a palliative option only-[15.30.86.112]. ILP may also be a potential
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modality for the treatment of primary disease such as breast tumours [14,39]. Therefore.
the need to ensure complete tumour destruction with ILP becomes paramount.

Complete destruction of tumours can be achieved only if the coagulated volumes are
sufficiently large. This is the main limitation of ILP: the lesions are fairly small. ranging
from 1 to 3 cm in diameter. The size of the lesion can be increased by using higher laser
powers [82]. However. this causes the peak temperature to rise potentially to vapourization
temperatures (boiling point) which leads to carbonization (charring) of the tissue and fiber
tip [130]. Carbonization is caused by a rapid absorption of the light due to a significant
decrease in the optical penetration. This in turn produces higher local temperatures and
thus more charring [130}.

The issue of carbonization is controversial. Carbonization of the fiber tip causes it
to act like a point heat source which allows more predictable and slightly larger damage
volumes to be achieved than without charring [41.130]. Furthermore. a plane-cut fiber tip
can be used. making ILP with charring a simple and cheap method of interstitial delivery
of heat [36,41]. However. after carbonization occurs, light can no longer be deposited
into tissue. Therefore, charring prevents the use of laser parameters, such as laser power
and wavelength. to control the extent of heating. In general, charring would obviate
any advantages of laser irradiation since the mechanism of heating no longer involves the
laser light directly. Therefore, there is motivation to maximize the size of coagulation
without inducing vapourization or carbonization. Approaches include a) the insertion of
multiple fibers [46.107.126| b) the use of diffusing fiber tips {42.90] or c) the design of
specialized water or air cooled fiber tip applicators [74.90]. The initial results appear
promising and demonstrate that large lesions can be achieved in a controlled manner.
without vapourization or charring.

Medical imaging has been critical in assessing the laser-induced extent of dam-
age. Numerous clinical trials have employed imaging modalities such as CT, MRI and
ultrasound to monitor the effects of ILP. In general. the treatment volume is seen most
clearly on MRI and CT scans. Ultrasound has been used mainly for the placement of in-
terstitial probes [41.109]. CT or MRI scans are usually taken prior to. immediately after.
and/or several days to weeks post thermal therapy. Evidence of thermal damage is seen
on MRI [39.55] and CT images [3.36] as a central zone of destruction due to a difference in
tissue integrity between healthy and treated areas. The effects of ILP are enhanced with
the use of contrast agents for both MRI (55.71] and CT ([3,36.83|. Currently. there are
efforts to correlate the imaging parameters with the actual boundaries of lethal thermal

injury [68.93].



1.1. INTERSTITIAL LASER PHOTOCOAGULATION 4

Recent advances in MRI imaging have included real-time 3D mapping of temper-
ature profiles and tissue integrity during thermal therapy [53]. These developments allow
one to visualize the formation of the thermal lesion as it occurs. Therefore. the treatment
parameters ruay be modified dynamically according to the relevant changing markers (such
as temperature or tissue damage) to ensure complete tumour destruction without vapor-
ization while sparing healthy tissues. In this manner. imaging can be used to provide the
necessary feedback information for the automated control of the laser power {46, 74].

The initial clinical experiences of ILP are promising. Many benefits of ILP have
been demonstrated. including reduced hospitalization. reduced morbidity, faster recovery
and ease of procedural technique [14.15.36.65.86]. Furthermore. imaging techniques allow
for the accurate placement of probes and assessment of laser-induced damage during and
after ILP. The future prospects of monitoring and dynamically changing the treatment
parameters during the procedure are exciting, with the possibility that ILP will become
a viable and minimally invasive treatment option for the palliation or cure of cancers in
selected sites.

1.1.2 Theoretical Models

The clinical research has demonstrated clearly the ability of ILP in destroying tissue.
Alongside this research. investigators have also sought to understand the mechanism of le-
sion formation from a biophysical point of view. These studies have examined the effects of
laser power [82.129|, wavelength [69], heating time [129] and method of fiber delivery [90]-
In an effort to understand these cumulative effects. theoretical models have been used to
describe the opto-thermal response of tissue {114]. These models provide a theoretical
framework which can be used to substantiate. evaluate and interpret experimental results.
As well, the models can be used to predict a priori the outcome of proposed experiments
or treatments. For example, models can be used to quantify the effects of laser parameters
and tissue structure on thermal lesion formation. This information will be essential for
the successful planning of treatments. In addition. simulations may play a crucial role
in feedback systems by providing on-line adjustments to treatment parameters during the
procedure [46]. As a result. modeling of thermal therapy with lasers has been investigated
widely (for a review see McKenzie [63]). The next section includes a description of the de-
velopment of the basic components of opto-thermal models. This information will provide
the background of the main topic of this thesis which is to develop a theoretical model
which examines the effects of dynamic changes in optical properties during ILP.
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Figure 1.1: Block diagram of basic model to calculate thermal damage due to laser irradiation. Thke
inputs along the top of the diagram indicate the experimentally measured properties.

The basic opto-thermal model consists of three steps: calculation of the 1) light
distribution derived from theories of light propagation in tissue. 2) temperature rise based
on heat transfer and 3) extent of thermal damage (cell kill) formulated from rate process
kinetics. Each stage of modeling requires information from the previous stage and from
determined values of tissue properties (Refer to figure 1.1 which was adapted from Welch
[114}]). The following sections provide the theoretical and experimental basis of each stage
in greater detail.

I) Light Distribution Theory

Thermal damage begins with the deposition of light energy into tissue. The distribution
of the light energy depends upon the interaction of light with tissue components. In gen-
eral. light may either be absorbed or scattered in a manner that is wavelength dependent.
Most of the light energy that is absorbed is transferred into vibrational energy. The vi-
brational energy results in an increase in temperature at the site of absorption called the
chromophore. There are several natural chromophores in tissue which. when weighted
by their respective concentrations. sum up to produce an overall absorption. Some com-
mon chromophores include water. melanin. hemoglobin. myoglobin and bilirubin. Elastic
scattering of light in tissue describes the energy preserving deviation of light from its
straight path course. The directional deviations may be due to microscopic discontinuities
of the refractive index at the cellular level. Examples of possible discontinuities occur at
the aqueous-lipid membrane interfaces surrounding and within each cell. and the collagen
fibrils within the extra-cellular matrix [51].

Theoretical models have been proposed to describe the influence of absorption and
scattering events in tissue. Most models are derived from radiative transport theory which

describes heuristically the flow of energy in a medium of neutral particles to formulate
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what is known as the radiative transport equation or the Boltzmann equation {26]. This
equation calculates the steady state net energy balance transported by photons over a
certain solid angle. . giving rise to the quantity called energy radiance L(). The net
energy balance accounts for a) the loss of photons due to 2bsorption and scattering events
and b) the gain of photons due to scattering from neighbouring events and due to the light
source itself at a point in space. Unfortunately, there are a limited number of analytical
solutions to the radiative transport equation. As a result, many approximations to the
radiative transport equation have been proposed for tissue, some of which are reviewed by
Patterson et al [75].

One of the most widely used approximations of the radiative transport equation
is the diffusion approzimation. This approximation is based upon the assumption that
scattering events dominate over absorption events in tissue. It is derived from the radiative
transport equation by expanding the angular dependence of the radiance L(S), in spherical
harmonics and keeping only the first two terms of the expansion {44]. This results in a
second order differential equation of the fluence rate or light fluence ¢ which is equal to the
energy radiance summed over all angles. The light diffusion approximation is expressed
as:

—DV2¢(r) + pad(r) = s(r) (L.1)

which estimates the light distribution in tissue due to the light source, s(r). The optical
properties of tissue are embedded in the diffusion coefficient. D, which is equal to [3(u) +
ka)l~! where u) and g, quantify the scattering and absorption events respectively. The
mathematical rigor of this equation and the meaning of u, and p, are discussed more fully
in chapters 2 and 3.

The diffusion theory has been successful at predicting light fluence in tissue {72} and
tissue equivalent materials [56]. A limitation of diffusion theory is that the accuracy close
to the source and tissue boundaries {44.90] or within highly absorbing regions [35,44]| is
poor. Nonetheless. the theory is useful for the calculation of light distribution within bulk
media for most tissue types. Thus. it has been used to study a large variety of applications
such as photodynamic therapy (PDT) [38.124], optical imaging [81] and the determination
of optical properties [45.123]. The diffusion approximation has also been implemented
often in theoretical modeling of ILP [90,125]. The calculated light distribution from the
diffusion approximation acts as a the heat source for a second set of calculations which

predicts the transport of heat in tissue.
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Transport of Heat in Tissue

The transport of heat was proposed historically for laser irradiation using the basic heat
conduction equation in solids (114]:

pc% =V.(kVT)+ P (1.2)

where & is the thermal conductivity, ¢ is the specific heat and p is the density of tissue.
The energy source. represented by P. can be assumed from light propagation theory by
multiplying the fluence. é. by the absorption coefficient. p, [114]. This equation takes
into account the diffusion of heat from the source and calculates the resultant spatial and
temporal temperature rise. 7. of bulk solids. Initially, heat transport theory in this form
was used to describe rapid elevation of temperatures beyond the vapourization threshold
due to short intense pulses of light [63]. The effects of blood perfusion were ignored due
to the short heating times and since high temperatures were assumed to cause immediate
damage of the vasculature [63]. Thermal coagulation, however, uses longer heating periods
(on the order of minutes) and. therefore. this equation was replaced by a modified form of
the basic conduction formulation called the bioheat transfer equation (77]:

orT
peor =V - (kVT) + P — wyco(T — Tare) (1.3)

The bioheat transfer equation differs from basic heat conduction by the inclusion of the
last term which describes the convective effects of blood flow as a function of the volu-
metric perfusion rate. ws, the heat capacity of blood. c¢;, and a temperature difference
between local tissue and arterial temperature. Various other thermal models exist which
also attempt to include the effects of blood perfusion [131|. However. the bioheat equa-
tion has been the most prevalent of models used in studies related to heat transfer in
perfused tissues {17.94|. Investigators have tested the validity of this model for a variety
of tissues [18,19.59.67.77]. The results of these studies show that the bioheat equation
accurately predicts temperature rise in organs supplied with microvascular blood flow.
Calculations of the temperature rise in tissue is an indirect method of determining
the final outcome of the thermal treatment. Ultimately, we are interested in some biological
consequence due to the effects of elevated temperature. For the case of thermal therapy
with lasers. the desired outcome is cell death due to thermal denaturation of proteins.
Experimental investigations have been conducted to determine the relationship between
temperature and tissue damage [43]. These relationships can be used with the bioheat

equation to estimate the final biological effect of heat on tissue.



1.1. INTERSTITIAL LASER PHOTOCOAGULATION 8

Damage Predictions

Henriques first proposed that damage can be predicted according to temperature using a
kinetic rate model based on the Arrhenius integral [43|. He studied the thermal damage of
pig skin and postulated that the relationship between damage and temperature is of the

form:
T E
Q) = in ( E09) / A-e TTED dt (1.4)
C(rv T) 0

where

Q = damage index [dimensionless]

A = frequency factor [s}]

E = activation energy (J - mol™1]

R = universal gas constant {J -mol~! - K!]

T = total heating time [s]

The damage index. Q. is a measure of the volume fraction of damaged cells!. Explicitly,
Q is the logarithm of the ratio of the initial concentration of undamaged tissue, (C(r,0)),
to that after damage has occurred at time. 7, (C(r, 7)) [76]. Therefore. 2 = 1 corresponds
to the condition where 63% of the cells have been killed.

Henriques tested this model by applying constant temperatures from 44°C to 54°C
to the tissue for a sufficient length of time (v) to produce a threshold of damage. The
threshold of damage was chosen as complete cellular necrosis of the basal epidermis layer.
An experimental plot of the data in the form of In(r) versus 1/T was a straight line
fit for a damage index of ! = 1. From this plot. the damage coefficients of A and E
could then be derived experimentally. This verified the validity of equation (1.4) and
demonstrated that damage is dependent upon both temperature and duration of exposure
to heat. For example. his results indicated that an exposure of 100 seconds at 51°C
produced the same extent of damage as an exposure of 1000 seconds at 47.8°C. Since
then. the survival response of mammalian cells to hyperthermic temperature ranges (42°C
to 45°C) has been well established using Arrhenius analysis [8.118]. Higher temperatures
have been investigated more recently by Borrelli et al [11] who used the Arrhenius equation
to determine the damage coefficients for the survival of baby hamster kidney (BHK) cells
between the range of 43.5°C and 57°C. The measurement of Arrhenius coefficients at

progressively higher temperatures would be difficult to perform since the heating times to

INot to be confused with the vector  used for solid angles
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achieve the threshold damage become exponentially shorter. Nevertheless. the Arrhenius
integral provides a theoretical relationship between temperature and damage that has been
widely used in modeling of photocoagulation [37.57,90.115].

The previous sections describe the three basic stages of mathematical models of laser
thermal therapy. Numerous investigators have developed models which include some or ail
three stages to examine the thermal effects due to intraluminal [5,100], broad beam [48,96.
99| or interstitial [21.24.121]| laser irradiation.- The pupose of many of these investigations is
to present a theoretical model upon which to base treatment plans for certain pathologies
such as prostate cancer [5]. The models also are used to examine the effects of laser
irradiation parameters such as wavelength. duration and source geometry on fluence rate.
thermal and damage predictions {5, 48].

Attempts have been made to validate experimentally the theoretical results of opto-
thermal models [48.96.99.120.121]. Splinter et al [96] attempted to correlate theoretical
light distribution patterns with measured lesion dimension on canine hearts in-vivo. How-
ever, the data did not demonstrate a clear dependency of the lesion dimension on the laser
energy delivered. Jacques et al (48] modeled the light fluence based upon measurements
of optical properties and calculated the resultant temperature rise due to short puises (1
to 10 seconds) of the skin of a mouse in-vivo. They observed shrinkage and whitening
which marked the onset of coagulation between 60°C and 70°C. Both Jacques and Splinter
noted that the visible changes of coagulation may indicate a change in optical properties
which would alter the photon deposition and thus their theoretical predictions [48, 96}.
This was not observed by Sturesson et al [99] who achieved good correlation between tem-
perature measurements and theoretical predictions for bovine liver in-vitro . However. the
temperature measurements were below 48°C and therefore below the protein coagulation
threshold.

The experimental evidence suggests that the tissue optical properties change sig-
nificantly during heating and that this may influence thermal calculations. Studies indi-
cate that tissue undergoes an array of morphological changes due to heat which results in
changes in absorption and scattering coefficients [47,51|. For example, heat has been shown
to denature proteins and other biomolecules causing cell shrinkage, birefringence changes.
membrane rupture and hyalinization of collagen [76]. The change in scattering coefficient
), has been partially explained by heat induced aggregation of proteins [47.51] and confor-
mational transitions of cellular structures such as mitochondria. muscle fibers, [22.51.106]
endoplastic reticulum and golgi apparatus [51]. Furthermore. the scattering coefficient

may change as a consequence of decreased size of the scattering particles to sub-micron
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levels [51,106]. It is postulated that the change in absorption coefficient y, is due to the
modification of blood content in tissue [9]. Note, however. that there is a limited under-
standing of the quantitative relationship between cellular ultrastructure and the resultant
optical properties.

The heat induced changes in optical properties depends upon the tissue type and
heating times. In broad terms. coagulation causes a 2 to 6 fold increase in scattering
coefficient [88.125| and a slight increase or decrease in absorption coefficient [88]. The
overall effect is that light penetration diminishes as tissue becomes coagulated mostly
attributed to the increase in scattering properties. The rate at which changes in scattering
properties occur. depends upon the temperature and time of exposuture. It has been
shown that these changes are rate limited in a similar way as cell death. such that the
relationship between u and temperature is of the form given by the Arrhenius damage
relationship (equation 1.4) [64.79.132].

Other significant heat induced responses include changes in blood perfusion {16.
92] and thermal properties {25]. Initially, blood flow has been found to increase due to
vasodilatation due to an inflammatory response to heat [87]. If the temperature is increased
above approximately 42°C the blood flow decreases until complete stasis occurs [28,87,92].
The mechanism of this stasis is a combined result of many factors including changes in
the endothelial cells of the vessel wall, leukocytic and erythrocytic aggregation, and fibrin
formation [28]. Note that the bulk of blood perfusion measurements have been observed
at traditional hyperthermic temperature ranges of below 45°C [87|. At present, blood flow
measurements in the higher coagulated temperature ranges are still in their preliminary
stages (61.66].

Partial data on thermal properties of tissue appear quasi-constant at various tem-
peratures below 100°C [25]. However. complete information on the temperature depen-
dent behaviour of the thermal properties of tissue has not been reported. The dynamic
behaviour of tissue may be similar to the temperature dependent effects of water. which
experiences a slight increase in heat capacity and conductivity and a small decrease in
density {4]. Heat also dehydrates tissue reducing the content of water which may also
influence the thermal properties of tissue.

In order to account for the effects of changing properties of tissue. investigators
have proposed modifications to the basic linear model outlined above [9,57.84]. The mod-
ifications are such that the tissue properties are dependent on on-going calculations of
temperature {9] and damage [84|. This inter-dependency results in dynamic input param-
eters of the bioheat equation resulting in a nonlinear solution. The block diagram of a
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Figure 1.2: Block diagram of dynamic model to calculate thermal damage due to laser irradiation.

nonlinear model with changing properties is presented in figure 1.2. This figure is similar
to the basic opto-thermal model shown in figure 1.1. However, a feedback path is also
included which affects the property inputs. such as optical and thermal tissue character-
istics, based on the Arrhenius damage formulation. (2(r,t)). This then alters the light or
temperature field calculations during the next time iteration of calculations. The process
is repeated resulting in a dynamic time varying model.

Using this nonlinear method, the influence of changing optical properties on tem-
perature rise has been modeled by Rastegar et al [84]. Their conclusions suggest that the
effects of changing optical properties causes steeper temperature gradients and higher peak
temperatures as a resuit of reduced penetration of light. The results were limited. however.
to short irradiation times on the order of seconds. Kim et al [57] have examined the more
complex case of modeling both changes in optical and blood perfusion properties with Ar-
rhenius rate processes and concluded similar results as Rastegar et al for dynamic optical
properties. Neither studies have confirmed the nonlinear assumptions of the Arrhenius
formulation experimentally. Nor have they examined the case where the peak tempera-
tures were maintained below the vapourization threshold. Therefore. the development and
experimental verification of a nonlinear ILP model for treatments of several minutes while

avoiding tissue vapourization temperature is necessary.

1.2 Phantoms

Thermal models can be experimentally tested in a media that reproduces the relevant

properties and geometry of biological tissue. Using actual tissue may be impractical due
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to the constraints of accessibility and storage of fresh samples. Reproducibility of results
may also be poor because of the difficulty in finding identical specimens. Furthermore.
ez-vivo tissue may require additional preparation such as homogenization {120.128] which
may change the properties of the tissue specimen themselves and do not necessarily have the
same optical properties as living tissues due to, for example, the extent of oxygenated blood
[117]. Nevertheless. some investigators have examined the possibility of using ez-vivo tissue
as a phantom material for this purpose [103.120.128].

Another approach is to use tissue-equivalent materials or phantoms. Phantoms are
usually homogeneous. and therefore do not normally possess the complex structures that
exist throughout tissue such as vasculature and stroma. Therefore. tissue substitutes do
not necessarily reflect the true response of tissue during laser therapy. However, they do
provide a quantitative means of testing the parameters and assumptions made in thermal
models.

The tissue simulating material should be designed to reproduce the relevant prop-
erties of tissue associated with the heating modality. The characteristics of interest assaci-
ated with lasers include the optical and thermal properties. The choice of an appropriate
phantom material is also dependent on the method of measurement. Therefore, the phys-
ical state of the phantom. i.e. liquid. solid or semi-solid (gel-like), affects the choice of
measurement technique.

Many tissue-equivalent phantom materials have been proposed for use in optical
applications such as spectroscopy and imaging [32-34,58.73.91,98,113|. Unfortunately
most of these phantoms are liquid. making them a poor choice for thermal dosimetry
phantom studies due to convective effects of heated liquids. Others have used gels 73],
polyacrylamide (60| and albumen [40] to observe the effects of laser ablation. The bio-
physical mechanisms of ablation. which induces vapourization with short laser pulses, and
the methods of measuring these mechanisms, differ greatly from those of photothermal
responses. As such. phantoms proposed for ablation may not be suitable for photocoagu-
lation studies. For example. most of the materials have optical properties suited for the
short ultraviolet range or are generally very dissimilar from tissue [40.60.73]. Unfortu-
nately, however. there are very few phantoms in the literature that have been proposed for
use in studies of photothermal responses.

Instead of ez-vivo tissue. albumen may be potentially used as a phantom. Albumen
is a convenient material since it is readily available. has consistently the same properties.
and is homogeneous and uniform in appearance. It also undergoes a visible whitening

effect as a result of the thermal coagulation in a similar manner to tissue. This has been
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examined in studies measuring its optical properties and denaturation process [64, 79].
Hence. albumen may be both a convenient and realistic material with well characterized
opto-thermal properties that can be used to experimentally validate dynamic thermal
models.

Dynamic experimental studies in albumen can also be compared to a phantom
with static optical properties. This provides a means of illustrating the difference when
heat-induced changes in optical properties are ignored. As such, phantoms with static
properties provide a reference set of measurements. Polyacrylamide is a material which
is resistant to change due to high temperatures [60]. This material has also been pre-
viously demonstrated to be a suitable muscle-equivalent phantom for hyperthermia with
microwaves [102]. Therefore. this material may be proposed as a control medium whose

optical properties do not change with temperature.

1.3 Purpose of Thesis

Lasers can be used to heat and destroy cancer cells by delivering light via fiber directly into
a tumour, in a novel and promising procedure called Interstitial Laser Photocoagulation
(ILP). Thermal lesion formation during ILP is a dynamic process involving many heat
induced alterations of tissue such as changes in optical properties, thermal properties and
blood perfusion. However. the effects of these changes on the outcome of lesion formation
are not well understood. Experimental evidence shows that as tissue coagulates, the scat-
tering coefficient significantly increases resulting in a reduced depth of light penetration.
The rate of change of scattering follows an Arrhenius damage relationship which has been
implemented in nonlinear opto-thermal models. The use of the Arrhenius relationship is
a crucial mathematical link to describe the dynamic role between temperature rise and
changes in light distribution. However. this nonlinear pathway has not been verified ex-
perimentally. As well. the effects of dynamic optical properties on fluence. temperature
and damage predictions have not been examined fully for heating temperature and time
ranges of ILP.

The purpose of this thesis is to investigate and validate experimentally the role
of changing optical properties on fluence. temperature and damage predictions using a
nonlinear model. We expect that changes in optical properties will result in a reduced
light penetration leading to an increase in localized heating within the coagulated region.
However. we would like to examine and confirm the temporal influence of this heat-induced

response over time by using an Arrhenius damage relationship in the nonlinear opto-
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thermal model. Validation of the model will be performed by developing tissue-equivalent
phantoms. This will provide a means of observing photocoagulation in a well characterized

and controlled medium.

1.4 Organization of Thesis

The thesis is organized into two sections: an experimental and a theoretical section. The
first section. chapter 2. describes the development of phantoms for the study of photo-
coagulation. This chapter outlines the materials and methods used in the design and
characterization of two proposed tissue-substitutes. The first phantom was designed with
dynamic optical properties. Therefore. albumen (egg white) which visibly coagulates with
heat. was chosen as the base constituent for a tissue-equivalent material. An additional
phantom was developed whose optical properties do not change with temperature using
polyacrylamide as a base phantom. An explanation of the characterization of these phan-
toms is included within the chapter.

Chapter 3 explains the development and predicted ocutcome of a nonlinear thermal
model of ILP. The theoretical calculations of the model which predict light, temperature
and damage profiles in tissue are discussed. This is folowed by an explanation of the
numerical methods that are used to compute the predicted results. Experimental validation
of the model is performed using the phantoms described in chapter 2. Therefore, this
chapter includes a description of the methods used to test the numerical predictions against
measured results. This is followed by a brief theoretical investigation of the effects of
changing optical properties in a clinical relevant case: ILP of the liver.

The final chapter (chapter 4). summarizes the results of the thesis. Furthermore.
preliminary work on current areas of interest of ILP is presented. For example, dynamic
effects of blood perfusion, fiber tip cooling and variable power with time are discussed.
As well, the potential of measuring dynamic changes in fluence distribution as a means of

monitoring the coagulation process is discussed.



Chapter 2

Optical Phantom Materials for

Photocoagulation Studies

2.1 Abstract

The mechanisms of lesion formation during laser irradiation are not well known. In par-
ticular, the heat induced alteration of optical properties confounds the issue. Two tissue
phantom systems were developed to investigate the effects of changing optical properties
during interstitial laser photocoagulation. Albumen, which has temperature dependent
optical properties, was used as a base material to simulate conditions of changing optical
properties that occur in tissue. The albumen phantom was prepared using agar and an
absorbing dye (Naphthol Green). The optical properties of the albumen phantom were
measured using the poisoned moderator technique [123.124]. A second phantom was de-
veloped with polyacrylamide. This base material was chosen due to its resistance to heat.
Therefore, it represents a static case where no changes in optical properties occur dur-
ing heating. Polyacrylamide mixtures were then constructed with optical properties that
matched those of albumen in both its native and coagulated states by adding an absorbing
dye, (Naphthol Green) and a scattering liquid. (Intralipid-10%).

The optical properties of the albumen phantom were successfully measured in both
its native and coagulated states. The u, and 4 in the native state were 0.50 +£0.04 cm™!
and 2.67 £ 0.07 cm™! and in the coagulated state were 0.7 0.1 cm™" and 13.1 £0.5
cm ™! respectively. Polyacrylamide phantoms were constructed with the equivalent values
of pe and p) by adding Naphthol Green and Intralipid-10%. The optical properties of

the phantoms are similar to those of tissue at near infrared wavelengths (NIR). As such

L5
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they may be used in future investigations which study the opto-thermal response of tissue

during laser irradiation.

2.2 Introduction

The use of tissue-equivalent materials (phantoms) provides a means for investigating the
propagation and absorption of light and subsequent temperature rise and denaturation in
tissue. As such. they are valuable for confirming or testing mathematical models which
predict the response of tissue during laser irradiation and in particular during ILP. Thus.
we have developed and characterized two different opto-thermal phantoms. The phantoms
were used to validate the theoretical models that examine the effects of changing optical
properties discussed in chapter 3.

Egg white (albumen) has been studied and proposed as a potential material for
use in studies of laser irradiation [40.64.79.132|. It is a convenient material, since it is
readily available. has consistently the same properties, and is homogeneous and uniform
in appearance. Furthermore, it responds to heat in a similar manner to tissue in that it
undergoes a visible thermal coagulation effect.

Albumen is mainly comprised of globular proteins (about 10.2%), lipids (0.05%)
and water (88.1%) [79]. Exposure to heat causes an unfolding of the proteins which then
precipitate out of solution and rapidly form aggregates {79]. Consequently, albumen vis-
ibly whitens during this process which is characterized by an increase in the scattering
coefficient y [64.79]. In its native state. albumen absorbs weakly and has a low scattering
coefficient in the near infrared (NIR) relative to biological tissues [79]. To achieve optical
properties that are more closely matched to tissue. we added an absorbing dye to increase
absorption and a polysaccharide gel (agar or agarose) to increase the scattering. Naphthol
Green is an effective absorber of short near infrared (NIR) wavelengths (700-850 nm). Agar
also acts as a solidifying agent. This makes the phantom more structurally supportive and
hence more similar to tissue. As well, it prevents the convective thermal effects of heated
fluids.

The optical properties of this phantom were measured with the poitsoned moderator
or added absorber technique which is based upon diffusion theory [123.124|. The procedure
is applied in highly scattering tissue by adding increasing concentrations of dye of known
absorption and measuring the penetration of light in these samples. The absorber can be
uniformly added to the albumen solution. The poisoned moderator technique has been

used previously to measure the optical properties of bovine liver. bovine muscle. pig brain.
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and chicken muscle [124].

A second phantom was developed as a control whose optical and thermal properties
do not change with temperature. This control phantom was used to demonstrate the
difference in temperature predictions when heat-induced changes in optical properties are
not accounted for. As such. phantoms with static properties provide a reference set of
measurements. Polyacrylamide was used as the base material due to its high meiting point
[60]. This gel is commonly used in DNA sequencing and electrophoresis. The gel begins
in liquid monomer form. but after the addition of a catalyst. it undergoes an exothermic
polymerization reaction and solidifies. producing a pliable. yet structurally supportive
rubber-like gel. This material has also been used as a good muscle-equivalent phantom for
hyperthermia with microwaves {102}.

As an optical phantom. polyacrylamide is suitable since it is transparent in the NIR.
Hence. the water based solution of liquid acrylamide can be doped with absorbing dyes
and scattering materials to obtain the desired optical properties. An ideal phantom uses a
non-scattering absorbing medium and a non-absorbing scattering medium [91]. Naphthol
Green was used as an NIR absorber since this organic powder is highly water soluble [95]
and thus introduces minimal scattering in the polyacrylamide solution. An example of an
effective scattering source in phantoms is Intralipid-10%. This is a white liquid emulsion
of 10% solution of soybean oil in water. The soybean oil exists as phospholipid micelles in
suspension which give Intralipid-10% its scattering properties [98]. This material has been
previously studied and well characterized [34.98|. These studies indicate that Intralipid-
10% is weakly absorbing, and highly scattering which can be diluted to produce a scattering
coefficient that is very similar to that of tissue in the NIR.

This chapter first introduces the basic description of light propagation in highly
scattering tissue using diffusion theory. This leads to an explanation of the theoretical
basis for the poisoned moderator technique.. The recipe of the albumen phantom is pro-
vided followed by a description of the apparatus and techniques used for measuring the
fluence rate within the native and coagulated samples of albumen. The recipe of the poly-
acrylamide phantoms and the method of matching the albumen optical properties in the

polyacrylamide are then presented.
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2.3 Theory

2.3.1 Light Propagation in Tissue

This section provides a brief introduction about the theoretical nature of light propagation
in tissue or tissue-equivalent materials. This background information is the theoretical
basis of the poison moderator technique for measuring optical properties in the albumen
phantom. The theory is also applied to determine the required concentrations of scattering
and absorbing materials for the polyacrylamide phantoms.

The propagation of light in highly scattering material is governed by its absorption
and scattering characteristics. Absorption is the transfer of light photon energy into other
forms of available energy. Most light that is absorbed is transferred into vibrational energy
which results in an increase in temperature. This is quantified by the absorption coefficient.
Ua, Which is defined as the probability that a light photon is absorbed per unit length of
propagation. A medium with several constituents has an absorption coefficient equal to
the sum of the individual coefficients of the constituents weighted by their concentrations.

Scattering of light in tissue describes the deviation of light from its straight path
course. The deviation in direction is due to changes in refractive index at the boundary
of scatterers, resulting in elastic scattering processes. This is quantified by the scattering
coefficient, u,, which is defined as the probability of light scattered per unit length of
propagation. The probability that light is scattered in a particular direction varies as a
function of the angle of deviation. §. The effect of the degree of anisotropy of this scattering
process, can be quantified by taking the mean cosine of the scattering probability over all
angles. This quantity is represented by the anisotropy factor. g. For example. total forward
scattering means ¢ = 1 and isotropic scattering means g = 0. The reduced linear scattering
coefficient. u! = u,(1 — g) incorporates the effects of directionally dependent anisotropic
scattering into a single term (127].

The scattering and absorption coefficients can be used to describe the intensity of
light in tissue as a function of spatial position. This theory, described briefly as follows.
is adapted from explanations of photon propagation in scattering media found in various
texts [26,97]. The light intensity is comprised of collimated and diffuse photon fluence or
flux. which is equivalent to the net power of photons that pass through a point per area.
The collimated fluence. o, refers to the contribution of photons that are removed from its

straight path course by encountering a single absorption or scattering event. In spherical
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coordinates. the collimated fluence from a point source of light is proportional to

exp(—(pa + Hs)T) (2.1)

@c(r) x
C() 7'2

Note that for a transparent material. such as polyacrylamide. which is doped only with
absorbing material. equation (2.1) reduces to:
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This is equivalent to Beer’s law of propagation of waves in a purely absorbing medium [117].

The diffuse photon flux refers to the contribution of photons that have been mul-
tiply scattered. The diffuse fluence is solved from the light diffusion approximation of
equation (1.1) which is an approximation to the radiative transport theory. The under-
lying assumption of this approximation is that scattering dominates absorption as in the
case of tissue in the NIR wavelength range. The diffuse photon fluence. ¢y, is equal to the
net power of directionally independent photons that pass through a point per area such
that:

balr) o SR Hetr 7 (2.3)

r

where the pfys is called the effective attenuation coefficient. This is equal to [97]

pefr = \/3ta(pa + 1) (2.4)

This is a direct consequence of solving the diffusion equation for an isotropic point source
radiator. In tissue. the diffuse fluence dominates over the collimated fluence since there
is a much greater probability for a photon to be scattered than be absorbed. A complete
derivation of equations (2.3) and (2.4) is available in a text written by Duderstadt and
Hamiiton [26].

2.3.2 Measurement of Fluence

Light fluence can be measured in tissue using a fiber with an isotropic sensing tip and
a detector [123]. The tip accepts photons ideally from all directions which then travel
down the fiber to be detected by a photo-detector. The tip is commonly constructed from
a highly scattering material in the shape of-a sphere or short cylinder [123]. Using this
dosimetry probe. fluence measurements can be made at a radial distance. r. away from the
source. The optical coefficients can be determined experimentally by moving the probe

over a range of distances and applying the fluence rate relationships of equation (2.3) or
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(2.2) above. For scattering media. equation (2.3) indicates that the slope of the straight line
curve of in(¢-r) gives the effective attenuation coefficient. Similarly, in a purely absorbing
medium. the absorption coefficient is equal to the slope of In(¢-r?) as derived from Beer’s
law (equation (2.2).)

Another method of measuring the absorption coeflicient is to use a spectrophotome-
ter, which is a device that measures the absorption spectrum of a non-scattering material.
It uses two collimated beams to measure the optical density (OD) of a material. The OD is
defined simply as the logarithm of the reciprocal of transmittance 7,.. The transmittance
can be calculated from the ratio of the light intensities of a reference beam and a beam
that passes through the sample of thickness. d. If the beam is assumed to be extinguished
in a Beer’s law fashion. the absorption coefficient is related to the OD such that

OD = logio(1/T:)
I(d)
I, )

= ~logiol

= —logyo(e

= pqd - logie(e)

Upon rearranging and solving for 1, this gives:
oD
HBa = Tlogm(e) (2.5)

Finally, the absorption coefficient and the scattering coefficient are both wavelength
dependent. Therefore. the measurement of the optical properties should be performed at

the same wavelength as the irradiation wavelength intended for inducing thermal damage.

2.3.3 Poisoned Moderator Technique

The optical properties of the albumen phantom were determined by the poisoned moderator
technique of neutron transport physics {123,124]. This technique involves the measurement
of the attenuation of light in samples "poisoned" with increasirg concentrations of absorber.
The absorption coefficient is equal to the total absorption of the dye and the medium.
Therefore. the effective attenuation coefficient given in equation (2.4) expands to

pefr® =3 - [tap + tog] - ([ap + Hoa] + Hsp) (2.6)

where p',p equals the reduced scattering coefficient of the phantom and pqp, pe4 are equal
to the absorption coefficient of the phantom and the dye respectively. For media where
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scattering events occur much more frequently than absorption events. it can be assumed

that (zap + fed) << pgp- Thus. equation (2.6) simplifies to:

I-‘eff2 > 3- (ﬂap + ag) - (ﬂ;p)
2 3pappep + 3taditsp (2.7)

This also assumes that the scattering coefficient does not change due to the presence of
the added dye. Equation (2.7) demonstrates that the scattering and absorpticn coefficient
of the phantom (u;, and pqp) can be determined from the slope and intercept of the plot
of 12 ff Versus p.q- The independent variable of this plot. p4q, can be controlled by doping
a series of albumen phantoms with different quantities of dye of known absorption coeffi-
cient which can be calculated stoichiometrically according to concentration. The effective
attenuation p.sr. can then be obtained experimentally for each sample by measuring the

fluence as a function of radial distance as previously described.

2.4 Materials and Methods

2.4.1 Albumen Phantom
Design and Construction

The albumen phantom consisted of chicken egg albumen (Crude, Grade II, Sigma. Oakville.
Ontario), bacteriological agar (Agar #1, Oxoid. Basingstoke. Hampshire. Engiand) and
Naphthol Green dye (Sigma). The phantom was constructed by combining two mixtures:
a stock albumen solution and an agar-dye solution.

Stock solution of albumen was prepared by dissolving powdered egg white in dis-
tilled water in the mass ratio listed in table 2.1. This was filtered through a fine mesh
strainer producing a transiucent. homogeneous. yellow liquid which was refrigerated when

not in use. Table 2.2 lists the composition of six agar solutions which were prepared indi-

{ Stock Phantom
Component i (% by weight) | (% by weight)
albumen powder | 22.24 T 1187
distilled water | 77.76 41.50

Table 2.1: Composition of albumen powder and water in the albumen stock solution (first column) and
within the overall albumen phantom (second column). Density = 1.013 g/mL.
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vidually. Each solution contained agar. dye and water. The dye was prepared as a stock
solution in advance which increased the ease of use and also ensured consistent levels of
dye concentrations from sample to sample. The stock solution consisted of 0.387 g of
Naphthol Green dissolved in 1 L of distilled water to give a 0.03870 £ 0.0005% by volume
dye concentration. A spectrophotometer (UV160. Mandel Scientific Co. Ltd. Guelph, On-
tario) was used to measure the spectral absorption of this dye which was equal to pu, of
5.90 £0.05 cm ™! at 805 nm. the wavelength .of our laser source.

The dye compositions were calculated such that the absorption coefficient increased
by 0.32 cm ! between successive samples. The albumen phantom contained the lowest dye
concentration. The other albumen samples were "poisoned” with increasing concentrations

of dye. The agar solution was prepared by combining the dye and distilled water which

Added p, || Naphthol Green | Distilled Water Agar Albumen Stock
(em™1) (% by weight) | (% by weight) | (% by weight) | (% by weight)
0.00 13.3 32.0 1.4 53.4

0.32 18.6 26.7 1.4 53.4

0.64 23.9 21.3 14 33.4

1.96 29.2 16.0 14 53.4

1.28 34.5 10.7 14 53.4

1.60 39.8 5.4 1.4 53.4

Table 2.2: Composition of albumen phantoms. The first row is the composition of the albumen phantom.
The other rows are the poisoned samples used in determining the optical properties of the phantom.
Density of 1.013 g/mL.

was heated to approximately 70 °C. The agar powder was slowly added and dissolved until
the boiling point (85 °C) of the mixture was reached. The solution was cooled in a warm
water bath to about 45°C. As the agar mixture cooled. the albumen stock solution was
warmed in a hot water bath to approximately 40 °C. The albumen was then added to the
cooled agar solution and mixed thoroughly with a spatula. The phantom material was
poured into a mold and allowed to cool. Cooling the agar prevented it from coagulating
the albumen on contact. whereas heating the albumen avoided uneven gelling and bubble
formation within the agar solution. This process was repeated for all dye concentrations
listed in table 2.2. The phantom solidified at 38 °C and reached room temperature after

approximately two hours of cooling.
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Figure 2.1: Schematic diagram of apparatus used to measured the fluence rate within phantoms.

Determining Optical Properties

The optical properties of the albumen phantom were determined using the poisoned mod-
erator technique by measuring the fluence rate within the albumen phantom and samples.
The fluence rate of the albumen samples was measured in a plexiglass box with inner
dimensions of 6 x 6 x 6cm. A diagram of this box is shown in figure 2.1. The purpose
of this apparatus was to provide reliable and stable positioning of the source fiber and
dosimetry probe within the sample. The source fiber was a commercially available optical
fiber with a spherically diffusing tip (Pseudosphere. Rare Earth Medical. West Yarmouth.
Massachusetts) which was designed to radiate isotropically. The diameter of the fiber tip
was 1.5 mm. The isotropic dosimetry probe was constructed by creating a diffusing tip
at the end of a 600 um plane cut end fiber. The method of construction is explained in
appendix A.

The source fiber was held in place by a 14 gauge needle which was inserted through a
hole at the centre of one side of the box. The source fiber was placed such that the diffusing
tip extended beyvond the sharp end of the needle. A shortened 14 gauge needle was secured
through a second hole on the opposing box face. The dosimetry probe was inserted into
this second needle and held in place by a small piece of plastic tubing. The tubing acted
as a sleeve that centered the fiber portion within the short needle. The axes of the source

and sensing probes were aligned by visual inspection. Outside the box. the dosimetry
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fiber was attached to a micrometer controlled translation stage (Thorlab. Newton. New
Jersey) to vary and measure the distance between the optical source and dosimetry probe.
Testing of the fluence apparatus was performed by measuring the absorption coefficient of
different concentrations of dye in water. This was performed to demonstrate that radial
fluence measurements could be accurately made in a liquid medium of known optical
properties. The absorption coefficient of the samples was confirmed independently by
spectrophotometer measurements.

The albumen phantom and poisoned samples were solidified in advance in six indi-
vidual plexiglass molds with the same dimension as the fluence box apparatus. The first
albumen phantom was removed from its mold and placed in the box. The source needle
was inserted into the sample. The isotropic fiber tip was then fed inside the needle and
was exposed at the sharp tip of the needle. The fiber was coupled to a NIR 805 nm laser
diode (Diomed-15. Diomed Ltd.. Cambridge. UK) via an SMA 905 connector. The end of
the dosimetry probe fiber was directed at a silicon photo-detector (PDAS50. Thorlab). The
detector output. displayed on a voltmeter. was proportional to the fluence rate (7]. On
the lowest power laser setting {500 mW), the dosimetry tip was moved toward the source
fiber using the translation stage over a total distance of approximately 0.5 cm to 1.5 cm.
The micrometer scale. r. and the photo-detector voltages. V. were recorded every 0.5 to
1 mm. The effective attenuation coefficient was determined by plotting {n(V-r) versus r.
The sample was removed and returned to its original mold.

The radial fluence measurement was repeated for the poisoned albumen samples.
The base phantom and the poisoned samples were then heated together in a large water
bath. To emsure complete coagulation of the entire phantom. a heating regime of 85°C
for 45 minutes. The fluence rate measurements were conducted again for all the albumen
phantom samples in the coagulated state. Care was taken to avoid the same fiber track
created in the first set of measurements which were performed in the native state. The
optical properties of the albumen were determined in accordance with equation (2.7) as a
function of added absorber concentration values listed in table 2.2.

Note. to ease the removal of the albumen and polyacrylamide phantoms from the
apparatus. a narrow rectangular piece of tin foil was molded to the bottom of the box and
draped over the sides. The sample was placed on top of the tin foil within the box and was
removed by lifting the draped sides of foil. The box was sufficiently large (and the sample
sufficiently attenuating) such that the light fluence was measured to be negligible at the
edge of the box. eliminating the possibility of error due to light reflections from the foil.
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Stock
Component (% by weight)
Acrvlamide 26.00
N.N'-methylenebisacrylamide 0.20
Sodium Chloride 1.05
De-ionized water 71.70

Table 2.3: Composition of the acrylamide stock solution {102|. Density of 1.017 g/mL.

2.4.2 Polyacrylamide Phantom

A second set of control phantoms were made with polyacrylamide gel. They were used
to demonstrate the thermal response with static optical properties. Control phantoms
were designed to match the optical properties of the albumen in the native and coagulated

states. by adding appropriate amounts of dye and scattering solution.

Design and Construction

A stock solution of liquid acrylamide was prepared according to the method developed by
Surowiec et al for use as a tissue-equivalent material for microwave applicators {102|. The
composition of this solution which consists of acrylamide, N.N'-methylenebisacrylamide,
sodium chloride and water is listed in table 2.3. Polyacrylamide was formed by reacting
the solution with the catalysts. TEMED and a 10% by volume solution of ammonium
persulfate (APS) causing an exothermic reaction. With the addition of the catalysts.
the solution was mixed vigourously for approximately one minute and poured into the
mold. The solidification process began after approximately 5 minutes after the catalyst
was added. The phantom was completely polymerized after a period of about two hours.
Cooling of the sample required an additional 3 to 4 hours.

To match the optical properties with those of albumen. the dopants. Naphthol
Green and Intralipid-10%. were added to the liquid-phase solution of polyacrylamide. The
Naphthol Green was a 0.2100 % 0.0005% by volume solution with an absorption coefficient
of 32.30 £ 0.05 cm™! at 805 nm which was measured in the spectrophotometer. Initial
attempts at combining the polyacrylamide with the dye resulted in a visible bleaching
reaction between the APS and the dye. which was manifested as a fading of the green
colour of the sample during the polymerization process. To quantify the bleaching phe-

nomenon. the absorption coefficient of purely absorbing samples were measured with the
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spectrophotometer. 1 minute. 2 hours and 18 hours after reacting the polyacrylamide with
the catalyst.

The scattering coefficient of Intralipid-10% was characterized in polyacrylamide
samples with varying concentrations of Intralipid-10% with equal concentrations of dye of
known p,. The effective attenuation coefficient. u.zs, of the samples was measured in the
same fluence box apparatus used for the poisoned moderator technique. The samples were
measured while in their liquid phase before polymerization or bleaching occurred. From
these curves. p, was calculated from the known value of o and the measured value of
tesr by applying equation (2.4).

The final effective attenuation coefficients of the polyacrylamide phantoms were
examined in liquid polyacrylamide samples with the addition of both Intralipid-10% and
dye. They were compared with the fluence rates measured in the native and coagulated

albumen phantoms.

2.5 Results

The fluence box apparatus was designed to measure radial fluence to determine the optical
properties. (xq and u) from pesr) of the phantoms. Unfortunately, test samples of known
absorbing and scattering properties at 805 nm were unavailable. Therefore, testing of
the apparatus could only be performed on purely absorbing materials which could then
be independently confirmed with spectrophotometer results. Four dye samples of known
absorption coefficients were tested in the fluence box with the source and sensing probes.
The absorption coefficients measured in the fluence apparatus versus predicted values were
compared with spectrophotometer results at 805 nm (see figure 2.2). The measured values
corresponded well to the predicted values. The agreement suggested that fluence profile
measurements of the phantom samples could proceed in the fluence box apparatus with
confidence.

The fluence profiles of the albumen phantom and its poisoned samples were mea-
sured in the fluence box apparatus to determine its optical properties using the poisoned
moderator technique. Figure 2.3 and figure 2.4 are the radial fluence rate plots for the
native and coagulated states of the phantom respectively. The effective attenuation coeffi-
cient of the phantom in the two states was calculated from the slopes of these curves. The
square of the effective attenuation as a function of added absorber is plotted in figure 2.5.
The optical properties of the base albumen phantom were calculated from the slope and
intercept of this plot using the equation (2.4). The optical properties of the albumen are
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State | ge {cm ™1 | g (cm”) | pegr(cm™h) !
Native I| 0.50 £0.04 | 2.67 =0.07 2.2+0.2
Coagulated | 0.7 =01] 13.1=051 5306

Table 2.4: Optical properties of albumen in the native (room temperature) and coagulated (45 minutes
at 85°C) states.
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Figure 2.6: The absorption coefficient of acrylamide before and after polymerization - spectrophotometer
measurements

shown in table 2.4. There was a 1.4 fold increase in p, and a 4.9 fold increase in y} from
the native to coagulated states.

Control polyacrylamide phantoms were designed to match the optical properties of
the albumen in the native and coagulated states. by adding appropriate amounts of dye and
scattering solution. Normally to determine the amount of dye to add to an optically clear
material. one can use stoichiometric calculations. However. since APS causes bleaching
of the dye. an increased amount of dye was necessary. In order to determine how much
dye should be added to compensate for the effect of bleaching, the absorption coefficient
was measured using a spectrophotometer at various time points for different amounts
of dye. The absorption coefficient of phantoms with four different dye concentrations.
measured at 1 minute. 2 hours and 18 hours after the addition of the catalysts to the

liquid acrylamide is shown in figure 2.6. Figure 2.6 shows a drop in absorption due to
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the chemical bleaching process. There was no further change in absorption after 2 hours.
By interpolating between the points of the final lower absorption curve. the percent mass
concentrations of dye solution required to match the native and coagulated properties of
the albumen phantoms. were calculated to be 7.8 % and 9.0 %. These values are recorded
in table 2.5.

The scattering characteristics of the Intralipid-10% in the polyacrylamide phantom
were determined using fluence box measurements by measuring the effective attenuation
coefficient of six different concentrations of Intralipid-10% prior to the polymerization
reaction. The scattering coefficient was calculated from .z (equation (2.4)) and plotted
against the concentration of Intralipid-10% by percent weight in figure 2.7. This plot
indicates that the scattering coefficient was proportional to the concentration of scattering
material. By interpolating between the points of this curve. the percent concentration of
Intralipid-10% was determined to be 4.40 = 0.04 % and 22.5 = 0.2 % to match the native
and coagulated scattering coefficients of the albumen phantom respectively. The final
composition of the polyacrvlamide phantoms is summarized in table 2.5. The overall final
effective attenuation coefficients of the polyacrylamide phantoms. with both Intralipid-10%
and dve was compared with the albumen phantom in order to confirm that the optical
properties were matched. A plot of the fluence profile for the two phantoms. shown in

figure 2.8. suggests that they possess equivalent optical properties resuiting in the same
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Native State Coagulated State
Component Albumen Matching | Albumen Matching
(% by weight) (% by weight)
Naphthol Green (0.210%) 7.8 9.0
Intralipid-10% 44 22.5
Distilled Water 40.16 20.91
Acrylamide Stock 46.63 46.63
APS (10% by volume) 0.65 0.65
| TEMED* 035 | 0.35 ||

Table 2.5: Composition of the polyacrylamide phantom designed with optical properties matching albu-
men. *N .N,N’ N-tetramethylethyienediamine

effective attenuation coefficient.

2.6 Discussion

A phantom was developed with dynamic optical properties for use with laser photoco-
agulation studies. The phantom consisted of albumen combined with an NIR absorbing
dye (Naphthol Green) and agar. The optical properties of the phantom were determined
at a wavelength of 805 nm using the poisoned moderator technique. This is a common
wavelength for laser induced coagulation applications such as ILP. The p, and u} in the
native state of the albumen phantom were 0.50 £ 0.04 cn~! and 2.67 £ 0.07 and in the
coagulated state were 0.7 0.1 cm™! and 13.1 0.5 cm™! respectively. These values are
within typical ranges of tissue in both the native and coagulated stated. with the excep-
tion of a low native value of p,. For example measurements on human prostate at 850 nm
yielded p2q =0.6 cm™~! and g, =6 cm~! in the native state and p, =0.7 cm™! and p), =13.8
cm™! in the coagulated state [88].

It is difficult to confirm our measured optical properties of the albumen phantom
against data from literature for albumen alone which is limited. Pickering performed
measurements at 800 nm by measuring the reflectance and transmittance of the sample
using integrating spheres. His results yielded a u/, of 6.9 cm~! for albumen which was
heated at 70°C for 1000 seconds and a u of 17.1 cm™! cooked at 75°C for the same
heating time. There are two points to be made with regard to these results. First. Pickering
measured a considerable difference in scattering coefficient for the two temperature ranges

(6.9 cm™! versus 17.1 cm™!). Secondly, we would expect our measurements of y) to be
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Figure 2.8: Comparison of p.sr between the albumen and doped acrylamide phantoms confirming
matched optical properties of the two phantoms.

slightly higher than the results measured by Pickering due to the addition of agar, (a
scattering material) and the longer heating regime (85°C for 45 minutes). We cannot
explain these discrepaacies.

The practical advantages of the albumen phantom are numerous. It is completely
non-toxic. simple to make. easily poured into molds. and very cost efficient (=~ $12.00 per
liter). It can also be cleanlv sliced or scraped to anyv shape. and produces clearly visible
zones of thermal coaguiation to the naked eve. Furthermore. the absorbing dye is also
chemically stable in the short NIR wavelengths aver several months!.

The disadvantage of the tissue equivalent material is that it lasts for only about
1-2 weeks and must be refrigerated. As well. the agar matrix may liquefy as it is being
heated?. This may result in the presence of unpredictable thermal effects in the phantom
such as changes in thermal properties and convection. Another potential concern is the
formation of bubbles in the phantom if the albumen stock is over-mixed.

Polyacrylamide phantoms were developed whose optical properties do not change
with temperature. This phantom can be used as a reference medium to illustrate the differ-

ence in measurements when heat-induced changes in optical properties are not accounted

'Several other NIR absorbers were found to bleach with time. They include QSwitch 1. QSwitch 5. and
[RA980.

] . . .- .
“Crosslinking with formaiin mav increase the meiting point.
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for. The optical properties of the phantoms were matched with those of the albumen
phantom by adding Naphthol Green and Intralipid-10%. A 0.2100 £ 0.0005 % solution of
Naphthol Green at a concentration of 7.8 % by weight and Intralipid-10% at a concen-
tration of 4.4 % by weight. was added to a polyacrylamide solution to mimic the native
properties of the albumen phantom. For the coagulated state, 9.0 % by weight of Naphthol
Green and 22.5 % by weight of Intralipid-10% was added to polyacrylamide. However, in
general. the optically clear nature of polyacrylamide allows ome to dope it to produce a
wide, varying set of tissue like optical properties. by modifying the concentration of dye
and scattering materials. We have demonstrated that the optical properties could then
be experimentally determined and verified easily using fluence measurements and diffusion
theory.

Like the albumen phantom. polyacrylamide also offers many advantages It is simple
to make. easily poured irto molds and cost efficient ($10.00 per liter). Advantages of
polyacrylamide over other phantoms are that it can be stored for several months. it is
homogeneous. reproducible and clean to work with.

The main weaknesses of the polyacrylamide phantom construction and measure-
ment methods involved two aspects. First. luence rate measurements of the phantom had
to be performed while in its liquid unpolymerized form. Two different failed attempts were
made to measure fluence rate after polymerization occurred. One method involved setting
the optical probes in place and allowing the polyacrylamide to be molded within the ap-
paratus. After the phantom polymerized. the dosimetry probe was then moved away from
the source probe within the track formed by the fiber portion of the dosimetry probe. The
other method attempted to pierce the polymerized phantom through an entry slit with
the dosimetry probe. Both produced unpredictable. irreproducible resuits. This is a result
of the invasiveness of the methods such that they affect the distribution of light within
the phantom. Therefore. all instrumentation must be placed in the phantom while in its
solution form.

The inability to measure fluence of the phantom in its polymerized state leads
to some uncertainty in the final scattering characteristics of the polyacrylamide phantom.
Changes in the orientation and/or position of the scattering particles may occur due to set-
tling of the Intralipid-10% during the polymerization process. Other possible changes due
to polymerization include the index of refraction of the polymerized state and/or changes
due to a chemical reaction with the catalysts or other base materials. The influence of
these errors. however. appear to be minimal. This was confirmed by measuring the tem-
perature rise in the polyacrylamide phantom in the solidified state and comparing them
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to theoretical predictions. Good agreement between predicted and experimental values
suggest that any possible changes in optical properties that may occur during the poly-
merization process. do not interfere at least with practical measurements of temperature
elevation in the phantom. The second problem of using polyacrylamide was the effect of
the catalyst. APS. on the absorption characteristics of Naphthol Green. This resulted in
a bleaching effect which had to be compensated for by increasing the initial concentration
of dye. Furthermore. as shown in figure 2.6. the bleaching effects were dependent upon
the concentration of dye added which complicates the issue. Finally, polyacrylamide in
its liquid phase is a neurotoxin. Therefore. safety handling procedures must be employed
prior to polymerization®.

For opto-thermal studies. the phantoms should have thermal properties. as well
as optical properties. that are similar to tissue. The thermal properties of the albumen
and polyacrylamide phantoms were not measured. However. since the albumen material
is completely organic and consists mostly of water. the thermal properties are likely to be
similar to those of tissue. The polyacrylamide phantom. though synthetic. may also be
similar to tissue since it is composed mostly of water as well. Its thermal properties can
be estimated according to its water content [104|. This method has previously shown high
accuracy for other artificial water based materials such as gelatin [25].

2.7 Conclusions

Two phantoms were developed and characterized that possess either dynamic optical prop-
erties (albumen phantom) or constant optical properties (polyacrylamide). The optical
properties of the albumen phantom were measured in both its native and coagulated states
and were matched in the polyacrylamide phantoms which are similar to tissue at NIR wave-
lengths. As such they may be used in future investigations which study the opto-thermal

response of tissue due to laser irradiation.

!Once polymerized. polyacryiamide is safe to handle [102}



Chapter 3

Modeling of ILP

3.1 Abstract

The theoretical study of the effects of changing optical properties during laser irradiation
provides important insight into the formation of thermal lesions during ILP. This informa-
tion will be essential for the successful planning of thermal therapy treatments to achieve
complete tumour destruction sparing healthy tissues without inducing vapourization and
charring. A nonlinear mathematical model was developed that quantifies the effects of
changing optical properties on fluence. temperature and damage predictions. This was
performed by using the Arrhenius damage formulation to relate the temperature rise to
fluence changes. Changes in optical properties were handled by solving the two layer
analytical solution of the light diffusion approximation. Temperature rise in tissue was
estimated using the bioheat equation and solved with a nonlinear algorithm for the finite
difference method (FDM).

To experimentally validate the nonlinear model, temperatures were measured in an
albumen phantom whose optical properties change during heating. Measurements were
also performed in polyacrylamide phantoms with static optical properties. to illustrate the
difference in temperature rise when dynamic optical properties are not taken into account.
The experimental measurements agreed well with theoretical predictions validating the use
of the Arrhenius damage formulation to describe dynamic changes in optical properties.
Our theoretical and experimental results indicate that coagulation causes a sudden increase
in the rate of temperature rise due to a decrease in light penetration within the coagulated
region close to the light source. The significance of these findings were investigated in

a clinical example: ILP of the liver. The liver studies were conducted with a constant

33
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laser power such that the peak temperature was just below vapourization at the end of
the 15 minute irradiation time. The model predicted that changes in optical properties
cause larger gradients of light fluence in the coagulated region of tissue surrounding the
fiber tip as a result of reduced light penetration. A sudden increase in temperature rise
was observed in the liver studies at the onset of coagulation in a fashion similar to that
observed in the albumen phantom. The dynamic changes in optical properties have the
largest impact on peak temperature predictions close to the fiber tip. This information
may be important in order to avoid using excessive powers which may induce vapourization
and charring. The final damage volume was approximately the same as that predicted by
the static case of coagulated optical properties. However. the laser power requirements
are considerably different between the dynamic and static models. In general. the results
suggest that the features of lesion formation are highly dynamic due to the coagulation
process. This validates the need for theoretical investigations to account for the effects of

changing optical properties in models of ILP.

3.2 Introduction

The use of an optic fiber to deliver light. percutaneously, into tissue was demonstrated in
the early 1980s as a viable means of heating and destroying deep seated tumours {13]. A
number of subsequent studies have been aimed at modeling and understanding the thermal
response of tissue due to light during ILP [63.114.116,129].

The conventional model of ILP consists of the three basic calculations of the 1)
light distribution. 2) temperature rise and 3) the extent of thermal damage. Each stage
of modeling requires information from the previous stage and from experimental measure-
ments of tissue properties (Refer to figure 1.I from chapter 1). The forward progression of
calculation results in what is referred to as a linear model for thermal therapy since the
inputs of the bioheat equation are not temperature dependent. Most. thermal models of
ILP used this linear approach [5,9.84].

In reality. however. the elevation of tissue temperature itself causes dynamic changes
in tissue which in turn affect the fluence distribution and/or the temperature field. Thermal
[25.116], optical [25.47.51.79.80]. and blood perfusion {16.29.66.87.92| properties of tissue
are altered when the tissue is heated. This situation can be modeled by coupling the
temperature prediction with the dynamic properties which results in a nonlinear model
of the bioheat equation. Currently. nonlinear models exist which account for changes in

optical properties [84]. changes in blood perfusion [100. 101}, or a combination of both
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[9,37.49.57.62.89.125|.

Various methods have been used to model the change in optical properties dur-
ing heating. One method assumes that tissue possesses native optical properties initially.
which are then replaced by coagulated tissue properties once a certain critical temperature
is reached [9.89.125]. This method is based upon the heuristic assumption that photoco-
agulation occurs at a critical temperature (60°C) [89.125]. The vast majority of methods.
however. use the Arrhenius damage model to describe the heat-induced effects on changes
in optical properties [9.37.57.84.89|. However. to the author’s knowledge, this assumption
has not been confirmed yet in the literature. As well. many models include both effects of
changing optical properties and blood perfusion [9,37.49.57.62.89.125]. As such, their re-
sults would be difficult to confirm experimentally since dynamic changes in blood perfusion
would require an in-vivo animal model. Furthermore. in general. the effects of dynamic
blood perfusion are not well known in the coagulated temperature range.

Rastegar et al examiped the influence of changing optical properties alone without
considering the effects of dynamic blood flow. They conclude that the effects of changing
optical properties cause larger temperature gradients and higher peak temperatures as a
result of reduced penetration of light [84]. The simulation, however, used short irradiation
times on the order of seconds. Furthermore. the laser power was not scaled such that
the peak temperature was below vapourization in order to avoid charring while sparing
normal tissues. They also did not experimentally verify their results. Therefore, the
development and experimental verification of a nonlinear ILP model for treatments below
the vapourization threshold. which examines and isolates the effects of dynamic optical
properties. is necessary.

Hence. the purpose of this chapter is to first propose a new model which includes
changes in optical properties based upon the Arrhenius damage model. Experimental work
is then presented demonstrating the effects of changing optical properties using phantoms.
Finally, the model results are investigated in a clinical example of ILP of the liver.

There are many different methods of calculating the deposition of light in tissue.
Currently, the Monte Carlo particle simulation method is most often used to describe
light propagation in photocoagulation studies [37.62.84.90]. The Monte Carlo method is
based on an algorithm where photons are mathematically injected into the medium one-
by-one and traced until they are either permanently ejected out of the medium or absorbed
within the medium. The random sampling from appropriate probability distributions of the
relevant tissue properties. which affect the propagation of eack photon. results in a overall
estimate of the light distribution due to all photons. The advantages of this method are
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its conceptual ease of implementation. and its ability to handle complex geometries and
optical inhomogeneities [75]. As a result, many investigators have used this method to
describe irregular shapes and tissue boundaries of interstitial applicators (37.57.99]. The
major disadvantage of the Monte Carlo method is that it can be impractical due to the
large computational resources required. An alternative method is to exploit the diffusion
approximation of light propagation.

The diffusion approximation is a differential equation which approximates radia-
tive transport theory. The advantages of this method is its ease of implementation and
its reduced computation time. In addition. for simple geometries. it agrees well with
Monte Carlo results [90]. A limitation of diffusion theory is that the accuracy close to the
boundaries [44.90] or within highly absorbing regions [35.44] is poor. However. for most
tissue types in the near infrared wavelength range. the diffusion theory offers a fast and
reasonably accurate method of calculating the light distribution in tissue. Analytical solu-
tions of the diffusion approximation are available for some geometries. This is preferable
because analytical solution do not encounter reduced accuracy due to discretization. Un-
fortunately, however, analytical solutions do not always exist. For these cases, numerical
methods should be employed.

The calculated light distribution is used as an input to the Pennes bioheat trans-
fer equation. Solutions of the bioheat equation cannot be derived analytically, therefore.
numerical methods are employed that provide approximate solutions such as the Finite El-
ement Method (FEM) or the Finite Difference Method (FDM). The finite element method
discretizes the solution domain into different elements. The bioheat equation is then solved
over each element. simultaneously. by satisfying the boundary condition between each ele-
ment. On the other hand. the finite difference method approximates the differential equa-
tion as a set of differences between individual element and solves the differential equation
over the entire domain and not over each individual element. As a result, finite differences
are advantageous over finite elements in that they are easier to implement. require less
memory and have shorter computation time than the finite element method. The FEM.
however. is advantageous over the FDM. for complex geometries. since elements can be
shaped to fit any configuration. Nonetheless. for simple geometries. the finite difference
method offers a fast. efficient and accurate method of solving the bioheat transfer equation.

The solution of the bioheat equation gives the temperature as a function of time at
all points in the calculation domain. The damage is then calculated using an Arrhenius re-
lationship between temperature and a pathological end point. For example. the Arrhenius
formulation has been used to calculate the rate of thermal damage leading to cell death [11]
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and changes in optical properties [47.80]. Damage models can therefore be used to make
direct comparisons between predictions of laser damage and histological results of the final
lesion. The damage model is also used to describe the pathological changes that occur
during heating, giving rise to nonlinear thermal models. For example. damage parameters
have been used to describe the heat induced effects of changes in optical properties [84]
and blood perfusion [57]. However. one of the goals of this chapter. is to determine the
validity of the Arrhenius damage model as a nonlinear parameter to account for the effects
of dynamic optical properties.

3.3 Theory

3.3.1 Mathematical Modeling

A model of Interstitial Laser Photocoagulation was developed which predicts the temper-
ature and damage profiles in tissue due to a point source of light. The model includes
the transient effects of changing optical properties due to heat by recalculating the light
distribution in tissue dynamically. The following sections describe the structure and the
method of calculating the light distribution. tissue temperatures and tissue damage.

Light Distribution in Tissue

The light emitted from an interstitial fiber was represented as an isotropic point source
radiating at the origin in spherical coordinates. Photon propagation from the source can
be described using radiative transport theory [26.97]. Exact analytical solutions of the
radiative transport equation have been found for only a few special cases (75.97.129|.
However. if scattering processes dominate absorption in the medium. an approximation to
the radiative transport equation can be applied (26.75.97]. The approximation. referred

to as the diffusion approximation. is expressed as:

—DV?¢(r) + pad(r) = s(r) where (3.1)
¢ = light fluence rate [ W - cm 2]
D = diffusion constant { cm |

= [3(11'; - lJa)]_1

The quantities i, and ), are the same as those discussed in section 2.3. The solution to

equation (3.1) depends upon the source term s(r). which represents the distribution of the



3.3. THEORY 40

first-scattered photons from the light source [110]. For an isotropic point source emitting
P, joules:second within an infinite homogeneous medium. the source is represented by

P,
4mr?

where ), is defined as the transport attenuation coefficient and is equal to u§ + o [cm™!|.

exp(—trer) (3.2)

s(r) = g

The analytical solution of equation (3.1) was obtained by assuming that the source acts
as a Dirac §-function [26]. This is mathematically equivalent to the situation where [26]:

~DV2p + pap =0 (3.3)

and has boundary conditions:
(@) lim, .o+ —D%2 =, (3.4)
() liMpmoo @(r) < ¢ (3.5)

Solving this second order linear differential equation with the boundary conditions gives

_ o EIP(-;.LeffT)
o(r) = 4 Dr

This is the contribution of diffuse fluence which is also referred to as the diffuse photon
flux [110]. The unscattered (or primary photon flux), falls at a faster rate (1/ r2). Therefore.

(3.6)

the contribution of primary photons was minimal and assumed to be negligible.
The absorption of the light fluence by a target molecule or chromophore (such as
water. melanin and hemoglobin), causes most of the optical energy to be converted into

heat! such that the deposited light power is effectively equal to [114]:
P(r) = puap(r) [W-ecm™3] (3.7)

This is a consequence of promoting the target molecule to a vibrational-rotational excited
state which then transfers energy to nearby molecules via inelastic scattering manifested

as a local elevation in temperature {12].

Bioheat Equation

The local elevation in temperature causes heat transfer in tissue and can be described
by the bicheat transfer equation. The bioheat transfer equation was first introduced by
Pennes (77| to describe heat transfer in perfused tissue such that

oT(r.:)
ot

pc =V - (kVT(r.t)) + P(r.t) — wpcs(T(r.t) = Tare) (3.8)

where

'a verv smail amount of energy may be lost through other types of light interactions such as photo-
chemical processes.
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T = temperature [°C]

p = density of tissue [g-cm ™3]

¢ = specific heat of tissue {J - g~}-°C7}]

k = thermal conductivitv of tissue [W - cm~t-°C~t]
= radial distance [cm]

t = time [s]

Tare = temperature of arterial blood [°C]

o
il

deposited light power [W - cm™3]
t

il

wp = volumetric perfusion rate {g-s~ =93]

p = [J-g—1-°C_l}

- Cm

On the right hand side. the first term is the conductivity term which describes the diffusion
of heat in tissue. The second term is the deposited light energy or absorbed light power
of the optical source. The last term describes the convective effects of blood flow. This is
derived from the assumptions that a) arterial blood entering the capillaries instantaneously
equilibrates with its surrounding in an infinitesimally small volume of tissue and that b)
the venous blood leaving the volume is at the local tissue temperature and has no further
effect on the surrounding tissue. As such. it was shown that blood perfusion could be
modeled as a heat sink term proportional to the perfusion rate of the tissue [77|. These
combined terms lead to an elevation in temperature described by the left hand side of the
equation.

The spatial domain of the problem was defined in the region from the radius fiber
edge. ry. to a position sufficientlv far in tissue where changes in temperature were negligible.
Due to the symmetry of the problem. temperature elevation (as well as light distribution)

was solved in the radial direction only.

Thermal Damage Accumulation

The rise in temperature can cause irreversible thermal damage in a manner that can be
described from chemical reaction kinetics. In a reaction process. reactants are combined
to form products. Similarly. one can consider coagulation as a rate process such that the
native tissue are the reactants of the reaction which then undergo a change in state into

products which are coagulated. In this way the rate or the velocty of the reaction can be
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described by a rate constant. & which can represented as follows:

k (3.9)

Reactants (native tissue) — Products (coagulated tissue) (3.10)

According to the Arrhenius formulation. the rate constant is temperature dependent such

that:

E
k= A .e RT(rtr (3.11)
where
A = frequency factor {s~!]
E = activation energy {J - mol~!]
R = universal gas constant [J - mol~! - K]

The frequency factor .. and activation energy E. are derived from thermodynamic values.
such as heat of activation AH and entropy AS that are related to the denaturation process
of proteins and other cellular constituents [52]. However. since temperature varies with
time, final damage can be quantified by an accumulated rate of damage represented by the

damage index. §2:

T E
Q(r.7i =/ A-e RT(=0 dt (3.12)
0
where
0 = damage index [dimensionless]
T = total heating time [s]

A more intuitive form of equation (3.12) is to consider 2 as a measure of the volume
fraction of damaged cells which follows from first-order reaction kinetics. Explicitly, Q is
the logarithm of the ratio of the initial concentration of undamaged tissue to that after
damage has occurred at time. r. {76]:

,
Q=In (C(T’O)> = / Ad. e ”2 e dt (3.13)
C(r.7) 0

Therefore. 2 = 1 corresponds to the condition where 63 % of the cells have been damaged.
The damage parameters. £ and 4 are derived from empirical observations which

relate temperature to a thermally induced effect such as cell death. Borrelli et. al [11]
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Figure 3.1: Schematic diagram of a two laver case for solving the light diffusion approximation. Regions 1
and 2 represent the inner coaguiated and outer native regions respectively. The boundary between the
regions is defined as r,. The region. ra, extends to infinity which represents an unbounded region of native
tissue.

produced survival curves of baby hamster kidney (BHK) cells exposed to a temperature
range of 43.5°C to 537.0°C using a colony formation assay. They calculated the Arrhenius
damage parameters for cell death (E = 5.064 x 10° [J -mol~1], A = 2.984 x 108 [s~1]) by
plotting the reciprocal of the slope of the exponential region of the survival curves (1/D,)
against the reciprocal of the absolute temperature (1/7). D, is equivalent to the time it
takes to reduce the surviving fraction of cells to 37% for a given temperature. Using these
E and A parameters for cell death. the Arrhenius integral equation (3.12) was used to

calculate the lethal thermal damage due to a temperature rise of T'(r. t).

Nonlinear Effects of Dynamic Optical Properties

Coagulation causes a change in the optical properties of tissue which changes both the
absorption and reduced scattering coefficients depending upon the tissue type. During
ILP. this appears as an inner layer of coagulated tissue surrounded by native uncoagulated
tissue {108]. A simple approach to modeling this phenomenon was to solve the light
diffusion approximation analytically for a system consisting of two layers with different
optical properties. The inner layer represents the tissue which has been coagulated around
the tip with coagulated optical properties (uqy. %) surrounded by a second laver of
native tissue (uq2, u}yp). The radius of the second layer extends to infinity to model
the case of an unbounded outer region of native tissue (see figure 3.1). The diffusion

equation was solved anaivticallv. for ease of calculation and reduced computation time. A
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general form of the analytical two layer solution can be found in various texts [97|. The
exact coefficients of the general solution must be determined by applying the appropriate
boundary conditions. For our model. we assume the boundary conditions at the interface
between the two regions requires that the photon fluence rate and the photon current
(D%‘ﬁ) be continuous [110]. Setting the index of refraction between the two media to be
equal. this is expressed mathematically as:

a) #1(r) = ¢2(r) r=To (3.14)
b) D) — p,den) . —p (3.15)

where r, defines the spatial location of the boundary between the two layers and the
subscripts. 1 and 2 are the inner and outer regions respectively. The final condition is an

energy balance between the two media such that:
&) Po=piay [T $1(r)dV + pray [ d2(r)dV (3.16)

where the first integral limit. r represents the radius at the fiber edge. These three
conditions were used to solve the unknown coefficients for the two layer case. The details
of how this is performed are provided in appendix B.

The dynamic solution of the two layer case was calculated by estimating the depth
of coagulation, r,, from the Arrhenius damage integral (equation (3.12)). The damage
parameters, E, and A. were obtained from experimental values in literature that measure
the rate of change of optical properties. pq and g, due to heat for albumen and liver (refer
to tables 3.2. 3.6 respectively in section 3.4). The accumulated damage index close to
the source is higher than that delivered deeper into tissue. The coagulation front. r,, was
calculated according to the depth at which the damage index. §2(r. t), exceeds the mid-
point between the native and coagulated states. That is. r, is the location at which the

concentration of native cells is such that

Qupelroet) = m(%) (3.17)
- C(ro':t)
= ng2E (3.18)

where C(r,,0) represents the initial concentration of native cells and C(r,,t) represents
the concentration of native cells remaining at the boundary front. r,. Continued elevation
of temperature with time causes the damage index to exceed the threshold at increasing
depths of r,. A new solution of the analytical two layer model was generated with the

advancement of the coagulation depth. This resulted in a time varying absorbed light
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power pattern. P(r.t). Changes in P(r.t) affected future temperature calculations which
in turn was reflected in the next calculation of the damage index and ultimately the next

calculation of deposited light energy.

3.3.2 Numerical Methods
Finite Difference Method

The bioheat equation was solved using the finite difference method (FDM). The FDM
approximates differential equations by dividing the spatial and temporal domains into
discretized points in space (nodes) and time (time-steps). The differential equation of
interest is the bioheat equation in spherical coordinates which is a second order partial
differential equation:

aT(r.t) A (azT(r.tJ _;_93T(r.t)
pe at ar? "7 rér

) + P(rt) +whcs (T(r €)= Tare)  (3.19)

The continuous function derivatives of the bioheat equation (3.8) are substituted with
discrete finite differences. The finite differences are derived from the Taylor series expansion
about point. z. The unknown function. (temperature in this case) at point i +1and i —1

are thus given by:

(Az)? (Az) (Ax)t

3
Tiv1 =T: + (ADT] - 5 T + 3 T - TT{'" + . (3.20)
2 3 4
Tioi =T —(ADT! = (A::) T! — (A;:) T - .(Ajl_n!’” - (3.21

where Az is the distance between two adjacent nodes. T7 is the first derivative at point
i, T!' is the second derivative and so on. The central difference method of finite differ-
ences calculates the value of T; relative to its forward difference (with respect to Ti4;)
and its backward difference (with respect to T;..;}. This is derived by truncating the Tay-
lor expansion at the Az® term and adding or subtracting the expressions of (3.20) and
(3.21) together. With some rearranging, this conveniently yields a set of differences which

approximate T, and T}’

Tiv1 —Tio:
e S 3.22
L 2(Azx} ( )
A —_ 7. T
T'” — 'I'!*L -'1-'! v 11!—1 (3.23)

’ (Az)?
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These equations are called the central difference formulas. Substitution of the central
difference formulas into the bioheat equation in spherical coordinates for the independent
variables. r and ¢ gives:

Tij+r—Tij—1 -k (Ti+1.j -2+ Tie1j . Tiv1j — Ti-1j
2(At) (Ar)2 ‘ rAr

) + P;j — wpcy(Tij — Tare)
(3.24)

where i represents the index of the spatial node. j the index of the time-step, Ar the
spatial distance between nodes and At the temporal difference between time-steps. Thus.
T;; and P;; are equivalent to the approximate value of temperature and deposited light
power respectively at spatial position. :Ar. and time-step, JAtL.

The explicit finite difference method was used to solve equation (3.24) {20]. This
method progresses forward in time calculating the next temperature value (7; ;1) using the
temperatures at neighbouring nodes from the previous time-step (T;;, Ti-1; and Ti4g ;).
The process begins by assuming initial conditions of temperature T;g for all values of
i. The temperature profile for the first time-step is then solved by rearranging (3.24) as

follows:
A wycp AL
T = TarolFo)(1+ =) +Tig (1 ~2F, - 2% )
r pc
Ar At
+h-10(Fo)(1 — —) + /_O?(Pi’o + wpCpTare) (3.25)

where F, = ;’% %2) is called the Fourer number [20]. The calculation is then repeated

for all subsequent time-steps. The final calculated values represent the linear solution of
the bicheat equation.

A limitation of the explicit method is that it may not converge to a solution of
the actual continuous differential equation. This can occur if the second term of (3.25)
is a positive number. This would result in a thermodynamically impossible event since
the temperature in the next time-step would be higher than the previous time-step in the

absence of a source term. Thus. this means that the second term.

wpcp At

Tio{l —2F, — ) <0 (3.26)

is a necessary requirement. This requirement is called the Fourer condition and can be
met by choosing appropriate values for the time-step and nodal spacing for the Fourier

number. F,.
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Figure 3.2: Flow chart of nonlinear algorithm used to solve the bioheat equation for dynamic optical
properties. n is the number of iterations performed per node and time-step. The number of iterations were
usually between 2-4 cycles.

Application of Finite Difference Method to Nonlinear Modeling

For the case of dynamic optical properties. the presence of the temperature dependent term.
P(r.t). requires a modified finite difference approach that solves the noniinear bioheat
equation [57]. A flow chart of the steps is provided in figure 3.2 which is modified from
Kim et al [57|. This approach first estimates the temperature by assuming initial (for the
first time step) or previous ifor ail later time-steps) values of the temperature dependent
properties. This initial temperature estimate was used to calculate the changes in absorbed
light pattern as described in section 3.3.2. The temperature was recalculated with the new
conditions and compared with the first temperature estimate. If the difference between the
two temperatures was within a tolerance of 0.1% the updated temperature was the stored
result. and the program continued to the next time-step. If the difference was larger.
the second temperature was assumed to be the best estimate and another temperature
comparison was made with the new optical properties values based upon the new best
estimate in temperature. The pattern was repeated until the temperature comparison
came within tolerance vielding the temperature rise for that time-step. Temperatures

were calculated for all subsequent time-steps in the same manner.
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Boundary Conditions

Two spatial conditions must be imposed to uniquely solve a second order differential equa-
tion. The spatial conditions. called boundary conditions. constrain the solution at positions

in space. The first boundary condition was imposed at the fiber edge (r = rf) such that

oT

5;5,:._, =0 (3.27)
This Neumann boundary condition assumes that there is no conduction into the source.
This is equivalent to stating that there is zero energy flow across the fiber tip. The second
condition assumes that there is no temperature rise at a distance r sufficiently deep in

tissue. This corresponds to a temperature gradient of 0 for large r or mathematically:

oT
or {r—-voo =0 (3.28)

The boundary conditions are implemented numerically with finite differences by setting
Ti+1j = Tic1j. Therefore. at the fiber edge where ¢ = 0. all instances of T;_; ; are
substituted with T, ,. Similarly. deep into tissue, all instances of T;; ; are substituted
with ;1 ;.

Computational Resources and Testing

The code for these simulations was developed in the C programming language on a 200 MHz
Pentium Pro PC with 384 megabytes of RAM. Typical simulations of 15 minute heating
regimes consisted of 500 nodes of 100 um and 33000 time-steps of 33 ms. The total run
time in real time took approximately 10 minutes for linear solutions and 15 minutes for
nonlinear solutions. Testing and numerical validation of the model was performed and can
be found in appendix C.

3.4 Materials and Methods

3.4.1 Experimental Validation
Model Parameters

The theoretical model (section 3.3) was used to predict temperature rise in the albumen
and polyacrylamide phantoms developed in chapter 2. The inputs to the model include
thermal and optical properties. The optical properties of the phantom were measured as

previously described in section 2.4.1 and are listed in table 2.4. However. the thermal
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Water content | Heat capacity | Conductivity Density
Phantom [% by mass] |c {J-g7V-K~Y |k [W-Ktem™1] | p [g-em™3)
Albumen 86.8 =1 3.84 £0.02 5.50 £0.08x10~° | 1.04 £+ 0.01
Polyacrylamide || 85.8 =1 3.82 £0.02 5.45 +0.08x10~3 | 1.04 £0.01

Table 3.1: Thermal Properties of the albumen and polyacrylamide phantoms.

properties of the phantoms were not measured. Thus. the model estimated these values
according to approximations of thermal properties based on the water content. W by
percent mass [104]. The heat capacity. c. heat conductivity, k. and density, p, can be

approximated by:

= 1.19(0.37 - 0.63W) [J.¢~'- K] (3.29)
k = 4.19(0.133 +1.36W) x 10~ [W-K~l.em™!] (3.30)
p = L3-03W [g-em™3) (3.31)

Table 3.1 lists the thermal properties of the albumen and polyacrylamide phantom
according to equations (3.29) through (3.31). The water content of albumen phantom was
determined from its composition listed in tables 2.1 and 2.2. For the polyacrylamide phan-
tom, the water content was determined from tables 2.3 and 2.5 which list the composition
of the final phantom and the polyacrylamide stock. The thermal properties of water vary
as they are being heated [4|. This variation was expected to affect the model predictions.
For example. there is 2.5% decrease in density. and a 7.5% increase in conductivity over a
temperature range of 20°C to 60°C. while the heat capacity generally remains constant {4].
However. heat also dehydrates tissue resulting in a drop in the percentage of water content.
Therefore. the temperature dependence of thermal properties of water are in the opposite
direction as dehydration. According to this observation. error ranges. based on the relative
variation with temperature. were chosen heuristically to be p+1%. k +£1.5% and ¢+0.5%.
These percentages are converted and listed alongside the thermal property values in table
3.1.

The other inputs required for the model include damage parameters and the param-
eters describing domain and geometry characteristics. The Arrhenius damage parameters
due to coagulation of albumen are listed in table 3.2. These damage parameters were
determined experimentally by heating the samples at constant temperature and observing
the time at which the onset of coagulation occurred through visually inspection [132|. The
other physical parameters used in the model are listed in table 3.3. The blood perfusion
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Material E,[J/mol] | A [/s]
Albumen [132] | 3.845 x 10° | 3.76 x 10

Table 3.2: Arrhenius Damage parameters used for calculating changes in optical properties. The process
of coagulation in albumen was based on visual inspection.

Physical parameter Value
Fiber radius [pm]| 750
Spatial domain [cm]| 5
Time domain [mins] 15
Node size dr [um] 100
Time-step size dt [ms} 37
Cool down time [mins] 5
Ambient temperature [°C| | 24

Table 3.3: Physical parameters of the program for the polyacrylamide and albumen phantom models.
The program continues to calculate thermal damage for a period of time after the iaser power was shut
off. This is the cool down time.

term wy was set to 0 when solving the bioheat equation in the phantoms.

Experimental Setup

The phantoms were heated in a plexiglass box with dimensions as shown in figure 3.3. A
shortened 14 gauge needle was used to position the source fiber at the centre of a face
of the box. The fiber was sufficiently stiff to support its weight horizontally as shown in
the figure. With the box empty, a pair of thermocouples. 3.3 mm apart. were pulled taut
across the width of the box. The thermocouples were thin (0.0127 mm diameter) T-type
(COCO-005, Omega, Stamford. Conneticut). The fiber tip was then positioned 2 mm away
from the first thermocouple. This was accomplished by placing the fiber in contact with
the closest thermocouple and then retracting it by 2 mm with a micrometer translation
stage. The box was filled with the phantom material and solidified. molding to the source
and the thermocouples. Once cooled to room temperature. the phantom was heated at
constant laser power using the Diomed-15 laser at 805 nm for up to 20 minutes. The laser
power setting could be adjusted over a range of 500 mW to 3.5 W. However. due to a loss
in power from fiber coupling, the actual power deposited at the fiber tip was determined
experimentally to be approximately 60% of the dialed setting. This was measured by using

a power meter. and comparing the output of a cut fiber to the isotropic source fiber using an
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Figure 3.3: Schematic diagram of apparatus used to measured the temperature rise within phantoms.

integrating sphere. Thermocouple readings were recorded every 2 seconds with a Labmate
computer system. The polyacrylamide phantom was cooled and re-heated at different
laser powers. The albumen phantom was heated only once per phantom preparation. A

photograph of the experimental set up is shown in figure 3.4.

3.4.2 A Theoretical Clinical Example: ILP of the Liver

The model was applied to a clinically relevant situation: laser thermal therapy of the
liver. Currently ILP of the liver is most often proposed for the palliative care of liver
metastasis (112|. Many patients who have metastatic spread to the liver have limited
options of treatment. ILP provides a potential method of treating these tumours safely

with minimal patient trauma.

Model parameters

The thermal. optical and damage properties of liver were obtained from the literature.
The values of are provided in tables 3.4. 3.3. and 3.6 respectively. The other physical

parameters used in the model for liver are listed in table 3.7.
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Figure 3.4: Photograph of temperature measurement apparatus: side view.

Thermal Property Symbol and Units | Value
specific heat c[J-g7teC™ 3.59
density p lg-cm™3] 1.05
thermal conductivity k [W-m~t-°C~1] | 0.00566
volumetric perfusion rate | wp [g ~s~1-cm™3] | 20.0185
specific heat of blood c(J kg7t-eC~1] | 3.84
temperature of blood Tort [°C) 37

Table 3.4: Thermal properties of liver [25]. *is based upon: ps = 1.060g --em™3 [1] and a blood perfusion

rate of 1100mL - min~'Kg~! [122].

Optical Property | Native | Coagulated
tolem™1] 0.3 0.3
psfem™1] 200 530

g 0.95 0.94
palem™1] 10 31.8
peff[cm‘ 1] 3.05 5.37

Table 3.5: Native and coagulated optical properties of liver [88].
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Process E4[J/mol] | A [/s] |
Cell Death [11] 5.064 x 10° | 2.984 x 10%°
Liver Whitening [49] | 2.577 x 10° | 7.39x%7

Table 3.6: Arrhenius Damage parameters used for calculating cell death and changes in optical properties
(liver whitening). T.r.. represents the critical temperature at which the damage index is equal to unity
after 10 minutes of heating.

Physical parameter Value
Fiber radius (um]| 200
Spatial domain [cm]| 5
Time domain [mins] 15
Node size dr [um]| 100
Time-step size dt [ms] 33
Cool down time [mins} 5
Ambient temperature [°C] | 37

Table 3.7: Physical parameters of the program for the liver model. The program continues to caiculate
thermal damage for a period of time after the laser power was shut off . This is the cool down time.

3.5 Results

3.5.1 Albumen and Polyacrylamide Phantoms

The model was validated with experimental measurements of temperature rise at a depth
of 2 and 5.3 mm away from the fiber tip in albumen and polyacrylamide phantoms. The
results of the nonlinear model with changing optical properties were confirmed in the
albumen phantom. whereas the polyacrylamide phantom confirmed the linear model for
static optical properties. ‘

The temperature rise of the 5.3 mm thermocouple in polyacrylamide is shown in
figure 3.5. The error bars of the numerical predictions account for the error on the predicted
thermal properties. the measured fiber coupling efficiency (+0.04W1) and the measured
thermocouple positions r =0.1mm. The same plot is repeated for the 2 mm thermocouple
in figure 3.6. The temperature measurements-in polyacrylamide with coagulated optical
properties of albumen. compared to the native optical properties. was higher due to a
difference in the penetration of light such that more light was absorbed close to the fiber

for the coagulated state than the native state. The temperature rise close to the fiber tip

'Based upon a standard deviation of 3@ repeated measurements of power at 1W
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Figure 3.5: Thermocoupie probe measurements at r = 5.3 mm with theoretical predictions for polyacry-
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Figure 3.6: Thermocoupie probe measurements at r = 2.0 mm with theoretical predictions for polyacry-
lamide phantom with the optical properties of native (lower curve) and coagulated (upper curve) albumen
phantom. (OP: Optical properties)
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Figure 3.7: Thermocouple probe measurements of final temperature after 15 mins of heating at r = 5.3 mm
with theoretical predictions for polyacrylamide phantom with the optical properties of native (lower curve)
and coagulated (upper curve) albumen phantom. (OP: Optical Properties)

at the 2 mm thermocouple was greater than the 5 mm thermocouple. This was due to the
fluence rate of the isotropic probe which exponentially drops in the radial direction.

A comparison of experimental results with numerical predictions showed that the
general shape of the experimental results followed predicted values for both the coagulated
and native states at the two thermocouple positions. Absolute values were within the error
bars for all curves except for the 2 mm thermocouple measurement in polyacrylamide with
coagulated optical properties where the theoretical results overestimated the experimental
values by approximately 10 %. This may be due to a positioning error noting that the
temperature measurement is most sensitive for this case due to the large thermal gradients
(5-10 °Cper mm). Another posstble source of error is the conduction effects along the
thermocouple which would underestimate the temperature. and thus may partially explain
the slightly lower measured values.

Heating of the same polyacrylamide sample was repeated at different powers. The
final temperatures after 15 minutes of heating are plotted as a function of power in figures
3.7 and 3.8 for the two thermocouple positions. The final temperatures were proportional
to power which were consistent with theoretical expectations. This linearity confirmed

that the polyacrylamide phantom was a suitable choice of material to investigate the case
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Figure 3.8: Thermocouple probe measurements of final temperature after 15 mins of heating at r = 2.0 mm
with theoretical predictions for polyacrylamide phantom with the optical properties of native (lower curve)
and coagulated (upper curve) albumen phantom. (OP: Optical Properties)

of static optical properties.

Figure 3.9 plots the experimental temperature rise in the albumen phantom after
19.5 minutes of heating at the two thermocouple locations. The numerical predictions
are plotted also at depths of 0 mm. 2 mm and 5.3 mm away from the fiber radius. The
most salient feature of the albumen phantom measurements was the sudden increase in
temperature at the 2 mm thermocouple which occurred at approximately 10 minutes.
According to the model. the sudden increase corresponded to the onset of coagulation
which was numerically determined to occur at 9.75 minutes of heating. There was also
a similar but very small temperature rise at the 5.3 mm thermocouple which occurred
approximately one minute later which is faintly shown by figure 3.9. The delayed increase
in temperature at the 5 mm position was a result of thermal conduction. At around 14
minutes of heating the rate of temperature decreases slightly for the 2 mm thermocouple.
The slight drop in temperature of the 2 mm thermocouple at 14 minutes. however, deviated
from prediction. This may be explained by the presence of high temperatures that may be
causing vapourization at the fiber edge as indicated by the top curve of figure 3.9.

Figure 3.10 is a photograph of the final thermal lesion of the albumen phantom.
The photograph of the lesion shows a demarcation between coagulated and native albumen.
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Figure 3.9: Thermocouple probe measurements at r = 2 mm and r = 5.3 mm compared with theoretical
predictions at r = 2 mm, r = 5.3 mm and r = rf for the albumen phantom after 19.5 minutes of heating.

Figure 3.10: Photograph of thermal lesion formed in albumen phantom after 3.5 W at 19.5 minutes: top
view. The vertical are the thermocouples positioned at 2 and 5.3 mm away from the source
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Figure 3.11: Thermocouple probe measurements at r = 2 mm, r = 5.3 mm for polyacrylamide and
albumen phantoms.

However, a small transition region of approximately 2-3 mm was seen. The depth of the
midpoint of the transition region is approximately 4 mm away from the fiber tip edge
when one accounts for the diameter of the fiber applicator. This was 12% greater than the
predicted value of 3.45 mm.

Finally figure 3.11 shows the temperature rise for the albumen phantom and for
the polyacrylamide with the same optical properties of albumen in the native state. The
temperatures were very similar in shape and value for both thermocouple positions. There-
fore. this suggests that the optical properties of the albumen phantom were well matched
in the polyacrylamide material. This graph also indicates that albumen. prior to the onset
of coagulation, behaves in a linear fashion with static optical properties.

3.5.2 ILP of the Liver

The model was applied to a clinically relevant situation of laser thermal therapy in the
liver. The simulations were performed by comparing the dynamic effects of changing
optical properties to the static case. The therapy was modeled for the situation where the
laser power was adjusted such that the peak temperature at the fiber tip was just below
vapourization (97°C or 60°C above ambient) at the end of the thermal therapy. Various

stages and outputs of the model are examined.
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Figure 3.12: Transient changes in fluence rate of liver at 2.0 W.

Fluence Rate Profiles

Figure 3.12 plots the light fluence rate or a log scale as a function of radial distance.
The values of the horizontal axis refers to the displacement away from the fiber edge ry.
The penetration of light in the static case of coagulated properties was less than that of
the native properties. This was due to the fact that light is more strongly attenuated in
coagulated liver than in native liver.

Figure 3.12 also shows the temporal variation of the light fluence rates due to
the dynamic effects of coagulation. The dynamic fluence rate curves have slopes that
bend sharply at the junction corresponding to the location of the boundary between the
two layers. The coagulated regions experienced an increase in scattering and attenuation
coefficient. Therefore, the penetration of light was reduced resulting in higher localized
fluence close to the fiber tip. The fluence rate gradient fell sharply in the region between the
fiber edge and the coagulated boundary. The fall off was more rapid than the coagulated
static case as a result of the influence of the native tissue surrounding the coagulated
region. This is explained by the reduced contribution of back-scattered light from the
native tissues into the coagulated region. This was also demonstrated by the concavity
of the fluence rate observed just left of the junction. Beyond the coagulation boundary.

the fluence rate slope was similar to that of native liver properties. However. the absolute
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Figure 3.13: Development of coagulation front during heating at 2.0 W.

value was lower since more light photons were lost through absorption upstream, in the
coagulated region. As the coagulation front moved deeper into tissue the loss increased
due to the growing volume of coagulated tissue which resulted in less light “escaping” into
the native tissue.

Figure 3.13 shows the change in depth of the coagulation boundary during the time
of heating. Coagulation proceeded from the fiber edge but does not begin until 85 seconds
of heating. Initiaily the velocity of the coagulation front was relatively fast (approximately
0.7 mm/minute) and then slowed after 4-5 minutes (approximately 0.25 mm/minute) as
the fluence rate reached steady state. Therefore, the process of dynamic changes in optical
properties process approached a final maximum volume of coagulation.

Temperature Rise

Figure 3.14 shows the peak temperature rise at the location of the fiber edge, ry. Co-
agulated tissue absorbed more light close to the fiber tip, than native tissue resulting in
a higher peak temperature. This was due to the increased probability of scattering in
the coagulated tissue which shortened the photon path length. Therefore less laser power
(1.84W) was required to heat coagulated tissue to the same peak temperature as native

tissue (3.88W). The dynamic case required lower power than constant native optical prop-
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Figure 3.14: Effect of changing optical properties on temperature rise. The powers are adjusted so that
the peak temperature is 60°C abave ambient for all cases.

erties and a higher power than coagulated optical properties (2.11W). This was expected
since the dynamic model contains regions of coagulated optical properties and native op-
tical properties.

For the static case, the rate of temperature rise for the denatured and native optical
properties did not differ greatly compared with the dynamic model. In the dynamic model.
the tissue initially possessed native optical properties. However. its rate of temperature
rise was slower than that of the native static case because of its lower laser power (2.11W
versus 3.88W). The temperature rise decelerated and approached steady state. However.
at approximately 1 minute, the onset of coagulation caused a sudden increase in the rate
of temperature rise. The increase was a product of the elevation of fluence rate close to
the fiber tip due to the onset of coagulation as demonstrated in figure 3.12. This effect
was similarly observed experimentally in the albumen phantom (see figure 3.9).

The temperature profile at the end of the 15 minute therapy is plotted in figure
3.15. The temperature distribution of native liver, extended deeper into tissue than the
coagulated and dynamic models. This correlates with the ability of light to penetrate
into tissue according to the attenuation coefficient of each state. For the case of dynamic
optical properties. the temperature gradient close to the fiber tip was larger than the static
model cases. Whereas further away from the tip (~ 2 mm), the temperature profile of the
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Figure 3.15: Effect of changing optical properties on temperature profile.

dynamic model was more gradual than the static cases. This was a consequence of the
fluence profile (figure 3.12) which showed that the fluence rate was steep in the coagulated
regions and more shallow in the native tissue.

Damage front

Figure 3.16 shows the effect of dynamic modeling on the prediction of thermal damage
leading to cell death where the Arrhenius damage index. Q. is unity. The static model
for native optical properties predicted the greatest depth of cell damage of 7 mm. The
static model for coagulated properties gave a lower prediction of 5.3 mm. Hence, native
optical properties predicts a lesion which is 130 % greater in volume than that predicted for
coagulated optical properties. The propagation of the damage front for the dynamic case
started slightly later in time. After the onset of coagulation, however. the rate increased
until the final depth was virtually equal to that for static coagulated optical properties.

3.6 Discussion

Heating of biological media induces changes in optical properties which then influence
the light distribution within the media. This in turn may affect the temperature rise.
Thermal models of ILP have been previously developed in the literature which attempt
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Figure 3.16: Effect of changing optical properties on damage front.

to account for the effects of changes in optical properties on temperature rise [57,84,125].
Many investigators have assumed that these dynamic effects can be quantified using an
Arrhenius damage model where temperature rise is related to a rate process describing
the heat induced changes in optical properties in tissue {57,84]. However, this assumption
has not been experimentally verified. Therefore, it is important to test this fundamental
assumption which is the crucial mathematical link between the changes in light fluence
and temperature rise.

We have developed a nonlinear model which incorporates the Arrhenius damage
formulation to describe dynamic changes in optical properties during heating. This was
performed by using an analytical solution of the diffusion approximation. The analytical
solution assumed that coagulated tissue can be represented as a two layer system where
the inner layer surrounding the fiber tip possesses coagulated optical properties and the
outer second layer possesses native properties. The use of the two layer solution requires
few mathematical operations to define the spatial distribution of light fluence. This is less
computationally exhaustive than using numerical methods which must discretize and solve
the diffusion equation over the entire domain [37,57|.

However. a limitation of diffusion theory is that the accuracy close to the source and
to tissue boundaries [44.90| is poor. This suggests that the peak temperature prediction at

the fiber edge in our simulations may be inaccurate. However, Roggan et al demonstrated
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that diffusion theory agrees well with Monte Carlo predictions for radial distances greater
than the radius of the interstitial applicator [90]. Hence, the diffusion approximation can
be effectively used to predict light fluence for practical distances away from the light source.
Another problem of the light diffusion approximation is that it may not be suitable for use
in tissue with a relatively low scattering coefficient. This may be the case, for example.
when modeling light fluence in the cerebral spinal fluid of the braio since it has a very low
scattering coefficient [44]. However, for the majority of tissues, the diffusion approximation
has been successfully used in various laser irradiation applications [38,72,81].

The two layer solution of the diffusion equation, when coupled to the bicheat equa-
tion, predicted a significantly different course of temperature rise than the static case.
The dynamic model indicated that the rate of temperature rise would suddenly increase
at the onset of coagulation at the fiber tip. The sudden increase is due to the reduced
penetration depth of light within the newly coagulated region resulting in a rapid increase
in local absorption. This temperature elevation is then conducted away to deeper regions
of tissue.

The theoretical model was experimentally verified in opto-thermal phantoms con-
sisting of albumen and polyacrylamide. To the author’s knowledge, this is the first set
of experimental evidence which has validated the use of the Arrhenius damage model to
describe the effects of changes in optical properties during laser irradiation. Temperature
measurements were obtained at distances of-2 and 5.3 mm away from the fiber tip using
thin thermocouples. Positioning of the thermocouples was chosen to be as close to the
fiber tip as possible where the effects of coagulation could be observed while attempting
to avoid excessive self heating of the thermocouple and perturbation of the light field.
Self-heating is caused by the local absorption of the light fluence by the thermocouple.
Temperature measurements close to the fiber tip were sensitive to positional errors due to
large thermal gradients (5-10 °Cper mm) in this region. Nonetheless. the rapid elevation
in temperature that was observed by the 2 mm thermocouple agreed well with theoretical
predictions. A similar but less pronounced effect at the 5.3 mm thermocouple was observed
due to thermal conduction. The final diameter of thermal lesion in the albumen phantom
was approximately 8 mm. This was 12% greater than the predicted value of 6.3 mm. This
discrepancy may be due to the inability to clearly perceive the visual contrast between
coagulated and native regions. This applies for both the experiment measurements in our
albumen phantom and in the original literature measurements from which the damage
parameters of albumen were derived [132].

The measurements were repeated in the polyacrylamide phantom whose optical
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properties do not change with temperature. The polyacrylamide results also agreed well
with predicted values. The experimental measurements indicate that the temperature rise
in the polyacrylamide phantom was proportional to the laser power and hence accurately
represented the linear static case. These findings were compared with the albumen results.
The comparison indicated that the rate of temperature rise in the polyacrylamide phantom
is the same as the albumen phantom prior to coagulation. After the onset of coagulation.
the sudden increase in temperature rise which was observed in the albumen phantom was
not present in the polyacrylamide phantom measurements. This suggests that the observed
differences between the two phantoms can be attributed to changes in optical properties.

The theoretical significance of dynamic optical properties was investigated in a clin-
ical application of ILP of the liver. These simulations examined the influence of coagulation
on fluence, temperature and damage predictions by comparing the dynamic model to the
static case. The power was adjusted such that the peak temperature was below vapour-
ization at the end of the treatment period. We thought this was an important clinical
consideration in order to avoid vapourization and charring of the fiber tip-

The fluence rate profiles in liver for the dynamic case produced large light fluence
gradients within the coagulated region close to the fiber tip. This demonstrates that light
penetration is reduced in the coagulated regions. The gradient. however, was less sharp
in the native regions deeper into tissue. The dynamic changes in light fluence resulted in
a sudden increase in temperature rise at the onset of coagulation in liver which was also
seen in the albumen phantom experiments. ‘A similar sudden temperature rise has been
theoretically predicted for short irradiation times at high powers [84] for myocardium.
However. this effect was not observed by several other laser irradiation studies which
account for changes in optical properties using the Arrhenius damage relationship {37.
57,90]. The reason for this may be due to their difference in geometry and applicator
devices [37,57].

The predicted final damage volume was only slightly less than that predicted for
constant coagulated optical properties. Therefore, the static model with coagulated optical
properties may be proposed as a method of approximating the effects of the more complex
dynamic case in terms of damage. However. this may be an oversimplification in terms of
predicting accurate temperature profiles and determining the necessary power levels.

It is important to inciude the dynamic effects of changing optical properties in
thermal models for several reasons. First. the dynamic changes in optical properties have
the largest impact on temperature predictions close to the fiber tip. Therefore dynamic

models may be used to ensure that vapourization at the fiber applicator has been avoided
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successfully. Secondly, the changes in light fluence or the sudden increase in the rate
of temperature rise due to the onset of coagulation may provide additional information
during the treatment. For example. they may be used as markers indicating the depth of
the coagulation front as a feedback parameter during the treatment. Finally, the theoretical
model improves our understanding of the significance of changing optical properties during
thermal lesion formation. This information may be essential during treatment planning
when customizing treatments based on tissue type which have varying degrees of changes
in y, and ) due to heat.

3.7 Conclusions

A nonlinear mathematical model was developed which uses the Arrhenius damage formu-
lation to to account for the effects of heat induced changes in optical properties. Exper-
imental validation was performed by measuring temperature rise in albumen and poly-
acrylamide phantoms and comparing them with predicted values. The model agreed well
with experimental measurements of temperature in the albumen phantom demonstrating
that the Arrhenius formulatior can be used in opto-thermal models to accurately predict
the effects of changes in optical properties. The results indicate that changes in optical
properties cause an increase in the fluence gradients within the coagulated region of tissue
surrounding the fiber tip. This is a consequence of reduced light penetration in this region
which then results in increased absorption of light energy. The local absorption induces
the temperature to rise which is manifested as a sudden increase in peak temperature
rise at the onset of coagulation. The rapid elevation in temperature due to the dynamic
changes in optical properties, has the largest impact on peak temperature predictions close
to the fiber tip. However, this temperature rise is also seen in deeper regions of tissue as a
result of thermal conduction. This information may be important in order to avoid using
excessive powers which may induce vapourization and charring. The final damage volume
is very similar to static predictions with coagulated optical properties. However, the laser
power requirements are considerably different between the dynamic and static models. In
general. the results suggest that the features of lesion formation are highly dynamic due
to the coagulation effects. This validates the need for theoretical investigations to account
for the effects of changing optical properties in models of ILP.



Chapter 4

Conclusion and Future work

4.1 Summary and Conclusions

The goal of this thesis is to investigate the theoretical and experimental effects of changing
optical properties on fluence temperature and damage during interstitial laser photocoag-
ulation. Investigations began with the development of two phantom designs to simulate
the response of tissue to heat during thermal therapy with lasers. Albumen was chosen as
a base material to demonstrate the transient effects of coagulation during heating. The
optical properties of the albumen phantom in its native and coagulated states, were mea-
sured using the poison moderator technique. A second phantom, based on polyacrylamide.
was produced to examine the static case where optical properties do not change. This was
performed to provide a basis of comparison with the albumen phantom results. Polyacry-
lamide phantoms were constructed successfully with optical properties that matched those
of the albumen in both its native and denatured states.

A nonlinear mathematical model was developed that quantifies the effects of chang-
ing optical properties on fluence, temperature and damage predictions. Temperature rise
in tissue was estimated using the bioheat equation and solved with a nonlinear algorithm
using the finite difference method (FDM). Light propagation was calculated from the ana-
lytical solution of the light diffusion approximation. Dynamic changes in optical properties
due to the onset of coagulation were handled by solving the two layer analytical solution of
the diffusion approximation. The depth of coagulation was determined from the Arrhenius
damage integral yielding the change in optical properties as a function of depth and time.
Calculations of the damage index corresponding to the process of cell death resulted in

an estimate of the overall extent of the thermal damage. Experimental validation was

67
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performed by measuring temperature rise in the albumen and polyacrylamide phantoms
and comparing them with predicted values.

The work presented in this thesis contributes to two areas of laser thermal therapy.
First, the phantoms were developed and characterized successfully and thus they can be
used readily for future investigations of ILP. The albumen material is highly suitable for
tissue studies that account for changing optical properties. In contrast, polyacrylamide
maintains its optical properties during ILP and therefore it can be used to study heat
transport for static conditions. The experimental work also demonstrates the applicability
of the diffusion approximation for the theoretical calculation of light propagation in these
phantoms as shown by the straight line experimental fit of the fluence to diffusion theory
models.

The second area of contribution is the development of a nonlinear thermal model
to examine the effects of changing optical properties during ILP. Recently, there have
been attempts to model dynamic changes in tissue properties during thermal therapy with
lasers [57,84,125|. Many models complicate the issue by including multiple factors that
affect lesion formation simultaneously. For example, they may include effects of both
dynamic changes in blood perfusion and optical properties [9,37,49,57,62,89]. As such.
the main dynamic assumptions of the nonlinear model cannot be easily validated. In this
thesis, we have been able to simplify, isolate and confirm the effects of dynamic optical
properties using the most basic of assumptions to describe the light source and tissue
geometry. Furthermore, the experimental results were achieved in a controlled reproducible
experimental environment. These experimental results agreed well with theory, which
supports the use of Arrhenius damage formulation to describe dynamic changes of tissue
properties. Although often employed in the past. the Arrhenius formulation to describe
the nonlinear effects of changes in optical properties has only been speculative up until
now.

The nonlinear model developed in this thesis also provided many insights into the
formation of thermal lesion. For example, our theoretical and experimental results indicate
that coagulation causes a sudden increase in the rate of temperature rise due to a decrease
in light penetration within the coagulated region close to the light source. A smailer and
slightly delayed rise in temperature is observed deeper into tissue which is due to the effects
of thermal conduction. Prior to coagulation, however, the rate of temperature rise is the
same as the static case of native optical properties. The significance of these findings were
also investigated in a clinically relevant situation: ILP of the liver.

The liver simulations were conducted with a constant laser power such that the
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peak temperature was just below vapourization at the end of the 15 minute irradiation
time. This reflects the situation where vapourization and charring are avoided. The model
predicted that changes in optical properties cause larger fluence gradients in the coagulated
region of tissue surrounding the fiber tip than in the uncoagulated tissue. Again. this is
a result of the elevation in scattering coefficient of denatured tissue causing the light
penetration to be diminished in that region. As heating progressed. the volume and depth
of coagulation increased such that the rate of propagation of the coagulation front is
initially fast and then approached steady state.

A sudden increase in temperature rise was observed at the onset of coagulation in
a fashion similar to that observed in the albumen phantom. This event has been given
minimal theoretical attention in the literature {125]. However, we feel that this is an impor-
tant observation in order to successfully ensure that vapourization at the fiber applicator
has been avoided. Furthermore. the sudden change in temperature due to coagulation
may provide additional information during the treatment as a feedback parameter. For
example, the onset of coagulation can be used a marker flagging that coagulation has been
initiated. This signal could then be used to lower the light power such that high peak
temperature are avoided.

The results were compared with the case of static optical properties and showed that
the dynamic case produced larger temperature gradients within the coagulated region than
the static case. The dynamic model. however, predicted smaller temperature gradients than
the static case for deeper native region of tissue. This resulted in a final damage volume
that was approximately the same as that predicted by the static case of coagulated optical
properties. This suggests that the simpler static model with coagulated optical properties
may be used instead of the nonlinear model to predict final damage outcome. However.
the laser power requirements are considerably different between the two models. As well,
the thermal histories also significantly differ. In theory, however, if one could calibrate for
the power requirements. and is unconcerned about measuring temperatures. a static model
may possibly be sufficient. The more likely scenario, however, is that a dynamic nonlinear
model would be desirable to provide the greatest amount of information about the dynamic
nature of the coagulation process. In this light. the investigations of this thesis validates the
need for theoretical investigations to account for the effects of changing optical properties
in models of ILP.
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4.2 Future Work and Preliminary Results

This work has focused on mathematical models to predict temperature distributions that
account for the transient effects of changes in optical properties. This is an important
step for developing accurate thermal models to facilitate treatment planning and feedback
systems during interstitial laser photocoagulation. However, much more development of
the current model is required before accurate in vivo thermal predictions can be performed.
In general. developments of the numerical methods should include more realistic aspects
of current and future applications of interstitial laser photocoagulation. The preliminary

work presented in this chapter focuses on these issues.

Dynamic Changes in Blood Perfusion

Clinical and animal studies have shown that blood flow has a dramatic effect on the effi-
ciency of heating with ILP in-vivo [19]. Initially, blood flow has been found to increase due
to vasodilation as an inflammatory response.to heat [57]. If the temperature is increased
above approximately 41°C blood flow decreases until complete stasis occurs [87,92].

Hence. the model was expanded to include the dynamic effects of blood perfusion
using the Arrhenius damage integral. Blood perfusion wy, is calculated using experimen-
tally derived damage parameters, A, and E,, that describe the process of vascular collapse
due to heat {16] such that

E,
wy(r,t) = wpp,, (1 — ™) = wy,,. (1 - e~ Jo Ave TTCA dty (4.1)

This relationship was heuristically formulated such that the blood perfusion. wj is its
maximum value, wy,,,. when €2 is 0 (no thermal damage) and the blood perfusion is equal
to 0 when 2; is at its maximum value of 1 (complete thermal damage). Preliminary results
were performed for the case of liver with the same tissue properties listed in tables 3.4.
3.5, and 3.6'. The temperature calculations are presented in figures 4.1 and 4.2. The
plots suggest that the temperature predictions for dynamic blood perfusion close to the
fiber tip, are in between the two extreme cases: complete hemostasis (w,=0) and constant
maximum perfusion (wy=wp,,,.). Deeper into tissue, however, the temperature profile of
the dynamic case resembles that of constant perfusion where temperatures are low and
hence where perfusion is preserved. Since the temperature in this region is close to the

critical temperature at which vascular collapse occurs. the final lethal damage depth of

1 All subsequent plots in this section have been performed with the same parameters
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Figure 4.1: Temperature profile demonstrating effects of dynamic blood perfusion. Treatment time: 15

minutes calculated with dynamic optical properties. Temperature at the fiber tip was controlled to be just
beneath the vapourization threshold (97°C).
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Figure 4.2: Temperature rise as a function of radial distance away from the fiber tip.
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Figure 4.3: Development of the cell death damage front. The damage plot is extended to 25 minutes,
since damage may continue to accumulate after the laser power is shut off.

the dynamic model is approximately the same as the static perfused case (see figure 4.3).
Also note that perfusion acts as a heat sink. Therefore, the greatest amount of energy
is required to heat constantly perfused tissue. The non-perfused case requires the least
power and as expected the power required in dynamic model is between the two extreme
cases. Therefore. this suggests that dynamic changes in perfusion also affect thermal and

damage predictions.

Interstitial Applicators

The numerical model can be further modified to simulate more realistic interstitial appli-
cators. Currently an isotropic source was modeled in spherical coordinates in the axial
direction. However, most applicators radiate along some length in order to produce a
larger lesion. An example is a cylindrical diffusing tip {90]. Therefore. it is recommended
that the model be expanded to two or three dimensions to simulate more practical fiber
delivery systems.

A recent development of fiber delivery systems is to cool the fiber tip with fluids
using thin interstitial catheter jackets [90.100]. Cooling reduces the peak temperature
at the fiber tip which results in a displacement of the peak temperature at some depth
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Figure 4.4: The effects of cooling on temperature profile. The resultant damage front depths are shown
in the inset graph. Constant native optical properties are used.

in tissue (see figure 4.4). Cooling also requires higher laser powers to achieve the same
peak temperature as the non-cooled case. This delivery system has been shown to produce
deeper heating of the tissue [74, 90,100]. The effects of dynamic optical properties on
cooled fiber applicators has not been studied thus far in the literature. This cannot be
performed with the model developed in this thesis since cooling would require that the
analytical solution of the diffusion equation be expanded to three layers. This is because
cooling would cause coagulation at some depth away from the source. resulting in three
layers of differing optical properties, namely 1) an inner layer of native tissue at the cooled
fiber tip surrounded by 2) a ring of denatured tissue, and 3) a third region of native tissue.
Analytical solutions of light propagation for this situation may exist theoretically, however,
solving the light diffusion approximation numerically may be a more practical route. A
finite difference solution of the light diffusion approximation can be found in [119]. This
preliminary evidence demonstrates that cooling of the fiber tip will produce larger lesions.
However. the effects of cooling require more sophisticated numerical methods to describe

light propagation due to the complexity of the layers of differing optical properties.
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Figure 4.5: Variable power with time and resultant rise in peak temperature at the applicator radius.
Total treatment time: 15 minutes calculated with dynamic optical properties.

Variable Laser Power with Time

Another trend of thermotherapy with lasers is to vary the laser power with time in order to
produce the most efficient means of deposition of energy in tissue. Our preliminary efforts
in this area show that the power could be varied to produce an immediate rise in peak
temperature. The temperature can then be held at a maximum limit below vapourization
thresholds. The power required as a function of time is determined by rearranging the bio-
heat equation and solving for the energy source at each time-step. The resuitant power and
pezk temperature rise is demonstrated in figure 4.5. Varying the power with time causes
the temperature to rise at a much faster rate than when constant power is used. Conse-
quently, coagulation occurs at an earlier point in time which may mitigate the convective
effects of blood perfusion by inducing vascular collapse. Our results suggest that variable
power may improve heating time since the coagulation occurs at a faster rate for variable
than constant power (refer to figure 4.6. However. the ultimate difference in the size of the
thermal lesion for the same peak temperature may be the same as demonstrated by the
final damage front of figure 4.6. Therefore, variable power may be an effective method of

reducing the therapy time. but does not increase the size of thermal lesions.
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Figure 4.6: Damage front demonstrating the effects of variable power. Total treatment time: 15 minutes
calculated with dynamic optical properties.

Measurement of Dynamic Changes in Fluence

Finally, the measurement of light fluence may also be a potential feedback parameter during
on-line monitoring of damage. Light fluence can be detected by interstitially inserting
dosimetry probes in close proximity to the fiber source. This provides measurements of
the transient changes of fluence rate during the treatment time at a fixed position within the
tumour. The potential use of this measurement is briefly investigated using the nonlinear
model presented in this thesis. The results are as follows.
The normalized fluence rate as a function of time in liver is shown in figure 4.7.
Light fluence is calculated at several points in space away from the fiber applicator radius.
Initially, the fluence is constant for all depths. After 1 minute of heating, the onset of
coagulation is observed as a sudden ~ 2.5 fold increase in fluence at the location of the
applicator radius (r = 0 mm) at point A. This rise is attributed to the increase in scattering
and attenuation coefficient that occurs when liver is denatured. The coagulated region
reduces the penetration of light resulting in higher localized fluence values. Consequently,
the other dosimetry probes experience a slight decrease in fluence rate since less photons
are able to penetrate into deeper regions. The fluence rate decreases for each probe until
the coagulation front passes beyond the depth of the individual probe (e.g. point B for the
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Figure 4.7: Normalized fluence at various depths in tissue during photocoagulation of liver at 2.11W

2 mm probe}. Upon passing the location of-the probe, the fluence rate rises in a similar
fashion as described for point A, but at progressively lower rates for increasing depths,

This study suggests that changes in light distribution due to heat can be monitored
by a single probe to provide two temporal pieces of information: the time of onset of co-
agulation at the source location (arrow A) and the time when the coagulation front passes
beyond the location of the probe (e.g. arrow B for the 2 mm probe). The first piece of
information signifies that the peak temperature at the fiber tip has risen beyond the coagu-
lation threshold. This could be used as a warning signal for the avoidance of vapourization
and charring. The second temporal feature, marked by a sudden rise in fluence. indicates
that the coagulation front has reached the depth of the detector probe which provides a
means of determining directly that coagulation and hence lethal injury has occurred at
that depth. This may be an improvement over using thermocouple measurements which
uses an indirect means of detecting coagulation or thermal damage.

There are some obvious problems of using dosimetry probes in this fashion. First.
it is difficult to place the probes at accurate distances away from the probe. This problem.
however. is true for any invasive measurement technique. Furthermore. there is a limited
distance that the probe can be placed from the source and still provide useful information.
Ore reason for the limitation being that. after a certain depth. the coagulation front will
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never pass beyond the probe. Another reason is that the fluence rate may be undetectably
small in deeper regions. Finally, the probes themselves perturb the light field which may
cause shadows behind the probes and thus inadequate and non-uniform heating.

Some of these limitations could be circumvented with the use of smaller probes or
more sensitive detection methods. However. a thorough investigation must be performed
before any conclusions can be drawn. Future studies should be directed ideally toward the
potential of using luence measurements as a ﬁotentia.l feedback parameter for the dynamic
control of the heating source during ILP.



Appendix A

Dosimetry Probe Design

A.1 Construction

To measure the light fluence rate. an isotropic dosimetry probe with a scattering spherical
tip was constructed. The dosimetry probe was constructed from a 600 pm plane cut end
fiber with an SMA 905 connector. The polished, cut end of the fiber was embedded to a
depth of ~ 3 mm into a mixture of titanium dioxide particles (TiPure, C35R4, Dupont.
Wilmington, Delaware) and epoxy, which cures under ultraviolet (UV) light (J91 Epoxy,
Summerslab Co.). The fiber was coupled via lens to a helium cadmium laser which emits
in the ultraviolet range. Using low laser power, the light propagated down the fiber and
was deposited into the epoxy mixture from the cut end of the fiber. In the presence of the
scattering material. the cut end radiates in a quasi-isotropic fashion [130]. Therefore, the
epoxy cures in a spherically symmetric fashion around the fiber tip. After four hours of
irradiation, the cured cut end was removed from the epoxy mixture. The outside of the
tip was then placed under a UV lamp for an additional two hours.

A.2 Characterization

The isotropy of the dosimetry probe was measured by irradiating the tip externally with
collimated laser light beam from an 805 nm laser diode (Diomed-15. Diomed Ltd., Cam-
bridge, UK). The light entering the dosimetry probe was detected at the SMA fiber end.
The fluence was measured as a function of radial angle by rotating the collimated beam
around the probe in the plane parallel to the axis of the fiber.

The normalized polar plot of the detected fluence from a collimated beam as a
function of angle in the plane parallel to the axis of the fiber is shown in figure A.1.
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Figure A.1l: Normalized detected fluence of dosimetry probe. Irradiation by an external collimated beam.
The probe faces forward at 180°.

The detected fluence rate drops at acute angles of less than 90° and greater than
270°. This probe is thus less sensitive to fluence from the backward scattering direction.
The effect may be a result of the presence of excess epoxy that remained due to surface
tension on the sides of the cut end fiber after it was removed from the epoxy mixture. The
anisotropy would result in greater semsitivity to collimated and forward scattered light
than diffusely scattered oblique light. Hence. the absolute light fluence rate would be
underestimated. The underestimate would be worse for regions deeper into tissue where

light scattering is more isotropic and less forward scattered.



Appendix B

Diffusion Approximation Equation:

Two Layer Solution

B.1 Homogeneous and Particular Solutions

The total light fluence in tissue can be described as the sum of the collimated and the
diffuse photon flux. The diffuse photon flux (or fluence rate) is obtained by solving the
particular, ¢,, and homogeneous, ¢4, solution of the light diffusion approximation. This

gives a total fluence rate of

Ptotal = Pdif fuse + Peollimated

=  &p + &p + Deottimated

P,
Or + ép + mexp(—pi,.r) (Bl)

The collimated fluence. @cotimated is due to the contribution of straight path photons that
are extinguished by encountering a single absorption or scattering event, where P, is the
total power of the source in watts. The following sections solve the homogeneous and
particular solution of the light diffusion approximation for a two layer system in spherical
coordinates. The general format of the diffusion equation in spherical coordinates is:

D - V26(r) + o - ) = iy py R f D) (B2)

which when expanded gives:

_p. o)

exp(—ph.r
'—arT_ + pha - TO(r) = uﬁ%—futr—) (B.3)

e
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where
¢ = fluence rate (W -cm™2)
b0 = f—; where P, is the total laser power ( W - cm™2)
e = absorption coefficient ( cm™!)
py, = effective scattering coefficient ( cm™!)
= (1 —-g)us
ph. = transport attenuation coefficient ( cm™!)
= py+ ta .
D = diffusion constant ( cm~!)

= [B(ks +ua)]™t

The right hand side represents the source term, which represents the distribution of the
first-scattered photons from the light source [110]. Expanding B.3 in spherical coordinates
and setting

Y =ro(r) (B.4)
gives the simplified differential equation:

—DY"(r} + uaY(r) = f(r)
Yoezp(:/-‘trr) (B.5)

where Y, = ygi—’;. This equation has a homdgeneous and particular solution. The homo-

geneous solution is solved when the right hand side of equation (B.5) is set to zero. This
gives:

Ya(r) = Ay(r)+ Byz(r) (B.6)

= Aexp(—piessr) + Beap(+pessr) (B.7)

where p.sr = \/% and A and B are the unknown coefficients of the solution'. The

particular solution can be solved using a one sided Green's function [27]:

_ ™ y1(r)y2(r) — yi(r)ya(r)
Bl = / W) e

Y. 0 exp{(—Lesf — Her)T)
= 37 (ezp(#efff)/ PUzpters = )T o)

2erf r
Y, ( /”’ ezp((efr — Her)T) )
exp(— T dr (B.8)
2ueff p( #Eff ) - r

'note that for a homogeneous single laver medium. B = 0 since the fluence tends to zero as r approaches
oo. This gives equation (3.6) of chapter 3
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where W (yi, y2) is the Wronskian of y; and y, which is equal to:

W(y1,y2) = y1¥5 — Yiv2 = 2ptefs (B.9)

Note that the particular solution is a linear combination of the homogeneous solution. As
a result we can choose an arbitrary upper limit of integration. r, such that the definite
integral portion will be absorbed by constants A and B when solving for equation (B.7).
Setting r, to 0o produces the exponential integral function, E; of the first order, E; which
is defined as

Ey(z) = / = Eipg;t)dt (B.10)
which then simplifies B.8 to
¥o(r) = 3,2 (eap(tessr)-Ey(ar) = exp(—uegsm) By (Ar) (B.11)
where
a =y + pegr and B = pg — preff (B.12)

By substituting back equation (B.4), the particular solution of the fluence rate is

Po
2u¢ffr

ép(r) =y (ezp(uessr)-Er(ar) — ezp(—pessr) E1(6r)) (B-13)

The bomogeneous and the particular solution must be used to solve for the diffusion equa-
tion with boundary conditions for the two layer system (see figure 3.1). The next section
describes the boundary conditions. and the method of solving for the unknown coefficients
of equation (B.7). This method has been adapted for spherical coordinates from the slab
geometry case presented by Vitkin et al [110].

B.2 Boundary Conditions for Two Media

The diffuse fluence rate in the first medium (the layer closest to the source) can be expressed

as:
$1 = on+ ¢p
= A ezp(_r“"ffz") + B e"'p(i'_'ff ) (B.14)
/-‘fg¢’o -
——(exp(per) Er(ar) — ezp(—per) E1(5T)) (B.15)

Qer
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That in medium 2 is:
[e=P(cen™) | p ezplegrT) (B.16)

b2 =0 =4 r r
Bs = 0 since the fluence in medium 2 approaches zero as r approaches co. The particular
solution is not present in medium 2 since the contribution of the source function (right
hand side of equation (B.3)) is assumed to be negligible in medium 2. Therefore the un-

knowns are: Ai, By and Aj.

The boundary conditions are such that there is I} continuous fluence rate and II) continuous
photon current between the two layers at r = r,. The final condition assumes III) an overall

energy balance. Mathematically, these conditions are represented as:
I) ¢1(ro) = d2(ro)
1) ¢} (ro) = 224 (ro)
II) Pytas =P+ P =P,

Using the properties of a one sided Green’s Function. equations I) and II) are simplified

using the fact that for a solution with homogeneous and particular parts, y(r) = ya(r) +

yp(r), with boundary condition at r = r, equal to [27]:
y(ro) = ko (B.17)
Y(re) = ki

is equivalent to solving

Yp(ro) =0 y;;("'o) =0
Ya(To) = ko yn(ro) = k1

Hence, the particular solutions can be set to 0 in medium 1. Furthermore. k, and &,
are defined by the imposed fluence conditions in medium 2. Therefore, the boundary
conditions [ and II become:

D) ¢1(ro) = d2(ro) =

exp(—peffy To) exp(tefs, Fo) ez:p(‘—pc” ro)
: = . Tell2 °7
Al o - 31 o 1 = A2 To °

II) ¢}(ro) = d5(ro) =
Arezp(—pepp o) (B — 1)+ Brexp(ptespy o) (B — ) = B2-A-exp(—tespTo) (2 +

Ho ra

1)
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The third equation is the total energy balance of both diffuse and collimated photons such
that:

P, = /;zaq')dV (B.18)
= /#ald)ldv-*-/#agd)zdv

= [ tor(8n + b + ctimateas )4V + (B.19)

/ Laz (P + bp2 + Pcollimateds )AV (B.20)

for dV = 4nr2dr and where

exp(pir, )
Peollimated, = ¢°—‘+ r<r, (B.21)
; . ezp(—itp, o) exP(—fr,T)
Peollimated; = Po——a7 " T r>r,

Note that in medium 2, ¢,, is assumed to be zero and secondly that ¢caitimates has been
attentuated by ¢,- M = ¢, as it passes through medium 1. Substituting and
rearranging the homogeneous and particular solutions (equations (B.14) through (B.16)),

and the collimated solutions (equations (B.21) and (B.22)) produces

par A1 [§° eZp(—pesp,T)rdr + pay By [3° exp(pess, T)Tdr + pa A2 [ ezp(—pegpyT)Tdr
= Ir " Ha fro bor ezp(_ﬂ'{:ﬂ r)dr — pa, f(;o ®o26TP(—piir, To)dT

—ftay fo° G “2'*” r(exp(pess,7) E1(017) — exp(— sy, ) E1(Br))dr (B.22)

Using the three boundary conditions. this produces a set of equations which can be solved

with matrix operations such that:

— -

Y =AX (B.23)
Ay 0
where X = | B; | and Y = 0
Az ¥(r)

v(r) is obtained from the energy balance and is equal to:

b,
ot Fa1 %, L0 exp(— e, To) — 1] + “aiﬁ-[&'ﬂ—#;r, To) — 1] (B.24)
T ,u,!,.1 Btry

_f-"al/ l“,':ef r(exp(#efflr)El(alr) -e:z:p( LeffiT )El(ﬁr))dr (B25)
[}

v(r) =

9
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The matrix A is equal to:

The constant coefficients, A;, B1 and A,, were thus solved using Kramer’s Rule. The
determined coefficients were then substituted back into the original equation for fluence
(equations (B.14) through (B.16)) to give the net fluence which is comprised of both col-
limated and diffuse contributions. For example. in medium 1 the fiuence is equal to:

I) diffuse: A, ﬂ(——,—k’iﬂ + By e””(ﬂ:ﬂl LA 2“‘;} ;‘:"r {ezp(pess, ) E1(ar) —exp(—pefs, ) 1 (Br)]

IT) collimated: o, —i—tirs?)
where ¢01 = _zl(__‘;t_'L_

And similarly in medium 2:
I) diffuse: A, Z2{tizT)

II) collimated: ¢o, ezp(= “""”

where ¢o, = %._—,—L_e”(—:‘ ery To)

An analysis of the contribution of the diffuse particular term (equation (B.24)) was
performed using numerical methods. The analysis showed that the contribution was negli-
gible compared with the homogeneous contribution for typical values of ugand p{(equation
(B.25)). Therefore. it was ignored in the calculation of fluence for the two layer solution.

The final matrix operation was thus significantly simplified to:

Y = AX (B.26)

where X = | B; and ¥ = 0

B exp(—ietry Ta) eZp(tess) To) —eZp{—ttesfyTo}
To To L)
T He, Heff 1
ezp(—tetfyTo) (“oo — 7 exp(pess, ro) (- — 73) Drezp(—puerparo) (B
eZP(—pterry 7o) 1 ezp{lers) To) 1 1 exp(—thrsgmo) ¢ 1
o[ (re — =57) _—‘,3,—] Ha [ (o )+ gl wenl— o (o

v;la_)

- ro)




B.2. BOUNDARY CONDITIONS FOR TWO MEDIA
and where I'(r) is now equal to:

P, g d Hay P
[(r) = =+ exp(—pir,ro) — 1] + =2 (ezp(—eryTo) — 1]

47 try Etra

86

(B.27)



Appendix C

Testing of Model

Comparison with Analytical Solution

The numerical model was compared against the steady state analytical solution of the
bicheat equation for an isotropic light source in an infinite homogeneous medium ([129].

The steady state solution has the form:

T(r) = 4—52—7_ [1 — exp (foi)] (C.1)

where P, is the total power , k is the thermal conductivity and

1

bt et T )
Note that this analytical solution does not include the convective blood flow term. The
apalytical solution was compared with the numerical results by running the simulation
with long time domains (10 ksec, 50 ksec and 100 ksec). Figure C.1 is a plot of the numer-
ical calculation of temperature profile againét the analytical result as a function of radial
distance. The plot shows that for longer times, the numerical solution converges to the
analytical solution.

1 +0.4pq/per] [129] (C2)

Energy Balance

The validity of the model is dependent upon correctly calculating temperature at each
timestep. However. time dependent analytical solutions to the bicheat equation do not
exist. Consequently an energy balance was performed to confirm the calculation of heat
transfer in tissue for all ¢£. Note that an energy balance is required for. but does not

guarantee. the correctness of T'(r, t).
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Figure C.1: Validation of numerical results with analytical solution. The analytical solution is the steady

state solution of temperature profile for the an isotropic point source in a homogeneous, diffusing medium
[129]

The energy transfer in tissue was calculated according to the resultant temperature
rise:
r L )
Eyonsfared(T) = / 471'7‘2/ lpcT(r, t) + wecp(T(r, t) — Ture)]|dt dr (C.3)
0 ry

where L approaches oc. This was compared with the light energy deposited into the system
for dynamic optical properties

T L
Eepositea(T) = / 4mr? [ P(r,t)dt dr (C.4)
0 re

The two curves are plotted in figure C.2. After 15 minutes of heating, The difference
between the deposited and transferred energies is 0.3% relative to the deposited energy.

Convergence with Spatial Step size

In general. the smaller the difference in distance between the nodes in the solution domain.
the more accurate the results. The largest variation in temperature due to changes in step
size occurred at 7y, the location of maximum temperature rise. Figure C.3 is a plot of
the peak temperature rise after 15 minutes of heating at ry as a function of spatial step

size, Ar. The simulation was computed for the case of static coagulative. static native and
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dynamic optical properties. To reduce computation time. the corresponding value of At
was maximized to the limit imposed by the Fourier condition of equation 3.26. The results
show that the solution converged for smaller values of Ar. However, smaller step sizes

require more computation time. Therefore. a practical value of Ar = 100um was chosen.
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