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ABSTRACT

Heating of Tumor Resection Cavities in Brain

This thesis proposes one of the possible treatment methods for glioblastoma residues
of possible metastatic nature after the resection of primary tumour. To avoid the
aggressive spreading of cancer and potential formation of secondary tumours, the post-
surgical treatment is proposed, combining brachytherapy, effectiveness of which is
enforced by hyperthermia. The aim of the thesis is to find out how much can the tissue,
surrounding resection cavity, be heated and therefore, how much can the radiation dose
be reduced. The extent of heating is computed using Sim4L.ife platform on two cranial
models differing in number of allowed tissues. For the coupling of brachytherapy and
hyperthermia effects, a thermobrachytherapy balloon with nanoparticle solution is used,
located in three most common locations of glioblastomas' incidence. For more accurate
calculations, considering the hyperthermic conditions, the perfusion rates of chosen
tissues were adjusted in accordance with the carried-out research. The results of these
simulations were compared and analysed according to the option of heating method,

choice of cranial model and the impact of hyperperfusion.
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ABSTRAKT

Ohi'ev mozkové tkané po resekci nadoru

Tato prace nabizi jednu zmozZnych terapii zbytkli glioblastomu s moZnym
metastatickym charakterem po vyjmuti primarniho nddoru. Abychom zabranili
agresivnimu §ifeni nadorti a potencidlnimu tvofeni sekundarnich tumort, nabizi se
pooperacni 1é¢ba, kombinujici brachyterapii s G¢inky podpofenymi hypertermii. Cilem
prace je zjistit, jak intenzivné je mozné tkan kolem resekéni dutiny zahtat, a tim ptipadné
sniZit potfebnou radiaéni davku. Mira zahtati tkdné je pocitdna pomoci programu
Sim4Life na dvou modelech hlavy, liSicich se poctem zohlednénych tkani. Pro slouceni
ucinkt brachyterapie a hypertermie je pouzit termobrachyterapicky balonek s roztokem
nanocastic, umistény ve tiech nejéastéjsich mistech vyskytu glioblastomti. Pro piesnéjsi
vypocet, zohlediujici hypertermické podminky, byly upraveny hodnoty perfuze
vybranych tkani na zaklad¢ vykonané reserse. Vysledky simulaci byly porovnany a byl
zhodnocen vybér metody zahfivani nanocasticemi, vybér modelu hlavy a vliv

hyperperfuze.

Kli¢ova slova

brachyterapie, hypertermie, multiformni glioblastom, perfuze
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1 Introduction

For patients diagnosed with Glioblastoma multiforme (GBM), there is a predefined set of
treatments with palliative character preceding a death in less than two years [1]. The
reason why it is immune to standard therapeutic interventions is its heterogeneity from
the microscopical approach (formation of necrotic regions, microvascular proliferation)
and genetical approach (mutations and amplifications of DNA [2]. The treatment begins
with resection of the majority of the pathologic tissue, however due to abnormal diffuse
nature of GBM it is almost impossible to resect the whole tumour and that is why the
surgical resection is followed by chemotherapy treatment applied till the terminal stadium
[3].

In this thesis I present the possible way of inducing the necrosis of tumour cells by
exposing them to hyperthermia treatment completed by nanoparticle brachytherapy using
the thermobrachytherapy (TBT) balloon, which combines both treatment techniques [4].
The approach was to find a more economical solution which would prolong the life span
of patients post-surgically by one to two years without having to resect larger amounts of
healthy brain tissue. It has been proved that hyperthermia increases the effect of
chemotherapy or brachytherapy treatment. In the temperature range from 39 °C to 48 °C,
the human brain tissue is more resistive than heat-sensitive tumour cells, therefore the

aim is to heat the possible metastatic residues left after resection [5].

There have been few studies published demonstrating temperature-dependent
perfusion models of the head regions during hyperthermia. The results of those which
have been performed on animals, show that at higher temperatures, the cerebral blood
flow (CBF) increases at temperature range from 39 °C to 48 °C, than slowly decreases
after it, due to the damage of tissue caused by ablation [5]. Nevertheless, there are few

provided values of perfusion rates for specific tissues of brain.
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2 Overview of the current state of the art

2.1 Brain tumours

Brain tumours are classified according to the cell considered as their origin. From
glioma cells tumours such as astrocytoma, oligodendroglioma, or glioblastoma may be
formed. The tumours of Central Nervous System (CNS) may by equally divided into
intraaxial and extraaxial, depending whether the tumours grow from the specific brain

cells or from the tissues surrounding the white and grey matter of brain.

Clinical symptoms of brain cancer are mainly intracranial hypertense, resulting from
the lack of reserve space of brain tissue enclosed by the skull. The symptoms vary
according to the location in the brain. For example, the tumours in frontal lobes are
responsible for verbal fluency or memory tasks failures, even for a socially inappropriate
behaviour. The tumours located in the temporal lobe may lead to a loss of hearing and the
incidence in parietal lobe may cause difficulty of speaking [6]. The growth of intracranial
pressure depends on the extension of the tumour, perifocal edema and a blockage of
cerebrospinal fluid. The treatment of tumours is always a combination of several
treatments, including surgical, radiotherapeutic or hormonal [7]. Radiotherapy of brain
and skull is suitable for maximum dosage of 60 Grays. One Gray (Gy) is expressed as the

absorption of energy of 1 Joule in volume element of 1kg mass [8].

2.1.1 Glioblastoma Multiforme

. GBM is the most occurring tumour of the CNS, classified as an intraaxial malignant
type of brain tumour, characterised by brief and aggressive course. Usually it overgrows
through the white matter to the second hemisphere of brain. Survival factor is 14 to 15
months and it represents 60% of all brain tumours with the astrocytoma origin [2].
Multiple impacts on the incidence of GBM were studied and revealed no correlation with
smoking, diet, immunological status, or electromagnetic fields, however it did show that
factors as younger age or good Karnofsky performance score have tendency for longer
survival [9]. The glioma tumours are classified in agreement with the standards of World
Health Organisation (WHO) which subdivides them into four groups according to their
aggressivity, ability to replicate and mainly their histological profile. Grade I is given to

lesions that are easily surgically removed, whereas Grades Il to IV indicate malignant
14



nature and invasivity. GBM are classified into highest Grade IV with the most aggressive
character. WHO also specifies nomenclature, symptoms, treatment of gliomas and the

survival prognosis. [10]

For the diagnosis of CNS tumours, the option of non-invasive imaging method by
Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) is proposed or
invasive method via catheter angiography MRI. The CT scans are used for cases when
patient has metal implants such as pacemakers, however the gold standard of imaging
brain tumours is magnetic resonance due to its ability to visualise the soft tissues in higher
resolution. T1-wighted MR scans show hypointense lesions, on the other hand, T2-
wighted MR scans are used to visualise hyperintense lesions. Applying gadolinium
contrast substance can show necrosis of tissue and white matter edemas. Single photon
emission computed tomography (SPECT) and positron emission tomography (PET) are
used as imaging techniques during therapies to better visualise the changes induced by
the chosen treatment technique and to differentiate between tumours that are active and

the ones that are responding to interventions [11].

According to the published study [12], the most common incidence of GBM are in
frontal lobe with the incidence of 43%, temporal lobe (28%) and parietal lobe (25%). This
study also revealed that the tumours usually occur in the right hemisphere and that men

have a higher probability of GBM incidence than women.

Treatment of GBM

First step of standard care is the optimal surgery, which means that the maximum
size of tumours is resected (usually with 2 to 3 cm of the margin). If the surgery is not
possible, biopsy is performed. Due to the massive invasiveness of the tumour, the surgical
resection is not referred as a curative treatment since the tumour cells still remain in the
surrounding tissue, which leads to the cancer progression and recurrence [7]. Next
treatment is the radiotherapy (RT) with the dosage 1.8 to 2 Gy daily, 5 times a week,
reference dosage is 60 Gy for patients younger than 70 [13]. RT is followed by 6 cycles
of chemotherapy using temozolomide (TMZ) with side effects of headache, nausea and
fatigue [3]. However, the study [14] published in 2016 found out that 50 % of patients are
not responding to TMZ treatment as GBM cell lines contain TMZ-resistant cells
associated with levels of expression of DNA alkylating proteins. To select the correct

drugs for a patient, protein or gene profile is required as part of the treatment plan.
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2.2 Hyperthermia treatment of malignant tumours

There are two approaches of heating, one is a whole-body hyperthermia, further
divided to fever-induced or applied from outside source. The source of heating may be as
primitive as steam or hot water or complex as radiation energy. For any heating there is

a strict physiological limit of 48 °C, above which cytotoxic changes occur [15].

The most effective hyperthermic treatment is achieved in tissues poorly perfused,
where there is different cooling gradient of healthy tissue and tumour tissue by blood
flow. Factors that sensitize the tumour to hyperthermia therapy are its acidity, hypoxia,
and its lack of nutrients [8]. As the blood plays the major role in heat dissipation, tumour
becomes more vulnerable as they have less effective cooling system. The result of
hyperthermic application on cell is the change of pH of inner environment, subsequent
activation of lysosomal enzymes, slowing down of repetition processes and after the next
application of the treatment there is a lethal damage to the cells, usually after combining
the treatment technique with adjuvant treatments which is most often a radiation.
Combination with chemotherapy may however lead to increase in toxicity, that is why it
is disputable to combine these two methods. Implementation of adjunctive hyperthermia
to radiotherapy lowers the overall dosage which means it reduces its toxicity [16]. In
2011, the study of Maier-Hauff in Germany received the approval from European Union
for the clinical study of applying magnetic iron oxide nanoparticles with heating effect,
combined with external stereotactic radiotherapy for the treatment of GBM. Results of
the study showed the direct correlation of overall survival with the tumour size and it was

proven that the combination prolonged the overall survival in two years. [17]

2.2.1 Impact of hyperthermia on perfusion of tissues

When calculating the distribution of temperature in tissues, usually the change of
perfusion is neglected even though it has been proven by several studies that the overall
blood flow is dependent on temperature. It is believed that that the blood flow increases
during hyperthermia to lead away the hot blood therefore, to cool down the tissue. [18]
There have been only few studies performed to find out the specific values of perfusion
rate in brain tissues during localised hyperthermia. Experiments that were performed on
monkeys and dogs showed that regional cerebral blood flow increases according to the

specific temperature and the duration of hyperthermic treatment.
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During hyperthermia, the heat span of 41 °C to 45 °C has been proven to create a
significant increase in the perfusion of muscles, skin, and fat. On the other hand, the cells
of tumours are very vulnerable to even a slight rise of temperature and their blood flow
decreases dramatically when heated. After reaching the temperature of 45 °C, the
perfusion in normal tissue is decreased. It is believed that this drop occurs after the tissue
is damaged due to the heat stress. Assuming constant-rate perfusion and healthy cardiac
system of the patient, following curves describe the changing perfusion of the chosen
tissues with rising temperature. In Figure 2.1, we can observe that muscles have bigger
capacity of blood flow than fat and the perfusion of tumour is dramatically decreasing
after reaching the temperature of 40 °C. [5]
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Figure 2.1: Perfusion of muscle tissue, fat and tumour during hyperthermic conditions, taken
from [5]

In 1983 Milligan and co. made an experiment that was based on measuring blood
flow in canine muscles under hyperthermic conditions using a Laser Doppler Flowmetry
as the mean of determination. 25 dogs underwent one hour of heating to the temperature
of 43 °C. The results revealed that there were two peaks of blood flow. One after 10
minutes showed an increase from the baseline of 26,9 ml/min/100 gm to 39
ml/min/100gm. and the latter after 40 minutes to 47,6 ml/min/100gm. However, this
study dealt with muscle tissues only. [19]

Another study that was performed on new-born pigs examined changes of CBF and
metabolic rate of oxygen in response to hyperthermia. Body heating to the temperature
of 42 °C marked an increase in CBF by 23 % and a 24% increase in metabolic rate of
oxygen. Other factor that was studied during this experiment was the dilatation of vessels
during heat stress. It showed that after injecting constrictor (indomethacin) there was a
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decrease in CBF by 10%. This showed the responsivity of the dilated cerebrovascular bed

to a constrictor stimulus even under hyperthermic conditions. [20]

The study performed on 15 monkeys used interstitial microwave hyperthermia and
investigated regional CBF in white matter-The values were obtained using hydrogen
clearance method. Increasing temperature from 35,9 °C to 44,7 °C resulted in a rise of
regional CBF from 37,7 ml/100 gm brain/min to 82,1 mI/100 gm brain/min. At the
temperature of 42 °C that was held for 40 to 60 minutes the peak value of 2,6 times
a preheating value was reached in 40th minute with a subsequent decrease to the control
value. The study demonstrated that with every 1°C there is a 10% rise in regional CBF.
However, exposing the healthy tissue to the temperature higher than 43 °C for more than
40 minutes resulted in vascular damage including haemorrhage and endothelial

degeneration. [21]

2.3 Radiotherapy

The impact of radiotherapy on the mean survival rate of patients is undoubtful and
currently, it is the most effective method in a complex treatment of brain tumours.
Radiation may be applied to the brain by several ways. The most frequently used is the
external radiotherapy aiming to maximize the dosage to the tumour and to minimalize the
dosages to the surrounding tissue. The radiotherapy tactics is modified according to the
histology diagnosis of brain tumour. For example for primary brain tumours with
tendency to form metastases to liquor pathways (medulloblastomas), not only brain is

radiated but spinal cord as well [22].

Stereotactic radiosurgery, differing from conventional radiotherapy, represents
single application of high dosage of radiation. Its beams are concerned into calculated
point with desirable biological effect delivering minimal damage to the healthy tissue.
The source of radiation may be gamma knife or linear accelerator. Clinical applications
are mainly for patients with metastases like meningiomas or schwannomas, tumours of

hypophysis [23].

According to the overall body area treated, we distinguish two types of radiotherapy.
First one, teletherapy is a method used for applying the radiation dose to almost whole
body and is suitable for patients with metastases or vast tumours with risk of spreading

to lymphatic system. The second one is brachytherapy which provides the capability of
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applying dose in shorter period of time and the risk of damaging the surrounding tissue is

minimalised. It is used for treatment of smaller, well emarginated tumours [23].

2.3.1 Brachytherapy

Brachytherapy is divided into three most frequently used techniques. The first one is
interstitial brachytherapy represented by the set of needles inserted directly to the tumour
bed which delivers high dose rate radiation from the machine called afterloading working
with several types of radio-isotopes, most frequently used are Iridium 192, Caesium 137
or Cobalt 60. The machine protects the doctor and personnel from the unwanted dose of
radiation. Doctor applies the source from the afterloading to the catheter leading to patient
and leaves the room. Nowadays, mainly automatic afterloading machines are used. This
type of technique is mostly used for the prostate cancer, breast cancer or for tumours in
the neck and head region, as well. The second technique is intracavity brachytherapy
during which the source of radiation is placed in body cavities or resection cavities. This
technique is often used for gynaecological tumours in vagina, uterus, or oviduct. Another
type is intraluminal brachytherapy where the radiation source is applied to hollow tube
organs treating the cancer of oesophagus, lungs, or bronchi. During the procedure,
silicone pipe is applied into airways to stretch the bronchi narrowed by the obstruction.

The procedures may be taken under full or partial anaesthesia [24].

It is important to differentiate between three types of brachytherapy implants. First
group are the brachytherapy seeds used as permanent implants, which are loaded with
radiation dose that gradually weakens throughout the certain period of time. For the
patients with the permanent implant it is necessary to stay away from other people during
the period of treatment, this applies mainly for the weakened group — children and

pregnant women [25].

The vast group forms the Low Dose Rate (LDR) brachytherapy. This radiation
technique operates with doses of 0.2 to 2 Grays per hour. The radiation takes up to two
days. It is often used for tumours of prostate, oral cavity, or sarcomas. On the other hand,
during High Dose Rate (HDR) brachytherapy, the radiation dose of at least 12 Gy per
hour is applied. It is more effective, and it takes only 10 to 60 minutes [26].
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3 Aims

Aim of this thesis is to find out the dissipation of heat in the vicinity of
thermobrachytherapy balloon. The first step is to design the positions of the TBT balloons
in 2 cranial models according to the research on the most common incidence of GBM.

Considering the head model, heating technique and the structure of the TBT balloon,
following steps will be taken to simulate each possibility of heat distribution around the

resection cavity:

e Calculation of heat generation rates for every size of the balloon filled by
nanoparticles
e Simulations in MIDA models
o Heating by nanoparticle layer in 2-coat TBT balloon
o Heating by nanofluid in single-layered TBT balloon
= Heating in hyper-perfused tissue
= Heating in normo-perfused tissue
e Simulations in patient model
o Heating by nanoparticle layer in 2-coat TBT balloon
o Heating by nanofluid in single-layered TBT balloon
o Heated constantly at temperature from 40 °C to 50 °C without the use

of nanoparticles

Results of simulations will be analysed, and heating options will be reviewed
according to the ability to heat 5 mm of annular rim of tissue around the resection cavity

to the therapeutic temperature range from 39 °C to 48 °C.
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4 Methods

4.1 Thermobrachytherapy

This thesis is based on the study [4] in which the treatment option combining
hyperthermia with HDR brachytherapy is proposed using thermobrachytherapy balloon
(Figure 4.1) which is left in the resection cavity right after the surgery. The balloon is
made of silicone shaft approved by Food and Drug Administration (FDA) and moulded
balloons of different diameters depending on the size of resected area. From the balloon
several catheters are conducted. The aim is to treat 5 mm of annular rim of tissue that is
at risk of creating metastatic deposits by producing rapid heating (more than 0.2 °C per
second) at frequency of 168 Hz with the combination of brachytherapy treatment. The
induction heating system is made up of coil with a current density of 5.7 kA-m™ delivering
uniform heat to the magnetic nanoparticle layer of 0.6 W-ml™. The experiment was
simulated using COMSOL Multiphysics platform and showed satisfying results. The
5 mm annular rim of tissue around resected area was heated to the therapeutic 40 °C to
48 °C and the radiation dose to the tissue delivered was enforced, therefore LDR radiation

is effective at such conditions as well.
Temperature Sensor track

Fiberoptic Sensor

HDR Source

Saline Fill Port- — SR

—_— g —— —— — - = — ——

MNP Fill Port = ;

X - \\‘ .
Silicone Tube Sheath I Saline

Fixation Collar

Skin ' HDR Source Positions’ 52

Figure 4.1: Thermorachytherapy balloon used for coupling hyperthermia and
brachytherapy treatment [4]
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4.2 MIDA model

This model of a 29-year old woman was obtained by 3 modalities of 3 Tesla MRI
scanner. Structures such as bones, white and grey matter, eyes, or ears were obtained
using T1- and T2-weighted MR images. The arteries and veins of the head and neck were
acquired by phase-contrast MR angiography and finally the fibrous character of the tissue
was achieved using diffusion tensor imaging of the water in brain. MIDA is made up of
115 structures including all cranial nerves, veins and arteries, detailed structures of CSF,
WM and GM, salivary glands or 30 muscle groups [27]. Such complex model offers an

opportunity to examine the effect hyperthermia has on the various tissues

4.3 Model of patient

Model of patient is composed of 6 structures including skin, skull, white and grey
matter, cerebrospinal fluid, and air. Simulations and calculation of heat distribution are
therefore simplified and take less time to evaluate the impact on surrounding tissues. As
well as in the MIDA model, each of these structures have specific thermal properties

assigned from the library of body tissues [28].

Figure 4.2 Size and structures of patient's head model (left) and MIDA [27] (right)
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4.4 Implementation of Iron (I11) Oxide nanoparticles to the

heating system

In agreement with my supervisor, this thesis continues the work of Vojtéch Adam,
who performed numerical simulations in COMSOL Multiphysics environment using the
thermobrachytherapy balloon located in a simplified model of head made up of bone and
brain tissue. For heating of nanoparticle-filled balloons, an electromagnetic induction coil
of current density 5.79 kA-m™ and frequency of 100 kHz was used. Simulations that are
calculated in this thesis are using values of total power loss absorbed by the TBT balloon,
which were obtained in the mentioned thesis. These calculations considered both single
and double coating of the TBT balloon. It has been proved that using a variation of saline
and ferrite magnetic nanoparticles emits more power than in the case of single balloon
filled with MNP solution. [29]

As the head model used was rather abridged, these simulations will show how the
heating demonstrates on more complex cranial models. Using the values of power loss
from Vojtéch Adam's Bachelor Thesis, | calculated Heat Generation Rate (HGR) of
nanofluid in TBT balloon. Table 1 lists HGR of 1-coat balloons, Table 2 summarises the
values for 2-coat TBT balloon. Since in the thesis of Adam, there were only 2 positions
of balloons (in the frontal lobe and in the parietal lobe), the values for the temporal lobe
were set for the same value as for the frontal lobe.

p P-3 (1)

G P
" m  p-V p-4-m-rd

where G stands for heat generation rate in W-kg?, P is power loss in Watts taken
from [29], m stands for mass of the solution in kilograms, calculated as the product of its
density p in kg'm=2and volume V in m3. The results for each size are summarised in
Table 1.
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Table 1:Calculated values of Heat Generation Rate for the TBT balloon filled only with
ferromagnetic nanofluid

Radius of the TBT Heat Generation

Lobe balloon r POV\\I:; LZ%SS P Rate G
(m) W) [29] (Wkg?)

0.010 1.467 346.59

Frontal 0.015 5.531 387.18
0.020 13.838 408,66

0.010 1.467 346.59

Temporal 0.015 5.531 387.18
0.020 13.838 408.66

0.010 1.147 270.98

Parietal 0.015 4.321 302.48
0.020 10.838 318.97

For the double-layered TBT balloons, there is a slight change in formula for
calculating HGR. Considering the fact, that the nanofluid is located between two silicone
coats of different diameter, the volume is adjusted to the following form:

P P P-3 )

G=—= =
m pV pdnun@E-1d

4

where 1, is radius of the outer balloon in meters and r; is radius of the inner balloon

filled with saline solution. Results are written down in Table 2.

Table 2: Calculated values of Heat Generation Rate for double-layered TBT balloon

Radius of the Radius of the Heat
Lobe outer TBT inner TBT Power Loss P Generation

balloon r, balloon r; (W) [29] Rate G
(m) (m) (Wke?)

0.010 0.004 1.565 556

Frontal 0.015 0.009 6.740 790
0.020 0.014 18.377 1055.08

0.010 0.004 1.565 556

Temporal 0.015 0.009 6.740 790
0.020 0.014 18.377 1055.08
0.010 0.004 1.221 433.78
Parietal 0.015 0.009 5.254 616.02
0.020 0.014 14.314 821.81
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4.5 Preparation of simulations

For the values of heat generation rates from Tables 1 & 2, simulations of heating
from the 1-coat and a 2-coat TBT balloon will be performed. The 2-coat TBT balloon
contains additional inside balloon, filled with saline solution (as illustrated in Figure 4.1).

Between the silicone balloons, a 5mm wide ring of nanofluid is located.

In Table 3 | state the parameters of TBT balloon's materials used for thermal
simulations. The volume concentration of ferrite nanofluid is 2 % and its properties were
taken from study dealing with thermal properties of FesO4 nanofluids under hyperthermic

conditions [30]. Saline solution of 0.9 % sodium chloride was used to fill the inner

balloon.
Table 3: Parameters used for the materials of TBT balloon
. FesO4 Saline solution
Silicone [311 - nofiuid [30] [32]
Mass density p (kg-mq) 1250 1079.83 1005
Specific Heat Capacity Cp (J-kg?-K™?) 768 4112.74 4050
Thermal Conductivity 4 (W-m™1-K?) 1.59 0.9657 0.6

To compare the simulations that were calculated on tissues with higher perfusion
rates, another set of models was created in which the perfusion rates remained pre-set.
For the same purpose of comparison, other simulations were computed to depict the
heating of patient model from the balloon filled with solution at the temperature of 45 °C

constantly heated for 30 minutes.
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4.5.1 Positions of TBT balloons

Position of balloons was chosen according to the research on most common lobes
affected by the GM [12]. Moreover, the positions of TBT balloons in MIDA head were
set so the main veins and arteries are in a close position of them. This way the importance
of thermoregulation function of blood vessels is to be examined. More specifically, TBT
balloon in the frontal lobe is positioned just below the Superior sagittal sinus of Internal
jugular vein. The heat dissipation in the temporal lobe is affected by the Superficial
temporal artery and vein and in the parietal region by the Parietal emissary vein and

Superior sagittal sinus.

Figure 4.3: Positions of TBT balloons in the model of patient

For every position 3 sizes of TBT balloons were designed. Their diameters are 4 cm,
3 cm and 2 cm set according to the study [4]. Power loss in the balloon of the diameter
1 cm was so small that its heating properties are neglected as it took more than 30 minutes
to heat the close environment of the TBT balloon sufficiently [29]. For each location, two
graphs are to be constructed. First, showing the temperature distribution in the vicinity of
the balloon and later representing the temperature change throughout the time of the
simulation 5 mm from the coating of the balloon. Every graph compares three different
sizes of the TBT balloon.
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4.5.2 Sim4L.ife platform and setting

Method chosen for the simulation was Thermal transient which is a numerical
method of analysing heat transfer during a specific period. There are two options for using
it. Either to find out the time at which the thermal equilibrium was achieved or to observe
the specific heat dissipation in object at given amount of time. In this thesis both
applications will be used. The treatment time suggested is 30 minutes. Our aim is to
determine how far can the heat be transferred from the TBT system and at what specific
minute will the system reach a constant value of temperature held for the rest of the
simulation. Following types of settings are offered:

Setup: Overall time of simulation and the heating model is configured. Time of every
simulation was estimated on 30 minutes (1800s) and the Pennes heating model was

applied.

Materials: 39 types of materials in MIDA and 6 materials for patient model are
assigned values of density, thermal conductivity, and specific heat capacity from the
database of IT'IS Foundation. For the nanofluid, Heat Generation Rate was adjusted
according to the values from Table 1 and Table 2. These values are held constant during
whole time of simulation. For the models without the application of alternating magnetic
field, the convective temperature for whole TBT balloon was set to specific risen
temperature from 40 °C to 50 °C. Hyperperfused models are considering different
parameters of Heat Transfer Rates which were set to Piecewise-Linear with assigned

linear coefficients, perfusion and temperature ranges of values specified in Table X.

Initial conditions: This temperature condition refers to the start value assigned at the
beginning of the simulation. Two sets of initial condition settings were chosen, the first
one being the overall temperature of the environment of 25 °C. For every body tissue, the
temperature of 37 °C was applied and for the cases of simulations where the heating is
applied from the hot-fluid balloons, the initial condition of the balloons were set to a value
between 40 °C and 50 °C. Otherwise, the TBT balloon's initial state was same as the

temperature of other tissues in both cranial models.

Boundary Conditions: This condition specifies how the thermal model behaves at

boundaries between the structures. There are three types of this condition:

e Dirichlet: It fixes the surrounding tissue or environment to the unchanging

value in degrees of Celsius.
27



e Neumann: Fixes Heat Flux value to the unchanging value which indicates
how much heat is either lost to the environment or gained by the surrounding
tissues.

e Mixed: The third type combines the previous two and is expressed by three
values: temperature, Heat Transfer Coefficient and Heat Flux which is
calculated as the product of heat transfer coefficient and temperature

difference between 2 tissues or between environment and tissue.

Mathematically, mixed boundary condition can be expressed using following set of
equations:
dT 3
Fboundary =k % + h (T — Toutsiae) ( )
where k is thermal conductivity in W-m™-K?, T is the temperature of the object that
emits heat, n is the thickness of the wall in meters, h is heat transfer coefficient in

W-m 2 K, Tousice is the temperature of the environment. Heat flux caused by radiation

heat from a small object to the environment is given as:

o (T4 - T:utside) (4)

where ¢ is Stefan-Boltzmann constant (5.67-108 W-m2-K™), T is temperature of the

small object and Toutside iS the temperature just beyond the wall of the object.

Formula can be rewritten as the product of following temperature equations:

o (T - Toutside) ’ (T + Toutside) ' (TZ - Tozutside) (5)

for smaller temperature differences between object and wall, equation (5) can be

transformed into following form:

4- 0 (T = Toutsiae) To3utside (6)

For the models with balloons filled with hot saline, the mixed boundary condition was
applied to the layer of outer silicone to provide heat transport to the surrounding tissue
with the value of Heat Transfer Coefficient 10 W-m2-K1 and corresponding Heat Flux

value. The third condition was applied to the environment as well, to minimalize the heat
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loss through the skin. For this reason, the Heat Transfer Coefficient was set to
10 W-m~2K? and the calculated value of Heat Flux is 120 W-m? (Heat Transfer
Coefficient multiplied by the difference of outside temperature 25 °C, and the skin tissue

temperature, 37 °C).

Sensors: In this setting option we can set the number of intervals at which the
simulation will be captured. The number divides the overall simulation time evenly.
Analysing the final results, we can see the gradual change throughout the time in a set of

horizontal, sagittal or frontal slices. The simulations were captured in 8 time points.

Grid and Voxel settings: The size of each voxel (three-dimensional volume pixel) (is
configured with the emphasize on the boundaries of each different structure. It is essential
to establish the priority of structures that are overlayered. In this case the TBT balloon
must have higher priority number than the tissue in which it is inserted. The structures of
TBT balloon are prioritised in the following order outer balloon, ferromagnetic nanofluid

layer, inner balloon, saline solution, respectfully.
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Figure 4.4: The simulation tab in the Sim4Life environment
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After the simulation is finished, the analysis of results is possible using Slice viewer
option of sensor extractor. Slices can be viewed in three cross-sections: coronal (frontal),
mid-sagittal (medial), or horizontal. For each slice there is a possibility of animation of
heat generation throughout the simulation time. At chosen time, there are two option for
line extraction of temperature dependence, either the Spatial mode which illustrates the
graphical layout of temperature at chosen direction of cross-section or Temporal mode,

which depicts the behaviour of temperature at chosen point throughout the simulation.
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Figure 4.5: The analysation tab in the Sim4Life environment, proposing the options for slice
viewer (bottom left) and the line extraction of temperature dissipation (right)

Both mentioned modes will be used to analyse the temperature distribution in the
vicinity of the TBT balloons positioned in three cranial lobes. For Spatial mode, the
distribution of temperature will be drawn across horizontal section at lateral dextral-
sinistral line leading through the centre of TBT balloon. For the temporal mode, the
progression of temperature will be depicted at the point exactly 5 mm from the coating of
the balloon. The aim of TBT system is to heat 5mm rim of tissue in which the potential

metastatic residue may occur after the resection of tumour.
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4.6 Implementation of perfusion

Part of the thesis is implementation of perfusion of tissues during hyperthermia.
Sim4Life has pre-set values of perfusion rates for every biological material, however
these values need to be adjusted to meet the hyperthermic conditions during which the
blood flow changes. From the research summarised in Chapter, | used following
adjustments to the perfusion: As was mentioned above, there has been only few studies
on this subject and as the TBT balloons were located in the white matter, it was essential
to change this tissue. In the study on thermobrachytherapy, the perfusion of white matter
was doubled from the baseline [4]. Much more perfused grey matter has a perfusion rate
of 763.67 ml'‘min’t-kg™-Kt. From the study [5], | adjusted the perfusion rates for the
tissues of fat and muscles The perfusion change was applied for the temperature range
from 37 °C to 48 °C.

Perfusion of muscle, fat and tumour tissue is expressed by following equations stated
in [5]:

(T—-45)? .
0.45 + 3.55- e(_ 12 ) T <45°C
Winuscle = (7)
4 T>45°C
(T-45)? .
0.36 + 0.36- e(_ 12 ) T<45°C
Wfat = (8)
0.72 T>45°C
0833 (T _ 37)4.8 T < 37 OC
Wamour = 10.833 — W 37°C<T>42°C (9)
0,416 T>42°C
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In these formulas, W is a mass flow rate of blood and its unit is kg-s-m™>. The
perfusion units used in Sim4Life are expressed in ml'min™-kg?-K™. For conversion of
these units, density and volume would be needed, however, from the Database of Human
Tissues [28], we know the values of perfusion at temperature of 37 °C in
ml-min *-kg"1-K"! and with knowledge of values from Equations 7-9, we can easily
calculate the perfusion rates at temperature 45 °C by multiplying them by scaling factor.

Table 4:Normal and hyperthermic perfusion rates of chosen tissues

Tissue Normal perfusion rate Hyperthermic perfusion rate
(ml'min-kg 1K) (ml'min™-kg*-K?) [5]

White Matter 212.333 [28] 424.666

Subcutaneous 32.709 [28] 65.111

Fat

Muscles 36.738 [28] 314.67

Tumour 45 [33] 22.473

Even though muscles and fat are not in the direct presence of the heating system, |
have chosen them for better dissipation of temperature near the skin. This way, it can be
seen whether the head leads away the heated blood from the outer layers. For comparison,
the value of perfusion rate for veins and arteries is 10 000 ml-min-kg*-K™ [28]. For this

major difference, the impact of the position near vessels will be further analysed.

4.7 Bioheat Pennes equation

This differential equation balances the inner energy of the passive system by blood
flow and by preserving the heat in the body. One of the many roles of blood in the body
is to transfer heat through arterioles therefore to provide certain heating and cooling
system. At hyperthermic conditions, the walls of blood veins and arteries are stretched
(vasodilatated). This decrease of vascular resistance causes faster flow and certain amount
of heat is evaporated through the endocrine system of skin. It is formulated by the

following formula:
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dT
p'CEZV'(k'V'T)'FQbio"_ Qmet (10)

where p is density of tissue in m kg-3, C is specific heat capacity in J-kg™-K?, T is
temperature in Kelvins or degrees Celsius, t is time. I7is nabla, differential operator of
three-dimensional Euclidean space, k is thermal conductivity coefficient in W-m™-K™,
Qmet expresses metabolic heat produced by tissue in W-m™ and Qio is heat from the blood
perfusion. It is calculated as:

Qbio = Pp-Cprwp-(1 — ko) (T, —T) (11)

where pp, Cp and wy are density, specific heat capacity and perfusion of blood, ke
expresses the non-balanced relation between blood and tissue. T stands for the

temperature of surrounding tissue in Kelvins and Ta is temperature in blood vessels.
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5 Results

5.1 MIDA model with 2-coat TBT balloons

First set of results is the analysation of heating from double-layered brachytherapy
balloon. The perfusion in the MIDA head was adjusted to meet the hyperthermic

conditions.

5.1.1 Frontal Lobe

Figure 5.1 represents the temperature distribution in cranial slices at the end of the
simulation, which means after 30 minutes. In every following figure depicting the heating
system positioned in different brain lobes, the specific location of the slice is shown on
the left size (which is always passing through the centre of the TBT balloon). In column

(a) balloon with 2 cm in diameter is shown, in (b) a3 cm and in (c) a2 cm TBT balloon.

T(XI y IZI t)
[c]

l45

Figure 5.1: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -cm
diameter located in a frontal lobe of MIDA model displayed in sagittal, horizontal and coronal
slice, 1800 s after the start of simulation
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To show the specific temperature values, two graphs are constructed for each slice,
one representing the temperature distribution from the horizontal section of the brain
leading through the centre of the balloon. The temperatures shown are after 30 minutes
of simulation. The horizontal section was chosen since it is the slice with most significant
changes of temperature as the coil is placed in the horizontal position during the
procedure. The second graph shows how the temperature progressed throughout the time.

The later graph is shown for the point exactly 5 mm from the outer balloon.
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Figure 5.2: Graphical representation of temperature distribution in the 2-coat TBT balloons
and in its vicinity (left) and the temperature progression throughout the simulation 5 mm from the
balloons (right) located in frontal lobe of MIDA model

35



The graph depicting the distribution of temperature shows rather obtuse information
about the temperature on the surface of the balloon. For this reason, another graph is

presented which zooms in the temperature behaviour from the outer silicone layer of the
TBT balloon.
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Figure 5.3: Distribution of temperature from the TBT balloons located in the frontal lobe
of the MIDA model

For TBT balloons located in temporal and parietal lobe, the same set of graphs was
created from the obtained results. Figures 5.4 and 5.7 are depicting the graphical
temperature distribution in tissues at 3 different slices
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5.1.2 Temporal Lobe
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Figure 5.4: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and
2 (c) -cm diameter located in a temporal lobe of MIDA model displayed in sagittal, horizontal
and coronal slice, 1800 s after the start of simulation
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Figure 5.5: Graphical representation of temperature distribution in the 2-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in temporal lobe of MIDA model
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Figure 5.7: Distribution of temperature from the TBT balloons located in the temporal lobe
of the MIDA model

5.1.3 Parietal Lobe
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Figure 5.6: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and
2 (c) -cm diameter located in a parietal lobe of MIDA model displayed in sagittal, horizontal
and coronal slice, 1800 s after the start of simulation
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Figure 5.8: Graphical representation of temperature distribution in the 2-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in parietal lobe of MIDA model
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Figure 5.9: Distribution of temperature from the TBT balloons located in the parietal lobe
of the MIDA model
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The largest TBT balloons in the frontal and temporal lobe heated the tissue excesively
beyond the limitation 48 °C. In Table 5 | state the time in which the tempearture on the

surface of the balloons was exceeded.

Table 5: Times at which the temperature on the surface of the 2coat balloon reached 48 °C

Location of the balloon Fror_ltal lobe Tempioral lobe
(2=4cm) (@ = 4 cm)
Time t (min) 5.75 4.08

5.2 Patient head model with 2-coat TBT balloons

The same set of simulations are to be analysed for the realistic model of patient with
six tissues. Positions of the TBT balloons were fixed in the same locations as for the
MIDA model even though there was not emphasize on the placement near the vessels as

this model does not contain them. Each of the nine simulations was set to 30 minutes.

Figures 5.10, 5.13 and 5.16 represent the distribution of temperature in cranial slices
dividing the TBT balloons in halves. Graphs 5.11, 5.12, 5.14, 5.15, 5.17 and 5.18 show

numerical values reached during the simulations.

In Table 6 | specify the times at which the temperatures on the surface of the balloons
passed the required limit.
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5.2.1 Frontal Lobe
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Figure 5.10: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and
2 (c) -cm diameter located in a frontal lobe of patient model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 5.11: Graphical representation of temperature distribution in the 2-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in frontal lobe of patient model
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Figure 5.12: Distribution of temperature from the TBT balloons located in the frontal lobe
of the patient model

5.2.2 Temporal Lobe
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Figure 5.13: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and
2 (c) -cm diameter located in a temporal lobe of patient model displayed in sagittal, horizontal
and coronal slice, 1800 s after the start of simulation
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Figure 5.14: Graphical representation of temperature distribution in the 2-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in temporal lobe of patient model

Temperature T (°C)
w o N N N S S
© [ w & ~ © = w

w
hy]

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance from the balloon s (mm)

———Temporal 2 cm @ ———Temporal 3cm @ Temporal 4 cm @

Figure 5.15: Distribution of temperature from the TBT balloons located in the temporal
lobe of the patient model
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5.2.3 Parietal Lobe
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Figure 5.17: Temperature layout around the 2-coat TBT balloons with a 4 (a), 3 (b) and
2 (c) -cm diameter located in a parietal lobe of patient model displayed in sagittal, horizontal
and coronal slice, 1800 s after the start of simulation
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Figure 5.16: Graphical representation of temperature distribution in the 2-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in parietal lobe of patient model
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Figure 5.18: Distribution of temperature from the TBT balloons located in the parietal lobe

of the patient model

In each lobe of the patient model, the TBT balloon of the diameter 4 cm produced
heat which resulted in the temperature higher than 48 °C in the tissue surrounding the

resection cavity. Times of this overstep are listed in the table below.

Table 6: Times at which the temperature on the surface of the 2coat balloon reached 48 °C

L ocation of the balloon Frorltal lobe Tem[:ioral lobe Parlftal lobe
(z=4cm) (2=4cm) (=4 cm)
Time t (min) 3.5 4.0 35

To summarise the results of the heating from double-silicone layered TBT balloons,
| created a table, in which | highlighted both excessive and healing temperature ranges.
Values in red cells represent the case in which the temperature passed the required limit,
green cells contain successfully heated areas. Values in white cells are below the

temperature limit and do not meet the hyperthermic conditions.
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Table 7: Temperature range in the 5 mm annular rim of tissue surrounding the 2coat TBT

balloons

2-coat models

MIDA Patient
Temperature range in 5 mm of Temperature range in 5 mm of treated
treated tissue (°C) tissue (°C)
Lobe 4cmTBT | 3cm TBT | 2ecm TBT 4cmTBT | 3cmTBT | 2cm TBT
Frontal | 38.5-48.5 | 38.5-46 38-42.5 40-50 39-46 38415
Temporal | 39.5-51 4047 3842 40.5-52 39-45.5 38-41.5
Parietal | 38.5-45.5 | 38.5-445 | 38-415 40-51.5 39-46 3842

5.3 Models with single-coat TBT balloons

Other simulations were computed for models with a single coat TBT balloons using

the values calculated in Table 1. In this chapter | present the graphical evaluation of

heating from the balloons in parietal lobes. Frontal and temporal lobes were evaluated as

well, and their graphical interpretations are part of Attachments A and B.
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Figure 5.19: Graphical representation of temperature distribution in the 1-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation

5 mm from the balloons (right) located in parietal lobe of MIDA model
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The temperature limit was exceeded only with the TBT balloon in the temporal lobe.

Table 8: Times at which the temperature on the surface of the 1coat balloon reached 48 °C

Location of the balloon Tempioral lobe
(z=4cm)
Time t (min) 6.5

5.3.2 Patient
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Figure 5.20: Graphical representation of temperature distribution in the 1-coat TBT
balloons and in its vicinity (left) and the temperature progression throughout the simulation
5 mm from the balloons (right) located in parietal lobe of patient model

Similarly, the temperature which would cause ablation in tissue was reached only in
the presence of TBT balloon set in the temporal lobe.

Table 9: Times at which the temperature on the surface of the 1coat balloon reached 48 °C

Location of the balloon Temporal lobe
(2=4cm)
Time t (min) 6.25
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To summarise the results of the heating from single-silicone layered TBT balloons,
in Table 10 | state the temperature ranges reached in 5 mm of annular rim of tissue around
resection cavity. Values in red cells represent the case in which the temperature passed
the required limit while green cells contain successfully heated areas. Values in non-
coloured cells are below the temperature limit and do not meet the hyperthermic
conditions. 5—6

Table 10: Temperature range in the 5 mm annular rim of tissue surrounding the 1coat TBT
balloons

1-coat models

MIDA Patient
Temperature range in 5 mm of Temperature range in 5 mm of treated
treated tissue (°C) tissue (°C)
Lobe 4cmTBT | 3cm TBT | 2ecm TBT 4cmTBT | 3cmTBT | 2cm TBT
Frontal 38.5-44 38.5-43 38.5-42 3947 38.5-43 38.5-41
Temporal | 45-58 38.5-44 38-41.5 46.5-58.5 40-45.5 3841
Parietal | 39.5-44.5 | 38.5-42 37.5-40 38.5-45.5 | 38.5-42.5 3840

5.4 Patient model, hyperperfused, heated constantly at

temperature 45 °C

Part of the assignment is to heat the surrounding tissue using a single silicone balloon
filled with fluid at temperature from 40 °C to 50 °C. This heating does not require the
nanoparticle solution as it is not heated by an electromagnetic coil but the water inside it
Is set to unchanging temperature value from the mentioned range. However, the results
of these simulations were rather monotonous since there was no difference in heating of
the individual sizes of the balloons. Figure 5.21 shows the temperature layout of 3 cranial
slices for the balloon of diameter with 4 cm heated to 45 °C, located in the temporal lobe.
Figure 5.22 and 5.23 represents the overall temperature distribution from the silicone of

three sizes of the balloons located in parietal and temporal lobes.
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Figure 5.22: Temperature layout around the balloon with diameter 4 cm, heated
constantly at 45 °C, located in temporal lobe of patient model, illustrated in sagittal,
horizontal and coronal slices, 1800 s after the start of simulation
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Figure 5.21: Distribution of temperature from the TBT balloons located in the parietal lobe

of patient model heated constantly at 45 °C
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Figure 5.23: Distribution of temperature from the TBT balloons located in the temporal
lobe of patient model heated constantly at 45 °C

5.5 Comparison of MIDA model and Patient model

As the position of TBT balloons in both models is alike, it is possible to compare
how the temperature progressed in the surrounding tissue of resection cavities. This
comparison shows the impact of multiple tissues of different densities and thermal
properties on the overall temperature distribution around the TBT balloons. In MIDA
model, not only white matter surrounded the balloons, but vessels, nerves, and meninges
as well. Figure 5.24 examines the difference in how the tissues around the outer layer of
the TBT balloons in parietal lobe were heated for MIDA model and patient model. Results

for frontal and temporal lobes are corresponding.
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Figure 5.24: Distribution of temperature from the TBT balloons considering the

differences between MIDA model and patient model

5.6 Comparison of 1-coat and 2-coat MIDA model

To compare two heating models of single and double layered TBT balloon, following
graph was constructed. These heating models differ in the value of heat generation rate
calculated from Tables 1 and 2. For illustration, the heating system in the frontal lobes of
hyper-perfused MIDA models was used. The results in the two other lobes were
equivalent with the only difference in maximal temperature reached in temporal lobe. The
double-coat balloon with diameter 4 cm, located in temporal lobe, produced excessive
heating which resulted in the temperature of almost 53 °C on the right side and more than

55 °C on the left side of the outer balloon 's surface.
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Figure 5.25: Distribution of temperature from the TBT balloons considering the

differences between 1-coat and 2-coat TBT heating balloon

5.7 Comparison of normo-perfused and hyper-perfused
MIDA model

Following graph shows the differences in the heating extent of the hyper-perfused

model and normo-perfused model of MIDA. The comparison of patient models was not
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Figure 5.26: Distribution of temperature from the TBT balloons considering the
differences between hyper-perfused and normo-perfused MIDA model
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chosen, as the only change was in the perfusion of white matter since the model does not
contain muscle and fat tissues. It compares the temperature distributions from 1-coat TBT
balloons located in temporal lobes. The results for parietal and frontal lobes are
corresponding. differing only in the temperature maxima. The graph represents the state

at the end of the simulation, that means after thirty minutes of heating.

5.8 Comparison of nano-heated TBT balloon and balloon

heated constantly at temperature 45 °C

It is necessary to provide the distinction of the balloon heated by nanoparticles with
different intensities of magnetic field and the balloon heated solely by hot fluid set to
constant temperature. As was mentioned in Chapter 5.4 the later heating model presented
unambiguous results without differences between the sizes of the balloons. Following
comparison shows that the nanoparticles-heated system provides more intense heating
with distinctions for the size of the balloon.
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Figure 5.27: Distribution of temperature from the TBT balloons considering the
differences between TBT-balloons heated by nanoparticles and by the fluid set constantly to
45 °C
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5.9 Impact of veins and arteries

The positions of TBT balloons in the MIDA model were in the proximity of main
veins and arteries. As the blood vessels have different thermal properties and perfusion
rates, there is a change in the overall temperature increase from the source of heating. The
graphs below depict the influence of veins and arteries. In Figure 5.29, the Superior

sagittal sinus of Internal jugular vein is at the position -20 mm from the zero point and in

Figure 5.30 the Superficial temporal artery is at the position -15 mm from the zero point.

(a) (b) (c)
Figure 5.28: Location and impact of vessels near the TBT balloons of 4cm diameters,

located in temporal (a), parietal (b) and frontal (c) lobe viewed in sagittal section
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Figure 5.29: The temperature outline in the vicinity of the Internal jugular vein located

near the surface of the TBT balloon
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Figure 5.30: The temperature outline in the vicinity of the Superficial temporal artery

located near the surface of the TBT balloon
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6 Discussion

From the simulation variations that were computed, the results can by analysed according
to the ability to heat the 5mm tissue rim that surrounds the resection cavity /in our case
the balloon) to the temperature from 39 °C to 48 C. The temperatures below this level
would not induce more effective radiotherapy and temperatures above 48 °C would cause

unwanted ablation to the tissue resulting in its necrosis.

The results of the simulation from 2-coat TBT balloon show that the desired
temperature range for the 5 mm of tissue is reached only around the middle-sized TBT
balloons and around a balloon of 4 cm diameter located in the parietal lobe of MIDA
model. Rest of the 4 cm balloons are causing excessive heating of the tissue surrounding
them. In Tables 5 and 6 | stated times at which the temperature limit was exceeded. These
high temperatures may be avoided by lowering the intensity of the electromagnetic field
at the specified times or by reducing the layer of nanoparticle solution. None of the
smallest balloons with diameter of 2 cm was able to heat the 5 mm of annular rim of tissue
around them. These balloons were capable of delivering the required value of heat only
to the distance of 2 to 3 mm.

Single-coated models met the conditions in more cases than balloons in the previous
set of simulations. The therapeutic amplitudes were reached around all 3cm TBT balloons
as well as in the 2-coat models. Furthermore, two larger sizes of balloons in parietal and
temporal lobes delivered the prescribed heat to the tissues of both models. The
temperature limit was topped around the largest balloons in temporal lobes around the 6™

minute of simulations.

From the obtained results it can be concluded that the smallest size of the balloon
(with 2cm diameter) is not capable of heating the tissue to the extent of 5 mm from its
silicone coating. This size is not recommended for the use of thermobrachytherapy.
Furthermore, use of the biggest size of the balloon usually results in an excessive heating.
As this size was capable of heating even the tissues 5 mm from the balloon in the majority
of cases, it is recommended to adjust the field intensity of coil or to chose thinner layer
of nanofluid in 2-coat models rather than not using it at all. The golden middle way was
reached with the balloons of 3cm diameter as it showed the capability of heating the tissue
to the least extreme extent. The figures of model slices show that the heating was
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disproportionated on the sides were the balloons neighboured with meninges of the brain
where the temperature was vastly dissipated.

Temperature of each model stabilises between the sixth and the eighth minute and

from this point behaves constantly.
From the comparison of chosen modalities there are following results:

1. Heating of cranial model of patient showed more intense heating than the
model of MIDA. (Figure 5.24)

This is probably due to the uniformity in the surroundings of resection cavities in
patient model, as no other tissues than white matter, alternatively gray matter were
considered. On the other hand, in MIDA model, there were several tissues with higher
perfusion rates that may have reduced the temperature layout. These tissues include blood

arteries and veins, as well as CSF or meninges of brain.

2. Double-layered TBT balloons produced more heating than the single-layered
ones. (Figure 5.25)

This is because of the obvious fact that power produced by the 2-coat TBT balloons
is higher than in the 1-coat balloons. Values of power loss were obtained from the
bachelor thesis “Inductive heating of magnetic nanoparticles for hyperthermia” [29] and
they are listed in Tables 1 and 2.

3. Heating of normo-perfused model was more profound than the heating of

hyper-perfused model. (Figure 5.26)

Accelerated blood flow is responsible for better circulation, therefore the heated
blood is frequently carried out from the tissue. This is part of the cooling mechanism of
the brain. The results obtained from the hyper-perfused models show the real response of

the healthy brain to the hyperthermia.

4. Balloons filled with nanoparticles provide deeper heating than the ones filled

with fluids set to constant hyperthermic temperatures. (Figure 5.27)

This statement proves that nanoparticle heating is the optimate method used for
thermobrachytherapy.

Position of veins near the balloon affects the temperature distribution in the vicinity
of balloon. This is shown in Figures 5.29 and 5.30 by a visible drop of more than 2 °C.
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This decline is the result of high perfusion rate of vessels, which is more than twenty
times higher than the perfusion of the white matter.

The inaccuracies in the results of temperature distribution in tissues may have been
caused by coarse voxeling of models during simulations where the temperature values on

the edges of materials are approximated to the values behind their boundaries.

The most challenging demand of this thesis was the implementation of the perfusion
values at hyperthermic conditions. The studies dealing with this subject were mostly out-
of-date and did not carry out the values for brain structures. | suggest more research on
this topic as the results of simulations may be distorted since the actual physiological
processes in the brain during hyperthermia are not properly captured. Another advance to
this study would be the calculation of the radiation dose needed to be delivered to the

tissue with hyperthermia lowering the required ionisation energy.
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7 Conclusion

This study dealt with the treatment technique of thermobrachytherapy used for prolonging
the lifespan of patients with glioblastomas by proper elimination of possible metastatic
residues left after the resection surgery. I studied the thermal approach of this method by
simulating the heating of tissues around the resection cavity from the

thermobrachytherapy balloon.

The simulations were performed on two head models. The first one, MIDA model
[27] was detailed cranial model composed of 117 structures, the other model was
simplified design of patient model made up of 6 main materials. Results show that the
heating was more profound in less-detailed patient model. The graphical representations
of the simulation results of the heating from double-layered thermobrachytherapy
balloons are part of Chapter 5.1 and 5.2. For the simulations of heating the same head
models from the simplified 1-coat TBT balloon, results are displayed in Chapter 5.3 and
in the Attachments A & B. | compared all the simulations in the set of graphs, as part of
the chapter Results. The comparisons confirmed that the hyper-perfusion of tissues results
in less profound heating. Heating from the balloons filled with nanoparticle solution has
proven to be more effective than the suggested method of heating from the balloons filled

with hot water.

From the obtained results, | conclude that the thermobrachytherapy treatment is
effective for the balloons with diameters of 3 cm and the region of brain that is the most

suitable for this treatment technique is the parietal lobe.
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Attachment A: Figures
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Figure 1: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a temporal lobe of MIDA model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 2: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a frontal lobe of MIDA model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 3: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a parietal lobe of MIDA model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 4: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a parietal lobe of patient model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 5: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a parietal lobe of patient model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Figure 6: Temperature layout around the 1-coat TBT balloons with a 4 (a), 3 (b) and 2 (c) -
cm diameter located in a temporal lobe of patient model displayed in sagittal, horizontal and
coronal slice, 1800 s after the start of simulation
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Attachment B: Graphs
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Graph 1: Graphical representation of temperature distribution in the 1-coat TBT balloons
and in its vicinity (left) and the temperature progression throughout the simulation 5 mm from
the balloons (right) located in frontal lobe of patient model
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Graph 2: Graphical representation of temperature distribution in the 1-coat TBT balloons
and in its vicinity (left) and the temperature progression throughout the simulation 5 mm from
the balloons (right) located in temporal lobe of patient model
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Graph 3: Graphical representation of temperature distribution in the 1-coat TBT balloons
and in its vicinity (left) and the temperature progression throughout the simulation 5 mm from
the balloons (right) located in frontal lobe of MIDA model
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Graph 4: Graphical representation of temperature distribution in the 1-coat TBT balloons
and in its vicinity (left) and the temperature progression throughout the simulation 5 mm from
the balloons (right) located in temporal lobe of MIDA model
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