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Abstract

Tumor Treating Fields (TTFields) is an anti-mitotic cancer treatment technique used
for solid tumors. It consists in applying an electric field (EF) with an intensity of 1
V/em and frequency between 100 and 500 kHz to affect the mitotic process of tumoral
cells. In patients, transducer arrays are placed on the shaved scalp in strategic regions
that maximize the EF in the tumor using an FDA-approved software named NovoTAL.
Patients should be under the action of these fields for at least 18 hours per day. To avoid
any thermal harm, the amount of current injected varies depending on the temperature
of the scalp. The aim of this thesis was two-fold: 1) to study how accounting for the
temperature increases might affect the choice of the best regions to place these arrays;
and 2) to predict TTFields thermal impact.

This work was performed using a realistic head model to which a virtual tumor was
added to mimic a glioblastoma. Different array positionings obtained from the NovoTAL
system were considered. To predict the electric field distribution in the head Laplace’s
equation was solved, whereas the temperature distribution was estimated using Pennes’
equation.

The results obtained suggest that there is a minimum distance of 1 cm between arrays
that should be accounted for during planning to avoid the occurrence of temperature
hotspots that might limit treatment efficacy. The choice of the best layout was also shown
to be sensitive to the criterion used to rank the available options. These conclusions might
vary significantly depending on the values assigned to the physical parameters and on the
heat transfer mechanisms modelled. Based on the maximum temperature predicted for
each tissue, no unexpected physiological changes were predicted according to what is
reported in the literature and thus TTFields seem to be safe from a thermal point of
view.

Keywords: Glioblastoma multiforme (GBM); Realistic head model; Tissue heating;
Treatment planning; Tumor Treating Fields (TTFields).
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Resumo

Glioblastoma multiforme (GBM) é um dos tipos de cancro mais agressivos que ocorrem
no cérebro. Apesar de nas tultimas trés décadas se ter assistido a uma melhoria signi-
ficativa na aplicacao das técnicas de tratamento de cancro com recurso a ferramentas
computacionais, este avang¢o nao se traduziu numa melhoria do prognostico associado a
esta doenca. Hoje em dia, é esperado que uma pessoa com glioblastoma viva em média
15 meses com tratamento 6timo, sendo que a taxa de sobrevivéncia a cinco anos é de
apenas 5%. Mesmo nos pacientes em que é possivel destruir completamente o tecido tu-
moral, a probabilidade deste reincidir é muito elevada, pelo que a terapia é realizada de
forma paliativa com o intuito de tentar melhorar a qualidade de vida do doente. Durante
muitos anos, cirurgia, terapia com radiagdo e quimioterapia foram consideradas como
sendo a melhor linha de tratamento no combate a este tipo de cancro. No entanto, em
2004, surgiu uma nova opcao que rapidamente mostrou intimeros beneficios em oncolo-
gia quando usada de forma concomitante com quimioterapia. Os Tumor Treating Fields
(TTFields) consistem na aplicacdo de campos elétricos alternados, com uma frequéncia
entre 100 e 500 kHz, através de transdutores que sao colocados na cabeca do doente. Os
primeiros estudos publicados mostraram que se a intensidade do campo elétrico no tu-
mor for de pelo 1 V/cm, entdo esta técnica consegue afetar significativamente o processo
mitotico das células cancerigeneas. Apesar dos mecanismos de acdo ainda nao serem to-
talmente entendidos, os resultados obtidos através de experiéncias em laboratorio e em
ensaios clinicos mostraram a sua importancia e os parametros que mais contribuem para
a sua eficacia. Com base nestes estudos, hoje em dia os campos elétricos sao aplicados em
duas direcoes perpendiculares de forma alternada e durante pelo menos 18 horas por dia,
todos os dias. De modo a que estes dois parametros sejam tidos em conta, foi criado um
sistema especifico, denominado de Optune, que consiste num gerador de campo elétrico
e quatro arrays, cada um com 9 transdutores, que funcionam aos pares. Estes sao colo-
cados em posigoes especificas da cabeca em regioes definidas pelo sistema NovoTAL. A
metodologia seguida por este software de planeamento do tratamento consiste em injetar
900 mA de corrente elétrica em cada par de arrays e calcular o campo elétrico médio no
tumor, sendo a melhor opcao aquela que induz o valor mais elevado. Dada a frequéncia
destes campos elétricos e o tempo de tratamento, a temperatura dos tecidos biologicos
da cabeca vai aumentar, devido ao efeito de Joule, e manter-se em niveis superiores ao
valor basal durante grande parte do dia. De modo a garantir a seguranca e o bem-estar
do doente, a temperatura do escalpe é monitorada e mantida a um valor méaximo de 39.5
°C variando a corrente injetada.

Os objetivos desta tese consistiram em investigar como se podem estimar estes au-
mentos de temperatura e como é que este parametro adicional pode afetar a escolha da
posicao dos arrays se também fosse incluido no sistema NovoTAL. As variacoes dos pro-
cessos fisiologicos como consequéncia da aplicagao da terapia também foram estimadas
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Resumo

com base no aumento de temperatura em cada tecido biologico.

Este trabalho foi realizado com um recurso a um modelo realista da cabeca, criado
previamente para outros estudos de TTFields, com base em imagens de ressonancia mag-
nética. O modelo foi segmentado em escalpe, cranio, liquido cefaloraquidiano (CSF), cére-
bro, dividido em substancia cinzenta e substancia branca, e ventriculos laterais. Foi ainda
adicionada uma lesao ficticia para representar um glioblastoma. A modelagao numérica foi
feita no software COMSOL Multiphysics que usa o método dos elementos finitos (FEM)
para resolver as equacoes que modelam os processos fisicos de interesse. A distribuicao
do campo elétrico foi obtida através da equacao de Laplace, enquanto que a temperatura
foi estimada resolvendo a equacgao de Pennes.

Os resultados obtidos através das simulacoes realizadas foram comparados com dados
clinicos de um doente tratado com TTFields. Com base nos valores observados concluiu-
se que, no modelo usado, a corrente elétrica que leva a uma previsao de uma temperatura
méaxima de 39.5 °C no escalpe é um bom indicador da corrente média que é injetada
durante o tratamento. Assim, esta foi a metodologia seguida para se proceder ao estudo
de como é que a temperatura pode afetar a escolha da posicao dos arrays durante o
planeamento. Para tal, foi utilizado o sistema NovoTAL e, para o modelo usado nestes
estudos, foram obtidos cinco posicionamentos diferentes (layouts) para a colocac¢ao dos
arrays. Para cada caso, previu-se os valores de corrente elétrica que se podiam injetar
em cada par e calculou-se o campo elétrico médio nessas condicoes. Estes valores foram
depois comparados com os que seriam obtidos se se seguisse a abordagem implementada
no NovoTAL em que a corrente injetada em cada par de arrays é constante. A andlise dos
valores obtidos mostrou que, independentemente do layout usado, nao é possivel injetar
900 mA devido as restricoes térmicas da terapia. Num dos pares, a corrente elétrica teve
que ser reduzida, em média, 36%, enquanto que no par complementar, cuja impedancia
era menor, foi observado um decréscimo médio de 14%. Num dos layouts, dois trans-
dutores de pares diferentes estavam a 3 mm um do outro o que levou a que ocorresse
um aumento temperatura localizado entre eles e consequentemente a uma redugao signi-
ficativa da corrente injetada. No entanto, de acordo com a abordagem implementada no
NovoTAL, este layout é o que induz um campo elétrico mais elevado no tumor e seria
por isso a melhor opcao de entre as 5 possibilidades analisadas. Este resultado justifica
a importancia de se considerar a temperatura durante o planeamento. Nos restantes 4
layouts, os transdutores de pares diferentes estavam a pelo 8 mm uns dos outros o que foi
suficiente para evitar a ocorréncia destas regides quentes que poderiam limitar a corrente
elétrica injetada. Com base nestes resultados, recomenda-se uma distancia minima de 1
cm entre arrays de modo a maximizar a eficacia da terapia. A sensibilidade dos resulta-
dos foi também avaliada recorrendo-se a diferentes métricas reportadas na literatura por
outros autores. A escolha do melhor layout mostrou ser significativamente afetada pelo
critério usado, o que reforca a ideia de serem necessarios mais estudos para se averiguar
qual é a melhor quantidade fisica para se classificarem as diferentes opcoes disponiveis.
Os resultados também podem variar significativamente dependendo dos valores atribui-
dos aos parametros fisicos e aos mecanismos de transferéncia de calor modelados. Mais
especificamente, a condutividade elétrica do escalpe e do cranio e a condutividade tér-
mica e perfusdo sanguinea do escalpe foram as propriedades cuja incerteza no seu valor
levou a uma maior variacao na temperatura maxima prevista em cada tecido biologico.
Por outro lado, a modelacao das perdas de energia através do suor também mostrou ser
um parametro significativo na estimativa do aumento de temperatura. A limitacao iner-
ente a modelacao deste mecanismo prende-se com o facto de nao existirem equagoes que
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consigam prever com precisao a energia que é transferida.

O aumento de temperatura nos tecidos biologicos foi praticamente o mesmo para todos
os layouts testados, uma vez que a temperatura maxima do escalpe, que controla quanta
corrente pode ser injetada, foi também a mesma. Em cada tecido, o aquecimento devido
a aplicacao dos campos elétricos ocorreu apenas nas regioes que se encontravam por
debaixo dos arrays e foi muito superficial. Este fendémeno é justificado pelo facto de, em
cada tecido, o campo elétrico maximo ser atingido a superficie e consequentemente o efeito
de Joule ser também mais acentuado nessas regioes. A temperatura maxima prevista no
escalpe foi de 39.5 °C, o que corresponde a um incremento de 5.5 °C comparativamente a
sua temperatura méaxima inicial. Nos restantes tecidos estes valores foram menores: no
cranio a temperatura maxima prevista foi de 39.4 °C (+3.5 °C), no CSF 37.8 °C (+0.2
°C), no cérebro 37.7 °C (+0.1 °C), e no tumor 38.2 °C (+0.2 °C). Para estas variagoes de
temperatura, as Unicas alteracoes fisiologicas expectaveis de ocorrerem sao variacoes na
perfusao sanguinea de cada tecido e na atividade metabolica. No entanto, estes efeitos
correspondem a processos biofisicos que promovem uma maior eficiéncia nas trocas de
calor, assegurando assim a homeoestasia do corpo. Com base nestes resultados foi possivel
concluir que os TTFields sao seguros do ponto de visto térmico.

Palavras-chave: Aquecimento de tecidos biologicos; Glioblastoma multiforme (GBM);

Modelo realista da cabeca; Planeamento de tratamentos; TTFields (do inglés Tumor
Treating Fields).
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Chapter 1

Introduction

1.1 Glioblastoma Multiforme

Glioblastoma multiforme (GBM) is the most agressive type of tumor that appears in the
brain. It is ranked by the World Health Organization (WHO) as a grade IV glioma, which
is the highest and therefore the most dangerous classification assigned to a central nervous
system (CNS) disease [1]. More specifically, GBM is a type of astrocytoma, which as the
name indicates, affects the normal functioning of the astrocytes. The astrocytes are a
type of glial cells, hence the name glioma, that are responsible for a handful of different
tasks that ensure a correct and organized functioning of the nervous system [2]. Some of
their main functions include structural and biochemical regulation of the CNS, regulation
of the cerebral blood flow, maintenance of the blood-brain barrier (BBB), clearance of
neurotransmitters at the synapses, support of myelin structures in the white matter (WM)
tracts, and inflammatory reactivity after injury [3].

Thus, it is not surprising that any injury to these cells can significantly compromise
the quality of life of people who have a GBM. The most common symptoms result from
an increased pressure in the brain due to the tumor’s rapid growth. As the tumor grows,
the heathly tissue is progressively compressed against the skull. The increase in intracra-
nial pressure blocks the normal cerebrospinal fluid (CSF) flow in the brain and leads to
headaches, nausea, vomiting and drowsiness [4]. Very often, there are also more specific
symptoms that depend on the region of the brain where the tumor appeared. For instance,
tumors located in the motor cortex might lead to psychomotor slowing, hemiparesis and
aphasia, whereas tumors located at the occipital region might result in double vision.

According to the work by Ostrom et al [5], the global incidence of GBM was around
3.20 per 100 000 people and it accounted for 47.1% of all primary malignant brain tumors
diagnosed in the USA between 2010 and 2014. The same study showed that the incidence
increased with age and sex. The highest incidence rates were observed in people between
75 and 84 years and it was 1.58 times more common in males compared to females. The
likelihood of developing a GBM was also shown to be significanlty enhanced following
long exposures to ionizing radiation [6]. Despite the most recent advances in medicine,
the aetology of GBM is still not known and the prognosis remains very poor [7]. The
median survival rate with optimal treatment is only 15 months from diagnosis [8] and the
five-year survival rate is only 5% [5]. The impact of the problem is agravatted considering
that the incidence of glioblastoma will most likely increase in the next years. As the
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average life expectancy increases in highly developed countries, so does the group of
people which are at a high risk of developing a GBM. According to the predictions made
by Johnson [9], it is expected that by 2050, this group of people will increase by 120%
and that the number of diagnoses will rise by 72% in the USA. This highlights the need
of an early diagnosis and of a more efficient treatment.

In terms of diagnosis, as the general symptoms described above are common to different
diseases, it might be difficult to quickly predict the presence of a glioblastoma based
only on questionnaires such as the mini mental state examination — MMSE — or the
Montreal cognitive assessment — MoCA [10]. Usually, imaging techniques are the quickest
option to investigate the lesion and therefore are also the first approach to the problem.
Among these, neuroimaging techniques such as contrast enhanced computed tomography
(CT), contrast enhanced magnetic resonance imaging (MRI) and/or positron emission
tomography (PET) are the most used ones (figure 1.1). In the case of suspected GBM, the
first line of management is surgical resection to improve neurological functioning. Based
on the histopathological analysis of the excised tissue, the best treatment options are then
defined. A more detailed description of the workflow of the diagnosis and management of
GBM can be found in McKinnon et al [10].

Figure 1.1: Diagnosis of a right frontal glioblastoma following acquisition of T1-weighted gadolinium-enhanced
MRI (left, white arrow) and '®*F-FDG PET (right, white arrow). In the latter, the white color indicates a high
uptake of the radiotracer, which is directly related to an increased metabolism, characteristic of tumors. Image
taken from [11].

Once GBM is confirmed, the choice of the best treatment plan depends on several fac-
tors such as which biomarkers were identified during the histopathological analysis, tumor
location, patient’s health condition and whether it is a reoccurrence or not. Given the
complexity of the workflow, planning is made by a neuro-oncology multidisciplinary team
that is responsible for defining the best approach for each patient. For newly-diagnosed
GBM cases, surgery is the first line of treatment whenever possible and it consists in re-
moving as much as possible of the gross tumor volume. For recurrent GBM, surgery can be
performed multiple times whenever possible. Radiation therapy and chemotherapy might
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be used next. The first consists in destroying tumoral cells that could not be removed dur-
ing surgery using high-energy beams for the course of several weeks. Depending on each
case, chemotherapy might be used concurrently or after radiation therapy and it refers
to medication that is adminstrated to the patient usually in the form of a pill, although
other application types can be used. The most used drug is temozolomide (TMZ), which
was approved by the Food and Drug Administration (FDA) in 2005 following the results
from the clinical trial performed by Stupp et al [12]. Other than TMZ, carmustine is also
FDA-approved for both new and recurrent GBM cases since 2003, whereas lomustine is
only approved for reincident tumors, since 1976 [13]. For recurrent cases, bevacizumab
can also be used in treatment. The latter was approved by the FDA in 2009 and it is used
as anti-angiogenic therapy, with the goal of inhibiting cell growth by decreasing tumor’s
blood supply. Most recently, Tumor Treating Fields (TTFields) was also FDA-approved
for recurrent and newly-diagnosed GBM cases. This technique consists in applying an
electric field to affect tumoral cell proliferation, as described in detail in the next section.
A more detailed description of glioblastoma standard of care can be found in the work by
Fernandes et al [14].

Due to the agressiveness of this type of tumor, treatment is only performed with a
palliative intent to improve the quality of life of both the patient and caregiver. The
therapies mentioned above could only add a couple of months to patient’s life in some
cases despite the improvements in their application. Thus, it is not surprising that the
overall survival (OS) and the progression free survival (PFS) did not increase significantly
in the past 30 years. According to the National Cancer Institute (NCI) [15], the OS
is defined as the length of time from diagnosis until the patient passes away from the
disease. The PFS is defined as the length of time during and after treatment that the
patient lives with the disease but it does not get worse. As mentioned by Fernandes et al
[14], the patient with GBM is simultaneously a subject with cancer and with a progressive
neurological disease and thus it is of the utmost importance to improve his quality of life.

1.2 Tumor Treating Fields (TTFieds)

Tumor Treating Fields is a non-invasive cancer treatment technique that consists in the
application of electric fields (EFs) to affect the mitotic process of cells. This technique
was first investigated in 2004 by Kirson et al [16]. In that study, low-intensity (1-3 V/cm)
and intermeadiate-frequency (100-500 kHz) alternating electric fields were shown to have
an inhibitory effect on the growth rate of animal and human tumoral cells in in-vitro
studies. Work published in the following years showed an increase in the potential of this
technique and nowadays it is considered to be a fourth-line of cancer treatment, after
surgery, radiaton therapy and chemotherapy. In 2011, TTFields were approved by the
FDA for the treatment of recurrent GBM after the promising results of the EF-11 clinical
trial [8]. Three years later, in 2014, the technique also got approval for the treatment of
newly-diagnosed GBM cases after the results of the EF-14 clinical trial [17].

1.2.1 Mechanisms of action

The study published by Kirson et al [16] reported that the mechanisms by means of
which TTFields interact with cells were two-fold. The first one occurs at early stages
of mitosis and consists in the inhibition and/or prolongation of cell division. Under the
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effect of an alternating EF, all charges and polar molecules within the cells are subjected
to forces of alternating direction [18], which leads to ionic flow and dipole rotation (figure
1.2A). During cell division, in pre-telophase, tubulin polymerization-depolymerization
drives the proliferation process. At this stage, the induced EF can reorientate tubulin
dimers according to its own direction due to their large intrinsic dipole moment [19]. As
these dimers are one of the major components of the microtubules, the mitotic spindle is
not able to form properly and thus to correctly align and separate the chromossomes. This
leads to cellular arrest in mitosis for several hours and to a failure at the spindle assembly
checkpoint (SAC). The latter ensures that the chromossomes are aligned correctly and
attached to the mitotic spindle before separation of the sister-chromatids. Failure at this
checkpoint might lead to aberrant metaphase exit, as well as to abnormal chromossome
segregation and multinucleated cells and thus to cell death [20]. In the in-vitro study by
Kirson et al [16], application of an electric field with an intensity between 1.0 and 1.4
V/cm to a culture with mouse melanoma cells led to a mitotic rate that was two-times
slower, 124 min vs. 62 min, compared to the control group.

The second mechanism suggested by Kirson et al [16] occurs during cytokinesis when
the dividing cell acquires an hourglass morphology. The application of an external EF
gives rise to a non-uniform intracellular field, with a high density at the cleavage fur-
row [19]. Due to a physical phenomenom known as dielectrophoresis, polarizable macro-
molecules and ions contained in the cell are pulled towards the furrow, regardless of the
field polarity. An accumulation of these components leads to membrane blebbling and
consequently to cell destruction (figure 1.2B).

- Oscillating == Unidirectional Net Force
Direction of Force = Acting on Dipole
Acting on Charge 7 During All Cycle Phases

" Osgllatmg Unidirectional Net Force
Direction of Force Acting on Charge

Acting on Dipole During All Cycle Phases

Field of Alternating Direction Field of Alternating Direction

Figure 1.2: TTFields mechanisms of action: (A) during the early stages of mitosis the application of an external EF
leads to an inhibition and/or prolongation of cell division by changing the spatial orientation of tubulin subunits
due to their large intrisinc dipole moment. As those dimers are the main components of the microtubules and
given that tubulin polymeratization-depolymeratization drives the proliferation process at this stage, the mitotic
spindle is not able to form properly and thus to correctly align and separate the chromossomes; (B) an external
EF applied during cytokinesis gives rise to a non-uniform intracellular field, with a high density at the clevage
furrow due to cell’s hourglass morphology. Polar macromolecules and ions are attracted towards this region due
to a physical phenomenom known as dielectrophoresis. An accumulation of these components leads to membrane
blebbling and thus to cell destruction. Image taken from [18].

Throughout time, the mechanisms of action were further investigated and new hy-
potheses were suggested to explain how TTFields affect cell division. The in-vitro study
by Gera et al [21] suggested an additional mechanism of action based on the role of septin.
The latter is a protein whose main function within cells is to coordinate cell division by
associating with actin and microtubules cytoskeletal networks and acting to recruit and
integrate certain proteins to specific locations to allow for a correct cell division [22]. The
hypothesis proposed by Gera et al [21] is based on the fact that septins have a high dipole
moment and thus are also affected by the applied EFs in the same manner as the tubulin

4
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dimers are. Given the importance of septin in cell division, both in pre-telophase and dur-
ing cytokinesis, this interference could also contribute to the aberrant spindle formation
observed by Kirson et al [16]. However, the calculations performed by Tuszynski et al [19]
showed that, although TTFields might indeed affect cell division during cytokinesis, the
first mechanism of action might not be accurate. According to that study, the predicted
torque excerted on the microtubules is around 1000 times weaker than the necessary value
and consequently the force induced is also lower than the threshold to disrupt cell division.
The conclusions regarding the second mechanism of action were further corroborated by
a combined in-vitro and in-silico analysis performed by Berkelmann et al [23]. To induce
an EF intensity of 1 V/cm at the cleavage furrow, the temperature augments 0.5 °C and
the specific absorption rate (SAR) increases by 57% when TTFields are applied. This
local increase might be enough to damage the dividing cell and consequently to affect the
mitotic process.

In the work by Giladi et al [24], a delay in the repair of radiation-induced deoxyri-
bonucleic acid (DNA) damage when TTFields were applied was observed. In that in-vitro
study, the number of glioma cells with DNA damage was 40% higher when TTFields were
applied after radiotherapy compared to when the latter was applied as a monotherapy.
These results suggest that using TTFields concurrently with radiotherapy might be bene-
ficial to improve patient’s quality of life. The work by Chang et al [25] also provided more
evidence that might support the use of concomitant TTFields and chemotherapy, instead
of chemotherapy alone. In that in-vitro study, the membrane permeability of glioma cells
increased significantly for 24 hours when TTFields were applied before returning to basal
values. This indicates that cells were temporarily more sensitive to chemotherapeutic
agents, which might allow to use other drugs that were not considered up until now due
to their inability to overcoming this barrier. These results point to the possibility of using
TTFields at earlier stages of treatment.

The uncertainty on the mechanisms of action suggests that further investigation is
needed to understand and thus to optimize the technique. A more detailed discussion
on this topic can be found in the work by Rominiyi et al [20]. One of the points that
is already well established and confirmed is that quiescent cells are not affected by these
EFs [16, 18]. This makes TTFields one of the most selective techniques for the treatment
of brain cancer as it is thought that the cells that compose the brain no longer divide
themselves or divide very slowly at an adult age [26]. The impact of the technique in
other healthy cells division was still not discussed in detail, but the effect might be very
limited. The optimal frequency to affect division depends on cell size and cell doubling
time. For glioma cells, the latter is 24 hours and the optimal frequency is 200 kHz [16].
For instance, as the doubling time for skin cells is around 2.5 times higher, 62.5 hours
[27], the frequency of the fields that maximizes cell division arrest is most likely different.

1.2.2 Application of TTFields

The way TTFields are applied in patients nowadays is a result of the conclusions drawn
from several in-vitro and in-vivo studies. Kirson et al [16] showed that the number of cells
affected by the technique increases significantly when the direction of the external field
and the axis of cell division are parallel to each other. According to the mechanisms of
action discussed above this result is not surprising given that a perpendicularity between
these two axis would not lead to a significant electric field gradient at the cleavage furrow
and thus the cell would divide normally. One way to increase the number of cells affected



Chapter 1. Introduction

by the EFs is by applying them in two different directions. The same authors showed that
the technique could affect 20% more cells if the fields were applied in two perpendicular
directions alternately with a switching between 0.25 and 1 seconds compared to when just
one direction was used. The time that the cells were under the action of the fields, the
frequency used and the intensity of the electric field were also shown to affect the results
[18|. The proliferation rate of cells slowed down during exposure and gradually recovered
after the application of the fields was ceased (figure 1.3A). For each cell line there was
also an optimal frequency that led to a higher number of cells affected (figure 1.3B). In
particular, for glioma cells the ideal frequency was 200 kHz. In-vitro results also showed
that TTFields can significantly affect more tumoral cells for EF intensities of at least 1
V/em at the tumor bed (figure 1.3C).
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Figure 1.3: Impact of different parameters on TTFields effectiveness. Each symbol represents a cell line. Filled
symbols represent untreated cultures, whereas unfilled symbols represent cell lines treated with TTFields for 24
hours. (A) The number of cells in an untreated culture is higher than in one treated with TTFields; (B) There is
an optimal frequency for each cell line that maximizes the number of cells affected by the EFs; and C) There is
an EF intensity (~1 V/cm) above which TTFields are highly effective in arresting cell proliferation. Image taken
from [18].

To apply TTFields in patients, Novocure® created the Optune” device (figure 1.4),
registered under patent number WO 2017/175116 A1 [28]. This device, formely known
as NovoTTF-100A", consists in an electric field generator coupled to four transducer
arrays that work in pairs. Optune was FDA-approved in 2011 for recurrent GBM as a
monotherapy and as a last line of treatment when the remaining techniques fail to be
effective in improving patient’s quality of life. In 2014, it was also approved for newly-
diagnosed cases, to be used jointly with chemotherapy with TMZ. Tt also received a CE
mark in 2015, and, as of 2021, it has also been approved to treat GBM in Israel, Japan
and China [29]. To allow for long periods of application of the EFs, the patient can carry
this device in a bag, in which case the former is powered by portable batteries. Each
battery lasts for two to three hours. Alternatively, if the patient plans on staying in the
same place for a long time period, the device can also be plugged into a socket.

The arrays are placed on patient’s shaved scalp at specific regions that induce the
highest EF possible in the tumor in two perpendicular directions at 200 kHz. Each array
is a 3x3 matrix of ceramic transducers, whose centers are separated by 33 mm in one
direction and by 22 mm in the other. In the most recent generation of arrays, the 33
mm were increased to 44 mm. Between the transducers and the scalp, a thin layer of
conductive gel with a thickness of 0.6 mm is used, which comes already embedded in the
arrays, to optimize current flow into the head.
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Figure 1.4: Components of the OptuneTM device. The electric field generator can be powered by portable batteries,
which can last between two to three hours, or by plugging it into a socket. The generator is connected to four
arrays with 9 transducers each that work in pairs. These arrays are placed on the patient’s shaved scalp in specific
regions to induce the highest EF possible in two perpendicular directions alternately. Image taken from [30].
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There are some contraindications to the use of Optune due to the limitated number
of conditions in which it has been tested [31]|. Patients that fall within one or more of the
following categories can not use TTFields in their treatment:

1. Patients who are 21 years old or younger;

2. Patients with active electronic devices such as deep brain stimulators, spinal cord
stimulators, vagus nerve stimulators, pacemakers, defribrillators and programmable
shunts;

3. Women who are or might be pregnant or that are trying to get pregnant. Women
of child-bearing age must use a birth control while using TTFields;

4. Patients who have a known sensitivity to conductive hydrogels;

The eligible patient must be followed by a doctor and a physician regularly. Very
often, a family member or a friend also plays a significant part in treatment as a caregiver,
helping, e.g., in placing the arrays in the right regions. As discussed in the next subsection,
the arrays should be replaced at least twice every week. Both the caregiver and the patient
receive training from qualified personnel (e.g.: the doctor, the physician, etc) who have
completed a training course given by Novocure.

1.2.3 Clinical trials outcomes and TTFields improvement

The results observed in clinical trials also allowed to improve how T'TFields are applied
in patients. The two main pilot studies were the phase III EF-11 [8] and the phase III
EF-14 [17] clinical trials, whose results led to TTFields FDA-approval for the treatment
of GBM.

The goal of the first one was to compare the efficacy and safety of TTFields in recurrent
GBM patients in comparison with physician’s best chemotherapy choice, both used as
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a monotherapy [8]. This study was performed following the results from the phase II
clinical trial with 10 patients reported by Kirson et al [18]. In the EF-11 trial, patients
were randomised at a 1:1 ratio to receive either therapy (120 patients received TTFields
and 117 received chemotherapy) with the end-points of the experiment being disease
progression or intolerance to treatment. The results obtained indicated that although
no significant improvements were seen in the overall survival of patients when TTFields
were applied, there was an increase in the median survival (6.6 vs. 6.0 months) and
progression-free survival rate at 6 months (21.4% vs. 15.1%). In general, the quality of
life in the group of patients who received TTFields was also improved as a better cognitive
response and emotional functioning were observed and some of the effects that could be
directly attributed to chemotherapy were avoided (e.g.: fatigue, nausea, vomiting and
pain). The most common side-effect due to the use of Optune was contact dermatitis
on the scalp underneath the regions where the arrays were placed in 16% of patients.
This condition was associated with the use of the hydrogel and it was easily treated using
topical corticosteroids.

After the EF-11 clinical trial was concluded, a handful of different studies were per-
formed to better understand how TTFields application could be improved. The post-hoc
analysis performed by Kanner et al [32] showed that the overall survival of the sub-group
of patients who completed at least one course of TTFields treatment, i.e., that were un-
der continuous treatment for 28 consecutive days, was significantly improved compared
to those patients who received chemotherapy (7.7 vs. 6.0 months). Another factor that
contributed to an enhanced OS was the time that patients were under the application of
the EFs, i.e., the compliance. The sub-group whose daily compliance was at least 75%
(18 hours) had a median OS of 7.7 months, whereas the median OS of the complemen-
tary group was 4.5 months. In 2014, Mrugala et al [33] published the patient registry
database (PRiDe) in which data regarding recurrent patients who received TTFields were
compiled. Compared to the EF-11 clinical trial, this larger database included more pa-
tients as the evaluation period was bigger, from 2011 to 2013, and the analysis of the data
yielded more favorable predictions compared to that trial. The OS increased from 6.6 to
9.6 months and the one- and two-year survival rates rose from 20 to 44% and from 9 to
30%, respectively. The conclusions drawn by Kanner et al [32] were also corroborated by
this study.

The EF-14 clinical trial [17] followed a preliminary phase II trial performed by Kirson
et al [34] in which the goal was to investigate the benefits of adding TTFields as an
adjuvant therapy to chemotherapy with TMZ instead of TMZ alone in newly-diagnosed
GBM patients. In the EF-14 clinical trial patients were randomized at a 2:1 ratio (466 vs.
229) to receive either TTFields plus TMZ or just TMZ, respectively. The results showed
that adding TTFields leads to an improvement on the median progression free survival
(6.7 vs. 4.0 months) and of the median overall survival (20.9 vs. 16.0 months), with
no additional side-effects reported. Similarly to what was observed in the EF-11 clinical
trial, the only adverse effect that resulted from the use of Optune was mild to moderate
skin toxicity underneath the arrays in 52% of the patients. The post-hoc analyses of the
data carried out by Toms et al [35] showed that the sub-group of patients whose daily
compliance was at least 50% had an extended PFS and OS and those whose compliance
was higher than 90% had maximal survival benefits with a median PFS of 8.2 months
compared to the 4.0 months observed in the group that received TMZ alone. For this
sub-group of people, the OS also increased from 16.0 to 24.9 months. The efficacy of
the combined therapy in newly-diagnosed cases in elderly patients (> 65 years) that
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participated in the EF-14 clinical trial was investigated by Ram et al [36]. In this sub-
group, the OS survival was 17.4 months and the PFS 6.5 months. These values were
higher than the 13.7 and 3.9 months observed in the group of patients treated with TMZ
alone, thus proving that TTFields as an adjuvant therapy is also beneficial for the age
group with the highest incidence rate.

In both clinical trials there were some dermatologic adverse events at the skin level.
In 2014, Lacouture et al [37| published a first investigation on this problem based on the
results of the EF-11 trial. In 2020, this analysis was further extended with information
concerning the results from the EF-14 trial as well [38]. The high majority of these
adverse effects were graded with a level 1 (mild effect) or 2 (moderate), which means that
they were manageable without substantial treatment breaks and resolved completely after
treatment was stopped [38|. These adverse events included, among others, dermatitis, skin
infection, and skin ischemia (figure 1.5).

TR

(a) Dermatologic erosion and skin infection (b) Skin ulceration

Figure 1.5: Examples of dermatological adverse effects that occurred due to the use of Optune. The image on
the left corresponds to a 60-year old patient treated with TTFields+TMZ for 3 months. The image on the right
corresponds to a 61-year old patient who was treated with TTFields for 2 weeks. Images taken from [37].

To manage these dermatologic events, different strategies were suggested by Lacouture
et al [37, 38| in terms of how to properly prepare the head (shaving, cleaning, washing,
etc) and how to place and remove the arrays. As mentioned by the authors, these arrays
should be replaced every 3 to 4 days to minimize skin problems.

The results discussed up until now allowed to ascertain which were the most important
parameters when a patient was treated with TTFields. Nowadays, the arrays are placed
on patient’s shaved scalp by the treating physician or the caregiver. To assist in this
task, Novocure created the Novo Transducer Array Layout (NovoTAL") system. This
FDA-approved software [39] uses MRI data of each patient and suggests the best regions
to place the arrays based on geometric measurements of the head and on the results of
computational simulations. Given the importance of applying the fields in more than one
direction, four arrays that work in pairs are used, which allows to inject current in two
perpendicular directions alternately, with a switching time of one second. Based on what
is reported in the literature, the total amount of current injected into each pair is 900
mA [39]. However, as it will be seen in chapter 7, this value is not constant and it varies
throughout treatment. It is recommended that the patient completes at least one complete
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cycle of treatment, which lasts for one month. Ideally, the patient should continue to use
TTFields indefinitely unless there is a strong contraindication. The daily treatment time
should also be maximized, with a minimum compliance of 18 hours per day. However, such
high daily treatment times leads inevitably to an increase of the temperature of the head,
which explains why Optune’s current injection depends on this parameter. Based on the
literature, to avoid any thermal harm to the patient, the temperature of the transducers is
monitored and kept below 41 °C [38] by shutting down the injected current. However, as
it will be discussed in chapter 7, the temperature limit is lower than this value and current
is not completely shut down. According to Mrugala et al [33], 11.3% of the patients that
were part of the PRiDe experienced a heat sensation when using TTFields. This was one
of the most common adverse events in patients treated with this technique, only second
to skin reaction, which was reported in 24.3% of the cases.

1.3 Context of the thesis

The heat sensation felt by patients is still an understudied side-effect. Due to the con-
tinuous application of the electric fields the temperature of head tissues increases as a
result of a physical phenomenom known as Joule effect and it will remain above basal
values for most part of the day. The studies published in the literature failed to accurately
investigate this issue, either because the geometry used and the modelling of the problem
were far from a real case [40], or because the conditions in which treatment is performed
and the Optune device were not accurately represented [41|. The prolonged exposure
to the these EFs might induce physiological changes that were not reported in patients
yet. This PhD thesis is a continuation of the work that began with a MSc thesis [42],
presented in 2018, whose main goals were to quantify the temperature increases in the
head and predict the thermal impact when TTFields were applied. The results obtained
in that work were very promising and were later on published in a peer-reviewed journal
[43]. Due to the novelty of that work, Novocure sponsored a 3-year grant to continue this
investigation in more detail thus leading to this PhD thesis. The organization of this work
can be divided into two parts, with the separation line being the visit made to Novocure’s
headquarters, in Haifa, in December of 2019.

The first part (chapters 4, 5 and 6) was more focused in investigating ways to improve
the computational results obtained during the MSc thesis and to suggest new ways to
improve how treatment was modelled. During the visit made, Novocure shared more
information (chapter 7), which was very useful as it allowed to understand better how
treatment was done in patients. In that same meeting, future work was also defined
that could simultaneously increase the novelty of this PhD and also help the company
on working towards their own goals. Some of the main tasks planned included, among
others, an experimental part and building a phantom to validate the heat transfer model.
However, three months later the WHO declared covid-19 as a pandemic and thus the main
goals and the workplan had to be rethought to something that could be done remotely,
exclusively. The main concern was to redirect the goals to something that would still
maintain the originality of the work and that could still help Novocure improving the
technique.

As mentioned previously, treatment planning should be fast and accurate to provide
the best quality of life as possible to the patient. One aspect of treatment planning is
related to array positioning, which is performed by the NovoTAL system. This software
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suggests the best regions to place the arrays based on the average EF that is induced at the
tumor bed using computational simulations. The results obtained during the MSc thesis
and in chapters 4, 5 and 6 clearly showed the importance of the temperature increases
when the EFs were applied. As it will be seen throughout this thesis, accounting for the
temperature during treatment planning is also of the utmost importance as it significantly
reduces the values of the metrics used to evaluate treatment effectiveness and thus might
affect the choice of the best layout to use. Thus, the general goal of this work was
changed to improving treatment planning by investigating how the temperature of head
tissues might affect the conclusions obtained from the NovoTAL system (chapters 8 and 9).
Even though the general aim had to rethought halfway through this work, the conclusions
drawn from each chapter were useful to the final goal.

1.3.1 Thesis overview

This thesis is divided as follows:

e Chapter 2: Biological tissue heating. In this chapter a general overview of the impact
of biological tissue heating in other medical techniques is discussed, both as a side-
effect, as in MRI and non-invasive brain stimulation (NIBS) techniques, and as a
part of the final goal in treatments such as hyperthermia. The physiological changes
that occur are analysed, as well as the different metrics that can be used to quantify
the thermal effects in each one of these techniques. Based on this investigation, the
thermal impact predicted when TTFields are applied is presented alongside with
the main results from the MSc thesis;

e Chapter 3: Modelling TTFields. In this chapter, a description of the workflow on
how to model TTFields treatment is presented. More specifically, the realistic head
model used for the most part of this thesis and its limitations are discussed. As
all computational results were obtained using COMSOL Multiphysics, a general
overview of the finite element method (FEM) is also discussed as well as the neces-
sary equations to predict both the electric field and the temperature distributions;

e Chapter 4: Sensitivity analysis of the physical parameters. As computational mod-
elling implies specifying parameters that might not be accurately known, the sensi-
tivity of the results discussed in chapter 2 is evaluated by accounting for the uncer-
tainty in the electric and thermal parameters assigned to each physical property;

e Chapter 5: Sweat as an additional cooling mechanism. In this chapter, an additional
step towards a more accurate representation of the heat processes that occur during
TTFields treatment is taken by accounting for the contribution of sweat losses. As
sweating was reported to occur in patients, in this chapter one possible way model
this additional mechanism and the main challenges in doing it are provided;

e Chapter 6: Study of a new current injection mode. In this chapter a different
approach to inject current to maximize the time that the patient is effectively under
treatment is investigated. The temperature distribution and the thermal impact of
this new method is also evaluated and compared with the current injection mode of
the Optune device;
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e Chapter 7: Improving TTFields modelling: Analysis of Optune’s current injection
algorithm and log files. In this chapter, the information shared by Novocure is
presented and discussed as much as possible based on the confidentiality agreement.
From the analysis of these data, it was possible to know which keypoints had to be
improved to model TTFields treatment more accurately and to study the limitations
of the model used throughout this thesis;

e Chapter 8: Tissue temperature during TTFields treatment planning: simplified
head model. This chapter represents a first approach towards the final goal of the
thesis. The impact of adding information regarding the temperature increases in the
head during treatment planning is considered using a simplified head model. Addi-
tionally, more suitable metrics to predict treatment effectiveness are also discussed
based on papers published recently in the literature;

e Chapter 9: Tissue temperature during TTFields treatment planning: realistic head
model. The work described in this chapter compiles all the relevant conclusions
drawn from the previous chapters to investigate how to add information about the
temperature of tissues during T'TFields treatment planning. To achieve this goal, a
realistic head model with array positions suggested by the NovoTAL system is used
in the simulations. Different methods to rank the layouts are considered and the
impact of the temperature in the metrics used to choose the best layout is evaluated.
The thermal impact of TTFields is predicted once again in a much more accurately
manner;

e Chapter 10: Final considerations. An overview of the main outcomes of this thesis,
the general limitations of this work as well as future work that can be done to
improve the results obtained here are presented. The future of T'TFields in oncology
is also discussed based on what was observed in the last 15 years;

e Chapter 11: Scientific output: Full list of published and presented work. A detailed
list of the scientific outcome that resulted from this PhD thesis is presented;
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Biological tissue heating

In most medical techniques, biological tissue heating is an undesirable side-effect and
therefore it should be controlled to keep the patient safe. However, in some medical pro-
cedures, such as hyperthermia and ablation techniques, the main goal is to kill or remove
tumoral cells by overheating them and thus it is desirable to increase the temperature as
much as possible in a controlled manner.

For non-invasive brain stimulation techniques, the frequency used is lower than 10 kHz.
In this frequency range, the electromagnetic radiation can depolarize cells membrane but
it is not high enough to significantly heat tissues up. As the frequency increases, the
main effect of these fields at the cellular level is no longer membrane depolarization and
thus stimulation does not occur and the medical applications start to change as well.
In techniques such as hyperthermia, frequencies in the order of the hundreds of kHz
and higher are used in cancer treatment with the final goal of overheating tumoral cells.
Frequencies of few MHz and higher are also used for diagnostics in techniques such as
MRI and microwave imaging in which anatomical images of a part of the human body are
produced. For the latter three medical procedures, heating occurs whether it is desirable
or not even for low exposure times due to the Joule effect. This phenomenom, also known
as resistive heating or ohmic losses, occurs when current passes through a conductor. The
induced electric field gives kinetic energy to the electrons which collide with the particles
of the conductor, thereby increasing their temperature. For frequencies higher than that
of the visible light (> 1 PHz), the electromagnetic radiation is strong enough to ionize
cells and affect chemical bonds. This type of radiation finds its most valuable use in cancer
treatment where techniques such as radiotherapy have been developed based on this type
of interaction. Another common application of such type of radiation is in diagnostics
namely through X-ray imaging, mammography, and CT.

The frequency range in which T'TFields operates, between 100 and 500 kHz, is too high
to stimulate cells but it can cause significant temperature increases as a result of the Joule
effect with tissues temperature remaining above basal values for most part of the day due
to the high daily compliance. As patients that use Optune in their treatment should be
under the application of the electric fields for as long as possible, the temperature increases
might have some negative impact on their health that was not reported yet. In this
chapter, a brief discussion is made in terms of the temperature increases in three different
cases: 1) NIBS and similar techniques; 2) MRI; and 3) hyperthermia. The rationale to
discuss the first is that the frequency used is relatively close to the one considered for
TTFields treatment and the way current is injected can also be very similar. Tissue
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heating in MRI is discussed as in this technique it is also an undesirable effect that should
be accounted for and for which there are already several studies published and metrics
that are widely accepted to quantify these increases. Lastly, hyperthermia is considered
due to the frequency used and in order to investigate ways to predict the thermal impact
when TTFields are applied. The conclusions drawn from this analysis are extrapolated to
discuss what might occur temperature-wise when T'TFields are applied. In this context,
thermal impact is defined as short- and/or long-lasting physiological changes that occur
due to the temperature increases that result directly or indirectly from the application of
the technique. As it will be seen by the end of this chapter, there are several limitations
on trying to use metrics from other medical procedures to quantify TTFields thermal
impact. Thus, the results from this analysis only represent an initial attempt towards
the study of the impact of the temperature increases in TTFields patients. Although
the metrics used in the aforementioned three cases are discussed to some extent in this
chapter, their quantification in the rest of the thesis is limited.

2.1 Tissue heating in other medical techniques

2.1.1 NIBS and related techniques

Non-invasive brain stimulation and other similar techniques aim to induce an electric stim-
ulation in a specific region of the brain to modulate its excitability, due to a phenomenom
known as neuroplasticity [44]. This refers to the ability of the brain to change and modu-
late cortical activity beyond the stimulation period. One of the better known techniques
that fall within this category is transcranial magnetic stimulation (TMS). This technique
is FDA-approved for the treatment of medication-resistant depression since 2008 and for
migraine with aura since 2013. It consists in a strong (4 to 8 kA) and rapidly changing
(in the order of the tenths of ms) electric current that circulates through a set of coils
strategically placed above patient’s head. This current gives rise to a time-varying mag-
netic field that penetrates the cranium and induces a time-varying electric field in the
brain. The induced EF can stimulate excitable tissues located in the regions underneath
the coils, thus generating a neurophysiological change in the brain [45]. Depending on the
final goal, the way these fields are applied is different. Single-pulse TMS (sTMS) consists
in discharging pulses with a duration between 0.25 and 0.75 ms separated by intervals of
at least 4 seconds and it is mainly used for diagnostics [45]. TMS is also used as a therapy
when many pulses are delivered with a time interval of 2 seconds or less and is referred
to as repetitive TMS (rTMS). It might be applied for time periods as long as 30 minutes.
Another well-known NIBS technique is tDCS in which electrodes are placed on patient’s
scalp and a constant direct current, generally lower than 2 mA, is injected [46]. This
technique is applied to modulate cortical excitability to enhance human cognitive process
[47] and each session might last for up to 30 minutes. As of 2021, this technique is not
approved by the FDA and it is only used for investigational or experimental purposes.
Similarly to rTMS, electroconvulsive therapy (ECT) is also used to treat depression,
but it is not considered to be a NIBS technique. In ECT, two electrodes are placed on
specific regions of the scalp and a current with a frequency between 20 to 120 Hz and
intensity between 500 and 900 mA is injected for time periods of up to 8 seconds [48].
Typically, each treatment lasts around 20 minutes, including current set-up, and should
be performed 2 to 3 times a week until patient’s condition improves (usually within 6 to
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12 sessions).

In these techniques, the main outcomes in patients are changes in the cortical activity
that last for some time after application ceases [47, 49, 50]. According to the guidelines
published by Rossi et al in 2009 [51], and later on updated in 2021 [52], the most common
side-effects reported to occur due to rTMS include hearing problems, as well as headache,
pain and discomfort. Physiological changes due to temperature increases were not re-
ported in any case. For rTMS, scalp’s temperature might rise up to 37 °C [45], whereas
the temperature rise due to a single-pulse is estimated to be less than 0.1 °C in the brain
[53], with the values quickly returning to their initial temperature. Computational studies
also showed that both ECT [48] and tDCS [54] are safe from a thermal point of view,
as the predicted temperature increases were very low. These results indicate that NIBS
techniques and ECT do not lead to significant temperature increases in the head and thus
that the thermal impact due to their application is most likely to be negligible.

2.1.2 MRI

Magnetic resonance imaging is a non-invasive technique used to produce high-resolution
tomographic images of the human body. One of its important applications is in oncology
where it is one of the first options to confirm the presence of a tumor. Typically, an MR
imaging session lasts for twenty minutes to one hour. As all nuclei within the human
body are randomly oriented, the net magnetization vector is null. The rationale to create
images in MRI is to intentionally induce variations in this vector and study them. More
specifically, these variations are studied for hydrogen atoms due to their abundance in the
body. The first step consists in applying a strong static magnetic field. This field aligns
nuclei according to its own direction and creates a non-null and constant magnetization
vector. At this stage, the number of nuclei aligned parallel with the direction of the static
field is slightly higher than those who are in an anti-parallel state. Electromagnetic ra-
diation is then applied in two different ways: spatially and temporally variable magnetic
fields, known as gradients, and high-frequency radiofrequency waves. The first are applied
to induce temporary gradients in the static field, which are needed to add information
about the spatial distribution of the individual MR signals [55]. The frequency of these
gradients is typically in the few kHz range. The radiofrequency pulses are used to cause
a transition of nuclei from the parallel to the anti-parallel energy states. The energy
difference between these two is defined by two parameters: 1) the intensity of the static
field, which in common clinical practice is either 1.5 or 3.0 T; and 2) the gyromagnetic
ratio of hydrogen atoms (y=42.58 MHz/T). These field intensities translate into a reso-
nant frequency of 64 and 128 MHz, respectively [55]. This is also known as the Larmor
frequency for hydrogen, and it corresponds to the frequency of the radiofrequency pulses
that allows nuclei to transit between two levels of energy. This leads to a variation in the
direction of the magnetization vector and the study of these variations allows to built MR,
images.

The main side-effects that result from the application of the static field include drowsi-
ness, metallic taste, headaches, nausea and dizziness, which only last for as long as the
patient is subjected to the field [56]. There is no tissue heating due to its application given
that, as described by the laws of Maxwell (equations (A.1) to (A.4), appendix A), to in-
duce an electric field within the human body the magnetic field should vary with time,
which is not the case. Tissue heating also does not occur when the gradient magnetic
fields are applied. As their frequency is within the few kHz range, nerves and muscles
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stimulation might occur. Thus, it is not surprising that sensations such as tingling are
felt by patients [56]. The short-lasting RF pulses, which are applied in specific intervals
that depend on the sequence used to produce the final image, are the ones that lead to
the temperature rises that occur during image acquisition [57].

In MRI, the specific absorption rate (SAR) is used as a surrogate for the temperature
increases. The SAR measures the energy (in W/kg) that is absorbed by the human body.
It is mathematically described as:

1 E|]?
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where o (S/m) is the electric conductivity of the tissue, E the electric field vector (V/m)
and p the density of the tissue (kg/m3). This calculation is made within a specific volume
V' (m?®), whose value depends on the guidelines followed.

An estimation of the SAR at the surface of the body might be obtained using a simple
loop model as reported by Panych et al [58]. The authors showed that the electric field
is proportional to the Larmor frequency, which in turn is proportional to the strength of
the static magnetic field. Based on the expression to calculate the SAR, this means that
doubling the intensity of the static field, e.g. from 1.5 to 3.0 T, leads to a power deposition
increase of four times for a given MR pulse sequence [59]. Depending on factors such as
the type of pulse used, repetition time, type of coil, volume of tissue contained within the
coil, among others, this increase might lead to significant temperature variations [57].

Thresholds for the SAR were defined in directives produced by international agencies,
based on experiments on healthy human subjects (e.g.: |60, 61]) (table 2.1). Later, in
1998, the FDA published guidelines, under the name of "Guidance for the submission
of premarket notifications for magnetic resonance diagnostic devices" in which safety
thresholds were defined. In terms of whole volume limits, a maximum value of 4 W /kg,
averaged over 15 minutes, for the body, and of 3 W /kg, averaged over 10 minutes, for the
head were considered to be safe exposure limits for patients. As for local SAR, the safety
values for one gram of tissue and averaged over 5 minutes were 8 W /kg, for the head
and torso, and 12 W /kg for extremities. These limits are different from those defined
later by the International Electrotechnical Commission (IEC) under the reference IEC
60601-2-33, first published in 2002 and last updated in 2015. In this guideline, the limits
were divided into three different categories, all averaged over 6 minutes. In level 0, also
known as the normal mode, the risk of ill-effects to patients is minimised and the limits
are defined to prevent a whole-body temperature rise higher than 0.5 °C. According to
this guideline, the SAR value for the body is limited to 2 W /kg, whereas for the head this
value is increased to 3.2 W/kg. In terms of local energy absorption, calculations should
be performed over 10 grams of tissue and should not exceed 10 W/kg in the head and
torso and 20 W /kg in the extremities. In level 1, also known as the controlled mode,
most of these thresholds are doubled and are defined to limit whole-body temperature
increases to 1 °C. Level 2, the experimental mode, is only used for research purposes and
MRI experiments made at this level have to be approved by the local institutional review
board. Currently, there are no upper limits when working on this operating mode, but

whole-body temperature increases are recommended to stay within 2 °C. Nowadays, both
IEC and FDA thresholds are in use.
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Table 2.1: Specific absorption rate limits according to the guidelines defined by the FDA in 1998 and by the IEC
in 2015. These limits concern whole volume and local SAR values. For the first, there is a difference in the SAR
limits for the body and for the head, whereas for the second the SAR values are averaged over a specific amount
of tissue (one gram following the FDA guidelines and 10 g following the IEC recommendations) and are different
for the head, torso and extremities. Adittionally, the IEC defines three different levels of exposure: level 0 (the
normal mode), level 1 (the controlled mode) and level 2 (the experimental mode), depending on the limits for the
whole-body temperature increases that are allowed for the patient.

Whole volume Local
Body \ Head Head \ Torso \ Extremities
8 W/kg 8 W/kg 12 W/kg
FDA 415\Nn/fng ?)ISNH/ff 5 min 5 min 5 min
1 g of tissue | 1 g of tissue | 1 g of tissue
10 W/kg 10 W/kg 20 W/kg
Level 0 QGVXn/iig 3% YXI{I kg 6 min 6 min 6 min
IEC 10 g of tissue | 10 g of tissue | 10 g of tissue
20 W /kg 20 W /kg 40 W /kg
Level 1 4 W/ke 3.2 W/ke 6 min 6 min 6 min

6 min 6 min 10 g of tissue | 10 g of tissue | 10 g of tissue

>20 W/kg >20 W /kg >40 W /kg
10 g of tissue | 10 g of tissue | 10 g of tissue

Level 2 | >4 W/kg | >3.2 W /kg

One of the main challenges of using SAR comes from the variety of ways that are used
to apply sequences of radiofrequency pulses, which increases the uncertainty in terms of
temperature variations. As reported by Collins et al [62], there is not a good overall
spatial correlation between SAR values and temperature increases as blood perfusion and
conduction also play a significant role in the thermoregulation of tissues. According to
the calculations made by Shellock and Schaefer [57], the maximum SAR that could be
deposited in the brain to increase its temperature by 1 °C is 31 W /kg, whereas in the
skin this value could be as high as 87 W /kg. Both these SAR values are significantly
higher than what was defined in the safety guidelines discussed above. Other studies
also corroborate the lack of a good correlation between the SAR and the temperature
increases. In the work by Boss et al [59], a 3.0 T scanner was used to investigate the
temperature increases due to different radiofrequency pulses in healthy volunteers. These
pulses consisted in a six-minute T'1-weighted 3D gradient-echo sequence followed by a four-
minute T2-weighted 2D multislice fast spin-echo sequence. The average SAR induced in
the head was 1.17 W /kg for the first and 2.53 W /kg for the second, which translated into
an average total temperature increase of around 1.2 °C in the head. Thus, even though the
SAR limits were within what was defined by the FDA and IEC (level 1), the temperature
increases were not limited to 1 °C. In this study, patients experienced a heat sensation
due to the application of the radiofrequency pulses, but no side-effects were attributed to
the temperature increases.

The results described above highlight that the SAR might not be the best indicator to
evaluate temperature increases for MRI. Nonetheless, throughout this chapter this metric
is still used to predict TTFields safety.
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2.1.3 Hyperthermia

Hyperthermia represents an additional line for cancer treatment. It was approved by the
FDA in 2011 for the treatment of cervical carcinoma used in conjunction with radiation
therapy for those patients who are not eligible for chemotherapy [63]. This technique is
used to heat up the tumor to a temperature around 45 °C to damage or kill cancer cells
[64]. Hyperthermia can also be used to sensitise cancer cells to other treatments, such
as radiotherapy and chemotherapy, in which case the target temperature might be lower
than 45 °C. Tumor heating can be performed in different ways and at different frequencies.
Very often, radiofrequency (300 kHz to 300 MHz) or microwave (300 MHz to 300 GHz)
electromagnetic radiation is used for a period of one hour or more [65], although there are
other options such as, e.g., ultrasounds and hot water perfusion blankets [66]. Depending
on the type and stage of the tumor, presence of metastases and patient’s health condition,
hyperthermia might be applied locally, regionally or to the whole-body. The temperature
range in which each one operates is different, as the latter is used mainly to sensitise
cancer cells to the action of chemotherapy and radiation therapy, whereas the first two
are used to overheat tumoral cells to kill or damage them (figure 2.1).

Temperature during heat treatment

100 —

T(°C) 80 high range:
60 — direct ablation
47 —

45 —
moderate range:
43 — effective in
31— T 1 combination
with RT or CH
39 —
a7
Whole Loco- Local
body regional

Figure 2.1: Different temperature ranges at which each hyperthermia procedure operates. Whole-body treatment
is applied for 6 hours to maintain body’s temperature between 39-40 °C or for 60 minutes to keep it around 41-42
°C. It is applied to sensitise cells to the action of chemotherapy and/or radiation therapy. Regional hyperthermia is
used mainly at the abdominal level and limbs and the maximum target temperature is 45 °C. Local hyperthermia
is the most specific one and it consists in increasing the temperature of cancer cells to values around 45 °C as
well. Both the regional and local methods are used to kill cancer cells by overheating them. In thermal ablation
techniques, the local temperature can reach values higher than 50 °C for a few minutes in a single session to
destroy cancer cells by heat. Image taken from [67].

Local hyperthermia is used for small tumors with a maximum diameter of 6 cm lo-
cated superficially or within an acessible body cavity [66]. In this type of treatment, the
temperature can increase significantly in a short period of time. As seen in the work by
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Chiche et al |66], one of the most used commercial hyperthermia equipments can raise the
temperature of a tissue by 5 °C after just 25 seconds using an interstitial applicator oper-
ating at 915 MHz. The main advantage of this approach is that it is possibe to minimise
heating of normal tissue surrounding the tumor, thus ensuring patient’s safety. A less
localised heating is seen in regional and whole-body hyperthermia. The first is used to
heat the tumor plus an additional margin that includes healthy tissue. The main regions
in which this method is applied are the abdominal cavity and the limbs [66]. The second
might be used when the patient has multiple metastases and it consists in increasing the
body core temperature to 39-40 °C for 6 hours or to 41-42 °C for 60 minutes [67]. The main
limitation of the latter approach is that it is the one that offers the greatest probability
of complications in terms of thermal stress to tissues. The most immediate side-effects
include transient diarrhoea, nausea and vomiting [66]. An extensive discussion and review
of the main benefits and disadvantages of the different types of hyperthermia treatment
can be found elsewhere (e.g.: [67]).

The long-term impact of hyperthermia treatments has been a subject of study since
this technique started being applied in oncology. Due to the different heating regimes
and to the different ways that there are to increase the temperature of tissues, it is not
easy to investigate and define thermal thresholds to compare treatments and predict what
physiological changes might occur. It is known that the time that it is necessary to reach
a certain thermal effect is inversely related to the maximum temperature that the tissue
reaches. This means that it is possible to heat up the tumor to a high temperature for
a small period of time or to heat it up at a lower temperature but during more time to
reach the same effect. Sapareto and Dewey [68] were the first authors to investigate a
metric that could convert the time at a certain temperature to an equivalent time at a
reference temperature using data from the literature. The latter was chosen to be 43 °C
as in-vitro work showed that for most tissues there is a variation in the rate of cell death
for temperatures below and above that value |68]. This variation was explained by a
change in cellular thermotolerance and the metric was named as the cumulative number
of equivalent minutes at 43 °C (CEM 43 °C). Its mathematically expression is:

t
CEM 43°C = / R(T)® Tt (2.2)
0

where ¢ (min) is the time interval of interest and 7' (°C) is the mean temperature in that
period of time. R is the constant related to the thermotolerance acquired by cells when
heated and its value is given by:

R(T) = 0.25 < T < 43°C
0.50 <= T > 43°C

These expressions imply that the same thermal effect is obtained when heating a tissue
during 4 hours at 42 °C, 1 hour at 43 °C, or 30 minutes at 44 °C.

The values of CEM are affected by the value assigned to the factor R and to the choice
of the reference temperature. Additional in-vivo studies indicated that for human cells
the breakpoint temperature at which there is a change in cells sensibility to heat should
be 43.5 °C and that the value of R should be 0.13 and 0.72 for temperatures lower and
higher than that value, respectively [69]. Nonetheless, equation (2.2) with a R value of
0.25 or 0.50 has been widely used in the literature to define the relevant thresholds for
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hyperthermia treatments. The first work that compiled the information available in the
literature to deduce these thresholds was published by Dewhirst et al in 2003 [69]. An
updated version of the thresholds was produced by Yarmolenko et al and published in
2011 [70]. In total, more than 250 papers were considered to deduce thresholds for several
tissues using data from animal and human experiments. The relevant values that can
also be used to predict the thermal impact for TTFields are presented in table 2.2. The
original papers used by the authors are not here referenced, but can be easily found in
[69, 70]. Two additional papers with relevant information that were not included in those
two works were also considered in this analysis: Leon et al [71] (with CEM 43 °C values
for bone) and Frosini [72| (with CEM 43 °C values for the CSF). As discussed by Dewhirst
et al [69] and Yarmolenko et al [70], the uncertainty associated with these values may be
high. This is explained by the lack of uniformity in the heating regime, differences in the
species on which the experiments were performed, whether anaesthesia was used or not
and the post-exposure damage assessment time. This uncertainty is increased by the fact
that most papers only report acute changes (tissues evaluated 0 to 30 days after exposure)
rather than chronic effects (tissues evaluated more than 30 days after exposure). A more
extensive discussion on the limitations of using CEM 43 °C can be found in |73].

Table 2.2: CEM 43 °C thresholds reported in Dewhirst et al [69], Yarmolenko et al [70], Leon et al [71] and Frosini
[72] that led to physiological changes in the tissues of interest to predict TTFields thermal impact. In some cases,
more than one value is presented given that more than one study reported the same physiological effect but for
a different threshold, or because two opposite variations of the same physiological change were seen for different
thresholds. The studies from which these values were based on are not here referenced but they can be easily
found in the aforementioned works.

Tissue ‘ Physiological change ‘ CEM 43 °C (min) ‘ Species
Acute and minor changes <20 Mouse
Skin Erythema and functional changes 112 Human
Necrosis 288 Human
Bone Resorption 16 Rabbit
Density 45 Rabbit
CSF Taurine, GABA and ion levels 0.78 Rabbit
BBB permeability 0.03 and 1.30 Rats
0.03 and 16 Humans
Cerebral blood flow (increase) Rats
Brain 1 and 34 Rabbits
(decrease) Rats
GABA, glycine and glutamate levels | 0.115 and 1.290 Rats
Metabolism 1.07 Rats
CNS damage 2 Rats
Coagulative necrosis, oedema
agnd atrophied neurons 30 Monkey

In the case of T'TFields the scalp is the tissue that heats up the most as it is the one
closest to the transducers. For the skin, it was seen that for low values of CEM 43 °C
(< 20 min) only minor and acute changes occurred like superficial burns, which could
be easily treated. Skin damage was observed for values higher than 20 minutes. Other
studies also showed significant erythema for CEM 43 °C values as high as 112 minutes and
variations at a functional level. The latter included an increase of the thresholds for cold
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and warm detection, while heat and mechanical pain thresholds decreased returning to
their basal state after four hours. Complete skin necrosis occurred for CEM 43 °C values
higher than 288 minutes.

In the case of bone, there was one study that reported changes at the resorption level
at 16 CEM 43 °C. This is a natural process that occurs in the human body to control the
calcium blood levels, but also to maintain and remodel bone’s structure and integrity |74].
This phenomenon occurs due to the action of the osteoclasts and is compensated by the
action of osteoblasts that create bone tissue. Studies with rabbits showed that heat can
induce irreversible bone resorption for CEM 43 °C values as low as 16 minutes with the
percentage of damage increasing for higher exposure times. Another in-vivo study made
with rabbits showed that when the temperature of the femur was maintained around 43
°C for 45 minutes, more and denser bone deposition occurred after 3 weeks [71]. This
indicates that hyperthermia might promote bone deposition and that it could be used in
the regenerative process of some injuries.

Frosini [72] showed that when the rabbit body is subjected to heat stress at 0.78
CEM 43 °C, CSF levels of two neurotransmitters, GABA (gamma-aminobutyric acid)
and taurine, increased significantly compared to the basal levels to protect neurons and
to decrease body temperature. As described by the author, some studies found that
taurine and GABA can induce hypothermia through mechanisms like vasodilation, which
can be a possible explanation for these observations. Other neurotransmitters such as
aspartate and glutamate, whose action can lead to heat production, did not increase their
concentration in this study. In the case of ions it was seen that sodium, magnesium and
potassium concentrations did not change significantly but calcium’s did. This can be
explained by the fact that calcium also plays a role in down-regulating the human body
temperature.

Contrary to what occurred with the CSF, there are several studies that investigated
the impact of heat in the brain at a vascular and functional levels as well as in cell death.
Although the thresholds varied between studies all of them showed an increase of the BBB
permeability. The main function of the BBB is to control the components that pass from
the systemic circulation to the brain and thereby to prevent the entrance of any molecule
or bacteria that can be harmful. An increase of its permeability occurs under certain
conditions like inflammation, injuries or stroke and can be dangerous to the patient if
not quickly controlled. In some cases it might be desirable to temporarily increase it to
facilitate drug delivery in certain treatments, as discussed previously. Not so consistent
results were found for the cerebral blood flow. Two studies showed an increase on brain’s
blood irrigation for CEM 43 °C of 0.03 and 16 minutes, while two other papers reported
an opposite effect for 1 and 34 CEM 43 °C. Theoretically, an increase in brain’s blood
perfusion for higher temperatures would be expected, to remove heat more efficiently [75].

Cell death was observed in the brain for values around 2 CEM 43 °C in brain cells,
nerves and glial cells. Heating also led to variations in the concentration of some neu-
rotransmitters in the brain: the levels of GABA, glutamate and glycine increased for
0.115 CEM 43 °C, but decreased for values above 1.29 CEM 43 °C. GABA is the ma-
jor inhibitory neurotransmitter in the CNS and has the capability of reducing neuronal
excitability by binding to specific transmembrane receptors which lead to cell hyperpo-
larization. A deficiency of GABA can lead to insomnia, depression, hypertension, panic
disorders, low growth of hormone levels, convulsions, amid other problems, while high
levels of GABA are related to tiredness and affect cognitive thinking. Glutamate is the
major excitatory neurotransmitter in the brain and is related to cognitive function, mem-
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ory, learning, as well as other functions. While low levels of this neurotransmitter have
been associated with some diseases such as autism, high levels of glutamate are related to
other brain diseases, cognitive impairments and brain motor malfunction. Furthermore,
traumatic brain injuries where an increase of the BBB permeability was seen led to more
glutamate entering the brain, thus increasing its damage [76]. Glycine is an inhibitory
neurotransmitter of the spinal cord and it participates in the processing of motor and
sensory information. Changes related with an increased glycine concentration can lead to
anxiousness, low mood, stress and immune issues.

Finally, changes in metabolism were also observed in some studies. Some of them in-
clude an increased activity of lactate dehydrogenase (LDH) and succinate dehydrogenase
(SDH), as well as in ribonucleic acid (RNA) content in three different clusters of cells
in the hypothalamus: supraoptic nucleus (that produces some neuropeptide hormones),
paraventricular nucleus (that has an important role in the regulation of some autonomic
functions), and median preoptic nucleus (involved in thermoregulation). It was seen that,
for 1.07 CEM 43 °C, metabolism had increased at least 20 times compared to the basal
values, with lactate being the one whose levels augmented the most, reaching values 35
times higher on average. Regarding the concentration of lactate, pyruvate, glutamate
and glycerol, another study showed an increase in these levels in the brain for increasing
CEM 43 °C. The choice to evaluate these specific metabolites is justified by the fact that
their concentration in the extracellular compartment of the brain might be an important
biomarker in oncology. In the study of Roslin et. al [77] higher glutamate levels were ob-
served in necrotic tumors than in non-necrotic ones, although more investigation is needed
to understand these observations. Glycerol levels were also higher in patients with necrotic
tumors which can be explained by a degradation of cell-membrane glycerophospholipids.
The fact that an increase of these components was observed with increasing CEM 43
°C suggests that for long exposures to hyperthermia tumor cells oxygenation might be
compromised. Still in regard to the brain, Matsumi et al |78| performed a histological
evaluation of monkeys’ brain after exposing it to heat at different temperatures for a time
period of 60 minutes. Their results showed the existence of an oedema in the white matter
and atrophied neurons as well as coagulative necrosis of brain cells for a temperature of
44 °C or higher (> 30 CEM 43 °C). According to the authors, the brain oedema can be
related with a BBB disregulation and can lead to an increase in intracranial pressure.

As noted by Dewhirst et al [69], the physiological changes in response to heat stress
that were reported by the different authors may or may not be related to thermal damage.
For example, an increase in the cerebral blood flow reflects a biophysical mechanism that
helps to dissipate heat more efficiently when the brain is subjected to a thermal stimulus.
Similarly, other effects reported in table 2.2 might also represent biological responses to
heat stress.

2.2 Tissue heating during T'TFields therapy

In this section, the temperature increases during TTFields are quantified through in-silico
work and the thermal impact is predicted based on three different metrics: SAR, CEM
43 °C and maximum temperature variation.

In order to model a TTFields treatment based on the information described at the
end of subsection 1.2.3, a realistic head model was used. This model is presented and
described in detail in section 3.1 and it was the same one used in the MSc thesis [42] and

22



Chapter 2. Biological tissue heating

in the paper published with those results [43]. Briefly, it was built from MR images and
divided into scalp, skull, CSF and brain. The latter consisted in grey matter (GM) plus
white matter. The lateral ventricles were also segmented and were assumed to be filled
with CSF. A spherical virtual lesion to mimic a glioblastoma was also added to the model
and it was divided into a necrotic core surrounded by an active shell. This tumor was
placed in the right hemisphere of the brain, totally embedded in the WM, and near the
lateral ventricles (figure 3.1). The four arrays were also added to the model to mimic the
Optune device (shown in figure 3.2). The first six minutes of treatment were simulated
using COMSOL Multiphysics, which solves the relevant equations through the FEM. A
detailed discussion of the software used and the electric and thermal equations is provided
in sections 3.2 through 3.5. The simulation time was around 36 hours to compute.

2.2.1 The electric field in the head

As Optune is a current source, the 900 mA that are injected into each array are not
equally divided by each transducer. Given that the array is an isopotential surface more
current is injected at the four outer transducers and less at the central one due to a
phenomenom known as edge effect [79] (figure 2.2). As the head is more resistive in the
anterior-posterior (AP) direction, a higher potential difference between these two arrays
is necessary to inject the same current compared to the left-right (LR) pair. To inject
900 mA the potential difference between the first two was 91.2 V, whereas for the second
pair this value was 68.2 V. The higher the potential of the surface the more pronounced
are the edge effects as seen in figure 2.2.
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Figure 2.2: Amplitude of the current, in mA, injected into each transducer. Each array can be seen as an
isopotential surface where the edge effects are evident as more current is injected in the outer transducers of each
array and less in the central one. As the head is more resistive in the anterior/posterior direction, the potential
difference between these two arrays was higher (91.2 V) than between the left and right arrays (68.2 V) and thus
the edge effects were more pronounced. The sum of the current injected into each array might not yield exactly
900 mA due to the approximations made. Image taken from [80].
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For the most superficial tissues, the heteregenous current injection seen in the previous
figure is responsible for inducing a more pronounced non-uniform electric field distribution.
The deepest the tissue, the less significant the edge effects become. The study of the
EF distribution in the head can be divided into two components: the primary and the
secondary EFs. The primary depends on the distance to the transducers, and on the
dielectric properties of tissues. The closest to the arrays, the highest the EF values and
the highest the electric conductivity of a tissue, the lowest the EF there. The secondary
EF occurs in regions where the applied current is perpendicular to the interface of two
tissues [81]. There is an accumulation of electric charges in those regions that depends
only on the ratio of the electric conductivity between the two adjacent tissues and it
is proportional to the strength of the normal component of the applied EF for purely
resistive tissues. As discussed in subsection 3.3, this approximation holds at 200 kHz,
which is the frequency Optune uses to treat GBM. Electric field maxima in the scalp,
skull and CSF when 900 mA were injected in the AP pair was 46.9, 96.9 and 15.8 V/cm,
respectively. For the complementary pair these values were 40.0, 155.5 and 4.3 V/cm.
The values of the EF in the tumor are discussed in more detail below.

In figure 2.3 the EF in the brain is presented when 900 mA of current were injected
in the AP (left column) and LR (right) pairs in an axial (upper row), saggital (middle),
and coronal (lower) slices. The EF exceeds 1 V/cm over large areas in the brain as clearly
seen. As discussed in Miranda et al [81], the EF distribution is slightly more uniform in
the AP direction as the effect of the lateral ventricles, filled with CSF, is less marked and
due to the higher coverage of the head’s cross-section when current is injected in that
pair. The secondary EF is also well observed in this figure when current was injected in
the LR pair as the magnitude was enhanced in regions close to the lateral ventricles due
to the difference in the electric conductivities of the white matter (ow=0.12 S/m) and
CSF (UCSF:1-79 S/m)

As mentioned in subsection 1.2.2, for EF intensities above 1 V/cm the number of
tumoral cells affected by TTFields increases significantly. The insets in figure 2.4 shows
the EF distribution in the tumor’s necrotic core and active shell. As it is noticeable, the
regions in which the threshold of 1 V/cm was surpassed in the active shell was different
for both pairs. Another important effect that is visible in this figure is the impact of the
distance between the tumor and the arrays. As the tumor is located midway between
the anterior and posterior pairs, the EF was weaker there compared to when current was
injected in the LR pair given that the tumor is relatively close to the right array. In the
necrotic core, the EF was low because its electric conductivity is high (Gpecrotic core= 1
S/m) compared to the active shell and brain tissue (table 4.1).
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Figure 2.3: Electric field distribution in the brain and tumor when 900 mA were injected into the AP (left column)
and LR (right) pairs. Three different views are presented: axial (first row), saggital (second), and coronal (third).
In the first, the arrows indicate the direction of the alternating electric field. The size of these arrows is the
same for both cases and it is not proportional to the current that passes through each region of the brain and
tumor. The secondary EF is observed clearly by the red color in the coronal slice on the right (LR pair active)
when current goes from the WM to the ventricles (not repreented), filled with CSF. As the ratio of the electric
conductivities between these two tissues was high, a significant acummulation of charges occurred at this interface.
The circles represent the regions where the transducers were placed on scalp’s surface. Values greater than 3.5
V/cm are colored in dark red.

25



Chapter 2. Biological tissue heating
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Figure 2.4: Axial view of the electric field distribution in the brain and tumor when 900 mA were injected into
the AP (left) and LR (right) pairs. The insets show the EF in the necrotic core (inner circle) and in the active
tumor shell (outer circle). As the electric conductivity of the first is high compared to the second, the EF was
lower there. The regions of the active tumor that reached the therapeutic threshold of 1 V/cm were different for
both pairs. Due to tumor’s position, the EF in the LR direction was higher than when current was injected in
the AP’s. Values greater than 3.5 V/cm are colored in dark red.

To help quantify treatment effectiveness, Wenger et al [82] defined a metric, named as
the above-threshold volume (ATV), that evaluates how much of the active tumor volume
is above 1 V/ecm (ATV1). Due to the reasons mentioned above, the ATV1 for each pair
was very different and it yielded 13% for the AP pair and 72% for LR’s. This means that
the latter pair is contributing more for treatment effectiveness than the former.

2.2.2 The duty cycle

The current injected in this study was equal to what was assumed that was considered
in a real treatment where 900 mA are injected into each array pair alternately with a
switching time of one second. It was assumed that the temperature of the transducers
should be kept below 41 °C to avoid any thermal harm to the patient. In this work, the
critical temperature was considered to be 40.4 °C as it corresponded to having around
5% of the transducer volume above 41 °C, which was assumed to be the volume occupied
by the thermistor. At this point, there was no additional information available regarding
Optune’s temperature sensor dimensions. This 5% corresponded to having a sensor with
an area of 12.7 mm? and a thickness of 1 mm, which is within the range of the commercial
sensors available in the market (e.g.: [83, 84]).

The temporal evolution of the average temperature of all 18 transducers of the anterior-
posterior pair is shown in figure 2.5, whereas the same analysis for the left-right pair is
presented in figure 2.6.
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Figure 2.5: Temporal variation of the average temperature (left y-axis) of the 18 transducers that compose the
anterior (above) and posterior (below) arrays. Each transducer is identified by a three letter combination. The
first letter indicates the array (A: Anterior; P: Posterior), the second represents the row within the array (S:
Superior; M: Middle; I: Inferior) and the third represents the position within the row (L: Left; C: Central; R:
Right). These temperature variations suggest an intermittent operation mode of Optune. When the device is on
(1 in the right y-axis, represented by the vertical bars) it means that current was injected in the AP pair. This
occurred when the average temperature of each of the 18 transducers from the AP and LR pairs was not higher
than 40.4 °C. The temperature variation of the MST during intermittent operation is shown in the inset, with
additional information concerning current injection in the perpendicular pair as well. In this inset, the red line
represents the temperature variation of the MST and the black dashed line the 40.4 °C. The AP and LR bars
mean that current was injected in that respective direction for one second. The absence of these bars means that
current was not being injected. These periods lasted between 3 to 4 seconds. Image taken from [43].

27



Chapter 2. Biological tissue heating

41 Left array
T I T T I I
—] S — 50 LSP —LMF -LMC —LMP LIF LIC —LIP .
40
39
g i
o 38 T e~ e
% \-F\__\- g
g ) &
Sa7 <~
) T~
'— i
36 LR AP LR AP|-
35
OO oo o o "
34 L L L L | | |
0 50 100 150 200 250 300 350
Time (s)
Left array
Right
41 T \ T 9 array‘ 1 I
——RSF—RSC RSP ——RMF RMC —RMP RIF RIC —RIP §
40
39
© 38 il \"\-_—\__\ "
= AT~ T~~~ o
§ e N \—F—\F’\""\ Ll E
8 37 AT~ ——H<l ©
§
. I 1 B e
a5
LAl . 0
34 I 1 1 L 1 1 |
0 50 100 150 200 250 300 350
Time (s)
Right array

Figure 2.6: Temporal variation of the average temperature (left y-axis) of the 18 transducers that compose the
left (above) and right (below) arrays. Each transducer is identified by a three letter combination. The first letter
indicates the array (L: Left; R: Right), the second represents the row within the array (S: Superior; M: Middle;
I: Inferior) and the third represents the position within the row (F: Frontal; C: Central; P: Posterior). These
temperature variations suggest an intermittent operation mode of Optune. When the device is on (1 in the right
y-axis, represented by the vertical bars) it means that current was injected in the LR pair. The latter occurred
when the average temperature of each of the 18 transducers from the AP and LR pairs was not higher than 40.4
°C. The temperature variation of one transducer from the LR pair during intermittent operation is shown in
the inset, with additional information concerning current injection in the perpendicular pair as well. This inset
corresponds to the same time interval as the one of the previous figure. In this inset, the red line represents
the temperature variation of the transducer LSF. The AP and LR bars mean that current was injected in that
respective direction for one second. The absence of these bars means that current was not being injected. These
periods lasted between 3 to 4 seconds. Image taken from [43].
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At the beginning of the simulation, the head was in thermal equilibrium with the
environment at 24 °C. Based on these plots, a couple of conclusions can be drawn. It
took around 150 seconds of alternate application of the EFs for a transducer to first
reach 40.4 °C. In this case, it was the one placed in the anterior array, superior row,
left side (ASL) (figure 2.5). After this threshold was surpassed, current was completely
shutdown in both directions. It then took between 3 to 4 seconds for the temperature of
this transducer to drop down again to a value below 40.4 °C. After that, current injection
was resumed and it took 2 seconds of alternate application of the fields (1 s AP and
1 s LR) for its temperature to once again surpass the critical value. As this was the
only transducer whose temperature controlled current injection, it was named the most
significant transducer (MST). As it can be seen in figures 2.5 and 2.6, the temperature
of the other transducers remained practically constant and equal to the value that they
reached when current was first shut down, as it occurred for the AP pair, or it decreased
throughout time, as it happened for the LR pair. These results indicate that Optune
works in an intermittent operating mode due to the thermal restrictions.

The importance of this current control is discussed in detail in Gentilal et al [43],
in which it was shown that after just 6 minutes of alternate application of the EFs the
temperature of 17 out of the 36 transducers already surpassed the 40.4 °C when no tem-
perature control was implemented.

In this head model, the MST was one of the transducers in which more current was
injected, thus increasing the Joule effect underneath it, which explains why it was the one
that heated up quicker (figure 2.2). In other head models and for other array layouts, the
MST could be one of the other transducers.

Another important result that can be drawn from the analysis of figures 2.5 and 2.6 is
the time that each pair is effectively delivering current. For this 6-minute simulation and
after the first current shutdown at around t=150 seconds, current was applied in the AP
pair 47% of the maximum time it could have been (i.e., ON p = 0.47), while this value
decreased to around 30% for the LR pair (ONpg = 0.30). This means that, on average,
Optune is effectively injecting current only 39% (ON = 0.39) of the time that the device
is being used by the patient due to the thermal restrictions. This result might explain
why such a high daily compliance is needed.

Based on the results of the previous subsection, it is possible to fine-tune the calculation
of treatment effectiveness by adding information about how much time the fields are
effectively being applied. Thus, the effective ATV1 (AT'V'1.ss) is defined as:

ATV 1,.4¢(%) = =(ONap ATV14p(%) + ONLr ATV1,5(%)) (2.3)

N | —

where ONy is the fraction of time that pair X is injecting current and the ATV 1x the
respective percentage of active’s tumor volume above 1 V/cm. The factor of 1/2 is a
normalization factor so the maximum is set to 100%.

For the data obtained and discussed previously this metric yielded:

ATV 1.p4(%) = = (0.47 x 13% + 0.30 x 72%) = 13.9%

N | —

This metric combines information about the electric field in the tumor and the time
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that current is injected into a single value and thus it might represent a more accurate
quantity to evaluate treatment effectiveness than just the ATV1. The effective ATV1 is
also useful to investigate and compare different treatment methodologies. Based on what
is described in Gentilal et al [80], there are several ways to improve TTFields delivery:

1. Decreasing the injected by a factor of 1/v/2 (I ~ 637 mA), but activating both
arrays simultaneously increases the time that the patient is under treatment to
70%. As the injected current is reduced, the ATV1 in the active tumor was only
45%, which yielded an ATV1.ss of 15.8%. Although this value is higher than the
13.9% obtained for Optune’s standard operating mode, current is only injected in
one direction because the EF is a vector quantity, and thus the net field is oriented
at approximately 45°relative to the standard AP and LR directions. As discussed
previously, injecting current in more than one direction can significantly improve
treatment outcomes [16]. One possible way to do this while still injecting current
in both pairs at the same time is to intentionally change the phase of the injected
current so that more electric field directions are achieved;

2. Increasing the switching time between the two pairs to 2 seconds increases the
ATV 1css to 17.5% (ON4p=0.47 and ON[p=0.40). Although this leads to a higher
temperature increase of the MST and theoretically to longer periods in which the
device has to be shutdown, the cooling rate is also augmented because it depends
on the temperature difference with the environment. Thus, the device can apply
current during more time. However, it is important to note that switching times
different from one second might not be the most suitable to affect the mitotic process
of GBM cells as seen in the in-vitro work by Kirson et al [16];

3. Having two independent current controllers significantly improves the results. This
means that current is still injected alternately with a switching time of one second
but there can be two MSTs, one for each pair. If one of them reaches 40.4 °C, current
can still be injected in the perpendicular pair until its MST reaches the critical limit.
This operating mode was specially useful for the model and layout used in this work
as current could be injected in the LR pair pratically the same amount of time that
it was in the AP’s (ONap = 0.47 and ON;g=0.46). Under these conditions, the
effective ATV1 yielded 19.6%.

4. Having a current controller for each transducer also increased the time that the
fields were applied. The edge effects shown in figure 2.2 might be avoided if the
same current, 100 mA, is injected in all transducers of the same array. Under these
conditions, the MST changed and current was injected in the AP pair 46% of the
time and in the LR’s 42%. The electric field in the tumor was not affected and thus
the ATV 1. yielded 18.0%;

These studies represent possible alterations that can be incorporated in the Optune
device to enhance treatment outcomes. Although not all of them are easy to implement
(e.g., having a current controller for each transducer might imply redesigning the whole
array), they all led to a similar temperature distribution in tissues and transducers.

2.2.3 Temperature increases

In the absence of current control the temperature of the transducers would quickly rise
and lead to severe thermal damage to the patient. After just six minutes of application

30



Chapter 2. Biological tissue heating

of the EFs the scalp would reach 47.5 °C, the skull 42 °C, the CSF 41 °C and the brain
39.2 °C. These values would increase even more if more treatment time was simulated.
However, as shown in figures 2.5 and 2.6, the control implemented in the Optune system
sets a maximum temperature value for the transducers, and consequently for tissues, thus
ensuring patient’s safety. Six minutes after the treatment had started tissues temperature
is already very close to a steady-state, as reported in Gentilal et al [43]. The temperature
distribution on each tissue surface at the end of the simulation with current control is
shown in figure 2.7.

Anterior Posterior Left Right

Scalp

Skull

CSF

Brain

Figure 2.7: Temperature distribution, from four different perspectives, on each tissue surface at the end of the
simulation with current control (t=360 seconds). The temperature increases occurred mainly underneath the
arrays as clearly seen by the regions in red. More specifically, temperature maxima in each tissue was reached
underneath the region where the MST was placed (white arrow, first column). Each circle represents the position
of one transducer. First row: scalp; Second row: skull; Third row: CSF; Fourth row: Brain. In the latter,
the maximum temperature was reached at the GM surface. The maximum temperature reached on the scalp
was higher than Optune’s threshold for current shutdown, 40.4 °C, as there is no Joule effect in the transducers.
Instead, they heat up by conduction from the scalp and gel. Scales are different for each row. All values are in

°C.
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The temperature increases were very limited and they occurred mainly on the surface
of each tissue as those were the regions where the EF reached its maximum and con-
sequently where the Joule effect was the highest. The previous figure shows a localised
heating when T'TFields are applied, particularly on the scalp, as indicated by the regions
colored in red. In this tissue, the edge effects led to a higher temperature increase un-
derneath the outer transducers. As current flowed into the head, the EF became more
homogeneous underneath the array leading to a more uniform Joule heating. The maxi-
mum temperature at end of the simulation on the scalp was 42 °C, on the skull 39.4 °C, on
the CSF 39 °C and on the brain 38.1 °C. The maximum temperature reached by the scalp
was higher than Optune’s threshold of 40.4 °C for current shutdown. This is explained by
the fact that there is no Joule effect in the transducers as they are capacitively coupled to
the scalp (i.e., they are not electric conductors). Instead, their temperature increased by
thermal conduction from gel and scalp. The heat pathways are discussed in more detail
in subsection 4.4.2 using quantitative data.

The variation of the temperature of the tumor is not shown as it only increased by 0.1
°C compared to its initial value. As discussed in subsection 1.2.1, the study by Berkelmann
et al [23| suggested that one possible mechanism of action of TTFields is a very local,
but significant increase of SAR at the cleavage furrow that might be enough to interfere
with cell division. This hypothesis can not be corroborated or disproved by the data
presented here as the simulations were not performed at a cellular level. On the other
hand, as discussed in subsection 2.1.3, hyperthermia is used either to sensitise tumoral
cells to the action of chemotherapy and radiation therapy by heating them (whole-body
hyperthermia) or by overheating these cells to kill or damage them (regional and local
hyperthermia). Based on the increase of 0.1 °C seen in the simulation, the second could
not explain TTFields efficacy as the necessary temperature variation for those types of
hyperthermia to be effective were not observed (figure 2.1). As for the first, more studies
are needed to investigate if such a small, but prolonged, temperature increase is sufficient
to sensitise cells. These studies might help to corroborate the conclusions by Giladi et al
[24] and Chang et al [25] that were discussed in subsection 1.2.1.

As mentioned, the maximum temperature in each tissue was reached at its surface and
it quickly dropped with depth. In figure 2.8 the regions that reached the percentile 90%
or higher of the temperature distribution in each tissue at the end of the simulation are
represented in red in two slices, one saggital (S1) and one coronal (C2). This percentile
was calculated based on the maximum temperature reached in each one of these slices.
In the coronal slice, a significant area of the skull reached this percentile as its thickness
was small.
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L7

Slice S1

Slice C2

Figure 2.8: Regions that reached the percentile 90% or higher of the temperature distribution in each tissue at the
end of the simulation (t=6 minutes). In each tissue, the temperature increases occurred underneath the arrays and
were very superficial, as EF maxima was also reached there, and quickly decreased with depth. This percentile
was calculated based on the maximum temperature reached in each one of these slices. The temperature increases
in the lateral ventricles (not shown in the insets) also occurred in the regions underneath the arrays.

In figure 2.9 the temperature variation in the brain, which was the tissue that heated
up the least, but the one in which most physiological changes are expected as discussed

in the next subsection, is presented through four different slices. Two of these slices are
the same ones considered in the previous figure.
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Slice S1 Slice S2

(888 =\ ABBE M | |

: A it 37.2
e 37

= '36.8

'136.6

1136.4

~36.2

C1

2 ¢ 2
Slice C1 Slice C2

Figure 2.9: Temperature variation in the brain (GM+WM) at the end of the simulation (t=360 seconds) in two
saggital (upper row) and two coronal (lower) slices. Temperature maxima, colored in red, were very superficial
and quickly dropped with depth. The inset on the bottom right shows the relative position of these slices.
Temperature scale is in °C.

2.2.4 Prediction of the thermal impact

2.24.1 SAR

As TTFields are applied locally, the values of SAR were calculated following FDA and
IEC guidelines for local exposure. In both cases, the point where the maximum electric
field was reached in the head was retrieved and a cube that contained it was considered
for the calculations. As the skull is the one with the lowest electric conductivity (see
standard values, table 4.1), it was also there where the maximum EF was reached. As
FDA guidelines are for one gram of tissue and TEC’s for 10 grams, the volume of interest
was different for both. For the first, a cube with a length of 10 mm was defined, which
included scalp, skull, CSF and GM. For the second, this length was roughly 21 mm
and it also included WM. A maximum SAR of 224 W /kg was obtained following FDA
guidelines, and of 136 W /kg following IEC’s. These two values are above the thresholds of
8 W/kg (FDA limit) and 20 W/kg (IEC limit, level 1) presented in table 2.1. This does
not necessarily mean that TTFields are not safe for the patient, because, as discussed
in subsection 2.1.2, there are several inconsistencies when SAR is used as surrogate for
thermal impact. The need of redefining thresholds was further corroborated by Adibzadeh
et al [85] who concluded that for the muscle SAR values as high as thirty times the ones
defined by the international agencies might not cause significant thermal harm. If SAR
is to be used to evaluate T'TFields then the limits should be adjusted to reflect a more
effective compromise between efficacy, which is quantified in terms of EF and should be
at least 1 V/cm, and safety.
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2.2.4.2 CEM 43 °C

The very local increases makes it difficult to predict TTFields thermal impact based
on volume temperature variations. As the temperature increases were very superficial
and they occurred mainly underneath the transducers, in this work the average tissue
temperature variations were evaluated inside a cylinder defined by the MST. This cylinder
base had the area of the transducer, and the cylinder’s axis was parallel to the transducer
surface’s normal. The CEM 43 °C for each tissue was then calculated based on this
temperature. As only six minutes were simulated, the temperature at the end of the
simulation was assumed to be constant for the remaining necessary time to complete
the minimum daily compliance of 18 hours. As Optune was working in an intermittent
operating mode 2.5 minutes after current injection started (figures 2.5 and 2.6), by the
end of the first 6 minutes of treatment tissues were already very close to their steady-state
temperature, which validates this approach as discussed in Gentilal et al [43]. The values
obtained (second column, table 2.3) were then compared with the ones reported in table
2.2.

Table 2.3: Calculated CEM 43 °C values (second column) for each tissue inside a cylinder defined by the MST
and comparison with the thresholds defined in the literature (third column) and for which some physiological
change was observed (fourth column). The values presented in the second column were calculated for one day
of treatment with the minimum compliance (18 hours) by considering that the temperature of each tissue at the
end of the simulation (t = 6 minutes) remained constant.

. CEM 43 °C (min) | CEM 43 °C (min . .
Tissue Simula ti(gn ) Li teratufe ) Physiological change
Scalp 12.60 < 20 Acute and minor changes
Skull 3.47 - -
CSF 0.45 - -
0.03 and 1.30 BBB permeability increase
. Increase in
Brain 0.33 0.03 cerebral blood flow
1 Decrease in
cerebral blood flow
0115 Increase on GABA, glycine
’ and glutamate levels

Based on the results above, physiological changes due to the temperature increases
were only predicted to occur in the scalp and brain. In the first, minor and acute changes
like superficial burns were predicted. These were indeed reported to occur in patients
treated with TTFields but only as a result of a misuse of the Optune device and not
due to the technique itself [37, 38]. As reported by Mrugala et al [33], the most common
side-effect in regard to temperature was the heat sensation that patients felt, which was
not enough to cause scalp burns. In the large majority of patients, the most common
acute and minor effect that occurred at the scalp level was dermatitis, although it was
attributed to the use of the gel and not to heat. The values of CEM 43 °C presented in
table 2.3 also showed that the threshold for significant skin erythema (112 min, table 2.2)
was far from being reached. However, as reported by Lacouture et al [37, 38] minor skin
erythema occurred in patients due to the adhesive tape, hydrogel or even as a combination
of other factors such as high ambient temperature, increased humidity, excessive sweating,

35



Chapter 2. Biological tissue heating

and inappropriate patient sleeping position while using the device.

The physiological changes that were predicted for the brain included an increase of the
BBB permeability. The latter was indeed suggested to be one of the possible mechanisms
of action of TTFields by Chang et al [25], as explained in subsection 1.2.1, although the
possibility of attributing those increases to heat was not discussed by the authors. In the
case that the permeability is indeed increased, whether as a result of the temperature
or not, it could allow the use of more powerful drugs when TTFields are applied as a
concomitant treatment with chemotherapy. In terms of cerebral blood flow, the value of
CEM 43 °C is within two thresholds for which two opposite variations were predicted. For
TTFields in particular, an increase in blood perfusion in the brain would be expected to
dissipate heat more efficiently as this is the main mechanism for this tissue to cool down, as
discussed in detail in subsection 4.4.2 (chapter 4). The two contradictory effects expected
for this value of CEM 43 °C are most likely due to the different conditions in which the
studies to draw them were performed. Lastly, the results obtained also predict a local
increase in the level of some neurotransmitters such as GABA, glycine and glutamate.
Among the adverse events in patients with recurrent GBM treated with TTFields in
PRiDe [33], 10.4% of them showed a neurological disorder, 8.9% had a seizure, 4.7%
experienced pain and discomfort, 2.5% fatigue and 1.4% weakness. These effects might
be related to this possible variation of neurotransmitter levels, although in the studies by
Stupp et al [8, 17|, both groups of patients treated with and without TTFields reported
some of these effects and there was no statistical difference between them. Most likely,
these effects are related to the disease itself and not with the therapy.

In the skull and CSF, the thresholds reported in the literature were not reached and
thus changes in the bone density and resorption for the first and increased levels of ions,
taurine and GABA for the second were not predicted to occur when applying TTFields.

It is important to note that all the calculations based on CEM 43 °C are only for one
day of treatment. The fact that TTFields should be applied every day and for more than
18 hours might lead to a cumulative effect and consequently to an increase in the values
predicted for this metric that might surpass the thresholds presented in table 2.2. The
development of thermotolerance throughout treatment was also not accounted for but it
might play a significant role.

2.2.4.3 Temperature variation

The third and final criterion used to predict the thermal impact of TTFields was the
temperature variation. As shown in figure 2.7, after the first six minutes of treatment the
scalp reached 42 °C, the skull 39.4 °C, the CSF 39 °C and the brain 38.1 °C. These values
are below the threshold of 45 °C, which is the temperature at which protein and lipid
denaturation starts to occur [75]. The maximum temperature reached on scalp’s surface
was also below the 44 °C reported by Moritz and Henriques [86] to cause skin burns for
long exposures. The brain was the only tissue in which physyiological changes were pre-
dicted based on the temperature variation observed (+2 °C). These include an increase
of the cerebral metabolic rate of oxygen and of blood flow, which were reported to occur
by different authors [87, 88]. As mentioned before, variations in these two mechanisms
occur as a biophysical response to a heat stimulus and are not necessarily a side-effect
[75]. Additionally, the studies by Volgushev et al [89, 90| showed that temperature vari-
ations can temporarily change the synaptic transmission in the neocortex and increase
the probability of neurotransmitter release at the synapses. These two effects might be
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related with what was discussed in the CEM 43 °C analysis concerning the variations in
the levels of GABA, glycine and glutamate in the brain.

2.2.4.4 In-silico predictions vs. reports from clinical trials

Most of the predictions discussed above were not corroborated by what was reported in
the EF-11 [8] and EF-14 [17] clinical trials. Some of the hypotheses that could explain
this discrepancy include:

1.

These changes do not occur during TTFields therapy: the conclusions drawn from
the literature only apply to the conditions and techniques for which those specific
studies were performed. This means that the way tissues heat up in MRI and
hyperthermia can not be compared with the temperature increases that occur when
TTFields are applied. In this case, the thresholds used in this work might not be
valid and further investigation is needed in order to evaluate which physiological
changes occur and how to measure them. Ideally, the thresholds should be obtained
based on experiments made in humans and for exposure times that are representative
of the compliance that is needed for this technique;

. These changes do occur but are negligible: given that the temperature variations

are not very high, the physiological effects predicted are only slight and can not
be measured or their impact is so small that side-effects are not discernible. An
additional factor that might contribute to this hypothesis has to do with biophysical
changes, such as an increase in the basal blood perfusion, that could occur due to
the high daily compliance and that might attenuate the temperature variations;

These changes do occur but were not measured: the biomarkers sensitive to the
changes reported throughout this chapter were not acquired. In some cases, direct
measurements can also be used to investigate this hypothesis. For instance, there
are a handful of different methods to measure the cerebral blood flow (e.g.: [91]),
although the approach taken and the best conditions in which it should be performed
still needs to be investigated. Other studies already reported the physiological
changes predicted here, such as an increase of the BBB permeability, but their
cause was not attributed directly to the temperature increases;

These are long-term changes and are masked by the patient’s health condition:
these possible side-effects might not occur on the first months of treatment and
only manifest themselves after some time. As glioblastoma is a fast-growing tumor,
it is known that patients with this disease quickly lose their quality of life and
experience several health problems. Thus, some of these physiological changes might
occur, but they were not directly attributed to the temperature increases but rather
to the disease;

The high daily compliance leads to a development of thermotolerance by cells: as
the daily treatment compliance is very high, cells might become less sensitive to
temperature variations and thus the thresholds to observe the physiological changes
might increase and not be reached. A temporary increase of cells thermotolerance
was already reported to occur by Sapareto and Dewey [68], although its duration
for exposure times as high as the ones needed for TTFields was not investigated yet;
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6. The predictions made are not accurate: the model used, its implementation and/or
the metrics considered do not accurately mimic a real case scenario and thus the con-
clusions drawn are not correct due to a possible overestimation of the temperature
distribution;

In this PhD thesis, the last hypothesis is investigated by improving the predictions
made in different ways. In chapter 3 the assumptions made to drawn the conclusions
presented in this chapter are discussed in detail. In chapters 4, 5 and 6, the accuracy of
the model and of the predictions is tested and improved. In chapter 7 a detailed discussion
of how to improve T'TFields modelling based on information provided by Novocure is made
and it is implemented in chapter 8 using a simplified head model. In the same chapter,
different metrics to evaluate TTFields effectiveness are calculated and compared with the
ones used in chapter 2. All these results are then considered in chapter 9, where, among
other aspects, a more accurate prediction of the thermal impact is performed once again.
Due to the limitations of the SAR and CEM 43 °C, whenever the thermal safety and
thermal impact are predicted only the absolute temperature variation will be used as a
criterion. As most of the physiological changes are predicted to occur in the brain and
given the fact that most of these effects are the same regardless of using the CEM 43 °C
or the temperature increases as a metric, this choice should not affect the conclusions of
the studies performed.
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General methods: Modelling TTFields

The study of Tumor Treating Fields is typically made through in-silico studies as it is
not possible to non-invasively measure the electric field and temperature distributions
inside the human head. The accuracy of the results is intrinsically related not only
to an accurate representation of the geometry of the head, but also to the equations
used to represent the physical processes of interest. In the large majority of TTFields
computational studies, the first is addressed by using realistic head models (RHMs) that
are built based on MR images. As for the second, the most general way to represent how
electromagnetic radiation and matter interact is through Maxwell’s equations. Under the
conditions in which TTFields are applied, the electroquasistatic (EQS) approximation is
valid, as discussed in more detail in appendix A. Thus, Laplace’s equation can be used
to calculate the electric field distribution in the head. The temperature distribution can
then be predicted using Pennes’ equation.

3.1 The realistic head model

Throughout this thesis, the same realistic head model was used. It was not built specif-
ically for this project as the first studies performed with it were to predict the electric
field distribution in the cortex during transcanial current stimulation (tCS). As described
in detail in Miranda et al [92], this model was created using MR images available for the
single-subject template Colin27 and provided by Brainweb. Based on the datasets avail-
able, T1 and proton density images, the relevant tissues for that work were segmented.
Both these datasets were already aligned to the Montreal neurological institute (MNTI)
stereotaxic space using FSL FLIRT with voxel dimensions of 1x1x1 mm?3. The segmen-
tation was performed using Brainsuite where T1 images were used to segment the CSF
and the brain, which was divided into grey matter and white matter, whereas proton
density images were used to segment the scalp and the skull. After the segmentation
was completed, surface meshes were obtained and were then imported into Mimics where
small irregularities in the CSF outer surface were smoothed out and additional detail was
added manually. More specifically, the lateral ventricles were segmented by thresholding
the data of the WM. Figure 3.1 shows the tissues that composed the model.
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(d) Brain: grey matter (e) Brain: white matter (f) Lateral ventricles

Figure 3.1: Tissues segmented in this model from the outermost (a) to the innermost (f) tissue. The scalp
and the skull were built based on proton density images, whereas the CSF, grey matter and white matter were
created based on T1 images. The ventricles were added manually in a posterior step by thresholding WM data,
as described in Miranda et al [92]. The relative size of the different tissues is not realistically represented.

In a subsequent work, this model was adapted for the study of the electric field distri-
bution when TTFields were applied, as explained in Miranda et al [81]. In that work, four
arrays were placed on the surface of the scalp to mimic the Optune system. Each array
consisted in a matrix of 3x3 interconnected ceramic transducers with centers separated
by 22 mm in one direction and 33 mm in the other. Each transducer had a thickness of 1
mm and a radius of 9 mm. Between each transducer and the scalp a thin layer of gel was
added, in Mimics, with a thickness between 0.5 and 2.0 mm and a radius of 10 mm. One
array pair was placed over the left and right temporal and parietal regions of the head
(the LR pair), whereas the other was placed over the supraorbital region and at the back
of the head (the AP pair), as shown in figure 3.2.

Lastly, a virtual lesion was added to mimic a glioblastoma multiforme. It consisted in
a necrotic core, represented by a sphere with a radius of 7 mm, surrounded by an active
concentric shell with a radius of 10 mm. This lesion was placed in the right hemisphere
of the brain, totally embedded in the WM, and near the lateral ventricles, as depicted in
figure 3.3.
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Figure 3.2: Placement of the two pairs of arrays. One pair was placed over the left and right temporal and parietal
regions of the head (LR pair), whereas the other was placed over the supraorbital region and at the back of the
head (AP pair). Between each transducer (in cyan) and the scalp (orange) there is a layer of gel (pink), with an
average thickness between 0.5 and 2.0 mm. A: Anterior; P: Posterior; L: Left; R: Right.

Figure 3.3: Coronal (left), sagittal (middle) and axial (right) sections of the head model through the center of
the virtual lesion. Each color represents a different tissue: scalp (orange), skull (blue), CSF (yellow), grey matter
(grey), white matter (green), tumor’s active shell (brown) and tumor’s necrotic core (red). The ventricles were
assumed to be filled with CSF and thus are also colored in yellow. Placement of the transducers on the scalp is
represented by the black circles.

As it can be clearly seen in the previous figures, this model was truncated at the nose
level due to the limited coverage of the MR images that were used to built it. Although
this might increase the EF distribution in tissues, it is not expected to significantly affect
the results as the transducers were placed relatively far from the truncation level, as
explained in Miranda et al [92].

3.2 The Finite Element Method (FEM)

After building the geometry, it is necessary to model the physical processes of interest.
This can be done in a handful of different ways and with a variety of software. In this
thesis, the software used was COMSOL Multiphysics which has also been used in several
other TTFields computational studies (e.g.: [43, 81, 93, 94]). COMSOL uses the FEM
to solve the necessary differential equations. Briefly, this method consists in discretizing
the whole geometry into several small simple geometrical elements in which the solution
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is calculated. The final solution is then obtained by combining the information of all
elements of the geometry. The assembly of all these elements is known as the mesh (an
example is provided in figure 3.4). In this head model, there were roughly 2.3 million
tetrahedral elements (volume elements) and 564 thousand triangular elements (surface
elements). The total number of points in which the solution was computed, the degrees
of freedom, was around 6 million. A more detailed description of the FEM is presented
in appendix B.

Figure 3.4: Representation of the surface mesh of the grey matter. In the inset on the right it is possible to see
that this mesh is composed by several triangles in which the solution is calculated. These triangles are one of the
4 triangles of a tetrahedral element.

3.3 Predicting the electric field during TTFields

As the electric fields are applied in two directions, it is necessary to calculate the electric
field distribution twice, once for each pair. For the frequency range at which TTFields
operate, 100-500 kHz, the electromagnetic wavelength is significantly larger than the size
of the head (= 15 m vs. & 20 cm, respectively) and thus the EQS approximation of
Maxwell’s equations holds (a more detailed discussion on this is provided in appendix A).
Under this approximation, the electric field distribution within the human head can be
obtained using Laplace’s equation®.

V- (0*Vg) =0 (3.1)

where o* is the complex electric conductivity (S/m) and ¢ the electrostatic potential (V).
The first quantity is related to the real electric conductivity, o (S/m), by:

!Tn appendix A, Maxwell’s equations were used to derive Laplace’s equation. In all those equations,
the complex electric conductivity was represented by ¢ in order to use the same nomenclature as the one
that is commonly found in the literature. However, throughout this thesis, there is a need to differentiate
between the complex, ¢*, and the real, o, electric conductivities. The relation between the two is clearly
shown by equation (3.2).
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0" =0+ jwepe, (3.2)

where j is the imaginary constant (v/—1), w is the angular frequency (rad/s), € is the
permittivity of the vaccum (~ 8.854 x 107!2 F/m) and ¢, the relative permittivity of each
tissue (unitless). Throughout this thesis, all tissues were assumed to be isotropic and thus
o, o and €, were scalar values. If anisotropic values had been used, these quantities would
have been tensors and thus 3x3 matrices. In chapter 4, some considerations about this
simpification are made.

Equation (3.2) reflects the existence of a resistive and a capacitive components of the
current density, given by the first and second terms on the right-hand side, respectively.
For the frequency at which TTFields are used the current density in the head is mainly
resistive as o > wege, [95] for all tissues. The latter implies that o* and o have pratically
the same value. In table 4.1 the values of each physical parameter are presented for all
tissues considered.

At the boundaries some conditions were also imposed to mimic how treatment was
performed. As the Optune system is a current source all transducers of the same array
are at the same potential. Thus, a Dirichlet boundary condition has to be imposed at
these boundaries:

=V (3.3)

The value of Vy depends on how much current is injected into each pair.

At the remaining outer boundaries, namely on the scalp, gel and lateral boundaries of
the transducers, the normal component of the current density is null. Thus, a Neumann
boundary condition is used:

n-J=0 (3.4)

where n is the normal to the surface and J is the current density (in A/m?). This ensured
that the head is electrically insulated.

At the internal boundaries, continuity of the normal component of the current density
is imposed:

ny - (Jo—Jp) =0 (3.5)

where ny is the outward normal in medium 2, and current is flowing from medium 1 to
medium 2.

Typically, it is assumed that all tissues and materials start at a null potential. Thus,
the following initial condition can be used:

¢’ =0 (3.6)
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Equations (3.1) to (3.6) realistically model how current is injected and how it interacts
with the head during treatment. After the electric part of the problem is solved, the
contribution of the EFs to the temperature increases is accounted for when predicting the
temperature distribution.

Throughout this thesis all the electric parameters were assumed to be uniform and
isotropic. A detailed discussion of the possible limitations of this approach is presented
in the next chapter.

3.4 Predicting the temperature during TTFields

In computational studies, the temperature variation is typically studied and predicted us-
ing Pennes’ equation [96]. This equation was developed by Pennes based on experimental
data obtained from 9 patients whose forearm temperature was measured at different con-
ditions and in different time points. Based on the results obtained the following equation
was deduced:

oT
pCE =V- (kVT) + leood + Qmet (37)

where p is the density (kg/m?), c is the specific heat at constant pressure (J/(kg °C)), T
the temperature (°C), ¢ the time (s) and & the thermal conductivity (W/(m °C)). The
first term on the right-hand side is known as Fourier’s law for thermal conduction and
it accounts for the heat that is transferred through that process. The second and third
terms, Qpooq and Qer, both in W/m3, represent the energy exchange with the blood and
the heat generated by the metabolic activity of tissues, respectively. The first is given by:

Qbiood = wppcy(Tp, = T) (3.8)

where w* is the blood perfusion rate (1/s). The subscript "b" stands for blood. A constant
blood temperature, Ty, of 36.7 °C, was assumed in simulations. This equation implies that
when the temperature of tissues is below T}, the blood acts like a heat source, whereas
when it is above it acts like a heat sink.

The metabolic rate of each tissue, Q),,e;, was considered to be constant for the tem-
perature range at which TTFields operate. A more detailed discussion of the limitations
of this assumption is provided in the next chapter.

When applying TTFields, there is an additional term, that represents the Joule heating
effect, that should be added to account for the contribution of the electric fields to the
temperature increases. It is given by:

Qinu=J-E (3.9)

where E is the electric field vector (V/m). Based on equation (A.7) (appendix A), for
isotropic materials, the previous expression can be rewritten as:
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Qsu = o||E|]? (3.10)

As current is injected in two perpendicular directions alternately with a switching
time of one second, these power densities have to be taken alternately from each pair.
Furthermore, as there is a limit on the maximum temperature, 71};,,, that the transducers
can reach, () ;g can be rewritten:

(3.11)

0, otherwise

where T};,, is the maximum temperature that the transducers can reach while still applying
the EFs and pulse(t) evaluates to one for even time integers and zero otherwise. The choice
to inject current in the AP or in the LR pair first is arbitrary and has no impact on the
predicted temperature variation. The value of zero when the temperature is higher than
Tyim means that current is not injected in any pair. As discussed in Gentilal et al [43] and
in subsection 2.2.2, the value used for T};,, was 40.4 °C and it corresponded to the average
temperature of the most significant transducer that controlled if current was injected or
not. In those simulations, this value corresponded to having 5% of the transducer volume
at 41 °C, which was assumed to be the volume occupied by the thermistor.
Thus, Pennes’ equation for TTFields studies is given by:

oT
pca =V - (kVT) +wppcr(Ty — T) + Quet + Qi (3.12)

In somes cases, studying the time-transient variation of the temperature of tissues
might not be relevant for the work as only the maximum is of interest. In that cases,
steady-state simulations can be used instead to compute the solution quicker. As time is
not a variable in this type of studies, the term on the left-hand side of Pennes’ equation
is set to zero (%—{ = 0). Under these conditions, the contribution of both array pairs can
not taken alternately and thus current injection has to be made continously in just one
pair. Steady-state studies imply that it is possible to reach a state in which the amount
of heat flowing into a certain tissue/material equals the amount of heat that is flowing
out of it.

At the external boundaries, there are also other cooling mechanisms, namely convec-
tion and radiation, that allow tissues and materials to cool down. Convection is mathe-

matically given by:

chw - h(Tsurface - Troom) (313)
where h is the convection factor (W/(m? °C)), Tsurface is the temperature of the surface
(°C) that is in contact with the environment at a temperature T,oom (°C).

On the other hand, radiation is given by Stefan-Boltzmann’s law:

Froa = €05((Tsur face + 273.15)* — (Troom + 273.15)%) (3.14)
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where ¢ is the emissivity factor (unitless) and ogp is the Stefan-Boltzmann constant
(= 5.668 x 1078 W/(m? °C%)). In the simulations performed in this work, Ty, Was
considered to be constant and equal to 24 °C. The environment is acting like a heat
source when T, fqce is lower than the room temperature and as a heat sink otherwise.
Both F,,,, and F,.q are in W/m?,

When setting up the simulations it is necessary to define an initial temperature for
all tissues and materials. One possible way to do it is to consider the initial temperature
of all tissues equal to blood’s temperature and the initial temperature of the gel and
transducers equal to the room’s temperature:

TO

tissues
0
Tm

= Thivod (315)
= Tyoom (3.16)

aterials

In practice, the initial temperature does not change the minimum/maximum temper-
ature reached by each tissue and material, but it can significantly affect how much time
has to be simulated to reach it, especially in time-transient simulations. To reduce the
computational time, a steady-state simulation can be performed first in which the electric
fields are not applied (i.e., @y = 0). This allows a state to be reached where the head
is in thermal equilibrium with the environment. The temperature distribution obtained
from this simulation can then be used as an initial condition to solve Pennes’ equation
when TTFields are applied in time-dependent studies.

Throughout this thesis all the thermal parameters were assumed to be uniform and
isotropic. A detailed discussion of the possible limitations of this approach is presented
in the next chapter.

3.5 Software and workstations used

The following software was used in this thesis:

e COMSOL Multiphysics (www.comsol.com) - version 5.2a

— To solve all the equations presented throughout this chapter using the finite
element method;

e Materialise 3-matic (www.materialise.com/en/software/3-matic) - version 9.0;

— To build models and create surface and volume meshes that were then imported
into COMSOL;

e MATLAB (www.mathworks.com/products/matlab.html) - versions 2017b and 2020a;

— To analyse data and perform data curve fitting;

In COMSOL Multiphysics, the electric equations are solved using the electric currents
(ec) interface of the AC/DC module. As the EQS approximation holds, frequency domain
studies are performed. In this type of studies, the input is given in terms of amplitude
(e.g.: Vp in equation (3.3)), whereas the results obtained are given in terms of root mean
square (RMS) values (e.g.: the electric field distribution, E, in equation (3.9)).
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The thermal equations are solved using the heat transfer in solids (ht) interface of the
Heat Transfer module. Two different studies were used: time-dependent and stationary.
The relative tolerance considered for the iterative solvers for both the electric and thermal
problems was 1076,

Validation of the numerical calculations obtained through COMSOL Multiphysics was
already performed during the MSc thesis by comparing the results of this software with
the respective analytical solution for a similar problem involving a simpler geometry [42].
The results from that analysis allowed to conclude that this numerical tool is very accurate
when solving the electric and thermal equations for TTFields therapy.

Three different workstations were used to run the simulations. As their specifications
affect the computational time, the main differences between them are given below:

e Workstation 1: Computer with dual core Intel Xeon W5580 processors clocked at
3.2 GHz and 48 GB of RAM;

e Workstation 2: Computer with dual core Intel Core i7-9800X X-series processors
clocked at 4.5 GHz and 64 GB of RAM;

e Workstation 3: Computer with dual core Intel Core 19-10900X X-series processors
clocked at 3.7 GHz and 64 GB of RAM;
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4.1 Introduction

The temperature increases during T'TFields treatment were predicted for the first time in
the study by Gentilal et al [43]|. In that work, it was shown that the scalp could reach a
maximum temperature of 42 °C, a value higher than the preset temperature limit of 41 °C
of the Optune system. These temperature increases were shown to be very superficial and
localised as in each tissue temperature hotspots occurred underneath the regions where
the transducers were placed (figures 2.7 to 2.9, subsection 2.2.3). The brain was the tissue
whose temperature was predicted to vary the least, from 36 °C to 38 °C, but it was also
the one where the most physiological changes were predicted. These included an increase
of the blood-brain barrier permeability, variations in the neocortical activity and cellular
properties. No side-effects that could have been caused by these changes were reported
to occur in patients that participated in clinical trials |8, 17|, as discussed in section
2.2. Among the several hypotheses presented in subsubsection 2.2.4.4, the easiest way to
start investigating the discrepancy between what was predicted and what was observed
in patients is to study the uncertainties and limitations that the model has.

As seen in chapter 3, all the equations that are necessary to solve involve physical
parameters that must be specified in order to run the simulations. However, very often,
the exact value of these parameters is not known and several values are found in the
literature for the same physical property. For the study of heat transfer during TTFields,
both the electric and thermal parameters play a significant role when predicting the
temperature in each tissue. The impact of the uncertainty associated with the electric
parameters in the EF distribution during TTFields was already studied by Wenger et al
[93]. In that work, the same model as the one presented in figure 3.3 was used. The
results showed that the average EF strength could vary by up 42% in the brain and by
up to 68% in the active tumor when the dielectric properties were varied based on what
was found in the literature. In general, the tissues whose electric conductivity led to the
highest variations on the values of the average EF strength were the scalp, the skull and
and tumor’s active shell. On the other hand, changes in the relative permittivity of tissues
led to a maximum variation of the EF strength of only 5% in the brain and tumor. This
result is not surprising given that at 200 kHz the current in the head is mainly resistive.

The impact of the uncertainty of the physical parameters has already been shown to
affect the maximum temperature predicted in tissues in other techniques such as electro-
convulsive therapy. In the studies by Oliveira et al [48, 97|, variations in the electric and
thermal properties of the scalp and skull were shown to influence the temperature reached
by each tissue. In some cases, variations of 1-2 °C in the maximum temperature predicted
were seen in the most superficial tissues.

Thus, an investigation of how these uncertainties might affect the predicted tempera-
ture when TTFields are applied is of the utmost importance.

4.2 Aim

The goals of this work were:

1. Investigate the impact of the uncertainty of the electric and thermal parameters on
the temperature predicted for each tissue and transducers during TTFields treat-
ment through a sensitivity analysis;
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2. Predict the thermal impact of TTFields based on the results obtained and compare
it with what was discussed in section 2.2;

4.3 Methods

4.3.1 Current injection mode

The same head model as the one described in section 3.1 was used and the equations
already presented in sections 3.3 and 3.4 were solved. As the goal of this work was
to perform a sensitivity analysis, it would not be feasible to follow the same approach
as in Gentilal et al [43]. Instead, steady-state simulations were performed to allow for
reasonable computational times. As mentioned in section 3.4, this type of studies does
not depend on time. Consequently, it was not possible to inject 900 mA in both pairs
alternately with a switching time of one second. To make the predictions as realistic as
possible, 450 mA were injected in the AP pair continously. This value is half the current
that is typically injected in patients and it led to temperature values in the transducers and
tissues that were near Optune’s maximum operating temperature for the same physical
parameters used in Gentilal et al [42, 43]. This ensured that, in a complete working cycle
of 2 seconds, energy transfer mechanisms had similar magnitudes in both the transient
and the steady-state simulations. In this work, current was injected in the AP pair given
that in this head model the MST was located in the anterior array, as discussed before.
Each study took around 10 minutes in workstation 1.

4.3.2 Literature review

A literature review was carried out to determine the range of reported values for the elec-
tric and thermal properties of tissues and other materials. The most commonly reported
ones were taken to be the standard (std) values and they correspond to the values used
in the simulations performed to draw the conclusions presented in section 2.2. In the sen-
sitivity analysis, one parameter at a time was changed to its minimum or its maximum
value while maintaining the other parameters constant and equal to their standard value.
These values are presented in table 4.1. A total of 57 simulations were performed for this
one-way sensitivity analysis.

In the case of the electric parameters, the work by Wenger et al |93] already showed
that the uncertainty in the relative permittivity values does not significantly affect the EF
in the head at the frequency at which TTFields are used. Thus, it will also not affect the
temperature distribution as the Joule effect will remain unchanged. Because of that this
source of uncertainty was not accounted for in this study. As for the electric conductivity
values, the same minimum and maximum reported in that work for each tissue were used
[93]. The only exception was skull’s maximum electric conductivity as a higher value
was reported in a subsequent paper: 0.080 S/m [98]. As the electric properties of the
transducers and gel are well known and were provided by Novocure, a sensitivity analysis
of those values was only made to investigate their impact on the maximum temperature.

As for the thermal parameters and as mentioned previously, in steady-state studies
the term on the left-side of Pennes’ equation, equation (3.7), is set to zero and thus a
sensitivity analysis concerning the density and specific heat is not possible. However, the
values assigned to these two physical parameters only affect how quickly tissues reach
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a steady-state situation, but not the maximum temperature reached. Based on figures
2.5 and 2.6, it takes around 2.5 minutes for the transducers to reach the temperature
limit, 7};,,, when the standard parameters are used. As treatment should last for at least
18 hours, this initial increase only represents a small fraction of treatment time. The
only specific heat and density values that were relevant for this work were blood’s, as
they might change the perfusion rate of each tissue, according to equation (3.8). For
the other physical parameters an extensive literature review was carried out to perform
this analysis. Most of the minimum and maximum thermal parameters were taken either
from the I'T’IS Foundation database [99] or from Duck’s reference book [100]|, which are
two of the most used sources for thermal values of biological tissues. Whenever a higher
maximum or a lower minimum were found elsewhere those values were used instead. In
particular, scalp [101] and skull’s [102] minimum thermal conductivity, skull’s minimum
[103] and maximum [104] blood perfusion rate, WM’s maximum perfusion rate [103] and
the minimum metabolic rates of the scalp, GM and WM, all from [104], were changed.
Given that information about the thermal parameters of GBM is very poor, the values
used in this study were for other types of tumors and were taken from [105-107]. The
minimum and maximum values were considered to be + 10% the standard value. As
for the boundaries, scalp’s convection factor, hs.q, [108], and emissivity, €s.qp [109], are
well known and thus there was no uncertainty associated. Due to the lack of information
in the literature, the same values were considered for the outer boundaries of the gel
and transducers. The remaining thermal properties of the gel, which is mainly composed
by water, and transducers are also accurately known. Following the same approach as
before, for the thermal properties of these two, the maximum and the minimum values
were considered to be twice and half the respective standard values to investigate their
impact in the temperature distribution.

All the electric and thermal parameters considered in this study are indicated in table
4.1. In some cases, the standard value was already the minimum or maximum and thus
only two values are presented. In other cases, the values of the parameters were not
necessary for the simulations, such as the blood’s thermal conductivity, and thus they are
not considered.

4.3.3 Metrics used

The results of the sensitivity analysis were studied in terms of how much the temperature
varied compared to when the standard values were used. As described in subsection
2.2.3, the maximum temperature reached by each tissue always occurred at its surface
and mainly underneath the regions where the transducers were placed. More specifically,
the maximum temperature in each tissue was reached in the regions underneath the
MST. In this work, the percentile 99.99% of the temperature distribution in each tissue
was calculated for each simulation. The reason why this quantile was used instead of
the maximum temperature was to avoid possible numerical errors that could affect the
results. However, for simplicity of discussion, this percentile is simply referred to as
the maximum temperature, T},,., throughout this chapter. As for the transducers, the
average temperature was quantified in each simulation instead of the maximum, to allow
for a direct comparison of the results of the sensitivity analysis with those published in
the first study [43].
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4.4 Results and discussion

4.4.1 Temperature distribution

The temperature distribution when the standard electric and thermal parameters were
used is shown in figure 4.1. As it is visible by the darker regions in that figure, the
maximum temperature in each tissue was reached underneath the transducer located in
the anterior array, superior row, left side which was also the MST in the first study [43].
The average temperature of the MST in this study was around 40.4 °C. In the brain, the
maximum temperature was reached on the surface of the grey matter, as before. These
temperature distributions and range of values are similar to what is presented in figure
2.7 (page 31), in which 900 mA of current were injected alternately into each pair with a
switching time of one second.

Scalp Skull

Figure 4.1: Anterior view of the temperature on each tissue surface when the standard electric and thermal
parameters were used and when 450 mA of current were injected in the AP pair continuously. The black circles
on the scalp represent where the transducers were placed. The localised heating underneath the regions where
the array was placed is clearly visible. The hottest region, in dark red, occurred underneath the MST (white
arrow, top row, left panel). The maximum temperature was 41.6 °C on the scalp, 40.2 on the skull °C, 39.8 °C on
the CSF, and 38.5 °C on the brain. In the latter, the maximum temperature occurred at the surface of the GM.
Temperature scales are in °C. Image taken from [80].

4.4.2 Importance of each heat transfer mechanism

Before investigating the data of the sensitivity analysis, it is important to understand first
how each heat transfer mechanism contributes to increasing or decreasing the temperature
of each tissue when the standard values were used. To perform this study it was first
necessary to rearrange Pennes’ equation considering a steady-state:
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-V (kVT) =w*pbcb(Tb—T) +Qmet+0'||E||2 (41)

At the hottest regions, i.e., underneath the MST, the maximum heat loss due to blood
perfusion (first term on the right) in each tissue can be calculated if T"is set to T4, (these
values are reported in appendix C for every tissue). Throughout this work, the metabolic
rate, (e, was assumed to be constant and thus its value was also known for every
tissue (table 4.1). The maximum contribution of the Joule effect could also be predicted
by considering a cylinder defined by the MST, following a similar approach as the one
considered in subsubsection 2.2.4.2. The base of this cylinder had the area of the MST
and its axis was parallel to the normal to transducer’s surface. For these calculations,
the percentile 99.99% of the power density within that cylinder was considered. Then,
through equation (4.1) it was possible to estimate how much energy was transferred
through conduction. Figure 4.2 depicts the contribution of each energy mechanism in
cooling down or heating up tissues at the hottest regions after these calculations were
performed.

I Blood perfusion [ Metabolic heat [l Joule heating [l conduction

100
B0 -
60 -
40 |

20 -

=20 -
40 -
60 -

80 -

Cooling/heating mechanism contribution (%)
=

-100 "

Scalp Skull CSF Brain
Tissues

Figure 4.2: Relative contribution of each energy transfer mechanism for the temperature distribution and for
each tissue in a cylinder defined by the MST, where tissues heated up the most. If the y-value is negative then
that tissue is cooling down through that mechanism, whereas a positive value means that the tissue is heating
up through that mechanism. As steady-state simulations were performed, the amount of energy that flows into
one tissue through some mechanisms must equal the amount flowing out through others. Not all contributions
are well observed given their low relative importance compared to others. In particular, the metabolic heat rate
only explained 0.17% and 0.11% of the temperature increases in the scalp and skull, respectively, whereas Joule
heating only explained 1.06% of the temperature increases in the whole brain. Image taken from [80].

In the previous figure, a positive y-value means that heat is flowing into the tissue,
whereas a negative value means that it is flowing out. As steady-state simulations were
performed the amount of energy that is flowing into one tissue through some mechanisms
must equal the amount flowing out through others. Some of the mechanisms had a low
contribution compared to others. In particular, the metabolic heat rate only explained
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0.17% and 0.11% of the temperature increases in the scalp and skull, respectively, whereas
Joule heating played a minor role in the brain (1.06%). Radiation and convection are not
shown as the hottest region of the scalp was covered by the MST and thus it could not
cool down through those mechanisms.

Figure 4.2 shows that the Joule heating term explained practically 100% of the tem-
perature increases in the three most superficial tissues at the hottest regions. In the scalp,
this heat will be dissipated mainly through conduction to the other regions of the scalp
itself, to the gel and to the skull. In turn, gel transfers heat to the MST thereby increasing
its temperature. Cooling in the skull and CSF followed the same rationale as in the scalp.
Thus, energy flowed from the hottest and more superficial tissues to the brain, thereby
increasing the temperature of the latter. However, blood perfusion in the brain is very
efficient in removing this heat. This is not surprising given that this organ consumes
around 25% of body’s total glucose and 20% of the oxygen available [75], which requires
a complex and efficient network of blood vessels.

The results from this study will be useful in the following analysis of the sensitivity
results.

4.4.3 Influence of the uncertainty of the physical parameters of
biological tissues

The impact that the variation of each parameter had on the temperature of tissues and
MST is presented in appendix C. In that appendix, the absolute difference in the met-
rics evaluated is shown in regard to the temperature obtained when using the standard
values. Based on that information, it was possible to investigate which biological tissues’
parameters led to the highest variations. Figure 4.3 depicts the range predicted for the
maximum temperature of each tissue and the average temperature of the MST when the
electric (in black) and thermal (in red) properties of biological tissues were changed. Each
line has three points that correspond to the lowest Ty,40 (T),,,) and highest Tp,00 (105 )

max max

predicted, as well as the value of T),,, when the standard parameters were used (75! ).

The values of the latter correspond to the temperature distribution shown in figure 4.1.
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Figure 4.3: Range of variation of the temperature when changing the electric (in black) and thermal (in red)
parameters. For each line and for each biological tissue, the lowest point corresponds to the lowest maximum
temperature (7},,.) predicted, the middle dot to the maximum predicted using the standard values (Tﬁffz), and
the highest point to the highest maximum temperature value (7;},,). Data is presented for the MST following
the same rationale but considering the average temperature instead of the maximum. The absolute values are
given in appendix C. Image taken from [80].

Table 4.2 shows which electric and thermal parameters change led to the highest
variations in each tissue and MST.

Table 4.2: Electric and thermal parameters of biological tissues that led to the lowest and highest variation of the
maximum temperature in tissues and average temperature in the MST.

: = = T T
Parameter evaluated | Tissue | | Tae | Tong | Tobow | Tiha
: max min
Scalp Electric O skull O skull
*,max man
Thermal Weealp sealp
3 max mwn
Skull Electric okttt T sealp
b Thermal W mae min
Maximum temperature 2 scalp shull
CSF Electric oo T sealp
*,max man
Thermal Wyralp eealy
3 maxr mwn
Brain Electric O sealp O sealp
a Thermal o mae min
scalp scalp
Electric oo ogmn
Average temperature | MST shull scalp
Thermal W mar min
scalp scalp

The previous table shows that the two electric parameters whose uncertainty led to the
highest variations in the temperature were scalp and skull’s electric conductivity (oscarp
and o, respectively). Increases in these two led to lower temperature maxima in every
tissue and MST. This was expected given that the higher the conductivity of tissues,
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the lower the potential difference between the arrays to inject the same current (i.e., the
lower the impedance of the head). Consequently, the Joule effect in all tissues is also
reduced, as well as temperature maxima. On the opposite end, a decrease of the electric
conductivity of the scalp and skull to the minimum found in the literature led to the
highest temperature predicted everywhere. These results are in accordance with what is
reported in figure 4.2. As the Joule effect is the main heat source in the most superficial
tissues and that heat flows from those tissues to the cooler regions of the head, changing
the magnitude of this mechanism also affects all tissues and transducers. The impact of
the variations in the electric conductivity values of the remaining tissues (CSF, brain and
tumor) was very limited, either because the values were well known or because the EF in
these tissues was not high enough for the Joule effect to be significantly changed.

Table 4.2 indicates that scalp’s thermal conductivity, kscqrp, and scalp’s blood perfusion
rate, wi,,;,, were the two most significant thermal parameters. Based on figure 4.2, these
results are also not surprising as at the hottest regions the scalp cools down through
conduction and blood perfusion. As this tissue is the one that heats up the most and as
that heat flows from it to the deeper tissues, the temperature in all tissues is significantly
affected by the magnitude of these two mechanisms. The only exception seen was skull’s
thermal conductivity, ksiu, whose uncertainty led to the highest temperature variation
in the skull itself. This is explained by a decrease of 86% in the value of kg, from 1.16
to 0.16 W/(m °C). As for the remaining thermal properties, lower metabolic rates, Qe
and increases in the thermal conductivities, k, and in the blood perfusion rates, w*, of
each tissue led to lower temperature maxima in all tissues as heat was dissipated more
efficiently (tables C.1 and C.2, appendix C). In general, variations in the values of the
thermal properties of blood and tissues other than the scalp did not significantly affect
the temperature predicted, as the values did not change by more than 0.1 °C compared
to when the standard parameters were used.

In figure 4.3 it is also possible to see that the uncertainty of the electric parameters
led to highest variations in the temperature predicted than the uncertainty of the thermal
parameters. An additional factor that contributed to this result was the narrower range
of variation in most of the thermal parameters used in this study, which indicates that
these are more accurately known than the electric ones. Among all tissues, scalp was the
one that heated up the most, where the highest maximum temperature predicted (7,/,.)
was 43.5 °C (range: 38.6 - 43.5 °C) when skull’s electric conductivity was reduced. This
value is still below the 44 °C reported by Moritz and Henriques [86] to cause complete
epidermal necrosis for long exposures. In the skull, 7.t~ was almost 42 °C (38.3 - 41.9
°C) and it occurred when kg, was reduced. This value represents an increase of more
than 2.5 °C compared to what was obtained and presented in figure 2.7 (page 31), but it
was not sufficient to surpass the thresholds at which some physiological changes occurs.
In the CSF, the highest maximum temperature predicted was around 41.2 °C (38.2 - 41.2
°C) when 4.q was decreased. One of the main functions of this fluid is to give thermal
support to the brain by acting as a thermal buffer [75]. To the best of the author’s
knowledge there is not any study that addressed the impact of this temperature range in
the CSF, and thus possible physiological changes that might occur are not discussed here.
The brain was the tissue in which temperature maxima varied the least, between 37.9 °C
and 39.3°C (A = +1.4°C), but it is also the one that is more sensitive to thermal variations
according to the literature [75]. In the studies performed in this chapter, the maximum
temperature predicted for this tissue using the standard values was 38.5 °C, which was
slightly higher than the 38.1 °C predicted in the time-transient simulations (figure 2.7).
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Extrapolating the results, this means that the lowest maximum temperature predicted for
this tissue assuming an alternate application of the fields would be around 0.6 °C lower,
i.e., 37.5 °C, when the electric conductivity of the scalp is increased from 0.25 to 0.45
S/m. For this temperature variation an increased probability of neurotransmitter releases
at the synapses [89, 90| and a possible increase on the blood-brain barrier permeability
[110] are predicted. Other studies in rats reported that temperatures higher than 39 °C
might injure brain cells [75], although the brain is not likely to reach this value when
TTFields are applied. As for the tumor, its maximum temperature did not vary by more
than 0.1 °C in any simulation, reaching a maximum of 38.1 °C.

The physiological effects described in the previous paragraph are the sames ones that
were predicted in the first study on heat transfer during TTFields therapy [43] and that
are reported in subsection 2.2.4. This indicates that the discrepancy between what was
predicted and what was reported could not be explained solely by possible inaccurate
parameters used, even though the choice of these parameters can significantly affect the
maximum temperature reached by each tissue. For instance, the maximum temperature
predicted on the scalp can vary by up to 5 °C depending on the values assigned to physical
properties, which highlights the importance of a performing a more thorough investigation
on which are the most accurate values to use.

Lastly, the temperature of the MST was sensitive to practically the same parameters
as the scalp. This was expected, given that the transducers heat up through conduction
and that the heat goes from the scalp to the gel and from the gel to the transducers.
The average temperature of the MST varied between 38.1 °C and 41.6 °C, which might
lead to significant changes in the main conclusions that were draw not only in Gentilal
et al [43], but also in future works that might be published concerning how Optune
injects current. For instance, in subsection 2.2.2, it was concluded that in an intermittent
operation scenario Optune did not inject current during the same time in the AP and LR
pairs due to the MST cooling down rate. If the values used for the four most sensitive
physical parameters (Gscaip, Tskuils Kscalp, and w;‘mlp) were higher, the time that the device
was off could have been lower and thus current would be applied for longer periods of time
and maybe even for the same time in each pair. This would lead to a more optimistic
prediction of how Optune operates.

Based on these results, it would be important to do experimental measurements of the
electric conductivity of the scalp and skull at 200 kHz, as well as scalp’s blood perfusion
and thermal conductivity for a temperature range between 20-45 °C. To minimize the
error of the predictions made in the next chapters, the standard values will be used,
unless specified otherwise.

4.4.4 Influence of the physical parameters of the gel and trans-

ducers

In tables C.1 and C.2 (appendix C), the temperature variations when changing the prop-
erties of the gel and transducers are presented. An increase of the electric conductivity
of the gel, from 0.1 S/m to 0.2 S/m, led to a decrease on the temperature predicted in
tissues and in the MST. Even though this variation was not enough to significantly affect
the impedance of the model, it was sufficient for the heat to dissipate more uniformly in
the scalp and thus to decrease temperature maxima everywhere. Similarly, a decrease of
0ger led to higher temperatures.
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In terms of thermal parameters, an increase of the thermal conductivity of the trans-
ducers had a greater influence than a variation of the thermal conductivity of the gel,
although both of them only had an impact on the temperature reached by the scalp. A
greater impact was seen when the convection factor, h, and emissivity values, ¢, of the gel
and transducers were changed. As expected, the higher these two parameters the more en-
ergy is transferred to the environment (see equations (3.13) and (3.14)) and consequently
the lower the temperature values in tissues and transducers.

These results indicate that if new materials are to be sought for these components to
decrease temperature maxima then preference should be given to a gel with high electric
conductivity and to a gel and transducers with a emissivity value as close to 1 as possible.
In patients, the arrays, and consequently the transducers, gel and a part of the scalp, are
covered by a medical tape that was not represented in the head model used in this work
nor in the models used by other authors (e.g.: [94, 111]). A more detailed discussion of
this limitation is provided in the next chapter.

4.5 Limitations and conclusions

In general, it is known that the physical properties vary with the temperature [87, 88, 112].
This means that, for instance, Q,,e; and w* should be in fact Q. (7)) and w*(7T). The
importance of this temperature dependence was experimentally observed by different au-
thors. For example, it was shown that the blood perfusion in the human forearm skin can
increase as much as 15 times during heating [113]. Given the impact of w},,, in all tissues
and MST (table 4.2), it might be possible that the predictions made are overestimating
the real temperature distribution, not only in the scalp but in the remaining tissues as
well. The sensitivity analysis performed showed that changes in the blood perfusion rate
values can have a greater impact than changes in their metabolic heat (table C.2) and
consequently if the dependence of the mechanisms on the temperature was accounted
for it would possibly lead to lower temperatures in tissues. Despite the importance of
accounting for this dependence, there are very few studies that investigated how to do
it accurately. One possible approach is by considering a linear relation between each
parameter and the temperature as discussed by McIntosh and Anderson [104] and by
Rossmanna and Haemmerich [114|. However, as seen in the work by Wenger et al [115],
this might not be necessarily true for all tissues as the electric conductivity of the GM
and WM seems to vary exponentially with the temperature for a range between 20 and
35 °C.

Another limitation of these simulations was the fact that the parameters were con-
sidered to be uniform and isotropic. Previous works showed that when heterogenous and
anisotropic tensors were used for the physical parameters both the EF intensity and tem-
perature maxima varied [48, 93, 116, 117|. For TTFields in particular, it was shown that
accounting for the anisotropy of the electric conductivity of the GM and WM yielded
variations on the average EF distribution of only 4% in the brain and 10% in the tumor
[93] compared to when isotropic electric conductivities were used. Even though these dif-
ferences are small, it is important to investigate how the temperature varies under these
conditions. Including this anisotropy would lead to small changes in equations (3.1), (3.2)
and (3.10), as 0*, o and €, would be 3x3 matrices. In electroconvulsive therapy, inclusion
of the anisotropy of the skull’s thermal conductivity only led to significant temperature
changes in the skull itself [48]. In this tissue, the maximum temperature decreased by up
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0.6 °C compared to when isotropic values were used for the same injected current, but
the temperature of the remaining tissues was not significantly affected. Including this
anisotropy would also change how the temperature is calculated through Pennes’ equa-
tion, equation (3.12), as k would be a tensor. However, it is important to mention that
using anisotropic physical parameters requires acquiring more data, such as DT images,
that are necessary to estimate tensors. One major complication of this is that the results
might vary depending on the approach followed [48, 93, 116, 117].
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Chapter 5

Sweat as an additional cooling

mechanism

Published work

The results presented in this chapter resulted in the following work:

1. Nichal Gentilal, Ricardo Salvador, and Pedro Cavaleiro Miranda. A thermal
study of Tumor Treating Fields for glioblastoma multiforme. Brain and Human
Body Modeling 2020, chap. 3, 37-62, 2020. DOI: 10.1007/978-3-030-45623-8 3 —
Book chapter #1

5.1 Introduction

In the previous chapter, the thermal impact was predicted again accounting for the uncer-
tainty associated with the values assigned to the physical parameters. Even though the
results showed that the temperature of tissues and transducers might vary significantly
depending on the values assigned to each parameter, the predicted thermal impact did
not change compared to what was discussed in chapter 2. In this chapter, an additional
study was performed towards a more accurate modelling of the therapy to investigate
if the computational results could be corroborated by what was seen in the EF-11 [§]
and EF-14 [17] clinical trials. As discussed in section 3.4, some cooling mechanisms that
involve energy transfer to the environment, namely convection (equation (3.13)) and ra-
diation (equation (3.14)), were modelled. However, there are others that might also play
a significant role in decreasing the temperature of tissues and transducers. As reported
by Lacouture et al [37, 38|, occurence of sweat in TTFields patients is not an atypical
situation. It was observed when the environment was hot and humid, when the patient
wore a wig to cover the arrays and when certain medicaments were taken and certain
ointments applied.

In hot environments, when the ambient temperature is higher than skin’s temperature,
sweat is the only way for the body to dissipate heat as it is the only cooling mechanism
that is uni-directional [118|. According to Guyton and Hall [119], under normal condi-
tions, the average amount of water lost through sweat is around 0.6 to 0.7 liters per day,
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though this value can change depending on environment, physical activity and physio-
logical conditions. As reported by Lim et al [118|, the sweating rate can increase by up
to 1.0 L per hour in hot conditions and even to 2.0 L. per hour in well-trained athletes
during exercise. One of the major factors that limits these values is air humidity. In very
humid environments, the evaporative sweat losses are significantly reduced, which can
compromise the thermal safety of people that are under these conditions for long periods
of time. In addition, the type of clothing can also change how much energy is transferred
to the environment.

Thus, finding a way to model the sweat losses might help to explain the discrepancies
between theory and practice and to improve the accuracy of the results on the thermal
impact that were predicted previously.

5.2 Aim

The goals of this work were:

1. Investigate how to model sweat and study its impact on the temperature reached
by tissues and transducers when TTFields are applied;

2. Predict the thermal impact when this additional cooling mechanism is also consid-
ered and compare it with what was discussed in section 2.2;

5.3 Methods

5.3.1 Model and equations

For this work, the model described in section 3.1 was used and the equations described
in sections 3.3 and 3.4 were solved. For the purpose of this study, sweat losses were also
accounted for as described in the next subsection. This additional cooling mechanism
was considered to occur at the outer boundary of the scalp. The values assigned to each
physical parameter were the standard ones presented in table 4.1.

As in Gentilal et al [43], 900 mA of current were injected alternately into each array
pair with a switching time of one second. The first 6 minutes of treatment were simulated
which took around 36 hours in workstation 1.

5.3.2 Modelling sweat

An equation that could realistically model sweat losses has been sought for a long time.
The first attempts could not satisfactorily predict these losses for a practical range of con-
ditions, either environmental or considering all the remaining significant energy processes.
Shapiro’s equation [120] is typically considered to be the first mathematical expression
to correctly model whole-body sweat losses in response to exercise, environment and
clothing. In the study that derived this equation, 34 heat-acclimatized subjects walked
in a treadmill in different room conditions and wearing distinct outfits [120]. The data
obtained allowed the authors to deduce the following equation for sweat losses:
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steat,Shapiro = 18.7 Ereq (Emaz>_0455 (51)

where Flyeat shapiro (W/m?) are the heat losses through sweat, E,.., (W/m?) is the required
evaporative cooling necessary to maintain thermal balance, and FE,., (W/m?) is the
maximum evaporative capacity of the environment.

The values of E,., and E},,, are bounded by the limits:

50 < Ereq < 360 W/m?
20 < Epae < 525 W /m?

Both E,., and E,,,, are defined as in Givoni and Goldamn [121]. For a cooling effect to
occur, the latter should be higher than the former, which is normally the case. In some
situations, when air’s vapor pressure is too high, such as in humid conditions, an increase
in the skin vapor pressure and wetted area is not enough to cool down the body and thus
heat storage occurs. Mathematically, F,., is defined as:

Ereg = [Myet + (R + C)]/1.8 (5.2)

The factor 1.8 represents the average surface of the human body (m?). M, (W) is the
metabolic heat load given by the difference between body’s total metabolism, M (W),
and the external work performed by the subject walking in a treadmill:

Mpey = M — (gmyv G) (5.3)

In the previous equation, g is the gravitational acceleration (=~ 9.8 m/s?), m; is the mass
of the subject (kg), v the walking speed (m/s) and G the grade (in %) of the treadmill
during the experiments. Metabolism can be calculated as:

M = my[(2.7 4+ 3.2(v — 0.7)"% + G(0.23 + 0.29(v — 0.7))] (5.4)

At rest, i.e., when v=0 m/s, M is assumed to be 105 W.
The environmental heat load due to radiation, R, and convection, C' (both in W), that
appears in equation (5.2) is defined as:

11.
R + C= _6(,—T7~oom - Tskln) (55)

clo

In the former expression, clo (1 clo = 0.155 (m? °C/W)) represents the total thermal
resistance of subject’s clothes, which was a factor of interest in the experiment performed.
A value of zero would correspond to a naked person, whereas a value of 1 corresponds to
the insulating value of clothing needed to maintain a person at rest in comfort in a room
at 21 °C, with air movement of 0.1 m/s and humidity less than 50%. Typical values for
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this parameter and for different outfits can be found in [122].

It is important to note that the metabolic head load, M,.;, and the metabolism, M,
both in W, in equations (5.2) to (5.4) are related to, but they are different than the
metabolic heat rate, Q.e;, in W/m?, that appears in Pennes’ equation, equation (3.7).
As discussed in chapter 3, Q,,.; was assumed to be constant throughout the simulations,
whereas the values of M,,.; and M vary depending on how fast the subject is walking on
the treadmill. Similarly, the environmental heat load due to radiation, R, and convection,
C, both in W, whose mathematical expression is given by equation (5.5), are calculated
in a different manner compared to the convection and radiation processes expressed by
equations (3.13) and (3.14), both in W/m?.

The value of E,,,,; in equation (5.1) is given by:

25.5 1,
Emaq: = Ps in T Proom 5.6
1.8 clo( F ) (5.6)

where Py, and Proon are the vapor pressure in the skin and air (in mmHg), respectively.
Similarly to the clo factor, the permeability index of clothing, ¢,,, also depends on subject’s
clothes [121]. A value of zero means that the fabric is impermeable, whereas a value of
1 means that all the moisture passes through the material. Typical values for different
types of clothing can also be found in [122].

Shapiro’s equation, equation (5.1), is valid for ambient temperatures between 20-54 °C
and a relative humidity between 10-90%. This equation was largely used for more than
20 years to predict sweat losses. However, a more recent study [123] showed that this
equation might be overestimating the real sweat losses. Additional experimental tests
were made with 101 subjects for a wider range of conditions and a correction equation
was deduced by Gonzalez et al [123]:

steat,Gonzalez = 14760'0012steat’3hamm (57)

In the latter equation both Flyear Gonzater a0d Fiyear shapiro are in (g/(m? h)). To convert
the result to W/m? it is necessary to multiply the value obtained from the previous
equation by water’s latent heat (2410 J/g at 37 °C) and then by (1/3600 h/s). This
correction proved to increase the accuracy of the results by 58% [123]. Additionally, a
new sweat piecewise equation was also proposed based on the E,., and E,,,, quantities:

sweat Gonzalez = VAT + 1.52TE, o — 0.87E 0, (5.8)
The latter equation proved to be even more accurate (65%) in predicting sweat losses.
The last two equations are valid for ambient temperatures between 15 and 46 °C, water
vapor pressure between 2-37 mmHg and wind speed of 0.4-2.5 m/s.

The large number of parameters that are necessary to specify to model sweat losses
through equation (5.8) might lead to results that can be very sensitive to the values
assigned to each one of them. In particular, for T'TFields, the fabric of the medical tape
that covers the arrays and a part of the scalp can retain some of the sweat [38] and thus
the values of clo and 4, should be the ones of that material at those regions. However, to
the best of the author’s knowledge, this information is not available in the literature nor
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in the datasheet of the most sold medical tapes available in the market (e.g.: [124, 125|).

Due to the lack of information of the most suitable values to use and to minimize the
error of using an equation that was not specifically built for the purpose of this work and
that is only 65% accurate in predicting sweat losses, constant values were assumed for
each parameter that was necessary for the calculation of FJ, ., conzare.- The mass of the
subject, m;, was considered to be 70 kg. It was assumed that the patient does not perform
intense physical exercise while on treatment and so the walking speed, v, was set to 1.4
m/s and the grade of the treadmill, G, to 0.05%. The thermal resistance of the medical
tape, clo, was chosen to be 1 as at 21 °C the patient is most likely to be comfortable and
not feeling hot nor cold in the head. Based on what was reported by Lacouture et al [38],
the medical tape retains some of the sweat so it is not entirely permeable. Thus a value
of 0.5 was assumed for the permeability index of clothing, 7,,. Similar to what was used
in equations (3.13) and (3.14), the temperature of the room, T, was assumed to be 24
°C, whereas the temperature of the skin, Tix;n, was assumed to be 33 °C which is around
the temperature of the exposed scalp in the regions that would be covered by the medical
tape if it was represented, according to figure 2.7 (page 31). The vapor pressure in the
skin, Pikin, and air, Pr,om, were assumed to be 37 and 22 mmHg, respectively, and they
were calculated for the aforementioned temperatures using Antonie’s equation [126]. For
all the values reported above, the sweat rate was calculated using F7, ..; conzale- (€quation

(5.8)) and it yielded 125 W/m?. This value was used in the simulations and the thermal
impact was predicted once again considering this additional cooling mechanism.

5.4 Results and discussion

5.4.1 Temperature distribution

In figure 5.1, the temperature distribution when sweat losses were added to the model is
presented. This figure is comparable with figure 2.7 (page 31), in which the temperature
distribution was obtained accounting for the same heat transfer mechanisms except sweat.
Comparing these two figures, one can conclude that the maximum temperature reached
by each tissue remained pratically the same as when sweat was not considered: 42 °C in the
scalp (no change), 39.3 °C in the skull (-0.1 °C), 38.9 °C in the CSF (-0.1 °C), and 38.1 °C
in the brain (no change). Due to this reason, the thermal impact predicted did not change
compared to what was reported previously. The main difference was observed in terms of
temperature minima in every tissue as a result of this additional cooling mechanism.
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Figure 5.1: Temperature distribution, from four different perspectives, on each tissue surface at the end of
the simulation (t=360 seconds) when sweat was considered for the outer boundary of the scalp. Once again,
the temperature increases occurred mainly underneath the MST, which was the same as before, and were very
localised. Each circle represents the position of one transducer. First row: scalp; Second row: skull; Third row:
CSF; Fourth row: Brain. In the latter, the maximum temperature was reached at the GM surface. Scales are
different for each row. All values are in °C.

5.4.2 Effect of sweating on the duty cycle

The maximum temperature of the transducers, in general, and of the MST, in particular,
did not change compared to what was presented in chapter 2, as the same value for T},
was used in equation (3.11). However, adding sweat changed the amount of heat that
flowed from the scalp to the gel and from the gel to the transducers. As the scalp cooled
down through one more mechanism, the energy transfer between the system scalp-gel-
transducer became more efficient and thus the cooling time to decrease the temperature
of the MST to values below the 40.4 °C after an intermittent operation of the device
was reached was reduced from 3-4 seconds, when sweat was not accounted for in the
simulations, to 2 seconds, when it was. On the other hand, the heating time to increase
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MST’s temperature to a value above Tj;,, was 2 seconds in both cases. Under these
conditions, current was injected the same amount of time in the AP and LR pairs. This
means that both ON§F* and ON;4%°* were 0.5. Thus, the effective ATV1, calculated
through equation (2.3), was:

ATV 1.4(%) = = (0.5 x 13% + 0.5 x 72%) = 21.3%

DN | —

This value is higher than the 13.9% obtained when sweat was not considered and it pro-
vides a more optimistic prediction for treatment outcome. This implies that the modelled
cooling mechanisms play a significant role when one wants to study the effectiveness of
TTFields treatment based on the temperature variations.

5.5 Limitations and conclusions

In this work, energy exchanges through sweat were accounted for using Gonzalez’s equa-
tion (equation (5.8)). One of the main limitations of this work was that there was no
certainty that this equation was valid for the conditions in which it was used. Firstly, as
mentioned in section 5.3.2, this equation was drawn for subjects walking on a treadmill
under a controlled environment that does not mimic the circumstances in which treatment
is performed in TTFields patients. It is also known that the number of eccrine glands
varies depending on the region of the body, but it is commonly believed that the forehead
has one of the highest density of these glands [127|. Thus, theoretically, the sweat rate
would be higher if it was measured at this region and consequently the equation would
most likely have different coefficients. For TTFields patients in particular, the arrays are
placed on the forehead, and according to figure 5.1, this was also the region where the tem-
perature increased the most as the anterior array was placed there. It was also discussed
by other authors |37, 38] that sweating is one of the most significant adverse events that
occurs in patients as it might partially liquify the gel. This might not only change how
treatment is performed but also the heat transfer paths discussed before. Theoretically,
the electric conductivity of the gel might also change under these conditions. The scalp
also becomes drier underneath the regions where the arrays are placed and consequently
changes in the electric properties of this tissue are also expected. Based on the impact
of the electric conductivity of the gel and of the scalp on the maximum temperature pre-
dicted for tissues and MST (table C.1, appendix C), these variations might significantly
influence the computational results. One of the main recommendations for these patients
is to change the arrays more frequently (every 3-4 days) and slightly shift their position
to avoid maceration, loose arrays due to the moisture and discomfort [38].

In the head model used in this work, the medical tape was not represented and thus the
sweat losses could not be accurately modelled. If it was represented, it would be possible
to improve the accuracy of the results by assigning specific values for 7,, and clo, which
still need to be investigated, at the regions where the scalp was covered and a different
set of values for these two parameters in the regions where the scalp was in direct contact
with the environment. Due to all the limitations described above, a constant value of
125 W/m? was assumed for the whole exposed scalp. Tt is possible to compare this value
with the energy exchanges to the environment through convection (equation (3.13)) and
radiation (equation (3.14)). Assuming the same values for Tigi, and Troom as the ones
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used to predict the sweat losses and using the standard values for the emissivity, €, and
convection factor, h, reported in table 4.1 one concludes that the energy exchange through
convection is around 36 W/m?, whereas it is slightly higher through radiation, around
56 W/m?2 This means that in this study, energy transfer to the environment occured
mainly through sweat, which is most likely to be an overestimation of what occurs in a
real case. In future work, and in the absence of a validated equation that models sweat
losses for TTFields, it would be useful to perform a sensitivity analysis of the value used
and investigate its impact. The value chosen for this mechanism might also significantly
affect the conclusions drawn in terms of Optune’s current injection time. Based on what
is presented in subsection 5.4.2, the duty cycle improved and current was injected in both
pairs for the same amount of time. If a higher value for the sweat rate was chosen the
duty cycle could have been even higher and the effective ATV1 could be increased.

In terms of thermal impact, accounting for the sweat losses did not yield a different
prediction compared to what was discussed in the previous chapters. As the temperature
limit in the transducers, 40.4 °C, was the same as before, temperature maxima in tissues
remained unaltered, but the minima decreased. These results point out to the possibility
that the discrepancies between in-silico data and the reports from clinical trials might
be explained by a higher value used for Tj;,, compared to what is considered in a real
treatment. This hypothesis is explored in more detail in chapter 7.

The results discussed in this chapter indicate that although modelling sweat can be
very difficult, it is still relevant for the study of heat transfer during Tumor Treating Fields.
However, as there is still a lot of uncertainty on how to do it, this cooling mechanism will
not be considered in the next chapters to avoid an additional source of error in the results.
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Study of a new current injection mode

Published work

The results presented in this chapter resulted in the following work:

1. Nichal Gentilal, Ricardo Salvador, and Pedro Cavaleiro Miranda. A thermal
study of Tumor Treating Fields for glioblastoma multiforme. Brain and Human
Body Modeling 2020, chap. 3, 37-62, 2020. DOI: 10.1007/978-3-030-45623-8 3 —
Book chapter #1

2. Nichal Gentilal and Pedro Cavaleiro Miranda. Continuous versus intermittent ap-
plication of electric fields during TTFields for glioblastoma treatment. 2021 Global
Medical Engineering Physics Exchanges/Pan American Health Care Exchanges, 1-4,
2021. DOI: 10.1109/GMEPE/PAHCE50215.2021.9434835 — 4-page abstract #2

3. Nichal Gentilal and Pedro Cavaleiro Miranda. Continuous versus intermittent
application of electric fields during TTFields for glioblastoma treatment. 15th Global
Medical Engineering Physics Fxchanges (GMEPE) and Pan American Health Care
FErchanges (PAHCE), 15th-20th March 2021, virtual conference — Oral presentation

T

6.1 Introduction

The first TTFields computational study was published in 2014 by Miranda et al [81]
in which the authors quantified the electric field distribution in the head and predicted
treatment effectiveness by injecting 900 mA of current into each array pair. The impact
of the uncertainty of the values of the electric parameters on the EF distribution was
published later on by Wenger et al [93] following the same approach. Similarly, a handful
of other studies were published in which this specific amount of current was injected.
Among these studies, the importance of personalized array placement was investigated by
Wenger et al [82] and by Korshoej et al [94], the advantages of performing a craniectomy
to enhance the EF in the head was studied by Korshoej et al [111], and the thermal
impact was predicted by Gentilal et al [43]. In the NovoTAL system that is used to create
personalized treatment maps for each patient, the best treatment layout is chosen based
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on geometrical measurements of the head and on the results of computational simulations
when 900 mA are injected [39)].

However, the results presented in Gentilal et al [43] and that are depicted in figures 2.5
and 2.6 showed that injecting 900 mA alternately into each pair with a switching time of
one second leads to an intermittent operation of the Optune device. This is a consequence
of the thermal restrictions that are necessary to ensure patient’s safety. Thus, the results
presented in the studies described above might be seen as the best-case scenario as they
assume that current is injected continously and that the EF in the tumor is constant
during all treatment time. As seen in the post-hoc analyses performed by Kanner et al
[32] and Toms et al [35], the time that the patient is under treatment significantly impacts
the overall survival. Based on the results from these studies, the minimum recommended
daily usage of TTFields is 18 hours. In the previous chapter, it was seen that even when
sweat was accounted for the time that current was injected was only 50% of these 18 hours
due to the thermal restrictions. This might explain why such a high daily compliance is
needed in patients. Thus, investigating by how much does the current needs to be reduced
compared to the 900 mA to allow for an uninterrupted treatment might help to improve
TTFields therapy as the time that the patient is effectively under the action of the EFs
is maximized.

6.2 Aim

The goals of this work were:

1. Investigate by how much current had to be reduced to reach an uninterrupted treat-
ment and study if it might increase treatment efficacy based on the effective electric
field in the tumor;

2. Predict the thermal impact for this new operating mode and compare it with what
was discussed in section 2.2;

6.3 Methods

6.3.1 Model and equations

The model described in section 3.1 was used and the equations described in sections
3.3 and 3.4 were solved. For the purpose of this study, it was necessary to vary how
much current was injected into the array pairs (equation (3.3)), and the current control
condition (equation (3.11)), as described in the next subsection.

The values assigned to each physical parameter were the standard ones presented in
table 4.1.

6.3.2 Current injection mode

The same amount of current was injected in both array pairs alternately with a switching
time of one second. To investigate how much current could be injected for the temperature
of the transducers to not surpass the critical value, T};,,, of 40.4 °C, an iterative process
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was followed. The value of V{ in equation (3.3) was changed in each iteration based on
the maximum temperature that the MST would reach if there was no current shutdown.
Mathematically, this implies changing the Joule heating term to:

Qi = }45 pulse(t) + Q%?[ pulse(t + 1) (6.1)

which is different from equation (3.11) as there is not any restriction on the application
of the EFs based on the temperature of the transducers.

Each simulation took around 36 hours to compute in workstation 1. After each sim-
ulation was completed, the temperature variation of the most significant transducer was
retrieved and a curve fitting was performed to that data. The general equation fitted was:

T =Ci(1 —exp(—t/Cy)) + Cs (6.2)

where C; (°C) represents the maximum contribution that the EFs have in increasing the
temperature of the MST, C5 (s) is a time constant related to how quick the transducer
heats up and Cj (°C) represents the initial temperature of the MST.

The maximum steady-state temperature, T,,q., that the MST will reach can be pre-
dicted by:

Tree = lim T = C, + C4 (6.3)
t—o0

Curve fitting was performed using Matlab’s curve fitting toolbox (cftool).

Several iterations were performed until the value of T,,,, was close to 40.4 °C. The
choice of the general form in equation (6.2) is justified by the results shown in the next
section.

6.4 Results and discussion

6.4.1 Investigation of the critical current /-

As discussed previously, in this model the MST was located in the anterior array. The
variation of the average temperature of this transducer as a function of the total current
injected into each array pair is presented in figure 6.1.

In table 6.1, the values obtained for each coefficient after curve fitting was performed
are presented, as well as the adjusted-R? (A-R?), for each case. As it can be seen, the
value of current that led to a prediction of a T),,, around 40.4 °C in the MST was 675
mA, which was named as the critical current, I.
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Average temperature of the MST as a function of the injected current
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Figure 6.1: Variation of the average temperature of the MST as a function of the current injected when no current
control was implemented. The same amount of current was injected in both pairs with a switching time of one
second. The black dashed line represents the limit temperature, 7};.,, of 40.4 °C.

Table 6.1: Curve fitting parameters for the different simulations performed. The values of the adjusted-R?
A — R?%, suggest that equation (6.2) can explain very well the temperature variation of the MST when TTFields
are applied.

Injected current
(mA)

450 (0.50 Ip) 3.19 222 33.4 0.9998 36.6

630 (0.70 Io) 6.15 222 33.4 0.9998 39.6

675 (0.75 Io) 7.17 222 33.4 0.9998 40.6

900 (o) 12.50 222 33.5 0.9998 46.0

C1 (C) | Ca(s) | C5 (C) | AR? | T (°C)

The high values of A-R? indicate a very good agreement between equation (6.2) and
the temperature increases when TTFields are applied. As before current injection the
head was in thermal equilibrium with the environment, these increases are only due to
the application of the fields. Other general equations were fitted to the data (first- and
second-order polynomials and quadratic), but none of them led to better results.

The heat transfer pathways discussed in subsection 4.4.2 help to understand why the
exponential variation was the most suitable one. The MST cools down through convection
and radiation and it heats up through conduction. The heat comes from the scalp, which
in its turn, heats up due to the Joule effect and metabolism and cools down through
conduction and blood perfusion. When current starts to be injected, the Joule effect is
immediately responsible for increasing the temperature of the tissue as it does not depend
on a temperature difference (equation (3.7)). However, both cooling mechanisms depend
on a temperature gradient. The heat transferred through conduction depends on the
temperature difference between the hottest region of the scalp and the temperature of
the skull, gel and coolest regions of the scalp itself. On the other hand, cooling through
blood perfusion depends on the difference between scalp’s and blood’s temperature and
only occurs when the temperature of the first is higher than 36.7 °C (equation (3.8)).
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Thus, at the beginning of treatment, the temperature increases significantly due to the
application of the fields. The more current is injected the quicker is this temperature
rise, as it can be seen in figure 6.1 and by the value of C in table 6.1. At some stage,
the temperature gradient becomes high and more energy starts to be transferred through
conduction and perfusion, which will result in a steady state temperature in the scalp that
corresponds to the maximum temperature that this tissue reaches. Based on this behavior,
the variation of the temperature of the transducers follows the same general equation.
The main differences are that heating in the MST occurs only through conduction and
cooling through convection and radiation. The latter two also depend on a temperature
difference between the transducer and the environment. A comparison of the behavior
of the temperature variation of the scalp, gel and MST when 675 mA were injected is
presented in figure 6.2, which corroborates what was described above.

Temperature variation of the MST, gel and scalp @ 1=675 mA
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Figure 6.2: Variation of the average temperature of the MST and of the maximum temperature of the gel and
scalp underneath that transducer when 675 mA were injected into each pair alternately with a switching time of
one second. The temperature variation follows an exponential behaviour in all three cases.

In table 6.1, the value of C3 was practically the same in all cases as it corresponded to
the initial temperature of the MST. The reason why it was not kept constant during the
curve fitting was because when it was done it led to a more pronounced underestimation
of the temperature variation at the end of the simulation compared to when it was set as a
free parameter (data not shown). The value of Cj is related to how quickly this transducer
reaches its maximum temperature. As it can be seen in figure 6.1 and table 6.1 it does
not depend on the temperature difference with the environment, which increased as more
current was injected, nor on the injected current itself. However, it does depend on the
energy transfer from the scalp and gel, due to the temperature differences illustrated in
figure 6.2. A similar behaviour to the one presented in the previous figure was observed
when 450, 630 and 900 mA were injected. The fitted coefficients C, C5 and C3 might
change depending on how much time is simulated, as shown by the results of study A
in appendix D. Ideally, more treatment time should be simulated until the temperature
variation of the MST reached a steadier value. However this would also increase the
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simulation time and thus a trade-off had to be reached.

The exponential variation expressed by equation (6.2) is not unique for TTFields.
The same temperature behaviour was seen in the computational work by Ozen et al
[128] in which the authors investigated how skin’s temperature varied when exposed to
microwave radiation. The same work showed that when the application of the fields was
ceased, the temperature variation also followed an exponential decay expressed by the
following general equations:

TnOEFS = 04 617p<—t/05) + 06 (64)
Tﬁzz;)ﬂEFs = lim TnoEFs — 06
t—o0

in which Cy (°C), C5 (s), and Cg (°C) are coefficients that can be obtained by fitting the
data. The latter equations mean that when the fields are shutdown the temperature of
tissues tends to their initial value, Cs. Other studies can be found in the literature that
corroborate the exponential variation of the temperature of tissues for both heating and
cooling [129, 130]. The same cooling behaviour was seen for the MST when current was
shutdown at t=360 seconds, regardless of the injected current (figure 6.3).

Avil;age temperature of the MST as a function of the injected current
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Figure 6.3: Variation of the average temperature of the MST when current injection was completely ceased
(TTFields OFF). The temperature of the transducer tends to its initial temperature regardless of the current that
was previously injected.

The coefficients Cy, C5 and Cg, obtained from curve fitting, are presented in the next
table for the temperature variation observed when the application of the fields was ceased.
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Table 6.2: Curve fitting parameters for the different simulations performed. The values of the A — R?, suggest
that equation (6.4) can explain very well the temperature variation of the MST when current injection is ceased.

Injected current
(mA)

450 (0.50 Io) 2.50 203 33.5 0.9997

630 (0.70 Io) 4.36 196 34.0 0.9997

675 (0.75 Io) 5.02 199 34.1 0.9997

900 (1Ip) 8.87 196 34.6 0.9997

04 (DC) 05 (S) Cﬁ (DC) A—R2

The values of the A-R? indicate a very good agreement between the data obtained
from the simulations and equation (6.4), thus indicating an exponential decay of the
temperature when the EFs were shut down. In theory, the values of C4y and Cg should
be the same ones as (7 and (3, respectively, because before current injection the head
was in thermal equilibrium with the environment. The values of C; and C5 do not need
to be exactly the same as they depend on the overall contribution of the different energy
mechanisms and during cooling there was no Joule effect. The reason why the values of Cy
and Cj, presented in the previous table, did not match the values of C; and Cj, reported
in table 6.1, was investigated through an additional study, study B, which is discussed in
appendix D. The results obtained from this study indicated that this discrepancy is mainly
explained by an overestimation of the coefficient Cs and consequently an underestimation
of C';. The analysis made based on when the fields were shutdown corresponds to a case in
which the starting point does not correspond to the maximum temperature that the MST
could have reached when the fields were applied. Consequently, the situation analysed
is similar to what was mimicked in studies Bl to B4, in which the time-derivative of
the temperature variation is lower compared to if the analysis was made with an initial
temperature of 7},,,. This led to less accurate predictions of the values of the coefficients.

The importance of the current control discussed at the beginning of subsection 2.2.3 is
corroborated by the values of T,,,,, presented in table 6.1. In the absence of a temperature
limit, the MST would reach 46.0 °C when 900 mA were injected after just 6 minutes. Under
these conditions, the scalp would reach a maximum temperature around 47.5 °C, which
is enough to cause scalp burns and to compromise patient’s safety, as discussed in Moritz
and Henriques [86].

The data presented in the same table indicates that the maximum amount of current
that can be injected in both pairs without the transducers reaching the temperature
limit of 40.4 °C is around 675 mA. This critical current corresponds to a decrease of 25%
compared to the 900 mA that are typically considered in TTFields computational studies.
In terms of power density, this variation translates into a reduction of 44% in the Joule
heating term (equation (3.10)) that appears in Pennes’ equation (equation (3.12)).

6.4.2 Temperature distribution

The temperature distribution at the end of the simulation when the critical current was
injected in both pairs alternately with a switching time of one second is presented in the
next figure.
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Figure 6.4: Temperature distribution, from four different perspectives, on each tissue surface at the end of the
simulation (t=360 seconds) when 675 mA were injected in both pairs alternately with a switching time of one
second. As before, the temperature increases occurred mainly underneath the arrays. Each circle represents the
position of one transducer. First row: scalp; Second row: skull; Third row: CSF; Fourth row: Brain. In the
latter, the maximum temperature was reached at the GM surface. Scales are different for each row. All values
are in °C.

The temperature increases follow the same pattern as the one observed in figure 2.7
(page 31) where temperature maxima occured at the surface of each tissue and mainly
underneath the regions where the arrays were placed. When 675 mA of current were
injected, temperature maxima at the end of the simulation were lower in every tissue
compared to what was reported when 900 mA were injected (figure 2.7), as expected.
According to equation (6.2) and the data presented in table 6.1, it takes 222 seconds,
i.e., 3.7 minutes, for the contribution of the EFs in increasing the average temperature
of the MST to reach 63% of its maximum. The same data allows to conclude that to
reach 90% of the maximum value it takes just 8.5 min. For the critical current, this
maximum temperature is around 40.4 °C, which means that the temperature distribution
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of tissues shown in figure 6.4 will tend quickly to the one presented in figure 2.7 in which
Optune was working in an intermittent mode and MST’s temperature was 40.4 °C. Due
to this reason, the thermal impact predicted for this new operating mode led to the same
conclusions as before.

6.4.3 The duty cycle of a continuous treatment

The fraction of time that both pairs were active was 1 (100%) when the critical current
was injected. However, the cost of reducing current was a decrease on the values of the
ATV1 in the tumor in both directions. The ATV1 for the AP pair was already very low
when 900 mA of current were injected, 13%, a value much lower than the 72% induced by
the LR pair. When 675 mA were injected, the ATV1 for the first dropped down to 0%,
thus leading to an ineffective pair for treatment, whereas the ATV1 for the complementary
pair decreased to 39%. Thus, the effective ATV1 was:

ATV 1epr(%) = (1.0 x 0% + 1.0 x 39%) = 19.5%

DN | —

This value is higher than the 13.9% observed for an intermittent operating mode (chap-
ter 2), but lower than the 21.3% reported in chapter 5 when sweat was also considered
as a cooling mechanism. Thus, the choice of the best operating mode based solely on
the value of the effective ATV1 is sensitive to the representation of the energy transfer
mechanisms. An additional aspect that plays a crucial role on this choice is the ATV1 of
each pair. As seen in the in-vitro work by Kirson et al [16], TTFields can significantly
affect tumoral cells division when the EF intensity at the tumor bed is at least 1 V/cm.
Furthermore, it was also shown in that study that applying the electric fields in two per-
pendicular directions alternately increases the number of cells arrested by 20%. Although
a continuous application of the EFs was achieved in this study when current was reduced
from 900 to 675 mA, the EF strength in the tumor was not enough to reach 1 V/cm in
the AP direction, thus making this pair ineffective for therapy. The ATV1 produced by
the LR pair decreased from 72% to 39%, which was enough for the value of the ATV1, ;¢
to be higher than the one obtained for the intermittent operating mode, even though
a continuous application of current is not, most likely, the best treatment option. This
shows that this metric might not be the best one to use to choose between operating
modes as it might mask the inefficiency of one pair if the other contributes significantly
more to treatment. A continuous operating mode might be beneficial for tumors located
in more superficial regions of the brain as the electric field would most likely be higher
for both pairs than what was seen in this study. In that case, a reduction in the injected
current could be compensated by a longer application of the EFs.

6.5 Limitations and conclusions

The results obtained in this chapter were drawn by fitting the temperature variation
observed to a general expression. Even though the adjusted-R? indicated a very good
agreement between the current injected and the temperature reached by the MST, more
work needs to be done to validate this equation and investigate its limitations. The results
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presented in appendix D highlight that the time simulated might influence the values of
the coefficients obtained and consequently it will also impact the conclusions in terms of
how much current can be injected into the arrays. Ideally, simulations should be done in
which the MST reaches a value very close to its steady-state. However, it is unfeasible to
follow this approach for every study as the computational time would require a few days.
Thus, there must a trade-off between the accuracy of the results and the time simulated
to attain them.

The results of this work showed that it is still necessary to find better metrics to com-
bine the important aspects of T'TFields treatment. The electric field in the tumor, which
is what defines whether the therapy is effective or not, has to be maximized. However, the
more current is injected into the arrays the quicker the MST increases its temperature and
consequently the more regularly the fields will be shutdown to ensure that the thermal
restrictions of Optune are met. In this study, an alternative way to inject current was
investigated and compared with the standard operating mode of the Optune device. The
cost of applying the fields for longer periods of time was a reduction in the electric field in
the tumor, which might compromise the applicability of this new current injection mode
in some cases. For this head model in particular, the field intensity in the AP direction
was the most affected one given the distance from the anterior and posterior arrays to the
tumor, as discussed in subsection 2.2.1. Even though the effective ATV1 was higher for
the continuous mode compared to an intermittent application of the fields when no sweat
was considered, the efficacy of the therapy will most likely be higher for the latter as the
ATV1 surpassed the therapeutic threshold in both directions. However, for other tumor
positions, head models and array layouts, the decrease in the current injected might be
compensated by the applications of the EFs for longer periods of time. In particular, more
superficial tumors might benefit from this alternative current injection method.

As discussed in chapter 1, one important limitation in the efficacy of treatment is
that the time that current is injected in both pairs depends only on the temperature
of the most significant transducer. This leads to current being applied less time in the
pair that does not include the MST, as it occurred with the LR pair in this head model.
Another important question that remains unanswered has to do with the prediction of the
thermal impact. The temperature increases reported in subsection 6.4.2 led to the same
predictions as the ones reported in subsections 2.2.4 and 5.4.1. These results may not be
surprising as the maximum temperature that each tissue will reach depends on the value
of the critical temperature that the transducers are allowed to reach (equation (3.11)).
Thus, before measuring the values of the physical parameters to improve heat transfer
modelling and studying additional ways to inject current, it is necessary to investigate if
the assumptions considered in chapter 3 have to be modified to improve the accuracy of
the results obtained. This is the main focus of the next chapter.
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Improving TTFields modelling:
Analysis of Optune’s current injection

algorithm and log files

Disclosure

Nine months after this thesis had started, a visit was made to Novocure’s headquarters in
Haifa, Israel. The main goal of that visit was to share the results that were obtained and
discussed in the previous chapters, and also to get feedback to improve the computational
modelling of heat transfer during TTFields, as well as to define future work that could be
useful for the company. Due to the confidentiality agreement, some relevant information
that was provided by Novocure could not be disclosed in detail in this chapter. For the
same reason, the amount of results presented was kept to the minimum and, instead, a
general discussion is provided to highlight the main outcome of this meeting and subse-
quent work. This discussion is divided into three parts: 1) A brief description of the main
changes in the dimensions of the arrays; 2) An analysis of the current injection algorithm;
and 3) An analysis of the log files from one patient.

7.1 Array dimensions

In the head model described in section 3.1, each array consisted in a 3x3 matrix of
transducers, whose center was separated by 22 mm in one direction and by 33 mm in
the other. As depicted in figure 3.2, these arrays covered a significant area of the scalp.
However, head coverage was increased even more in the new generation of arrays, in which
the 33 mm were augmented to 44 mm. This increment allows to reduce the current density
in the head and thus might also allow to decrease temperature maxima in tissues for the
same injected current. On the other hand, bigger arrays can also induce a more uniform
electric field in the head. This might improve treatment outcomes in patients who have
metastasis in different regions of the head as more tumoral cells are affected by the EFs.
However, EF maxima can also be reduced in other regions of the head. Another difference
in the arrays is the size of the transducers. The radius of each transducer increased from
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9 mm to 10 mm, while its thickness remained at 1 mm.

7.2 Analysis of Optune’s current injection algorithm

As described in chapter 3, the current injection algorithm was modelled through equation
(3.11) in which the same amount of current, 900 mA, was injected alternately into each
pair with a switching time of one second. Whenever the average temperature of any
of the 36 transducers reached the critical limit, 7j;,, of 40.4 °C, current was completely
shutdown and it was only resumed when the temperature of all transducers was below
that value. To investigate how current is injected in patients, Novocure disclosed the
algorithm implemented in the Optune system. Compared to the assumptions mentioned
previously the main differences were:

1. The temperature is not monitored at the transducers, but on the surface of the scalp
at the interface between this tissue and the gel. By considering the temperature
of the scalp, temperature maxima will decrease everywhere compared to what was
obtained in the previous chapters. As explained in chapter 2, there is no Joule
effect in the transducers as they are capacitively coupled to the scalp. Instead, the
temperature increases that occur there are explained by heat conduction from the
scalp and gel as the latter two are at a higher temperature than the transducers.
Thus, controlling the temperature of the scalp means that current injection depends
on the highest temperature reached during treatment, which is a better and safer
approach;

2. The optimal working temperature is 39.5 °C and not 41 °C. As mentioned previously,
the threshold of 41 °C was used based on the information available in the literature
[37] at the time that the thermal studies started being performed. This higher tem-
perature limit led to the prediction of some physiological effects that were presented
and discussed in the previous chapters, but that were not corroborated by the re-
sults from clinical trials. Thus, based on this new information, the thermal impact
predicted might not hold if this new threshold is considered in the computational
studies;

3. Current injection is made independently for each array pair and it does not have to
be necessarily the same. Up until now, all the studies performed assumed that there
was a complete current shutdown in both directions whenever the MST reached the
temperature limit, as shown in figures 2.5 and 2.6. In all studies already discussed,
this implied that the current injected into the LR pair was also set to zero when
the temperature limit was reached, even though the most significant transducer
was located in the AP pair. Consequently, the predicted treatment efficacy was
underestimated as the duty cycle was lower. For an independent current injection
mode there will be two most significant transducers, one for each pair. As discussed
at the end of subsection 2.2.2 this was also one of the methods suggested to improve
current injection time. Under these conditions, current injection in the LR pair
increased from 30% to 46% of the time that device was being used for treatment,
whereas in AP’s it remained at 47%;

4. The amount of current that is injected is not 900 mA if the temperature is below the
optimal value and zero mA if it is above, but it can assume any value between 400
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and 1000 mA. The current that is injected depends on the temperature of the scalp
at the present and past moments. This approach allows for a more controlled current
injection as it reduces the impact of temperature spikes due to technical problems
that might occur (e.g.: due to a bad contact between the transducer and the scalp,
which might lead to an incorrect temperature reading). Furthermore, significant
changes on the injected current are also avoided when the patient goes from one
environment to another in which the temperature might be very different. As a
result, the temperature variations on the scalp, and consequently on the remaining
tissues, are slower which is more comfortable and safer for the patient.

5. When the temperature is below the critical limit, the amount of current injected is
not always varying. The main advantage of this approach is that it increases the
lifetime of the electronic components and it avoids drastic variations in the electric
field induced in the tumor when there are temperature spikes (e.g.: due to a bad
contact between the transducer and the skin or when the patient changes between
two very different environments);

6. Each array has only 8 thermistors, being the transducer placed at the center of the
array the one whose temperature is not monitored. Based on what was reported
in subsections 2.2.1 and 2.2.2 this transducer is the one whose temperature varies
the least. Due to the edge effects, more current is injected in the outer transducers
of each array and consequently the Joule effect underneath them is also higher
compared to the remaining transducers of the same array. Thus, given that the
region of the scalp underneath the central transducer is not where temperature
maxima is reached, it is not necessary to control its temperature for current injection
purposes. Additional information about the arrays and the remaining hardware can
be found in Wasserman et al [131].

Based on the information provided by Novocure, the current injection algorithm im-
plemented in the computational simulations was fine-tuned. To investigate whether it
was possible to implement the real current algorithm in simulations or not, a simplified
head model was created. This model consisted in two transducers, gel and a multi-layer
sphere representing the scalp, skull, CSF and brain. The diameter of the outermost layer
was 20 cm. To implement the algorithm, it was necessary to use the "events (ev)" inter-
face in COMSOL Multiphysics, alongside with the ones described in subsection 3.5. This
interface restarts the solver at given times specified by the user, which was necessary to
reproduce Optune’s algorithm. However, reinitializing the solver frequently significantly
increases the computational time even for simple models. It took around 24 hours to sim-
ulate just the first 30 seconds of treatment in workstation 2. As the temperature varies
more slowly when the real algorithm is used compared to the algorithm considered so far,
it would take several weeks to have results from which some conclusions could be drawn.
Thus, a different approach had to be considered, which could accurately represent the
temperature variations, but that could also allow for pratical computational times. One
possible way to do this is described in section 7.4.

7.3 Analysis of patients log files

Besides sharing the algorithm, Novocure also provided log files from a part of the treat-
ment administered to patient 1020204. The log files are data that are stored in Optune’s
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memory bank and that are downloaded by the treating physician from time to time |98|.
As reported by Hershkovich et al [132], these files contain information about the voltage,
current and impedance of each array throughout therapy, as well as treatment compli-
ance. The temperature recorded by each thermistor is also logged in regularly, among
other data. By analysing these files it was possible to investigate and better understand
not only how the temperature varies throughout treatment, but also some other important
aspects of the therapy:

1. The impedance of each pair is not the same and it can vary throughout treatment.
As it was discussed in chapter 2, the resistance of the head in the anterior-posterior
direction is often higher than in the left-right direction. Furthermore, given that the
dimensions of the head are different for each patient, there is also a significant inter-
subject variability of the resistance values. However, an analysis of this parameter
is useful to fine-tune the electric parameters assigned to each tissue of the head
and to make sure that the impedance of the model is within what is seen during
treatment. A similar approach was followed in the work by Hershkovich et al [132],
in which TTFields were applied to the torso in patients with pancreatic cancer that
participated in the panova clinical trial. In that study, the dielectric properties of
tissues of the abdomen were investigated by comparing the impedance seen in the
log files with the one obtained through computational models. For the head model
described in subsection 3.1 and for the standard physical parameters presented in
table 4.1, the impedance of the head in the AP direction was 104 €2, whereas in
the LR direction it was 77 €). Both these values are higher than the ones seen in
the log files provided, which were around 60 €2 for both pairs in patient 1020204.
Additional information shared by Novocure showed that, on average, the impedance
of patient’s head is around 70 2, although it can vary significantly throughout
treatment and even surpass 100 €2. These variations are most likely explained by
changes in the contact between the scalp and the arrays due to, e.g., variations in
the electric properties of the gel as a result of patient’s sweating, or due to a drier
skin underneath the arrays, as discussed in chapter 5.

2. There is not a most significant transducer. Throughout treatment the temperature
of each thermistor varies differently and thus there is not one transducer whose
temperature is always higher than the others. The rate at which the temperature
increases and decreases is not only a function of how much current is injected into
each array, but it also depends on the temperature of the environment in which
the patient is in, if a physical activity is being performed, if the head is covered or
not and even on how good the physical contact between the transducers and the
head is. The analysis of the temperature variations allows to have an idea of the
time constants associated with the heating and cooling of the scalp, which might be
useful to fine-tune the thermal parameters.

Even though these log files have a lot of important information, the inter-subject
variability makes it more difficult to know what to use in in-silico work. However, based

on what was discussed previously some key aspects can be improved when modelling
TTFields.
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7.4 How to improve TTFields modelling

All the information described in the previous sections allowed to improve how TTFields
were modelled. One of the limitations is that the real current injection algorithm is
complex and it leads to very long simulation times even for simple models. Thus, an
alternative approach had to be sought to improve how this algorithm was modelled that
would also allow to compute the simulations in practical time. One method that proved to
be a good alternative was to follow the same approach as the one considered in the previous
chapter. In the latter, equation (6.2) was used to predict the maximum temperature that
the MST would reach as a function of the injected current. Based on what was described
until now and given that the MST and the scalp follow the same temperature variation
behaviour (figure 6.2), this equation can be used to predict the maximum temperature
that the scalp would reach for different values of injected current. The current that leads
to a maximum steady-state temperature of 39.5 °C on the scalp surface underneath the
transducers is a good indicator of the average current injected throughout treatment,
as discussed with Novocure. Thus, for heat transfer studies during TTFields therapy,
equation (3.11) has to be rewritten as:

Q% = Q;’ﬁp pulse(t) + Q;’ﬁR pulse(t + 1) (7.1)

where Qj’ﬁp and Qj’f[R are the power density distributions due to the application of the
EFs in the AP and LR directions, respectively. The amount of current injected into each
pair is the one that leads to a maximum steady-state temperature on the surface of the
scalp of 39.5 °C underneath both pairs, predicted through equation (6.3) after an iterative
process. The current injected into both pairs does not have to be necessarily the same,
as it was assumed up until now, but it is bounded by 400 and 1000 mA.

The electric properties also need to be fine-tuned to decrease the impedance of the
model given the difference observed between the computational data and the log files.
According to Wenger et al [93], the parameters whose uncertainty leads to the highest
variation in the values of the impedance are the electric conductivity of the scalp and
skull. Thus, these are the two parameters that will be increased to match the computa-
tional impedance with the experimental one, as described in the next chapter. It is also
noteworthy to mention that the sensitivity analysis discussed in chapter 4 showed that an
increase in these two values leads to a temperature decrease in tissues and transducers.
In terms of thermal parameters, the data retrieved from the log files did not allow to
accurately conclude about which values to change. Thus, to minimize the error of the
calculations, the standard values presented in table 4.1 will continue to be used.

7.5 Impact on the results reported previously

Ideally, the modifications aforementioned should be made to all the studies described
until now in order to analyse their impact on the conclusions drawn so far. One of the
main changes that might occur concerns the thermal impact predicted. As mentioned
several times in the previous chapters, the physiological changes due to the temperature
increases were not seen in patients, which can now be explained by an overestimation
of the temperature distribution due to a higher value used for T};,, and by the fact that
temperature was not being monitored in the right region. In terms of the duty cycle, the
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values calculated for the AT'V1.;¢ might be an underestimation of the real value. This
is justified by the independent current injection for both pairs that was not modelled
correctly.

The results presented in this chapter represent an important step toward a more
realistic modelling of how a TTFields treatment is performed. The impact of this new
information is first evaluated using a simplified head model in the next chapter. Then, in
chapter 9 a realistic head model is used once again to predict the thermal impact and to
suggest methods to account for the temperature during TTFields planning, which is one
of the main goals of this thesis.
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Tissue temperature during TTFields
treatment planning: simplified head

model

Published work

The results presented in this chapter resulted in the following work:

1. Nichal Gentilal, Ariel Naveh, Tal Marciano, Ze’ev Bomzon, Yevgeniy Telepinsky,
Yoram Wasserman, and Pedro Cavaleiro Miranda. The impact of scalp’s tempera-
ture in the predicted LMiPD in the tumor during TTFields treatment for glioblas-
toma multiforme. Brain and Human Body Modeling 2021 (in press) — Book chapter

42

2. Nichal Gentilal, Ariel Naveh, Tal Marciano, Ze’ev Bomzon, Yevgeniy Telepinsky,
Yoram Wasserman, and Pedro Cavaleiro Miranda. Optimization of TTFields plan-
ning: the importance of scalp’s temperature in the predicted treatment efficacy.
Brain and Human Body Modeling conference: from fast and accurate computational
modeling to clinical practice, 19th-20th August 2021, virtual conference — Oral pre-
sentation #8

8.1 Introduction

In order to evaluate and quantify treatment efficacy, the percentage of the tumor volume
above 1 V/cm has been used throughout this work. This metric proved to be very useful
to verify whether a certain pair was able to induce the therapeutic EF intensity at the
tumor and which of the two array pairs contributed the most to treatment.

Most recently, a different metric was suggested to quantify the effectiveness of the
therapy. By definition, the electric field quantifies the force induced by the field on charged
particles and not the energy that is actually deposited in tissues, as it occurs in other
cancer treatment planning techniques, such as radiotherapy, where the dose is measured
in terms of energy absorbed per kilogram of tissue (SI units: Gy or J/kg). Thus, to make
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TTFields planning framework more similar to other techniques, the power density (PD)
in the tumor was suggested by Ballo et al [98] to evaluate treatment effectiveness instead
of the electric field. This metric is mathematically expressed by:

PD = o||E||? (8.1)

where, as before, o is the electric conductivity, FE is the electric field vector, and PD is
the power density (in W/m?).

As seen in the work by Ballo et al [98], there is a spatial correlation between the EF
and the PD distribution in the head. However, one of the main differences between these
two is that the electric field tends to be lower in regions with a high electric conductivity,
such as the CSF and ventricles, whereas the PD remains relatively high in these regions
thus indicating that the energy deposited is still significant. Similarly to the therapeutic
threshold of 1 V/cm in terms of EF, a threshold for the PD can also be deduced. To
account for the fact that the fields are applied in two perpendicular directions, the same
work suggested to use the local minimum power density (LMiPD). This metric was defined
as the lowest of the two power densities induced by each pair in each voxel of the tumor.
An investigation was conducted by Ballo et al [98] to find the value for the LMiPD that
best divided T'TFields patients that participated in the EF-14 clinical trial into two groups
with the greateast statistical difference in the overall survival. To deduce this threshold,
head models were created for each one of 340 patients with the arrays placed at the same
positions as the ones used during treatment. The average monthly compliance and the
average electric current injected were retrieved from the log files. Then, the power density
distribution for each patient was obtained through computational simulations. Based on
that data, the LMiPD value that best divided patients in the two aforementioned groups
was 1.15 mW /cm?. A similar analysis in terms of local minimum electric field intensity
(LMIFT) yielded 1.06 V/cm, which was very close to the 1 V/cm seen in in-vitro studies
[16]. Patients whose LMiPD was below the threshold had an OS of 21.5 months and a
PFES of 7.9 months, whereas those who were in the complementary group had an increase
of 3.4 and 0.3 months in these two endpoints, respectively.

By comparing equation (8.1) with the Joule heating term, equation (3.9), that was
added to Pennes’ equation, one can conclude that they are mathematically equivalent.
On one hand, the power density in the tumor should be maximized to enhance treatment
outcomes. On the other hand, to increase the PD it is necessary to inject more current
into the arrays, which in turn increases the Joule effect and leads to a quicker temperature
rise on the scalp and consequently to a reduction on the current injected. This negative
feedback highlights the need to find a trade-off between treatment efficacy and patient’s
safety to optimize how T'TFields are applied and planned. The importance of accounting
for these temperature increases during planning might even lead to the choice of a different
treatment layout compared to the suggestion made by the NovoTAL system.

8.2 Aim

The goals of this work were:

1. Analyse the variation of the LMiPD in the tumor as a function of array positioning
following the same methodology as the one implemented in the NovoTAL system;
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2. Investigate new metrics to predict treatment efficacy and compare those results with
the ones obtained using the LMiPD;

3. Consider the temperature increases in the head following the approach described in
the previous chapter;

4. Study how the conclusions drawn in terms of treatment efficacy and choice of the
best treatment layout vary when the temperature is also accounted for;

8.3 Methods

8.3.1 The simplified head model

As time-transient simulations using realistic head models are very time-consuming and in
order to maximize the number of layouts that could be tested, a simplified head model
(SHM) was used in this chapter. This was the same model as the one used by Novocure
in other studies for internal validation of results. It can be mathematically expressed by
the general ellipsoid equation:

(z — $0)2 1 (y — y0)2 4 (2 — 20)2

= b2 =1 (8.2)

where (xg, Yo, 20) are the coordinates of the center of the ellipsoid and a, b and ¢ are the
three main semi-axes lengths.

More specifically, this model is a particular case where two of these semi-axes have
the same length, thus describing a spheroid model. If this model is centered at (0,0, 0),
the general equation is simplified to:

ZL'Q y2 22
St a1 (8.3)

Each one of the tissues of interest (scalp, skull, CSF, brain and ventricles, which were
assumed to be filled with CSF) was considered to be a spheroid shell with specific a and b
values. These values were chosen based on the head measurements of patient 17015 that
participated in the EF-14 clinical trial. A spherical virtual lesion, with a diameter of 15.2
mm, was also added to the model to mimic a tumor, as depicted in figure 8.1.
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Tissue \ a \ b
Scalp 75 | 100
Skull 68 | 93
CSF 61 | 86
Brain 59 | 84

Ventricles | 10 | 25

4
Figure 8.1: Axial cut through the center of the model (plane z=0). Each tissue was represented as a spheroid shell
with the values of the main semi-axes, a and b, shown in the table on the right, in mm. The scalp is represented
in orange, the skull in blue, the CSF, which also fills the ventricles, in yellow and the brain in green. The values
assigned to each layer were based on the dimensions of the head of patient 17015 that participated in the EF-14

clinical trial. A spherical lesion, with the center at (34,18,0) mm and diameter of 15.2 mm, in brown, was also
added to the model to mimic a GBM.

8.3.2 Array placement

Given the goal of this work, several array positionings were provided by Novocure and
tested. The distances between the center of the transducers were the ones of the new
generation of arrays, which were discussed in section 7.1. The positions to place each
transducer were provided as an STL file. In order to build the models for finite element
studies, it was necessary to use Materialise 3-matic. This design tool allows to manipulate
STL files to create a single geometry and a volume mesh that can be imported into
COMSOL Multiphysics. Briefly, a surface mesh composed by several small triangles
was created in a semi-automatic manner for each tissue, gel and transducer layers. A
maximum triangle edge length of 2.0 mm for the latter two and of 3.0 mm for tissues was
set and, whenever it was necessary, small corrections were made (e.g.: surface smoothing,
improving mesh quality, etc). After surface meshes were sucessfully created for each
component, they were assembled two a time, from the inner to the outermost surface
using the non-manifold assembly operator. Surface meshes for the whole geometry were
generated every time a non-manifold assembly was created. Furthermore, this operation
required for the gel radius to be slightly bigger than the radius of the transducers. As the
latter was 10 mm, the former was considered to be 10.3 mm.

For clarity of discussion, throughout this chapter the arrays will be named after their
rotation in regard to the reference pair, pair 0°, instead of anterior-posterior and left-
right. The arrays were only rotated around the z-axis. In total, 12 different pairs could
be placed in the scalp spaced by 15°. This rotation interval was the same one used by
Korshoej et al [94], in which the authors studied the impact of array positioning on the
average EF in the tumor. In all cases, the line that connected the two central transducers
of each pair, hereinafter referred to as the array vector (AV), passed through the center
of the tumor. The direction of the array vector was 0° when it pointed along the y-axis
and 90° when it pointed along the x-axis. As it was necessary to ensure that the arrays
were as perpendicular as possible, the number of combinations for each pair was limited
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to the ones rotated by 90°+15° from each other. In total, there were 18 possible layouts
that could be built that respected these conditions. However, in 4 of them there was an
overlap between some transducers of the two pairs, which decreased the total number of
possible layouts to 14. Out of these, 7 layouts were randomly selected and built for the
purpose of this study (figure 8.2).
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Figure 8.2: Top view of the seven spheroid models used. For each pair there was a maximum of three possible
complementary pairs that could be used. For pair 0° these three pairs were rotated by 75° (upper row, left), 90
(upper row, middle) and 105° (upper row, right). For all layouts, the array vector of each pair passed through
the center of the tumor, which is represented in black. The pair with the longest array vector is colored in red,
whereas the pair with the shortest array vector is colored in blue. The position of the tumor was the same for all
layouts.

8.3.3 Physical properties, metrics and predictors

8.3.3.1 Physical properties

As this work was made in collaboration with Novocure and to better compare the results
of this study with the ones reported by Ballo et al [98], the electric properties were
changed to the same ones reported by these authors. Compared to the standard values
presented in table 4.1, the electric conductivity of the skull was increased to 0.080 S/m,
whereas the electric conductivity of the scalp was augmented to 0.30 S/m and its relative
permittivity was reduced from 10 000 to 5 000. According to the work by Wenger et al
[93], an increased scalp conductivity leads to a lower electric field strength in the tumor
as more current is shunted through the scalp. However, when skull’s electric conductivity
is increased more current flows into the cranial cavity. Given that o, was increased
by six-fold while scalp’s electric conductivity remained practically the same, the electric
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field in the tumor will be higher for this new set of values compared to what would be
obtained if the previous set was used. Following the conclusions of the same work, the
value of the relative permittivity of the scalp does not significantly affect the EF in the
tumor. It is also important to note that the sensitivity analysis (chapter 4) showed that
higher 0gcq;p, and o values lead to lower predictions of temperature maxima in every
tissue.

The values of the remaining electric parameters and the thermal ones were the stan-
dard values reported in table 4.1. The physical parameters of the brain were obtained by
averaging the values of the GM with a contribution of 60%, and of the WM whose con-
tribution was 40% [133]. The length of the array vector for each pair and the impedance
of the model seen through that pair are presented in table 8.1.

Table 8.1: Array vector and head impedance for each pair. As expected, the further apart the arrays the higher
the impedance.

Pair [ 0° | 15° | 30° | 60° | 75° | 90° | 105° | 135° | 165°
A”a({:nvl‘;cmr 185 | 187184 | 165 | 158 | 15.3 | 15.2 | 16.0 | 17.6

Impedance

92 | 93 | 90 | 82 | 78 | 77 | T8 | 84 | 91
(2)

In this table, it is possible to verify that there is a strong relationship between the
length of the array vector and the impedance of the head. The values obtained for the
latter were within the range seen in the log files, according to what was discussed in the
previous chapter.

8.3.3.2 Metrics used

As mentioned previously, the LMiPD in the tumor was used in this work as a metric to
evaluate and rank the different layouts. According to Wenger et al [134], the images used
for TTFields treatment planning should have a minimum resolution of 1 mm3. Thus, the
values of the power density produced by each pair in the active tumor were exported from
COMSOL by defining a regular grid with 1 mm spacing in every direction. Then, the
lowest of the two power densities in each voxel was considered and the average LMiPD
for each layout was calculated.
Two additional metrics were used in this study:

1. The local average power density (LAPD) was defined and calculated following the
same rationale as the LMiPD, but considering the average of the two power densities
in each voxel in the tumor, instead of the minimum.

2. The third metric used was the SAR, which was already discussed in chapter 2.
Contrary to the other two metrics, it was quantified in the scalp instead of the tumor,
in the same point where the maximum temperature was reached. The rationale
behind the use of this metric was to investigate how a layout ranking based on it
might correlate with the ones obtained with the other two. As discussed before, the
SAR is typically used to evaluate if the electromagnetic radiation can be harmful
to the human body for higher frequencies, in the order of MHz, and it has not been

90



Chapter 8. Tissue temperature during T'TFields treatment planning: simplified head model

reported in TTFields, in which the frequency used is between 100-500 kHz. Thus,
there is not any SAR threshold above which it is possible to assert that TTFields
are harmful or not safe. In this work, SAR is also used to study the variability of
the results in terms of relative safety between different layouts. For each layout, the
highest local SAR in the scalp was quantified in two points: one underneath the pair
with the highest impedance and one underneath the pair with the lowest impedance.
As a complete TTFields duty cycle corresponds to current being injected alternately,
SAR values were averaged for comparison between layouts.

8.3.3.3 Predictors used

Each one of the three metrics previously mentioned, LMiPD, LAPD and SAR, were
quantified using two different predictors:

1. Predictor A was based on the same methodology implemented in the NovoTAL
system where 900 mA of current are injected into each array pair [39].

2. To account for the thermal limitations of the therapy, information about the tem-
perature was added when using predictor B. As discussed in the previous chapter,
equation (6.2) can be used to predict the maximum steady-state temperature that
the scalp will reach as a function of the injected current. Through an iterative pro-
cess, it was possible to investigate the maximum current that could be injected and
that led to the desired temperature on the scalp.

Each electric study took around 10 min in workstation 3, whereas each thermal time-
transient study took around 10 hours to simulate the first five minutes of treatment.

8.4 Results and discussion

8.4.1 LMiPD, LAPD and SAR based on predictor A

The average values of the LMiPD, LAPD and SAR when predictor A was used are pre-
sented in table 8.2.

Table 8.2: Average LMiPD and LAPD in the tumor and average maximum local SAR values in the scalp when
current was injected following the same approach as the one implemented in the NovoTAL system (900 mA in
each pair). Each layout was named after the two pairs that compose it, where the first pair is the one with the
longest array vector and consequently the highest impedance.

Layout | L@A) | L(mA) LMiPD | LAPD | SAR
First pair | Second pair | (mW/cm?) | (mW/em?) | (W/kg)
0/75 900 900 6.63 7.01 2274
0/90 900 900 6.61 6.88 2106
0/105 900 900 6.57 6.81 2012
15/105 900 900 6.88 7.12 2497
30/135 900 900 6.71 7.18 2517
165/60 900 900 6.31 6.96 3448
165/75 900 900 6.30 6.84 3213
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The values of the LMiPD were very similar for all layouts (range: 6.30-6.88 mW /cm?),
mainly due to simplicity of the geomery used. The worst layout in terms of LMiPD, layout
165/75, induced a value that was only 8% lower than the one induced by layout 15/105,
which was the best one. In this SHM, the local minimum power density values were mainly
limited by the low PD produced by the pair with the longest AV. In general, a longer
array vector corresponds to a more resistive current path, as shown in table 8.1. However,
given that the impedance of this pair only varied between 90 and 93 €2, the PD induced in
the tumor was pratically the same regardless of the layout. The layout that induced the
highest value was the one in which the distance between the tumor and the closest array
of the most resistive pair was minimized. In layout 15/105, this distance was 55 mm,
whereas this value increased to 78 mm in layout 165/75. Thus, the LMiPD was higher
for the former compared to the latter, for the same injected current. It is noteworthy
that due to the simplicity of the geometry and to the fact that the temperature was not
accounted for, the values of the LMiPD were way above the therapeutic threshold of 1.15
mW /cm? reported by Ballo et al [98].

To overcome the limitations of the LMiPD, the LAPD was defined and calculated. In
general, when one pair is placed in a region that maximizes the EF induced in the tumor
in that direction, the arrays of the complementary pair are placed in regions that lead to
the lowest EF, as perpendicularity between the two pairs has to be sought. The distance
between the tumor and the center of the closest array of the least resistive pair was 48
mm in layout 15/105, whereas this value decreased to 36 mm in layout 165/75. This
explains why the latter layout now induced a value higher than the former compared to
when the criterion used was the LMiPD. In general, the average power density when the
contribution of both pairs was considered varied less, which explains why an even lower
sensitivity to array positioning was obtained when the LAPD was used (range: 6.81-7.18
mW /cm?). The layout that induced the lowest LAPD, layout 0/105, produced a value
only 5% lower than the best one, layout 30/135.

As for the maximum local SAR, the values obtained were much higher than the thresh-
olds defined by the international agencies as safety limits for MR imaging (table 2.1).
Although the values presented in table 8.2 represent local maxima in the scalp, measured
in specific points, and were not averaged over one or 10 grams of tissue, it is not straight-
forward to deduce that TTFields are harmful or not safe for the patient, as discussed
in more detail in the next chapter with data obtained using a realistic head model. Ac-
cording to the data presented in table 8.2, it is only possible to conclude that, based on
the points where the SAR was measured, the safest layout, i.e., the one that induced the
lowest SAR, is layout 0/105, which yielded a value 42% lower than layout 165/60, which
was the least safe one.

Figure 8.3 is a visual representation of the variation of which layout is the best one
based on the criterion used. Due to the reasons mentioned above, the differences in the
order between the LMiPD and the LAPD values were few and small. However, when SAR
was used major variations occurred in some cases.
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Figure 8.3: Ranking of the 7 different layouts based on three different criteria when predictor A was used. Under
these conditions, the same current, 900 mA, was injected into each pair and in all layouts. A value of 1 in the y-axis
means that that layout is the best choice, whereas a value of 7 means that it is the worst option. Each rectangle
corresponds to an analysis based on a different metric: LMiPD (yellow) and LAPD (blue), both quantified in the
tumor, and local SAR in the scalp (green).

8.4.2 LMiPD, LAPD and SAR based on predictor B

To find out how much current could be injected into each pair when the temperature was
also considered, an iterative approach was followed based on the maximum temperature
that the scalp would reach for specific amounts of current injected, as explained in chapter
6. Based on what was described in chapter 7, the conditions of the simulations were fine-
tuned to:

1. The temperature was monitored at the interface between the scalp and the gel. In
each array, the only temperature that was not measured was the one that corre-
sponded to the central transducer as there is no thermistor there;

2. The temperature was controlled independently for each pair. This means that the
maximum current that could be injected into each pair did not have to be necessarily
the same value.

For this study in particular, the maximum steady-state temperature predicted for the
scalp when the lowest injectable current, 400 mA, was considered already surpassed the
39.5 °C underneath the pair with the highest impedance (the red pairs in figures 8.2).
Thus, the critical temperature was considered to be 40.5 °C in the studies presented in
this chapter. The average current injected considering both pairs was maximized in each
study. As an example of the data obtained, figure 8.4 shows the variation of the maximum
temperature of the scalp for different amounts of current injected using layout 0/75.
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Figure 8.4: Variation of the maximum temperature of the scalp underneath pair 0° (left) and pair 75° (right) for
different sets of injected currents using layout 0/75. Each set is identified as X1/X2 mA, where X1 is the current
injected in pair 0 ° pair and X2 the current injected in the complementary pair. The switching time between X1

and X2 was one second. As clearly seen, varying how much current was injected into one pair also affected scalp’s
temperature underneath the other pair.

Equation (6.2) was fitted to the data presented in the previous figure and the maxi-
mum steady-state temperature that the scalp would reach underneath each pair was then
predicted using equation (6.3) (table 8.3).

Table 8.3: Maximum steady-state temperature predicted on the surface of the scalp underneath each pair of
arrays when different sets of current were injected alternately with a switching time of one second. Changing how
much current was injected into pair 75° also led to a variation of scalp’s temperature underneath pair 0° .

Injected current (mA) | Maximum temperature | Maximum temperature
Pair 0° /Pair 75° underneath pair 0° (°C) | underneath pair 75° (°C)

400/400 40.1 37.7
400/550 40.4 39.5
400/600 40.5 40.4

An increase of 200 mA of current into pair 75° from 400 mA to 600 mA, led to a
temperature increase of 2.7 °C on the scalp underneath this pair and of 0.4 °C underneath
pair 0° as the two pairs were placed very close to each other (figure 8.2). A more detailed
discussion of the impact of the distance between array pairs is provided in the next
subsection. The values of current that led to values around 40.5 °C on the scalp underneath
both pairs were 400 mA in pair 0° and 600 mA in pair 75°. In table E.1 in appendix E
the values of the fitted coefficients Cy, Cy and C3 are presented for these currents, as well
as for the currents that led to values as close as possible to 40.5 °C on the scalp for the
remaining layouts. For these sets of current injected, the LMiPD, LAPD and SAR were
quantified in the same regions as before and are presented in table 8.4. All values reported
decreased compared to the ones presented in table 8.2 as less than 900 mA were injected
in all cases. In parentheses the relative decrease is presented.
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Table 8.4: Average LMiPD and LAPD in the tumor and average maximum local SAR values in the scalp when the
amount of current injected into each pair depended on the temperature of the scalp. In parentheses the relative
decrease compared to the respective values presented in table 8.2 is given.

T (mA) T (mA) | T+LMiPD | T+LAPD | T+SAR

Layout First pair | Second pair | (mW/cm?) | (mW/cm?) | (W /kg)

0/75 400 600 1.31 2.29 710
(-56%) (-33%) (-80%) (-67%) (-69%)

0,/90 410 625 1.38 2.40 677
(-54%) | (-31%) (-79%) (-65%) | (-68%)

0/105 423 600 1.48 2.28 645
(-53%) (-33%) (-78%) (-67%) (-68%)

15/105 400 575 1.44 2.14 755
(-56%) (-36%) (-79%) (-70%) (-70%)

425 600 1.71 2.35 887
SO/I35 | ooy | (3%) | (T5%) | (67%) | (-65%)

165,60 423 600 1.39 2.38 1069
(-53%) (-33%) (-78%) (-66%) (-69%)

165/75 423 625 1.39 2.47 1019
(-53%) (-31%) (-78%) (-64%) (-68%)

As expected, accounting for the temperature led to a decrease in how much current was
injected into each layout. The current injected into the most resistive pair ranged between
400 and 425 mA, whereas more current could be injected into the least resistive pair (575-
625 mA). As the decrease in the former was more or less uniform (54%, range: 53-56%)
and given that it was the pair that limited the most the LMiPD values, the reduction on
that metric was practically the same for all layouts (78%, 75-80%). However, this small
variation was enough to increase the range seen for LMiPD to 31% (1.31-1.71 mW /cm?).
This range of values is much closer to the therapeutic threshold of 1.15 mW /cm?, which
was also deduced when the thermal restrictions of the therapy were accounted for [98].
On the other hand, the range for the LAPD augmented to 13% (2.14-2.47 mW /cm?),
whereas for the SAR it increased to 40% (645-1069 W /kg).

Figure 8.5 depicts a qualitatively comparison of the best layout according to the metric
used.

Given the low variation in the LMiPD values across layouts when 900 mA were injected
(table 8.2), it was expected that the layouts that would induce the highest values when
the temperature was accounted for would be the ones in which more current was injected
into the most resistive pair (table 8.4, first column), which was what occurred. In terms
of LAPD, the layout that induced the highest value was layout 165/75, in which the
highest average current was injected, whereas in layout 15/105 the opposite occurred and
it was thus the worst option. As for SAR values, the conclusions drawn in the previous
subsection did not vary and the safest layout was still layout 0/105.
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Figure 8.5: Ranking of the 7 different layouts based on three different criteria when predictor B was used. Under
these conditions, different amounts of current were injected into each pair and into each layout. Each rectangle
corresponds to an analysis based on a different metric: LMiPD (yellow) and LAPD (blue), both quantified in the
tumor, and local SAR in the scalp (green).

8.4.3 Importance of accounting for scalp’s temperature

Based on the data presented in subsections 8.4.1 and 8.4.2, it was possible to conclude
that accounting for the temperature led to significant decreases in all metrics considered.
On average, the current injected into the most resistive pair decreased by 54% (range:
400-425 mA, first column of table 8.4), whereas the average current injected into the com-
plementary pair was reduced by 33% (575-625 mA, second column). The decrease on the
first significantly affected the average LMiPD values due to the reasons mentioned above.
On average, the latter values reduced around 78% across layouts (75-80%, third column),
whereas the LAPD values were less, but still significantly affected by accounting for the
temperature as, on average, a decrease of 67% (64-70%, fourth column) was seen. Lastly,
SAR values decreased by 68% (65-70%, fifth column). These results highlight the impor-
tance of considering the temperature in TTFields computational studies. The threshold
of 1.15 mW /cm? in terms of LMiPD was obtained from experimental data, in which the
temperature was inherently considered. However, due to all the complications associated
with considering this additional parameter in in-silico work, it has been neglected, even in
the NovoTAL system, and its importance has never been quantified. The results obtained
using this SHM showed that the current injected into each pair, and consequently the
metrics, might be significantly reduced. For realistic head models, this might also lead
to meaningful decreases in the metrics used and consequently the therapeutic threshold
might not be reached.

Despite the almost uniform decrease in the several metrics in all layouts, the range
of values for each one of them increased compared to what was reported in table 8.2,
which indicates that accounting for the temperature might allow to differentiate more the
layouts in terms of effectiveness. Figure 8.6 combines the information of figure 8.3 and
8.5 and depicts a relative comparison of the layouts as a function of the metric used. In
this figure, it is easily observable that there is a significant variation of the results based
not only on the metric chosen, but also on the addition of information concerning the
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temperature.
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Figure 8.6: Ranking of the 7 different layouts based on three different criteria using predictor A (LMiPD, LAPD
and SAR) and predictor B (T+LMiPD, T+LAPD, T+SAR). The amount of current injected into each layout was

the same for the first, but it varied for the second. Each rectangle corresponds to an analysis based on a different
metric: LMiPD (yellow) and LAPD (blue), both quantified in the tumor, and local SAR in the scalp (green).

In general, accounting for the temperature benefited the layouts whose array pairs were
far enough from each other. Due to the geometry of the model, the closest transducers of
different pairs in layouts 0/75 and 15/105 were only separated by 2.2 mm. Consequently
the temperature increases on the scalp underneath both pairs led to the appearence of a
common temperature hotspot (figure 8.7, black arrows) that limited how much current
could be injected into each pair. As the rationale to choose the values of the current was
to increase as much as possible the average current injected into each layout, the least
resistive pair was benefited. As seen in table 8.3 an increase in the current injected in
pair 75° by 200 mA led to an increase of 0.4 °C in the maximum temperature predicted
for the scalp underneath pair 0°. This explains why both these layouts ranked worse in
terms of LMiPD when the temperature was considered during planning. In layout 0/90,
the distance between these transducers was 10.0 mm, which created a weaker but still
significant hotspot (figure 8.7).

Layout 0/75 Layout 15/105 Layout 0/90
¥ 343

Figure 8.7: Temperature distribution at the end of the simulation (t=>5 minutes) in layouts 0/75 (left), 15/105
(middle) and 0/90 (right). Due to the proximity of some transducers of different pairs in these three layouts
temperature hotspots occurred (black arrows), which limited how much current could be injected into each pair.
In the first two the shortest distance between transducers of different pairs was 2.2 mm, whereas in the third it
was 10.0 mm. Temperature scale is in °C.
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Layouts in which the pairs were relatively far from each other improved their position
in the ranking. In general, the layouts ranked better when the current injected into the
most resistive pair was higher, when the criteria used was T-+LMiPD, or when the average
current injected in both pairs was higher, when the criteria used was T-+LAPD. When
these values were similar for different layouts, the distance between the arrays and the
tumor played a major role. For instance, the same current was injected in both pairs
in layouts 0/105 and 165/60. The average distance between the tumor and the most
resistive pair’s closest array in the first was 62 mm, whereas it increased to 78 mm in
the second, which explains why layout 165/60 was worse in terms of induced LMiPD.
The distance between the tumor and the least resistive pair’s closest array was 48 mm in
both these layouts, but given that pair 60° (in layout 165/75) was more centered above
the tumor the average PD induced was higher than the one produced by pair 105° (in
layout 0/105). Thus, layout 165/60x was better in terms of LAPD. Lastly, including
information concerning the temperature when SAR was used did not change the ranking.
As all layouts had a similar decrease in the injected current in both pairs and given that
the range of values obtained for this metric was high enough across layouts when predictor
A was used, accounting for the temperature did not lead to any variation in the ranking
when predictor B was considered.

8.5 Limitations and conclusions

The results presented here have some limitations that are important to address. For the
lowest current that is injected in patients, 400 mA, the temperature of the scalp in this
SHM already surpassed the optimal limit of 39.5 °C and thus the temperature threshold
had to be increased to 40.5 °C. This might lead to an overcontribution of the Joule heating
effect to the temperature increases. As seen in chapter 4, this effect explains pratically
100% of the heating in the scalp during TTFields treatment. An alternative path that
could be followed to avoid this issue would be to use values of current lower than 400
mA. Although it would not mimic the real conditions in which treatment is performed,
the temperature values would be within the range of interest. Under these conditions, the
values of the LMiPD, LAPD and SAR when predictor B was used would also decrease as
less current would be injected in both array pairs.

In terms of the different metrics considered, the values of the LMiPD and LAPD varied
less than 10% across layouts when predictor A was used. This result was not unexpected
as the geometry used was very simple and the arrays were only rotated around the z-
axis. However, such a small variation also makes the results very sensitive to small
computational errors, which might significantly affect the conclusions. When predictor B
was used there was also an additional source of error. As shown in table E.1 in appendix
E, the maximum steady-state temperature predicted on the surface of the scalp was not
exactly 40.5 °C for all layouts but it varied between 40.3 and 40.7 °C. This led to small
variations in the value of the injected current, which might affect the order in which the
layouts were ranked, especially considering the low range of values reported in table 8.4.

Nonetheless, this SHM allowed to gain some important insights on how accounting for
the temperature of the scalp might affect the predicted therapy efficacy and allowed to
fine-tune the protocol when similar calculations are performed using a realistic head model
in the next chapter. In general, a significant decrease in the current injected into each
pair, and consequently in all metrics used to evaluate treatment effectiveness, was observed
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when the temperature was considered. The layouts that were more affected were the ones
in which two arrays pairs were separated by 1 ¢cm or less, as a common temperature hotspot
occurred which affected how much current could be injected in both pairs. Ensuring a
minimum distance between arrays during planning and when the physician or caregiver
are placing them on patient’s head might be one important way of optimizing treatment
benefits.

These results also showed that the choice of the best treatment layout strongly depends
on the metric used to evaluate it. The LMiPD is a conservative approach to predict
treatment effectiveness as it might be limited by the pair that induces the lowest PD in
the tumor. On the other hand, the LAPD is more informative in terms of overall treatment
efficacy, but it might mask the ineffectiveness of one pair, if the other one is placed in
an optimal region. As for the SAR, its quantification and clinical applicability still needs
more investigation when used to evaluate the safest layout. One possible approach that
might help to improve a ranking based on the SAR is using virtual observation points, as
discussed in the next chapter.
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9.1 Introduction

In the literature, the EF has been widely used to investigate the best array positioning
for each patient and for each tumor [82, 94]|. Subsequent work took this comparison
further and studied the impact of different layouts based on the average EF strength
induced in the tumor, which might be a better approach as it gives an overall idea of
how effective a treatment can be as a function of array placement. In general, it is not
possible to maximize the EF in both directions simultaneously while still ensuring the
perpendicularity between the two pairs. The study by Wenger et al [82] was the first
work to quantify the importance of creating personalized treatment maps for each patient
based on the position of the tumor. In general, the average field intensity in the this
tissue increased between 32 and 45% when array positioning was adjusted to the tumor
location. Smaller improvements were seen in the work by Korshoej et al [94], in which
adapted layouts led to an enhancement of the average field strength in the tumor between
9 and 23%. The latter study also suggested that treatment outcomes could be significantly
enhanced when the AP pair was oriented 45°, and consequently the LR 135°, to the sagittal
plane, for most tumor locations. These angular positions were the ones that minimized
the distance between the two arrays of the same pair, i.e., the array vector, and thus that
decreased the impedance of the head in both directions. However, it might not always
be practicle to place the arrays with these angular positions and it is necessary to find a
trade-off between the choice of where to place them and the EF intensity in the tumor in
both directions.

The NovoTAL system is the FDA-approved software used by the certified physician
during treatment planning to find the positions of the arrays on the scalp that optimize
the EF in the tumor in both directions. The workflow followed by this software is shown
in figure 9.1.

As glioblastoma is a fast-growing disease, optimal treatment planning would imply ac-
quiring a new set of MR, data regularly (step S11 in figure 9.1), which is time-consuming
and cost-ineffective. Thus, the most recent MR images are typically used. Ideally, struc-
tural data, such as standard T1 and T2 MRI sequences, and data from which electric
conductivity maps can be deduced, such as diffusion-weighted imaging (DWI), DTI or
gradient echo sequences (GRE) are used. Structural data is used in the second step (step
S12) to downgrade the complexity of treatment planning. At this stage, a more rough
segmentation of the scalp, skull and CSF is performed by considering these three tissues
as three different shells or convex hulls which allows for a quicker but still accurate rep-
resentation of the head [134]. This process can be done using standard algorithms and
software or by allowing the physician to measure the thickness of these three tissues in
regions of interest using the MR images. This simplification allows to reduce the time
that it takes to plan treatment.

A similar approach is not recommended for the brain and tumor. On one hand, the
geometry of the brain is extremely complex and a rougher segmentation of this tissue
could significantly impact the EF predicted in the brain and in the tumor. On the other
hand, as treatment effectiveness is based on the EF values foreseen in the latter an over-
simplification of its representation is not desirable. DTIT measurements can be used to
estimate diffusion tensors to map the electric conductivity values for each voxel of the
brain and tumor (step S13) and to create conductivity maps (step S14). This approach
is one possible way to distinguish between tissues during segmentation due to their dif-
ferent dielectric properties. The inclusion of the electric conductivity anisotropy led to
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Figure 9.1: Schematic of how TTFields treatment planning is carried out in the NovoTAL system. MR images
are firstly acquired, during step S11, and processed. The representation of the outermost tissues (scalp, skull
and CSF) is simplified during step S12, whereas images that allow to segment the grey matter, white matter
and tumor are pre-processed during step S13. Electric conductivity maps are then obtained for the latter three
tissues, while isotropic and homogeneous values are assumed for the most superficial ones during step S14. After
the target volume is identified in step S21, several layout positionings are chosen in step S22 and the electric field
is calculated for each one of them in step S23. The choice of which layout to use is made in step S24 and it is
based on the electric field in the tumor. Image taken from [134].

differences in the predicted EF in the brain by up to 34% in electroconvulsive therapy
[116] and by up to 50% in tDCS [117]| compared to when isotropic electric conductivities
were assumed. These were local variations quantified in regions of interest. In TTFields,
the EF in the brain is studied in terms of average variations as the values in the tumor
are more relevant. In the study by Wenger et al [93] adding brain’s anisotropy yielded an
average EF variation of only 4% in the brain and 10% in the tumor for TTFields ther-
apy. This shows that even if isotropic electric conductivities were used for healthy tissues,
the predictions on treatment effectiveness would be reasonably accurate. However, the
dielectric properties of the tumor were shown to be patient-specific and vary depending
on the histological class of this tissue. Due to this intratumoral heterogeneity, the elec-
tric properties obtained for each voxel allow to improve the accuracy of the predictions
[135, 136].

At the end of this stage, a computational model is obtained in which the target volume
is identified (step 21). Akin to what is done in radiotherapy treatment planning, this
target volume can be the gross tumor volume (GTV), i.e., the tumor that is seen in the
MR images, or the clinical target volume (CTV), which also includes any other tissue
with presumed tumor. To find the best array layout, different approaches can be used as
extensively described in [134] (step 22). One of them comprehends testing a finite number
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of layouts, available in the NovoTAL database, and the one that yields the highest average
EF in the tumor is chosen. These simulations are typically performed by injecting 900 mA
in each array pair [39] (step S23). The simulations can be done in different software such
as COMSOL Multiphysics, Sim4Life, Ansys, or Matlab. Another optimization approach
consists in placing a dipole at the center of the tumor and aligned with the direction of
the expected field and then solving for the electric field potential. The regions of the
scalp where the EF is the highest are used as a starting point to place the arrays. Then,
iteratively, it is possible to fine-tune their position until a practical solution is reached.

At the end of this process, the physician gets a personalized 3D map that helps him,
the patient and the caregiver in placing the arrays on the scalp throughout treatment
(step S24) (figure 9.2).

Additional details on TTFields planning can be found in [134, 137, 138|.

g~
¢
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.

Figure 9.2: Left: output of the NovoTAL system that indicates the best regions to place the arrays in a patient.
The array positions are the ones that yield the highest average EF in the tumor. Right: the arrays are placed on
patient’s head based on this output. Image taken from [39].

The workflow presented in figure 9.1 shows that NovoTAL does not include information
about the temperature increases in any part of treatment planning. Ideally, this should
be accounted for during step S23 when the electric field distribution is predicted, in a
similar way as the one described in the previous chapter.

9.2 Aim

The goals of this work were:

1. Investigate how the choice of the best layout varies in a realistic head model based
on different criteria: average EF, LMiPD, LAPD, and SAR;

2. Study how those conclusions vary when the temperature is also accounted for;

3. Investigate ways to improve TTFields treatment planning in the NovoTAL system
by considering the temperature;

4. Predict the temperature increases in the head and TTFields thermal impact. Com-
pare those results with the ones reported during clinical trials and with the predic-
tions made in in section 2.2;
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9.3 Methods

9.3.1 Realistic head models

The same realistic head model as the one presented in section 3.1, Colin27, was used.
Given the goal of this work and the changes in array dimensions discussed in section 7.1,
the layouts used were changed compared to the one presented in figure 3.2.

Novocure used the NovoTAL system to create personalized array layouts for this head
model. Out of the 10 different layouts suggested by the system, 5 of them were randomly
selected for the purpose of this work. Similarly to what was done in subsection 8.3.2,
information about the location of each transducer was provided as an STL file and was
worked on in Materialise 3-matic, following the same methodology. The distance between
the center of the transducers was 44 mm in one direction and 22 mm in the other, which
represents the most recent generation of arrays. The thickness of the transducers was 1
mm and the radius was 10.0 mm. The average thickness of the layer of gel in each model
was 0.7 mm, which is very close to the 0.6 mm of gel that comes embedded in the arrays
[132|, whereas the radius was 10.3 mm. The maximum edge length was 2.0 mm for the
gel and transducers and of 3.0 mm for tissues. The total number of degrees of freedom
was around 6 millions, which was similar to the model presented in figure 3.2. The whole
process of creating surface meshes took around two days for each layout, whereas the final
volume mesh took 5 minutes to be created.

9.3.2 Physical properties, metrics and predictors

As the NovoTAL system ranks the layouts based on the average EF induced in the tumor,
in this work this additional metric was also studied alongside with the ones used in the
previous chapter: LMiPD, LAPD and SAR. These four metrics were quantified using
predictor A, in which 900 mA were injected into each pair, and using predictor B, in
which the current injected depended on the temperature of the scalp. Compared to what
was considered in the previous chapter, the latter predictor was slightly changed:

1. The maximum temperature allowed in the scalp was 39.5 °C, which is the same
threshold as the one considered in real treatments, and not 40.5 °C;

2. In this RHM the AP pair was the one that contributed the least to treatment.
Thus, in order to enhance the predicted treatment efficacy the criterion used in this
work to choose how much current to inject into each pair was to first maximize the
current injected into the AP pair and only then in the LR pair. This means that the
current that leads to 39.5 °C in the scalp underneath the former pair is investigated
first and after that value is found and fixed, the current that leads to the same
temperature value on the scalp, or as close as possible to it, is looked for for the
LR pair. The values of the injected currents were bounded by 400 mA and 1000
mA. This approach is different than the one followed with the SHM, in which the
criterion used was to maximize the average current injected considering both pairs
and not the current injected into the least effective pair.

The same physical properties as the ones used in the SHM were considered.
Each frequency-domain study took around 2 hours, whereas each time-transient sim-
ulation took around 40 h in workstation 3 to simulate the first five minutes of treatment.
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9.4 Results and discussion

9.4.1 Impact of the new electric parameters

As a new set of electric parameters was used in this study (oseap = 0.30 S/m, o = 0.080
S/m), a preliminary investigation was made in which the ATV1 in the active tumor
was quantified and compared with what was obtained when the previous set was used
(Oscarp = 0.25 S/m, osguy = 0.013 S/m), using the realistic head model. The relative
permittivity of the scalp was also reduced from 10 000 to 5 000, although this does not
significantly affect the electric field in the tumor, as discussed by Wenger et al [93|. The
electric properties of the remaining tissues were the same in both cases. To allow for a
direct comparison with the results presented throughout this thesis, the array layout that
was used was the one shown in figure 3.2, and not any of the ones that were suggested
by the NovoTAL system. In table 9.1 the ATV1s are presented when 900 mA of current
were injected into each pair, alongside with the respective head impedance.

Table 9.1: ATV1 when 900 mA were injected into the AP and LR pairs for each set of electric parameters using
the old array layout. The only differences in both sets were the values specified in this table. The remaining
physical properties were the same in both cases. The impedance of the head in both directions is also presented
for each set of values.

ATV1 | Impedance | ATV1 | Impedance

Set of electric values AP (%) | AP (Q) |LR (%) LR (Q)

Oscatp = 0.25 S/m
€rscaty — 10 000
Oscatp = 0.30 S/m
New | ogpuy = 0.080 S/m 17 60 82 50
€r,scalp — 5 000

These values show that increasing the electric conductivity of these two tissues simul-
taneously led to more current flowing into the cranial cavity and thus to a higher ATV1
in the tumor in both directions. Due to the reasons explained before, the increase was
higher for the LR pair (+10%) than for AP’s (+4%). As expected, the impedance of the
head decreased in both directions and reached 50 € in the first (-35%) and 60 €2 in the
second (-42%). Based on what was discussed in section 7.3, these two values are at the
low-end of the range seen in patients, which might indicate that the EF in the tumor
is overestimated or that this head model only represents a small fraction of the patients
treated with T'TFields. Nonetheless, given that this work was made in collaboration with
Novocure and to better compare the results obtained with those reported by Ballo et al
[98], in which the new set of values was used, this new set of electric parameters was still
considered in the studies presented in this chapter.

9.4.2 Layouts

The five different layouts are shown in figure 9.3 from different perspectives. Due to
practical reasons and contrary to what occurred with the SHM, the array vector does not
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pass through the center of the tumor in all arrays. The new array dimensions provide
more head coverage compared to what was observed when the previous layout was used.
The anterior-posterior pair is colored in red, the left-right in blue and the tumor location,
which remained unaltered, is represented in black. For the new set of electric parameters
used, the impedance of the head in the AP direction varied between 59 and 61 € and
between 46 and 48 €2 in the LR direction. These values are even lower than what was
obtained for the old layout using the new set of electric parameters (table 9.1). This
might be another indication that the electric parameters are being overestimated.

Superior Anterior Posterior Left Right

Layout 1

Layout 2

Layout 3

Layout 4

Layout 5

Figure 9.3: Different perspectives of the five realistic head models created with five different array layouts obtained
through the NovoTAL system. The anterior-posterior pair is colored in red, the left-right pairs in blue and the
tumor in black. The location of the latter was the same for all layouts.

Contrary to what was considered in previous published computational studies (e.g.:
[43, 80, 82, 93, 111]), the transducers in the layouts shown in the previous figure are
placed in a variety of different ways. For instance, the anterior array in layout 1 is placed
vertically and in the middle of the forehead thus theoretically allowing to focus more the
electric field in tumors close to the corpus callosum. This tumor location represented 3%
of the patients that participated in the EF-14 clinical trial [17]. On the other hand, the
anterior array in layout 3 is placed horizontally, which makes it possible to increase the
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electric field magnitude in tumors located in the hemispheres. Furthermore, given that
the head is larger in the anterior-posterior direction than in the left-right one, there are
more possibilities to place the LR pair. For example, layout 3 might be more suitable for
tumors located in the parietal lobe (34% of the patients that participated in the EF-14
trial had a tumor in this lobe [17]), whereas layout 4 might be better for tumors appearing
in the temporal lobe (40%, [17]). This highlights the high degree of flexibility of solutions
that the NovoTAL system can provide.

9.4.3 The best layout based on the NovoTAL system

For each layout, the average EF and the respective ATV1 in the tumor, as well as the
array vector, are presented in table 9.2 for each pair. The first two values were obtained
following the same approach as the one considered in the NovoTAL system, where 900
mA were injected independently into each pair. Average values considering both pairs are
also shown for these three quantities.

Table 9.2: Average electric field, ATV1 and array vector for each layout and for each pair obtained using the new
set of electric parameters.

Layout EF (V/cm) ATV1 (%) AV (cm)
AP | LR [ Average | AP | LR | Average | AP | LR | Average
1 0.84 | 1.57 1.21 24 | 93 59 16.8 | 16.7 16.8
2 0.90 | 1.55 1.23 32 | 93 63 16.3 | 15.9 16.1
3 0.93 | 1.41 1.17 37 | 82 60 17.7 | 15.5 16.6
4 0.76 | 1.59 1.18 15 | 86 51 16.7 | 15.8 16.3
5 0.76 | 1.56 1.16 16 | 85 51 17.9 | 15.9 16.9

Among the five different options to place the arrays, layout 3 was the best one in terms
of electric field induced in the tumor in the AP direction (0.93 V/cm), whereas layout 4
produced the highest value when current was injected in the LR pair (1.59 V/cm). Even
though there is a strong correlation between the EF induced in the tumor and the ATV1,
the data presented in the previous table indicates that the layout that induced the highest
EF was not the one that also yielded the highest ATV1. For instance, the average 1.59
V/em reached in the tumor when current was injected into the LR pair in layout 4 did
not translate into the highest ATV1 in that direction among the five different layouts.
In layouts 1 and 2, EF maxima reached lower values when current was injected into the
LR pair, but the field was more uniform and thus a higher tumor volume surpassed 1
V/em. In general, shorter array vectors also did not lead to higher EFs or ATVls in
the tumor. Although the distance between the two pairs is an important factor, the
relative difference across layouts was not high enough to significantly affect the predicted
treatment effectiveness. Instead, the location of each array was more meaningful. This
can be quantitatively seen comparing the values of the AV for the AP pair in layouts
3 and 4 and the position of the arrays in figure 9.3. The AV in the first was 17.7 cm,
whereas in the second it was 16.7 cm. However, the EF and the ATV1 were higher for
the former because the tumor was directly underneath both arrays of this pair in layout
3. The same did not occur for layout 4.

As expected, the values of the EF were higher for the LR pair compared to AP’s
due to tumor’s location. Considering all layouts, the average EF induced by the former
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was 1.54 V/cm with the values ranging between 1.41-1.59 V /cm, which corresponds to a
variation of 11%. In the complementary pair, the average EF was 0.84 V /cm and the range
observed was 0.76-0.93 V/cm, a variation of 18%. As NovoTAL ranks the layouts in terms
of average EF induced, the best layout for this tumor location and head model would be
layout 2, with a predicted value of 1.23 V /em. The worst choice would be layout 5, which
induced an average EF of 1.16 V /cm. It is noteworthy that the relative difference between
these two values is only 6%. This indicates that all five different options suggested by
NovoTAL have practically the same effectiveness if the criterion used to rank the layouts
is the average EF when 900 mA are injected into each pair. The data presented in table
9.2 indicates that the average ATV1 might be a better option as the values predicted vary
over a wider range. The relative difference between the best option, layout 2, and the
worst options, layouts 4 and 5, was around 19%.

The values of the ATV1 for these layouts were very similar or higher than what was
obtained with the old layout (table 9.1, third row), which indicates that they represent
better solutions. Based on the criterion used by the NovoTAL system, layout 2 would be
the best choice for treatment when the temperature is not accounted for.

9.4.4 LMiPD, LAPD and SAR based on predictor A

Following the same approach as the one presented in subsection 8.4.1, the average LMiPD
and LAPD were quantified in the tumor and the maximum local SAR in the scalp when
900 mA of current were injected into each pair independently (table 9.3).

Table 9.3: Average LMiPD and LAPD in the active tumor and maximum local SAR in the scalp for each layout
when 900 mA of current were injected into each pair independently.

Tayout | L mA) [T(mA) [ TMGPD | LAPD | SAR
AP LR | (mW/cm?) | (mW/cm?) | (W/kg)

1 900 900 0.81 2.10 3570

2 900 900 0.93 2.10 2982

3 900 900 0.93 1.89 3936

4 900 900 0.70 2.13 3354

5 900 900 0.69 2.06 4038

Contrary to what was seen with the spheroid model, there is now a wider range of
variation in these metrics. The values for the LMiPD varied by up to 26%, between 0.69
and 0.93 mW /cm?. The two layouts that led to the lowest LMiPD in the active tumor
were layouts 4 and 5, which yielded 0.70 and 0.69 mW /cm?, respectively, whereas layouts
2 and 3 induced the highest value, 0.93 mW /cm®. These values are correlated with the
ones obtained for the ATV1 when current was injected into the AP pair (table 9.2) as
this is the pair that limits the values of the LMiPD the most. Thus, the layouts that
can induce the highest and the most uniform electric field in the tumor, which can be
quantified by the ATV1, are also the ones that will most likely lead to the highest LMiPD.
However, it is noteworthy that as this metric is based on the value of the power density
in each voxel of the tumor, the value of the LMiPD might also be reduced when changing
the position of the LR pair given that in certain regions of the tumor the power density
induced by the AP pair is higher than the one produced by LR’s. A similar rationale is
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presented in figure 2.4 for the EF distribution, where it can be observed that the regions
where the active tumor reaches the therapeutic threshold of 1 V/cm are different for each
pair. All the LMiPD values are below the therapeutic threshold of 1.15 mW /cm? deduced
by Ballo et al [98] that best divides EF-14 patients in two groups with the most statistical
difference in the overall survival. This is explained by tumor’s location, which was placed
in a region of the head where the EF and PD induced by the AP pair were low.

In terms of LAPD, the range of values obtained was narrower (11%) than for the
LMiPD (26%), but it was still higher than what was seen for the SHM (5%, table 8.2).
The lowest value obtained was 1.89 mW /cm? for layout 3, whereas the highest was 2.13
mW /cm? for layout 4. Contrary to what occurred with the spheroid model, here one of
the best layouts in terms of LMiPD, layout 3, is now the worst in terms of LAPD, whereas
the opposite occurred for layout 4. In the latter, the anterior and posterior arrays are
placed in the worst positions compared to the other layouts. However, as the left and right
arrays are placed in regions that increase the value of the power density in this direction,
the LAPD was significantly enhanced.

The analysis based on the SAR also led to a wider range of values than those seen
using the spheroid model. For this RHM, the SAR values varied by 26% of the maximum
value and ranged between 2982 W /kg, in layout 2, and 4038 W /kg, in layout 5. As
discussed before, these results might only be used qualitatively as these are SAR values
measured in only two specific points. This means that layout 2 is probably the safest out
of the five layouts.

Figure 9.4 depicts a qualitative comparison of the best layout to use depending on
the criterion selected. Based on this analysis, layout 2 would be chosen based on the EF,
on the LMiPD (layout 3 produced the same value), and on the SAR, whereas layout 4
would be the best option based on the LAPD. The choice made by the NovoTAL system
based on the EF, layout 2, would thus be the best option in 2 out of the other 3 criteria
evaluated and would rank second using the LAPD with a predicted value only 1.4% lower
than layout 4.
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Figure 9.4: Ranking of the 5 different layouts based on four different criteria when predictor A was used. Under
these conditions, the same current, 900 mA, was injected into each pair and in all layouts. Each rectangle
corresponds to an analysis based on a different metric: EF (purple), which is how the NovoTAL system ranks the
layouts, LMiPD (yellow) and LAPD (blue), all quantified in the tumor, and local SAR in the scalp (green).
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9.4.5 EF, LMiPD, LAPD and SAR based on predictor B

The results obtained with the spheroid model indicated that layouts in which transducers
of different pairs were very close to each other might rank worse when the temperature
is accounted for. This might be a limitation on how much current is injected in layouts
2 to 5, in which there are transducers of different pairs close to each other (figure 9.3).
The same analysis as the one presented in subsection 8.4.2 was carried out to rank the
layouts based on the temperature of the scalp using predictor B. To find how much
current could be injected into each pair a similar iterative approach was followed with the
adjustments described in subsection 9.3.2. The maximum temperature variation of the
scalp underneath the AP and LR pairs in layout 1 for a 5-minute simulation is shown in
figure 9.5 for different sets of injected current.
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Figure 9.5: Variation of the maximum temperature of the scalp underneath the AP (left) and the LR (right) pairs
for different sets of injected current in layout 1. Each set is identified as X1/X2 mA, where X1 is the current
injected in the AP pair and X2 is the current injected in the LR pair. Current was injected alternately into each
pair with a switching time of one second. The y-axis is different for each plot.

Equation (6.2) was fitted to the data presented in this figure and the maximum steady-
state temperature that the scalp would reach underneath each pair was then predicted
using equation (6.3). The results are presented in table 9.4.

Table 9.4: Maximum steady-state temperature predicted on the scalp surface underneath each pair of arrays when
different sets of current were injected. Each set is identified as X1/X2 mA, where X1 is the current injected in

the AP pair and X2 is the current injected in the LR pair. Current was injected alternately into each pair with
a switching time of one second.

Injected current (mA) | Maximum temperature | Maximum temperature
AP/LR underneath AP pair (°C) | underneath LR pair (°C)
460,525 37.3 36.4
580/850 39.4 39.4
645/745 40.7 38.1
900/625 47.3 37.0

110



Chapter 9. Tissue temperature during TTFields treatment planning: realistic head model

Based on the data of the previous table and on what was discussed before, it is possible
to conclude that if this head model with this layout represented a patient treated with
TTFields, in average, 580 mA of current would be injected in the AP pair and 850 mA
into the LR pair with a switching of one second. This set of values are the ones that leads
to a maximum steady-state temperature predicted on the surface of the scalp around 39.5
°C underneath both pairs. The minimum adjusted-R? for the data shown in the previous
table was 0.9992. For this set of currents, the temperature of all tissues at the end of
the simulation (t=5 minutes) can be viewed in figure 9.9 in subsection 9.4.7. Following
the same rationale, the maximum current that could be injected into each pair in the
remaining 4 layouts to induce a maximum steady-state temperature of 39.5 °C on the
scalp, or as close as possible to it, was also predicted and it is presented in table 9.5,
alongside with the values of the EF, LMiPD, LAPD and SAR for those currents. The
values of the coefficents C, Cy and C3, as well as the A-R? are shown in table F.1, in
appendix F. As seen in this table, the maximum temperature predicted for the scalp
underneath each pair was not exactly 39.5 °C for all layouts, but it varied between 39.3
and 39.8 °C. As each simulation took around 42 hours to compute, it was necessary to
find a trade-off between the accuracy of the results and the time invested in these studies.
Additional considerations on these approximations are made in section 9.5. Layout 2
was the only one in which it was not possible to induce 39.5 °C underneath both pairs
simultaneously due to the occurence of a temperature hotspot, as discussed in more detail
in the next subsection. The temperature distribution on each tissue surface for layouts
2 to 5 is presented in figures F.1 to F.4, respectively, in appendix F. The temperature
increases and the prediction of the thermal impact are discussed in detail in subsection
9.4.7.

Table 9.5: Average EF, LMiPD and LAPD in the tumor and maximum local SAR values in the scalp when the
temperature was also accounted for. The current injected into each pair was the one that led to a maximum
steady-state temperature on scalp’s surface of 39.5 °C underneath the AP pair and as close as possible to that
value underneath the LR pair. In parentheses the relative decrease compared to the respective values obtained
using predictor A are given.

o JT(uA)[I(mA) | T BF | T LMiPD | T.LAPD | T SAR
ayou AP LR V/em | mW/cm? | mW/cm?® | W/kg
1 580 850 1.01 0.36 1.66 2374

(-36%) | (-6%) | (-17%) (-56%) (-21%) (-34%)

9 580 650 0.85 0.40 1.04 1384

(-36%) | (-28%) | (-31%) (-57%) (-51%) (-54%)

3 580 775 0.91 0.44 1.22 2346

(-36%) | (-14%) | (-22%) (-53%) (-35%) (-40%)

4 550 00 0.94 0.27 1.53 2002

(-39%) | (-11%) | (-20%) (-61%) (-28%) (-40%)

5 565 00 0.93 0.29 1.48 2280

(-37%) | (-11%) | (-20%) (-58%) (-28%) (-44%)

As expected, accounting for the temperature led to a decrease in the value of the
current injected in both pairs compared to the 900 mA that the NovoTAL system considers
when choosing the best layout. On average, the current injected into the AP pair decreased
by 37% (range: 36-39%), whereas in the LR pair this value was only 14% (6-28%). More
current could be injected into the latter as the impedance was lower in that direction.
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Inevitably, the reduction in these values was accompanied by a decrease in all the metrics
evaluated as well. On average, the EF dimished by 22% (17-31%), the LMiPD by 57%
(53-61%), the LAPD by 33% (21-51%), and the SAR by 42% (34-54%). The current
injected into the AP pair was reduced by practically the same amount in all layouts due
to the fact that this current was optimized first (see subsection 9.3.2). This indicates
that, for this criterion, the amount of current injected might be more influenced by head’s
geometry and physical properties than by the layout chosen when the temperature is also
considered in the calculations. The current injected into the LR pair varied more across
layouts as a result of the choice of optimizing current in the AP pair first. For the LR
pair, the lowest current injected was 650 mA in layout 2, due to the occurrence of a
temperature hotspot.

The choice of which layout to use changed significantly depending on the criterion
considered, as shown in figure 9.6. Based on this analysis, layout 1 would be chosen based
on the EF and LAPD, layout 3 based on the LMiPD, and layout 2 based on the SAR.
The latter layout, which was the best in almost every criteria when the temperature was
not accounted for, is now the worst in 2 out of the 4 of them.

|—® -Layout 1 Layout 2 Layout 3 Layout 4 Layout 5|
1 LY
~
\

2 «
X
G 3
x

4

5

T+EF T+LMiPD T+LAPD T+SAR

Criterion

Figure 9.6: Ranking of the 5 different layouts based on four different criteria when predictor B was used. Under
these conditions, different amounts of current were injected into each pair and into each layout. Each rectangle
corresponds to an analysis based on a different metric: EF (purple), LMiPD (yellow) and LAPD (blue), all
quantified in the tumor, and local SAR in the scalp (green).

9.4.6 Importance of accounting for the temperature

As discussed in subsection 8.4.3, accounting for the temperature of the scalp is relevant
in two different ways: it decreases the values of the metrics used to predict treatment
effectiveness by decreasing the injected current, and it shows that there is a distance be-
tween transducers of different pairs below which temperature hotspots might occur. These
two parameters are strongly correlated with each other, as the second might significantly
impact the first.

In terms of metrics, accounting for the temperature led to a significant reduction in
the values obtained regardless of the layout. Similarly to what was observed with the
simplified head model, the amount of current injected had to be lower than the 900 mA
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typically assumed in the NovoTAL system. Figure 9.7 depicts a qualitatively comparison
of which layout would be chosen for this tumor position and for this head model based
on the analysis presented in the two previous subsections.
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Figure 9.7: Ranking of the 5 different layouts based on four diferent criteria using predictor A (EF, LMiPD,
LAPD and SAR) and predictor B (T+EF, T+LMiPD, T+LAPD, T+SAR). The amount of current injected into
each layout was the same for the first, but it varied for the second. Each rectangle corresponds to an analysis
based on a different metric: EF (purple), LMiPD (yellow) and LAPD (blue), all quantified in the tumor, and
local SAR in the scalp (green).

The LMiPD and the SAR were the ones in which the least variations were seen due to
the reasons explained above. The calculations of the EF and the LAPD were most affected
by the lowest current injected in the LR pair using layout 2. This layout was the only one
in which it was not possible to simultaneously induce the desired temperature on the scalp
underneath both pairs (table F.1, appendix F). Underneath AP’s the maximum steady-
state temperature that the scalp reached was indeed 39.5 °C, but underneath the second it
was only 38.3 °C. If more current was injected into the LR pair the temperature of the scalp
underneath the AP’s would also increase and surpass the 39.5 °C. This occurred because
one transducer of the left array was only 3 mm apart from one of the posterior array and
thus a temperature hotspot occurred (figure 9.8a), similarly to what was reported with
the simplified head model. Consequently, the EF and the LAPD for this layout decreased
significantly when the temperature was also accounted for. The rank of the remaining
layouts was not significantly affected by adding information about the temperature as the
minimum distance between transducers of different pairs was enough to avoid it. As an
example, figure 9.8b depicts the temperature distribution on scalp’s surface using layout
5 at the end of the simulation. The shortest distance between transducers of different
pairs was 8 mm, which was not enough to create a visible temperature hotspot. In the
remaining three layouts this distance was 8 mm or higher.

113



Chapter 9. Tissue temperature during TTFields treatment planning: realistic head model

(b) Layout 5

Figure 9.8: Temperature distribution on the surface of the scalp at the end of simulation (t=5 minutes) when
current was injected alternately into the AP and LR pairs with a switching time of one second in (a) layout 2
and (b) layout 5. The circles represent the interface between the scalp and the gel and they correspond to the
regions where the maximum temperature was reached and measured. In layout 2 one transducer of the posterior
array was placed only 3 mm apart from one transducer of the left array which created a significant temperature
hotspot there, thus limiting how much current could be injected in the LR pair. In layout 5, the distance between
the two closest transducers from the posterior and left pairs was 8 mm, which was enough to not create a visible
temperature hotspot between the transducers of different arrays. Temperature scales are in °C.

Even though layout 2 was the only one in which there was a visible temperature hotspot
on the surface of the scalp, the data presented in table 9.5 suggests that there might still
be a small contribution of the current injected in the AP pair on the temperature increases
underneath the LR pair and vice-versa. In layout 1, in which the arrays were the most
separated, the current injected into the LR pair was only reduced by 6% compared to
when the temperature was not accounted for. In layouts 3 to 5, this decrease was higher,
between 11 and 14%, but it was still lower than the 28% seen in layout 2. Nonetheless, it
was still possible to predict a maximum steady-state temperature of 39.5 °C on the scalp
underneath both pairs in all layouts except in layout 2.

Based on these results it can be concluded that adding information about the tem-
perature leads to a similar decrease in all metrics provided that the arrays are sufficiently
apart from each other (table 9.5, excluding data from layout 2). The minimum distance to
avoid a significant reduction in the current injected seems to be 8 mm. This explains why
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in figure 9.7, the position of each layout did not vary significantly within each rectangle
(i.e., EF vs. T+EF, LMiPD vs. T+LMiPD, LAPD vs. T+LAPD and SAR vs. T+SAR,
excluding data from layout 2).

After investigating the impact of the temperature on these metrics it is important
to discuss which might be the most appropriate one to use. The metric used by the
NovoTAL system, the average EF, has been reported since the first study on TTFields
was published by Kirson et al in 2004 [16]. The large majority of the following work
that investigated TTFields efficacy and that suggested ways to improve its application
was also based on this metric (e.g.: [43, 82, 94]). The therapeutic threshold of 1 V/cm
was already validated, which is one of the strongest arguments in favor of using it. In
2019, an alternative metric was suggested by Ballo et al [98] based on in-silico data. In
an attempt to make TTFields planning more similar to other cancer treatment planning
techniques, such as radiotherapy, a metric that quantified the energy absorbed by tissues
was suggested: the LMiPD. The same authors investigated the equivalent therapeutic
threshold of 1 V/cm in terms of this new metric and the results yielded 1.15 mW /em?.
Among the four metrics used in this study, the EF and the LMiPD are the only ones that
were investigated in the literature to quantify treatment effectiveness. The LAPD, which
was first defined and calculated in this thesis, is a less conservative approach to predict the
efficacy of TTFields compared to the LMiPD. As it provides information in terms of the
overall contribution of both pairs, it might mask the inefficacy of one pair if the other one
is placed in an optimal position. The local SAR value, which was measured locally in the
points in the scalp where temperature maxima were reached, is the only metric that was
not used to predict how effective a layout might be, but rather to evaluate which might
be the safest one. However, the points where they were measured are not necessarily
the same ones in which the highest SAR values will be reached, as the temperature also
depends on other parameters such as the blood perfusion rate. One interesting alternative
that could be used based on the SAR is to evaluate the safety of each layout following a
similar approach as the one suggested by Eichfelder and Gebhardt [139]. In that work,
the authors calculated and validated a new method called the virtual observation points
to estimate a maximum SAR value during a MRI procedure. Extrapolating this method
for TTFields, this would mean that local SAR would be measured in a pre-defined and
fixed number of points in the head, regardless of the position of the layouts. Then all the
values measured would be averaged and the layout that induced the lowest SAR would
be considered the safest one. In MRI, it was shown that the values measured in those
specific regions, which do not have to be necessarily the same for TTFields, can set a
maximum estimation for the total SAR in the head [139].

As validated thresholds for some of these metrics are lacking, one possible approach
to rank the layouts is to use the LMiPD first, as it is the most conservative approach
and thus it sets a minimum value for the expected treatment effectiveness. In the case
that two layouts yield similar values, the LAPD could be used as a second criterion, as it
provides more information about the combined contribution of both pairs. As a starting
point, the same therapeutic threshold of 1.15 mW /cm? could also be used for the LAPD,
due to the similarity in the calculation of this metric with the LMiPD. Nonetheless, it
would be important to do a similar analysis to the one performed by Ballo et al [98] but
for the average value in each voxel instead of the minimum. In the unlikely case that
the combined PD metrics are not sufficient to determine the best layout, the one that
induced the lowest SAR in the scalp could be the optimal choice. In this context, it
would be useful to follow a more rigorous method than the one considered in this work
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to measure the SAR. The limits defined by the international agencies for MRI (table 2.1)
might not be applicable to TTFields due to the differences in the application of these
techniques and on the final goal. Regardless of which metric is used, thresholds should be
defined considering that the current injected is not constant and that it depends on the
temperature of the scalp.

9.4.7 The temperature variation in the remaining tissues and a
more realistic prediction of the thermal impact

The initial goal of this thesis was to improve the model in order to predict the thermal
impact of TTFields treatment more accurately. Based on the results described in the
previous chapters, it is now possible to study the temperature increases in a much more
realistic manner compared to what was known in the beginning of the PhD. Figure 9.9
depicts the temperature distribution when layout 1 was used, whereas figures F.1 to
F.4 (appendix F) illustrate the same information for layouts 2 to 5, respectively. As
expected, temperature maxima in each tissue always occurred at its surface and quickly
decreased with depth. In these five temperature distributions, an additional superior
view was also added for a clearer view of the increases. Due to the current control
conditions, the maximum temperature that tissues reached at the end of the simulation
was practically the same for all layouts. Scalp was the one whose temperature reached
the highest value, whereas the brain was the tissue whose temperature varied the least.
Due to the independent current injection mode, temperature maxima in each tissue was
reached in two different regions when layouts 1, 3, 4 and 5 were used, one underneath
the AP pair and another underneath the LR pair. In layout 2, due to the temperature
hotspot the maximum temperature in each tissue was reached only underneath the AP
pair.

By comparing the temperature distribution obtained using any of these layouts with
the one shown in figure 2.7, one can easily see that there are some differences. Firstly,
the maximum temperature values when layouts 1 to 5 were used are lower partly because
those distributions were evaluated after a shorter exposure to the EFs (5 minutes instead
of 6) and partly because the current control mode was different. In the first study on
heat transfer during TTFields it was assumed that the temperature of the transducers,
whose critical limit was assumed to be 41 °C, was the current controller. Thus, as the
scalp heats more than the transducers, after just six minutes of application of the EFs, the
temperature on this tissue surface had reached 42 °C, whereas the maximum temperature
of the skull was 39.4 °C, CSF’s 39 °C and brain’s 38.1 °C (figure 2.7, page 31). Another
difference concerns the area in which these increases occurred. As the distance between
the transducers was augmented in one direction, from 33 to 44 mm, in layouts 1 to 5,
the arrays covered a larger area of the head. This led to the appearance of cooler regions
between the lines of transducers separated by 44 mm
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Figure 9.9: Temperature distribution, from five different perspectives, on each tissue surface at the end of the
simulation (t=300 seconds) when layout 1 was used. Current was injected alternately into each pair with a
switching time of one second. The current injected into the AP pair was 580 mA, whereas in the LR’s it was 850
mA. For these values of current the maximum steady-state temperature predicted on the scalp surface underneath
both pairs is 39.5 °C. The temperature increases occurred mainly underneath the arrays as clearly seen by the
regions in red. Each circle represents the region where a transducer was placed. First row: scalp; Second row:
skull; Third row: CSF; Fourth row: Brain. In the latter, the maximum temperature was reached at the GM
surface. Scales are different for each row. All values are in °C.

As similar temperatures distributions were predicted for all layouts, it is possible to
predict the thermal impact for all of them based only on the temperature variations ob-
served in one. Figure 9.10 depicts the maximum temperature variation for the skull, CSF,
brain and tumor when layout 1 was used. These variations follow the same exponential
expression (equation (6.2)) as the scalp, although with different coefficients. Thus, curve
fitting was performed to each one of these curves to predict the maximum steady-state
temperature that each tissue will reach. The temperature variation obtained with the
fitted expression is presented in dashed lines in the same figure.
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Figure 9.10: Variation of the maximum temperature of the skull (upper row, left), CSF (upper row, right), brain
(lower row, left), and active tumor (lower row, right) when 580 mA were injected into the AP pair and 850 mA
into the LR pair with a switching time of one second using layout 1 (solid lines). Similarly to the scalp, all
these tissues follow an exponential temperature variation when TTFields are applied. Thus, in each plot the
temperature variation obtained with the fitted expression is also presented in black dashed lines. In the skull,
the fitted curve is not well observed as it is overlapped by the in-silico data. In the CSF, brain and tumor, the

behaviour of the fitted curve suggests an underestimation of the temperature variation. The y-axis are different
for each tissue.

The values of the fitted coefficients are presented in table 9.6 for each case.

Table 9.6: Coeflicients obtained when fitting an exponential function to the temperature variation of the skull,
CSF, brain and active tumor. In the scalp, the maximum steady-state temperature predicted under these con-
ditions is 39.5 °C. The high values of the A-R? indicate that the general expression used can explain well the

temperature variations observed.

Tissue | C1 (°C) [ G5 () | C5 (C) | A-R? | Thao (°C)

Skull 3.50 380 35.9 | 0.9998 39.4
CSF 0.17 178 37.6 | 0.9970 37.8
Brain 0.09 167 37.7 1 0.9990 37.8
Tumor | 0.17 194 38.2 | 0.9983 38.4
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The values of '} indicate that the deeper the tissue, the lower the contribution of the
EFs in increasing its temperature. After the scalp, the skull is the tissue whose tempera-
ture varies the most. According to the predictions made, these fields are responsible for
increasing skull’s temperature by 3.5 °C, thus reaching a temperature of 39.4 °C, which
is very close to scalp’s 39.5 °C. In the CSF and tumor this increment was only 0.17 °C,
whereas in the brain was even lower, 0.09 °C. These results are in accordance with the
heat transfer pathways shown in figure 4.2, in which it was seen that in the scalp, skull
and CSF the Joule effect is the main source of heating, but in the brain it explains only
a small fraction of the temperature increases. However, as depicted by the dashed lines
in the previous figure, and as discussed in appendix D, the temperature predicted based
on equation (6.3) might be underestimating the real contribution of the EFs.

Based on the values of (5 it is possible to extrapolate the maximum temperature
reached in each tissue after 5 minutes to the values that would be reached after 6 minutes.
This allows for a comparison with the temperature increases after 6 minutes of treatment
with 900 mA that are shown in figure 2.7 (page 31) and which were obtained based on
what was known at the beginning of this thesis. Under these conditions, the maximum
temperature of the scalp would be 39.0 °C (based on the data of table F.1 appendix F),
skull’s 38.1 °C, CSF’s 37.9 °C and brain’s 37.8 °C. All these values are lower than what is
reported in figure 2.7 due to modifications made based on what was discussed in chapter
7.

As discussed at the end of subsection 2.2.4, the thermal impact is only predicted based
on the temperature variations and maximum temperature reached by each tissue. These
new predictions indicate that none of the thresholds defined in the literature for thermal
harm were surpassed in any healthy tissue. In the brain, where most of the thermal
impact was predicted, the maximum temperature increase due to the EFs is now less
than 0.1 °C, which is not high enough to cause significant physiological changes according
to the literature. In all these tissues, an increase of the blood perfusion rate and variations
in the metabolic activity might occur to help dissipate heat more efficiently. These are
biophysical mechanisms that help to dissipate heat more efficiently and thus they are not
unexpected. The temperature dependence of these two mechanisms was not considered
in the simulations performed, but it would most likely improve the predictions in terms
of treatment efficacy, as the scalp would cool down more quickly. As for the tumor, the
temperature increases due to the application of the EFs are not high enough to attribute
TTFields efficacy to a phenomenom similar to the one considered in local hyperthermia
treatments. It is unclear if the increment of 0.17 °C has any impact in sensitising tumoral
cells to the action of other medical techniques such as radiotherapy. Overall, the results
from this analysis indicate that Tumor Treating Fields seem to be safe from a thermal
point of view.

9.4.8 Importance of the results derived in the previous chapters

All the work developed in the previous chapters allowed to gradually improve some parts
of Tumor Treating Fields modelling. Those results gave insights on how to account for
the temperature during treatment planning and which factors could change the results
the most. Ideally, the predictions made through in-silico work would be based on Op-
tune’s current injection algorithm, which was discussed in chapter 7. However, due to
its complexity, a different approach that could simplify it but still lead to accurate pre-
dictions was needed. The current injection algorithm studied in chapter 6, whose initial
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intent was to investigate if it was possible to reach a continuous treatment, proved to be
a viable option to predict the average current that is injected into each pair in patients.
It was based on this approach that it was possible to take the first step towards a more
accurate and realistic treatment planning using a simplified head model in chapter 8. In
that chapter, it was shown that maximizing the average current injected into each model
would favour the least resistive pair and consequently produce lower LMiPD values in
the tumor because of the low current injected into the most resistive pair. Due to that
reason, current was maximized in the AP pair first in the realistic head model. The dif-
ferent criteria considered to rank the layouts used in the RHM model were also justified
by the results obtained with the simplified head model, as significant variations in what
is considered to be the best option were observed depending on the metric chosen. Thus,
based on the output of chapters 6 to 8, it was possible to improve T'TFields modelling,
investigate the best way to account for the temperature increases during treatment and
evaluate the sensitivity of the choice of the best layout on the criterion used.

The results of the sensitivity analysis of the physical parameters, presented in chapter
4, showed that increasing the thermal conductivity and blood perfusion rate of the scalp
decreased temperature maxima in every tissue. A variation in the same direction was
observed when the electric conductivity of the scalp and skull were increased. More
specifically, skull’s electric conductivity was increased to the maximum value reported
in the literature, which, as shown in table 4.2, leads to the lowest temperature maxima
predicted in almost every tissue, including the scalp. Table C.1 in appendix C indicates
that the maximum temperature predicted for the scalp decreased from 41.6 to 38.6 °C
(-3.0 °C) when skull’s electric conductivity was increased from 0.013 to 0.080 S/m. As
current injection depends on the temperature of this tissue, it is expected that the values
found in this chapter for each layout that induced a maximum steady-state temperature
of 39.5 °C correspond to the best-case scenario. Furthermore, it was shown that when the
arrays were at least 8 mm apart, there were no visible temperature hotspots that could
significantly impact the current injected into each pair. This conclusion might not hold
if the electric conductivity of the skull, or even of the scalp, are reduced as the Joule
effect in each tissue would be higher. In those cases, less current would be injected into
each pair to induce the same temperature in the scalp, which could decrease the predicted
treatment effectiveness when this additional parameter was considered during treatment
planning.

One possible way to decrease the temperature, even if less favorable physical pa-
rameters are used for the scalp, is to consider other relevant cooling mechanisms in the
simulations. In chapter 5, it was seen that sweat represents one additional path to cool
down the scalp and that depending on the values assigned to the parameters that model
it, it could be the main one. If this mechanism was considered in simulations presented
in this chapter, the values of the fitted coefficients would most likely be different. As
the temperature would vary more slowly, more simulation time would also be needed to
perform a reliable curve fitting. Adding sweat could also decrease the minimum distance
between transducers as the scalp would cool down more quickly.

9.5 Limitations and conclusions

Throughout this chapter an investigation of the impact of adding information regarding
the temperature in the NovoTAL system was carried out. Temperature maxima on the
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scalp was reached underneath the outer transducers of each array, as more current was
injected there due to the edge effects discussed previously. Underneath these transducers,
at the interface between the scalp and the gel, the temperature distribution was not
uniform. Within each one of these interfaces, the maximum temperature was reached in
the periphery and in regions further away from the center of the transducer, as depicted
by the darker colors in those regions in figure 9.9. However, the arrays used in patients
have a thermistor placed in the center of the transducer and thus current control is made
based on the temperature at the center of this interface. To improve the accuracy of
the results deduced in this chapter, a circular interface with a diameter of 2 mm should
have been represented. This is the size of the thermistor used in the Optune system and
it would most likely lead to a more optimistic prediction of treatment efficacy, as the
reported temperature would be lower and more current could be injected into each pair
to induce a maximum temperature of 39.5 °C in that region. This more realistic approach
might also lead to a more intense temperature hotspot in layouts in which transducers of
different pairs are close to each other.

The predictions made in terms of how much current could be injected into each pair
were also based on the assumption that the time simulated in each study to predict the
maximum temperature variation was representative enough to extrapolate the conclusions
for the whole treatment time. The high values of the adjusted-R? indicate a very good
agreement for the first five minutes of treatment between the fitted coefficients and the
data used to obtain them. However, similarly to what occurred for the deepest tissues
(figure 9.10), an underestimation of the temperature of the scalp using the fitted curve
was also observed (data not shown). To minimize the error associated with these predic-
tions, the value of C3, which was known for every tissue, was not kept constant during
curve fitting as it would lead to a more pronounced underestimation of the temperature.
This underestimation leads to a lower maximum temperature predicted for the scalp and
consequently to a more optimistic prediction of treatment effectiveness as more current is
injected into each pair. One way to test this hypothesis is to perform additional studies
under the same conditions but simulating more than just the first five minutes of treat-
ment. Based on the data presented, the skull is the tissue that takes the longest to reach
a steady-state temperature when the EFs are applied (Cy = 380 seconds, table 9.6). If
three time constants were simulated based on this value (i.e., 19 minutes), the contribu-
tion of the EFs in increasing the temperature of this tissue would have already reached
95% of its maximum. Thus, the fitted coefficients could be more accurate and possibly
less biased by simulation time. It would also help to improve the accuracy of the results
if more validation tests were made to investigate if the general expression used, equation
(6.2), can predict the average current injected in other patients and for the new set of
electric parameters used. As discussed before, this equation was validated in chapter 7 by
comparing the current injected in the head model used with data from one patient’s log
files when the old set was still being used. Ideally, the maximum temperature predicted
for the scalp underneath each pair should also be exactly 39.5 °C. However, due to time
constraints, it was not possible to run enough iterations to induce exactly that value in all
layouts. As shown in table F.1 (appendix F) the maximum temperature predicted for the
scalp varied between 39.3 and 39.8 °C, which could slightly influence the injected current.

One of the main challenges when trying to consider the temperature during planning
is the time that it takes to run the simulations. In workstation 3, each iteration took more
than 1.5 days to compute and at least 4 iterations were performed for each layout. This
implies that it was necessary at least 1 week per layout to determine how much current
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could be injected into each pair to induce a maximum of 39.5 °C on the scalp. As there
were five different possibilities to place the arrays, it took more than one month just to find
the best array positioning for this model and tumor location. This makes this approach
unpractical to use in patients, especially considering that GBM is a fast-growing tumor
and treatment planning should be as quick as possible. Even if more powerful workstations
that could significantly reduce simulation time were used, accounting for the temperature
would most likely require changing T'TFields planning workflow in stages prior to step S23
(figure 9.1). As mentioned previously, in step S12, the representation of the scalp, skull
and CSF is downgraded and these tissues are represented as simple shells or convex hulls
to reduce the time that it takes to plan treatment. This approach might not be viable
when the temperature is of interest as it could change the results in terms of temperature
distribution on the surface of the scalp.

In the case that it is not feasible to perform time-transient simulations to predict the
temperature, indirect ways to account for its impact might also help to optimize treatment
planning. One of the quickest ways to do this is ensuring a minimum distance between the
arrays of at least 1.0 or 1.5 ¢m to prevent the occurrence of temperature hotspots. Even
though in the head models used 0.8 cm were enough to not observe any hotspots on the
surface of the scalp, there might still be some influence of the current injected into one pair
in increasing the temperature of the head underneath the complementary pair. Ideally,
temperature-wise, the arrays should be placed as separated apart as possible. However,
if the minimum distance between the arrays is ensured, the decrease in the metrics will
be pratically the same regardless of the layout used and therefore the ranking will not
be very affected by taking the temperature into account. Nonetheless, results might vary
significantly depending on the criterion used. Even for the two metrics reported in the
literature, the average EF and the LMiPD, the choice of the best layout was not in
agreement when the temperature was considered (figure 9.7), which highlights the need
to investigate in more detail the best way to rank layouts.
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Final considerations

10.1 Main outcomes of this work

The results obtained during the MSc thesis, which were the starting point for the work de-
veloped in this PhD, showed the relevance of studying the temperature variations during
TTFields therapy. In that work, it was shown that in each tissue heating occurred mainly
underneath the arrays and temperature maxima was always reached on the surface. In
this PhD thesis, these predictions were improved and further investigated by adding infor-
mation regarding the real current injection algorithm. This was accomplished by following
an approach that simplified its complexity but that maintained the accuracy of the results
for the data analysed. Based on the results obtained it was shown that the temperature
variation of each tissue could be modelled by an exponential expression with coefficients
that could be deduced by curve fitting in-silico data. To the best of author’s knowledge,
this was the first study that quantified the temperature increases during therapy using an
approximation to the real algorithm and that predicted how these increases might affect
treatment planning. Based on the results obtained, it was also shown that accounting
for this additional parameter is of the utmost importance when predicting treatment effi-
cacy as the current injected has to be lower than the 900 mA that the NovoTAL system
typically considers in simulations. Even though the current injection algorithm is inde-
pendent for each pair, the occurrence of common temperature hotspots between arrays
might indirectly influence how much current is injected in both pairs. This highlights
the need to ensure a minimum distance between the arrays and, ideally, to place them
as far possible from each other. Arrays that are very close to each other might lead to a
significant decrease in the current injected and consequently the therapeutic threshold of
1 V/cm might not be reached.

Another important outcome of this work is related with the criterion used to rank
layouts. It was shown that what is considered to be the best layout depends on the
parameter that one wants to prioritize. In this work, the ones that were analysed were
the average electric field, the minimum PD (LMiPD), the average PD (LAPD), and head
safety (SAR), although other options could be considered. Adding information about
the temperature might lead to significant variations in this choice, which is an additional
argument in favor of considering this parameter during planning. The results obtained
also showed the importance of a more thorough investigation of how modelling should be
performed. The values assigned to the physical parameters play an important role in the
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maximum temperature values predicted for each tissue. More specifically, it was shown
that the electric conductivity of the scalp and skull, and the thermal conductivity and the
blood perfusion rate of the scalp are the parameters that lead to the highest uncertainty
on the temperature predicted for each tissue and transducers and thus these should be
the ones that are more carefully chosen in this type of studies. In terms of energy transfer
mechanisms, it was shown that sweat might be a relevant cooling path although there is
still not any equation that accurately models it. Thus, in future heat transfer studies this
mechanism should be included only after more validation tests are performed.

Despite these uncertainties, the thermal investigation carried out throughout this the-
sis allowed to study in detail the temperature variations during treatment and showed, for
the first time, that Tumor Treating Fields seem to be safe for the patient from a thermal
point of view.

10.2 General limitations of this work

The results presented in this thesis and the conclusions drawn from them were based solely
in 4n-silico work. This is the only way to non-invasively study how the electric fields
interact with the head and to assess the efficacy of different treatment methodologies.
In the last two decades, there was a quick development in the computational resources
used to perform this type of studies and, nowadays, practical results can be obtained
in a matter of few hours as a result of the increasing power of computer processors and
optimized algorithms. Inevitably, there will always be limitations when models are used
to reproduce and investigate what occurs in living biological systems. The goal is to find
the best trade-off between the simplifications made and the accuracy of the results drawn
through this approach. This work is no exception and thus, there are some limitations
that are important to address. Some of them were already discussed at the end of each
chapter, whereas the most general ones are discussed here.

The number of healthy tissues that were segmented in the head model used consisted
in scalp, skull, CSF, grey matter, white matter, and lateral ventricles. Typically, these
are the only tissues that are represented in the large majority of computational studies to
predict the EF distribution in the head. However, the impact of adding more anatomical
detail is still unclear when the temperature is considered during TTFieds therapy. In
electroconvulsive therapy, adding a layer of fat between the scalp and the skull was shown
to have a significant impact both in the electric field distribution and in the maximum
temperature predicted for tissues [97|. The work by Hershkovich et al [132] also showed
that adding a layer of fat affects the EF when TTFields are applied to the torso. As
the electric conductivity of the scalp is much higher than fat’s, the current density in
the first increases and consequently the Joule effect is also augmented. Thus, if this
additional layer is accounted for in TTFields heat transfer studies a meaningful decrease
in the current that can be injected into each pair might occur, as scalp’s temperature
might increase more quickly. Likewise, even more detail can be added to the model. For
example, the scalp could be further divided into epidermis, dermis and fat, and a layer of
muscle could be represented between the scalp and skull. The more superficial the tissue
added, the more likely it is to affect the temperature distribution, although other factors
such as the thickness of the layer and the values of the physical parameters also play an
important role.

Another limitation of this work was the representation of the tumor. The virtual
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lesion consisted in a spherical necrotic core, with a diameter of 1.4 c¢cm, surrounded by a
concentric active shell, with a diameter of 2.0 cm. In the EF-11 clinical trial, patients who
received TTFields therapy had a tumor whose largest diameter at randomisation was, on
average, 6.1 cm (maximum: 15.2 cm) [8]. The work by Wenger et al [82] indicated that
the EF in the active shell might not change significantly as a result of tumor’s shape and
size for volumes by up to 26.6 cm?® due to the large coverage of the individual arrays.
Nonetheless, it would increase the reliability of the results presented here if a sensitivity
analysis concerning the size, morphology and position of the tumor was carried out. Most
likely, the results in terms of temperature increases in the scalp would hold as the tumor
is much smaller than this tissue, but the conclusions in regard to treatment effectiveness
might change drastically. To improve the accuracy of the predictions in terms of EF in
the tumor, more tissues could also be represented. It is known that the occurrence of a
peritumoral edema is common in GBM and that it will most likely decrease the EF in the
tumor if considered in computational simulations [136]. Other studies indicated that there
is a high intratumoral GBM heterogeneity, with perinecrotic regions having lower electric
conductivity values compared to the solid tumor compartments [135]. In the NovoTAL
system, these regions are accounted for by assigning dielectric properties to each voxel of
the tumor using diffusion tensor images in steps S13 and S14 of the treatment planning
workflow (figure 9.1).

The lack of representation of the medical tape that covers the arrays might also lead
to less accurate temperature predictions. This medical tapes covers a significant area of
the scalp and it makes energy transfer with the environment more difficult compared to
when this tissue is in direct thermal contact with the surroundings. Furthermore, the
physical properties of this tape might also vary throughout treatment due to patient’s
sweating. The degree of variation of the results in terms of temperature is still uncertain,
but most likely it has a negative impact on the predicted treatment efficacy as there is an
additional barrier to heat removal from the head.

10.3 Future work

Based on the general limitations discussed above and on the specific limitations discussed
at the end of each chapter, it is possible to define future work that would allow to im-
prove the predictions made so far, and ultimately to enhance how Tumor Treating Fields
treatments are planned and delivered to patients.

One of the aspects that is still necessary to investigate is the sensitivity of the results to
the model used. In this context, using different head models and different tumor positions,
but the same physical parameters as the ones considered in the previous chapter, would
be a good first approach to the problem. This would help to quantify the inter-subject
variability of the temperature distribution and study how the predictions made in terms of
current injected vary from patient to patient. Based on what was discussed in the previous
section, segmentation of more tissues, such as fat, and a detailed study of its impact on
temperature maxima on the scalp would also be an interesting study to perform.

Experimental work would also help to improve the computational results. As the
sensitivity analysis presented in chapter 4 indicated there are four physical parameters
whose uncertainty leads to the highest variation on the temperature predicted for each
tissue. These parameters were scalp and skull’s electric conductivity and scalp’s thermal
conductivity and blood perfusion rate. However, measuring these properties in humans
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is very difficult due to several experimental and ethical constraints. Thus, experiments
in animals might be the best alternative. In the literature, there are several studies that
reported different approaches to measure tissues dielectric properties (e.g.: [132, 140]),
thermal conductivity (e.g.: [141, 142]), and blood perfusion rate (e.g.: [143]). Out of these
four most significant parameters, the electric conductivities of the scalp and the skull
should be measured first as their impact in the temperature predicted is more relevant
compared to the thermal parameters, and also because they might significantly alter the
EF in the tumor.

One of the tasks that was initially planned for this thesis was an experimental vali-
dation of the heat transfer model. Preliminary work was done toward this goal, but due
to the pandemic and subsequent alterations on the initial workplan the advances were
limited. Some in-silico work was done in which the electric fields were applied first to
an aquarium with water and then to a simplified representation of the forearm. At the
same time, Novocure did the experiments under similar conditions and the results were
compared with each other. The conclusions drawn from these analysis showed some dis-
crepancies between the temperature predicted and measured. This does not necessarily
mean that Pennes’ equation provides wrong predictions, as the experimental setup and
the conditions of the simulations in the two experiments had some differences. Thus,
in the future, a thorough investigation is needed under more controlled conditions. The
main aim is to study the accuracy of the predictions made through Pennes’ equation when
TTFields are applied.

Whether information about tissues temperature is added to the NovoTAL system
through a similar methodology as the one considered in this work or by an indirect ap-
plication of the conclusions drawn from it, it is still necessary to investigate the clinical
applicability of these studies. This includes, e.g., examining if the layouts already consid-
ered in this software have all arrays separated apart by, at least, 0.8 cm. The choice of the
best metric to evaluate treatment efficacy is also one of the aspects that should receive
more attention in the near future, as it may impact significantly which layout is used.
Lastly, information about the temperature of the scalp was incorporated in the model by
fitting the data of the temperature variation to an exponential equation. Even though
this method proved to be a good estimator for the average current injected in patients, a
sensitivity analysis on how the fitted coefficients might vary for longer simulation times
and for other set of physical parameters is still needed. Ultimately, the most important
future work is a validation of the main findings of this thesis by incorporating the rel-
evant information in the NovoTAL system and comparing the outcome with the results
presented here.

10.4 The future of Tumor Treating Fields

Tumor Treating Fields were first reported in the study by Kirson et al in 2004 [16| and
have been used for the treatment of recurrent glioblastoma since 2011 following the re-
sults of the EF-11 clinical trial [8]. Since then, this technique was also FDA-approved
for newly-diagnosed glioblastoma in 2014, following the results of the EF-14 clinical trial
[17], and for malignant pleural mesothelioma in combination with chemotherapy in 2019,
following the stellar clinical trial results [144]. As of 2021, TTFields are also being in-
vestigated for the treatment of advanced small-cell lung carcinoma (EF-15 clinical trial)
[145], in recurrent ovarian cancer (innovate) [146|, pancreatic cancer (panova) [147|, and
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hepatocellular carcinoma (hepanova) [148]. These clinical trials are either at phase I, 11
or IIT and are applied jointly with chemotherapy as an alternative to chemoterapy alone.

The increasing number of clinical trials in different types of cancer suggests that
TTFields might be a reliable option not only in glioblastoma treatment, but in oncol-
ogy in general. As of 2021, TTFields are used in the USA, some countries in Europe,
Israel, Japan, and China |29]. However, it is not likely that this technique will be available
in lower-middle, or even in upper-middle, income countries in the next few years, as its
monthly cost is around 21 000 USD [20]. This value covers the rent of the Optune system,
the arrays, treatment planning in the NovoTAL system, patient and physician training,
and 24 hours technical support. The post-hoc analysis of the EF-14 clinical trial data
carried out by Connock et al [149] estimated that adding TTFields to patient’s treatment
costs, on average, 453 848 € and it gives patients additional 0.604 years to live. A similar
analysis was also performed by Guzauskas et al [150] and the results yielded 188 637 USD
and 1.25 years, respectively. One of the main differences in these analysis is that the
calculations performed by the first authors were based on the french healthcare system,
whereas the second based their calculations on the USA system. Regardless of which is the
best way to calculate the cost/effectiveness ratio of TTFields, the high monthly amount
that is necessary to pay for it makes TTFields acceptance more difficult. Currently, only
Japan, Israel, Sweden, and in some cases Germany, have included this technique in the
national reimbursement system [20]. Besides its cost, there are other aspects that might
contribute for more countries to not consider TTFields as a viable option, as pointed by
Rominiyi et al [20]. Among these, the lack of a control group in clinical trials, the burden
of carrying the device, the daily compliance and the fact that the mechanisms of action
are not completely understood, might be the most significant ones. In countries where
this technique is available, only 30% of the eligible GBM patients are treated with it [150],
most of which in the USA [20]. As of 2021, the number of patients that were or still are
being treated with TTFieds worldwide is around 18 000 [151].

Despite these challenges, the results seen in other studies might help to increase
TTFields acceptance in the future. The computational work by Korshoej et al [111]
showed that T'TFields efficacy for GBM is enhanced when a craniectomy is performed
prior to treatment. In somes cases, the EF in the tumor might increase by up to 70%.
These results led to a phase I clinical trial, in which part of the skull of 15 recurrent GBM
patients was strategically removed during surgery. Patients were then treated concomi-
tantly with TTFields and chemotherapy. The outcomes showed an OS of 15.5 months
and a PFS of 4.6 months, with no additional treatment toxicity [152]. These results were
better than what was found in the literature when no craniectomy was performed. This
led to the approval of a phase II clinical trial with 70 patients, randomized at a ratio of 1:1,
to receive the best practice medical oncology therapy either with or without skull remod-
eling surgery. The estimated study completion date is on the 1st of March, 2024. Another
study that might allow to increase T'TFields visibility and acceptance was performed by
Giladi et al [24]. This in-vitro and in-vivo work showed that applying TTFields immedi-
ately after radiotherapy could impair the reparation of radiation-induced DNA damage.
This led to a phase I/II clinical trial, the PriCoTTF trial, which started in 2020, to test
a similar hypothesis [153]. The goal is to investigate the benefits of starting TTFields
therapy at the same time as radiochemotherapy in 33 newly-diagnosed GBM patients.
The outcome of these two studies performed by Korshoej et al [152] and Guberina et al
[153] might lead to the approval of TTFields in earlier stages of treatment in the next few
years and thus to increase its acceptance.
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Appendix A

Derivation of Laplace’s equation

In this appendix, a brief description of how to deduce Laplace’s equation, equation (3.1),
that is used to predict the electric field distribution within the head, is provided. A much
more detailed discussion of how this equation can be deduced and the conditions in which
it is valid can be found in Haus and Melcher [154].

The most general way to represent how electromagnetic radiation and matter interact
is through Maxwell’s equations. These are mathematically described in their differential
form as:

oD

0B
V-D=p, (A.3)
V-B=0 (A.4)

where H is the magnetic field (A/m), J the current density (A/m?), D the electric
displacement (C/m?), E the electric field intensity (V/m), B the magnetic field density
(T), p, the electric charge density (C/m?), and ¢ is the time (s). All physical parameters
in bold are vectorial quantities.

The first equation, equation (A.1), is commonly known as the Maxwell-Ampére’s law
and it states that a magnetic field can be generated by an electric current and/or by a
time-varying electric field. The second equation, equation (A.2), is Maxwell-Faraday’s
law of induction, which describes how a time-varying magnetic field induces an electric
field. These two equations describe how the electromagnetic waves are generated and
propagated through a medium by the interplay between the magnetic and electric fields.
The third and fourth equations are known as Gauss’ laws for electric and magnetic fields,
respectively, and they state how the electric field is related with the electric charge density,
equation (A.3), and that there can not be magnetic monopoles, equation (A.4).

The relation between the different physical quantities is further described by the con-
stitutive relations:
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Appendix A. Derivation of Laplace’s equation

D =¢E (A.5)
B =uH (A.6)
J = oE (A7)

where € (F/m) is the absolute permittivity, x (H/m) is the absolute permeability of the
medium and o is the electric conductivity (S/m). The first two are mathematically given
by:

€ = €€y (A.8)

[t = Hoftr (A.9)

where € (~ 8.854 x 107!2 F/m) is the permittivity of the vaccum, ¢, (unitless) the
relative permittivity of the medium, o the permeability of the vaccum (47 x 1077 H/m)
and g, (unitless) the relative permeability of the medium. In equations (A.5) to (A.9)
it was assumed that the medium is isotropic and thus that €., €, u,., p, and o could
be represented by scalar values. For anisotropic materials, these quantities are replaced
by tensors, i.e., 3x3 matrices, and the respective multiplications with the other physical
quantities should be replaced by the dot product.

In some cases, based on the nature of the problem being studied, it is possible to sim-
plify equations (A.1) to (A.4) by neglecting some terms, especially the ones that involve
time derivatives, that would not contribute significantly to the final solution. The qua-
sistatic approximations of Maxwell’s equations were defined accounting for this, which
proved to be very useful in solving complex problems. These simplified equations can
be obtained by either neglecting the magnetic induction (the electroquasistatic approx-
imation) or the electric displacement current (the magnetoquasistatic approximation),
depending on the conditions of the problem. For the purpose of the study of the electric
field distribution within the human head at a frequency between 100 and 500 kHz, the
first approximation can be considered given that the electromagnetic wavelength, =15 m,
is significantly larger than the size of the head, ~ 20 cm. This condition is necessary
and sufficient for the time delay between the changes in the sources of the fields and the
changes in the induced fields to be ignored and thus to allow to use the electroquasistic
approximation, as explained in detail in Haus and Melcher [154|. Under these conditions,
Maxwell’s equations can be simplified and rewritten as:

VXH:J+6%—? (A.10)
OH
E=—-—1u—=~ Al
V x wgy =0 (A.11)
vV-E=2 (A.12)
€
V-H=0 (A.13)

These are some of the equations that are already implemented in the software used
throughout this thesis, COMSOL Multihysics. The electric currents (ec) interface of the
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AC/DC module is used to compute the potential distribution and thus to predict the
electric field and current distributions within the geometry used. A fully defined system
is obtained by including the equation of continuity:

V-J+

Ipw
T 0 (A.14)
This equation states that the variation of the electric charge contained within a volume
can only change by the amount of electric current flowing through the boundaries of that
same volume.

Under the EQS approximation, the second term on the left-hand side of equation
(A.14) is set to zero and thus using the constitutive relation expressed by equation (A.7)
it follows that:

V-oE=0 (A.15)

From equation (A.11) the electric field is irrotational and therefore it can be repre-
sented as a function of the electric potential in the following form:

VxE=0&E=-V¢ (A.16)

where ¢ is the electrostatic potential (V).
Combining the previous equation with equation (A.15) the following is deduced:

V- (cVeg)=0 (A.17)

This is a particular case of Poisson’s equation and it is known as Laplace’s equation for
electrostatics. This equation allows to predict the electric field distribution for TTFields
studies using the EQS approximation of Maxwell’s equations.
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Appendix B

The Finite Element Method (FEM)

In this appendix, a very brief description of the finite element method (FEM) is presented
based on a much more extensive discussion of it that can be found in [155, 156|. The same
nomenclature and methodology as the one presented in Zienkiewicz and Taylor [155] is
followed. All the variables in bold refer to vectorial or matricial quantities.

The FEM is a powerful numerical tool used to solve physical problems that can be
described by differential equations, which is the case of the equations that describe the
electric potential and the temperature variation, presented in chapter 3. In this method,
it is assumed that the equations in a given domain  (a volume, an area, etc) can be
described by a set of differential equations of the form:

Au) = A2(u) } =0 (B.1)

where A contains the differential equations that describe the problem of interest and w
is a scalar (e.g.: the scalar electric potential, the temperature) or a vector function (e.g.:
the electric field vector) that satisfies the equations and whose values are the solution of
the problem.

At the boundaries, I', of each domain, an additional set of equations has to be imposed
so the problem is completely defined:

In FEM, an approximate solution for w, @, is sought in the form of:

uz'a:ZNiai:Na (B.3)
i=1

where IN; are the shape functions, which are known, and a; are the nodal displacements.
These nodal displacements are the solution to the problem and can be determined as
described below. The degrees of freedom are given by n and they correspond to the

156



Appendix B. The Finite Element Method (FEM)

number of nodal displacements that must be determined to obtain the solution.
The discretization implicit in equation (B.3) allows to solve equations (B.1) and (B.2)
by using an equivalent system of linear equations:

Ka=f (B.4)

In the latter, K is often referred to as the stiffness matrix and f is column vector known
as the force vector. The parameters a, necessary to calculate the approximate solution
i, can be obtained by inverting K.

There are two different approaches that can be followed to calculate @: the method
of weigthed residuals and the method of determination of a variational functional, as
explained in detail in chapter 3 of Zienkiewicz and Taylor [155]. As the first is the one
implemented in the software used throughout this thesis, COMSOL Multiphysics, it is
also the one that is discussed here.

The starting point for this approach consists in expressing equations (B.1) and (B.2)
in their integral form. As these sets of equations have to be zero at each point of the
domain €2, and at the boundaries I', it follows that:

/vTA(u)(?Q—I—/ﬁTB(u)OF:O, Vv, v (B.5)
0 r

where v and ¥ are column vectors of arbitrary weighting functions defined in the domain
and boundaries of the problem, respectively. The only restriction imposed on the latter
two is that they are bounded, so the two previous integrals are finite. For the same reason,
it is necessary that the p — 1 derivatives of u to be continuous, where p is the maximum
order of the derivatives occuring in A or B.

In the method of weigthed residuals, v and ¥ are rewritten as:

v = ijcSaj (B.6)
j=1

V= ijéaj (B?)
j=1

where da; are arbitrary parameters and w; and w; are known functions.
Inserting equations (B.6) and (B.7) into equation (B.5) and considering equation (B.3)
one obtains the following:

5a§."[/ﬂwa(Na)aQ+/Fu—;fB(Na,)ar]Q =0, Vj=0,1,...,n (B.8)

As 0a; are arbitrary, the last expression can be simplified to:

157



Appendix B. The Finite Element Method (FEM)

| wlAmNa0 [ @l BNayr =0, ¥i=01..n (B.9)

The quantity A(NNa) is the residual of the approximation of u by equation (B.3) and
B(Na) is the residual of the boundary conditions. Thus, equation (B.9) is the weigthed
integral of the residuals, hence the name of the method. The choice of w; and w; depends
on the method used, being the Galerkin method one of the most common ones. In the
latter, it is assumed that the weighting functions are the same as the shape functions,
N;.

In some cases, it is still possible to simplify the calculation of equation (B.5). If one

integrates it by parts an alternative form of that equation is obtained:

/C(v)TD(u)89+/E(6)TF(u)8F:O, Yo, v (B.10)
Q r

where the matrices C, D, E and F' contain lower order derivatives than those occuring
in equation (B.5). Equation (B.10) is then less restrictive than equation (B.5) and that is
why the former is known as the weak version of the latter. Following the same approach
as before, equation (B.10) can be written as:

/C(wj)TD(Na)ﬁﬂ —i—/E('LTJj)TF(Na)aI’ =0, Vj=0,1,....,n (B.11)

The advantage of the latter formula is that C, D, E and F are linear operators which
allow to represent equation (B.11) as a linear system of equations similar to equation
(B.4).

The shape functions, IV;, that appeared in most of the equations described above, are
defined locally for each finite element. In computational simulations that use the FEM,

the geometry is divided into several finite elements, in which equation (B.11) is solved
(figure B.1).

Subdomain £°
3 (element)
r

Figure B.1: In the FEM, the geometry of the problem is divided into several elements, e. Instead of solving the
equations in the whole domain, €2, and boundaries, I', at once, they are solved in the domain, 2., and boundaries,
I'c, of each element. The final solution is then obtained by the sum of the solution of all elements of the whole
domain. Adapted from [155].
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In 2D, these elements are typically triangles and in 3D tetrahedrons, although other
shapes can be considered. The ensemble of all elements forms the mesh. To ensure that
an accurate solution is obtained through the FEM, it is necessary that the mesh is fine
enough, i.e., that the elements are small enough, so that the geometry is well represented.
Elements with a small size also ensure that a low order for the shape functions can be used
(linear or quadratic), that can accurately represent the variation of the solution. In figure
B.2, a simple representation of the importance of the mesh is provided. A coarser mesh
leads to a poorer representation of the geometry as less surface and volume elements are
used. However, for extremely fine meshes, the number of elements increases significantly

which leads to very long simulation times.

Geometry

AN

pid VAVAYAVAY.
S TAVAYAYLYAv, o YA,
OOOSEA AR
S TOTAVAVANE, (o rAviy ¢
‘s‘-g§{{~,k¢"‘""

Coarser mesh Normal mesh Finer mesh

Figure B.2: The geometry of interest (upper figure) is a sphere. The finer the mesh, the more elements are used
to represent the geometry and thus the more accurate the final solution. However, the higher the number of
elements the longer it takes to run the simulation. Thus, in the FEM there has to be a trade-off between the

accuracy of the results and simulation time.

As mentioned previously, IV; is defined locally for each element, e, of the mesh. Thus,
equation (B.11) can be rewritten as:

i (/ C(N,)"D(Na)oQ + E(Nj)TF(Na)8F> =0, Vj=0,1,...,n (B.12)
Qe e

e=1

where €2° is the domain of each element and I'® the respective boundary. The total number

of elements in the mesh is given by m.
Thus, the matrices K and a in equation (B.4) can be obtained by assembling sim-
pler matrices, k¢ and a€, respectively, that are specific for each element. Under these

conditions, u is given by:

3

u U= N;a; = Na*° (B.13)

i=1
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The number of points, n, can vary depending on the order of the elements considered
during the calculations. For first order elements, @ is calculated at the vertices of each
element. It is possible to increase the accuracy of the solution, at a cost of an increased
computational time and memory usage, by considering higher order elements. In that
case, the nodes are not only at the vertices of each element, but they might also be on
the edges or faces of the element, as depicted in figure B.3. Higher order elements imply
using shape functions, IN;, with a higher polynomial degree.

VAVANRVANGNN

3-noded 6-noded

triangle triangle 4-noded tetrahedron 10-noded tetrahedron

Figure B.3: The total number of points in which the solution is computed, the nodes, can vary depending on the
order of the elements. For first-order elements, there are 3 nodes for each triangle (2D) and 4 for each tetraheadron
(3D). For higher order elements the number of nodes is higher (in the figure: 6 for the triangle and 10 for the
tetraheadron), which increases the accuracy of the solution at a cost of an increased computational time and
memory usage. Adapted from [157].

In general, one of the main challenges of the FEM has to do with the calculation of
K. For 1D, direct methods for inverting K can be used at a low computational cost.
However, for the most general applications that use the FEM, a 3D geometry is required,
which is divided into several thousands of elements yielding millions of degrees of freedom.
Thus, an iterative approach has to be considered instead, which requires less storage and
fewer operations to solve the problem. The rationale behind an iterative process is to
successively improve the calculated solution until a stopping criterion is reached. Given
an initial guess, a®, an iterative solver finds the solution to the following equation:

a*tt =Ta* +ec, k=0,1,.. (B.14)

where 4@* is the solution of the problem on iteration k, T is the iteration matrix and
c is a vector. In stationary studies, the latter two are fixed. In non-stationary studies,
T and c might vary in each iteration and their calculation depends on the solver used.
The choice of the best solver for each problem depends on several factors. The most
used ones in COMSOL Multiphysics are the generalized minimal residual (GMRES),
the flexible generalized minimal residual (FGMRES), the biconjugate gradient stabilized
method (BiCGSTab) and the conjugate gradients. The main differences between them
can be found elsewhere [158].

In every iterative process, there has to be a condition that allows the solver to stop
the calculations. Ideally, the stopping condition corresponds to a case where the relative
difference between two consecutive solutions, @*** and @*, is lower than a predefined tol-
erance, which indicates that the solution has converged. Very often, a maximum number
of iterations is also defined to avoid running the solver ad aeternum in the case that it is
not converging or its convergence is very slow.
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Additional data on the sensitivity

analysis of the physical parameters

In this appendix additional data concerning the sensitivity analysis, discussed in chapter 4,
is presented. In the following tables the impact that each electric and thermal parameter
variation had on the percentile 99.99% of the temperature distribution in each tissue
and on the average temperature, 75,4, of the most significant transducer are shown. As
discussed in that chapter, the percentile 99.99% was considered to be the maximum
temperature, 7T,,,,. The deviation of each result with respect to the value obtained when
the standard (std) set of values was used is also presented for each case following the
formula:

Affgsue,MST = T;in;,ii}tg - T;Ltj;v,avg (C]')

The standard set of values used is presented in table 4.1, but the values changed in
each test are repeated in tables C.1 and C.2 for convenience. In total, 57 simulations
were performed. The results concerning the variation of the temperature of the tumor
are not presented as its maximum temperature did not vary by more than 0.1 °C in any
simulation.

The highest and lowest temperature predicted when the electric and thermal param-
eters of biological tissues were changed are highlighted in bold in the tables. These are
the same parameters as the ones presented in table 4.2, which is replicated below.

: - - + +
Parameter evaluated | Tissue | | Trae | Tang | Totaw | Tang
4 max min
Scal Electric Oskull Oskull
AP Thermal T Eman
scalp scalp
3 max man
Skull Electric O gball O gealp
: u Thermal womar ki
Maximum temperature : s%aalg ;}lf%z
CSF Electric onad O ealp
Thermal w*-,m(lx kmzn
scal scalp
Electric am”’g o
Brai scalp scalp
rain Th 1 *,maT fman
erma scalp scalp
Electric 0.777,[1.’1) O.’HL’L'I'L
Average temperature MST Th i Shull, kf'f%p
erma wscalp scalp
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Appendix D

Analysis of the equation used to predict

the temperature variations

In chapter 6, equation (6.2) was used to predict the temperature variation of the most
significant transducer when TTFields were applied. As the head was in thermal equi-
librium with the environment before current injection began, the temperature increases
occurred only due to the Joule effect. In those studies, the first six minutes of treatment
were simulated to predict how much current could be injected into both pairs to induce
a maximum steady-state temperature, T,q., predicted through equation (6.3), of 40.4 °C
in the MST. These two equations are replicated below for convenience:

T = Ci(1 —exp(—t/Cy)) + Cs (6.2)
Tnae = im T'= Cy + Cs (6.3)
—00

In this appendix two different studies were performed to investigate two different
aspects discussed in that chapter. The goal of study A was to investigate the sensitivity
of the coefficients C', C5 and Cj5 to the simulation time. For the purpose of this work, the
first eight minutes of treatment were simulated. The upper plot in figure D.1 depicts the
temperature variation of the MST when the critical current, 675 mA, was injected. This
simulation took around 45 hours in workstation 1. Curve fitting of the data was performed
to the temperature variation considering only the first 2 (A1), 4 (A2), 6 (A3), and 8 (A4)
minutes of treatment (figure D.1, middle row). Study A3 corresponds to the data used to
drawn the conclusions presented in chapter 6. In all cases, the value of C3 is known to be
equal to 33.38 °C, as it represents the temperature of the transducer in the beginning of
the simulation. The reason why it was not kept constant during the curve fitting process
was because it led to a more pronounced underestimation of the temperature variation at
the end of the simulation compared to when it was set as a free parameter.

Study B was performed to investigate why the coefficients Cy and Cy (table 6.2),
predicted using equation (6.4), and which modelled the temperature variation when the
fields were shut down, did not match the values of C; and C3 presented in table 6.1 for
the same injected current. When current injection was ceased, the head was still not in
thermal equilibrium with the environment (figure 6.3) and thus what was simulated was
not the beginning of the exponential decay. To mimic this situation, curve fitting of the
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Appendix D. Analysis of the equation used to predict the temperature variations

temperature variation of the MST was performed considering the temperature variation
in different time intervals: 1-5 (B1), 2-6 (B2), 3-7 (B3), and 4-8 (B4) minutes (figure D.1,
lower row).
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Figure D.1: Variation of the average temperature of the MST for an 8-minute simulation when 675 mA were
injected into each array alternately with a switching time of one second (upper row). In study A, the importance
of the simulation time was investigated by analysing different portions of this variation (middle row). In study
A1, only the first 2 minutes were considered, whereas this value was increased to 4 minutes in study A2, to 6
minutes in A3, and 8 minutes in A4. In study B, the significance of which time interval is studied was investigated
(lower row). In study B1, only the temperature variation between 1 and 5 minutes was considered, whereas in the
other studies this 4-minute time window was shifted 1 minute between consecutive studies and it included data
from the time interval 2 to 6 minutes in study B2, 3 to 7 minutes in B3, and 4 to 8 minutes in B4. In all cases,
the red line indicates the data that was analysed.
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Appendix D. Analysis of the equation used to predict the temperature variations

The coefficents obtained for each one of these studies through curve fitting are pre-
sented in table D.1.

Table D.1: Curve fitting coefficients for each test. In study A (A1-A4) the goal was to investigate the impact of
the simulation time on the curve fitting parameters. In study B (B1-B4) the aim was to investigate the influence
of using data from different time periods in the values of the coefficients.

Study | Time interval (s) | C1 (°C) | C3 (s) | C5 (C) | A-R? | Thaw (°C)

Al 0-120 6.07 170 33.35 1 39.42
A2 0-240 6.79 201 33.38 | 0.9999 40.17
A3 0-360 7.17 222 33.42 | 0.9998 40.59
A4 0-480 7.40 237 33.46 | 0.9997 40.86
Bl 60-300 7.22 235 33.92 1 40.74
B2 120-360 7.33 257 33.69 1 41.02
B3 180-420 7.34 275 33.86 1 41.20
B4 240-480 7.36 280 33.89 1 41.25

The results obtained in study A suggest that longer simulations yield a higher T},,,.
In study A1l only the first 2 minutes were simulated and this value was 39.4 °C, but it
increased by around 1.5 °C when the first 8 minutes were simulated in study A4. These
values were mainly affected by the estimation of C, which quantifies the contribution of
the EFs. The value of C5 varied by 0.1 °C, whereas (5 varied by more than one minute
between studies Al and A4. It is expected that the more time is simulated, the more
accurate and reliable the fitted coefficients are. This can also be observed comparing the
values of T,,,, between consecutive studies. From Al to A2 this value varied by 0.75 °C,
from A2 to A3 by 0.42 °C and from A3 to A4 by 0.27 °C, which indicates that T},,, is
becoming less sensitive to the treatment time simulated. Ideally, simulations should be
done in which the MST reaches a value very close to its steady-state. Based on the value of
(5 in study A4, at t=711 seconds the contribution of the EFs in increasing the temperature
of the MST would reach 95% of its maximum value. Curve fitting performed with that
data would be more reliable to predict 7},,., but it would also lead to a computational
time of roughly 3 days. This highlights that there has to be a trade-off between the
accuracy of the results and simulation time.

To the analysis of the the results obtained in study B, the data concerning study A2 can
also be added as the evaluation period was four minutes as well. In general, these results
indicate that shifting the time-window to later times leads to higher values predicted for
T mainly because the value of C'3 was progressively more overestimated the more this
time-window was moved to the right. Even though the value of C'; approximated the one
obtained in study A4, in which data for the whole 8 minutes was considered, this was not
enough to compensate the increases in C'3. As the time-derivative is higher for the initial
time periods, curve fitting with data that corresponds to a time-window such as the one
used in study B4, in which the temperature is varying less, might lead to less accurate
predictions of the value of the coefficients. These conclusions are representative of what
occurred in chapter 6 when the values of Cy and Cg were predicted.
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Appendix E

Simplified head model: curve fitting
data

In this appendix the coefficients obtained when equation (6.2) was fitted to the tempera-
ture variation of the scalp using the simplified head model (chapter 8) are presented for
each layout. These data concern only the current that led to a maximum steady-state
temperature, T,,.., predicted through equation (6.3), as close as possible to 40.5 °C on the
surface of the scalp, based on 5-minute simulations. These two equations are replicated
below for convenience:

T =Cy(1 —exp(—t/Cy)) + Cs (6.2)
Traw = tlim T=0C, + Cy 6.3)

Table E.1: Curve fitting coefficients for the simplified head model and for each layout. The current injected into
each pair was the one that led to a maximum steady-state temperature predicted on scalp’s surface, Ty,qz, as
close as possible to 40.5 °C. The values of the adjusted-R? suggest that the equation used for curve fitting can
explain very well the temperature variation of the scalp when TTFields are applied to a simplified head model.

.| Injected current | C1 | C2 | C3 9 | Tmaz

Layout | Pair (mA) o) | ) | co) A-R (C)
0/75 0° 400 6.85 | 209 | 33.6 | 0.9995 | 40.5

75° 600 6.65 | 219 | 33.8 | 0.9996 | 40.5

0/90 0° 410 6.80 | 217 | 33.7 | 0.9996 | 40.5

90° 625 6.73 | 216 | 33.9 | 0.9995 | 40.6

0/105 0° 423 6.70 | 211 | 34.0 | 0.9997 | 40.7
105° 600 6.51 | 209 | 33.9 | 0.9994 | 404

15/105 15° 400 6.79 | 205 | 33.7 | 0.9995 | 40.5
105° 575 6.60 | 212 | 33.8 | 0.9996 | 40.4

30/135 30° 425 6.82 | 211 | 33.7 | 0.9996 | 40.5
135° 600 6.66 | 206 | 33.9 | 0.9994 | 40.6

165/60 165° 423 6.97 | 215 | 33.6 | 0.9997 | 40.6
60° 600 6.39 | 208 | 33.9 | 0.9994 | 40.3

16575 165° 423 6.70 | 212 | 33.6 | 0.9997 | 40.3
75° 625 6.50 | 205 | 33.9 | 0.9994 | 404
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Appendix F

Realistic head model: additional data

F.1 Realistic head model: curve fitting data

In this section of the appendix the coefficients obtained when equation (6.2) was fitted
to the temperature variation of the scalp using the realistic head model (chapter 9) are
presented for each layout. These data concern only the current that led to a maximum
steady-state temperature, T),.., predicted through equation (6.3), as close as possible
to 39.5 °C on the surface of the scalp. These two equations are replicated below for
convenience:

T =Cy(1 —exp(—t/Cy)) + Cs (6.2)
Tma:p = tli)m T = Cl + Cg (63)

Table F.1: Curve fitting parameters for the realistic head model and for each layout. The current injected into
each pair was the one that led to a maximum steady-state temperature predicted on scalp’s surface, T. oz, as
close as possible to 39.5 °C. The values of the adjusted-R? suggest that the equation used for curve fitting can
explain very well the temperature variation of the scalp when TTFields are applied.

.| Injected current | C1 C2 | C3 Toas

Layout | Pair J (mA) Q) | (s) | (o) A-R? (C)
1 AP 580 5.53 | 166 | 33.8 | 0.9993 | 39.3
LR 850 5.11 | 151 | 34.3 | 0.9981 | 39.4

9 AP 580 5.73 | 177 | 34.0 | 0.9991 | 39.7
LR 650 4.51 | 196 | 33.8 | 0.9996 | 38.3

5 AP 580 5.66 | 170 | 33.9 | 0.9995 | 39.6
LR 775 5.20 | 155 | 34.3 | 0.9983 | 394

4 AP 550 5.31 | 177 | 34.0 | 0.9991 | 39.3
LR 800 5.34 | 151 | 34.0 | 0.9989 | 39.3

5 AP 565 5.49 | 159 | 34.3 | 0.9987 | 39.8
LR 800 5.41 | 148 | 34.1 | 0.9987 | 39.5
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Appendix F. Realistic head model: additional data

F.2 Temperature distribution: layout 2

Superior Anterior Posterior Left Right

o g =)

Scalp

Skull

CSF

Brain

Figure F.1: Temperature distribution, from five different perspectives, on each tissue surface at the end of the
simulation (t=300 seconds) when layout 2 was used. Current was injected alternately into each pair with a
switching time of one second. The current injected into the AP pair was 580 mA, whereas in the LR’s it was 650
mA. For these values of current the maximum steady-state temperature predicted on the scalp surface underneath
the first pair is 39.5 °C, but underneath the second is only 38.3 °C. If more current was injected into the LR pair,
the temperature of the scalp underneath AP’s would have been higher than the desired 39.5 °C. The temperature
increases occurred mainly underneath the arrays as clearly seen by the regions in red. Each circle represents the
region where a transducer was placed. First row: scalp; Second row: skull; Third row: CSF; Fourth row: Brain.
In the latter, the maximum temperature was reached at the GM surface. Scales are different for each row. All
values are in °C.
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Appendix F. Realistic head model: additional data

F.3 Temperature distribution: layout 3

Superior Anterior Posterior

Figure F.2: Temperature distribution, from five different perspectives, on each tissue surface at the end of the
simulation (t=300 seconds) when layout 3 was used. Current was injected alternately into each pair with a
switching time of one second. The current injected into the AP pair was 580 mA, whereas in the LR’s it was 775
mA. For these values of current the maximum steady-state temperature predicted on the scalp surface underneath
both pairs is 39.5 °C. The temperature increases occurred mainly underneath the arrays as clearly seen by the
regions in red. Each circle represents the region where a transducer was placed. First row: scalp; Second row:
skull; Third row: CSF; Fourth row: Brain. In the latter, the maximum temperature was reached at the GM
surface. Scales are different for each row. All values are in °C.
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Appendix F. Realistic head model: additional data

F.4 Temperature distribution: layout 4
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Figure F.3: Temperature distribution, from five different perspectives, on each tissue surface at the end of the
simulation (t=300 seconds) when layout 4 was used. Current was injected alternately into each pair with a
switching time of one second. The current injected into the AP pair was 550 mA, whereas in the LR’s it was 800
mA. For these values of current the maximum steady-state temperature predicted on the scalp surface underneath
both pairs is 39.5 °C. The temperature increases occurred mainly underneath the arrays as clearly seen by the
regions in red. Each circle represents the region where a transducer was placed. First row: scalp; Second row:
skull; Third row: CSF; Fourth row: Brain. In the latter, the maximum temperature was reached at the GM

surface. Scales are different for each row. All values are in °C.
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Appendix F. Realistic head model: additional data

F.5 Temperature distribution: layout 5

Superior Anterior Posterior Left Right

Figure F.4: Temperature distribution, from five different perspectives, on each tissue surface at the end of the
simulation (t=300 seconds) when layout 5 was used. Current was injected alternately into each pair with a
switching time of one second. The current injected into the AP pair was 565 mA, whereas in the LR’s it was 800
mA. For these values of current the maximum steady-state temperature predicted on the scalp surface underneath
both pairs is 39.5 °C. The temperature increases occurred mainly underneath the arrays as clearly seen by the
regions in red. Each circle represents the region where a transducer was placed. First row: scalp; Second row:
skull; Third row: CSF; Fourth row: Brain. In the latter, the maximum temperature was reached at the GM
surface. Scales are different for each row. All values are in °C.
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