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ANNA NGUYEN
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Abstract

Brain tumors are one of the most common types of childhood cancer [1]. Microwave
hyperthermia as an adjuvant treatment has the potential to improve the quality of
life and survival rate of patients [2]. Hyperthermia treatment involves heating the
target to 40 — 44 °C using an antenna array. By tuning the antenna amplitude
and phase, positive wave interference in the target increases tumor temperature
without damaging healthy tissue. This thesis investigates the feasibility of exter-
nal microwave hyperthermia for pediatric intracranial tumors. A literature review
was done to investigate what tumor sizes and locations are accessible for microwave
heating. Craniopharyngioma (= 22 ml), diffuse midline glioma (H2K27M) (~ 31
ml), ependymoma (=~ 49 ml), and meningioma (~ 55 ml) were identified. Sim-
ulations were performed for two study cases to investigate the final temperature
distribution and the optimal operating frequency. Specific absorption rate (SAR)
based treatment planning and thermal simulations were performed for frequencies
between 250 — 800 MHz with self-grounded bow-tie (SGBT) antennas. Case one
investigated target size, shape, location, and tissue properties using an 11-year-old
patient and a 12-channel array. The chosen tumors, a smaller ependymoma (=
7 ml), and a skull base tumor (/= 11 ml) were tested using four different tissues:
(i) healthy, (ii) average of healthy, (iii) tumor (benchmark) [3], (iv) tumor (Schoon-
eveldt) [4]. Case two investigated the effect of different antenna arrangements within
an applicator by using a 13-year-old patient with medulloblastoma (126 ml, tumor
(benchmark) tissue) and both a symmetric and an optimized 10-channel array. Su-
perficial targets, the ependymoma and meningioma, were the only ones to reach a
therapeutically relevant temperature increase. Frequencies between 250 — 350 MHz
and frequency combination using 250 — 550 MHz achieved the highest temperature
exceeded by 90 % of the target volume, Ty, in all targets for both cases. Higher Ty,
was generally obtained for superficial tumors and for tissues with lower perfusion.
A continuation of the thesis would be to investigate optimized arrays at 250 — 350
MHz.

Keywords: microwave hyperthermia, pediatric brain tumors, hyperthermia, fre-
quency
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List of Acronyms

List of acronyms used in this thesis listed in alphabetical order:

CBTRUS Central Brain Tumor Registry of the United States
CNS Central nervous system

CSF Cerebrospinal fluid

cT Computerized tomography
DIPG Diffuse intrinsice pontine glioma
DMG Diffuse midline glioma

EM Electromagnetic

EV Eigenvalue

GCT Germ cell tumors

GTR Gross total resection

HCQ Hot-to-cold spot quotient

HGG High-grade glioma

HR Homologous recombination
HTV Hyperthermia target volume
HCQ Hot-to-cold-spot quotient

HTQ Hot-spot to target quotient
IDH Isocitrate dehydrogenase

IEEE Institute of Electrical and Electronics Engineers
i-TR [terative time-reversal

LGG Low-grade glioma

LR Local refinement

MRI Magnetic resonance imaging
MW Microwave

PBT Pediatric brain tumors

PEC perfect electrical conductor
PLD Power loss density
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PML Perfect matched layers

PS Particle Swarm

RF Radio-frequency

ROS Reactive oxygen species
RS Random search

SAR Specific absorption rate
SEER Surveillance, Epidemiology, and End Results
SGBT Self-grounded bow tie
TEM Transverse electromagnetic
TH Thermal

UWB Ultra-wide band

ViP Virtual population

WHO World Health Organisation



Nomenclature

Below is the nomenclature of constants and parameters that have been used through-
out this thesis.

Constants

hs.q Convection coefficient between skin and air 8 Wm2K™!

N Convection coefficient between skin and water 100 Wm2K~!

Toir Air temperature 20 °C

Twater Water temperature 30 °C
Parameters

Cp Specific heat capacity

f Frequency

Q Perfusion rate

Er Relative permittivity

K Thermal conductivity

A Wavelength

p Density

o Electrical conductivity

T, Y, 2 3D cartesian coordinate system

O origin

E Electric field distribution

E Transformed electric field

np Number of grid sampling points

ur Material impedance at frequency f

X1



xii

Weight factor, used in field interpolation

Coupling factor between antenna 7 and j

Polarization axis of antenna ¢

Temperature exceeded by 50 % of the target volume
Temperature exceeded by 90 % of the target volume
Iso-SAR target coverage



Contents

List of Acronyms

Nomenclature

1 Introduction

2

1.1
1.2

Aim and objectives . . . . ... ... ...
Limitations . . . .. ... ... ... ...

Pediatric brain tumors

2.1 Classification of brain tumors . . . . . . . .. ... .. ... ... ..
2.2 Distribution of histopathology and sites . . . . . . .. ... ... ...
2.3 Incidence and survival rates . . . . .. ... ..o
2.4 Gliomas . . . . . . ..
2.4.1 Astrocytoma . . . ... ..
2.4.2 Diffuse midline glioma . . . . . ... ... ... ... .....
2.4.3 Oligodendroglioma . . . . . .. ... ... ... .. ......
2.5 Neuronal and mixed neuronal-glial tumors . . . . . . ... ... ...
2.6 Embryonal tumors . . . . . .. ... o
2.7 Ependymal tumors . . . . . .. ..
2.8 Meningioma . . . . ...
2.9 Craniopharyngioma . . . . . . . .. .. . Lo
2.10 Choroid plexeus tumors . . . . . . .. ...
2.11 Germ cell tumors . . . . . . .. ...
2.12 Mesenchymal tumor . . . . . . . . ... ...
2.13 Nerve sheath tumor . . . . . . . . . ... ... ... ... .. ...,
2.14 Hemangioma . . . . . . . . .. .
Theory
3.1 Hyperthermia . . . . . . .. .. ... ...
3.1.1 Deep microwave heating . . . . ... ... ... ... .. ...
3.2 Treatment planning . . . . . . . . . ..o
3.2.1 Electromagnetic simulation and optimization . . . . . . . . ..
3.2.2 Thermal simulations . . . ... ... ... ... ........
3.2.3 Treatment indicators . . . . . . .. ... ... . L.
3.3 Applicator design . . . . . ...
3.4 Array optimization . . . . ... ... L
3.4.1 Electric field interpolation . . . . . . ... ... ... ... ..

viii

xi

19
19
20
21
21
22
23
24
24
25

xiii



Contents

3.4.2  Optimization algorithm . . . . . . ... .. .. ... ... ...

4 Method
4.1 Literature review . . . . . . . . . ..
4.2 Numerical simulations . . . . .. .. ... ... .. .. ........
4.3 Frequency analysis . . . . . . .. ..o
4.4 Tissue properties . . . . . . . ..
4.5 Study case 1: Target characteristics and tissue properties . . . . . . .
4.6 Study case 2: Antenna arrays . . . . . . ... ...
5 Results
5.1 Study case 1: Target characteristics and tissue properties . . . . . . .
5.1.1 SAR distribution at the highest Ty . . . . . . . . . . . .. ..
5.1.2 Temperature distribution at the higest Tyy . . . . . . . . . ..
5.1.3 SAR and temperature maps at low frequencies . . . . . . . ..
5.1.4 SAR and temperature maps at high frequencies . . . . . . ..
5.1.5 Target Ty . . . . . o o o o o
5.2 Study case 2: Antenna arrays . . . . . . .. .. ...
5.2.1 SAR and temperature distributions . . . . . ... ... .. ..
5.2.2 Target Tyo and HCQ . . . . . . . .. ... ... ... .. ...
6 Discussion
6.1 Literaturestudy . . . . . . . . . ... oo
6.2 Studycasel . . . . . . . ...
6.2.1 Tissue properties of targets . . . . . . .. ... ...
6.2.2 Target location, size, and shape . . . . . . ... ... ... ..
6.3 Studycase 2. .. . . . . ..
6.4 Work in relation to literature . . . . . . . ... ... ...
7 Conclusion
Bibliography
A Appendix

Xiv

29
29
29
31
31
32
35

39
39
39
40
40
42
44
47
47
47

51
51
52
52
53
54
55

57

59



Introduction

Cancer is a common disease; around 40 % of the population will receive a cancer
diagnosis in their life [1]. Over the last decades, survival rates for patients have
increased [1], [5]. Yet, large variations in survival rates between cancer types remain,
with brain tumors being one of the most challenging types to treat [6].

In children, brain tumors are one of the most frequent types of cancer [7]. Tumor
locations vary and they can appear anywhere in the brain. A majority of malignant
and low-grade benign tumors are located towards the back of the head, in the pos-
terior fossa [8], [9]. Brain tumors are generally treated with surgery, chemotherapy,
and radiation therapy [7]. The survival rate for children is generally higher than
for adults, with over 75 % of all children diagnosed with cancer being cured [10].
Unfortunately, today’s treatment methods cause long-term negative effects, such as
cognitive impairment and growth disorders from exposing the developing brain to
ionizing radiation [11].

Microwave technology has the potential to improve the quality of life and sur-
vival rate of cancer patients by enabling hyperthermia as a complementary treat-
ment, alongside existing ones [2], [12]. Hyperthermia treatment has been found to
increase both survival rate and tumor control probability for several types of can-
cer. In microwave hyperthermia treatment of deep-seated tumors, externally placed
antennas around the body part containing the tumor send microwaves through the
body. The antennas are placed in a water bolus that provides impedance matching
and cools the surface of the body. Together, the antenna array and water bolus
form the applicator [2]. By tuning the phase and amplitude of the waves from
each antenna, the microwaves converge in the cancer tumor, with positive interfer-
ence heating the target. The goal is to increase tumor temperature to 43 °C in
non-invasive hyperthermia [13], [12].

In order to develop safe, reliable hyperthermia treatment, a suitable applicator
is necessary. The use of ultra-wideband (UWB) systems shaped as helmets has
shown a potential to improve target coverage during treatment [2]. Tumor size,
alongside patient anatomy and the applicator itself, is thought to impact the optimal
operating frequency of the antennas [14]. However, optimal frequencies for different
brain tumors have not been exhaustively studied. Likewise, the effects of the target
characteristics have not been thoroughly explored.

The thesis is structured in the following order: pediatric brain tumors are re-
viewed in Ch.2 with the aim of identifying suitable targets for hyperthermia. Next,
the theoretical framework of hyperthermia, treatment planning, and array optimiza-
tion is established in Ch.3. The methodology is outlined in Ch.4. Simulation results
are introduced in Ch.5. Ch.6 discusses all results and their relation to literature
before a conclusion is reached in Ch.7.



1. Introduction

1.1 Aim and objectives

This project aims to investigate the feasibility of external microwave hyperthermia
for pediatric intracranial tumors. The following questions will guide the report:

o What tumor sizes and locations are accessible for microwave heating with

phased array applicators?

o How do target size, shape, location, and tissue properties affect the final tem-

perature distribution?

o With respect to the above, and considering different antenna arrangements

within the applicator, what are the optimal operating frequencies?

Expanding on the questions, first, not all targets may be equally accessible for
hyperthermia treatment depending on their size and anatomical location. A small
tumor requires the energy to be focused in a smaller volume compared to a larger
tumor. This concentration of energy can facilitate the delivery of the necessary
thermal dose, making smaller tumors more suitable for microwave heating. Super-
ficial tumors may also be more accessible compared to deep-seated tumors as the
microwaves propagate a shorter distance before reaching the target. Thus, the wave
retains more energy, which allows for greater energy deposition in the tumor.

Secondly, target characteristics like size, shape, location, and tissue properties
can potentially influence the temperature distribution achieved through microwave
heating and the optimal operating frequency. Smaller or irregularly shaped tumors
might benefit from higher frequencies because the smallest achievable focal spot
of the microwaves decreases for higher frequencies, while larger tumors might re-
quire lower frequencies for adequate energy deposition. The location of a target also
affects the energy deposition, with deeper seated targets possibly benefiting from
lower frequencies because the penetration depth of the wave decreases for higher
frequencies. Furthermore, tissue properties such as the perfusion rate and the elec-
tric conductivity could impact the heat dissipation and absorption, influencing the
overall temperature distribution.

Lastly, the arrangement of antennas in the applicator may influence the opti-
mal operating frequency. Different antenna configurations provide different heating
patterns. Thus, the frequency that best achieves a uniform, high, temperature dis-
tribution in the target may vary depending on the array.

1.2 Limitations

This study is limited to brain tumors in the pediatric age group with statistics on
survival rate, incidence rate, and distribution of location and histopathology from
the United States. The patient model used for simulations represents the older
age group in children and the literature review for finding tumor types is taking
this aspect into consideration. Due to the extent of the study, it is limited to
six different tumor types. Furthermore, the targets from the literature study are
simplified to spherical shapes, any other model of the tumor shape is provided from
the Biomedical Electromagnetics Group.

Simulations in this study take the electromagnetic and thermal aspects into ac-
count, but will not focus on fluid modeling for treatment planning. The effects of
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fluid will not be considered, except for blood perfusion. Cerebrospinal fluids will be
considered as a solid.

The optimal shape for the water bolus is not explored and a spherical or ellipsoidal
helmet shape is used throughout the two case studies respectively. Similarly, the
number of antennas in the array was predetermined to either 10 or 12 antennas
based on previous research. No further analysis of the ideal number of antennas
within the array is taken into account.

Single frequencies and combinations of frequencies are both considered in the
study. The single frequencies are f=[250, 275, 300, 350, 400, 450, 600, 700, 800] MHz.
For the combination of frequencies, the range is 250 — 550 MHz, with a step size of
100 MHz. Other frequencies and step sizes were not considered.
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Pediatric brain tumors

This chapter provides a literature study on pediatric brain tumors (PBT). Data
for pediatric tumors was mostly gathered from the Central Brain Tumor Registry
(CBTRUS), an organization that gathers statistical data on primary brain and other
central nervous system (CNS) tumors in the United States. This study specifically
used the statistical report from CBTRUS, 2016 — 2020 with survival data from the
National Program of Cancer Registries (NPCR), 2001 —2019. The data was collected
before the WHO classification in 2021 and will rely on the 2016 WHO Classification
of Tumors of the CNS accordingly !.

One important factor which impacts the patient survival is tumor location [15].
As such, understanding the anatomy of the brain is important. Each region of the
brain has different functions and can be divided into three major regions: cerebrum,
cerebellum, and brain stem. These three major regions are illustrated in figure
2.1, together with other anatomical sites. As seen in figure 2.1, the largest part
of the brain is the cerebrum. The cerebrum can be divided into the right and
left hemisphere and further divided into four lobes (frontal, parietal, temporal, and
occipital) [16]. Following with the cerebellum, which is located in the lower back of
the head and is mainly responsible for movement coordination, balance and motor
learning [17]. Lastly, the brain stem is located at the back of the brain and includes
the midbrain, pons, and medulla oblongata. The main functions of the brain stem
are blood pressure, heart rate, breathing, and sleeping [18].

The symptoms of PBTs that arise are mostly dependent on the location of the
tumor. Ataxia is common for tumors in the posterior fossa, while seizures are more
commonly associated with tumors in the frontal lobe. Other symptoms such as
headaches, nausea, and vision loss are usually related to intracranial pressure [19].

One important note is that PBT differs from adult tumors. Despite their re-
semblance in histopathology, differences in genetic and biological characteristics can
arise and will affect the treatment option [21], [22]. Childhood brain tumors also
tend to have a better prognosis and survival outcomes than adult tumors. Regard-
ing tumor location, most of the PBTs occur in the brainstem and cerebellum while
adult tumors occur more in the supratentorial regions [23]. The incidence of PBTs
is also quite low, leading to research predominantly focusing on adult tumors and
using the same treatment option for pediatric tumors [24], [22], [19].

Understanding more about the biology of PBTs has led to improved accuracy of
diagnosis with progressive advancements in treatments for PBTs as well [19]. In
general, the common treatment is a combination of surgery and radiation, and for
many pediatric tumor types, craniospinal irradiation is more common due to its

!Neoplasm, unspecified, is excluded in this study as there was both little information and few
population-based studies available regarding tumor size for pediatric patients.
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Cerebrum

. _ Ventricles
Choroid plexus = . (fluid-filled spaces)

Cerebellum

Figure 2.1: Anatomy of the brain, ©(2010) Terese Winslow LLC, U.S. Govt. has
certain rights [20].

tendency to spread to nearby tissues [25]. If feasible, the initial treatment is surgery
and it can either be a biopsy, subtotal resection, or gross total resection (GTR).
A biopsy is a sample of tissue removed from the body and is used to determine
diagnosis and treatment strategy. Secondly, subtotal resection refers to removing
only a portion of the tumor to relieve pressure and is used for cases when removing
the whole tumor can cause health risks for the patient. Lastly, GTR is defined
as the removal of all tumor tissue detected on magnetic resonance imaging (MRI).
Chemotherapy can either be an additional treatment or used for cases where you
want to delay radiation therapy in younger patients [25]. The common agents include
platinum agents, anti-metabolites, plant alkaloids, and alkylating agents [26].
Despite a successful treatment, it is often accompanied with long-lasting side
effects [27]. There is also a wider range of side effects in children and the severity
of the side effects depends largely on age and the intensity of the treatment [25].
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2.1 Classification of brain tumors

The classification of brain tumors is important in order to determine prognosis and
plan the initial treatment. With more progress in molecular genetics, the World
Health Organization (WHO) introduced major changes in the 2021 WHO classifi-
cation of tumors of the CNS [28]. These notable changes resulted in tumors being
graded according to tumor types instead of across different types. Furthermore, dif-
fuse gliomas are now categorized into adult-types and pediatric-types based on how
diffuse gliomas occur primarily in each category. This means that pediatric tumors
can occur in adults and vice versa, although much more rarely [29].

Even the tumor grading has changed for the 2021 WHO classification. In the
past, Roman numerals have historically been used but are now replaced with Arabic
numerals to minimize misreading [29], [30]. A WHO grade of 1 —2 is still considered
as a low-grade tumor and a grade of 3 —4, as a high-grade tumor. More specifically,
grade 1 are slow-growing, benign tumors and are often curable through surgery.
Grade 2 tumors are also slow-growing but can either be benign or malignant with a
risk of recurrence. Both grade 3 and grade 4 tumors are malignant and fast-growing
while the latter one has an even higher chance of recurrence [31].

2.2 Distribution of histopathology and sites

The five-year total cases in the United States gathered for the distribution of pedi-
atric brain tumors was 17136 with an annual average case of 3427. Of all reported
tumors, 3.6% was the proportion for children of ages 0 — 14 [32].

The figure 2.2 shows the distribution of tumor location and figure 2.3 illustrates
the distribution of the different tumor types for pediatric patients between the age
0 — 14. As seen in figure 2.2, the largest proportion of tumors occurred mostly in
the back of the brain, with cerebellum (16.6%) and brain stem (12.6%). The rest
of the tumor location is sparsely spread out in the cerebrum with the least common
tumor location being meninges. From figure 2.3, the most common brain tumor in
children was pilocytic astrocytoma, a low-grade glioma. In general, gliomas were
the most common type of pediatric brain tumor, accounting for about 50% of all
pediatric brain tumors followed by embryonal tumors at around 20% [32].

Compared with adolescents, aged 15 — 19, the most frequent tumor location was
in the pituitary and craniopharyngeal duct while tumors in the cerebellum and brain
stem were a minority. The most common type of tumor was tumors of the pituitary,
gliomas were in total around 30% while embryonal tumors were only at around 2%.
See more in the appendix, figure A.3 for data regarding the distribution of tumor
location for adolescents.

To summarize, there is a distinct difference between PBT and adolescent brain
tumors in regard to tumor location and histology. Most of the tumors in pediatric pa-
tients occurred in the infratentorial region with a majority of tumors being gliomas.
With increasing age, the majority of the tumors occur instead in the supratentorial
region with tumors of the pituitary and meningioma increasing.
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Figure 2.2: Distribution of primary brain and other CNS tumor in age group,
0 — 14, by anatomical site from CBTRUS statistical report: NPCR and SEER,
2016 — 2020 [32]
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Figure 2.3: Distribution of primary brain and other CNS tumor in age group,
0—14, based on histopathology subtypes with data from CBTRUS statistical report:
NPCR and SEER, 2016 — 2020 [32].



2. Pediatric brain tumors

2.3 Incidence and survival rates

The incidence rates are average annual and age-adjusted per 100,000 population
of the United States. The overall incidence rate was 5.67 per 100,000 population
in the age group 0 — 14, 12.00 for ages 15 — 39, and 44.97 for ages 40+ years. In
general, the incidence rate for brain tumors in children 0 — 14 is quite low compared
to adults while the relative survival rate for children had, in general, a much higher
survival outcome for most of the histopathologies compared with adults? [32].

The figure 2.4 illustrates the incidence rate for pediatric patients in age groups
0—4,5—9, and 10 — 14 for different tumor types. From figure 2.4, there does not
seem to be an overall pattern in regard to age and incidence rate. Some tumors
seem to be more prevalent in younger children, such as ATRT and choroid plexus
tumors while tumors of the pituitary while meningioma are more common in older
children.

For all ages 0 — 14, the highest incidence rate was a low-grade glioma, pilocytic
astrocytoma. With higher grades of glioma, such as diffuse astrocytoma (grade 2),
anaplastic astrocytoma (grade 3), and glioblastoma (grade 4), the incidence rate
decreases. For the age group 0 — 4, the lowest incidence rate was tumors of the
pituitary. For the next age group 5 —9 and the oldest age group 10 — 14, the lowest
incidence rate was oligodendroglioma. Data regarding DMG, H3K27M (formerly
DIPG), was taken from external sources where the incidence rate varied with 1 — 2
per 100,000 in the United States [33] where the most common age group was 5 — 10
[34].

Figure 2.5 presents the relative 1-year and 5-year survival rates for pediatric
patients aged 0 — 14 for respective histopathology. All of the data for survival rate
is from NPCR, 2001 — 2019, with the exception of DMG, H3K27M where the 1-year
and 5-year survival rate was around 42% and 2% for DMG, H3K27M, respectively
[35].

From figure 2.5, the survival rates are quite high for most of the tumor types. The
survival and incidence rate for pilocytic astrocytoma are high and with a higher grade
of glioma, both the incidence and survival rate decrease. The tumors that are desper-
ately in need of more attention to improve outcomes are ATRT and DMG, H3K27M.
Both these tumor types have a low survival rate, with DMG, H3K27M, having a
major difference between the 1-year and 5-year survival rate. DMG, H3K27M, have
both a low survival rate with an incidence rate varying between 1—2 for all children,
which is higher than most of the presented histopathologies.

2Data for DMG, H3K27M (formerly DIPG) and for the age group 0 — 9 was unavailable for
oligodendroglioma and meningioma from CBTRUS.
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2.4 Gliomas

Gliomas are the most common CNS tumors in children and arise from glial cells.
Gliomas can be categorized into adult-type diffuse astrocytoma, pediatric-type dif-
fuse low-grade gliomas (LGG), pediatric-type diffuse high-grade gliomas (HGG),
and circumscribed astrocytic gliomas [36]. Pediatric diffuse LGG and HGG are tu-
mors without a distinct border where HGG shows more of an aggressive behavior
while circumscribed astrocytic gliomas have a clear border with a more solid growth
pattern [29].

2.4.1 Astrocytoma

Astrocytoma is a type of glioma, with pilocytic astrocytoma (grade 1) and astrocy-
toma, IDH-mutant (grade 2 —4) as subgroups [37]. Astrocytomas develop from the
star-shaped cell, called astrocytes which is a kind of glial cell [38]. Tumor location
varies for astrocytomas and the grade usually increases with patient age [39].

Pilocytic astrocytoma (grade 1) is the most common low-grade glioma, catego-
rized as circumscribed astrocytic glioma, and occurs frequently in the posterior fossa
[9]. The tumor mass typically consists of an enhanced mural nodule, surrounded by
a cyst. The edema around can either be mild or absent for pilocytic astrocytomas
[29].

The initial treatment for low-grade astrocytomas is surgical resection and the
extent of resection is one of the main prognostic factors. A greater extent of resection
has been reported to improve the survival rates in patients [40], [41]. Radiation
therapy is also recommended for pediatric patients when low-grade astrocytomas
are progressive or if chemotherapy has failed. However, radiation therapy has been
reported to correlate with long-term side effects. As such and if possible, a lower
dosage and focal radiation should be used to minimize the side effects [42].

The initial treatment for high-grade astrocytomas is dependent on age. For chil-
dren over three years old, the common treatment strategy is surgical resection fol-
lowed by radiation therapy. The treatment strategy for children under the age of
three is more challenging as radiation therapy is generally avoided and craniospinal
radiation is not recommended [43]. Even chemotherapy is not an effective treat-
ment. There have been numerous clinical trials using different chemotherapeutic
agents but reported disappointing outcomes [42].

As of 2021, glioblastoma is not solely considered as an astrocytoma grade 4, and
instead relies on the presence or absence of a mutation in an enzyme, isocitrate
dehydrogenase (IDH). The presence and no presence of mutation in glioblastomas
is called astrocytomas and IDH-wildtype glioblastoma respectively [29].

Glioblastoma in children is most commonly found in the supratentorial region
and is extremely rare to occur in the cerebellum [44], [45]. The tumors are more
common in adults, compared to children.

There is a difference in the molecular genetics of glioblastoma between adults
and children, as well as the effectiveness of adjuvant therapies [45]. The standard
treatment for pediatric patients over three years old is GTR followed by irradiation
and chemotherapy using temozolomide. If GTR is not feasible, subtotal resection
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is the next option. At times, subtotal resection has been reported to improve the
overall survival [46].

Regarding the tumor size, a small study of 39 patients under the age of 18 years,
reported a size range of 2 — 7 cm [47]. The mean tumor size tends to increase for
higher-grade astrocytoma, where Gareton, Albane et al. (2020) reported a mean
tumor size of 3.6 cm for astrocytoma (grade 2) and 4.7 cm for astrocytoma (grade
3 —4), according to Hales, Russel K., et al. (2010). The reported mean tumor size
of glioblastoma was 5.8 cm [48].

2.4.2 Diffuse midline glioma

In the past, diffuse neoplasm originating in pons was classified as diffuse intrinsic
pontine glioma (DIPG) with either a H3F3A or HIST1H3B histone mutation. As
of 2016, DIPG was reclassified under the category, diffuse midline glioma (DMG),
with histone H3K27M mutation because it was discovered to originate from other
locations as well [49], [50]. The term DIPG is at times used interchangeably with
DMG, H3K27M [51], [52].

DMG, H327M, is a high-grade glioma (grade 4) that develops in the pons and
accounts for about 80% of all pediatric brainstem tumors [53]. The pons control
vital functions such as breathing, blood pressure, and heart rate [54]. For pediatric
patients, the mean tumor size using three different measurement methods was about
3.9 cm according to Hayward et al. (2008).

The origin of DMG, H3K27M is however still uncertain. One theory suggests
that DMG, H3K27M, forms during the development of the cerebral tissues, as most
of these tumors are more commonly found in children between the age of 5 — 10, the
age range where the cerebral tissue is actively developing [33].

DMG, H3K27M, spreads both to white and grey matter where the cells can be
either small and monomorphic or large and pleomorphic [33]. Symptoms such as long
tract signs and cranial palsy can quickly develop over a span of 1 — 6 months. The
pons can also expand which results in patients suffering from intracranial pressure
[55].

Even with many advancements in oncology, the prognosis is still poor. Some of the
challenges are the location, extensive spread of the tumor, and the intact blood-brain
barrier preventing drug delivery to the target site [49]. Over the years, the patient
outcome has not changed much and the survival time is less than a year [33]. As
mentioned earlier, surgery is often the initial treatment for brain tumors. However,
for DMG H3K27M, surgery is not always an option and no chemotherapeutic agent
is currently effective [33], [56], [57]. Currently, fractionated radiation therapy is the
standard treatment. There are also ongoing clinical trials of cytotoxic treatments
using pre-clinical models to determine if it will improve the overall survival and
quality of life [49].

2.4.3 Oligodendroglioma

Oligodendroglioma is an adult-type diffuse glioma with a WHO grade of 2 — 3
[58]. These gliomas arise from cells called oligodendrocytes and help with produc-
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ing myelin sheath covering the neurons [59]. The initial treatment is surgery, while
a combination of chemotherapy and radiation is used for higher-grade or recurrent
oligodendroglioma [60]. In terms of histology, pediatric and adult oligodendroglioma
are quite similar [60]. As with many other pediatric brain tumors, pediatric oligo-
dendroglioma is poorly understood regarding prognostic factors and pathology, with
few studies available [58].

The unusual locations for adult oligodendrogliomas, but the common locations
for pediatric oligodendrogliomas, are the brainstem, pineal region, cerebellum, and
spinal cord [58]. In terms of tumor size, Lau et al. (2017) reported that the majority
of oligodendrogliomas ranged from 2 — 4 cm for pediatric patients, using the SEER
database, 1973 — 2013.

2.5 Neuronal and mixed neuronal-glial tumors

Neuronal and mixed neuronal-glial tumors (NMNG) tumors are either composed
purely of neuronal or mixed neuronal and glial components. The classification of
NMNG tumors has been updated since 2021 with three new tumor types added
[37]. A majority of NMNG tumors are low-grade and have a small risk of showing
aggressive behavior. The common symptoms are seizures, headache, nausea, and
cerebellar dysfunction. Most of these tumors are located in the temporal lobe but
can also occur in the infratentorial and supratentorial regions [61]. For the low-
grade tumors, surgical resection is sometimes the only needed treatment, and in
other cases, radiation and chemotherapy are the considered treatment [62].

The most common type of mixed neuronal-glial tumors are gangliogliomas (grade
1), which occur more frequently in children compared to adults. The physical fea-
tures of these tumors are often presented as a solid-cystic mass or a solid mass with
mural nodule [63]. Although these tumors may have distinct features, they are of-
ten misdiagnosed due to overlap with similar features for other tumors. The typical
location is the temporal lobe but can also occur in the frontal and parietal lobes.
[64]. When it comes to tumor size, it varied from 3.6 — 5.5 cm for age group 1 — 8
according to a small study [65].

2.6 Embryonal tumors

Embryonal tumors arise in the embryonic cells that are left from the developing
stage of the fetus. These tumors are a WHO grade 4 and occur more frequently in
children [30].

The most common embryonal tumor and malignant brain tumor in children is
medulloblastoma [66], [67]. Medulloblastoma is categorized as an embryonal neu-
roepithelial tumor, an aggressive tumor that can spread throughout the CNS using
the CSF pathways [68], [66]. The tumor starts growing in the fourth ventricle and
can further spread to the cerebellar vermis and the brainstem. The common symp-
toms are increased intracranial pressure, headache, cranial nerve palsies, and ataxia
[68]. Regarding tumor size, a study on 55 patients under the age of 15, reported a
mean tumor size of 4.9 cm [69].

Treatment for medulloblastoma is surgical resection with a combination of chemother-
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apy and radiation. As medulloblastoma has a tendency to spread to other nearby
areas of the brain and along the spinal cord, craniospinal irradiation is usually the
more common technique for radiation therapy. These treatments can cause long-
term side effects, both neurological and cognitive dysfunction which affects up to
80% of the survivors [68].

Atypical teratoid/rhabdoid tumors (ATRT) is another type of embryonal tumor
and commonly found in children below the age of 3 years old [70], [71]. The survival
time is low, ranging from 6—18 months. As with many pediatric brain tumors, ATRT
is extremely rare, and not much information is available, leading to ATRT often
being misdiagnosed [72]. According to a population-based study [72] with patients
having a median age of one year, the most frequent location was the cerebellum,
and a majority of the tumors were larger than 4 cm in diameter.

2.7 Ependymal tumors

Ependymomas are classified as WHO grade 2 — 3 and arise from the ependymal
cells in either the spinal cord, lining of the ventricles, or the cortical rests [28].
They are typically presented as well-demarcated, solid soft tumors. As with many
other pediatric brain tumors, the primary treatment for ependymoma is GTR. Many
studies also reported that the extent of resection was a great prognostic factor. With
cases needing a second surgery, adjuvant radiation therapy is given [73]. For cases in
which GTR is not possible, focal conformal radiotherapy is chosen for postoperative
management and a study has shown great response [74].

The tumor location for ependymomas is age-dependent. For pediatric ependy-
momas, most of the tumors occur in the intracranial regions while adult ependy-
momas occur more in the spinal cord [73]. For supratentorial ependymomas, the
most common signs are headache and seizures while the more common symptoms
for infratentorial ependymomas are increased cerebral pressure and ataxia [75], [76].
The median tumor size is 4.45 cm, ranging from 2.2 — 10.0 cm, as reported by
Ruangkanchanasetr et al. (2019).

2.8 Meningioma

Meningioma has a WHO grade of 1 — 3 where grade 1 is considered benign, grade
2 as atypical and grade 3 as anaplastic/malignant. Children usually have a higher
grade meningioma with atypical locations, a larger tumor size, and a higher chance
of recurrence [77], [78]. The symptoms vary depending on the location and size but
the most common ones are headache and epilepsy [77]. Regarding location, several
studies reported that meningioma occurs more in the supratentorial regions and the
skull base [79], [80]. According to a population-based study, the mean tumor size
for the age group 2 — 14 was around 5 cm [81].

In terms of histopathology, the common ones are meningothelial and transitional
meningioma [77]. The optimal treatment for meningioma is GTR to reduce the risk
of recurrence but it can be challenging due to these tumors occurring close to vital
structures. Meningioma also tends to grow slowly with unnoticed symptoms. This
leads to a diagnosis where the tumor is already presented at a large size, adding
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another level of difficulty for surgery [77].
As with many other pediatric tumors, pediatric meningioma is poorly understood
regarding their clinical characteristics, radiological features, and long-term outcomes

[79).

2.9 Craniopharyngioma

Craniopharyngioma is considered one of the most complex pediatric brain tumors
and has a high chance of recurrence. Surgery can also be difficult due to its anatom-
ical location [82], [83]. There are two theories regarding the origin of craniopharyn-
gioma: the metaplastic and embryonic theory. These theories are related to the
two subtypes of craniopharyngioma, papillary craniopharyngioma and adamantino-
matous craniopharyngioma respectively, where the former one occurs exclusively in
adults [84].

Craniopharyngioma is a benign tumor and occurs mostly in the suprasellar region.
These tumors affect the visual and hypothalamic function and can cause headaches.
Although the survival rates are great, the effects from treatment can lead to long-
term side effects and at times, lead to premature death [85].

Currently, there is ongoing discussion regarding the optimal treatment for pe-
diatric patients with craniopharyngioma but the main goal is to provide symptom
relief and prevent tumor metastasis [22]. For most pediatric brain tumors, GTR
is the standard treatment but for craniopharyngiomas, high morbidity rates have
been shown to correlate with aggressive GTR. Therefore, postoperative irradiation
is considered an option for treatment before surgery [86].

2.10 Choroid plexeus tumors

Choroid plexus tumors are intraventricular neoplasms and arise from the neuroep-
ithelial lining of the ventricular choroid plexuses [87], [88].

The most notable change from WHO classification in 2021 compared with clas-
sification in 2016 is that choroid plexus tumors are considered as a separate group
from the glial and glioneuronal neoplasms [89]. Choroid plexus tumors have a WHO
grade of 1 — 3, with papillomas (grade 1), atypical (grade 2) and carcinomas (grade
3). Choroid plexus tumors are generally quite rare and occur more in infants and
younger children [90]. Former studies have shown a prevalence of choroid plexus
tumors in females, with 3.5 years being the median age of diagnosis [91].

The physical appearance of choroid plexus papilloma is well-defined in a rounded
shape with a cauliflower-like appearance [90]. Again, the symptoms vary depending
on the tumor location but can either be focal neurological deficits or increased
intracranial pressure [90] [92]. In terms of tumor size, a small population-based
study reported a mean size of 4.2 cm [93].

Due to the rarity of the tumor, little information regarding treatment is available.
However, GTR is reported to be favorable for papillomas but with carcinomas, only
about 50% of patients have been successfully treated with GTR. Carcinomas have a
tendency to reoccur and as such, adjunctive chemotherapy is given as an alternative
treatment [91], [90].
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2.11 Germ cell tumors

Germ cell tumors (GCT) arise from germ cells in their early developmental stages
and occur mostly in the testis and ovaries but can also occur in extracranial and
intracranial regions [94]. The majority of intracranial germ cell tumors occur in
pediatric and adolescent patients [95].

The clinical signs can vary, from increased intracranial pressure to hypothalamic
dysfunction and isolated growth hormone deficiency [96]. According to a systematic
review including 218 patients between the ages 3 — 24, the most frequent location
was the pineal and the suprasellar regions [95]. For the tumor size, Greenfield et al.
(2016) reported a range of 0.9 — 6.0 cm with a mean size of 3 cm for 20 patients in
the age group, 3 — 16 years old.

GCTs can further be divided into two subcategories: germinomas and nonger-
minomatous germ cell tumors. Germinomas account for about 65% — 75% and the
rest is nongerminomatous germ cell tumors [97]. Germimomas have both a better
prognosis and a lower chance of recurrence compared to non-germinomas [98].

The treatment for pediatric GCT is chosen empirically from adult GCTs and
the current treatment which are effective for germinomas is radiation therapy [96].
A combination of chemotherapy followed by craniospinal irradiation is usually the
standard treatment for metastatic non-germinomas while the optimal treatment
for local non-germinomas remains unclear. Using a combination of chemotherapy
followed by craniospinal irradiation has been reported to improve patient outcomes
compared to only using chemotherapy, which had a successful cure rate of less than

50% [98].

2.12 Mesenchymal tumor

Mesenchymal tumors are categorized into soft-tissue tumors and chondro-osseous
tumors with a WHO grade 1—3 [89]. The majority of mesenchymal tumors occurs in
the supratentorial sites [99]. The only notable change in the 2021 WHO classification
was the addition of three newly identified intracranial soft-tissue tumors [89].

The main treatment for mesenchymal tumors is surgical resection with an ex-
ception for rhabdomyosarcoma, where the improved survival rate is correlated with
the use of radiation and chemotherapy [100]. More specifically for chondro-osseous
tumors, the treatment options include different combinations of surgery, radiation
therapy, and chemotherapy [101].

A study about soft-tissue tumors in children found that around 52.8% were
smaller than 5 c¢m in size and that surgical resection was an important factor in
improving overall survival [102].

2.13 Nerve sheath tumor

Nerve sheath tumors are grade 1 tumors and the most common types are schwan-
nomas and neurofibromas. These tumors are more rare in the pediatric group,
compared to adults [103]. Nerve sheath tumors occur in the tissues that protect
nerve cells and can occur anywhere on the body [104].
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Neurofibromas are the most common benign peripheral nerve sheath tumors and
are composed of differentiated neoplastic Schwann cells and of non-neoplastic com-
ponents [105]. These tumors have a very low risk of becoming malignant peripheral
nerve sheath tumors [106]. The physical appearance of neurofibromas is either soft,
skin-colored papules or as round, firm deep-seated lesions in the skin. As with many
other brain tumors, surgery is the main treatment for nerve sheath tumors [106].

Schwannomas are composed of Schwann cells which provide support to the ner-
vous system. Schwannomas are also benign with a low risk of turning malignant.
The treatment options consist of surgery and radiation therapy where the preferable
treatment depends on the location and the tumor growth rate [107].

Due to extremely few population-based studies, information regarding tumor size
could not be found.

2.14 Hemangioma

Hemangioma are a group of benign tumors that can occur anywhere in the body but
mostly on the surface of the skin. The physical features are various, both in shape
and color. The chance of a malignant hemangioma is low and most of hemangiomas
require no treatment. The cases requiring surgery are when the tumor lies deeply in
the muscle or bone or on the skin and disrupts either vision, breathing, or eating.
A type of hemangioma called infantile hemangioma is commonly presented within
the first weeks to a few months of age, but can also be present at birth. Some cases
with infantile hemangioma may regress by itself and require no treatment [108].

Population-based studies regarding brain tumor size for hemangioma in pediatric
patients could unfortunately not be found.
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Theory

This chapter overviews hyperthermia therapy, covering its rationale and applica-
tions. Then, the following chapter describes how the treatment can be planned
and verified. Lastly, the final chapters cover applicator design and how an optimal
antenna array can be obtained.

3.1 Hyperthermia

Hyperthermia treatment involves heating the tissue temperature to between 40 — 44
°C using thermal energy [109]. This temperature range affects the cancerous cells
without harming the non-cancerous cells. Multiple mechanisms are triggered in the
tumor micro-environment which can improve the effectiveness of other cancer treat-
ments, making hyperthermia useful as an adjuvant therapy [110]. An illustration
of the mechanisms can be seen in figure 3.1. As seen in figure 3.1, the mechanisms
include stimulation of the immune response, inhibited homologous recombination
(HR) DNA repair, DNA double-strand breaks and increased reactive oxygen species
(ROS) production [111], [112].

The target volume and target depth are dependent factors for heat delivery. There
are three categories for target volume which are local hyperthermia, loco-regional
hyperthermia and whole-body hyperthermia [113]. Regarding target depth, there
are superficial heating, deep heating, interstitial heating, intracavitary heating, and
perfusion-based heating. Superficial heating refers to heating a target up to a depth
of 4 cm, while deep heating heats a target beyond 4 cm. Interstitial heating uses
tiny applicators placed into the target volume while intracavitary heating can at

Inhibited HR DNA repair DNA double-strand break

Figure 3.1: Mechanisms in the tumor micro-environment that are triggered by
hyperthermia treatment.
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times use applicators with a larger diameter, placed into the body’s cavities. Lastly,
perfusion-based heating refers to injecting a heated solution of an anticancer drug
directly into the blood vessels that are either connected to the tumor or to the target
region [114].

Heating can be delivered using external or internal devices with either microwave,
radiofrequency (RF), ultrasound or infrared radiation [115]. Both internal and ex-
ternal heating uses applicators which consist of antennas. The main difference is
that internal heating uses antennas placed directly into the tumor while applicators
in external heating uses multi-element antenna phased arrays placed outside of the
body [116]. Furthermore, a water bolus is also placed between the patient and the
antennas to cool down the surface of the skin [117].

3.1.1 Deep microwave heating

Having established the general principles of hyperthermia, deep microwave heating
can be explored. In deep microwave hyperthermia, external antennas generate an
alternating sinusoidal electromagnetic field that delivers energy that heat a target
typically located deeper from the body surface [114]. The antennas radiate through
a water bolus that is placed around the target area of the patient to cool the skin
and provide an impedance match between the body and the antenna [2]. Figure
3.2a show the setup from left to right. The first image is of the patient, while the
second image is of the patient together with the water bolus. The third image show
the addition of antennas to the bolus to form the applicator, and in the last image,
the antennas radiate. To achieve deep heating, the antenna array must be a phased
array system, shown in figure 3.2b. All antennas simultaneously radiate, creating
a focal region due to positive interference of the electromagnetic waves. The focal
spot can be steered by changing the amplitude and phase of each antenna.

Depending on which operating frequency is used, the size of the focal spot and
the penetration depth varies [2]. Antennas can operate either in a single frequency
or over multiple frequencies like in UWB systems. The smallest achievable focal
spot scales around A/2 to A/3 where A, (A = ¢/f), denotes the wavelength, meaning
higher frequencies f enable smaller focal spots. With higher frequencies, the penetra-
tion depth also decreases. A UWB system that combines high and low frequencies
could support both focused heating and sufficient penetration depth [2].

The antenna arrangement within the applicator and the number of antennas can
vary [2]. A common arrangement for applicators targeting head and neck tumors
is a ring array where the antennas are equidistantly placed in one or more rings
around the head. If more than one antenna is present, a mutual coupling between
the antennas can occur [2]. Mutual coupling is an interaction between antennas
in close proximity. As antennas are both transmitters and receivers, one antenna
transmitting will affect all nearby antennas as they receive the signal.

For successful hyperthermia treatment, enough energy needs to be deposited in
the target [2]. The entire target volume needs to be covered with a sufficient ther-
mal dose, as the thermal dose is related to treatment outcome. To achieve sufficient
coverage that heats the target without damaging healthy tissue, hyperthermia treat-
ment planning is important [2].
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Figure 3.2: Visualization of deep microwave heating. (a) the overall setup with
patient (grey), water bolus (blue) and antennas (brown) that radiate (red). (b) Top
view of microwave system heating a target (black) using a phased array with black
antennas in the blue bolus. Figure (b) is open access (CC BY 4.0), reprinted with
permission from H. Dobsicek Trefna, available from: http://www.esho.info/.

3.2 Treatment planning

The goal of treatment planning is to achieve a high temperature in the tumor and
keep the healthy tissue at physiological temperatures [2]. Constructive wave inter-
ference in the target results in the heating of the tumor. However, positive wave
interference can also occur in healthy tissue surrounding the target, resulting in
undesirable hot spots.

Figure 3.3 illustrates the multiple steps within the treatment planning. First,
image data from a patient is segmented, yielding a patient model. Next, a treat-
ment setup is modeled with the patient, water bolus, and antenna array. Then, the
setup is used for electromagnetic (EM) simulations where the electric fields from
the antennas are obtained. Field simulations are a lengthy process that can take
hours to days. The fields are used in combination with algorithms to determine the
optimal amplitude and phase of each antenna, called the steering parameters. Using
the optimal steering parameters and the treatment setup model, thermal (TH) sim-
ulations are done to obtain a temperature distribution in the patient. Optimization
is done to tune the power of the antennas.

Expanding on the last steps in treatment planning, there are many methods
available to optimize the steering parameters. The two main categories of methods
are based on temperature or specific absorption rate (SAR) [14]. Temperature-based
methods would be ideal since temperature change is the goal, but the current lack
of accurate thermal tissue properties reduces its advantages [14]. The following
sections provide a deeper understanding of SAR-based treatment planning.

3.2.1 Electromagnetic simulation and optimization

Electromagnetic simulations are done to determine the SAR in a treatment setup.
The SAR describes the amount of energy absorbed in terms of power loss per unit
mass of tissue

SAR; = 1, (3.1)
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Figure 3.3: Overview of the different steps in microwave hyperthermia treatment
planning. 1. A computer tomography (CT) scanner and a computer. 2. Patient
model segmented into differently colored tissue groups. 3. Patient with outlined
water bolus and antennas represented as white dots with grey outline. 4. SAR
distribution in patient model. 5. Temperature distribution in patient model.

where o is the tissue conductivity at frequency f, p is the density of the tissue,
and E is the electric field at frequency f [2]. SAR-based treatment planning as-
sumes that the SAR distribution can be used to determine the resulting temperature
distribution, although the relation is non-linear [2]. The SAR-based methods do not
allow for direct optimization over thermal tumor coverage.

There are many different SAR-based optimization algorithms that can be used to
determine optimal steering parameters, including Eigenvalue (EV), Particle Swarm
(PS), and iterative time-reversal (i-TR) [14]. EV maximizes the ratio between the
average SAR in the target volume and the remaining tissue. PS minimizes the
hot-spot to target quotient (HTQ). i-TR uses the SAR distribution to minimize
the hot-to-cold spot quotient (HCQ) [14]. The i-TR algorithm has been tested
for microwave hyperthermia and has shown to be comparable to other methods
whilst being significantly faster. HTQ and HCQ are more extensively covered in
section 3.2.3 as they can be both cost functions during SAR-based optimization and
treatment quality indicators.

3.2.2 Thermal simulations

Having determined the optimal steering parameters, the resulting SAR distribution
can be used to calculate the temperature distribution in the patient, step five in
figure 3.3 [2]. Penne’s bioheat equation is a common method used as a thermal model
to determine the temperature in tissue that undergoes hyperthermia treatment. It
is described as [118]:

ptCtAaajt—‘t = k)tAZT + wpbcb(Tb - E) + Q + 8121%7 (32)

where p; and p, are density of the tissue and blood respectively, ¢; and ¢, are
the specific heat capacity of the tissue and blood respectively, T; and T, are the
temperature of the tissue and blood respectively, k is the thermal conductivity of
the tissue, W is blood perfusion and () is the metabolic heat generation of the tissue.
The last term represents the externally applied heat. A steady-state temperature
distribution can give information about the predicted location of the hot spots in
the brain and is given by solving the equation 3.2 for when the time-derivative is
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set to zero.

The external heat source, or the power loss density (PLD), obtained from the
optimal steering parameters can be tuned to reach a desired temperature [119].
Iterative scaling of the PLD can be done until a specified temperature is reached in
the patient.

3.2.3 Treatment indicators

Treatment plans can be evaluated using quality indicators that are either SAR-
based or temperature-based [2]. SAR-based quality indicators include HTQ, HCQ),
and TC,. HTQ and HCQ can also be used as cost functions during optimization
[14]. The HTQ is defined as

SARRl
SAR

meaning the ratio between the average SAR in the volume of non-target tissues,
|R|, with the highest 1-percentile SAR and the average SAR in the target volume |T'|
[2]. However, the correlation between HTQ and high, homogeneous thermal tumor
coverage is lacking [119]. Due to the definition of HTQ, part of the target volume
can remain cold despite the HT'Q value being low. HCQ was developed to address
the disadvantages of HT'Q.

HCQ suppresses the SAR peaks to avoid hot spots in the healthy tissue while
covering the target tissue with sufficient energy deposition to gain a more uniform
heat distribution [2]. The HCQ is defined as

HTQ = (3.3)

 SARg,
~ SARp,

HCQ, (3.4)

where SARpg, is the average SAR in the g-percentile of tissue outside of target
tissue with the highest SAR, and SARyp, is the average SAR in the p-percentile of
the target tissue with the lowest SAR [2]. q and p are related to the target tissue
volume, |7T'|, and the volume of the tissue outside the target, |R|, as ¢ = p|T'|/|R).

There are also SAR-based indicators that can not be used as cost functions, like
the iso-SAR target coverage TC, which is only used as a quality indicator. TC,
is defined as the ratio between the target volume where SAR values are above a
fraction x and the SAR peak value in the entire patient volume, Vr(x)/Vp. Direct
correlation to clinical outcome has been observed for TCys in the pelvic region [120],
and for TCj in the head and neck region [121].

Temperature-based quality indicators include Tyy and Tsy. Ty is a temperature
distribution indicator that denotes the temperature exceeded by 90 % of the target
volume [2]. Similarly, T59 denotes the median temperature in the target. Several
clinical studies have shown that Ty directly relates to treatment outcome [122]. The
median temperature has also been observed to have a relation to treatment outcome,
although not as strong as the Tyg.

Both Ty and Tsy have been shown to correlate to the HTQ and HCQ to varying
degrees [2]. The correlation between HTQ and Ty is relatively low [119]. In contrast,
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the HCQ has demonstrated a stronger correlation to Tyy with the HCQ producing
higher Tyy and Ty values when used as a cost function compared to HTC [119].

3.3 Applicator design

The quality of the hyperthermia treatment depends not only on the treatment plan
itself but also on the design of the applicator. Important factors to consider for
applicator design include the operating frequency, antenna types, the number of
antennas, and the array design [2]. The target size and location are thought to
impact the optimal applicator design.

Currently, there is no clear consensus on the optimal operating frequency, the
optimal number of antennas, or what the optimal array design is for tumors in del-
icate areas such as the head and neck or brain. Paulides et al. (2005) found that
a ring-array with 8 antennas was most suitable for head and neck tumors and that
the optimal frequency was between 400-600 MHz depending on the target volume
[123]. Guerin et al. (2017) conclude that 900 MHz yields the highest ultimate SAR
amplification factor (uSAF) [124]. Takook et al. (2018) found that an optimal brain
applicator should include over 20 antennas that operate at different frequencies [125].
Oberacker et al. (2020, 2021) conceptualized RF applicators operating at 298 MHz
that target glioblastoma multiforme [126] and found a 16-channel two-row arrange-
ment to be most optimal [127]. Redr et al. (2022) demonstrated that a 12-antenna
array operating at 434 MHz was the best candidate for hyperthermia treatment
of brain tumors [128]. In the pelvic region, optimal frequencies for hyperthermia
generally are 200-500 MHz [129], [130], [131].

The limitation of all mentioned studies is a parametric optimization process,
meaning the optimization has been based on a fixed set of parameters such as a
set of frequencies or a number of antennas. This does not account for potential
non-linearity, particularly if the step-size is large, which could affect the results.

3.4 Array optimization

The Tyy and Txq for a helmet applicator has been shown to improve with an optimized
antenna array compared to a standard ring-array [132]. To obtain an optimized
array, multiple simulations are necessary [132]. The process can be seen in figure 3.4
where the top row shows the three key elements used for simulations (patient, bolus
and antennas) and the second row shows the simulations (electric field, coupling)
that lead to the optimized array. First, the patient, antenna, and water bolus
need to be modeled as in treatment planning. Afterward, simulations of single
antenna fields and coupling are used for interpolation of the electric fields. Through
field interpolation, the electromagnetic field distribution for any array configuration
can be determined without the full simulation [132]. Approximating the fields by
interpolation is much faster compared to doing a full simulation, making it possible
to evaluate many arrays. Lastly, an optimization algorithm can be used to determine
the optimal array for a given target.
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Figure 3.4: Overview of the design process to obtain an optimized array.

3.4.1 Electric field interpolation

The electric field interpolation is based on the fields of single antennas at different
locations both on the bolus and the coupling between pairs of antennas at various
distances [132].
Single antenna electric fields
To obtain the single antenna fields, the surface of the water bolus is divided into a
uniformly distributed grid of n, points [132]. The distance between two grid points
should be no more than half of the minimum wavelength in water. The antenna’s
electric field in each grid point is then simulated for every frequency. After the
simulations, the electric field from a single antenna a at any position z,, ¥4, 2z = O,
on the bolus surface can be determined by linear interpolation. Figure 3.5 shows a
grid with O, marked in pink and the three grid points closest to a in solid grey.
The linear interpolation utilizes the fields E', Fy, E3 of the three grid points closest
to O, [132]. Each field at frequency f is divided by the local impedance of the
material, 775, to reduce the field’s dependency on the patient’s anatomy. The divided
fields are then transformed via translation and rotation such that the origin of FEj,
i, Vi, 2z = O, is placed at O,. Then, the transformed fields are multiplied with 7y,
yielding the transformed electric fields Eq, Es, E35. The electric field of a is obtained
from a weighted average of the transformed fields

Ea = lel + LUQEQ + LU3E3 (35)

where w; denotes the weight [132]. Each weight is determined by the position of
the grid points in relation to the antenna according to

w1 = (O, O2,0s) || / || (O1,02,03) |
wy = (O1,04,0s) || / || (O1,02,03) | (3.6)
ws = (O1,02,04,) || / || (O1,02,03) |

where || (O, Oq, O3) || is the triangular area between O, and the second and third
grid point, and || (O1, 04, Os) || is the triangular area between all grid points [132].
Now, the field from one antenna anywhere on the bolus surface can be determined.
However, when an antenna in an array radiates, mutual coupling between antennas
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Figure 3.5: Patient model (grey) inside an outlined water bolus with grid points.
An antenna location O, is marked in pink, with the three closets grid points
O1, 05, O3 marked in solid grey.

occurs because the waves propagate not only through the patient but also through
the water bolus, reaching the other antennas [2]. To estimate the field from an array
of antennas, the coupling distortion of each antenna in the array also needs to be
modeled [132].

Coupling detection

The coupling factor between two antennas in the bolus is determined by adding an
active antenna A and a passive antenna P [132]. A is kept in a fixed spot, and a
number of random locations are generated for P. First, the individual electric fields
E, and Ep are simulated for each arrangement of A and P. To obtain individual
fields, only the antenna whose field is being simulated is present.

Secondly, the value of E4 at the phase center of the passive antenna, E4(Op),
is extracted. E4(Op) is then projected onto the polarization axis of the passive
antenna, Up, by taking the scalar product between Up and F4(Op). This yields a
scalar

€ap — <UP,EA(OP)> (37)
Third, the electric field from A when P is present, E 4, p, is simulated. Assuming

both antennas are perfect electric conductors, the electric field becomes an infinite
sum of reflections between A and P

EA+p:EA+kZAp~(Ep+kpA-(EA—|—kAp-(...))) (38)

where kqp = kpa is the coupling factor between A and P. However, due to
domain losses, the overall field can be approximated as

EA_HD%EA—F,ICAP-EP (39)

eap and kup have been shown to have a linear relation which, for an arbitrary
arrangement of A and P in a domain, can be described as

GAPZC'k‘AP (310)
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where ¢ is a complex coefficient [132].
Now, the electric field of each antenna in an array can be approximated as

El 1 CE1p =+ C€eip 2 E1
1*?2 _ 06.21 1 e 06.271 ?2 (3‘11)
E, Cepy Cepo -+ 1 E,

where n is the total number of antennas in the array [132].

3.4.2 Optimization algorithm

An optimization algorithm that finds the optimal array for a given target and a set
number of antennas has been proposed in [132]. The algorithm evaluates thousands
of possible arrays to find the optimal one, a task that could not have been completed
in a feasible time frame by full simulations of every array.

The optimization algorithm is based on a random search (RS) strategy, followed
by local refinement (LR) [132]. Figure 3.6a shows an overview of the optimization
algorithm with the two stages. In the RS stage, a number of random, uniformly
distributed arrays are generated. All arrays are evaluated based on HCQ, and then
locally refined in order of ascending HCQ. In the LR stage, the array is refined using
the nonlinear optimization function fmincon from MATLAB. The minimum HCQ
for the first optimized array is determined, followed by the next array until the HCQ
becomes worse.

Evaluation of the HCQ is done by utilizing the approximated antenna fields ob-
tained from interpolation [132]. This process can be seen in figure 3.6b, and is
repeated every time the array is evaluated throughout the optimization process.
The steering parameters for each antenna are determined using i-TR. Then, the
treatment plan is evaluated by determining the HCQ.

Generate random
arrays

—> Evaluate

| RS stage
Sort by HCQ

v

L . Approximate
Optimize array <—  Pick array <« °

antenna fields

Evaluate Determine steering

l LR stage Evaluate parameters
: "t No
i HCQ improved? —> R;,E,';;" l
Yes Evaluate treatment
L plan
(a) Optimization process (b) Inner loop

Figure 3.6: Visualization of the optimization algorithm with (a) the overall process
and (b) the inner loop used for evaluation.
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Method

In this project, the first step was a literature review on pediatric brain tumors to
find targets that could benefit from hyperthermia treatment. Afterward, simulations
were done for two study cases. Study case one investigated the effects of target
size, shape, location, and tissue properties on the temperature distribution and the
optimal operating frequencies. The second study case used two different antenna
arrangements within the applicator to study the effect of the array on the optimal
operating frequency.

4.1 Literature review

The literature review was used to find data on histology, epidemiology, incidence
rate, and relative survival rate for pediatric brain tumors. Then, information re-
garding the age and tumor size was obtained from population-based studies. The
literature review used databases such as PubMed, Google Scholar, and the Insti-
tute of Electrical and Electronics Engineers (IEEE) Explore with articles written in
English. Search terms are listed in table 4.1 with their respective database.

The data collected for this project was based on population-based studies, most
of which involve pediatric patients in the age range of 0 — 14. However, due to
the rarity of specific pediatric brain tumors, a few studies with a larger age group
using the keyword "pediatric patients" were included. If data on patient age and
tumor size was available, the age limit was set to 0 — 14 years with a recalculation of
the mean size. The data was gathered from the statistical report (2016 — 2021) by
CBTRUS, a database focused on primary brain and other central nervous system
(CNS) tumors in the United States.

4.2 Numerical simulations

The simulations followed the workflow of the treatment planning, as described in
section 3.2. First, SAR-based treatment planning was done using i-TR and HCQ
to obtain the optimal antenna steering parameters. Then, steady-state thermal
simulations were done to evaluate the resulting temperature distribution using Ty.
A constraint to not exceed 43 °C in healthy tissue was used when scaling the PLD.

COMSOL Multiphysics® 6.1 with LiveLink™ for MATLAB® was used for both
the electromagnetic and thermal simulations. Tetrahedral mesh with a resolution of
5 elements per wavelength was used for the background air and water bolus. The
total amount of domain elements was aimed to be less than 600,000 to limit the
computational load.

During thermal simulations, heat flux boundary conditions were added to model
thermal exchange at material interfaces. The convection coefficient between skin and
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Table 4.1: Databases with dates and specific search terms. Note that *tumor*
refers to replacing the search term with different types of brain tumors.

Database | Timeline Keywords

Google | 17 Jan-20 June | pediatric brain tumors, pediatric *tumor* histology,
Scholar hyperthermia pediatric cancer, data and statistics
on pediatric *tumor*, difference between adult and
pediatric tumors, histology PBT, distribution of
*tumor* location, PBT size and location, treatment
pediatric brain *tumor*, management for pediatric
*tumor®, population-based study of *tumor*, com-
mon location of pediatric brain *tumor*, treatment
for pediatric *tumor®, current treatment *tumor*,
statistics for children brain tumors, mean pediatric
*tumor™® size, *tumor* size in cm, *tumor*® size
in volume WHO grade *tumor®*, WHO classifica-
tion of glioma, WHO classification 2021, classifi-
cation of brain tumors, classification of pediatric
brain tumors, prognostic factors for pediatric brain
tumors, common symptoms in pediatric brain *tu-
mor*, anatomy of the brain, different function of
brain regions, factors improving patient outcome for
PBT, clinical features of *tumor™®, long-term side-
effects of treatments for pediatric brain tumors,

PubMed| 17 Jan-30 Mar | brain tumors in children, malignant pediatric tu-
mors, childhood brain tumors, incidence and sur-
vival rate of childhood brain tumors, data on pedi-
atric brain tumors, *tumor™® in children, case stud-
ies PBT, treatment of pediatric *tumor*, relative
survival rate and incidence rate PBT

IEEE 17 Jan-30 Mar | epidemiology of *tumor* in children, histology and
Explore location of *tumor* in children, population-based
studies on pediatric *tumor*
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air was hs, = 8 Wm 2K ™!, and between skin and water h;,, = 100 Wm 2K~ [132].
Air and water temperatures were set to T,;, = 20 °C and T,qser = 30 °C respectively.
The water temperature was set higher because some targets were superficial enough
to be affected by the cooling from the bolus.

4.3 Frequency analysis

The analysis of optimal operating frequencies was carried out in the same band
for single frequencies as well as frequency combinations. Eleven single frequencies
between 250 — 800 MHz, f=[250, 275, 300, 350, 400, 450, 500, 550, 600, 700, 800]
MHz, were used to determine which frequencies contribute the most to the heat
distribution indicator, Tyg, in the treatment planning. Additionally, six combinations
of frequencies between 250 — 550 MHz, f=[250+350, 2504450, 250-+550, 3504450,
3504550, 4504-550], were used to study the effect of multiple frequencies.

4.4 Tissue properties

Four types of tissue with different tissue properties were used to analyze their effect
on the Tyy. The four types were

o Healthy tissue: the tissues in the target remained unchanged from healthy
tissue. If the target overlapped with air, the air was omitted from the target
volume.

o Average tissue: the tissue in the target was set to have the average properties
of all tissues in the target volume.

o Tumor (benchmark): the tissue in the target was set to tumor tissue using
parameters from Joines et al. [133] and the European Society for Hyperthermic
Oncology (ESHO) benchmark [3].

o Tumor (Schooneveldt): the tissue in the target was set to tumor tissue
using parameters from Joines et al. [133] and Schooneveldt et al. [4].

An overview of the parameters used for the average- and tumor-tissue targets can
be seen in table 4.2. Target types named after a tumor represent the average tissue
properties overlaying the tumor target volume.

Blood perfusion rate, specific heat capacity, and thermal conductivity were all
thought to impact the resulting temperature distribution. A lower blood perfusion
rate leads to lower blood flow and lower heat dissipation in the tissues, resulting in
an uneven heat distribution. As the tumor (Schooneveldt) has the lowest perfusion
rate, the heat should be the most retained in that tumor tissue. With a higher
specific heat capacity, more energy, and thus a longer time, is needed to raise the
temperature, but the target will in turn retain the heat better and maintain the
temperature for a longer time. A higher thermal conductivity results in a faster
heat transfer. When the target volume covering the tumor is heated, the tumor
tissue would act as a good heat sink which potentially leads to a more uniform heat
distribution. On the other hand, it is more difficult to achieve a high temperature
within the tumor itself as the heat might dissipate to nearby healthy tissues.
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Table 4.2: Dielectric and thermal tissue properties for homogeneous hyperthermia
targets at 500 MHz: electrical conductivity, o, relative permittivity, €,., mass density,
p, specific heat capacity, c,, thermal conductivity, , and blood perfusion rate, Q.
Properties for craniopharyngioma, DMG, ependymoma, meningioma, and skull base
were averaged based on the healthy tissue parameters from the I'T’IS database [134].

Type o 18/m) | & ) | o lke/w?] [ o 10/ (keK)) | # W/ (k)] [ Q [1/3)
Craniopharyngioma 0.87 44.90 1027 3166 0.45 0.0124
DMG 1.34 56.95 1053 3701 0.52 0.0084
Ependymoma 0.71 48.54 1039 3661 0.51 0.0069
Meningioma 0.82 51.45 1039 3694 0.52 0.0079
Skull base 0.84 44.36 1122 3307 0.46 0.0070
Tumor (benchmark) | 0.92¢ | 58.67* | 1090° 3421° 0.49° 0.0017°
Tumor (Schooneveldt) | 0.92% | 58.67¢ 1056° 3700° 0.57° 5.9E-6°

* average from Joines et al. [133] in accordance with the ESHO benchmark
> ESHO benchmark by Paulides et al. [3]
¢ Schooneveldt et al. [4]

4.5 Study case 1: Target characteristics and tis-
sue properties

Study case one explored the effect of target size, shape, location, and tissue prop-
erties. The patient model used was Billie, an 11-year-old healthy female from the
IT’IS Foundation [135]. Figure 4.1a shows the model of Billie’s head where each
color corresponds to a specific tissue. For full color key, see table A.1 in Appendix.
The model had been optimized for finite-element modeling and featured 22 tissue
groups divided into around 50 materials. All healthy tissue properties were obtained
from the IT’IS Foundation database [134]. To limit the computational load whilst
maintaining detail, a resolution of 5 mm was used. Similarly, only the head and
shoulders of Billie were used, as the wave propagation beyond the shoulders was
considered insignificant.

Figure 4.1b shows the patient model together with the bolus. The water bolus
was modeled to be spherical with a radius of 14.39 cm. The bolus fit around the
head of the patient and allowed the antennas to be placed a few centimeters from
the skin. As seen in figure 4.1b, the bolus was cut off above the mouth to allow for
breathing, and the cooling from the bolus was modeled to reach 2 cm deep into the
model surface.

Next, tumor types and locations to be used as targets in the patient model were
identified. First, the brain was divided into three regions: cerebrum, pituitary
region, and posterior fossa. Then, the histologic subtypes of pediatric brain tumors,
as reported by CBTRUS, were categorized into one of the three regions based on
their common locations. Next, the incidence and relative survival rates were taken
into consideration. The following were excluded:

e data from population-based studies that do not state tumor mean or median

size
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Figure 4.1: ZY view of the patient model with (a) differently colored tissue groups,
see appendix table A.1, and (b) water bolus (blue).

o pediatric brain tumors commonly seen in the age group below the age of 4

e extracranial and spinal cord tumors

e overlap in common location of the chosen tumors

e tumors that receive craniospinal radiation as treatment

Through the literature study and contact with clinicians to confirm the anatom-
ical location, four tumor types were chosen to model pediatric brain cancer. These
included craniopharyngioma, diffuse midline glioma (H2K27M), ependymoma, and
meningioma, seen in figure 4.2a-d. As the cerebrum is a large part of the brain,
both meningioma and ependymoma were considered. Additionally, a smaller target
volume of ependymoma was used to further analyze if tumor size affects the optimal
frequency. See figure 4.2d-e for comparison. The targets were simplified and shaped
as a full sphere with an exception for meningioma. Meningioma is commonly a su-
perficial tumor and therefore the target was truncated at the skull to mimic a more
realistic target for treatment. Other than the tumors from the literature study, a
model of a skull base tumor from the Biomedical Electromagnetics group with an
irregular shape was chosen to study the effect of tumor shape, seen in figure 4.2f.

All four tissue property types, healthy tissue, average tissue, and the two tumor
tissues, were used for all targets. The only exception was the small ependymoma
where only healthy tissue was used. Table 4.3 state the target volumes. Only
craniopharyngioma had air overlaying the healthy tissues. The air was omitted with
a resulting target volume of 22 ml, which is slightly lower than the 22.375 ml volume
for the homogeneous targets that used either average or tumor tissue.

A self-grounded bow-tie (SGBT) antenna was used to model the array elements,
shown in figure 4.3a. COMSOL Multiphysics® was used to calculate the antenna
reflection coefficient between 250 — 600 MHz with a step size of 50 MHz, shown
in figure 4.3b. As seen in the figure, the S11 was below -10 dB across frequencies
between 250 — 525 MHz but increased for frequencies above 525 MHz. The antenna
surface was modeled as a perfect electrical conductor (PEC) with a polarization
axis aligned with the x-axis. A transverse electromagnetic (TEM) port with an
impedance of 21.35 2 was used to excite the antenna. Perfectly matched layers
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Figure 4.2: The sagittal section at the center of the tumor types (a)-(f), depicted
as a red sphere in their respective size and location. Full tissue color key in appendix
table A.1. (a) lies above sella turcica region, (b) in the pons, brainstem, (c) located
on the left side of the cerebrum, (d)-(e) lying adjacent to the edge of the skull on
the right cerebral hemisphere with different target size and (e) at the center of the

brain.

Table 4.3: Target volumes for craniopharyngioma, DMG, ependymoma, menin-
gioma, and skull base tumor.

Target type

volume [ml]

Craniopharyngioma (no air) 22
Craniopharyngioma 22.375
DMG 31.375
Ependymoma 48.625
Ependymoma (small) 7.125

Meningioma 55

Skull base 11.5
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Figure 4.3: Optimized SGBT (a) antenna geometry and (b) reflection coefficient
in dB for frequencies between 250 — 600 MHz. The antenna array configuration is
shown with numbered array elements (black dots) on the bolus surface (blue) in (c)
alone, and in (d) as used with the model. Note that the bolus is shown here as a
full sphere to visualize the array.

(PML) defined absorbing conditions at the domain boundaries.

The treatment planning for all targets in study case 1 was done using a 12-antenna
array with two rings of 6 antennas each, shown in figure 4.3c-d. As seen in figure
4.3d, antennae two and three were placed in front of the eyes. To avoid microwave
radiation to the eyes, given their sensitivity, those two antennas were turned off.

4.6 Study case 2: Antenna arrays

Study case 2 investigated the effect of the antenna arrangement within the appli-
cator. The patient model was a 13-year-old male with a medulloblastoma (126 ml)
located in the dorsal region of the brain that had previously been used by Zanoli
et al. [132]. Figure 4.4a shows the patient model with the medulloblastoma in or-
ange. Full tissue color key is available in table A.2 in the Appendix. The model
was based on 1 mm resolution segmented MRI data that had been up-sampled to a
4 mm resolution and featured 10 tissue groups [2]. Healthy tissue parameters were
retrieved from the IT'IS database [134] and tumor tissue parameters followed the
ESHO benchmark [3], stated as Tumor (benchmark) in table 4.2.
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The water bolus had an ellipsoid shape with a radius of 12.5 cm along the x-axis,
14.2 ¢m along the y-axis, and 14.4 cm along the z-axis. It was cut off right above
the nose of the patient model for breathing. Figure 4.4b-c shows the patient model
and water bolus. Cooling from the bolus was modeled to reach 2 cm into the body
surface.

A slightly different SGBT antenna was used as array elements compared to case
1, as case 2 featured the same antenna that Zanoli et al. had previously used
with the patient model [132]. The antenna geometry can be seen in figure 4.4d.
Antenna dimensions were 8.7 cm along the x-axis, 6.2 ¢cm along the y-axis, and
2.4 cm along the z-axis. Figure 4.4e shows the antenna S11. The antenna had a
reflection coefficient below -10 dB at 250 MHz and between 425 — 750 MHz. As
in study case one, the antenna was modeled as a PEC with a TEM port and a
polarization axis along the x-axis.

The treatment planning was done for two arrays, a symmetric and an optimized
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Figure 4.4: Elements used in study case 2. (a) show the patient model of a child
with medulloblastoma (orange) and surrounding tissue, see table A.2 for full color
key. Only the part above the head which covered the tumor and the applicator was
segmented, the rest of the tissue was modeled as muscle. (b)-(c) shows the patient
model (grey), water bolus (blue), and each array. (d)-(e) show the SGBT antenna
geometry and reflection coefficient for frequencies between 250 — 600 MHz.
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array with 10 antennas, seen in figure 4.4b-c. These were chosen as the optimized
array yielded the highest Ty in a previous study that compared symmetric and
optimized arrays for a frequency combination of f = [250 375 500] MHz [132]. To
protect the eyes, the second antenna was turned of when using the symmetric array.
Both Tyy and HCQ-values were used to evaluate the treatment plans.
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Results

This chapter presents the results obtained for study case 1 followed by study case 2.
The results of the frequency analysis using different tissue properties are illustrated
for the various tumor types, according to Sec.4.4 and Sec.4.3. Any secondary results
that may be relevant are reported in the Appendix.

5.1 Study case 1: Target characteristics and tis-
sue properties

In the first case, the effects of target size, location, and tissue properties on the tem-
perature distribution and the optimal operating frequencies were studied. Following
the treatment planning workflow, the SAR distributions were obtained first, then
the temperature maps and the Ty,.

5.1.1 SAR distribution at the highest Ty,

The two left columns in figure 5.1 show the normalized SAR distribution at the
frequency and with the tissue properties that yielded the highest Ty, for each tar-
get except the small ependymoma. All targets are outlined in white. Dark colors
represent low energy absorption while light colors represent high absorption. The
hot spot, the highest g-percentile outside of the target tissue, is shown in magenta,
and the cold spot, the lowest p-percentile in the target, is shown in cyan. The top
to bottom row shows craniopharyngioma at [3504+450] MHz, DMG at 300 MHz,
ependymoma at [250+350] MHz, meningioma at 275 MHz and skull base tumor at
300 MHz. All targets use tumor (Schooneveldt) tissue properties except meningioma
which uses tumor (benchmark).

As can be seen in figure 5.1, DMG, ependymoma, meningioma, and skull base
tumors have a lighter brown color in and around the target, which corresponds to an
increase in absorbed energy. Meningioma shows energy absorption predominately
in the target, with most of the healthy tissue being black or dark brown. Cran-
iopharyngioma has a lighter color around the skull, but a relatively dark color in
the target, corresponding to more energy being absorbed in the superficial, healthy
tissues rather than in the tumor.

Hot spots appear close to the skin or around the target for DMG, ependymoma,
meningioma, and skull base tumor, as indicated by magenta. For craniopharyn-
gioma, the hot spot only appears close to the skin above the forehead. Cyan cold
spots in craniopharyngioma, DMG, ependymoma, and skull base are generally lo-
cated in the most deep-seated part of the tumor. On the contrary, the cold spots
for meningioma is along the side of the target, closer to the skin.
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5.1.2 Temperature distribution at the higest Ty

From the SAR distributions, the temperature distributions were obtained. Figure
5.1 shows the temperature distribution at the frequency and with the tissue proper-
ties that yielded the highest Ty for each target except the small ependymoma. The
two right columns in figure 5.1 show the temperature maps that correspond to the
SAR distributions on the two left columns. All targets are outlined in white. Dark
blue represents tissue at 37 °C while dark red represents tissue around 43 °C. The
black dot indicates the pixel that reached the highest temperature.

As seen in figure 5.1, the perimeter and the back of the patient are 37 °C for
all targets. Craniopharyngioma has an area with elevated temperature close to the
skull above the forehead, as indicated by the light blue to yellow color. Visible
in the sagittal section, most of the healthy tissue from the eyes and to the jaw is
heated to 39 — 42 °C, indicated by the cyan to red color. The target is mostly red,
corresponding to a temperature increase, but the heat is not uniformly distributed
in the target. The highest temperature in the healthy tissue below the tumor is
indicated by the black dot.

DMG has a higher temperature increase in the target, indicated by the dark red
color in the tumor center, but the heat is not evenly distributed. Below the target,
the area is cyan to red, meaning it is also heated. The area around the eyes and the
optical nerve is blue, indicating little to no temperature increase there.

Ependymoma shows a dark red color in the entire target volume and a dark-
colored area in the middle of the tumor, indicating a high, even temperature distri-
bution with the highest temperature being the center of the tumor. A red-colored
area can be seen at the back of the neck, indicating a hot spot. Between the target
and the skin, and along the upper cheek, cyan indicates an increased temperature.

Meningioma also has a dark red color in the entire target volume, and a black dot
in the center of the tumor, corresponding to a high, even temperature distribution.
The healthy tissues are dark to light blue, indicating little temperature increase
outside of the target.

The skull base tumor has a green-colored area above the forehead, and an area of
cyan to red around the target, indicating hot areas in healthy tissue. A large area
below the tumor is cyan to red, including the area of the eyes and the optical nerve.
Most of the target volume is red to yellow, indicating an increased temperature but
not a uniform temperature distribution.

Comparing the SAR distribution with the temperature distribution in figure 5.1,
the SAR generally predicts the hot spots seen in the temperature distribution. How-
ever, there are exceptions, for craniopharyngioma and skull base, the SAR does not
show the significant temperature increases that can be seen below the targets in the
temperature map. Cold spots in the target are generally accurately predicted by
the SAR distribution.

5.1.3 SAR and temperature maps at low frequencies

In the previous sections, the SAR and temperature map at the frequency and with
the tissue properties that yielded the highest Ty, for each target were shown. This
section covers the typical SAR and temperature distribution for lower frequencies.
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Figure 5.1: SAR and temperature distributions for the highest achieved Ty, across
all frequencies and target types. All use Schooneveldt properties except menin-
gioma that use benchmark. Transverse and sagittal section at tumor center shown
from the top: craniopharyngioma (3504450 MHz), DMG (300 MHz), ependymoma
(2504350 MHz), meningioma (275 MHz), and skull base (300 MHz). Target is out-
lined in white. Magenta and cyan in the SAR maps represent hot spots and cold
spots respectively. The black dot in the temperature maps represents the highest
temperature. 41
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Figure 5.2 presents the normalized SAR and the temperature distribution at 275
MHz for craniopharyngioma, DMG, ependymoma (original size), meningioma, and
skull base targets using tumor (benchmark). As can be seen in the SAR distribution,
areas in and around the target are lighter brown, indicating more energy absorption.
Magenta hot spots are either by the skin or around the target. Cold spots, seen in
cyan, are in the more deep-seated part of the target except for meningioma, where
the cold spots are along the side of the tumor, emanating from the skull.

Looking at the temperature distributions, craniopharyngioma, DMG, and skull
base tumors have cyan to red colored areas below the target, indicating heat increase
in healthy tissue. The targets are cyan to red, corresponding to a temperature
increase although not uniform. Ependymoma and meningioma have a high, even
target temperature distribution seen as a dark red color. Ependymoma has an
area of high temperature at the back of the neck and between the target and the
skin, seen as cyan to yellow color. Healthy tissue around the meningioma is blue,
corresponding to a little temperature increase.

The SAR and temperature distributions shown in figure 5.2 are similar for all fre-
quencies between 250 —350 MHz and for frequency combinations between [2504350]-
[350+450] MHz. Across all tissue types, SAR distribution was similar. Healthy and
average tissue had less uniform thermal target coverage compared to the tumor tis-
sues, but hot-spot locations were similar across tissue types. See appendix figure
A.7 for SAR and temperature maps of ependymoma at 275 MHz for all tissue types.
Differences in SAR and temperature maps between tumor (benchmark) and tumor
(Schooneveldt) properties were minor.

5.1.4 SAR and temperature maps at high frequencies

After looking at a typical SAR and temperature map for lower frequencies, a similar
figure is introduced for high frequencies. Figure 5.3 shows the normalized SAR
distribution and the temperature distribution at 500 MHz for craniopharyngioma,
DMG, ependymoma (original size), meningioma, and skull base targets using tumor
(benchmark) properties. First looking at the SAR map, most of the patients are
colored black to dark brown, corresponding to little to no energy absorption. The
ependymoma target, the meningioma target, and the perimeter of all patients show
a lighter brown color, indicating energy absorption. Magenta hot spots can be seen
around the skin on top of the head.

Then looking at the temperature distribution, the craniopharyngioma, DMG,
and skull base target are blue, corresponding to little to no temperature increase.
Craniopharyngioma has cyan to red colored hot spots above the forehead, by the
front of the face, and at the back of the neck. DMG also has a cyan to red hot spot
at the back of the neck, whilst the skull base tumor has a cyan to green hot spot at
the front of the face. Ependymoma and meningioma have green to dark red colored
targets, indicating temperature increase but an uneven temperature distribution.
They also have superficial hot spots around the skull, as seen in cyan to green and
yellow.

Higher frequencies had similar SAR and temperature maps to figure 5.3. As for
low frequencies, the SAR distribution was similar across tissue properties whilst the
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Figure 5.2: SAR and temperature distributions at 275 MHz with tumor tissue
parameters from the ESHO benchmark, shown as transverse and sagittal section at
tumor center for craniopharyngioma (top row), DMG, ependymoma, meningioma
and skull base (bottom row). Target outlined in white. Magenta and cyan in the
SAR maps represent hot spots and cold spots respectively. The black dot in the
temperature maps represents the highest temperature.
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temperature distribution for healthy and average tissue was less uniform than the
tumor tissues. With increasing frequency, the tumor coverage steadily decreased
and the superficial hot spots increased.

One important note is that the majority of hot spots occurred in the eye for
craniopharyngioma even though the two antennas in front of the face were turned off.
Thus, the results obtained are clinically irrelevant but the target will be discussed
in terms of its shape, size, and location in the next chapter.

5.1.5 Target Tgo

From the temperature distribution, the Tgq could be determined. The Ty, for each
target and each tissue property is reported in figure 5.4. Frequency is shown on the
x-axis and temperature on the y-axis. In figure 5.4a-c and e-f, the left, darkest bar,
is the Ty using healthy tissue parameters. The second bar from the left shows the
Tyo using average tissue properties, followed by tumor (benchmark) properties, and
the rightmost bar shows the Ty using tumor (Schooneveldt) properties. In figure
5.4e the Ty, is shown as the darker, left bar for the originally sized ependymoma,
and the as the lighter, right bar, for the smaller ependymoma, both using healthy
tissue parameters.

The deep-seated targets achieved the lowest Ty values, particularly craniopharyn-
gioma. Craniopharyngioma’s highest achieved Tyy was 39.6 °C using the frequency
combination [250 + 350] MHz with tumor (Schooneveldt) properties, the lowest
among all targets. DMG and skull base tumor achieved a highest Ty, of 39.63 °C
and 39.82 °C respectively, both at 300 MHz using tumor (Schooneveldt).

Ependymoma (original size) reached the highest Tyy out of all tumors with a
temperature of 43.04 °C using tumor (Schooneveldt) with the combination frequency
[250 + 350] MHz. The smaller ependymoma reached at the highest Ty = 39.91
°C with frequency combination [250 + 450], which was similar to the highest Ty
for ependymoma with healthy tissue, 39.85 °C at 275 MHz. Meningioma had the
second highest Tyy of 42.08 °C using tumor (benchmark) at 275 MHz.

Lower frequencies, between 250—350 MHz and [250+350]—[250+-550] MHz achieved
the highest Tyo for targets, with all tissue properties. The higher frequencies sel-
dom gave a high Ty, neither with the use of single frequencies or combinations of
frequencies.

Deeper seated targets, craniopharyngioma, DMG, and skull base, had lower Ty,
across all tested frequencies compared to the more superficial targets ependymoma
and meningioma. The deep-seated targets showed a relative increase in Tyy at 600
MHz compared to surrounding frequencies, seen in figure 5.4a, b, and f. This could
also be observed for the ependymoma at 500 MHz and the smaller ependymoma at
450 MHz.

Out of the four types of tissue properties, the parameters from tumor (Schoon-
eveldt) presented the highest Tyo in all tumors, with an exception for meningioma.
The second highest achieved Tyy was using parameters from tumor (benchmark),
followed by average and healthy tissue parameters which were quite similar.
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Figure 5.3: SAR and temperature distributions at 500 MHz with tumor tissue
parameters from the ESHO benchmark, shown as transverse and sagittal section at
tumor center for craniopharyngioma (top row), DMG, ependymoma, meningioma
and skull base (bottom row). Target outlined in white. Magenta and cyan in the
SAR maps represent hot spots and cold spots respectively. The black dot in the
temperature maps represents the highest temperature.
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Figure 5.4: Ty, at single frequencies and frequency combinations for each target.
(d) show the Ty for healthy tissue parameters using the original (left bars) and
smaller (right bars) ependymoma. Note that the y-axis runs between 37.0 —42.5 °C
for (a)-(b), and between 37.5 — 43.0 °C for (c)-(f).
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5.2 Study case 2: Antenna arrays

Study case two featured a 13-year-old patient with medulloblastoma and used both
a symmetric and an optimized antenna arrangement to investigate the effect of the
array on the optimal operating frequency. The tumor tissue was modeled using
tumor (benchmark) parameters.

5.2.1 SAR and temperature distributions

First, the SAR and temperature maps are introduced in figure 5.5. The normalized
SAR distribution (left) and temperature distribution (right) for the symmetric array
(two top rows) and the optimized array (two bottom rows) are shown at 275 MHz
and 500 MHz. SAR and temperature distributions at lower and higher frequencies
are similar to those shown at 275 MHz and 500 MHz respectively.

Looking at the SAR distributions at 275 MHz, both arrays show a similar energy
distribution with lighter brown in and around the target and black to dark brown in
healthy tissue. The symmetric array shows a lighter brown in the target and towards
the back of the head, whilst the optimized array has a lighter-colored area on top of
the forehead. Magenta hot spots are in similar locations in the transverse section,
but the optimized array has a hot spot below the tumor in the sagittal section that
the symmetric array does not have. The cyan cold spot in the symmetric array is
toward the bottom of the target, and for the optimized array the cold spots are more
at the sides of the target.

The SAR distribution at 500 MHz shows overall less absorbed energy for the
symmetric array as the patient is mostly black, but higher absorption at the back
of the neck in the sagittal section compared to the optimized array. Magenta hot
spots are in similar locations, but the symmetric array shows a larger cold spot in
the sagittal section compared to the optimized array.

Temperature distributions at each respective frequency are similar for both arrays,
although not the same. At 275 MHz, the sagittal section shows a wider area of
increased temperature below the target for the optimized array. Looking at the hot
spot by the base of the neck at 500 MHz, it is cyan to yellow for the optimized
array but cyan to dark red for the symmetric array. The temperature map of the
symmetric array shows a more even thermal tumor coverage at 275 MHz and 500
MHz compared to the optimized array.

5.2.2 Target Tyo and HCQ

After the distributions have been shown, the Tyq and the HCQ cost across all tested
frequencies for both the symmetric and the optimized array are shown in figure 5.6.
Frequency is shown on the x-axis, temperature is read on the left y-axis, and HCQ
cost is read on the right y-axis. The left, darkest colored bar, and the right, lighter
colored bar show the Ty for the symmetric and optimal array respectively. HCQ
values at each frequency are shown as a solid black line for the symmetric array and
a dotted black line for the optimized array.

The highest Ty, was 39.17 °C when using the symmetric array at 275 MHz.
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Using the optimized array, the highest achieved Ty, was 38.80 °C at 250 MHz.
Similar temperatures, less than a degree from the maximum 7Ty, were reached for
frequencies between 250 — 300 MHz and [250+350]—[250+550] MHz for both arrays.
With increasing frequency, the Ty tends towards lower values, with the lowest Ty
for both arrays being around 37.5 °C at 800 MHz.

For the lower frequencies that achieved the highest temperature, the difference
between the arrays Ty, is less than half a degree. Above 300 MHz, the optimized
array has a higher Ty, at a majority of the tested frequencies. The optimized array
achieves half a degree or higher temperature than the symmetric array at 350 MHz,
550 MHz, and [3504-550] MHz.

The lowest HCQ values were 1.523 and 1.421 at 250 MHz for the symmetric and
optimized array respectively. With increasing frequency, the HCQ of both arrays
trend upward. At lower frequencies, between 250—300 MHz and [250+350]—[250+550]
MHz, the HCQ cost of both arrays is similar, with the optimized array being slightly
lower. HCQ values were lower for the optimal array at all frequencies except at 450,
500, 700, 800, and [4504+550] MHz.

HCQ and Tyy follow each other with a lower cost at low frequencies where the
Ty is high, and a higher cost at high frequencies where the Ty, is lower. The HCQ
is shown as a complement to the Ty because the array optimization is based on the
estimated HCQ cost. Smaller discrepancies between Tyg and HCQ exist; the HCQ
for the symmetric array is higher at 275 MHz compared to at 250 or 300 MHz, but
the Ty is the highest at 275 MHz.
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Figure 5.5: SAR and temperature distributions shown as transverse and sagittal
section at tumor center. From the top: 275 MHz symmetric array, 500 MHz sym-
metric array, 275 MHz optimized array, 500 MHz optimized array. Target outlined
in white. Magenta and cyan in the SAR maps represent hot spots and cold spots
respectively. The black dot in the temperature maps represents the highest temper-

ature.
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Figure 5.6: Ty at single frequencies and frequency combinations for the symmetric
and optimized array with the respective HC(Q value shown on the right axis.
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6

Discussion

This chapter relates our findings to the aim and objectives. The targets are analyzed,
followed by a discussion of the frequency analysis and the effect of target size, shape,
location, and antenna arrays on the final temperature distribution. A comparison
of our results and other available studies will be discussed at the end.

6.1 Literature study

From the literature review, we selected 4 tumor types: craniopharyngioma, DMG
(formerly DIPG), ependymoma, and meningioma. These tumors were primarily
chosen based on clinically relevant focal radiotherapy needs and due to their different
spatial distributions across the brain. The size of the tumors was also selected
based on available data. Both craniopharyngioma and DMG were investigated to
assess if achieving therapeutically relevant temperatures is feasible, considering the
complexity of the tumor location. Although most pediatric brain tumors occur
in the cerebellum [32], we explored other locations, in particular meningioma and
ependymoma. Other locations that could be explored, but were not due to time
constraints, is the front of the cerebrum. These regions could be difficult to deliver
heat even though it is a superficial tumor, as the region is in front of the head where
the radiation to the eyes must be avoided.

The size of each tumor was obtained by population-based studies. In general,
information regarding pediatric brain tumors was difficult to obtain since pediatric
tumors have mostly been grouped with adult tumors. Furthermore, there was often
a small sample size in most of the studies, sometimes only up to 10 patients. Even
with available studies, the articles usually stated the tumor size range with a large
variation, instead of the median or mean size. In the end, the mean tumor size could
not be obtained for all the listed tumor types.

Although the tumors were of irregular shape, the study modeled them as per-
fect spherical targets to somehow represent a larger patient group. This carries a
limitation of the analysis while evaluating the different factors. Therefore, a more
realistic shape was later considered, that is the skull base tumor in case one and the
medulloblastoma in case two.

The study was carried out in pediatric patient models of ages 11 and 13. This
limited other tumors for the younger pediatric age group as the results will not be
representative due to different head dimensions.

It should be noted that the age range for pediatric patients varies depending
on the source. Some stated age 0 — 14, others stated age 0 — 19 and a few even
considered age 20 — 21 in the pediatric age group. This is understandable in terms
of the little information available today about pediatric brain tumors. However, the
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new classification from WHO 2021 of tumors in the brain and CNS made a step in
the right direction by differentiating between pediatric and adult tumors.

6.2 Study case 1

The first study case aimed to investigate the effects of target size, location, and tissue
properties on the temperature distribution and the optimal operating frequency. Out
of all targets, only meningioma and ependymoma reached a Ty, range of 40 — 43 °C
in the target volume. The smaller ependymoma achieved a higher Ty, for f > 350
MHz compared to the original sized ependymoma, despite the center of each target
being the same.

Our results indicate that single frequencies in the band of 250 — 350 MHz as well
as combinations of frequencies between 250 — 550 MHz more effectively achieve both
a higher temperature and a more uniform heat distribution in the target volume.
Comparing the Ty as well as the SAR and temperature distributions between higher
and lower frequencies, lower frequencies deliver a higher, homogeneous, thermal dose.
As the frequencies increase the tumor coverage is reduced, resulting in lower Tyq and
hot spots appearing in superficial regions. For all tumor types, the Ty, appeared to
decrease at 350-400 MHz, and the low temperature was maintained or decreased at
higher frequencies. Comparing the SAR distributions, more cold spots are present
in the tumor volume at the higher frequencies compared to the lower frequencies.
The temperature distribution at 275 MHz, seen in figure 5.2, presented hot spots
either close to or inside the target volume for all tumors. At higher frequencies above
500 MHz, the temperature distribution shows the hot spots appearing at random
superficial locations. The heat distribution in the target is also less uniform.

6.2.1 Tissue properties of targets

Focusing on the tissue properties, the targets in this study were artificially created by
either keeping the original healthy tissue parameters, or by substituting the healthy
tissue with average or tumor tissue parameters. For SAR calculations, the air was
not taken into account by modification of the target. Therefore, a relevant question
was to investigate the effect of the tumor properties on the resulting temperature
distribution.

The main difference between the tested tissue parameters was a higher specific
heat capacity, higher thermal conductivity, and a very low perfusion rate for tumor
(Schooneveldt). Tumoral blood flow of adult gliomas has been determined to lie be-
tween 70.8—145.5 (ml/100 g/min) [136]. This corresponds to around 0.0012—0.0254
(1/s), suggesting that the tumor (benchmark) blood perfusion rate was more realistic
than that of tumor (Schooneveldt).

Using tumor (Schooneveldt) resulted in the highest Tyq of all tumor targets, except
for meningioma. The lower Ty for meningioma using tumor (Schooneveldt) could
depend on the target location, as it is a superficial target that lies directly beside
the skull and is affected by the cooling effect of the bolus. As the cooling effect of
the bolus reaches up to 2 cm into the skin, cooling of the target together with a
higher thermal conductivity leads to the heat being conducted more easily, which
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would reduce the temperature in the target volume.

In respect to the tumor types, the deep-seated targets, specifically craniopharyn-
gioma and DMG, were the most challenging to achieve a high, homogeneous tem-
perature distribution, regardless of tissue properties. When using average tissue,
craniopharyngioma achieved lower Tyy compared to all other tissue types, which
was not the case for the other tumors where average tissue generally performed
better than healthy tissue. The low Ty, was probably due to the average tissue
parameters of craniopharyngioma having the lowest specific heat capacity and ther-
mal conductivity, combined with the highest perfusion rate compared to all other
targets.

6.2.2 Target location, size, and shape

Looking at target characteristics, craniopharyngioma, DMG and skull base tumors
were used to investigate the feasibility of heating deep-seated targets while ependy-
moma and meningioma were used to investigate the feasibility of heating superficial
targets. The target depth was hypothesized to decrease the target temperature as
the waves need to propagate further, as well as decrease the optimal operating fre-
quency because the penetration depth of the wave decreases with higher frequencies.
Both sizes of ependymoma were used to study different target volumes. A smaller
target was thought to benefit from higher frequencies since the size of the spot de-
creased. The skull base tumor was used to study the effect of shape, as an irregular
shape might benefit from frequency combinations that enable different-sized focal
spots.

It is worth mentioning that direct comparison of these factors is difficult since
the targets had unique properties and analyzing one factor individually proved to
be difficult. Multiple characteristics varied between targets, such as the depth being
affected when changing the size of the ependymoma. Nevertheless, frequencies be-
tween 250 — 350 MHz had the highest Ty, regardless of the size, shape, and location.

Regarding location, the deep-seated targets achieved a lower Ty, across all fre-
quencies and were more challenging to heat compared to the superficial targets. This
can be seen from the SAR distributions for 500 MHz in figure 5.3. The highest SAR
could be seen on the surface of the patient with the contours of the antenna, and
the SAR decreases with depth, which leads to less energy deposition in the deeper
tissues. As seen with craniopharyngioma, DMG, and skullbase, all three tumors
achieved a similar Ty, even with an irregular shape for the skull-base tumor. This
indicates that location is a more significant factor than shape, but additional sim-
ulations are needed to confirm this conclusion. In terms of heat distribution, the
deep-seated targets had a similar pattern where 250 — 350 MHz achieved the highest
Ty and then the temperature decreased with higher frequencies except for a sudden
peak at 600 MHz.

All targets had different volumes, but we can see from figure 5.4 that the lower
frequencies achieve a higher Ty, for all targets. The lower frequencies also achieve
the highest Ty, for both of the different ependymomas, which further reinforces that
lower frequencies achieve higher temperatures regardless of volume. Nevertheless,
the target volume did seem to affect the temperature distribution for the frequencies
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above 350 MHz. However, it could also depend on the location of the perimeter of the
smaller ependymoma target, which lies deeper compared to the larger ependymoma.
The center of both ependymomas was the same, but the difference in depth of their
perimeter occurred due to their size variation.

Looking at the shape of the tumor types, the targets from the literature review
were spherical while the skull base tumor had an irregular shape. The locations
of the deep-seated tumors, DM@, craniopharyngioma, and skull base, were fairly
similar, and the tumor volumes were on the lower end compared to meningioma and
the large ependymoma. All three deep-seated targets had a similar Ty, and followed
the same pattern for the temperature distribution, despite the difference in tumor
shape. The different tumor shapes did not give any noticeable difference, neither in
terms of optimal frequencies nor in the final temperature distributions.

One important factor that would impact the index temperature like the Ty, is if
the constraint for the highest temperature reached in the tissues was changed from 43
°C. Changing the maximum temperature constraint would impact the scaling factor
applied after the thermal simulation. The therapeutic hyperthermia temperature
range is 40 — 44 °C, nevertheless, in a sensitive region such as the brain, thermal-
related toxicity can already be presented at 42 °C. Therefore, the constraint should
be lowered.

Other refinements for this study could involve using a finer step size for the
frequency analysis to find out other frequencies at the lower end that can contribute
more to the final temperature distribution in the target volume.

A continuation of this study would be to do additional simulations that system-
atically investigate target size, shape, and location. Location seems to be a bigger
factor compared to size and shape. While the size and shape may have an impact
on the final temperature distribution, we can not for certain state that one factor
is more significant than the other without additional simulations to obtain a more
accurate and definite conclusion.

6.3 Study case 2

Case 2 used a patient model, bolus, antenna and arrays that had previously been
used by Zanoli et al. [132]. Single frequencies between 250 — 350 MHz as well as
[250+350]—[250+-550] MHz had better Ty, and HCQ values than higher frequencies,
regardless of the array. These were the same frequencies that gave the highest Ty
in case 1 as well. In case 1, the lower temperature at higher frequencies could be
caused by poor performance of the antenna as the S11 only was below -10 dB for
frequencies below 525 MHz. However, in case 2 the antenna S11 was below -10 dB
at 250 MHz and in the frequency band of 425 — 750 MHz. Despite different antenna
characteristics, the same decrease in Ty, for increased frequencies was found for all
targets in both cases, suggesting that the results were not exclusively caused by the
antenna performance.

The optimized array generally achieved higher Ty than the symmetric array. In
particular, around the frequencies the array was optimized for, f = [250, 375, 500]
MHz, the Tyy and HCQ of the optimized array were similar or better than the
symmetric array. Notably, the optimized array performs much better at 350 MHz,
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550 MHz and [3504550] MHz. However, the symmetric array shows marginally
higher Tyy at 250 and 275 MHz. More data is necessary to draw a strong conclusion,
but the results suggest that the optimization process is quite sensitive to the choice
of frequencies.

Looking at the cost function’s relation to the Ty, it generally follows the tem-
perature well. However, for smaller temperature differences, the lowest HCQ value
does not always correspond to the highest Tyy. This is not unexpected as the SAR
distribution does not have a linear correlation to the temperature distribution [2].
A consequence of this is that the optimal operating frequency might not be most
accurately determined based on only the SAR distribution or a SAR-based indica-
tor. This could also present a problem in the array optimization process because the
arrays are evaluated based on their HCQ. The array that would yield the highest 7§
might not be the final solution. A way to mitigate this could be to select the three
or four frequencies or arrays with the lowest HCQ for thermal simulations before
deciding the optimum. However, the inaccuracy in SAR due to interpolation would
still be large.

Despite using the same treatment setup, optimization algorithms, and cost func-
tions as Zanoli et al. [132], our temperature data is not directly comparable to the
prior data. The most notable difference is the constraint to not exceed 43 °C during
optimization after the thermal simulation, which was set to 42 °C by Zanoli. Elec-
tromagnetic simulation conditions were similar. One aspect that may differentiate
the data is the use of a coarser mesh in this study.

An interesting progression of this work would be to optimize an array at the
frequency or frequency combination that had the highest Ty for the canonical array.
One way is to compare optimized arrays for some of the other targets used in case 1,
such as ependymoma, DMG, or meningioma. Targets more centered inside the head,
like DMG, could potentially benefit less from a non-symmetric array compared to
targets like ependymoma which are offset from the center of the head.

6.4 Work in relation to literature

Looking at our results in relation to available literature, prior studies have explored
optimal operating frequencies for microwave hyperthermia, but not in the same
context as our work. The majority of studies were not carried out exclusively on
pediatric brain tumors. A vast majority of studies considered adult patient models
with targets located either in the pelvis or in the head and neck [123]-[131]. In
contrast, this study only had targets in the different regions of the brain, and both
cases used pediatric patients.

In this study, frequencies between 250 — 350 MHz gave the highest Ty, for all tar-
gets. This differs from previous studies where a majority found frequencies between
400 — 600 MHz to be optimal for treating head and neck tumors. However, the
frequency range in this study has not been considered previously. In particular, 250
or 275 MHz have not been explored for intracranial tumors. Several studies inves-
tigated the frequencies allocated to Industry, Science, and Medicine (ISM), 27.12,
434, and 2450 MHz in Europe and 27.12, 915, and 2450 MHz in the United States,
as well as some additional frequencies [123], [128].
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The portion of our data that is within a previously studied frequency range shows
consistency with the literature, supporting the reliability of our results. Excluding
frequencies between 250 — 350 MHz and looking only at the Ty, in the frequency
range between 400 — 800 MHz, our optimal operating frequency would be between
400 — 600 MHz depending on the target, and the optimal ISM frequency would
be 434 MHz. From figure 5.4, craniopharyngioma, DMG, and skull base achieve a
maximum Ty at 600 MHz. The large and small ependymoma have a peak Ty, at
500 MHz and 450 MHz respectively, and meningioma reach a maximum 7y, at 400
MHz. Figure 5.6 shows a peak Tyg at 450 MHz and 550 MHz for the symmetric
and optimized array respectively. Thus, our data agree with previous studies when
comparing the same frequencies.

One study has also proposed 900 MHz as the optimal frequency for head and neck
tumors, but the study assessed the frequency performance based on the uSAF [124].
Maximizing the SAF is not the same as minimizing the HTQ, where the latter has
been shown to have a better correlation to the thermal dose [14].

Other studies have suggested that a combination of frequencies, or UWB sys-
tems, could be optimal [2], [14], [125]. In this work, combinations of frequencies,
particularly in the range of 250 — 550 MHz, yielded similar Ty, to the single fre-
quencies in the 250 — 350 MHz range. Hot spots in the temperature distribution
for each target were in similar locations at frequency combinations with 250 — 500
MHz and single frequencies between 250 — 350 MHz. In case 2, the hot spots were
in similar locations for both arrays. However, looking at the temperature maps
for higher single frequencies, such as 500 MHz, the hot-spot intensity and location
vary compared to lower frequencies. Although the Ty, for frequencies > 350 MHz
is lower, these frequencies could still be relevant in a clinical setting. As suggested
in the literature, a UWB system that can change between two frequencies could
allow for effective hot-spot suppression to limit patient discomfort. Based on our
results, such a system would ideally be able to operate in the 250 — 350 MHz range
for maximum Tyy, and in the 400 — 600 MHz range for the alternate frequency. As
different targets have different optimal operating frequencies in the 400 — 600 MHz
range, the best dual-frequency treatment plan should include the best low and high
frequency for the specific target to allow for the highest thermal dose.
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Conclusion

This study investigated the feasibility of external microwave hyperthermia for pedi-
atric intracranial targets. A literature review and contact with clinicians identified
four tumors to assess the accessibility of microwave heating based on target size and
anatomical location: craniopharyngioma (&~ 22 ml), DMG (H2K27M) (= 31 ml),
ependymoma (=~ 49 ml) and meningioma (55 ml). A smaller ependymoma (=~ 7 ml)
and a skull base tumor (/ 11.5) were also investigated. First, SAR-based treatment
planning using i-TR and HCQ), followed by thermal simulations, was done for each
tumor at frequencies between 250 —800 MHz to asses the target characteristics (size,
shape, location) and tissue properties’ effect on both the final temperature distribu-
tion and the optimal operating frequency. Four different tissue types were used for
each target: healthy tissue, average tissue, tumor (benchmark) tissue, and tumor
(Schooneveldt) tissue. Second, the simulations were performed for a medulloblas-
toma (126 ml) with tumor (benchmark) tissue using both a symmetric array and an
optimized array to assess the effect of two different antenna arrangements within a
helmet applicator on the optimal operating frequency.

Superficial tumors appeared more accessible for microwave heating compared to
deep-seated tumors as only the meningioma and ependymoma reached a therapeu-
tically relevant temperature within the range of 40 — 43 °C. Higher Ty, was achieved
for superficial tumors, and generally also when using tumor tissue parameters with
lower perfusion. Target size and shape appeared to have a smaller impact on the
target temperature distribution. Single frequencies between 250 — 350 MHz and
combinations of frequencies using 250 — 550 MHz achieved the highest Ty, for all
targets, regardless of size, shape, location, and antenna array. Lower frequencies
were also more effective in achieving a uniform heat distribution. However, as we
used several tumors with different characteristics, it was difficult to reliably assess
only one property at a time. To clearly determine the effect of each target property,
further simulations that isolate one aspect at a time are necessary. A continuation
of this work would be to explore arrays optimized for frequencies between 250 — 350
MHz and study the effect of an optimized array on different target locations.
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Figure A.1: Distribution of primary brain and other CNS tumor in age group,
15 — 19, by anatomical site from CBTRUS statistical report: NPCR and SEER,
2016 — 2020 [32]
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Figure A.2: Distribution of primary brain and other CNS tumor in age group,
15 — 19, based on histopathology subtypes with data from CBTRUS statistical

report: NPCR and SEER, 2016 — 2020 [32].
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Figure A.3: Distribution of primary brain and other CNS tumor in adolescents
and young adults, 15 — 39 years by anatomical site from CBTRUS statistical report:
NPCR and SEER, 2016 — 2020 [32]
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Figure A.4: Distribution of primary brain and other CNS tumor in adolescents and
young adults, 15 — 39 years, by histopathology subtypes using data from CBTRUS
statistical report: NPCR and SEER, 2016 — 2020 [32].
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Figure A.5: Distribution of primary brain and other CNS tumor for all age groups
by anatomical site from CBTRUS statistical report: NPCR and SEER, 2016 — 2020
32]
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Figure A.6: Distribution of primary brain and other CNS tumor for all age groups
by histopathology subtypes using data from CBTRUS statistical report: NPCR and
SEER, 2016 — 2020 [32].
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Color | Material Color | Material
Background Nerve
Air
Blood SPIE;F}’HX
Brain (Grey Matter) '
Brain (White Matter) 21;1111;10 :;;Clical
Cartilage SAT (Subcutaneous Fat)
Cerebellum Tooth
Cerebrospinal Fluid Tendon-Ligament
Connective Tissue Thalamus g
Cartilage Tongue
Skin ‘ Blood
Eye (Vitreous Humor) Vertebrae
Eyte (Lens) Pineal Body
H? . Pons
- pIi)OC}? sizus Medulla Oblongata

ypophy Eye (Cornea)

Hypothalamus Eye (Sclera)
Vertebrae Esophagus
Laryr{x Esophagus Lumen
Mandible Lung
Bone Marrow Thyroid Gland
Midbrain Trachea
Muscle ' Trachea Lumen
Bone (Cortical) Tumor target
Mucous Membrane

Table A.1: Material with their respective color for the Billie model, case 1.

Color | Material
Skin
Muscle
Bone (Cortical)
Pharynx
Cerebrospinal fluid
Brain (Grey matter)
Brain (White matter)
Tumor
Eye (Vitreous humor)
Cartilage

Table A.2: Material with their respective color for the child model with medul-
loblastoma, case 2.
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SAR distribution Temperature distribution

Transverse Sagittal Transverse Sagittal

Figure A.7: SAR and temperature distributions at 275 MHz for ependymoma
using all target tissue types. Shown as transverse and sagittal section at tumor
center for healthy tissue (top row), average tissue, tumor (benchmark) and tumor
(Schooneveldt) (bottom row). Target outlined in white. Magenta and cyan in
the SAR maps represent hot and cold spots respectively. The black point in the
temperature maps represents the highest temperature.
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