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Chapter 1

Introduction

Talking about diseases, it is very rare not to hear the word “cancer” in daily
conversation. The reason is that there are more than 10 million cases every
year and it has become one of the most devastating diseases in the world,
especially in developed countries [1]. A sign of this is that almost everyone
can refer to a relative that has been affected. In Norway, one in three gets
cancer during his/her lifetime.

The cancer causes and types vary in different geographical regions, but
there is always one common characteristic for all these illnesses: alterations
in the DNA of cells which has as a consequence an uncontrolled division and
growth of them. Almost all these alterations imply changes in the nucleic
acid that has a very dangerous impact on the human body [2]. This undesired
behavior is characterized by uncontrolled division of cells and the ability of
these cells to invade other tissues. This invasion can happen either by direct
growth into adjacent tissue through invasion or in a distant place through
metastasis.

Metastasis is the stage in which cancer cells are transported through the
bloodstream or lymphatic system and thus spread to other parts of the body
than the primary focus. Cancer may affect people at all ages, but the risk
increases with age, because the DNA damage is more apparent in aging DNA
(3]

With development in new technology, we have reached the question: why
haven’t we found a cure for cancer yet?

The main problem is that there are many kinds of cancers, so it is very dif-
ficult to find a general cure, since the treatments vary with type of cancer and
location. The most known therapies for treating cancer diseases nowadays
are radiotherapy and chemotherapy. However these treatments have many
negative side effects, so it is very important to find alternatives which allow
the patient to fight the illness without any other consequences or symptoms



than the ones from the cancer itself. For example, radiation therapy side
effects are hair loss, fatigue / malaise, low blood count, skin desquamation
or mucosity development. For chemotherapy the most common side effects
are nausea and vomiting, hair loss, and bone-marrow depression [4].

A possible complementary treatment that is under development is de-
noted hyperthermia. The basic idea behind this treatment is to create an
artificial “fever” of 41 — 45°C in the body of the patient without damaging
the benign tissue. Hyperthermia is the cancer treatment this master thesis is
focused on. It is also denoted thermal therapy [6] or thermotherapy [5], and
is a type of cancer treatment in which it is tried to reach cytotoxic tempera-
tures (> 42°C) during approximately 60 minutes [7]. Different studies have
shown that moderate temperatures can damage and kill cancer cells, usually
with minimal injury to normal tissues. By killing cancer cells and damaging
proteins and structures within cells, hyperthermia may contract tumours.

Nevertheless, hyperthermia is still under study in clinical trials and is not
widely available yet at clinical institutions [8]. It is almost always used as
a complement to other types of cancer therapy, such as radiation therapy
and chemotherapy. Hyperthermia makes some cancer cells more sensitive to
radiation or even damage other cancer cells that are insensitive to radiation.

When these two techniques are combined, they are often given within an
hour of each other when radiotherapy is used or when the choice is chemother-
apy. Hyperthermia can also enhance the effects of certain anticancer drugs.
The combination of hyperthermia with these therapies has been conducted
for many kinds of cancers, including sarcoma, melanoma, and cancers of
the head and neck, brain, lung, esophagus, breast, bladder, rectum, liver,
appendix, cervix, and peritoneal lining (mesothelioma) [9].

The reason why hyperthermia is not considered as a stand-alone treat-
ment against cancer by the medical community is because not all of the
studies made, although many, showed a significant reduction in tumour size
or an increased survival in patients receiving the combined treatment [5].
However, there are others reporting high success in this coupling like the
study made by Van der Zee et al. 1999, where a complete response increase
of hyperthermia was observed for breast cancer from 31% to 65% or by Ver-
non et al. 1996 and Jones et al. 2005, who observed similar improvements
in multi-institutional random [7].

Several methods of hyperthermia are currently under study, including lo-
cal, regional, and whole-body hyperthermia [9]. In local hyperthermia, heat
is applied to a small area, delivering energy to heat the tumour. There are
many ways to apply this energy such as microwave, radiofrequency, and ul-
trasound. Depending on the tumour location, there are several kinds of local
hyperthermia methods: external, regional and whole-body hyperthermia [10].
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External hyperthermia is used to treat tumours that are in or just below
the skin (superficial), where non-invasive applicators are located around or
near the appropriate region, and energy is focused in the tumour to increase
its temperature, as shown in Figure 1.1. Also talking about external hyper-
thermia, there are two techniques that should be distinguished depending
on the location of the tumour. The first is the intraluminal or endocavitary
method used for treatment in or near body cavities, like the esophagus or
rectum, in which probes are placed inside the cavity and inserted into the
tumour to heat the volume directly [10].

[Terminal ]

Antenna (applicator)
- Bolus {

Thermistor in a
closed-end catheter

Figure 1.1: Scheme of a system for local hyperthermia. Applicator position
and power output can be varied until a clinically satisfactory adjustment is
achieved [10]

If the tumour is located deep within the body, like brain tumours, the
technique used is denoted interstitial (invasive). It allows heating of the
tumour more effectively than non-invasive techniques do. In this method,
probes or needles are inserted into the tumour, always under anaesthesia.



Since the locations could be in very delicate places, as the brain is, it is very
important to be very accurate during operation. This is why imaging tech-
niques as ultrasounds are used to aim the probe in a proper position within
the tumour [10]. One of these techniques is radiofrequency ablation (RFA)
where radio waves are used to heat and kill the cancer cells, by inducing
temperatures up to 50 — 120°C [11].

Another kind of local hyperthermia is regional hyperthermia, where we
can again make some distinctions depending on the position of the tumour
and the technique used. These methods include the “deep-tissue” approach,
the regional perfusion and the continuous hyperthermic peritoneal perfusion
(CHPP) techniques. In general they are all applied to heat large volumes of
tissue, such as a body cavity, organ, or limb [12].

Figure 1.2: Regional hyperthermia applicator [10]

The CHPP is a technique used to treat cancers within the peritoneal
cavity (the space within the abdomen that contains the intestines, stomach,
and liver), including primary peritoneal mesothelioma and stomach cancer.
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During surgery, heated anticancer drugs flow from a heating device through
the peritoneal cavity. The peritoneal cavity temperature reaches 41 — 42°C
[12].

Deep tissue approaches may be used to treat cancers within the body, such
as cervical or bladder cancer. External applicators are positioned around the
body cavity or organ to be treated, and microwave or radiofrequency energy
is focused on the area to raise the cell temperature [10].

Regional perfusion techniques can be used to treat cancers in the arms
and legs, such as melanoma, or cancer in some organs, such as the liver or
lung. Here some of the patients blood is extracted, heated, and then pumped
(perfused) back into the limb or organ. All this is normally done together
with an anticancer drug treatment [13].

The last of the hyperthermia treatments is whole-body hyperthermia,
which is used to treat metastases, since there is no concrete location of the
cancer and the treatment used has to be in the whole body. This can be
accomplished by several techniques that raise the body temperature to about
41.8°C using thermal chambers or hot water blankets [3].

The type of treatment we are focusing on in this study is less aggressive
than any of the ones mentioned above. The basis of this treatment is to
heat the area where the tumour is located, producing greatest effects to
areas with poor blood circulation, because the blood is capable to reduce
this accumulate heat in the benign tissue. Several studies have estimated
the effects of heat removal by the blood flow and of heat loss from the tissue
surface by thermal convection. Thus the goal of local hyperthermia is to
reach the highest non-traumatic temperature possible as a threshold, over
which benign tissue begins to be damaged, in order to debilitate the tumour
and ensure the effectiveness of the other treatments.

High temperature in the body is often reached using microwave radia-
tion by trying to emulate the precise environmental conditions in order to
reach the most efficient results against the cancer and without damaging the
normal tissue. To achieve our goal, the key quantity needed to be known is
the induced electromagnetic field (power deposition pattern) inside the irra-
diated biomass. This pattern will be greatly determined by the permittivity
and conductivity of the volume under treatment. With a priori information
it would be easier to solve one of the more difficult problems in clinical hyper-
thermia, which is the determination of the complete temperature distribution
throughout both tumour and normal tissues [7].

In this case our attention is focused on non-invasive hyperthermia sys-
tems, which are less traumatic to patients and minimizes the risk of mixing
abnormal cells with healthy tissues. For that application, the three main ap-
plicators used are the reflector-backed dipole, the direct contact applicators



Figure 1.3: whole-body hyperthermia applicator [10]

and the printed circuit antennas. The first one, operating at a frequency of
2450 MHz, is used within a shielded enclosure to increase its effectiveness in
heating, but do not produce localized heating [14].

Direct contact applicators, which are generally sections of waveguides
or microwave cavities, are placed in contact with the target to be heated
and a coupling bolus is usually employed between the applicator and the
target, which provides a path for circulation of a cooling fluid. Their primary
disadvantage is their large size and weight [14].

Another applicator is the printed circuit board antennas which include mi-
crostrip patches, apertures or slots. They have proved to be useful in realiza-
tion of hyperthermia and offer the advantage of being potentially cheap and
flexible enough to adapt themselves to various configurations and with elec-
tromagnetic characteristics comparable to other microwave radiators. How-
ever, most microstrip circuit designs are restricted to medium power levels
only (< 60 — 70W). Also, the near-zone electric fields of these antennas



are predominantly normal to the applicator face, and may cause undesired
preferential heating at interfaces between layers of the human body [14].

The prototype antenna this master thesis deals with is designed for breast
cancer treatment, and thus printed antennas are used in order to make the
design lightweight and adaptable to contoured surfaces [14]. The system uses
multiple antennas in order to obtain an homogeneous temperature distribu-
tion in the treated tissue. The goal of this project is to analyze the effect
that the heat deposition of this array has in the coupling bolus between the
antennas and the patient. The bolus is cooled by the flow of deionized (DI)
water at about 42°C and at a certain water mass flow rate. The bolus thick-
ness and water temperature is fixed for having an optimum performance [7],
but a study of how the flow influences in the heat distribution has not been
studied.

In previous studies (Jacobsen S et al. 2007), a smaller model (4cm x
6cm) of the bolus behavior was used due to heavy computational limitations.
Thanks to availability of new computer resources, a more realistic simulation
can be made of the temperature distribution in the volume of the bolus
and thus to obtain more reliable information on the influence that the bolus
has on the temperature distribution within the tissue. This is very important
since a continuous monitoring of the temperature in the tissue is made by the
transceiving antennas in order to obtain a feedback and modify appropriately
the power. It is crucial to differentiate between the heat caused by the
antennas themselves and the heat induced by the water flow of the bolus.
Numerical computations can also provide additional information for dose
planning, of course with some limitations, since the simulations are made
with generic tissue data and not with the specific information of the treated
patient [7].

The clinical goal to be reached for any kind of tissue and antenna distri-
bution, concerning the bolus, is to reach homogenous temperature by varying
the water flow between feasible limits until the most appropriate solution is
found.

To make these simulations I have used COMSOL Multiphysics which is
the appropriate tool to apply the Incompressible Navier-Stokes equations,
needed to describe the flow of water without obstacles, Brinkman equations,
to analyse the flow in inhomogeneous porous media, and the heat equation
which will calculate the temperature distribution in the system with the help
of the velocity vector obtained from the fluid dynamic equations mentioned
before [15]. Hence with these equations, applied to a realistic model of our
system, we could set the basis to find the appropriate working conditions for
a further development of this technique.






Chapter 2

Methodology

2.1 Theoretical approach of the water flow

The goal of this project is to make a study of the thermal properties within
the bolus and the tissue, by looking at changes in the behavior of the whole
volume due to the cooling effect of the water flowing through the bolus. This
is one of the largest constraints of this problem, since the dynamic character
of the problem requires a lot of computational power. Therefore, the flow
part has to be solved initially and then subsequently the thermal problem.
The water flow is described by Navier-Stokes equations for water flowing
in free space and Darcy’s law and Brinkman equations for water flowing in
porous media.

A general behavior of the fluid is described by Raynold’s number to esti-
mate whether the flow is turbulent or not.

2.1.1 Navier-Stokes equations

The Navier-Stokes equations are the fundamental partial differential equa-

tions describing the flow of fluids with constant density for pressure changes

at a constant temperature. Those fluids are called incompressible fluids.
The Navier-Stokes equations are:

dit B}
pd—? — (Vi + (V&)T) + pit - Vi + Vp = F (2.1.1)

Vi =0 (2.1.2)

where p is the fluid density, « is the velocity vector in the x, y and z
directions, 7 is the dynamic viscosity, p is pressure and F' is a vector of
directional forces.



This model sets changes in the particles velocity and momentum as a
result of changes in pressure and dissipative viscous forces, like friction, acting
inside the fluid. As we see in the equations above, all variations in velocity,
and pressure set the balance of the forces acting in the fluid.

The boundary conditions of the velocity and pressure are the following:

@i = ug (2.1.3)

P = Do (2.1.4)

If we have a no— slip condition on a surface then the normal components
of the velocity to the surface are neglected and equation (2.1.3) becomes:

@it =0 (2.1.5)

However this slip or symmetry condition permits changes in pressure and
velocity in the boundaries and, since we will have surface restraining the
fluid, the velocity in the boundary will be zero and equation (2.1.5) can be
written as [17] [18]:

£
I
o

(2.1.6)

2.1.2 Darcy’s law

Darcy’s law was originally determined experimentally, but can also be derived
from Navier-Stokes equations via homogenization. It characterizes the flow of
a fluid through homogeneous porous media by describing the relation between
fluid flow, viscosity of the fluid and the pressure drop over a certain distance:

k- A-(B,—P)
pe L

where Q is the total flow rate in m?/s, k is the permeability of the medium,
A the cross-section area, p is viscosity, L length and (P, — P,) is the pressure
drop, as shown in Figure 2.1

The permeability values depend on the material and fluid we use and
it varies inversely with the fluid viscosity n. This leads to the coefficient
kK = %, called intrinsic permeability, independent of the fluid used and with

Q= (2.1.7)

dimensions m?2.
If we divide equation (2.1.7) by A, and generalize the notation we end up
with the following equation
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Figure 2.1: General flow diagram applied in Darcy’s law.

qz—ﬁvp (2.1.8)
W

where q is the flux in m/s and P is the pressure gradient vector.
To get the fluid speed in the pores, we need to relate the flux on the
porosity of the medium as follows [21, 22]:

q
v__

(2.1.9)

2.1.3 Brinkman equations

Brinkman equations will be used to describe the movement of fast fluids in
porous media within the model. For modeling fluid flow, it is very difficult
to do that in a microscopic way, because all the pores in the material are
not of the same size. The behavior of the flow can be divided in two types
depending on the region of the bolus we are modeling: situation with big
pores and with small ones.

When the water is flowing through big holes the velocity is larger and
Navier-Stokes equations for incompressible fluids may be applied. Homo-
geneous regions with smaller pores are considered as a permeable medium
where Darcy’s law is applied.

For this problem there are two conditions that must be satisfied including
the continuity of the velocity and the shear stress. Since Darcy’s law is
not sufficient to fulfill this requirement, a generalization of it is needed and
Brinkman equations make possible these boundary conditions at an interface
with larger and smaller pores.

Brinkman equations are as follows:

du

peze =V (Vi + (Vi)' - (gm Vp—F)=0 (2.1.10)

Vi =0 (2.1.11)
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where p is density, n viscosity, k permeability, @ is the velocity vector, p
is pressure and F is force.

The boundary conditions (equation (2.1.11)) are identical to the ones
described for the Navier-Stokes (equation (2.1.2)) [15].

2.1.4 Turbulence in the flow

Raynold’s number

It has been observed experimentally that the flow in a tube can behave in
two different ways: laminar or turbulent.

For a laminar flow the particles are highly ordered and the shape of the
flow rate is maintained for different cross-sections along the tube. Therefore,
a description of this behavior can be regarded as different concentric rings,
each one with a different velocity, but increasing from zero in the most exter-
nal ring touching the tube wall to a maximum in the pipe center (see Figure
2.2).

Figure 2.2: Velocity profile inside a circular pipe with laminar flow.

A turbulent flow is characterized by a high disorder, where each parti-
cle moves randomly in all directions and therefore the flow rate changes in
different cross-sections along the tube, as shown in Figure 2.3.

The factor that determines which type of flow is present in the tube
is expressed by the dimensionless Reynolds Number, which is given by the
following equation:

Re = 2P (2.1.12)

12



Figure 2.3: Velocity profile inside a circular pipe with turbulent flow.

where [ is a characteristic length of the situation, e.g. pipe diameter, v is
the velocity, p is the density and 7 is the dynamic viscosity.

Inside the tube there are two different forces acting on the fluid, the
inertial forces, proportional to wlp and viscous forces, proportional to 7.
Therefore, low values of the Reynolds number characterized a laminar flow.
An approximate guide to distinguish between laminar and turbulent flow
would be as follows [20, 23]:

e Re <2-10° — laminar flow
e 2.10% < Re < 10* — transition region

e Re > 10* — turbulent flow

In the next chapter this number is calculated to make a study of the flow
inside the tubes.

Flow and resistance of fluid in a tube

For the movement of the fluid in the tube, a difference in pressure between two
points is needed. This pressure difference can be caused by the gravitational
forces or by a water pump as the one used in this project.

For non-turbulent flow conditions (Re < 2000) the equations describ-
ing the behavior in the tube are the so called Poiseuille’s Law that can be
described as follows:

P
Flow = —<21¢ (2.1.13)

Resistance
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Viscosity - Length

Resust = 2.1.14

cpstance Diameter? ( )
Pressure

Flow = Viscosity-Length (2115)
Diameter?

Flow — Prejssurt? - Diameter* (2.1.16)
Viscosity - Length

With an algebraic arrangement, equation (2.1.16) can be written as Poiseuille’s
law as follows:

Flow = —— 2.1.1
low TV .3 ( 7)

As mentioned before, over the laminar flow threshold these equations can
no longer be applied [25].

When these equations are applied to the tube of our model the non-
intuitive behavior of the water flowing through it can be explained. In these
equations it is shown that the flow is inversely proportional to the resistance
that the tube presents to the water. The larger the tube, the larger the
resistance, and therefore if a hole is made in the tube most of the water flow
out of this hole, since is the path with less resistance. This behavior will be
shown in the next chapter.

2.2 Theoretical approach of the temperature
distribution

To estimate the 3D temperature distribution within the system, it is neces-
sary to calculate the heat exchange between the model and the environment.
This behavior depends on the temperature difference of the two media.

The boundary temperatures are fixed for standard values, like 22°C for
air. However, the temperature inside has to be determined. Since this pa-
rameter depends on the velocity of the fluid, in the case of the bolus, and
on the blood perfusion in the tissue, the flow problem has to be solved prior
to the thermal problem. The equations applied in the bolus are described in
sections 2.1.1, 2.1.2 and 2.1.3. On the other hand, the influence of the blood
flow as a heat sink is described in section 2.2.3.

The two heat flow mechanisms to be studied after having obtained the
flow rate are conduction and convection. A third mechanism is radiation,
but the electromagnetic power deposition is not an issue of this study and

14



the necessary data for this project are imported from other studies [7] and a
detailed mathematical description can be found in [24].

2.2.1 Conduction

In the water flow to cool down, the system heat conduction takes place
through oscillations of each molecule hitting the neighbors. The convection
consists of the mass translation of energy through the velocity of the fluid.
It is also a term used for heat dissipation from a solid into a fluid surface.
This flux (q) is characterized by a specific heat transfer coeflicient (k;) and
the temperature drop between the model (T) and the boundaries (7}.f).

q= kf(Tref - T) (2218)
To describe the heat transfer by conduction the heat equation is used.
dr
p-C%—FV-(—kVT) =Q (2.2.19)

where T is temperature, p is density, C is the heat capacity (If it is for
constant pressure C, is used and if it is for constant volume we use Cy), k is
the thermal conductivity and Q is the heat source or heat sink [15].
If we want to calculate the final temperature distribution then there is
no variation with the time and equation 2.2.19 becomes
dr'

pCr =0 (2.2.20)

2.2.2 Convection

If we need to include convection a term must be added in the heat equation

T
p- O + V- (ZhVT +p-CT i) = Q (2.2.21)

where (—kVT + p - C,T - @) corresponds to the heat flux vector q and 4
is the velocity field that can be calculated with the incompressible Navier-
Stokes and Brinkman equations. If there is no convection meaning that the
velocity field is zero, the heat flux vector will be as follows

q=—kVT (2.2.22)

The principal boundary conditions to use are the temperature (7p) in a
boundary and the heat flux (o) in it which can be set as follows
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T =T, (2.2.23)

where 77 is the normal vector to the boundary, ¢ is the heat flux vector
and ¢ is the inward heat flux normal to the boundary [15].

2.2.3 Penne’s bioheat equation

Penne’s bioheat equation is used to model the behavior in a realistic way of
the tissue temperature with blood circulation of vessels diameter smaller than
about 3 mm. When hyperthermia is applied, a heat sink effect is observed in
tissues with high blood circulation. In this study, superficial hyperthermia is
used, and since in superficial parts of the chest the vasculature is relatively
small meshed, the response of the tissue to the thermal treatment is modeled
with the instationary Pennes’ bioheat transfer equation [7]:

or
peg = V- (kVT) — wye(T — Ty,) + Qs (2.2.25)

2.3 Applicator model

The work conducted is basically to emulate the characteristics and conditions
to make a non-invasive local hyperthermia applicator applicable. In doing
this, a starting point is needed, which in this case is to determine the best
conditions in which the antenna should work and to decide and appropriate
model for the human body and for the system itself.

Principally, we may select between three types of models to work with as
a simplification of the complicated biomass structure:

1. Planar multilayer model: human body regarded as a stratified medium
composed of isotropic homogeneous lossy dielectric layers of planar ge-
ometry.

2. Spherical, cylindrical or ellipsoidal model.

3. Block model, where the biomass is considered as an assembly of a
number of independent cells of lossy dielectric media.

In all calculations, the temperature of the used models will be different
from the human body unless we include the flow of the blood in our cal-
culations, because of heat dissipation in the vasculature [14]. Thus Penne’s
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bioheat equation has to be applied in the desired tissue as explained in sub-
section 2.2.3 [7].

The choice of a suitable model depends on the frequency of operation and
for our frequency of operation, between 300 MHz and 3 GHz, the stratified
model may be the most appropriate one. At high frequencies the depth
of operation is too small, while at lower frequencies, focusing of the field is
difficult. They will also produce high surface temperature because their peak
temperatures are located nearer to the surface. However, this is expected
since by increasing the frequency of operation, the depth of field penetration
decreases the biomass. If, on the other hand, lower frequencies are used, peak
temperatures will be sensed deeper in the muscle, but they will be lower, so
more power will be required to achieve specified level of heating at lower
frequencies [14].

The lower the operating frequency or the lower the surface temperature,
the greater is the depth at which the temperature peak is located. On the
other hand, the higher the surface temperature, the higher and wider is the
resulting peak temperature distribution [14].

The principal frequencies used in thermal therapeutic modalities are 2450
MHz, 915 MHz and 433 MHz. Based on different results and studies, it is
clear that significant advantages may be gained by choosing the 915 MHz
as a compromise between the different therapeutic frequencies in use today
[14]. The frequency used for the simulations of the model analyzed in this
master thesis is 915 MHz [7].

Regarding the model of the instrument used for the treatment, the sim-
plest solution we could think of would be the antenna directly attached to
the skin of the patient. This solution is not acceptable because it potentially
would cause undesired burns or blisters in the patient’s skin [16]. Studies
of electromagnetic radiated waves show that the power transfer ratio may
be increased if the normally incident plane wave is made to pass through an
initial layer of a low loss dielectric medium [14].

The material we use with this characteristic is denoted bolus. Besides the
material properties, it is also interesting to find its appropriate thickness to
obtain the best transfer ratio at the working frequency. In this study we use
a 5 mm thick bolus as tested before in other studies [16], [7]. It is also very
important to maintain this selected thickness throughout the volume since
thinner or thicker parts could influence dramatically the overall behavior of
the system [7].

Control of the surface temperature may be used to push the peak tem-
perature deeper into the muscle, so, as mentioned in the first chapter, the use
of a cooling flux through the bolus using distilled water will allow microwave
hyperthermia to be produced at greater depths [16]. The temperature uni-
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formity of the cooling water in the bolus is also a very relevant factor and is
dependent on the shape of the applicator and the velocity of the flow. Tem-
perature deviations in the bolus could lead to undesired heat patterns in the
tissue [7].

However, a bolus with very hot water is not sufficient to produce thera-
peutic temperatures in the body, as will be shown in chapter 3, and therefore
microwave radiators are used. As mentioned in the introduction, there are
many practical advantages for using printed circuit applicators as the radi-
ators for our model. However, we should be aware of that these applicators
produce a strong electric field component perpendicular to the face of the
applicator, at least in the near-field zone that includes the region likely to
be used for superficial hyperthermia [14]. The microwave applicator used in
this project is described in section 2.4.

So far, we have pointed out that the desired model consists of a printed
antenna array radiating at a 915 MHz. The antenna produces heating to
obtain a preset temperature, coupled with a low-loss dielectric material to
reach an appropriate power transfer ratio, which could be a bolus, with a wa-
ter flow passing trough it for cooling purposes. Typically, water temperature
of 42°C is used [7]. The model is shown in Figure 2.4.

Bolus

Water
Antennag

YY VY vy v v Heat radiation
Human

Figure 2.4: General representation of non-invasive hyperthermia model.

The part of this model I have been working on is in analyzing the water
flow distribution of the bolus and the ability to maintain it at a predefined
constant temperature of 42°C and observing how the flow rate influences the
temperature of the tissue at a steady state. Here a prerequisite is that the
temperature gradients should be minimized in the structure. To characterize
the flow of freely moving fluids, Navier-Stokes equations may be used [17, 18],
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which will be applied to the volumes where the water is flowing in free space.
However, in these regions like in the input and output tubes, Raynold’s
equations should be studied to know if the behavior of the flow is turbulent
or not [19, 20]. For the other parts with porous media, we could use Darcy’s
law [21, 22] but, since the bolus we use is not homogeneous, a more general
model is needed, namely Brinkman equations [15].

Slice: Temperature [ °C] Arrow: velocity fieid [mjs]

ax: 42
42

Navier-Stokes
equation

Brinkman
equation

Min: 40,251

Figure 2.5: 3D model with the corresponding equations for each sub-domain.

The following sections describe the characteristics of the microwave ap-
plicators on top of the model, the theoretical laws applied in the bolus and
tissue, namely the flow and temperature equations, and the computational
tool used to be able to solve this model with the fluid-dynamic and thermo-
dynamic equations.
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2.4 Antenna applicator

This study is not focused in the electromagnetic power deposition in the
tissue and therefore just relies in the data produced in other similar studies
[7] and included as a heat source.

However, for a better understanding of the model it is necessary to de-
scribe which kind of applicator we are working with since, it has a very special
design that makes it highly recommended for superficial hyperthermia treat-
ments.

2.4.1 Antenna configuration

Figure 2.6: Sketch of the dual-mode transceiving antenna [7].

The antenna used if shown in Figure 2.6 and a vertical section of the
whole system is depicted in Figure 2.7

It is an example of dual concentric conductor applicator (DCC) and it
was introduced in the year 2001 by Rossetto and Stauffer. This specific, light,
flexible, and low cost design is possible thanks to the facilities that printed
circuit board (PCB) antennas give.

This antenna is designed with a double functionality of emitter and re-
ceiver and therefore can be called a transceiving antenna. The square slot
DCC aperture has the functionality of heating the tissue and the central spiral
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Figure 2.7: Central vertical cut of the configuration including the applicator
and tissue [7].

antenna is a receiving antenna for radiometric monitoring of the tempera-
ture in the tissue under the applicator. This can make a huge improvement
for hyperthermia since with radiometric thermometry, invasive temperature
probes are no longer needed making the setup part of a 100% non-invasive
technique [7].

2.5 Computational tools

To obtain an analysis of the model I have used the program package “COM-
SOL Multiphysics®” [26], which is a powerful interactive environment for
modeling and solving all kinds of scientific and engineering problems based
on partial differential equations (PDEs). With this software, one can extent
conventional models for one type of physics into multiphysics models that
solve coupled physics phenomena - and do so simultaneously. That is ex-
actly what is needed for the model mentioned above, because we face two
kinds of physical problems, thermodynamics to study the temperature dis-
tribution and fluid dynamics to simulate the impact that water flow has on
the temperature distribution within the volume [15].

But these are not the only tools that can be used in this program. There
are many other modules that can be combined and used for basic levels of

21



COMSOL MULTIPHYSICS™

ACIDC ! ACOUSTICS
MODULE MODULE
CHEMICAL ENGIMEERING | EARTH SCIENCE
MODULE MODULE
HEAT TRANSFER A MEMS
MODULE MODULE
RF | STRUCTURAL MECHANICS
MODULE MODULE
CAD IMPORT
MODULE MATERIAL LIBRARY

Figure 2.8: List of modules in COMSOL Multiphysics®.

education or for scientific research, as shown in Figure 2.8. From the ones
shown here, the flow equations are from the Earth Science Module and the
ones corresponding to thermodynamics are from the Heat Transfer Module.
However, a third module has been used, which is the Cad Import Module.
This module simplifies the transition from complex geometric designs created
in a CAD tool to the simulation environment of COMSOL Multiphysics®
[26].

The CAD tools used has been SolidWorks®. In the beginning of this
project the model to be simulated was much more complicated than the one
used at the end. Therefore, the drawings of a realistic model of the hyper-
thermia applicator had to be done in a more powerful CAD tool than the
one included by COMSOL Multiphysics®. From that first model to the final
one, there were 4 different attempts to draw a suitable model of the applica-
tor, but the large amount of details and thin layers of PVC surrounding the
model and keeping the water in the inside needed too many mesh elements
in COMSOL Multiphysics® and the computer was running out of memory.

The biggest challenge of this project has been the meshing of the final
model and the previous ones. It could be said that the 70% of the time spent
to realize this master thesis has been invested in finding a proper model and
its optimum meshing.

The firsts models were too complicated and close to the real applicator
(Figure 2.9) but it was impossible to mesh it with less than 2 million mesh
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points. With this griding, the 16 GByte RAM computer used was insufficient
and it ran out of memory.

Figure 2.9: Photo of the real model

The model was then reduced to a much simple structure made of tubes
and boxes but this did not work either, since the simulations with COMSOL
Multiphysics® did not show any logical results. The fluid entering to a
volume from a tube stopped at the wall of the box (Figure 2.10).

The final configuration was an external tube with smaller tubes, where
the hole are supposed to be, entering to the bolus. For this model a special
topology and geometry had to be developed. If a normal tube is drawn in
SolidWorks® with other smaller tubes coming out as shown in Figure 2.11,
the amount of water entering to the volume was much larger than the one
coming out.

This non-physical result was due to an unappropriate meshing of the
model. The tubes had to be redesigned and built up of different small pieces
drawn in SolidWorks® and imported to COMSOL Multiphysics®. The two
basic parts of which the tube is made of is one simple and small tube con-
nected together with the key part that has made possible to develop the rest
of this master thesis, a “T” tube (Figure 2.12).

The final model used for the simulations consists of 27 of theses “T” tubes
connected by other small tubes to build each of the lateral tubes, a central
box modeling the bolus, a thin layer under the bolus modeling the plastic
and a larger volume modeling the tissue under the applicator (see Figure
2.13).
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Figure 2.10: Erroneous flow simulation.

Figure 2.11: Tube architecture of previous model.

To obtain an acceptable simulation of the model with the smallest amount
of mesh points possible, each volume had to be simulated individually.

First the small tubes had to be meshed by selecting one of its two faces,
meshing it with the “Finer” mode and finally sweep this grid diving the
volume into three parts (Figure 2.14).

Following this, the “T” tubes had to be meshed with the “Fxtra— fine”
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Figure 2.12: T piece of the tubes.

Figure 2.13: Final model.

mode (see Figure 2.15).

The central volume, the bolus, has to be meshed with the “Normal” mode
and, to avoid a large increase of mesh points, the PVC layer has to be meshed
swept from the bottom surface of the bolus (see Figure 2.16).

Finally the volume representing the tissue has to be meshed with the
“Normal” mode. The final mesh distribution is shown in Figure 2.17. It has
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Figure 2.14: Meshing of first piece of the tube.

Figure 2.15: Meshing of the “T” tube.

221003 mesh elements.
To solve this model a computer with at least 6 Gigabyte of RAM memory
is needed and each simulation takes about 2 hours time.
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Figure 2.16: Meshing of bolus and PVC layer

{

AL

Figure 2.17: Total Meshing of the model.
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Chapter 3

Results

In the following sections, the data taken from the simulations of the model are
presented. There are several properties that should be studied and observed
for a better understanding of performances of a real model. The basic sections
in which this chapter is focused on are: flow in the tube, flow in the main body
of the model, thermal steady state reached and influence of the microwave
applicators and boundary conditions in the final temperature distribution
reached in the bolus and in the tissue.

3.1 Tube water flow

3.1.1 Raynold’s number for the tube

In this project we are working with a 1.375mm redius Tygon® tube and
making simulations for input velocities of 1, 5 and 10 m/s. With this charac-
teristics, the corresponding Reynolds numbers, described in the last chapter,
are:

vlp  1m/s-2-1.375-107*m - 1000kg/m?

Re(vin = 1m/s) = 105 Pa s = 2750
(3.1.1)
l 5 -2-1.375 - 1073m - 1000k 3
Re(vin = bm/s) = vr_ m/s 105 PaT-ns 9/m = 13750
(3.1.2)
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Figure 3.1: Flow rate along the input and output tubes.

. . . _3 . 3
vlp _ 10m/s-2-1.375-107°m - 1000kg/m _ 97500
103-Pa-s

(3.1.3)
All these values are over the laminar flow threshold, but as is shown in
section 3.1.2 the simulation doesn’t include the turbulence in the model.

Re(vin = 10m/s) =

3.1.2 Flow behavior in the model

In Figure 3.1 it can be seen how, both input and output tubeS, experience
the same water flow rate through them. Of special interest is the fact that
although the construction of the tube is made with a constant hole separation
there is not an homogeneous outflow of the water as explained in last chapter
and as will be better analyzed in the discussion chapter.

In the previous section 3.1.1, the flow in the tube should be turbulent even
for the lowest velocity. However, Figure 3.2 shows a clear laminar flow for all
of them, which indicates that COMSOL Multiphysics® doesn’t consider the
turbulence in the flow. The question would be, how this turbulence affects
to the general behavior of the model and if it is a good approximation to
neglect it. For answering that, further simulations should be made. If the
flow is observed once it comes out of the tube as in Figure 3.2 it can be seen
how the flow decreases considerably and thus the fluid in the bolus would
certainly be laminar.
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Figure 3.2: Flow cross-section and output in the first hole.

It can also be observed that the majority of the flow is pumped into the
bolus through the first hole, as explained in the second chapter, and this
behavior will make the flow in the bolus mainly inhomogeneous.

3.2 Velocity field in the bolus

The following section is one of the most important ones, since no 3D flow
simulation has been reported in the literature so far for a model of such real-
istic shape and size. The flow will be directly responsible for the temperature
distribution along the bolus and the principal tool for reaching an homoge-
neous temperature in it. The next simulations show the influence that the
input flow rate has on the velocity field of the overall system. A further study
will have to be made for choosing which one of the input velocities produce
the desired performance of the model.

The model is depicted in Figure 3.3. The position of the different cross-
plot sections is very important since the majority of the results taken in this
project are obtained following this positioning and changing the depth at
which the cuts are made.

For a better understanding of the different plots and ease the task of
comparing figures, the same abscissa range is used in all of them, between
—0.15 and 0.15 m. When a plot is made along the model length (y axis)
the figures are continuous but not when the they are made along the model
width (x axis). In this latter case, a abrupt increase in velocity is observed
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Figure 3.3: Positioning of the different lateral plot sections.

in the extremes. This increase is because the tubes are located at 0.14 m
from the center of the model and the velocity is much larger there.

Figure 3.4 shows how the larger the input flow, the larger the flow in
the bolus, obviously as shown in Figure 3.5. However, another important
observation is that the farther from the input source, the slower the flow.
Huge differences in flow can be observed and that could mean that this is
not a very efficient construction, but it has to be analyzed combined with
the temperature distribution before of disregarding the model.
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Figure 3.4: Flow rate in the y and x directions in the center of the bolus.
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3.3 Temperature distribution

The goal of this project is to construct a suitable applicator for hyperthermia
treatment. This goal is to be reached by heating the tumour tissue up to
cytotoxic temperatures and avoid injuries to other benign tissues. Therefore
a meticulous temperature analysis has to be done to control all the factor
affecting the temperature distribution in the model.

For a better understanding of the different plots and ease the task of
comparing figures, the same abscissa range is used in all of them, between
—0.15 and 0.15 m. When a plot is made along the model length (y axis) the
figures are continuous but not when the they are made along the model width
(x axis). In this latter case, a sudden drop in temperature is observed in the
extreme at 0.14 m because the lateral exit tube is reached, when studying
the bolus, and approaching —0.14 and 0.14 m when studying the tissue and
skin, due to the imposed boundary condition of 37°C. The exit tube is colder
due to a larger convection effect since the velocity inside is at least 10 times
larger than in the bolus and is in the farthest position from the water input
at 42°C.

The first step, as a comparison point, is to make a study of the model
in a controlled environment and furthermore include other possible heating
and cooling sources like the antennas and human tissue to clarify the specific
effect of each one in the final temperature distribution.

3.3.1 Temperature of the model in a controlled envi-
ronment

Model loaded by air

In this subsection the model performance is studied when it is surrounded
only by air with the subsequent heat exchange inside the model and through
its environment. Figure 3.6, showing the temperature in the bolus, can be
held as baseline runs and important characteristics can be observed. The
higher the flow rate, the more homogeneous is the temperature distribution
in the bolus. This behavior does not increase linearly, since the performance
of the model for 5 m/s and for 10 m/s are very similar.

Model loaded by air and tissue

The heat transfer coefficient of the tissue is almost ten times bigger than the
one of the air [7] and therefore a bigger exchange of heat is to be expected
compared with the air-loaded case. Since the tissue is warmer than the air
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Figure 3.6: Bolus temperature distribution in the x and y direction when
loaded by air.

this should lead to heating of the bolus. However this is not what is shown in
Figure 3.7, because in opposition to the temperature of the tissue, the heat
transfer coefficient is also ten times larger than the one of air and therefore
there is a cooling effect in the bolus.

3.3.2 Temperature distribution of the transceiving heat-
ing antenna

The microwave applicator described in section 2.4.1 has a very characteristic
heating pattern with four lobes surrounding a central maximum. This is due
to the four feeding points of the antenna [7].

Heat pattern of a single antenna

A detailed study of this transceiving antenna was made by [7] and the same
results are observed in this project as shown in Figure 3.8 when applied to
the model. Figure 3.9 shows the temperature distribution in the bolus when
a single antenna is located in the top center of the model.

In Figure 3.10 the temperature field is shown of a transversal cut in the
z direction under the central antenna. There are two effects that should be
pointed out. The first one is that the lowest velocity is not sufficient for
maintaining the bolus at the constant desired temperature of 42°C and the
second point is (as observed previously) that the performances obtained for
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Figure 3.7: Bolus temperature distribution in the x and y direction when air
and tissue loaded.
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Figure 3.8: Temperature distribution for one transceiving antenna.
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Figure 3.9: Bolus temperature distribution in the x and y direction.
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Figure 3.10: Transversal temperature section under the antenna.
5 m/s are similar to the ones of 10 m/s.
It is also important for the further composition of the antenna array to

observe the temperature distribution at different depths under the lateral
lobes of the antenna (Figure 3.11).
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Temperature distribution in the model for different depths under secondary lobes
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Figure 3.11: Temperature distribution at different depths under two of the
lobes of the antenna.

Skin influence on temperature distribution

As explained in subsection 3.3.1, although the tissue is warmer than the air,
its larger heat transfer coefficient [7] has the effect of a heat sink in the bolus.
On the other hand, since the skin acts like an isolating material between the
bolus and the tissue, this latter effect is reduced and the temperature in the
bolus is increased, as shown in Figure 3.12.

Once known the effect of the skin in the model, it is erased for the rest of
the project, since it would only affect in the absolute values of temperature
in the tissue, which are of minor importance. In this study, the most relevant
issue is to study the temperature distribution in the bolus with respect to
the velocity and how this velocity affects in the temperature distribution in
the overall volume. Therefore the 2 mm skin is removed in order to reduce
the computational load.

Optimum antenna distribution

A clinical applicator would not consist just of a single antenna. This sit-
uation would produce a heating region in the tissue and the goal of local
hyperthermia is the homogeneous heating of a transversal region and not
produce located hot-spots. Therefore an array of antennas is needed.

The number of antennas is selected, due to the size of the model, 4 in the
y direction and 3 in the x direction, but the optimum separation between
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Temperature distribution in the BOLUS with and without skin Temperature distribution in the BOLUS with and without skin
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Figure 3.12: Temperature distribution for one heating antenna in the bolus
with and without skin.

them has to be determined.

In the following figures, the temperature distribution for different depths
and different antenna separations is presented. The different plots corre-
spond to the temperature distribution under the antennas and therefore, for
different antenna separation the plots are located in different positions. All
of them have been made for a constant velocity.

The goal to be reached is to optimize a homogeneous temperature in
each of the areas. It can be observed, comparing the figures, that the deeper
we get into the tissue, the larger is the temperature differences between the
peaks and the valleys.

At first glance it seems that the best solution is to have the antennas
as close positioned as possible. This way the difference between the peaks
and the valleys is minimized and although the temperature is increased to
undesired levels (> 45°C) this effect could be reduced by power adjustment
of the antennas. However, selecting the separation of 6 cm would be a wrong
choice, since it is also very important not just to observe the temperature
distribution under the center of the antennas, but also under the side lobes.
Figure 3.17 compares the temperature distribution at different depths for a
constant velocity and different antenna separation under the secondary lobes
of the transceiving antenna.

It is clear that if the antennas are distributed too close, a peak appears
that can only be fixed through reduction in the power, but this would lead
to undesired low temperatures in the rest of the volume.

On the other hand, when the antennas are too separated several valleys
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T istribution in the BOLUS on antennas separation Temperature distribution in the BOLUS depending on antenna separation
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Figure 3.13: Bolus temperature distribution in the x and y direction for
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Figure 3.14: Skin temperature distribution in the x and y direction for dif-
ferent antenna separation.
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Figure 3.16: Tissue temperature distribution in the x and y direction at 10
mm depth for different antenna separation.
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Figure 3.17: Temperature distribution at different depths depending on an-
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Temperature distribution in the BOLUS depending on velocity Temperature distribution in the BOLUS depending on velocity
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Figure 3.18: Temp in the bolus depending on the velocity.

appear that do not reached the desired temperature. This could be avoided
by increasing the power, but the peaks would increase too much in temper-
ature over the desired threshold.

Observing these results the optimum antenna separation, that is the one
with the most homogeneous temperature distribution, is a separation of 7
cm.

3.3.3 Fluid velocity influence on temperature distribu-
tion of the final model

Once having chosen the best antenna separation for the model, it is possible
to make a study of how the flow rate of the cooling water of the bolus affects
the overall temperature distribution and which would be the optimum for
the model. In the following figures the plots are made for the same positions
as shown in Figure 3.3.

Lateral temperature distribution in the bolus

As shown in Figure 3.18, the higher the velocity in the bolus the more homo-
geneous temperature distribution in the overall volume. It is clear, that the
lowest velocity of 1 m/s is not sufficient for the requirements of the hyperther-
mia applicator, because a too large temperature difference can be observed
in the overall volume. The other two (5 m/s and 10 m/s) are very similar
and the difference in temperature depending on the position is acceptable.
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Figure 3.19: Temp in the skin depending on velocity.

Lateral temperature distribution in the skin

In the skin it can be observed the same effects as in the bolus. Since here there
is no cooling fluid (apart from the musculature), the peaks of the antennas
are already visible as can be seen in Figure 3.19. At this depth, the important
characteristic is not to exceed the temperature limit of 43°C, which is the
pain threshold [7].

This threshold is easy to be avoided by reducing the power of the antenna,
but by reducing it too much no cytotoxic temperatures are reached in the
tumour.

Lateral temperature distribution in the tissue

The scientific society has established the depth of 10 mm inside the tissue
as a reference depth for the different hyperthermia treatments. However, in
this study, data are taken from 10 mm deep and supplementary from 6.95
mm where the maximum temperature for the applied power is located.

It can be seen that the behavior of the overall system is very similar for
these two depths with the only exception of a higher temperature at 6.95
mm.

Having an overall view of these figures it can be confirmed that the in-
crease in input flow velocity from 5 m/s to 10 m/s does not substantially
affect the final results.
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Temperature distribution in the TISSUE, at 6.95mm depth, depending on velocity Temperature distribution in the TISSUE at 6.95mm depth, depending on velocity
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Figure 3.20: Temp in the tissue at 6.95 mm depth depending on velocity.
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Figure 3.21: Temp in the tissue at 10 mm depth depending on the velocity.
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Depth temperature pattern under each antenna

The temperature distribution can be seen in Figure 3.22. The following
figures are the depth profiles in the z direction, from the top of the model,
where the antenna is placed and into the tissue.

perature [°C] Arrow; Welocky field [mfs] Maxi 45327

~ . _ _antenna2 | - -

o1 7 B ' 7,_,7:»

Figure 3.22: Positioning of the different transversal plot sections.

As shown in Figure 3.23 it can be seen how the velocity of the bolus
affects the temperature distribution in the tissue, since the higher the flow
the stronger the convection effect.

In these figures it can be observed that the higher the flow velocity the
more homogeneous is the temperature in the volume, since all the lines cor-
responding to each antenna are closer together.

The location of the antennas and the particular transversal temperature
distribution under each one is shown in Figure 3.24. This can be observed
with more detail in Figure 3.25, where the plots are positioned in the same
order as their respective antennas in the array.
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Temperature distribution under each antenna for vin=1m/s Temperature distribution under each antenna for vin=5m/s
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Figure 3.23: Transversal temperature distribution under each antenna de-
pending on flow velocity.
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Figure 3.25: Antenna array as distributed in the model.

49



20



Chapter 4

Discussions

The discussion part of this master thesis follows the same structure as the
results chapter. It consists of postprocessing the data obtained of the flow in
the bolus and the velocity field in it, followed by a temperature analysis and
description of the temperature distribution in the overall model. The final
section analyzes how this latter sections can influence each other.

4.1 Tube water flow

In section 3.1.1 we calculate the Raynold’s number for the flow in the tube,
and it is observed that the flow for the different input velocities is turbulent
in the entrance of the tube, since Re > 2000. However, in subsection 3.1.2 it
is shown that the simulation has a laminar behavior in the entrance of the
tube.

This is due to the fact that including turbulence in the flow would increase
substantially the computational load of problem, since Poiseuille’s law can
no longer be applied.

The real influence of the turbulence at the entrance is not known, however
as seen in figure 3.1, the fluid velocity drops very fast after each hole and also
after leaving the tube and entering the bolus as shown in Figure 3.2. This
means that although turbulence at the entrance, the large velocity drop sets
the Reynold’s under 2000 and therefore there would be laminar flow in the
bolus anyway.

In Figure 3.1 it can also be seen that the flow drops to almost half its
value after each hole. This is the first sign of an inhomogeneous velocity field
distribution in the bolus. To avoid this, the velocity along the tube should
look like a ladder, with each step equal than the one before.
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4.2 Velocity field in the bolus

As mentioned in section 4.1, the flow along the bolus is not constant. There
are two properties in the bolus flow that should be emphasized. Both are
shown in Figure 3.4. Along the bolus length (Figure 3.4 a) it can be observed
that the further from the source inlet, the slower is the flow. On the other
hand along the bolus lateral direction (Figure 3.4 b) it can be seen, as in
Figure 3.1, that the flow in the input and output tubes (extremes) are equal
and it drops in the bolus center. Here, the flow is kept as laminar as seen in
Figure 3.5.

The goal of this applicator is to reach an homogeneous temperature dis-
tribution in the bolus, which would be intuitively reached through a constant
flow rate in the overall volume. This homogenous velocity field is not reached
with this applicator design and in the next section it will be shown how this
inhomogeneity influences the temperature distribution.

4.3 Temperature distribution

To observe how the different elements of the applicator influence the final
temperature distribution an analysis part by part is made. First it is studied
the boundary conditions of the bolus, and then the final model with the
influence of the heat source.

4.3.1 Temperature of the model in a controlled envi-
ronment

Intuitively, since the tissue is warmer than the air, the bolus should be warmer
when loaded by air and tissue than when loaded only by air. As seen in
Figure 3.6 and Figure 3.7 the effect is exactly the opposite. This is due to
the conduction, as expressed in equation (2.2.18).

The temperature of the bolus (T) is around 42°C, for tissue around 37°C
and of the air around 25°C. The heat transfer coefficient (hy) of the air
is 4 and the one of the tissue is 40 [7]. This means that when COMSOL
Multiphysics® makes the calculation of q (heat flux, equation (2.2.18)) in
the boundary layers it would be almost 10 times larger in absolute value
when loaded by tissue than when loaded by air. This results in a heat sink
in the bolus due to the influence of the tissue.
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4.3.2 Temperature distribution of the transceiving heat-
ing antenna

Heat pattern of a single antenna

As shown in Figure 3.8 and 3.9, by placing one single antenna in the center of
the bolus a central hot spot is reached in the volume surrounded by other four,
where the feeding points of the antenna are located. This would be enough
if the treatment studied in this project had the goal of heating only a small
portion of tissue, but this is not the case. The treatment under study is local
hyperthermia where the goal to be reached is to apply constant temperature
in a region. Therefore an array of these antennas is needed.

From one single antenna it can be seen that a minimum velocity of 5
m/s is needed to obtain an acceptable temperature gradient along the bolus
(see Figure 3.9). It is obvious that the larger the input velocity, the more
homogeneous the temperature distribution in the overall volume. However,
as seen in Figure 3.10 the difference between an input velocity of 5 m/s and
10 m/s is very small.

Almost all the plots of the previous chapter are made cutting under the
center of the antennas. This has been chosen to make the analysis more
understandable. However, for the specific task of selecting the antenna sep-
aration, a special cut under the secondary lobes of the antenna is needed.

In Figure 3.11, two of the four lobes are represented. If the goal is to
obtain an homogeneous distribution, the antennas should be separated a
distance so that the temperature distribution of the different antennas meet
at the point where the temperature is in the middle between the peak and
the region without antenna effect. A first approximation of this distance can
be seen in Figure 3.11. In it, the distance between the antenna center and
the middle of the temperature drop after the peak is located more or less at
3,5 cm. This means that the theoretical distance between antenna centers
should be the double, 7 cm.

Skin influence on temperature distribution

The skin has a thermal conductivity smaller than the one of the tissue. There-
fore, including a 2 mm skin layer in the model would influence as an isolating
layer between the bolus and the tissue. As shown in Figure 3.12 the shape
of the temperature distribution with and without loading the model with a
skin layer remains almost the same. The difference is very small and it is
observed how including this layer increases the temperature in the bolus.
Since the only effect of the skin is in the absolute values of the final tem-
perature distribution, this skin layer is omitted in the rest of the simulations.
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The goal of this project is to study how different parameters like flow ve-
locity affect the temperature distribution in the bolus and tissue, and not
the influence on the absolute value of the temperature, since this could be
reduced or increased with the power of the antenna. Therefore, to reduce
the computational load of the simulation, the skin layer is omitted and many
mesh elements with it.

Optimum antenna distribution

Previously, a theoretical approach of the optimum antenna separation was
made. In this section it is shown that if the heating pattern of the antenna
was only one central lobe, then the closer the antennas, the more homoge-
neous would be the temperature distribution. This can be seen in Figures
3.14, 3.15 and 3.16.

The negative effect observed by placing them too close together is an
increase in temperature, but this could be controlled by reducing the power
of the antennas.

However, the heat power deposition pattern of the transceiving antenna
used is not a single central lobe, but has other 4 secondary lobes. When
temperature distribution is observed under these lobes, the temperature dis-
tributions shown in Figure 3.17 are obtained. Here, it is shown, that when
the antennas are placed too close together (6 cm separation) two peaks ap-
pear in the temperature distribution. This could be solved by decreasing the
power of the antennas, but this way desired therapeutic temperatures would
only be reached in those two peaks.

On the other hand, when the antennas are separated too much, two large
temperature drops are observed in the temperature distribution. This way is
as if the antennas were working separately, and not as an array as they are
supposed to, to reach a uniform temperature in the volume.

Therefore the optimum antenna separation is 7 cm. With this separation,
a maximum temperature difference of 0, 3°C can be observed in the bolus and
about 1°C in the rest of the tissue for an input velocity of 10 m/s.

4.3.3 Fluid velocity influence on temperature distribu-
tion of the final model

As it has already been mentioned, the goal is to reach a homogeneous temper-
ature distribution in the bolus and in the tissue. There are two main tools
that are the medium to reach this. One is the architecture of the model,
which in this case is fixed, and the other is the input velocity. As shown in
Figure 3.18, the larger the flow the more homogeneous is the temperature
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pattern in the bolus. This is logical, since with a larger flow rate the renewal
of the water at 42°C is faster and the heat flux through the model walls
is smaller, because the temperature term “T” int equation (2.2.18) doesn’t
increase.

This effect is also observed at larger depths like in the skin (Figure 3.19)
and in the tissue (Figures 3.20 and 3.21). However, at these depths, the
influence is not directly from the water flow, but from the heat conduction
between the bolus and the tissue.

The critical point that should never been reached in the skin is the tem-
perature of 43°C, over which the patient starts feeling pain. At the same
time, a temperature of 45°C has to be reached in the malignant tissue for
having a cytotoxic effect. In the results shown (Figures 3.19, 3.20 and 3.21)
for the velocities of 5 m/s and 10 m/s, this goal is partially fulfilled.

In Figure 3.21 the cytotoxic temperature is reached in the peaks but not
in the valleys. However, these valleys are at 43°C which could be considered
also a therapeutic treatment as the one used for long term hyperthermia.
These figures showing a temperature difference of 2°C are a sign showing
that the square model that has been simulated should be improved to obtain
also a more homogeneous temperature distribution at greater depths and not
only in the bolus. However, the temperature difference is maximum here in
the center of the antenna, since, when observed under the lateral lobes (see
Figure 3.17), the temperature drop between peak and valley is of 1°C. In
Figure 3.21 it can be appreciated again, that the results obtained by using 5
m/s and 10 m/s as input velocities are similar.

The transversal cuts presented in Figure 3.22 are made to study the pene-
tration depth of the heat in the tissue and the temperature distribution in the
bolus. In Figure 3.23 it can be observed again, that the input velocity of 1
m/s is not strong enough to reach an homogeneous temperature in the tissue,
since the different plots under each antenna can be distinguished clearly from
each other and some even present a temperature difference over 1°C.

On the other hand, for an input velocity of 5 m/s or 10 m/s the tempera-
ture distribution of the transversal cuts under each antenna are very similar.
This points out again the observation of a similar performance in the model
when using 5 m/s or 10 m/s as input velocities.

Figure 3.23 shows a desired temperature distribution, which is also the
one obtained in other studies [7]. The highest temperature is located at
6,95 mm depth from the skin surface. In these simulations, it cannot be
observed which are the characteristics that can influence in the depth at
which the maximum is located, since for all velocities the maximum is at the
same distance from the surface.

Figure 3.24 is a medium to locate the antennas in the model and therefore

95



understand better Figure 3.25, from which many properties of the model can
be observed.
These observations are:

The Figures show similarities and even overlapping between the tem-
perature distributions for an input velocity of 5 m/s and of 10 m/s.

When looking to the first 5 mm of the plots, where the bolus is located,
the larger the velocity, the more homogeneous is the temperature. This
is observed because for the higher velocities (5 m/s and 10 m/s) the
temperature in the bolus under all the antennas is approximately 42°C.

The farther from the input velocity source, the higher the temperature
due to the heating effect of the antenna. This is logical when thinking
that the farther from the input, the more time has been heated the
water and therefore it is warmer.

The velocity field drops along the bolus length (y direction), since an
increase in temperature along this axis is observed. The increase in
temperature is due to the fact explained in the last point (distance
from the input source), but there is another effect acting here because
the difference between the temperature for and input velocity of 1 m/s
in the second column and the third one increases for each line. The
difference between (b) and (c) is of 0,3°C, between (e) and (f) is of
0,5°C and between (h) and (i) is of 1°C. This indicates that, along the
model length (y axis), the flow is less capable to release the bolus from
the heat of the antennas, indicating this a decrease in velocity.

This has an exception when comparing (k) and (1) where the temper-
ature difference is of 0,2°C. No clear explanation can be observed for
this phenomenon. However a possible reason for it could be that the
volume under the 12nd antenna has a lower temperature load than the
rest because it is only surrounded by 3 antennas. This effect is not
observed under the 10th antenna, because the water coming out of the
tube is at a constant temperature of 42°C and it makes that the tem-
perature in the bolus along the first column (Figures 3.25 (a), (d), (g)
and (j)) is independent from the water velocity.
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Chapter 5

Conclusions

5.1 Final conclusions about the results

The most relevant conclusion of this project would be wether the model used
is a suitable model for local hyperthermia treatments or not.

The model does not fulfill all the requirements for being used as an ordi-
nary applicator. The temperature distribution in the bolus is homogeneous
although inhomogeneity in the velocity field. However, this is not applied
for the tissue, where peaks and valleys have a temperature difference of up
to 2°C.

This study is useful for further improvements of the model and also for
correcting some non-correct suppositions that were made in previous studies
[16]. In the article cited in reference 16 it is made a study of this square model
and of a much ergonomic one. The only non-right supposition made is that
homogeneous temperature distribution in the bolus is due to homogeneous
velocity flow inside of it. In this project it has been shown that homogeneous
temperature distribution is not a consequence of an homogeneous flow rate.
Reference [16] follows the intuitive supposition that the flow rate coming out
of the holes of the tube is equal for all of them. This has also been rejected
here since the resistance and pressure inside the tube have to be taken into
account (see section 2.1.4).

It is also shown that a proper velocity for the incoming water would be 5
m/s, since it offers the same performance of the model as the one of 10 m/s
and it does not require all the capacity of the pumping system. This is also
shared with other studies [16] where for a similar square model a flow of 4
m/s is used.

One of the challenges of this project was that it had never been done be-
fore and therefore even to find a good design to simulate was difficult. Other
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negative effects were that the influence of the turbulence in the incoming
tube over the volume is unknown and although Raynold’s number describes
the flow in the tube as turbulent (see section 2.1.4) it has been neglected
in the simulation. However, after leaving the tube, the velocity decreases
substantially and Raynold’s number with it.

If in further simulations a significant influence of the turbulence would
be proved, small changes in the model could be made to reduce these effects,
like increasing the diameter of the tube.

By increasing the diameter of the tube to the double, the velocity of the
input tube could be reduced 4 times maintaining the same amount of mass
flowing. The relation of mass, diameter (d) and velocity (v) shown in Figure
5.1.1.

d
mass = constant - v - p- A = constant -v-p- - (5)2 (5.1.1)

where p is the density of the fluid. In order to maintain the mass constant,
if the diameter is doubled the velocity should be 4 times smaller. By increas-
ing the diameter to the double and reducing the velocity 4 times, Raynold’s
number would be reduced to half its value.

5.2 Further simulations and improvements in
the model

Tygon tubes as the ones used in this model (see Figure 2.9) are not being used
that often, specially when the shape of the bolus is different than a square,
due to its restricted flexibility and because it could shift its position inside
the bag affecting the flow distribution. Therefore, heat — sealed open water
channels are used in the outer edge of the bolus with which more complicated
designs can be made, as the one shown in Figure 5.1

To obtain a better performance of the square model used in this project,
two things could be improved: the flow in the bolus and the antenna array
distribution.

The flow could be improved, for example, by having two water inputs
in the extremes of one of the tubes in order to compensate the ladder flow
distribution with another ladder in the opposite direcion (see Figure 3.1).

A further improvement that should be included in the simulation in the
future is the influence of the gravitational force. The patient could be stan-
ding or seated and then the influence of gravity should be included. Maybe by
placing the flow feeding points in the upper parts of the model (the opposite
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=\ Brachytherapy
catheters

Figure 5.1: L shaped bolus with its different layers

as shown in Figure 2.9). This way the flow could be increased in the farther
region from the flow input source.

It is observed in the results, that although non-homogeneous flow rate
distribution, the temperature distribution is almost constant at 42°C in the
bolus. The real problem lies in the tissue, where the temperature is not
constant and can oscillate up to 2°C.

A possible solution for having homogeneous temperature distribution in
the tissue would be to place two kinds of transceiving antennas which tem-
perature deposition pattern would fit together as a puzzle. This might also
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be done by placing some of the antennas used for the simulation turned 90°.
The problem with it is that due to the feeding and the cables of the antennas
the model would become much more complex.

One of the parameters that should be simulated in further studies is the
depth of penetration and the factors affecting the position of the maximum
temperature peak in the tissue. One of these factors could be the antenna
power, but the most plausible ones would be the physical properties of the
materials used to build the model (i.e: heat conductivity of PVC layer) or
the addition of more materials coupling the PVC layer and the skin.
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