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Abstract

Glioblastoma Multiforme (GBM) is one of the deadliest brain diseases that is characterized by

a rapid progression and a short survival time. The expected life time is only 15 months with

optimal treatment and the current standard of care includes one technique that was �rst reported

15 years ago, named Tumour Treating Fields (TTFields). This non-invasive approach relies on

injecting an alternate current in electrodes placed on the scalp with an optimal frequency of 200

kHz to produce an electric �eld with a minimal therapeutic intensity of 1 V/cm at the tumour

site. A �eld with these properties was shown in in-vitro studies to have an anti-mitotic e�ect

capable of reducing the growth rate of the tumoural cells. This led to the creation of what is

now a Food and Drug Administration (FDA) approved device named Optune®. These �elds are

applied injecting an alternating current with 900 mA amplitude per array in two perpendicular

directions alternately (Left-Right and Anterior-Posterior), with a switching time of one second.

Additionally, clinical trials showed that a daily usage of at least 18 hours can signi�cantly enhance

treatment outcomes. Apart from skin dermatitis underneath the regions where the electrodes

are placed, there are no other major changes reported in the literature that can be considered as

side-e�ects of this technique. However, it is a known fact that biological tissues heating occurs

due to the Joule e�ect. This problem is addressed by shutting down the �elds in both directions

when a transducer reaches 41ºC which consequently leads to GBM not being treated at all. The

aim of this project is to study this on/o� process and evaluate the thermal damage to the healthy

tissues while, at the same time, suggesting ways to improve how Optune® works.

To accomplish these goals, a realistic head model already built by our research group based on

Magnetic Resonance Imaging (MRI) data, was used. This model consists of six di�erent biological

tissues (scalp, skull, CerebroSpinal Fluid (CSF), grey matter, white matter and eyeballs), the

transducers arrays that mimic Optune® and a virtual lesion that intends to represent a GBM.

The computational studies were done using COMSOL Multiphysics after performing validation

tests to ensure the reliability of its results. This software uses the �nite element method to

calculate the electric potential and the temperature within each tissue as a function of space and

time.

The results obtained show that due to the thermal constraints and under normal conditions,

Optune® is only being used to treat the tumour around one-third of the time (6 hours). However,

we show that it is possible to increase this time if the room temperature is lowered, if the injected

current is controlled at the transducer level instead of at the array level and if just the array that

has the electrode that reaches 41ºC is shut down instead of both arrays. Additionally, considering

a hypothetical situation where Optune® works with half the injected current in each transducer

but with both con�gurations applied simultaneously instead of alternately, we concluded that

the device is more time on and might be a good alternative to enhance treatment outcomes. All
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Abstract

the simulations surpassed the thresholds de�ned by the international agencies for the Speci�c

Absorption Rate (SAR) values for a MRI diagnostic, which was expected considering that the

time that the electric �elds are applied should be maximized to treat this disease. Additionally,

thermal damage evaluated using the Cumulative number of Equivalent Minutes at 43ºC (CEM

43ºC) showed that only minor and acute changes are expected at the skin level, while the

thresholds for the skull, CSF and the eyeballs were not reached for one treatment day. For the

brain, some changes such as increased Blood-Brain Barrier (BBB) permeability, a variation of

the cerebral blood �ow and an alteration of the Gamma-AminoButyric Acid (GABA), glycine

and glutamate concentrations may occur.

The conclusions here drawn consider that the metrics chosen can be used in TTFields without

any major change to the thresholds from which they were developed for. Although this might

not be completely true, the main points here achieved should be seen as a principle of proof that

Joule heating in TTFields can be harmful and lead to some changes, especially in the brain,

that may lower the quality of life of GBM patients. One important question that remains to be

answered is if these results proved to be true, can the bene�ts of this technique really compensate

the side-e�ects considering the low survival rate? To increase the validaty of these results this

data should be compared with what is seen in clinical trials. We hope that these conclusions

can be helpful to improve this technique and to increase the awareness of the thermal damage

during TTFields therapy.

Keywords: Glioblastoma; Joule heating; Realistic head model; Thermal damage; Tumour

Treating Fields;
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Resumo

Glioblastoma Multiforme (GBM) é um dos tipos de tumores cerebrais mais malignos e mais

comuns em pessoas com idade superior a 65 anos com uma taxa de incidência de 10 em cada 100

000 pessoas. Apesar de ser uma doença idiopática, existem estudos que já conseguiram demon-

strar que existe uma relação entre a sua ocorrência e a exposição a radiações ionizantes, enquanto

outros fatores como a genética, raça e lesões na cabeça não demonstraram ser percursores para

o seu aparecimento. Ao longo do tempo, vários métodos de tratamento foram sugeridos e apli-

cados sem que no entanto houvesse uma melhoria signi�cativa dos resultados. Atualmente, o

tratamento desta doença começa com uma cirurgia de modo a remover o máximo de volume do

tumor possível, seguindo-se terapia com radiação e quimioterapia. Esta última pode ser aplicada

juntamente com os Tumour Treating Fields (TTFields).

Os TTFields consistem na aplicação de um campo elétrico através de elétrodos colocados

sobre o escalpe. Estudos in-vitro demonstraram que campos com determinadas propriedades

capazes de induzir uma magnitude mínima de 1 V/cm no tumor conseguem afetar a mitose

das células cancerígenas sem aumentar a toxicidade nas células saudáveis que não se encontram

em divisão celular. Esta interferência é explicada por dois fenómenos distintos. Durante a

metafase, a polimerização dos �lamentos de tubulina leva à formação dos microtúbulos que são

responsáveis por separar os cromatídeos-irmãos em direção a polos opostos da célula. O campo

elétrico aplicado leva a que as sub-unidades de tubulina se reorientem consoante o campo externo

aplicado e consequentemente comprometam a ação dos microtúbulos e a correta divisão celular.

O segundo mecanismo ocorre já durante a fase �nal da divisão, durante a citocinese, quando

a célula está prestes a separar-se em duas. Nesta altura, devido à forma da célula e à elevada

quantidade de iões e dipolos que esta possui, existe uma acumulação de carga na região de

separação das células quando um campo elétrico externo é aplicado levando a que a célula-mãe

se rompa e não complete corretamente a divisão celular. Esta técnica já provou também ser mais

e�caz quando as células tumorais têm a mesma orientação espacial do campo elétrico externo, o

que explica ser vantajoso injetar a corrente em mais que uma direção.

O Optune®, desenvolvido pela NovocureTM, é o aparelho aprovado pela Food and Drug

Administration (FDA, EUA) que é usado para implementar clinicamente esta técnica. A sua

utilização consiste na injeção de uma corrente alternada com uma frequência de 200 kHz e

900 mA de amplitude em duas direções perpendiculares (Anterior-Posterior e Esquerda-Direita)

de forma alternada, com um período de troca de um segundo, durante cerca de 18 horas por

dia, todos os dias. Até agora, o problema mais signi�cativo descrito na literatura derivado de

uma utilização tão elevada é dermatite por debaixo do local onde os elétrodos são colocados,

sendo esta facilmente ultrapassada com a utilização de corticoesteróides e mudanças periódicas

dos transdutores. Não obstante, existem outras limitações desta terapia como por exemplo o

aquecimento dos tecidos biológicos da cabeça devido ao efeito de Joule. Para evitar a ocorrência

de queimaduras, o Optune® desliga sempre que algum elétrodo atinge os 41ºC. O impacto deste
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processo de ligar e desligar leva a que os efeitos do tratamento sejam imprevisíveis uma vez que

quando o aparelho se encontra desligado a mitose das células tumorais não é afetada. Assim, o

objetivo deste projeto passa por, numa primeira fase, modelar o funcionamento do Optune® e,

de forma paralela, sugerir modos de aumentar o tempo de aplicação dos campos elétricos.

Com o intuito de atingir os objetivos propostos foi usado um modelo realista de uma cabeça,

previamente desenvolvido pelo nosso grupo de investigação através de imagens de ressonância

magnética. Este modelo encontra-se segmentado em diferentes tecidos biológicos que compreen-

dem o escalpe, crânio, líquido cefalorraquidiano (CSF), olhos e substâncias branca e cinzenta.

Foi ainda criada uma lesão virtual representativa de um glioblastoma e foram colocados os elétro-

dos sobre o escalpe de modo a que representassem da forma mais realista possível o Optune®.

Todas as simulações computacionais foram feitas usando o software COMSOL Multiphysics após

validação dos seus resultados com modelos mais simples. As equações implementadas foram

resolvidas com base no método dos elementos �nitos que permitem calcular o campo elétrico e a

temperatura em cada tecido em função da posição e do tempo.

Os resultados obtidos mostraram que sob condições normais, os TTFields são aplicados ape-

nas durante um terço (6h) do tempo mínimo diário recomendado devido às restrições térmicas.

No entanto, foi possível demonstrar que este valor pode ser aumentado se for maximizado o

tempo que o doente se encontra em ambientes frios, se se usarem controladores de corrente ao

nível dos elétrodos ao invés de ao nível dos arrays e se apenas a con�guração da qual faz o parte

o elétrodo que aquece mais for desligada em vez de ambas as con�gurações. Foi ainda realizada

uma simulação em que metade da corrente era injetada em cada transdutor, mas ambas as con-

�gurações funcionavam de forma simultânea em vez de alternada. Os resultados demonstraram

um aumento do tempo de aplicação dos campos elétricos e indicaram que esta solução pode mel-

horar a e�cácia do tratamento. Todas as simulações feitas ultrapassam os limites de�nidos pelas

agências internacionais para o Speci�c Absorption Rate (SAR), o que já era esperado uma vez

que os campos elétricos são a base do tratamento e consequentemente o seu tempo de aplicação

deve ser maximizado. Por outro lado, os valores obtidos para o Cumulative number of Equivalent

Minutes at 43ºC (CEM 43ºC) considerando um dia de tratamento indicam que o aquecimento

poderá causar alterações apenas ao nível do escalpe e do cérebro (matérias branca e cinzenta).

Relativamente ao primeiro, são esperados apenas pequenos problemas que podem ser facilmente

tratados. As mudanças que mais preocupações podem causar são ao nível do cérebro onde os

resultados obtidos indicam que a permeabilidade da barreira cérebro-sangue (BBB) pode aumen-

tar, o �uxo sanguíneo no cérebro pode variar e que é possível que hajam alterações ao nível de

neurotransmissores como o ácido gama-aminobutírico (GABA), glicina e glutamato.

Apesar da veracidade destas conclusões ter ainda que ser con�rmada com dados experimentais e

o seu efeito analisado de forma mais detalhada, estes estudos permitem concluir que o efeito de

Joule é signi�cativo nesta terapia, algo que ainda não foi reportado por nenhum outro grupo de

investigação. Se estes resultados se con�rmarem verdadeiros levantam-se ainda outras questões

nomeadamente se o benefício obtido justi�ca o dano causado tendo em conta a baixa expetativa

de vida destes pacientes. Nós esperamos que estes resultados permitam alertar os grupos que

trabalham na área dos TTFields que este efeito deve ser tido em conta durante o planeamento e

que as sugestões apresentadas possam, de algum modo, ajudar no desenvolvimento desta técnica.

Palavras-chave: Dano térmico; Efeito de Joule; Glioblastoma; Modelo realista da cabeça;

Tumour Treating Fields;
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Motivation and project outline

In general, the people who su�er from Glioblastoma Multiforme do not have a good quality of

life and are subjected to di�erent kind of treatments whose side-e�ects can be very painful, not

only for them but also for their relatives that have to go through all this experience without

much they can do. Despite all the e�orts that have been put into studying a cure for this disease

the outcomes have not improved signi�cantly throughout the years and these patients remain

with a very low expected survival time.

Thus, it is necessary to study di�erent approaches that can help them or at least try to

investigate how to improve their life while being treated. In particular, Tumour Treating Fields

is a technique with a lot of potential, despite the fact that it can also have some side-e�ects that

were yet not reported in the literature, namely biological tissue heating. The consequences of

this temperature increase are unknown because it can vary depending on several factors, but it

has to be studied and very well understood so that the scienti�c community can �nd new ways to

apply this technique, improve its e�cacy and, at the same time, avoid unnecessary aftere�ects.

To achieve the desired goals this project was divided in several chapters:

Chapter 1 - Introduction: Includes a brief description of Glioblastoma Multiforme and

the current standard of care. It is also described how TTFields work at the cellular level and

how they can a�ect the mitotic process. Finally, a succinct discussion of the tissue heating

studies in TTFields is made and an explanation is given on why they can not be considered to

be representitive of what really happens.

Chapter 2 - Biological tissue heating: This section is dedicated to describing the main

results presented in the literature regarding electric safety and tissue heating using the SAR

and CEM 43ºC metrics, respectively. The thresholds that might be relevant for TTFields are

presented.

Chapter 3 - COMSOL Multiphysics validation: All the simulations here performed

are based on the calculations done using this speci�c software that allows to combine di�erent

physics. This chapter discusses how COMSOL works and its main advantages/disadvantages. To

get acquainted with it and to have an idea of the deviation of the results it presents comparing

with analytical solutions some tests were done that are also described.

Chapter 4 - Methods: This section explains the realistic head model used and how it

was created. Additionally, the equations necessary to solve the problems proposed and which

simulations were done alongside with their purpose is explained.

Chapter 5 - Results: Shows the main �ndings for each simulation namely the SAR, CEM

43ºC and the temperature of each biological tissue as a function of time. The e�cacy in terms

of the time that Optune® is on for each case is also discussed.
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Chapter 6 - Discussion: Discusses the importance of shutting down the device when the

electrode's temperature reaches 41ºC, the electric distribution in the brain and in the tumour,

how it is possible to improve the e�cacy of Optune® and evaluates the damage done by this

technique to the healthy tissues. Lastly, some simpli�cations that were done and how they might

have a�ected the results are discussed alongside with the limitations of this project and future

work.

Chapter 7 - Conclusion: Presents a brief conclusion of the main points discussed.

Appendix: This section gathers all the additional information, the abstracts sent to

di�erent conferences and the report sent to NovocureTM with the main conclusions of this project.

xx



Chapter 1

Introduction

1.1 Glioblastoma Multiforme

Glioblastoma multiforme (GBM), also known as fourth level astrocytoma according to the World

Organization of Health (WHO), is the most common type of primary malignant tumour that

appears in the brain in adults, with half of the patients older than 65 years at the time of diagnosis

and a global incidence rate of 10 per 100 000 people worldwide [1]. The term astrocytoma is used

when cancer has its origin in the astrocytes. These star-shaped glial cells have a very important

role in the brain and in the spinal cord such as maintenance of an appropriate ion balance,

support to the neurons and to the Blood-Brain Barrier (BBB) cells, communication between

neurons and glial cells, among others [2]. A high drop in life quality is expected in people who

have this disease, especially because it can appear in di�erent brain regions and is characterized

by a rapid progression and a short survival time. The median overall survival is only 3 months

without treatment and 14.6 months with optimal treatment [3]. Even for those that glioblastoma

was treated, in a vast majority of cases it recurs within 9 months of the initial treatment, with

a two year survival rate of only 20% and a �ve year survival rate less than 5% [3, 4].

Although this disease's aetiology can be related to genetic factors, race and in some cases

head injuries [5], there is not enough evidence to prove correlation, and the only known cause is

exposure to high ionizing radiation doses. Depending on the size and location of the tumour the

initial symptoms vary a lot, but most of them include headaches, personality changes, dizziness,

nausea, among others [6]. Throughout time, several methods to treat GBM were studied, but

during the last 40 years treatment options have not changed dramatically nor have the survival

rates improved signi�cantly [6]. The current standard of care for newly diagnosed patients is

�rst surgery when possible, to remove the gross tumour volume, followed by radiation therapy

and chemotherapy using temozolomide (TMZ). Regarding the latter, it can be used alone or

combined with Tumour Treating Fields (TTFields). For recurrent cases, additional surgery may

be necessary followed by radiation therapy, anti-angiogenic therapy and chemotherapy. If these

options do not longer work then TTFields alone can be used [7].

1.2 Tumour Treating Fields

TTFields are a technique that was �rst reported in 2004 by Kirson et. al [8], where the results

obtained after applying an electric �eld with certain features on cell cultures of mouse melanoma
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and rat glioma showed an anti-mitotic e�ect. These low-intensity (1-3 V/cm) and intermediate-

frequency (100-300 kHz) alternating electric �elds proved, in the recent years, the capability to

a�ect tumour cell's proliferation without increasing toxicity on non-dividing healthy cells.

One of the major e�ects of TTFields is the inhibition and/or prolongation of mitosis in

dividing cells. Kirson et. al [8] reported a mitosis rate two times slower (124 min vs. 62 min) after

applying an electric �eld with an intensity of 1.0 - 1.4 V/cm, 24 hours after seeding a cell-culture

with syngeneic mice tumour cells and for up to 72 hours at 100 kHz. This phenomenon was

hypothesized to occur during metaphase when tubulin polymerization controls the proliferation

mechanism. It is known that tubulin polymerizes into microtubules which are responsible for

pulling apart the two sister-chromatids, formed during interphase, towards opposite sides of the

cell by the action of the centrosomes. The applied �eld will re-align tubulin subunits according

to its direction, which can delay and/or prevent the normal polymerization process of the mitotic

spindle and consequently compromise normal cell division [9, 10] (�gure 1.1a and 1.2).

The second mechanism by means of which TTFields a�ect cell proliferation was observed in

mouse melanoma cultures during cytokinesis, where 25% of the cells undergoing mitosis were

destroyed due to the applied electric �eld as the formation of the cleavage furrow approached

complete cell separation [8, 10, 11] (�gure 1.1b and 1.2). At this stage due to the cells' hourglass

morphology, formed during anaphase and telophase, the non-uniform induced electric �eld in-

creases the dielectrophoretic forces that are responsible for pushing charged and polar particles

towards the cleavage furrow and consequently disrupt the correct cell separation [9].

(a) (b)

Figure 1.1: TTFields mechanisms of action: (a) First mechanism: When an electric �eld is applied tubulin
subunits within the cell line up with the �eld's direction thus compromising the formation of the microtubules;
(b) Second mechanism: Cell's shape after anaphase induces a non-uniform and high �eld at the furrow region.
The application of an electric �eld can pull these molecules to this region thus disrupting the cell's division.
Images from [9].

These interferences with cell division can lead to aneuploid or polyploid nuclei and cause

genomic instability, leading to cell death or senescence. Although this is the goal when applying

this technique to tumour cells, for healthy cells these problems must be taken into consideration.

The main role of the mitotic checkpoints is precisely to prevent these cells from keeping on

proliferating and, if necessary, repair or destroy them. There are three main checkpoints: one

during mitosis (the spindle checkpoint) and two during interphase (G1 at the G1/S transition

and G2 at the G2/M transition) (�gure 1.2). While the latter two check for cell size, nutrients,
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growth factors, DNA damage and replication problems, the spindle checkpoint is responsible

for verifying if the chromosomes are well attached to the spindle during metaphase in order to

allow a correct separation of the sister-chromatids [12]. In particular, most of the brain cells do

not divide themselves when reaching adult age [13] and remain in the G0 phase permanently.

Because of this they are not a�ected by the action of these electric �elds. However, brain tumour

cells do keep proliferating, thus the advantage of this technique to treat this type of cancer [14].

Figure 1.2: TTFields at a cellular level. There are two mechanisms of action of these �elds: microtubule disruption
and consequent mitotic delay or arrest (A) and cell disruption due to the accumulation of ions and dipoles at the
cleavage furrow during cytokinesis (B). There are three checkpoints responsible for checking cell integrity during
mitosis (spindle checkpoint) and during interphase (G1 and G2 checkpoints). Adapted from [10].

This technique was approved by the Food and Drug Administration (FDA) to be used in the

treatment of GBM patients which had a recurrence (in 2011) and in the treatment of newly diag-

nosed GBM patients (in 2015) applied jointly with chemotherapy. These �elds are applied using

an appropriate apparatus named Optune®, formerly known as NovoTTF-100A, and developed

by NovocureTM (http://www.novocure.com) (�gure 1.3). Using a portable device that can be

powered by batteries or by plugging into a socket, the current is injected via two sets of arrays

placed on the shaved scalp of the patient in two di�erent perpendicular directions alternately.

Because a gel is used to make it easier to deliver the desired current, some people with known

sensitivity to conductive hydrogels may not be able to use this technique in their treatment.

Furthermore, other situations such as an active implanted medical device and pregnancy are
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also exclusion criteria, due to the fact that there are not any studies regarding the in�uence of

TTFields in these cases [7].

Figure 1.3: Optune® system, where the battery is kept inside the bag and the electric �elds are applied through
two perpendicular pairs of arrays connected to a generator, also kept inside the bag. Adapted from [7].

Given that TTFields e�ects are also dependent on the duration, intensity of the applied

�eld and cell's doubling time, it is expected that an increase of the duration of exposure and

�eld intensity, within a certain range, can enhance e�cacy for slow dividing cells, as Giladi

et. al [10] proved using in-vitro cell cultures. Some important results that helped to improve

this technique e�cacy were the study of Kirson et. al [15], where the authors concluded that

alternately switching the direction of the applied �eld could enhance the results by 20% compared

to the situation where only one direction was used, and the study of Kanner et. al [4] where

it was observed that the fraction of dead tumor cells increased with application time of the

�elds. Currently, a daily usage of at least 18 hours is recommended because it showed signi�cant

improvements in clinical trials. Salzberg et. al [16] also reported that at least four weeks

of treatment are necessary to see meaningful aftere�ects. Up until now, the only side e�ects

reported when using TTFields alone were malaise, muscle twitching and skin ulcers in few cases

[7] and skin dermatitis underneath the region where the electrodes are positioned, which can

be explained as a combination of factors such as chronic moisture, heat, occlusion of the skin,

chemical irritation by constituents of the hydrogel and medical tape [8]. In all studies this

problem was readily solved using topical corticosteroids and periodic electrodes changes [16�19].

As mentioned before, in-vitro studies showed signi�cant cell damage when the magnitude of the

applied �eld was at least 1 V/cm in the tumour cells and these results were enhanced for values

up to 3 V/cm. However, constantly applying these �elds leads to biological tissue temperature

increase due to Joule heating. This problem is a known limitation of this technique and, in order

to avoid severe burns, especially of the scalp, Optune® shuts down the applied current everytime

the electrodes' temperature reaches 41ºC [20]. Thereby, the temperature decreases and excessive
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heating problems are avoided. However, when these �elds are not being applied GBM is also

not being treated, which justi�es the fact that such a high daily usage compliance is necessary

to obtain better results.

1.3 Tissue heating in TTFields

To the author's knowledge, there are no studies that correctly model Optune®'s way of work-

ing taking into consideration these thermal limitations apart from the studies of Sun [21] and

Castellvi et. al [22]. Regarding the �rst one, the author did several simpli�cations which could,

most probably, signi�cantly a�ected the conclusions. First, the model used was a semi-sphere

and each tissue was also modelated as a semi-sphere with a speci�c radius. Secondly, the array

con�guration does not represent Optune® because it consisted in a set of 19 cooper electrodes

(7 in the front, 7 in the middle and 5 in the back, while Optune® consists on four pads of 9

electrodes each as shown in �gure 1.3). Also the injected current does not correspond to what is

really done with Optune®. Concerning the thermal part, the author considered only conduction

as a meaningful heat transfer process neglecting other modes such as convection, blood cooling,

metabolic heat and evaporation. Not surprisingly, the results obtained indicate a maximum

temperature increase in the scalp of 0.5 ºC/s which Sun [21] considered too small to be harmful,

without any proper explanation for such conclusions. On the other hand, the study of Castellvi

et. al [22] considers a system that is far from representing Optune®, while all tissues were rep-

resented as cylinders. Although almost all the thermal exchanges modes were considered, there

are some others assumptions that may have played an important role in the results obtained

by the authors, which indicate that tissues temperature can increase up to 0.5ºC, but tumour's

temperature increase is not high enough to attribute this technique e�cacy to heat as it happens

in hyperthermia. Despite the fact that these conclusions could be debatable regarding their

reliability, this latter conclusion is an interesting topic to be tested and discussed.
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Biological tissue heating

Biological tissue heating has been a subject of study for a long time. In some cases, such as

hyperthermia and ablation techniques, it is desirable to increase the temperature in the tumoural

tissue while not increasing it by a large amount in healthy cells. This can be done in a handful

of di�erent ways that are dependent on the tumour location and extension, but that include

increasing blood perfusion, using microwave, ultrasound, laser or radiofrequencies, among others

[23, 24]. Although hyperthermia can be divided in local, regional or whole-body and the side

e�ects can vary depending on the parameters mentioned before, in general, the main problems

related to this technique include burns, nausea, vomiting and diarrhea. On the other hand,

there are techniques like Magnetic Resonance Imaging (MRI), Transcranial Magnetic Stimulation

(TMS) or transcranial Direct-Current Stimulation (tDCS) where excessive tissue heating is not

desirable and should be controlled. For the latter two, several studies showed no signi�cant tissue

heating with a maximum increase reported to be less than 10−6 ºC [25�27]. As for MRI, tissue

heating depends on the frequencies used, repetition time, type of coils, shape of the anatomical

region exposed to the �elds, along with other factors [28]. For this technique, it is not possible

to directly measure the temperature increase due to the applied pulses and as so other quantities

that indirectly give information about the energy absorbed by the body have been used in the

literature and guidelines limiting the threshold for this quantity have been developed. There

are some studies that showed that when performing the diagnosis, this technique can lead to a

higher energy absorption in some tissues and to hotspots with values that surpass the thresholds

de�ned by the international agencies. The consequences are still under investigation [29].

2.1 Metrics

The most used quantity in hyperthermia to evaluate thermal damage is the Cumulative number

of Equivalent Minutes at 43ºC (CEM 43ºC). De�ned by Sapareto and Dewey [30] for the purpose

of having a way to convert exposure times at di�erent temperatures to a unique time at 43ºC,

the mathematical description of this expression is given by:

CEM 43 °C =
n∑
i=1

ti ·R(T )43−Ti (2.1)

Where ti (min) is the i− th time interval, n the total number of time intervals, Ti (ºC) the

mean temperature in that period of time and R is a constant related to the thermotolerance
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CHAPTER 2. BIOLOGICAL TISSUE HEATING

acquired by the cells when heated. This phenomenom was �rst investigated in in-vitro studies

using human cells cultures and its value is temperature dependent:

R(T ) =

0.25⇐ T ≤ 43°C

0.50⇐ T > 43°C
(2.2)

The choice of 43ºC as the reference temperature has to do with the variation of cell death

with the temperature seen in the Arrhenius plots where a slope change was observed at this value

(�gure 2.1).

Figure 2.1: Necessary time to achieve muscle �brosis for mouse (in-vitro) and human (in-vivo and in-vitro) cell
cultures. A slope change is seen for an exposure temperature around 43ºC due to the thermotolerance acquired
by the cells. Image from [31].

In techniques such as MRI other metrics were developed based on the values obtained through

computational simulations. The Speci�c Absorption Ratio (SAR) is the most used quantity for

this technique and is de�ned as:

SAR =
σ|E|2

ρ
(2.3)

Where σ is the electrical conductivity (S/m), E is the electric �eld (V/m) and ρ (kg/m3) is

the density. The units of SAR are therefore W/kg. Usually, absorption within 1 g or 10 g of

tissue are also reported because they can give information about the existence of hotspots. For
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frequencies higher than 10 GHz, however, SAR is not considered to be a good measurement

because the depth of penetration is much smaller and almost all the energy is absorbed at the

skin level.

For TTFields there are not any reliable heating studies reported in the literature and con-

sequently there is not any speci�c metric to measure the temperature increase. However, SAR

can be used to quantify heating due to the applied electric �elds and the obtained results can

be compared to those de�ned by international agencies. On the other hand, CEM 43ºC might

be a suitable metric to evaluate thermal damage as a net e�ect of all the contributions to the

temperature variation which include the electric �eld itself, metabolism, blood heating/cooling,

conduction and convection, despite the fact that there is not any entity that has de�ned guide-

lines regarding this matter. It is important to bear in mind that both these quantities have

limitations and the thresholds discussed in this next section may not be applicable to other

techniques besides those for which they were developed for as it will be discussed later. The use

of these metrics may raise questions about the side e�ects of TTFields that are not discussed

elsewhere.

2.2 Important results for TTFields

In a �rst stage, the important thresholds for TTFields regarding SAR and CEM 43ºC levels are

only for the head. If these limits are largely surpassed an extensive analysis concerning the rest

of the human body should be done to evaluate its consequences.

2.2.1 SAR limits

International agencies have created guidelines in regards to the SAR values for MRI treatments to

prevent excessive heating due to the electromagnetic pulses used to �ip proton spins. Regarding

head limits, the FDA de�nes in their guidelines "Criteria for Signi�cant Risk Investigations of

Magnetic Resonance Diagnostic Devices" a maximum SAR value of 3.2 W/kg averaged over the

head and for a time period of 10 minutes. Alternatively, a maximum average head temperature

of 38ºC can also be used as a limit. On the other hand, the International Electrotechnical

Commission (IEC) considers in the "2010 60601-2-33" guidelines two di�erent thresholds, one

for normal operating mode (10 W/kg) and one for the �rst level controlled mode (20 W/kg).

The �rst should be used when no physiologic stress is expected by the patient and the second

when patients might experience some stress due to age, over-weight, etc. Both these values are

averaged over any 10 grams of head tissue and for a duration of 6 minutes. These quantities are

summarised in table 2.1.

Table 2.1: Head SAR limits for local exposure de�ned by di�erent agencies.

FDA IEC

3.2 W/kg
Averaged over the head
Averaged over 10 minutes

OR
Temperature no greater than 38ºC

10 or 20 W/kg
Averaged over any 10 grams
Averaged over 6 minutes
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2.2.2 CEM 43ºC thresholds

Dewhirst et. al [31] and Yarmolenko et. al [32] performed an extensive literature review re-

garding thermal damage thresholds in hyperthermia treatments using radiofrequencies (the �rst

reviewed 109 papers while the second analysed 152). Information concerning organs that can be

compromised due to TTFields were withdrawn from these papers and are presented in table 2.2.

Because it is much easier to make this type of studies in animals rather than in humans, in almost

all the papers analysed experiments were performed in rats, rabbits or dogs (original papers used

by the authors are not here referenced, but can be easily found in [31, 32]). Consequently, it is

important to bear in mind that these results may di�er a lot for humans and they are also highly

dependent on many other key aspects such as di�erent heating regimes (longer exposure at lower

temperatures compared to shorter exposure at higher temperatures), anaesthesia used and when

the results were registered, for example. Not surprisingly, di�erent authors do not report the

same threshold values for CEM 43°C at which an isoe�ect was observed. Additionally, the fact

that most papers just report acute changes (tissue evaluated 0-30 days after exposure) rather

than chronic e�ects (tissue evaluated >30 days after tissue exposure) also limits the validity of

the results here presented.

In the case of TTFields the scalp is one of the tissues that can heat the most. For the

skin, it was seen that for low values of CEM 43ºC only minor and acute changes occurred

like super�cial burns which could be easily treated. As this value increased burn damage also

augmented reaching dangerous skin damage for values higher than 20 minutes. Other studies

also showed signi�cant erythema for CEM 43ºC values as high as 112 minutes and variations at a

functional level. This latter included an increase of the thresholds for cold and warm detection,

while heat and mechanical pain thresholds decreased returning to their basal state after four

hours. Complete skin necrosis occurred for values higher than 288 minutes and up to 1.5×104

minutes.

After passing the scalp, the injected current goes to the skull. Regarding bone, only one

study reported changes. Resorption was observed at three di�erent CEM 43ºC values: 16, 80

and 128 minutes. This is a natural process that occurs in the human body to control the calcium

blood levels, but also to maintain and remodel bone structure and integrity. 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, however, that heat can induce irreversible bone

resorption for CEM 43ºC values as low as 16 minutes with the percentage of damage being

increased for higher exposure times.

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 vary between studies all of them

showed an increase of the BBB permeability for CEM 43ºC values as low as 0.03 minutes. The

main function of the BBB is to control the components that pass from the systemic circulation to

the brain and thereby prevent the entrance of any molecule or bacteria that can be harmful. An

increase of its permeability occurs under certain conditions like in�ammation, injuries or stroke

and can be very dangerous if not controlled right away. However, sometimes it is also desirable

to increase it to facilitate drug delivery in certain treatments.

Not so consistent results were found for the cerebral blood �ow. Two studies showed an

increase for 0.03 and 16 CEM 43ºC while two other papers reported a decrease for 1 and 34

CEM 43ºC. Despite the fact that there are not compatible results it is important to note that
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cerebral blood �ow does change during heating. This should be carefully supervised because a

very low �ux can lead to ischemia while a very high �ux can lead to a dangerous intracranial

pressure [33]. Concerning cell death a maximum value was observed for values around 2 CEM

43ºC in brain cells, nerves and glial cells. It is noteworthy that similar situations in humans can

be very harmful because most brain cells do not divide themselves at adult age.

Heating also changed metabolic e�ects in the brain: the levels of Gamma-AminoButyric Acid

(GABA), glutamate and glycine increased for 0.115 CEM 43ºC, but decreased for values above

1.29 CEM 43ºC. GABA is the major inhibitory neurotransmitter in the Central Nervous System

(CNS) and has the capability of reducing neuronal excitability by binding to speci�c transmem-

brane receptors which lead to cell hyperpolarization. A de�ciency 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 a�ect cognitive thinking. Glu-

tamate is the major excitatory neurotransmitter in the brain and is related to cognitive function,

memory, 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 in-

juries where an increase of the BBB permeability was seen led to more glutamate entering the

brain, thus increasing brain damage [34]. Glycine is an inhibitory transmitter of the spinal cord

and it participates in the processing of motor and sensory information. Changes related with an

increase of glycine concentration can lead to anxiousness, low mood, stress and immune issues.

Finally, changes in metabolism were also observed is some studies. Some of them include an

increased activity of Lactate DeHydrogenase (LDH) and Succinate DeHydrogenase (SDH) as well

as in RiboNucleic Acid (RNA) content in three di�erent clusters of cells in the hypothalamus:

supraoptic nucleus (that produces some of the most important neuropeptide hormones), paraven-

tricular 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 43ºC,

metabolism had increased at least 20 times compared to the basal values, with lactate being the

one whose levels most augmented, reaching levels 35 times higher in average. Regarding the lev-

els of lactate, pyruvate, glutamate and glycerol, another study showed an increase of these levels

in the brain for increasing CEM 43ºC. The choice to evaluate these speci�c metabolites was not

random as knowing their concentration in the extracellular compartment of the brain might be

important in oncology. In the study of Roslin et. al [35] higher glutamate levels were observed

in necrotic tumours than in non-necrotic ones, although there is still no satisfying justi�cation

for this fact. Glycerol levels were also higher in patients with necrotic tumours which can be

explained due to the degradation of cell-membrane glycerophospholipids. Because some tumours

do not have enough oxygen to suppress their needs, they use glycolysis rather than respiration

to obtain energy which explains why pyruvate and lactate also had a higher concentration. The

fact that an increase of these components was observed with increasing CEM 43ºC suggests that

for long time exposures to hyperthermia tumour cells oxygenation is compromised, as expected.

Still in regards to the brain, Matsumi et. al [36] performed a histological evaluation of

the monkeys' brain after exposing it to heat at di�erent 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 44ºC or higher (>30

CEM 43ºC). This brain oedema can be related with a BBB disregulation and can lead to an
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increase intracranial pressure as the authors concluded.

Between the skull and the brain there is CSF. There are not many studies regarding thermal

damage to this structure, but the paper of Frosini [37] showed that if the rabbit body is subjected

to heat stress at 0.78 CEM 43ºC CSF levels of GABA and taurine increase signi�cantly 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 di�erent

mechanisms like vasodilation which can be a possible explanation for these observations. On the

other hand, there are other neurotransmitters such as aspartate and glutamate, whose action

can lead to heat production, that 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

signi�cantly but calcium's did. This can be explained by the fact that calcium also plays a role

in down-regulating the human body temperature.

Lastly, regarding the eyes, CEM 43ºC levels of 0.026 minutes caused no damage to the cornea

of rabbits, while at 21.3 minutes some relevant e�ects such as epithelial cell oedema and collagen

disorganisation were seen. Necrosis of the cornea cells was observed at 2.2 × 104 minutes seven

days after treatment. However, some bene�cial outcomes were seen for 0.313 CEM 43ºC namely

near vision improvement. Concerning the retina, no thermal damage to the rabbit eye was

reported for values between 0.02 and 1.5 minutes while for values as high as 926.2 minutes only

acute lesions were seen.

Table 2.2: Thermal thresholds de�ned in terms of CEM 43ºC. Data withdrawn from [31, 32, 36, 37].

Tissue Change CEM 43ºC (min) Species

Skin
Acute and minor changes 0 - 20 Mouse

Erythema and functional changes 112 Human
Necrosis 288 - 15 000 Human

Bone Resorption 16 - 128 Rabbit

Brain

BBB permeability 0.03 - 1.3 Rats

Cerebral blood �ow
0.03 and 16
(increase)

Humans
Rats

1 and 34
(decrease)

Rabbits
Rats

GABA, glycine and glutamate levels 0.115 and 1.29 Rats
Metabolism 1.07 Rats
CNS damage 2 Rats

Coagulative necrosis, oedema
and atrophied neurons

30 Monkey

CSF Taurine, GABA and ion levels 0.78 Rabbit

Eye

No damage to the eye 0.02 - 1.5 Rabbit
Near vision improvement 0.313 Rabbit

Cornea epithelial cells oedema
and collagen disorganisation

21.3 Rabbit

Retina acute lesions 926.2 Rabbit
Cornea cell's necrosis 22 000 Rabbit
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Chapter 3

COMSOL Multiphysics validation

As seen in the last chapter most of the heat studies were performed in non human subjects

not only due to safety matters but also because of all the ethical problems related with these

experiments. In order to obtain more reliable results for the human case, computational models

have been widely used in several �elds because they allow to simulate in an easy way di�erent

systems which we cannot test experimentally such as diseases spreading or a certain treatment

outcome. The advances of the last years in computation hardware allowed to use more realistic

models and at the same time decrease solution's errors and simulation time and computational

simulations are now considered to be the third pillar of science methodology along with theory

and experiment [38].

The use of computational models has to guarantee that certain key aspects are accomplished

before using the results to compare with what is seen experimentally, in-vitro or in-vivo. The

veri�cation and validation of the model can be done in three di�erent stages [39] and they

have to ensure that: 1) the mathematical equations used to implement the model and the

processes of study are correctly implemented; 2) the model represents accurately the problem in

hands and 3) it is necessary to know the errors and uncertainties of the results obtained. These

errors can be classi�ed as numerical or modelling errors [39]. The �rst group is a consequence

of using computational techniques (e.g.: Newton-Raphson, Euler, Runge-Kutta, etc) to solve

mathematical equations which implies discretization, incomplete grid convergence and rounding

errors. The second group is related to assumptions and approximations in the mathematical

representation of the physical problem, which are a consequence of the geometry of the model,

boundary conditions used, unknown material properties, among others.

COMSOL Multiphysics (http://www.comsol.com) is a computational tool that through

Finite-Element Analysis (FEA) solves Partial Di�erential Equations (PDE) and allows to com-

bine di�erent physics problems (e.g.: heating due to the Joule e�ect) and study their main

aspects. The main idea of FEA is instead of trying to solve the problem by applying the physical

equations to all the geometry in hands, a mesh is created. This mesh is constituted by a variable

amount of small elements with di�erent shapes. These elements are connected by nodes, in which

the boundary conditions are applied, the problem solved and the �nal solution obtained. Addi-

tionally, it is also possible to obtain the solution in intermediate points through interpolation. All

of these features allow to change a continuous domain to a discrete one. Regarding the elements,

there are three important parameters used to characterize them: shape, size and quantity [40].

At the nodes the variables of interested, the Degrees of Freedom (DoF), are calculated and the
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amount of DoF is directly related with the time that it is necessary to run the simulation.

COMSOL is the software used throughout this project. In order to get acquainted with

it and to understand how it works, its main features, advantages and disadvantages several

di�erent studies were made. Additionally, these tests were also used to evaluate numerical

and modelling errors. In order to accomplish these tasks, COMSOL v.4.3b and Matlab 2017b

(https://www.mathworks.com) were used.

3.1 Validation tests

When it comes to comparing analytical and COMSOL results, there are some factors that are

important to bear in mind: it is easier to compare the results when the geometry tested is simple

(like a sphere or a parallelepiped) rather than complex (e.g.: a realistic head model) because

there are analytical expressions only for the �rst one. Very often, steady-state solutions are also

easier to work with and to compute instead of time-transient solutions due to computation time

and memory that are necessary to run and store these solutions. One of the best ways to do this

comparison for this project is using the electric and heat transfer equations. Regarding the �rst,

there are some papers in the literature that already validated the solutions (e.g.: [41]), while

for the latter the equations for conduction, convection and radiation processes can be used to

achieve the desired goal.

Conduction can be de�ned as the energy transfer that occurs from a more energetic body to

a less energetic one due to the di�usion of energy caused by the random molecular motion. Its

equation can be described as:

F = −kA∇T (r, t) (3.1)

Where F (SI units: W) is a uniform �ux perpendicular to an area A (m2), T (K) is the temper-

ature and k is the thermal conductivity (W/(m·K)).
Convection, on the other hand, occurs when a �uid in motion and a bounding surface are

close to each other and at two di�erent temperatures thus exchanging heat. The equation that

describes this process is given by:

F = hA(Ts(r, t)− T∞) (3.2)

Where F and A are de�ned as in equation (3.1), h (W/(m2· K)) is the convection heat transfer

coe�cient, Ts (K) and T∞ (K) are the surface and �uid temperatures respectively.

Lastly, radiation is de�ned as the energy emitted by a body that is at a nonzero temperature

and is represented by:

F = εσA(T 4
s (r, t)− T 4

sur) (3.3)

F and A are de�ned as before, ε is the emissivity (unitless), σ is the Stefan-Boltzmann con-

stant (5.67 × 10−8 W · m−2 · K−4) and Ts (K) and Tsur (K) are the body and surrounding

temperatures accordingly.

As a starting point and due to the simplicity of these expressions, a comparison was made
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between the analytical and computational solutions (using matlab and COMSOL respectively)

when implementing these equations in order to get an idea of the deviation of the results given

by COMSOL for simple heat processes. The geometries that were used are presented in �gure

3.1. Whether it was a sphere or a parallelepiped, the material thermal parameters were chosen

to match those of the scalp:

Density (ρ) = 1000 kg/m3

Thermal conductivity (k) = 0.34 W/(m · K)
Heat capacity at constant pressure (cp) = 3150 J/(kg · K)

Figure 3.1: Simple geometries used. Left: Quadrangular parallelepiped with dimensions (0.5 × 0.5 × 2.15) m.
Right: Sphere with 1 m radius.

For a steady-state situation and if a uniform �ux is applied at one side of the quadrangular

parallelepiped in the z-direction, equation (3.1) can be simpli�ed with the temperature changing

linearly in this direction. Thus for a given thermal conductivity and heat �ux and knowing the

temperature at one end of the parallelepiped it is possible to calculate the temperature for each

value of z and compare the results obtained analytically and using computational methods (Test

1) (�gure 3.2).

For this problem the solution to equation (3.1) is:

T (z) = T1 +
F · z
k ·A

(3.4)

The following arbitrary values were chosen:
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Figure 3.2: Initial conditions for Test 1. F represents the �ux which is directed from one face of the parallelepiped,
that is at a temperature T2, towards the opposite side at a temperature T1. Both sides are separated by a distance
L.

Flux (F ) = 500 W

Temperature at the cooldest side (T1) = 400 K

Surface temperature obtained using COMSOL is presented at �gure 3.3. Deviations from the

analytical solution were measured using the Root Mean Square (RMS) quantity, de�ned as:

RMS =

√√√√ 1

N

N∑
i=1

(T ianalytical − T icomputational)2 (3.5)

Where the index i represents a spatial point and N the total number of points, which was the

same for COMSOL and matlab. The RMS for three di�erent mesh sizes (coarse, normal, �ne)

is summarised in table 3.1 (Test 1, page 23).

As mentioned before, the former problem was for a steady-state condition. For time-dependent

problems, time must also be taken into consideration. For the same geometry but now consid-

ering that the parallelepiped is at a temperature T1 and only one face is at temperature T2

and no heat �ux is applied, it is possible to study the temperature variation across space and

time until it reaches a steady-state solution, which will be the same as the former problem if the

temperatures T1 and T2 are set to be 400 K and 3543.3 K, respectively. To have an equation
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Figure 3.3: Results obtained using COMSOL for the steady-state conduction process validation test (Test 1) for
a normal mesh size. A �ux is directed from the hotter face towards the colder. The temperature varies linearly
with z, as expected.

for this problem it is necessary to start with the wave equation for heat:

∂T (r, t)

∂t
− α∇2T (r, t) = 0 (3.6)

Where T is the temperature, t is the time (s) and α (m2/s) is the thermal di�usivity de�ned as:

α =
k

ρ · cp
(3.7)

In this expression, k represents the thermal conductivity, ρ the density and cp the speci�c heat

transfer. For the aforementioned problem, equation (3.6) can be solved using the variable sepa-

ration technique and applying the initial conditions, which leads to:

T (z, t) = T1 +
(T2 − T1)

L
z +

∞∑
n=1

Bn sin
(nπz
L

)
exp
[
− 1

τ

(nπ
L

)2
t
]

(3.8)

Where:

τ =
1

α
=
ρ · cp
k

(3.9)

Bn =
2

L

∫ L

0
(Ti(z, 0)− Tst(z)) sin

(nπz
L

)
dz (3.10)
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Tst and Ti are the steady-state and initial temperature �elds, given by:

Tst(z) =
T2 − T1
L

z + T1 (3.11)

Ti(z, 0) =

T2 ⇐ z = L

T1 ⇐ 0 ≤ z < L
(3.12)

These equations were �rst implemented in matlab and then in COMSOL (Test 2). Because

there is an in�nite summation in expression (3.8) it was necessary to know at which value this

series should be truncated. In order to do that, a loop cycle with an increasing truncation value

was implemented. The impact of this term on the �nal solution was evaluated by doing a mean

relative di�erence between temperature �elds of two consecutive solutions. The other chosen

parameters were:

Spatial discretization (dx) = L/50 m

Time discretization (dt) = 5× 104 s

The integral in the expression (3.10) was evaluated using the integral function of matlab

which uses the global adaptive quadrature method to calculate it. The absolute and relative

tolerances were chosen to be 10−10 and 10−6 respectively. For the summation, it was assumed

that n=∞ could be approximated by the value from which the di�erence between two consecutive

solutions was not higher than 1%, which corresponded to n = 6. Due to the discontinuity in

Ti at x=L for t=0, matlab has an oscillatory behaviour for the �rst �ve times (�gure 3.4) and

because of that these lines were not considered in the comparison with the COMSOL results.

A comparison of the COMSOL results was performed for the same initial conditions and time

and spatial steps, as well as for the the same mesh qualities as before, using the RMS quantity

(table 3.1, Test 2, page 23).

For convection processes, heat �ux can be described by equation (3.2). If this heating mech-

anism is the only one present in the system, the temperature will be uniform throughout the

volume (see next paragraph) and the increase in the energy of the body during a time dt can be

written as:

−hA(T (t)− T∞)dt = mcpdT (3.13)

Where the variables nomenclature is the same as used before. This equation can be solved to:

T (t)− T∞
Ti − T∞

= e−τt (3.14)

With:

τ =
hA

ρV cp
(3.15)
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Figure 3.4: The oscillatory behaviour of the temperature pro�le for the �rst �ve times due to to the step function
of Ti(z) using matlab. From t=0 to t = 4dt (where dt = 4 × 104 s) the function has a harmonical behaviour and
so only times starting at 5dt were considered for comparison with COMSOL results.

A is the surface area (m2) and V the solid's volume (m3). These equations are only valid

when it is assumed that the temperature distribution across the solid is uniform at all times and

therefore the energy transfered through conduction does not play a major role. In real situations,

the solid might not be at a uniform temperature and consequently, equation (3.14) should only be

used if the Biot number, a factor that takes into consideration the ratio of conduction resistance

within the body with the convection resistance at the surface of the body, is less or equal to 0.1:

Bi =
V/(kA)
1/h

≤ 0.1 (3.16)

These equations were implemented in matlab and in COMSOL (Test 3) using the sphere

shown in �gure 3.1 and a heat transfer coe�cient of h = 0.05 W/(m2· K), T∞ = 400 K and Ti

= 300 K. For this set of values τ ≈ 4.4 · 10−8 s−1 and Bi= 0.05. The results obtained for dt

= 105 s and t�nal=7 × 107 s are presented in �gure 3.5 and the RMS for di�erent mesh sizes is

summarised in table 3.1 (Test 3, page 23).

All the problems analysed so far involved very simple equations. However, there are some

papers that present more complex analytical solutions. For example, Werley and Gilligan [42]

deduced an equation for the temperature of a sphere when it is subjected to a uniform �ux on one

side (�gure 3.6). It is assumed that this sphere does not exchange heat with the environment,

thus increasing its temperature inde�nitely. After some time, a constant rate of temperature

change is reached. Equation (3.17) represents this problem mathematically.
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Figure 3.5: Sphere surface temperature variation through convection for three di�erent mesh sizes and for matlab.
Some colours may not be seen in some regions due to the overlap of the temperature pro�le of a di�erent mesh.
Time step used was 105s.

Figure 3.6: Sphere with a radius R subjected to a uniform heat �ux, F , at the front side. ρ and θ can be any
value between 0 and R and 0 and π, respectively. The red and green lines will be used to perform a temperature
analysis. Adapted from [42].

kT (r, θ, t)

RF
=
kT0
FR

+
3t

4
+

5r2 − 3

40
− 1

2r

∞∑
m=1

sin(βmr) exp(−β2mt))
β2m sin(βm)

+

cos(θ)

{
r

2
− r−0.5

∞∑
m=1

J3/2(µmr) exp(−µ2t)
J3/2(µm)[µ2m − 2]

}
−
∞∑
n=1

2n+ 0.5

2n2 + n− 1
P2n(0)P2n(cos(θ))

{
r2n

4n
−

− r−0.5
∞∑
m=1

J2n+0.5(γr) exp(−γ2t)
J2n+0.5(γm)[γ2m − 2n(2n+ 1)]

}
(3.17)

Where the variables and constants presented are: thermal conductivity (k), temperature (T),

initial temperature (T0), radius of the sphere (R), incident �ux (F), radial position in the sphere

(ρ), angle (θ), speci�c heat (cp), thermal di�usivity (α), time (τ), summation indices (m,n),
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Bessel function of n-th order (Jn) and Legendre polynomial of m-th order (Pm). Additionally,

the following expressions were de�ned:

Thermal di�usivity: α =
k

ρcp
(3.18)

Dimensionless time: t =
ατ

R2
(3.19)

Dimensionless position: r =
ρ

R
(3.20)

βm, γm and µm are the roots of:

tan(βm)− βm = 0 (3.21)

d

dγ
γ−1/2m J2n+1/2(γm) = 0 (3.22)

d

dµ
µ−1/2m J3/2(µm) = 0 (3.23)

The results obtained by the authors are presented in �gure 7 where the plotted quantity is

the temperature pro�le minus an average temperature (TAV G) (equation (3.24)) along the green

(�gure 3.7a) and red (�gure 3.7b) lines of �gure 3.5.

TAV G = T0 +
FR

k

3t

4
(3.24)

To implement equation (3.17) in matlab it was �rst necessary to �nd the roots of equations

(3.21) to (3.23). This was done using the bisection method with a maximum error of 0.025.

Regarding the in�nite summations, they were truncated at 50 for both m and n indexes using

the same way of thinking as in the time-transient conduction test to �nd the truncation value of

n.

It was not possible to compare the analytical results obtained through matlab with those of

the paper other than qualitatively because the authors did not specify any temperature value

for the di�erent times. Nonetheless, the graphs obtained are very similar and thus it can be

concluded that this implementation was well performed.

In order to compare these results with COMSOL's (Test 4) the quantity plotted was slightly

changed. Instead of plotting the temperature deviation relative to an average temperature, just

the temperature pro�le was plotted, because it allows an easier comparison (�gure 3.8).

The RMS was calculated for the green and red lines separately for di�erent mesh qualities.

The �nal deviation was assumed to be the mean of these two RMS (table 3.1, Test 4, page 23).

Additional information about each test is presented in table A1 in the "Appendix" section.

3.2 Main conclusions

All the results obtained in this section indicate that COMSOL's results can deviate from the

real solutions, whether it was a steady-state (Test 1) or a transient problem (Tests 2, 3 and 4).

As one might expect the steady-state conduction test (Test 1) that was done was a very simple

situation to work with and the solution was very straight-forward. As a result, RMS values were
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(a) (b)

(c) (d)

Figure 3.7: Comparison between Werley and Gilligan's results ((a) and (b)) and those obtained implementing
their equations in matlab ((c) and (d)). Plots (a) and (c) correspond to a temperature pro�le analysis along the
green line of �gure 3.6 and plots (b) and (d) correspond to the red line analysis of the same �gure. Timelines
presented here are dimensionless. Images (a) and (b) were withdrawn from [42].

practically zero. For the convection study (Test 3), RMS indicate that the deviations are not

higher than 1 K in 390 K, which corresponds to a maximum deviation of 0.2% for the three

mesh qualities tested, with this value decreasing for more re�ned meshes. Theoretically, lower

RMS values are expected for �ner meshes because the estimated solution is closer to the real

one as the problem is solved in more nodes. For the time-transient conduction problem (Test

2), this value was around 3 K in 3500 K (around 0.1%), which could have been in�uenced by

the assumptions made when solving for the analytical solution using matlab such as the integral
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(a) (b)

(c) (d)

Figure 3.8: Comparison between matlab ((a) and (b)) and COMSOL with a normal mesh ((c) and (d)) results.
Plots (a) and (c) correspond to a temperature pro�le analysis along the green line of �gure 3.6 and �gures (b)
and (d) correspond to the red line analysis of the same �gure. Timelines presented here are dimensionless times.
Both spatial and time discretizations were the same for all graphs.

calculation or the truncation value of n in the in�nite summation. Lastly, when implementing a

more complex formula (Test 4) considering a uniform heat �ux the mean RMS was lower than

1.5 K in 3250 K (0.05%) for all mesh sizes. Although the mean RMS for a �ner mesh is slightly

higher than for the coarser ones in this situation, these values are very close to each other.

The study of Gerlich et. al [43] regarding COMSOL validation as a simulation tool for heat

transfer in buildings indicate that to get precise results via COMSOL it is necessary to reduce
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Table 3.1: RMS for all the tests performed and for there di�erent mesh qualities.

aaaaaa
Test

Mesh Coarse Normal Fine

1 <1E(-10) K (≈ 0%) <1E(-10) K (≈ 0%) <1E(-10) K (≈ 0%)

2 3.31 K (0.09%) 3.27 K (0.09%) 3.15 K (0.09%)

3 0.83 K (0.2%) 0.78 K (0.2%) 0.69 K (0.2%)

4 1.37 K (0.04%) 1.37 K (0.04%) 1.46 K (0.05%)

solver's relative and absolute errors at least 10 times relative to the solver's default settings.

Furthermore, the authors also reported that it is important to use a very �ne mesh in all problems.

Throughout all this section, the tolerance values used for errors was the default's (0.05) and only

three mesh types were tested among of seven total di�erent options available. This has to do

with the fact that for real problems with complex geometries, it is not feasible to work with very

small elements because computational time would increase a lot. In the same way, decreasing

solver's tolerance might lead to lack of convergence for more complex problems, although in these

cases a smaller value could have been used. Nonetheless, the RMS values obtained indicate that

COMSOL's solutions pratically do not deviate regarding the real solutions and, according to

these results, it is expected a maximum deviation lower than 1%.

Regarding COMSOL as a simulation tool, it is clear that it has a lot of advantages such as

the possibility of coupling di�erent physics (in this project the thermal and electric modes will

be coupled), the ability to change the governing equations and the friendly user interface. One

of the big disadvantages has to do with the default choice of the solver. COMSOL's chooses

the solver that requires less memory and is more robust and does not optimize this choice for

each problem, which may lead to a lack of convergence. Although the user can change this solver

manually, it is not straight-forward for those who do not have enough knowledge of FEA to chose

which one is the most suitable for each problem.
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Methods

4.1 The realistic head model

The realistic head model was not built speci�cally for this project. It was originally created to

study the electric �eld in the cortex during a transcranial Current Stimulation (tCS) treatment

[44] using MRI images available for the single-subject template Colin27 and made available by

BrainWeb (http://brainweb.bic.mni.mcgill.ca/brainweb). Two datasets were used: T1 and

proton density (PD), both of them already aligned to the Montreal Neurological Institute (MNI)

stereotaxic space with FSL FLIRT (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Voxel

dimensions are 1x1x1 mm3. The segmentation using Brainsuite (http://neuroimage.usc.edu/

neuro/BrainSuite) resulted in surface meshes that delimited �ve di�erent biological tissues:

scalp and skull (through the PD images), CSF, white matter (WM) and grey matter (GM)

(using the T1 images). These surfaces were then imported into Mimics (http://biomedical.

materialise.com/mimics) where small irregularities were smoothed out. Additionally, in order

to represent the best way possible a realistic head some modi�cations were made to include the

superior orbital �ssures and the optic foramina (these plugs are small holes that were drawn in

the cranium to represent the place where some structures such as the optical nerve pass to the

brain). At this stage, the lateral ventricles were also de�ned, the electrodes added to the model

and a volume mesh generated. Finally the model was imported to COMSOL Multiphysics to

run simulations. Additional information about the creation of this head model can be found in

[44].

The modi�cations regarding electrodes position to use this model to study TTFields are

described in detail in [14]. In this paper, two pairs of multi-transducer arrays were capacitively

coupled on the surface of the scalp. In order to accurately represent the Optune® device, one

of the pairs was placed over the left (L) and right (R) temporal and parietal regions and the

other pair was placed over the supraorbital region (A) and the back of the head (P). From now

on, the �rst pair is going to be refered as the LR con�guration and the second one as the AP

con�guration. Each set consists on nine interconnected electrodes (3x3) with centres separated

by 22 mm by column and 33 mm by row. Each electrode is represented as a ceramic disk with 1

mm height and 9 mm radius. Between each electrode and the scalp a thin layer of gel with 10 mm

radius and variable thickness (between 0.5 and 2 mm) was added to improve current delivery.

A virtual lesion intended to represent a GBM was placed within the right hemisphere, near a

lateral ventricle and totally embedded in the WM (�gure 4.1). This tumour was represented by

two concentric spheres, one that represents a necrotic core with 14 mm diameter and the other
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Figure 4.1: Tissues delimited: (a) scalp with electrodes; (b) electrodes; (c) skull; (d) CSF; (e) grey matter; (f)
white matter; (g) shell of the virtual lesion; (h) eyeballs (in a more anterior position) and plugs (in a more
posterior position); (i) ventricles. The axis system applies to all sub�gures. A: Anterior, P: Posterior, L: Left; R:
Right;

that represents an active shell with 20 mm diameter. The mesh for this model is represented in

�gure 4.2 and it consists on 2.2 × 106 tetrahedral elements, 5.6 × 105 triangular elements, 8 952

edge elements and 272 vertex elements, 6.2 × 106 DoF, and an average mesh quality of 0.447.
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Figure 4.2: Mesh of the human head model (2.2 × 106 tetrahedral elements, 5.6 × 105 triangular elements, 8952
edge elements and 272 vertex elements, 6.2 × 106 DoF and an average mesh quality of 0.447) from two di�erent
perspectives.

4.2 Solving the model

For this project, two di�erent COMSOL Multiphysics interfaces were used: the electric currents

(frequency-domain study) and the heat transfer in solids (Joule heating, frequency-domain time-

transient study), both with a frequency set to 200 kHz. The solver relative tolerance was 10−6 for

both interfaces. Because the electromagnetic wavelength in the di�erent tissues is signi�cantly

larger than the size of the head the electroquasistatic approximation of Maxwell's equations can

be used. The boundary conditions for the electric module were the same as the ones described in

the paper of Miranda et. al [14]: continuity of the normal component of the current density (J)

at all interior boundaries (equation 4.1) and electric insulation at the external boundaries where

current is not being applied (equation 4.2) (Neumann boundary conditions) and �xed potential

where current is being injected (equation 4.3) (Dirichlet boundary condition):

n2 · (J1 − J2) = 0 (4.1)

n · J = 0 (4.2)

V = V0 (4.3)

In the former equations, n represents the normal to the surface. As it can be easily concluded,

equation 4.1 applies to all tissues, gel and electrodes, while equation 4.2 applies only to the scalp,

gel and electrodes. The last equation applies to all transducers. In regards to the thermal part,

a Neumann boundary condition was also applied to the scalp, electrodes and gel that are in

contact with the environment that re�ects the energy transferred by convection (equation 4.4).
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−ni · (−ki∇T (r, t)) = h(Troom − T (r, t)) (4.4)

In the above expression, ki represents the thermal conductivity of the i − th tissue or material

in contact with the air (scalp, electrodes or gel), h is the convection coe�cient and Troom is the

room temperature. The initial temperature of each tissue or material is de�ned by equation (4.5)

and to obtain the temperature �eld as a function of space and time, Pennes' equation [45] was

used (equation (4.6))

T = T0 (4.5)

ρjcj
∂T (r, t)

∂t
= ∇ · (kj∇T (r, t)) +Qbt(r, t) +Qmt +Qrj (r, t) (4.6)

Where ρj , cj and kj are, respectively, the density, speci�c heat at constant pressure and thermal

conductivity of the j − th tissue or material (gel or transducer). Qm (W/m3) is the metabolic

heat generation of each tissue and Qbt (W/m3) is the energy transfered to the blood, per unit

time, de�ned as follows:

Qbt(r, t) = ωbtρbcb(Tblood − T (r, t)) (4.7)

Where ρb and cb are the density and speci�c heat of blood and ωbt (s
−1) is the blood perfusion.

Tblood is the blood temperature assumed to be constant. Finally, Qr(~r, t) is the heat source due

to spatial heating which corresponds to the Joule e�ect in this case and is expressed as:

Qrj (r) = J ·E (4.8)

With E (V/m) representing the electric �eld and J (A/m2) the current density. To apply the

�elds alternately this equation has to be slightly changed to:

Qrj (r) = QrjAP
(r) +QrjLR

(r) = JAP ·EAP · Pulse(t) + JLR ·ELR · Pulse(t+ 1) (4.9)

Where Pulse(t) is a rectangular function that evaluates to one when the integer part of time is

odd and to zero when it is even.

In practice, everytime one electrode reaches 41ºC Optune® shuts down and this term is zero:

Qrj (r) = 0⇐ ∃ electrode : Telectrode ≥ 41◦C (4.10)

All the parameters used for the simulations are described in table 4.1 except the values of

the convection constant (h) which was assumed to be 4 W/(m2 · ºC) [27, 46] and room and

blood temperatures that were assumed to be 24ºC and 36.7ºC, respectively. Optune® injects

900 mA per array (900 mA amplitude, 1.8 A peak-to-peak) and to satisfy this requeriment, trial

and error simulations were done to obtain the potential di�erence between the left and right

arrays (VLR) and the anterior and posterior arrays (VAP ) that respected this condition. The

results showed that a potential di�erence of 68.9 V (amplitude) in the LR direction and of 92.6

V (amplitude) in the AP direction was necessary. These two values were �xed throughout the
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simulations (equation (4.3)). The electric parameters in table 4.1 are the same as in [14] and the

thermal ones were obtained after an extensive research of the most used values in the literature

[27, 46�61]. For simpli�cation, the ventricles were assumed to be �lled with CSF and the plugs

were assumed as being scalp. The properties of the eyeballs were assumed to be those of the

vitreous humour because it is the bigger structure of the eye.

4.3 Simulations performed

Having presented the realistic head model and the equations used to solve for the variables of

interest it is necessary to specify the simulations performed.

4.3.1 Simulation 1 - Importance of the shutdown

This simulation intends to study what would happen if there were no temperature sensors, or, in

other words, if Optune® did not shut down when the transducers' temperature reached 41ºC.

Undoubtedly, this does not correspond to a real situation because even if the temperature sensors

stop working for any reason the heat felt by the patient would be so high that this problem

would be rapidly noticed and the device turned o�. In terms of modeling, this corresponds to

not applying the load de�ned by equation (4.10).

4.3.2 Simulation 2 - Model how Optune® works

This is the main goal of the project. The results obtained allow to study the duty cycle of the

device, conclude about tissue heating and investigate the hypothesis that this technique does

not increase tumour temperature to such an extent to attribute its e�cacy to hyperthermia. To

perform this simulation the Optune® system was modeled as realistically as possible. Addition-

ally, instead of shuting down the device when any electrode average temperature reached 41ºC,

a threshold of 40.4ºC was de�ned. This corresponds more or less to have 5% of the electrode

at 41ºC. The rationale for this has to do with the fact the temperature sensor being rather

small compared with the electrode size. Although there is no information made available by

NovocureTM regarding sensor's size or volume this 5% corresponds to have one sensor with more

or less 12.7 mm2 area and 1 mm thickness which is inside the range found in the market (see for

example IFM (http://www.ifm.com) or TME (http://www.tme.eu)). This new threshold was

used in all the simulations performed.

4.3.3 Simulations 3 and 4 - Study Optune®'s e�cacy in di�erent environ-

ments

One way to dissipate heat is through air cooling and the rate of energy transfer depends on

the external temperature. Theoretically, if the room temperature is su�ciently low Optune® is

applying the �eld during more time and consequently its e�cacy is increased. In the same way

of thinking, in extremely hot places heat transfer with the environment can heat the head even

more and this technique may not be the most suitable to treat GBM. As one might conclude,

the external temperature is not constant and varies throughout the day and place. As so, this

study aims to understand how can Optune®'s e�cacy (in terms of time applying the �elds)

change depending on the external temperature. Although being approved by the FDA, there
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are only a small number of countries that use TTFields as a standard of care to treat GBM due

to all the requirements needed to ensure a correct use of it, being the United States of America

(USA) one of them. Considering only states with more than 20 million people, the average

winter temperature of the coldest state is 7.9ºC and occurs in California (mean temperature

according to the data obtained during the years of 1971 to 2000 and available by "Current

Results" [62]). On the other hand, the hottest average temperature during summer is 27.3ºC

and occurs in Texas [62]. The information made available by NovocureTM in [7] also shows that

there are several "Optune® doctors" in these two states, so it is likely that a reasonable amount

of patients being treated with TTFields live in these areas. These two temperatures are going to

be used to quantify the duty cycle increase/decrease due to external factors. These simulations

imply changing the room temperature (Troom) of equation (4.4) to the values mentioned:

Simulation 3: Troom = 27.3◦C

Simulation 4: Troom = 7.9◦C

4.3.4 Simulation 5 - Half intensity, always on

The optimal frequency to treat GBM is 200 kHz which implies that, in one second, the applied

�eld has changed 200 000 times in just one direction. In the following second the same occurs

but in a perpendicular direction. In the limit, such a rapid change can be thought to cause no

major e�ect and may be seen as countinously applying the electric �elds in both directions, but

with half the injected current. This simulation aims to verify how the results change if Optune®

worked this way. To perform this simulation equations (4.3) and (4.9) have to be changed to:

V ′AP =
VAP

2

V ′LR =
VLR

2

Qrj (r) = J ′
AP ·E

′
AP + J ′

LR ·E
′
LR

4.3.5 Simulation 6 - Independent temperature sensors

The temperature sensors incorporated in Optune® control if any transducer reaches 41ºC and

shuts down the applied current for all the electrodes if that condition is veri�ed. However, it

might happen that a more rapid increase is seen for just one con�guration while the other remains

at a relatively low temperature. Thus with this simulation the aim is to see the major di�erences

when independent temperature sensors for the AP and LR con�gurations are used. This allows

one con�guration to remain active when the other shuts down. Thus equation (4.10) has to be

changed to:

QrjAP
(r) = 0⇐ ∃ electrodeAP : TelectrodeAP ≥ 41◦C

QrjLR
(r) = 0⇐ ∃ electrodeLR : TelectrodeLR ≥ 41◦C
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4.3.6 Simulation 7 - Current controller

Optune® injects 900 mA per array which results in an unequal current distribution to the nine

electrodes. This can be seen as having one current controller per array. Because the prices of

these controllers (see for example Moglix (https://www.moglix.com/)) are not high compared

to the price of Optune®, NovocureTM may consider using one controller per transducer and

injecting 100 mA per electrode if the results are signi�cantly better. This simulation intends to

express the major di�erences of these two ways of working in numbers. In practice this is the

same as changing equation (4.3) at each transducer to:

I = I0 = 100mA
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Results

Due to computational time and memory limitations, the duration of all the simulations performed

here was limited to 400 seconds. This value was chosen because the preliminary calculations

showed that the electrodes should reach the shut down temperature more or less 100 seconds after

the treatment had started. This leads to the remaining 300 seconds that should be representative

of the treatment itself. Some notes regarding how this truncation could have a�ected the results

are presented in the "Discussion" section. All the tests were performed in COMSOL v.4.3b and

each simulation took around 60 hours in a workstation with 2x 4-core CPU's (Intel Xeon W5580

@ 3.2 GHz) and 48 Gb RAM and took up a total space of approximately 40 Gb (temporary

�les not included). The volume average SAR values and the volume average CEM 43ºC for

one treatment day and for all simulations are showed in tables 5.3 (page 50) and 5.4 (page 51),

respectively. It is assumed that for the remaining time to reach the 18 daily hours the temperature

values do not change signi�cantly compared to what was obtained at the last time step simulated,

thus this is the value assumed for the necessary calculations. There are two CEM 43ºC values

reported: one for the average of the whole head volume and one for the average inside a cylinder

de�ned by the hottest electrode that gives information about the local heating. Lastly, with the

purpose of approximating these simulations as much as possible to a real situation a steady-state

study for every test was �rst done without applying any electric �eld so that the head and the

environment become in thermal equilibrium. The values of this simulation were then used as

the initial condition for the tests performed. The Generalized Alpha Method was chosen as the

solver because it is the most accurate for time-transient problems among the available options

[63].

5.1 Simulation 1 - Importance of the shutdown

In order to model how Optune® works, it is necessary to inject 900 mA per array which are

distributed unequally to all the nine electrodes of each array, depending on the contact impedance

at each electrode. The current distribution across all the 36 transducers can be seen in �gure

5.1.

This heterogenous distribution is also partly responsible for the non-uniform electric �eld that

is seen in the brain (white matter plus grey matter). In �gure 5.2 the electric �eld distribution

in a sagittal, coronal and transversal slices of the brain through the tumour is shown. It is also

important to verify that the electric �eld within the tumour has at least an intensity of 1 V/cm
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Figure 5.1: Current that passes through each electrode. Electrodes are identi�ed by a three letter combination.
The �rst letter indicates the array (F: Front; P: Posterior; 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; P; L; R;
C: Central). The same axis orientation was used as in �gure 4.1.

which ensures TTFields e�cacy. In table 5.1 (page 50) data concerning the Above-Threshold

Volumes (ATV) of each tissue for three di�erent limits is given. In this context, ATVx means the

percentage of the tissue volume that it is above x V/cm. Having the electric �eld distribution it

is now possible to calculate the average SAR values for each tissue and for both con�gurations

(table 5.2, page 50). Also, to make an easier comparison with the FDA and the IEC limits it

was calculated the average SAR for the whole head and for a 10g cube containing the region

where the electric �eld magnitude is maximum. This corresponds to two di�erent volumes, one

for each con�guration, in the skull. For the LR con�guration the cube de�ned has a side length

of 21.2 mm and for the AP con�guration it has 20.6 mm. Both of these cubes contain scalp,

skull, CSF, WM and GM.

Regarding the importance of controlling the temperature, the graphics shown in �gures 5.3

and 5.4 represent the average temperature variation of each transducer as a function of time

considering that Optune® never shuts down. Its is noteworthy to see that the temperature

of several electrodes would exceed 41ºC. Figure 5.5 illustrates the average temperature of each

biological tissue in the same conditions. It is also important to note that the electrodes do not

33



CHAPTER 5. RESULTS

heat due to Joule e�ect because their electric conductivity is zero. Instead, their temperature

increase is explained by heat transfer from the gel.

Figure 5.2: Electric �eld magnitude in the brain and in the tumour in a sagittal (�rst row), coronal (second row)
and transversal (third row) planes for both AP (�rst column) and LR (second column) con�gurations. As it can
be easily seen the threshold of 1 V/cm in the tumour is surpassed for both con�gurations although it is larger for
the LR due to the higher �eld compared to the AP's at this location. Values greater than 3.5 V/cm are coloured
as dark red. The axis orientation that is shown is for both con�gurations of the same row.
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Figure 5.3: Average temperature variation as a function of time for the front (up) and posterior (down) arrays if
the �elds were always on (Simulation 1). Current is being injected in the AP and LR directions alternately. It
is easily seen that several electrodes surpass the threshold of 41ºC (black line) in just 400 seconds. Transducers
naming is the same as used before.

35



CHAPTER 5. RESULTS

Figure 5.4: Average temperature variation as a function of time for the left (up) and right (down) arrays if the
�elds were always on (Simulation 1). Current is being injected in the AP and LR directions alternately. It is
easily seen that several electrodes surpass the threshold of 41ºC (black line) in just 400 seconds. Transducers
naming is the same as used before.
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Figure 5.5: Average tissues temperature as a function of time. Scalp's temperature starts as the lowest because it
is the only tissue in contact with the environment that is at 24ºC (Simulation 1). As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

5.2 Simulation 2 - Model how Optune® works

Figures 5.6 and 5.7 show the temperature of each electrode as a function of time as Optune®

alternates between the AP and LR arrays. It is clear that just one electrode controls the turning

on and o� of the device. From now on it will be referred as the Most Signi�cant Electrode (MSE).

For this situation in particular it is one transducer that is in the front array (F), superior row

(S) and left position (L) (FSL).

As it might be expected it is the electrode where the injected current is the highest according

to �gure 5.1. In fact if the correlation between the injected current and the temperature that

each electrode reaches at the end of the simulation is made one obtains a value of 0.63 and

a p-value around 10−5 which indicates that these two values are signi�cantly correlated. This

is more noticeable comparing �gures 5.1 and 5.8. This latter shows the temperature of each

transducer at the end of the simulation.

Having these results it is now possible to study the duty cycle. After the �rst shut down

that occurs at the time 105s and until the end of the simulation (295 seconds), the AP �eld was

applied for 55s and the LR for 29s. These values indicate that the current is being injected in

the front and posterior pads 37% of the time it could be on while this value decreases to 20% for

the left and right pads. Overall, these values point out to Optune® is being used to treat GBM

31% of the time.

With this data, it is now possible to study if the thresholds presented in table 2.1 (page

8) are surpassed. The comparison with the limits de�ned by the FDA and by the IEC is not

direct because both of these agencies de�ne a time average of 10 and 6 minutes respectively. The

simulation done was for 6 minutes and 40 seconds, but not all this range can be used because

for nearly 100 seconds the �elds were always being applied which correspond to the start of the
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Figure 5.6: Temperature variation as a function of time for the front (up) and posterior (down) arrays (Simulation
2). As it can be seen the temperature (left y-axis) never increases above 40.4ºC. It is clear that just one electrode
(FSL) controls the turning on (1 in the right y-axis) and o� (0 in the right y-axis) of Optune®. In these plots
when the device is on it means that the current is being injected in the AP direction. Transducers naming is the
same as used before.

treatment and not to a representation of the treatment itself. Nonetheless, assuming that the

remaining 295 seconds are a realistic representation of what actually happens, it is possible to

extrapolate the results for higher times. Thus, equation (5.1) can be used to calculate the e�ective

SAR (SARe�). In this formula Onconf refers to the fraction of time that each con�guration is

being applied, the SAR values are the ones presented in table 5.2 (page 50) and ∆tmax
conf

is the

maximum time that each con�guration can be applied (which corresponds to half the time of

evaluation, ∆tevaluation).
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Figure 5.7: Temperature variation for the left and right arrays (Simulation 2). In these plots when the device is
on (1 in the right y-axis) it means that the current is being injected in the LR direction. Transducers naming is
the same as used before.

SARe� =
∑
conf

Onconf × SARconf ×∆tmax
conf

∆tevaluation
=
∑
conf

Onconf × SARconf × 0.5 (5.1)

So in this case:

SARFDA

e� =
0.37× 16.6× 5 + 0.20× 12.2× 5

10
= 4.3 W/kg

SARIEC

e� =
0.37× 77.6× 3 + 0.20× 127.8× 3

6
= 27.1 W/kg
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Figure 5.8: Final temperature of each electrode at the end of simulation 2. Transducers naming is the same as
before.

The results for the e�ective SAR for this and for the remaining simulations is displayed in

table 5.3 (page 50). The average temperature of each tissue as a function of time is plotted in

�gure 5.9. With this information, it was possible to calculate the CEM 43ºC for each tissue

(table 5.4, page 51)

5.3 Simulation 3 and 4 - Study Optune®'s e�cacy in di�erent

environments

The e�ects of changing in room temperature are here presented. For a temperature of 27.3ºC it

was seen that the MSE remains the same and that Optune® �rst shuts down 94 seconds after the

treatment had started. In terms of the duration of the applied current the AP �eld was on for 52

seconds of the 153 seconds it could have been (34%), while the LR was on for 29 seconds (19%)

leading to an overall of 27%. The temperature variation for the front pad and for the tissues

are shown in �gures 5.10 and 5.11, respectively. When the environment temperature is 7.9ºC

Optune® �rst shuts down after 164 seconds. The AP �eld was applied for 55 seconds (47%) and

the LR for 51 seconds (43%). Overall, the device is on 45% of the time. The temperature for

the front pad and for the tissues is presented in �gures 5.12 and 5.13. For the remaining pads of

both simulations the graphics are shown in �gures A1 to A6 in the "Appendix" section.
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Figure 5.9: Average tissues temperature as a function of time. Scalp's temperature starts as the lowest because it
is the only tissue in contact with the environment that is at 24ºC (Simulation 2). As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

Figure 5.10: Temperature variation as a function of time for the front array when the room temperature is 27.3ºC
(Simulation 3). As it can be seen the temperature (left y-axis) never increases above 40.4ºC (as it can be seen
the MSE is the FSL). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.
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Figure 5.11: Average tissues temperature as a function of time. Scalp's temperature starts as the lowest because
it is the only tissue in contact with the environment that is at 27.3ºC (Simulation 3). As the depth from the
surface increases the temperature gradually augments reaching a value close to the blood's.

Figure 5.12: Temperature variation as a function of time for the front array when the room temperature is 7.9ºC
(Simulation 4). As it can be seen the temperature (left y-axis) never increases above 40.4ºC (as it can be seen
the MSE is the FSL). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.
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Figure 5.13: Average tissues temperature as a function of time. Scalp's temperature starts as the lowest because
it is the only tissue in contact with the environment that is at 7.9ºC (Simulation 4). As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

5.4 Simulation 5 - Half intensity, always on

When the potential di�erence between the arrays is halved, the current injected in each electrode

is also halved, as expected. This corresponds to injecting 50% the current shown in �gure 5.1 for

each transducer. The electric �eld in the brain and in the tumour for this situation is shown in

�gure 5.14 for the same cut planes as in �gure 5.2. The ATV and SAR values for each tissue are

di�erent compared to the previous simulations and so they were also calculated and are presented

in tables 5.1 and 5.2, respectively (Simulation 5, page 50).

To calculate the e�ective SAR equation (5.1) was used, but now the sum had only one term

because only one con�guration (AP+LR) exists. Regarding Optune®'s duty cycle it was seen

that it �rst shuts down 313 seconds after the treatment started and that the �elds were applied

for 62s out of the 86s possible (72%). As before, the results regarding the temperature variation

of the pad that has the MSE (FSL) and of the tisses are shown in �gures 5.15 and 5.16, while

the temperature pro�le for the remaining pads are shown in the "Appendix" section (�gures A7,

A8 and A9).
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Figure 5.14: Electric �eld magnitude in the brain and in the tumour in a sagittal (left column, �rst row), coronal
(left column, second row) and transversal (right column) planes when both AP and LR con�gurations are applied
at the same time but with half the intensity comparing to the former simulations. Values greater than 3.5 V/cm
are coloured as dark red.

Figure 5.15: Temperature variation as a function of time for the front array when both con�gurations are applied
at the same time, but with half the current injected (Simulation 5). As it can be seen the temperature (left y-axis)
never increases above 40.4ºC (as it can be seen the MSE is the FSL). In this plot when the device is on (1 in the
right y-axis) it means that the current is being injected in the both AP and LR directions. Transducers naming
is the same as used before.
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Figure 5.16: Average tissues temperature as a function oft time (Simulation 5). Scalp's temperature starts as the
lowest because it is the only tissue in contact with the environment that is at 24ºC. As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

5.5 Simulation 6 - Independent temperature sensors

Using independent temperature sensors showed very interesting results. As it was expected, the

AP sensor was the �rst to reach the shutdown temperature (MSE: FSL), around 104 seconds

after treatment had started. The LR sensor had its �rst shutdown 9 seconds later and the MSE

for this situation was the RIF. This latter is one of the transducers where the higher current is

injected considering only the LR con�guration, according to �gure 5.1. Regarding their e�cacy

in terms of time, the AP �elds were applied for 55 seconds and the LR for 62. This corresponds

to a 37% of time deliverying the current for the �rst and 43% for the second. The variation of

the temperature for the arrays containing the MSE for each situation is shown in �gures 5.17 and

5.18, respectively and tissues' temperature change over time in �gure 5.19. Information about

the other arrays is presented in �gures A10 and A11.
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Figure 5.17: Temperature variation as a function of time for the front array when independent temperature sensors
are used (Simulation 6). As it can be seen the temperature (left y-axis) never increases above 40.4ºC (as it can
be seen the MSE for this con�guration is the FSL). In this plot when the device is on (1 in the right y-axis) it
means that the current is being injected in the AP direction. Transducers naming is the same as used before.

Figure 5.18: Temperature variation as a function of time for the right array when independent temperature sensors
are used (Simulation 6). As it can be seen the temperature (left y-axis) never increases above 40.4ºC (as it can
be seen the MSE for this con�guration is the RIF). In this plot when the device is on (1 in the right y-axis) it
means that the current is being injected in the LR direction. Transducers naming is the same as used before.
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Figure 5.19: Average tissues temperature as a function of time (Simulation 6). Scalp's temperature starts as the
lowest because it is the only tissue in contact with the environment that is at 24ºC. As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

5.6 Simulation 7 - Current controller

Controlling the injected current at a transducer level rather than at the array level produced a

very similar electric �eld in the brain compared to the one presented in �gure 5.2 and thus it is

not shown. However, through the ATV values (5.1, page 50) it is possible to demonstrate that

there are some di�erences produced in each biological tissue. Figure 5.20 shows the potential

that each electrode has to be at to inject 100 mA. The results allowed to conclude that the

�rst shutdown occurs 162 seconds after the treatment started. The AP �eld was applied for 61

seconds (51% time e�cacy), while the LR was on for 28 seconds (24%). Overall this gives a

value of 37%. It is noteworthy that in this case, the MSE starts as the PIC, but a few seconds

later changes to the PML (�gures 5.21). Tissues temperature is shown in �gure 5.22 and the

temperature for remaining pads in �gures A12 to A14.
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Figure 5.20: Potential of each electrode to ensure 100 mA per transducer.

Figure 5.21: Temperature variation as a function of time for the posterior array when current is controlled at a
array level (Simulation 7). As it can be seen the temperature (left y-axis) never increases above 40.4ºC (as it can
be seen the MSE starts as the PIC but a few seconds later changes to the PML). In this plot when the device is
on (1 in the right y-axis) it means that the current is being injected in the AP direction. Transducers naming is
the same as used before.
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Figure 5.22: Average tissues temperature as a function of time (Simulation 7). Scalp's temperature starts as the
lowest because it is the only tissue in contact with the environment that is at 24ºC. As the depth from the surface
increases the temperature gradually augments reaching a value close to the blood's.

5.7 Additional data

In this subsection information that concerns all the simulations is presented, namely the tables

regarding the ATV's, SAR in each tissue, e�ective SAR and CEM 43ºC values. Additionally,

�gure 5.23 plots the e�cacy of every simulation normalized by the results of the standard one

(simulation 2). For this latter, the e�cacy is in terms of time that the �elds are applied.
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Table 5.1: ATV's for each tissue and each con�guration considering three di�erent thresholds: 1 V/cm (ATV1),
2 V/cm (ATV2) and 3 V/cm (ATV3).

Sim. ATVx Con�guration Scalp Skull CSF
Brain Tumour

Eyeballs
GM WM Shell Core

1
2
3
4
6

ATV1
(%)

AP 83.2 98.5 17.2 50.5 80.8 13.0 0 10.0
LR 73.9 93.4 13.7 45.9 83.2 72.3 0 0

ATV2
(%)

AP 33.1 76.3 0 0.1 2.3 0 0 0
LR 33.2 66.0 0.2 1.1 7.7 8.1 0 0

ATV3
(%)

AP 21.4 64.1 0 0 0.1 0 0 0
LR 21.9 52.5 0 0 0.1 1.0 0 0

5

ATV1
(%)

AP+LR
88.2 99.8 11.7 51.1 94.8 50.7 0 0

ATV2
(%)

44.8 87.9 0 0 0.5 0 0 0

ATV3
(%)

25.5 73.1 0 0 0 0 0 0

7

ATV1
(%)

AP 82.8 98.4 18.8 52.3 81.7 13.6 0 8.6
LR 72.4 92.7 13.6 45.6 82.2 71.6 0 0

ATV2
(%)

AP 32.9 76.3 0 0.2 2.7 0 0 0
LR 32.7 64.8 0.2 1.3 7.8 8 0 0

ATV3
(%)

AP 21.7 63.8 0 0 0.2 0 0 0
LR 22.1 51.4 0 0 0.2 0.9 0 0

Table 5.2: Average SAR values for each tissue, for the whole head and for the 10g cube that contains the point
where the electric �eld magnitude is the highest for each con�guration. All values are in W/kg.

Sim. Conf. Scalp Skull CSF
Brain Tumour

Eyeballs Head
Head
10gGM WM Shell Core

1, 2, 3
4, 6

AP 32.5 30.6 12.2 2.7 2.0 1.4 1.2 8.8 16.6 77.6
LR 22.8 20.9 10.5 2.8 2.4 4.6 3.7 0.8 12.2 127.8

4 AP+LR 19.8 15.3 10.7 2.6 2.1 2.6 2.3 3.6 10.5 43.2

7
AP 33.1 32.6 12.6 2.8 2.0 1.4 1.2 8.5 17.9 127.2
LR 22.7 21.1 10.4 2.8 2.4 4.7 3.7 0.7 12.6 135.3

Table 5.3: E�ective SAR and average head temperature for each simulation according to the de�nitions made by
the FDA and the IEC.

Simulation
FDA IEC

SAR (W/kg) T (ºC) SAR (W/kg)

1 14.4 37.4 102.7

2 4.3 37.0 27.1

3 4.0 37.0 25.3

4 7.0 36.7 48.0

5 7.6 37.0 31.1

6 5.7 37.0 41.8

7 6.1 37.0 48.7
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Table 5.4: CEM 43ºC values for every tissue for one treatment day and for each simulation. When no value is
presented it means that the cylinder de�ned by the MSE does not pass by that tissue. All values are in minutes.

Simulation Scalp Skull CSF
Brain Tumour

Eyeballs
GM WM Shell Core

1 (Volume) 0.49 0.79 0.48 0.33 0.30 0.30 0.31 0.16
1 (Cylinder) 6715.90 145.65 0.86 0.43 0.30 � � �

2 (Volume) 0.17 0.29 0.29 0.29 0.28 0.28 0.28 0.13
2 (Cylinder) 12.60 3.47 0.45 0.33 0.29 � � �

3 (Volume) 0.21 0.32 0.30 0.29 0.28 0.28 0.28 0.15
3 (Cylinder) 12.13 3.32 0.44 0.33 0.28 � � �

4 (Volume) 0.07 0.19 0.25 0.28 0.28 0.29 0.29 0.05
4 (Cylinder) 17.82 4.95 0.48 0.34 0.29 � � �

5 (Volume) 0.18 0.30 0.30 0.29 0.28 0.28 0.29 0.12
5 (Cylinder) 11.61 3.00 0.43 0.32 0.29 � � �

6 (Volume) 0.20 0.32 0.31 0.29 0.28 0.29 0.29 0.12
6 (AP cylinder) 12.76 3.53 0.45 0.34 0.29 � � �
6 (LR cylinder) 4.58 1.27 0.47 0.30 0.28 � � �

7 (Volume) 0.21 0.38 0.33 0.30 0.29 0.29 0.29 0.13
7 (Cylinder) 8.99 5.79 0.39 0.32 0.30 � � �

Figure 5.23: E�cacy of every simulation normalized by the results of simulation 2. Simulation 2: Modeling
how Optune® works; Simulation 3: Room temperature at 27.3ºC; Simulation 4: Room temperature at 7.9ºC;
Simulation 5: Half intensity, both �elds applied; Simulation 6: Independent temperature sensors; Simulation 7:
Current controller at the transducer level. The e�cacy values are in terms of the time that the �elds are being
applied in each case.
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Discussion

The conclusions obtained in Chapter 3 showed a good agreement between the values given by

COMSOL and those obtained solving the analytical solutions. Thus a signi�cant deviation

regarding the real values is also not expected for the simulations performed with the realistic

head model.

6.1 Importance of the shutdown

It is clear that the temperature increase is an important limitation of the e�cacy of TTFields. In

fact, 400 seconds after the treatment started there are some transducers that would have reached

values higher than 44ºC and by the behaviour showed in �gures 5.3 and 5.4 it can reach values

even higher than this. A more in-depth study about this matter showed that the maximum

temperature for the AP transducers can be as high as 55ºC and for the LR around 47ºC when a

steady-state is reached (results not shown here). This implies that tissues temperature can also

increase by an excessive amount and thus the Joule heating e�ect can be very harmful. Figure 5.5

shows that less than six and a half minutes (400 seconds) are enough to increase the scalp's and

skull's average temperatures by more than 1ºC. However, looking at the average temperature can

hide the existence of hotspots since a higher increase is expected near the electrodes where the

electric �eld is high. An evaluation using the cylinder de�ned by the MSE showed average values

higher than 44ºC for the scalp, around 41.6ºC for the skull and approximately 38ºC for the CSF

(data not shown). This corresponds to CEM 43ºC values that in somes cases largely surpass the

thresholds presented in table 2.2, which clearly illustrates the need of controlling the temperature

and shutting down the �elds when the temperature reaches a speci�c threshold value, although

why it is 41ºC is unclear and not reported by NovocureTM. Curiously, the thermal damage,

measured using CEM 43ºC, in the brain when the �elds are always being applied is just a little

above the values obtained when the temperature is controlled. This will be discussed in more

detail further ahead.

6.2 The electric �eld

Figure 5.1 can be seen as a representation of how the current is distributed across the transducers

for the standard way of working of Optune®. It is noteworthy to verify that each array behaves

as an isopotential surface and consequently there are edge e�ects. These are more pronounced
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the higher the potential, which is veri�ed if one makes a comparison between the LR (lower ab-

solute potential) and the AP (higher absolute potential) pads. This leads to the varied current

distribution seen for each transducer. Additionally, the fact that tissues' thickness underneath

each electrode can be very di�erent (thus di�erent impedance) also contributes to this diversi-

�cation. When the electric �eld produced by these currents is analysed a highly non-uniform

distribution is obtained (�gure 5.2), which is explained by the heterogeneous current distribu-

tion, the complex shape of the head and the di�erent dielectric properties of the tissues that are

part of it as explained in [14, 44]. A higher electric �eld magnitude is expected near the active

transducers (i.e., near those where the current is being injected) which was observed but not

shown here. In tissues with low electric conductivity such as the skull these �elds reach their

maximum value at the regions where the applied current is perpendicular to a tissue interface.

This e�ect can be very well observed in �gure 5.2 for the LR con�guration where the magnitude

was enhanced in the regions close to the ventricles where a high conductivity change is seen due

to passage of current from the ventricles (considered to be �lled with CSF with σ = 1.79 S/m)

to the WM (σ = 0.12 S/m) [14]. The physical phenomenon behind this e�ect is a secondary

�eld generated by an accumulation of electric charges at tissue interfaces that depends only on

the ratio of the conductivities of the two adjacent tissues and it is proportional to the strength

of the normal component of the applied �eld for purely resistive tissues. This is the case because

for the parameters used the following expression is true σ � ωεrε0 (σ is the tissue conductivity,

ω the angular frequency, εr the relative permittivity and ε0 the vacuum permittivity) [14, 44].

The e�ects of the directionality of the �elds in the tumour can also be seen in this �gure. This

e�ect is more clear for the LR con�guration due to the electric �eld it produces at the tumour

site.

A more detailed analysis of this data (table 5.1, Simulations 1, 2, 3, 4 and 6) showed that

around 13% of the tumour shell is above 1 V/cm when the AP �eld is applied while this value

increases to 72% for the LR con�guration. Although the magnitude does not reach values higher

than 2 V/cm for the �rst con�guration, for the latter around 8% of the volume is found above

this threshold and 1% above 3 V/cm. Despite the fact that the AP con�guration only leads to a

relatively small electric �eld magnitude in the tumour for this particular head model its impor-

tance is explained by the in-vitro experiments made by Kirson et. al [15] where the application of

the �elds in two perpendicular directions showed to a�ect more tumour cells, that are randomly

aligned, enhancing the results by 20% compared to when only one direction is applied. Finally, it

is also noteworthy the fact that the electric �eld magnitude in the necrotic core being quite low

due to its high conductivity. Still concerning table 5.1 one can conclude that both con�gurations

induce �elds signi�cantly higher than 1 V/cm in practically all biological tissues. For the brain,

in particular, this value is high compared with what is seen in stimulation techniques such as

in tCS and tDCS where magnitudes around 0.2 V/m and 0.5 V/m, respectively, are enough to

a�ect neural modulation [64, 65], but it is comparable to those used in TMS where values in

the order of 1 V/cm in the brain can a�ect neuromodulation and also act as a neurostimulator

[66, 67]. However, the frequencies used are very di�erent. In TMS, for example, frequencies

as low as 3 kHz are employed while for TTFields, and in particular, for GBM, a 200 kHz fre-

quency is used. For this latter value, the membrane is not able to depolarize and thus there is

not stimulation [44, 68]. Regarding non-mitotic e�ects of the electric �elds in the scalp, skull,

CSF and eyeballs there is not much described in the literature. The study of Stupp et. al [18]

reported that 3% of the 116 patients treated with just TTFields su�ered from severe (grade 2)
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haematological consequences which may be an indicator of the existence of some problems at the

bone marrow level although there is a lot more investigation that should be done to corroborate

these �ndings. However, it is important to bear in mind that these �elds are blind in regards to

which tissues they a�ect. This means that they will a�ect the mitotic process in healthy tissues

and in blood vessels more or less in the same manner they do it in the tumour, although the

optimal frequency to treat GBM may not be the one that is more e�cient to a�ect the prolif-

eration of the cells of the scalp or of the skull, for example. This can be problematic in several

ways because if the doubling times of healthy and tumour tissues are similar (for example the

glioma cell lines have a doubling time of 24 hours [8], while for the skin some studies report 62.5

hours [69] although it can be lower) their protective role can be compromised and even a�ect

the electric �eld distribution if an agglomerate of dead cells happens to occur.

Thus it is important to try to minimize the electric �elds in the healthy cells while increasing

it on the tumour. When the electric �eld in the head tissues was changed in simulation 5, all

the ATV values (table 5.1) for the scalp and the skull were enhanced compared to the previous

case which can be explained by the �eld produced by the two con�gurations being additive and

these being the two tissues closer to the transducers. As the distance from the head surface

increases, these �elds can still produce an intensity of at least 1 V/cm in the di�erent tissues,

but because the currents were halved they are not strong enough to reach 2 V/cm in the more

internal tissues. Regarding the necessary threshold in the tumour site, around 51% reached the

therapeutical limit of 1 V/cm which indicates the potential of the combined con�guration if the

electric �eld in the healthy tissues can be considered to be harmless. In the case of simulation 7,

the ATV values were very similar to the ones obtained when the current was controlled at the

array level and so the same conclusions drawn before apply to this case.

As mentioned before, there are not any problems reported in the literature about the impact

of these �elds in healthy cells mitosis, maybe because it is not relevant or maybe because a time

longer than the median survival rate is necessary for its consequences to become perceptible.

Either way, one interesting point that might help to enhance the electric �eld in the tumour and

decrease it in other tissues is using the same approach that is currently used in TMS that involves

indirectly applying these electric �elds through a magnetic �eld based on Maxwell's equations.

Of course that there are several technical problems that should be solved �rst like the coil size,

how to apply it in a continuous way and for such long periods of time, how should the device

be so it can be carried by the patient, the fact that it is much more di�cult to stimulate deep

targets, among many others.

6.3 Optune®'s duty cycle

The analysis of Optune®'s duty cycle showed very surprising results. First of all, it is important

to note that the e�cacy obtained for each simulation could change if more time was simulated.

Simulation 5 for example had a high e�ectiveness because it took longer to reach the �rst shut-

down and so there was not much time to evaluate the on and o� process. Nonetheless, the

results obtained should give an idea of how the e�cacy in terms of time applying the �elds

changes compared to the standard simulation (Simulation 2), to have an insight of what are the

main features that can be improved to obtain a higher response rate to this therapy. The impor-

tance of maximizing the time during which TTFields are used to treat GBM was demonstrated
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in the very �rst few papers about this technique by Kirson et. al [15] that proved that cells that

were subjected to these electric �elds could recover their doubling time few hours after they were

shut down and con�rmed in clinical trials by Kanner et. al [4] that showed that a high daily

usage (at least 18 hours) signi�cantly improved the results.

It is noteworthy that in almost all the simulations performed it is just one electrode that

controls if Optune® is applying the �elds or not. For this speci�c head model, this transducer

is located at the front array (FSL) and so it is one of the responsible to produce the AP �eld.

It is also the electrode where the injected current is the highest. However, this con�guration is

not the one that contributes the most to arrest cell proliferation, because as it was discussed the

LR con�guration is capable of producing an electric �eld in the tumour that can reach values as

high as 3 V/cm. The problem is that it does not seem to be a pattern that can explain when the

LR �elds are applied which increases the uncertainty of the outcome. This unpredictability is

even higher in practice if it is noted in �gure 5.23 that a higher room temperature decreases the

time that Optune® is on and a lower temperature augments it which indicates that treating the

tumour is highly dependent on where the patient is throughout the day. In fact, the data obtained

suggests that people that are being treat with TTFields should be in environments where the

temperature is low. Of course that it has to be a trade-o� between the e�cacy improvement

and the discomfort caused by the cold temperatures. One solution that might be helpful is to

develop a special device, perhaps a helmet that facilitate the control of the temperature of the

head. Additionally, and if this is not already implemented in Optune®, incorporating a time

counter for each con�guration might also be useful to get a clear idea of how long the �elds are

applied as a function of the daytime.

Another way to improve this technique is using independent temperature sensors (simulation

6) that has showed to not decrease the time that the AP �elds are on and, at the same time,

increase the LR's which might be a good addition to Optune® if the improvements seen in

clinical trials are good enough to compensate an increased time applying the electric �elds.

Additionally, using current controllers (simulation 7) at the transducers levels also demonstrated

improvements in the results while not changing signi�cantly the electric �eld produced in the

healthy tissues nor in the tumour (see table 5.1). Ultimately one can think that in the same

way that adding more current controllers would lead to better results, maybe having the same

number of independent temperature sensors as electrodes would also have the same e�ect. Of

course that adding so many controllers and sensors is an idea that might have some drawbacks

and be very cumbersome because it implies more regular veri�cation tests, extra costs, among

others. Lastly, simulation 5 intended to approximate how Optune® works to an hypothetical

situation. Although the overall results showed a very high e�cacy in terms of time that this

con�guration is on the fact that the elecric �eld does not reach 2 V/cm in the tumour might

be a problem and further investigation should be carried to evaluate this and the impact of

the high electric �eld in the super�cial tissues along with the bene�ts of the lower �elds in the

deepest ones. The sum of the �elds by itself does not increase the number of directions in which

the electric �eld is applied. In fact, because this quantity is vectorial there is only one e�ective

direction, given by the sum of the AP's and the LR's directions. One interesting point to analyse

is applying this con�guration but intentionally change the relative phase of the AP and LR �elds

to speci�c values so that more directions are included.
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In conclusion, compared to the standard way of work the results obtained can be considered

a principle of proof that a version of Optune® that controls the current at the transducer level,

that has independent temperature sensors, one for each con�guration, working independently and

that works at low temperatures may be bene�cial. Despite these conclusions, all these changes

should also consider the impact caused in the other techniques that are used to treat the tumour

like chemotherapy.

6.4 Tissue safety and damage

All the results obtained regarding electric safety and thermal damage were evaluated using SAR

and CEM 43ºC. However, it is important not to forget that these were the quantities chosen

because a better metric is lacking to evaluate TTFields damage. In fact, SAR was developed

to be used in MRI for indirectly studying tissues heating due to the applied pulses for a typical

diagnostic session that has a time duration in the order of the minutes for brain imaging [70]

and not for a treatment that has a time extent of more or less 18 hours per day and is applied

practically every day. In fact, in TTFields the electric �eld is the base of the treatment and

thus it is not possible nor desirable to decrease the SAR values just to respect the thresholds

because that might imply not to treat the tumour at all. Thus, whether the conclusions derived

from the values obtained using this quantity should be applied to TTFields or even to other

techniques besides MRI must be investigated. This measure is valid for pulses with a frequency

between 10 and 400 MHz, while TTFields work range is between 100-300 kHz. Although it is

known that for frequencies higher than 100 kHz thermal problems due to the absorption of the

photons by biological tissue start to become relevant [71], there is not any study that concluded

that this metric or the thresholds de�ned by the di�erent agencies are valid throughout all the

radiofrequency range. In fact, if SAR can be used for TTFields, new thresholds should be de�ned

to account for the need to maximize the application of these electric �elds.

On the other hand, CEM 43ºC is a parameter developed especially for hyperthermia treat-

ments where a typical session may last around one hour. As previously mentioned, this empirical

metric was developed based on in-vitro studies [30] and thus it is important to know its limita-

tions. First of all, its applicability was only tested for a temperature range between 39ºC and

57ºC and consequently its validity outside this interval is unclear. Furthermore, the value of R

can and should be tissue and species dependent which can largely in�uence the results. Also,

it is not easy to perform the summation of equation (2.1) because the temperature can vary

within the tissue and using an average value can hide some hotspots and can even depend on

the measuring device. Over the past few years, there has been some discussion concerning the

utility of CEM 43ºC to measure thermal damage in hyperthermia. There are some authors that

recognize the lack of other thermal metrics, but still consider that this is not the most suitable to

be used. The fact that this formula does not consider the reversible reaction of the total damage

nor the di�erence of the thermal sensitivity depending on the pH and the high variability of

the results depending on how the experiment is performed are some reasons pointed out by van

Rhoon [72]. To make it worse, the thresholds for thermal damage vary widely depending on how

the damage is evaluated, as seen in [31, 32].

All of these constraints imply that the results here presented should be take into consider-

ation all these limitations and the conclusions here drawn have to be corroborated with data
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from clinical trials. If indeed these metrics can be used and the thresholds are surpassed then

another set of questions have to be discussed. For example, are the treatment outcomes worthy

compared to the damage that is being done? Considering the low survival-rate that character-

izes glioblastoma do the short term consequences severely deteriorate the life of the patient? For

those who can survive longer, will the long-term consequences a�ect drastically their quality of

life? On the other hand if these quantities are not satisfactory to evaluate TTFields therapy then

an appropriate way to measure the combined e�ects of the electric �elds and the temperature

increase should be developed to compare di�erent treatment methodologies including those done

here (using independent sensors, current controlled at the array level or at the transducer level,

etc.).

6.4.1 Electric safety

The SAR values for each tissue are summarised in table 5.2. As expected, the values vary

depending on how and how much current is injected in each transducer. Because the primary

electric �eld is higher close to the active electrodes the SAR values are also expected to be higher

at the more super�cial tissues, despite the existence of a secondary electric �eld that has a limited

impact and thus does not signi�cantly a�ect the results.

When the average values obtained for each simulation (table 5.3) are compared with those

de�ned by the international agencies there is one point that it is transversal to all the tests done:

the thresholds are always surpassed. In the case of simulation 1 higher SAR values were expected

because the �elds are always on, which leads to a higher rate of temperature increase in the head

compared to the other situations. If the simulation lasted longer this value could increase even

more and eventually exceed the limit of 38ºC de�ned by the FDA. Of course that this is just one

more example of the importance of shutting down the �elds. On the other hand, for di�erent

ambient temperatures (simulations 3 and 4) higher SAR values are expected when the room

temperature is lower because the �elds are applied during more time which is exactly what was

seen. In simulation 3 it was observed that the SAR was around 4 W/kg that is somewhat close

to what is permitted by the FDA (3.2 W/kg). This indicates that the limits imposed by this

agency might be respected if the environment temperature is higher than 27.3ºC and the other

parameters are �xed or, in other words, if the �elds are applied less time than what was seen

for this simulation. Clearly, this is one more example that if SAR is used as a metric then the

thresholds should be rede�ned.

When the electrodes' potential is halved (simulation 5) the SAR values increased compared to

the standard situation (simulation 2) because both �elds are applied at the same time and thus

the electric �eld produced by each con�guration is additive, but also because this simulation had

a very high time e�cacy. It is interesting to compare the results of this simulation with those of

when the room temperature is lowered because the FDA values are higher for the �rst, but the

IEC's are higher for the second. This is a consequence of two factors: 1) although the intensity

of the current is lower, Optune® is on during more time which leads to a higher SAR value

according to the FDA for simulation 5; 2) the SAR de�ned by the IEC considers a more local

measurement and the way it was calculated in this project was by de�ning a cube containing the

point where the electric �eld was the highest. Because this �eld is proportional to the square of

the applied voltage this leads to a higher value for simulation 4 and consequently to a higher local

SAR. With regards to the situation when independent temperature sensors are used (simulation

57



CHAPTER 6. DISCUSSION

6) the results showed increased SAR values compared to the standard simulation for the same

environmental conditions (simulation 2) which is justi�ed by the fact that the LR �eld is applied

during more time while the AP e�cacy did not change. Lastly, changing the way that the

injected current is administrated (simulation 7) also led to higher SAR values because the time

the �elds were applied is higher.

One point that should be noted is that although the SAR values vary across simulations

the head average temperature is practically always the same and near the initial temperature

of 36.7ºC. This is a result of applying locally the �elds which can hide the existence of some

hotspots as it is discussed in the next section. In the case of TTFields, having the two �elds

applied simultaneously showed to be the con�guration that increased the SAR the most according

to the FDA, while controlling the current at the transducer level led to the highest SAR values

in line with what is de�ned by the IEC. It is important to note that it may be bene�cial and

even desirable to increase the SAR values as much as possible to treat GBM.

6.4.2 Thermal damage

The thermal damage was evaluated using two di�erent CEM 43ºC: the average in the whole

volume for each tissue and the average value within a cylinder de�ned by the MSE, both for

one treatment day. This last approach was done to evaluate possible hotspots that might occur

underneath the transducers. Before analysing these results it is important to note that there

might be an underestimation of the actual damage because when the simulations ended, some

tissues had not reached a steady-state temperature yet and would probably increase more, mainly

the most super�cial ones.

Analysing table 5.4 there are two points that can be concluded right away: 1) underneath

the transducers some hotspots occur that lead to CEM 43ºC values around 50 times higher

than those seen in the volume average and 2) despite these hotspots the thermal damage in

the brain underneath the electrodes does not change drastically compared to the average values.

One possible explanation for the �rst point is the fact that the application of the current is

also localized and there are regions such as the top of the head where the electric �eld is not

very high and thus the heat exchanges with the blood and the environment can compensate

the temperature increase due to Joule heating. Regarding the second point, it can be seen as

a way the human body has to protect the brain from thermal damage and the role of all the

other tissues that surround it that can act as a barrier [46]. For example, the area of interaction

between the CSF and the brain is extremely large [73] and CSF's speci�c heat is one of the

highest of the human head. This means that this tissue can store energy during more time and

thus prevent abrupt changes of temperature that could compromise the brain homeostasis.

Comparing the data with was is shown in table 2.2 one can conclude that for the scalp

the only e�ects expected to occur, both locally and for the whole volume, are acute and minor

changes. In fact, in clinical trials it was observed that people treated with TTFields usually su�er

from skin dermatitis in the regions underneath the electrodes [16�19] which is in agreement with

these �ndings. Dangereous erythema, functional changes and tissue necrosis are not expected

for TTFields according to the results obtained, although they can occur if it is proven that the

CEM 43ºC values are additive throughout the days. However, assuming that they are not it is

also not anticipated any major e�ects at the skull, CSF and eyes levels. This can be con�rmed

measuring the levels of calcium in the blood and in the CSF, for example. As mentioned before,
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if there is irreversible bone resorption it is expected an increase of these ions in the blood, while

if the CSF is subjected to a signi�cant heat stress calcium will also increase its concentration in

this �uid.

Nonetheless, there might be some changes at the brain level. The average CEM 43ºC in the

brain is around 0.29 minutes. According to the reviewed data discussed before this can change the

BBB permeability, cerebral blood �ow and GABA, glycine and glutamate levels. Although the

main e�ects of these changes were already discussed it in the "Biological tissue heating" chapter,

it is important to make some notes about the impact they can have in TTFields. First of all the

fact that GBM is an astrocytoma and the astrocytes give structural and functional support to

the BBB cells, along with pericytes and extracellular matrix components [35], can also change

the BBB permeability. It is of extreme importance to maintain a correct level to ensure neuronal

circuits to function properly [74]. The consequences of an increased permeability can vary but

include imbalance of ions and transmitters, entry of toxins and pathogens, the release of cytokines

and chemokines, leakage of plasma proteins which can ultimately lead to neuronal dysfunction,

neuroin�ammation and neurodegeneration of cells, as Obermeier et. al [74] concluded. However,

in some situations it is also desirable to increase this permeability to facilitate the administration

of drugs [75]. In the case of TTFields this can be useful if there is a more appropriate drug than

temozolomide (that is administrated as the chemotherapeutic agent) that could be used, but

under normal conditions, it would not enter the brain.

Whether the cerebral blood increases or decreases is still to be investigated, but the results

reported in the literature indicate that there are variations from its basal level. The consequences

of this change were already discussed, but in terms of heating due to TTFields it can represent

a change in how the brain cools down through heat exchanges with the blood. If this change

is not so extreme that it can cause ischemia or lead to a higher intracranial pressure, then an

increase �ow would help to reduce brain's temperature and thus to reduce CEM 43ºC values.

The opposite conclusions are attained if this change is in the reversed direction. It is important

to note that because the brain metabolic activity is very high the heat dissipation through blood

cooling plays a crucial role in reducing its temperature. It is through this complex mechanism of

energy trading that this structure is capable of maintaining its temperature more or less constant

and independent of the ambient temperature 2-3 centimeters below the cortical surface [73]. A

closer look at �gure 5.9 shows that the temperature of the brain barely changes, increasing less

than 0.1ºC for the time simulated. This is of special importance taking into consideration that

some studies reported that an increase of 0.5ºC in the brain can change cell excitability and a

variation of 1ºC interferes in neuronal network functioning [60], while small changes can have an

impact on the rate of chemical reactions and on the a�nity of haemoglobin for oxygen [48] and

for 40ºC cell damage and tissue ablation are very likely to occur [51].

Just as important according to the results obtained, an increase in the concentrations of

GABA, glutamate and glycine might also take place. It is well known that GABA and glycine

have an important role in reducing neuronal excitability to speci�c receptors thus being a po-

tential way to reduce epileptic seizures for example [34]. Whether these neurotransmissors pass

through the BBB or not is up for discussion, but if its permeability is increased then there is a

higher chance that they can be found in the brain [34]. The actions of GABA and glycine are

somewhat compensated by the increased concentration of glutamate. In fact, this relation should

be seen in the perspective that an increase of glutamate can lead to an increase of GABA because

59



CHAPTER 6. DISCUSSION

it is known that the �rst is the metabolic precursor of the second [76]. The increase of these

neurotransmitters for the same values of CEM 43ºC can thus be seen as a relation cause-e�ect,

although the consequences of these changes for TTFields are unclear. One can think that some

kind of change in the thresholds of neuronal excitability might occur, however in terms of treat-

ment e�cacy this does not seem to be a problem mainly because the basis of this technique is not

stimulating the cells but a�ecting the mitotic process. Without any doubt, there is a lot of work

to be done to evaluate the consequences of these increases if these results are corroborated by

experimental data. At �rst glance these neurotransmitters do not seem to a�ect TTFields, but

they can have dangerous e�ects if the consequences are evaluated for the whole-body especially

if their concentrations do not return to the basal values after the �elds are shut down.

In the �gures that represent tissues temperature (�gures 5.9, 5.11, 5.13, 5.16, 5.19 and 5.22)

it is important to make a few comments about the initial temperature of each tissue. The scalp

is in direct contact with the environment and so it is the most sensible to room temperature

changes. As so, when the room temperature is higher, the scalp's average temperature is also

augmented compared to the case when the ambient temperature is 24ºC or 7.9ºC. As tissue depth

is increased the average temperature of every structure tends to the blood's temperature. At the

brain level, values around 37ºC are obtained independently of the outside temperature which was

expected considering what was discussed before. It is interesting to note that despite the CEM

43ºC values for the whole head being higher when the outside room temperature is higher, the

local values (those de�ned by the cylinder) are lower because the �elds are being applied during

less time. On the other hand, when the applied voltage is halved the temperature increase is

also lower because the �elds do not have an intensity high enough to cause a high Joule e�ect

as in the standard situation. Regarding simulation 7 there are two local CEM 43ºC measures,

one for each con�guration. In the case of the AP cylinder, the values are a bit higher than those

of simulation 2 because there is a little increase due to the LR con�guration being more time

on. The local CEM 43ºC values for this latter may seem low, but they can be explained by the

volume of each tissue underneath each electrode: the average volume for the scalp underneath

the LR electrode is 2920 mm3 and the skull's is 623 mm3, while in the case of the AP's these

values are 1763 mm3 and 1473 mm3, respectively. Considering what was discussed about the

regions where the electric �eld is higher, the potential of each con�guration, tissues properties

and the behaviour of the temperature pro�le as the distance from the head surface increases

these observations are justi�ed. Lastly, when the way the current is distributed is changed the

local CEM 43ºC values became smaller due to a mix of di�erent factors such as the injected

current, the electric �eld, the volume of each tissue underneath the most signi�cant electrode,

etc.

Concerning the tumour itself, it is clear that its average temperature barely increases from

its basal state (around 37ºC). To answer the question: "Can TTFields e�cacy be attributed

to tumour heating as it happens in hyperthermia?" we have to know the temperature that the

tumour should reach so the treatment outcome could also be credited to the exposure to heat. For

hyperthermia, the tumour's temperature is dependent on the method used to heat it. In regional

hyperthermia, the temperature can reach values close 43ºC for a duration of 2h (120 CEM 43ºC)

in a certain body region containing the tumour, while in whole-body hyperthermia the increase

is limited to 42ºC [77]. This implies that the tumour has to reach a temperature higher than

the 37.1ºC that was predicted for TTFields. Thus it can be inferred that this treatment e�cacy
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is not due to hyperthermia. Nonetheless, this might be con�rmed with immunological data. It

is expected that Heat Shock Proteins (HSPs) are not present on the surface of the tumour cells

because they are only synthesised in response to a non-lethal, but signi�cant heat shock [78].

As mentioned before, it is important to know how the thermal damage can be quanti�ed

throughout the treatment. If it is additive then some conclusions here made have to rethinked

such as the brain concentrations of GABA, glycine and glutamate that can decrease for CEM

43ºC values higher than 1.29 minutes. The lowest CEM 43ºC values obtained for the whole head

were for when the room temperature is lowered (Simulation 4), while the lowest values for local

heating depends on the tissue evaluated. More study is needed to know which con�guration is

the one that has the best ratio between treatment outcomes and thermal damage because the

conclusions vary depending on how the evaluations are performed.

6.5 Simpli�cations made and limitations of the results presented

In all computational studies, there has to be some degree of compromise between having the

satisfactory results and the time spent in improving the simulation and working on its limitations.

This project is no exception and therefore there are some important points that need to be

addressed apart from the ones already mentioned about SAR and CEM 43ºC.

First of all and as reported in [44] the realistic head model can be improved. As it can be

seen in �gures 4.1 and 4.2, a truncation was made at the nose level due to the limited coverage

of the original MR images. Because of this, the electric �eld can be higher in some tissues,

although the impact on the results obtained might not be signi�cant because the electrodes

placement is relatively far from the truncation level. Secondly, the head is a complex set of

several di�erent tissues. In this project, just the scalp, skull, CSF, GM, WM, tumour and

eyeballs were considered. In fact, in the high majority of the computational studies, there is only

a handful of tissues considered partially because these are the most signi�cant ones and partially

because it is hard to obtain information about all the tissues present in the human head and

representing them when creating the model. However, if more realism is wanted in this model

some modi�cations that can be applied include considering the meninges between the skull and

the CSF, dividing the skull in a soft bone layer (that represents the spongiosa) enclosed by two

other hard layers (the compacta) [79], dividing the eyeballs in cornea, lens, retina amid others,

the scalp in skin, fat and pericranium for example [79] or even consider a more realistic shape for

the tumour instead of just spheres. In fact, some studies even reported that considering a layer

of fat in the scalp can increase the peak temperature during an electroconvulsive treatment by

a signi�cant amount because the fat's electric conductivity is signi�cantly lower than the scalp's

[51]. Regarding the tumour, it is known that glioblastoma often has a necrotic core and a high

cellularity region (the shell), but also a vasogenic edematous extracellular region [14] that was

not represented in this model but its known to increase the electric �eld in the tumour due to

its high electric conductivity and large size [80].

Regarding the electric and thermal parameters, the correct values for biological tissues at

frequencies below 1 MHz are very uncertain. In fact, in the literature, values for the electric

conductivity between half and twice those that were used in this project can be found in some

cases (for example, for GM the electric conductivity used was 0.25 S/m but values as low as

0.15 S/m and as high as 0.50 S/m are reported [80]). There is also some degree of uncertainty
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regarding the thermal parameters as well, although the range of variation is rather smaller

compared to the electric ones. The study of Oliveira et. al [51] showed that for electroconvulsive

therapy (frequencies around 20 and 120 Hz) when the electric and the thermal conductivities

are increased it is expected a lower temperature increase of biological tissues, although this

might not be true for TTFields. In addition, not all tissues have an isotropic conductivity value

and thus a tensor has to be used instead of a single number. An anisotropic approach for the

GM and WM values has already been shown to increase the electric �eld in the tumour and

in the brain for TTFields therapy [80] by a maximum of 10%, while one other study showed

that considering an anisotropic skull can change signi�cantly the temperature in other tissues

for an electroconvulsive treatment [79]. Also, a study regarding how these values change with

the temperature should be performed because they are not constant as it was assumed. As a �rst

approach, one way to study this dependence is considering a linear change with temperature (e.g.:

for the speci�c heat: c(T)=c0(1+k1 ∆T), where c0 is the value for a certain reference temperature,

k1 is the temperature coe�cient and ∆T the temperature di�erence to the reference temperature)

as described in [81] and evaluate the main di�erences. The importance of considering this

dependence was seen in the study of Janseen et. al [55] that reported a reduced relative perfusion

by 13% and 33% when the skin temperature decreases by 10.1ºC and by 21.8ºC from its basal

state, respectively.

In this project, several energy transfer processes were considered: conduction between tissues,

convection with the environment, exchange of heat with the blood, metabolic heat generation and

Joule heating. However, there is at least one more that should have been taken into consideration

mainly because it directly a�ects the front pad that has the MSE for practically all simulations.

The forehead has one of the highest sweat gland densities and a strong sweat response that

helps to dissipate the heat of the head and to control brain's temperature [82] and this was not

considered in the studies here presented. The impact of sweating during TTFields therapy is not

reported in the literature, but it can a�ect how current is delivered as well as the temperature of

the head and consequently change the e�cacy of the treatment especially if the MSE is located

in the front pad, as it happened with this model. On the other hand, energy transfer through

radiation with the environment was also not accounted for. In this particular case it is possible

to quantify this error. Considering the room temperature as 24ºC and the scalp's as 36.5ºC

and modeling this latter as a black-body (thus emissivity ε=1, close to what is reported in the

literature [83, 84]) equations (3.2) and (3.3) lead to:

F'conv = 4× (36.5− 24) = 50 W/m2

F'rad = 1× 5.67× 10−8 × ((36.5 + 273.15)4 − (24 + 273.15)4) = 79 W/m2

These values suggest that heat transfer through radiation is even higher than cooling through

convection. This e�ect was neglected in the most Joule heating studies [51, 79] and was also

ignored in this study because it was thought that it would not play such an important role

without con�rming it doing the necessary (simple) math �rst. Nonetheless, this matter is going

to be target of a more in-depth analysis, but it is expected that the e�cacy of Optune® increases

if radiation is considered.

In all these studies, the room temperature, here assumed to be a constant, is a variable that

largely a�ect the results obtained, as discussed previously. However, it is not an easy task to
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assume where the patient will be and what will be the temperature of that place. The results

show that being in a controlled place at a lower temperature (using air conditioner for example)

can improve this technique e�cacy. Of course that this is easier to say than done because

very low temperatures can cause discomfort to the patient, especially for long periods of time.

Additionally, other parameters such as the metabolic heat can also change depending on what

the patient is doing, the outside temperature, etc [85].

Lastly, it is important to bear in mind that the conclusions here drawn are based on the

results obtained for just one treatment day. Although it is possible to extrapolate them for

several days the conclusions would most probably not be true because it is necessary to consider

other factors such as the development of thermotolerance, how long do the e�ects last when the

�elds are shut down, cell death, etc.

6.6 Future work

Addressing all the limitations described above would de�nitely add more value and con�dence to

the results obtained. Of course that it is not possible to add every important detail to the model

due to all the limitations already discussed, but a more in-depth study of the impact of adding

some of them (like the radiation) would be very helpful. A sensitivity study with respect to the

electric and thermal parameters and an investigation of the best switching time constant (instead

of one second) are also important to perform alongside with an analysis of the impact of changing

the threshold of 41ºC and the tumour position. Injecting more current in the transducers closer

to the tumour and less in the ones that are further would also be interesting to do. Plus, all

these conclusions are valid for this particular head model, but the results concerning damage and

safety can be di�erent for other models. In fact, in the literature, di�erent electric �elds in the

tumour were obtained for di�erent head models [80] with the same virtual tumour at the same

location. Another interesting idea to investigate more in-depth is related with the computational

study of Korshoej et. al [86] that showed an increased electric �eld of around 60% in the tumour

site if a craniectomy is performed. Reducing the electric �elds intensity instead of shutting them

down as reported in [20] is also an idea that deserves some attention. Regarding this latter, the

reduced �eld would have an anti-motility e�ect rather than anti-mitotic.

Finally, adjusting the electric �elds and the arrays' position throughout the course of the

treatment would also help to enhance the obtained results as described in the paper of Wenger

et. al [87] where a maximum increase of 184% of the electric �eld in the tumour was seen

compared to the standard array layout. However, there are at least two problems with this: the

cost of making regular diagnostic images and regularly adapt the treatment depending on how

the tumour evolves and the lack of a pipeline that can create a personalized array con�gurations

and run the necessary simulations fast enough to make this approach feasible. Concerning this

latter point, the use of simpli�ed head models might be helpful.

Despite these conclusions it is important to validate all the results with di�erent head models

and, if possible, compare them with data from clinical trials. Of course than this can be a

cumbersome task because of all the ethical and safety questions involved.
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Conclusion

Glioblastoma Multiforme is one of the deadliest brain diseases that is characterized by a rapid

progression and a very low survival rate even with optimal treatment. Typically the patients

who su�er from this condition have to be subjected to di�erent treatment techniques each one

of them responsible by a variety of side e�ects that are more or less understood. Up until now,

only dermatitis was reported as a major consequence of TTFields. Although the concern about

tissue heating due to the Joule e�ect is known, there is not any study that tried to quantify

the thermal damage. Thus, this project intended to model how this device works in di�erent

conditions taking in consideration these limitations while, at the same time, suggesting di�erent

ways to improve it.

Despite the low survival rate of the patients who su�er from this condition, it is important

to continue to study not only the best way to improve their treatment, but also how to evaluate

the harm that is done when applying these electric �elds for so many hours per day. Research

groups are so focused on trying to maximize the electric �eld in the tumour that little importance

was given to the consequences of tissue heating at short-medium term and how they can a�ect

patient's comfort and safety. We hope that all these results can at least be considered as a

principle of proof that more attention should be paid to the small changes that can occur and

that more investigation remains to be done to evaluate their impact. One major asset in this area

would be the creation of a computational pipeline that allowed not only to change the electrodes

position quickly to obtain the �eld that leads to the best ratio between treatment e�cacy and

thermal harm, but also to increase the speed of the calculations. Each of these simulations took

around two days just to compute while retrieving all the important data cost one extra day.

We presented the �rst results we obtained for a steady-state situation at the the 10th Work-

shop on Biomedical Engineering (Appendix A3) as a poster communication. To spread what

our work group does an oral presentation was also given by one of our team members in Ciência

2018 (Appendix A4). Lastly, we also sent a report to NovocureTM with the main results we got

(Appendix A5).
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Appendix

A1. COMSOL validation tests: additional information
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A2. Additional �gures

Figure A1: Temperature variation as a function of time for the posterior array when the room temperature is
27.3ºC (Simulation 3). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.

Figure A2: Temperature variation as a function of time for the left array when the room temperature is 27.3ºC
(Simulation 3). In this plot when the device is on (1 in the right y-axis) it means that the current is being injected
in the LR direction. Transducers naming is the same as used before.
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Figure A3: Temperature variation as a function of time for the right array when the room temperature is 27.3ºC
(Simulation 3). In this plot when the device is on (1 in the right y-axis) it means that the current is being injected
in the LR direction. Transducers naming is the same as used before.

Figure A4: Temperature variation as a function of time for the posterior array when the room temperature is
7.9ºC (Simulation 4). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.
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Figure A5: Temperature variation as a function of time for the left array when the room temperature is 7.9ºC
(Simulation 4). In this plot when the device is on (1 in the right y-axis) it means that the current is being injected
in the LR direction. Transducers naming is the same as used before.

Figure A6: Temperature variation as a function of time for the right array when the room temperature is 7.9ºC
(Simulation 4). In this plot when the device is on (1 in the right y-axis) it means that the current is being injected
in the LR direction. Transducers naming is the same as used before.
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Figure A7: Temperature variation as a function of time for the posterior array when both con�gurations are
applied at the same time but with half the current injected (Simulation 5). In this plot when the device is on (1
in the right y-axis) it means that the current is being injected in the AP direction. Transducers naming is the
same as used before.

Figure A8: Temperature variation as a function of time for the left array when both con�gurations are applied
at the same time but with half the current injected (Simulation 5). In this plot when the device is on (1 in the
right y-axis) it means that the current is being injected in the LR direction. Transducers naming is the same as
used before.
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Figure A9: Temperature variation as a function of time for the right array when both con�gurations are applied
at the same time but with half the current injected (Simulation 5). In this plot when the device is on (1 in the
right y-axis) it means that the current is being injected in the LR direction. Transducers naming is the same as
used before.

Figure A10: Temperature variation as a function of time for the posterior array when independent temperature
sensors are used (Simulation 6). In this plot when the device is on (1 in the right y-axis) it means that the current
is being injected in the AP direction. Transducers naming is the same as used before.
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Figure A11: Temperature variation as a function of time for the left array when independent temperature sensors
are used (Simulation 6). In this plot when the device is on (1 in the right y-axis) it means that the current is
being injected in the LR direction. Transducers naming is the same as used before.

Figure A12: Temperature variation as a function of time for the front array when current is controlled at a array
level (Simulation 7). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.
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Figure A13: Temperature variation as a function of time for the left array when current is controlled at a array
level (Simulation 7). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the AP direction. Transducers naming is the same as used before.

Figure A14: Temperature variation as a function of time for the right array when current is controlled at a array
level (Simulation 7). In this plot when the device is on (1 in the right y-axis) it means that the current is being
injected in the LR direction. Transducers naming is the same as used before.
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Abstract: 

Tumor Treating Fields (TTFields) is the most recent modality for the treatment of 

glioblastoma multiforme (GBM). Approved in 2011 for the treatment of patients who 

had recurrence and in 2015 for newly-diagnosed patients, TTFields consist on the 

application of an electric field with an intensity of 1-3 V/cm and a frequency between 

100-300 kHz. When applied continuously, these fields can affect tumour cells mitosis 

during metaphase and cytokinesis by interfering with the orientation of the microtubules 

and with the formation of the cleavage furrow. 

The device used to deliver these fields is called Optune (https://www.optune.com) and 

is produced by Novocure (https://www.novocure.com/). In order to increase treatment 

outcome, these fields are applied in the Left-Right (LR) and Anterior-Posterior (AP) 

directions alternatively. So far, the only problems reported regarding this technique are 

skin dermatitis underneath the regions where the electrodes are placed, which can be 

easily treated using topical corticosteroids. However, there are still some issues that 

were not yet been addressed in detail. It is known that Optune shuts down every time 

the scalp temperature reaches 39.5ºC to avoid skin injuries. However, the results we 

obtained performing simulations using COMSOL in a realistic head model indicate that, 

in a steady-state situation, which should be reached within minutes, scalp’s temperature 

can reach values greater than 45 ºC in the LR direction and greater than 50 ºC in the AP 

direction.  

In practice, Optune alternates between the LR and the AP transducer pairs every 1 s. We 

are current undertaking time-transient studies to investigate tissue heating as a function 

of the frequency at which Optune alternates between field directions. The aim is to 

optimize this parameter to minimize tissue heating. Although there are uncertainties that 

can influence the results, such as biological tissues electrical and thermal conductivities, 

we hope that the results we obtained so far and the ones that we are currently working 

on can help to increase our understanding regarding head tissue heating and to improve 

glioblastoma treatment using Optune.  
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Non-Invasive Brain and Spinal Cord Stimulation:  

optimizing Electric-field delivery for clinical applications 

 

Sofia Rita Fernandes, Amparo Callejon, Nichal Gentilal, Pedro Cavaleiro Miranda 

 

Non-invasive electrical stimulation of the brain and spinal cord is a promising therapeutic 

application for dysfunctions and diseases of the central nervous system, with thousands of 

research papers published over the past three decades, combining knowledge from the 

scientific, clinical and technical communities.  

Medical devices for non-invasive electrical stimulation are current sources that can deliver in 

the mA range, independently of the load impedance. The current passes through electrodes 

placed over the regions to be stimulated, and generate electric fields in the nervous system, 

altering the resting membrane potential to inhibit or facilitate neuronal responses. A similar 

application is also found in the treatment of Glioblastoma Multiforme. Instead of 

neuromodulating neuronal responses, higher electric fields will be generated to disrupt tumor 

cell mitosis and consequent development. 

Most of the clinical trials and experimental studies published so far on the therapeutic use of 

electric currents are on transcranial direct current stimulation (tDCS), transcutaneous spinal 

direct current stimulation (tsDCS) and Tumor Treating Fields (TTFields). A better understanding 

of how the electric field distributes in the brain and spinal cord, and how it interacts with the 

central nervous system is necessary to optimize electric field delivery at the clinical target, 

thereby increasing the efficacy and reducing the variability of its outcome. As in vivo 

measurements of the electric field in humans are impractical, we have developed computational 

models, based on realistic human phantoms of the head and vertebral column, to investigate 

the effect on the electric field distribution in the cerebral and spinal nervous tissue of 

parameters such as: electrode size and position, tissue conductivity, tissue heating and 

anatomical characteristics. 

Our results illustrate the impact of the complexity of tissue geometry on the electric field 

distribution and the importance of the position of the electrodes relative to the target in the 

cortex or spinal cord. The simulations also provide information about the direction of the electric 

field in the GM and WM, which may be relevant for neuronal stimulation since the effect of the 

electric field on individual neurons is known to be directional.   

Anatomic features, such as skull thickness in tDCS and in TTFields and CSF narrowing in tDCS and 

tsDCS, were observed to influence local electric field maxima position. The next step is to build 

personalized models to determine the electrode positions that optimize the electric field at the 

target, and to avoid local maxima for safety reasons. 

Future research should also be to combine electric field models with neuronal models of brain 

and spinal circuits. These models would then have to be validated through experimental clinical 

studies.  
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Report 
 

Aim: Describing the main findings regarding how Optune works considering its thermal 

limitations and suggesting ways to work them around. 

Summary: The temperature increase during TTFields therapy is due to the Joule effect. To avoid 

skin burns, Optune shuts down everytime an electrode’s temperature reaches 41ºC. However, 

if the fields are not applied GBM is not being treated. Up until now, there are no studies 

regarding the efficacy of this technique nor an evaluation of the thermal damage that it may 

cause in biological tissues. This brief report quantifies this damage and the electric safety using 

the CEM 43ºC and SAR metrics, respectively. It is important to note that these metrics may not 

be appropriate to evaluate TTFields.  

Methods: We used the same realistic head model described in [1]. The tissues segmented were 

the scalp, skull, CSF, WM, GM and the eyeballs. A virtual lesion to mimic a glioblastoma was 

created and the transducers arrays were placed as realistically as possible to represent Optune. 

The same electric properties used in [1] were considered and the thermal ones were obtained 

after an extensive literature review.  

Results: We considered that Optune shuts down when the average temperature of any 

electrode reached 40.4ºC because this corresponds to having around 5% of the electrode’s 

volume at 41ºC. This 5% were considered as the volume occupied by the temperature sensor. 

Figures 1 to 4 show the temperature variation of every electrode throughout time. Each 

transducer is named as a three-letter combination: the first represents the array (Front, 

Posterior, Left, Right), the second represents the row within the array (Superior, Middle, 

Inferior) and the third the position within the row (Front, Posterior, Left, Right, Central). As it 

can be seen, just one electrode controls the switching of the whole device.  In this case, it is the 

electrode that is at the front pad (F), superior row (S) and left position (L), which is also the one 

where the highest current is injected. 

Figure 1 – Average temperature variation of each transducer (Front array). As it can be seen the temperature (left y-
axis) never increases above 40.4ºC. It is the electrode FSL that controls if the device is on (1 in the right y-axis) or off 
(0 in the right y-axis). In this plot when the device is on it means that the current is being injected in the AP direction.  
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Figure 2- Average temperature variation of each transducer (Posterior array). As it can be seen the temperature (left 
y-axis) never increases above 40.4ºC. In this plot when the device is on it means that the current is being injected in 
the AP direction. 

Figure 3 - Average temperature variation of each transducer (Left array). As it can be seen the temperature (left y-
axis) never increases above 40.4ºC. In this plot when the device is on it means that the current is being injected in the 
LR direction. 
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Figure 4 - Average temperature variation of each transducer (Right array). As it can be seen the temperature (left y-
axis) never increases above 40.4ºC. In this plot when the device is on it means that the current is being injected in the 
LR direction. 

These results show that, after the first shutdown, the AP fields were applied during 37% of the 

maximum time they could have been, while this value decreases to 20% for the LR configuration. 

Overall, Optune is being used to treat the tumour around 31% of the time. A deeper analysis 

shows that it is the LR field the one who contributes the most to the treatment because the 

electric field produced by this configuration reaches 1 V/cm in 72% of the tumour volume, while 

for the AP this value is just 13%. The duty cycle could be increased by allowing the LR 

configuration to continue switching on and off until one electrode in this array reaches the 

temperature threshold. 

The SAR values according to how the FDA measures it gave 4.3 W/kg (limit: 3.2 W/kg). Following 

the IEC logic, we obtained 27.1 W/kg (limit: 20 W/kg). TTFields surpassing the thresholds was 

already expected because the electric fields are the basis of the treatment and the time they are 

applied should be maximized. Regarding tissues temperature, figure 5 shows the average 

temperature of each tissue. 

Figure 5 - Average tissue temperature. The scalp's starts as the lowest because it is in contact with the environment 
that is at 24ºC. 

83



To evaluate the thermal damage two CEM 43ºC for each tissue were calculated: one for the 

whole volume and one considering a cylinder defined by the most significant electrode (the one 

that controls Optune). These quantities are summarised in table I for one treatment day. 

Table I - CEM 43ºC values for each biological tissue considering one treatment day (18 hours). When a value is not 
reported it means that the cylinder does not pass by that tissue. All values are in minutes. 

 Scalp Skull CSF GM WM Tumour  Eyeballs 

Volume 
average 

0.17 0.29 0.29 0.29 0.28 0.28 0.13 

Cylinder 
average 

12.6 3.47 0.45 0.33 0.29 -- -- 

  

According to the thresholds presented in [2,3] thermal damage might occur only for the scalp 

and the brain (GM+WM). For the first only acute and minor damage is expected (small burns for 

example), while for the brain an increase in the blood-brain permeability, a change in the 

cerebral blood flow and in the concentrations of GABA, glutamate and glycine is likely to happen. 

It is important to note that these results are only for one treatment day (18 hours). Whether the 

effects of the temperature are additive considering several days or not have to be studied.  

Suggestions: Other simulations were done to test different hypotheses. We obtained an 

increased application time of the fields for three different cases: 1) if the room temperature is 

lower; 2) if Optune shuts down the current only for the configuration that reaches 41ºC instead 

of shutting down both configurations and 3) if the current is controlled at the electrode level 

(i.e., each transducer gets 100 mA) instead than at the array level (i.e., the array gets 900 mA, 

but distributed unequally through all the electrodes). 

Limitations: This study did not consider heat transfer through sweating nor heat looses via 

radiation. This latter is likely to be as important as convection. These limitations and other new 

hypotheses are being considered in new tests that we are perfoming. Additionally, the SAR and 

CEM 43ºC metrics were developed for hyperthermia treatments and the thresholds for TTFields 

may be different. 
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