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Abstract

Electroconvulsive therapy (ECT) is a non-invasive technique used to treat psychiatric
conditions. A high strength low frequency electrical stimulation is delivered through
two electrodes. The aim of this work is to develop an ECT finite element human
head model to investigate the electric field and the increase in temperature due to the

electrical stimulation.

The bio-heat transfer equation combined with Laplace equation and their initial and
boundary conditions are used to define the physics of the models. Firstly, finite ele-
ment spherical human head models are created in COMSOL Multiphysics and the
behaviour of the thermal field due to ECT electrical stimulation is analysed. Hetero-
geneity was considered and thermal anisotropy of the skull layer was applied to the

finite element models.

Secondly, a realistic human head model is created using magnetic resonance images
(MRI). Similar physics is applied to define the thermal and electrical problems, and
the anisotropic conductivity of the skull is considered. The realistic models contain
anatomical features and realistic tissue conductive properties. Through these models
we investigate the role of stimulation parameters such as: electrode montages,
strength of stimulation, temperature behaviour, etc. Later on, another realistic human
head model with a brain tumor is created and a diffusion tensor image is included.
Based on this model the white matter anisotropy is considered and the effect on the
electric field is analysed.

The results show that high temperatures only occur on external areas of the head,
such as scalp and fat. The thermal conductivity anisotropy is insignificant from a
heat-transferring point of view. However, the electrical anisotropy does need to be
included in order to get more accurate outcomes. If ECT was applied to a patient



with a brain tumor, then factors such as tumor location, aggressiveness, electrode
montage, etc would need to be considered. Further work can be undertaken through
computational simulation to make personal ECT treatment feasible in clinical prac-
tice.
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CHAPTER 1: INTRODUCTION
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1.INTRODUCTION

1.1. Background

The human brain is the most interesting and unknown organ in the human body. It
lies in the cranium, being protected by the skull. The brain gives commands to and
receives requests from the entire body through connections among the trunk and
limbs through the spinal cord (Standring 2015). It can mainly be divided into frontal,
temporal, parietal, occipital and insula.

The human brain is always incognito and it is common to find people with some kind
of neurological issues, where frequently, the problem is unknown and the treatment
is difficult. Pharmacotherapy is normally used to treat brain diseases, but this is not
always effective and, can sometimes cause other problems. Another type of treatment
which has been used for decades is transcranial electrical stimulation (tES), where a
stimulus is delivered to the scalp or inside the head, directly to the brain. As in all
kinds of treatment, side effects can also happen, but studies and practices have

demonstrated good, promising and efficient results in many cases.

Transcranial electrical stimulation has been used to treat neurological diseases for
many years. These therapies range from non-invasive techniques, such as transcrani-
al direct current stimulation (tDCS), which applies low intensity direct current to the
scalp; and invasive techniques, such as deep brain stimulation (DBS), where elec-
trodes are implanted in specific regions of the brain. A variety of therapies have been
developed over time. Each treatment has its own unique and fundamental character-
istics, and the therapy varies in intensity, duration, frequency and continuity, among

other factors.
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One of these treatments, which has been used since the 1930s (Guleyupoglu et al.
2013) is known as electroconvulsive therapy (ECT). There are many polemics in the
use of this technique, because whereas some people say that this technique can treat
and help extreme cases of neurological diseases, others say that this technique is too
aggressive, with significant side effects and its use should be ceased. With the pur-
pose of trying to demystify, better understand and make it safer, the focus of this

study is on this therapy.

All these techniques use electrical current input and, in the case of electroconvulsive
therapy high current is used, so particular care should be taken. As we know, when
electrical current passes through a conductor, heat is generated. Temperature (T) in-
creases due to Joule heating and metabolic responses which are a result of electrical
stimulation of tissues (Datta, Elwassif & Bikson 2009; Elwassif et al. 2006). Electri-
cal stimulation-induced changes in temperature can profoundly affect tissue function
(Elwassif et al. 2006). Moreover, metabolic response occurs in the human head as a
result of electrical stimulation. This heat is distributed over body regions by blood
circulation and is carried by conduction to the body surface (Fiala, Lomas & Stohrer
1999). Both effects, Joule heat and metabolic response, are causes of temperature
increase (Datta, Elwassif & Bikson 2009; Elwassif et al. 2006). How the heat affects
the different tissue layers of the head while electroconvulsive therapy is applied has
not yet been investigated thoroughly.

There are some analytical and numerical models which explain the basic behaviour
of electric field distribution in a volume conductor. It is also possible to find models
considering anisotropic electrical conductivity, as seen in the work of Lee et al.
(2012). However, limitations are found in the field of ECT, considering the thermal
point of view, and considering more abstract phenomena such as the effect of geo-
metric variation, heterogeneous and anisotropic thermal and electrical conductivity
of different tissues and temperature effects of biological tissues. Additionally, lack of
information is available about the influence of an electric field in the presence of a
brain tumor. Due to these limitations, the spatial distribution of temperature, electric

field and its gradient has so far not been investigated thoroughly.
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Oftentimes it is difficult to analyse in vivo and in vitro measurements due to ethical
issues. However, a realistic head model, with its true anatomical features and con-

ductivity behaviour, help us to study these cases and achieve comprehensive results.

Having all these limitations in mind, this study aims to investigate the distribution of
temperature and temperature gradient due to high electrical stimulation used in ECT
treatments. Beyond that, the models also consider the inhomogeneous and aniso-
tropic thermal and electrical conductivity along the tissues. Magnetic resonance im-
aging (MRI) and diffusion tensor image (DTI) data are used and, with this, the issues
of structural head model details and directional conductivity are addressed respec-
tively. Finite element methods (FEM) possess the ability to consider complex ge-
ometries and anisotropic behaviour without discretization errors. Taking this into ac-
count, the commercially available FE package COMSOL Multiphysics ® is used to

generate and map the thermal and electric field distributions.

With this study, a better understanding of the effects induced by high-stimulation in
the thermal point of view is achieved; also, potential damage to any structure of the
human head and how this heat influences the neurons and regions of the head is ex-
amined. Moreover, it also provides a better understanding of electric field distribu-
tion in the human head, in the presence of a brain tumor. The study is implemented
using computational simulation and no live or deceased biological samples are used.
To validate the results, mathematical models, bio-heat transfer equation (BHTE)
linked with Laplace equation applied to electrics and resistive-capacitive network are

used.

1.2.  Aim and Obijectives

The aim of this research is to develop a realistic head model to study how the heat
generated due to the electrical input affects the head, how the temperature behaves,
the gradient of temperature, any potential damage it might cause, and the effects of
electric field and its gradient under ECT. Different techniques are used to include

isotropic and anisotropic thermal and electrical conductivities and to have more real-
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istic head models and accurate results. Specifically, the five objectives below are tar-

geted:

1. Realistic human head construction and modelling from thermal and electrical
conductive aspects.

2. Investigation of the temperature behaviour in a spherical and realistic human
head model under isotropic and anisotropic conductivity conditions.

3. Analysis of the combined effect of temperature and the electrical activities in
a human head model.

4. Analysis of the influence of thermophysical parameters and fat layer on the
temperature behaviour.

5. The usage of ECT on patients with a brain tumor.

1.3. Research Strategy

This study investigates the influence of thermal and electric fields due to electrical
stimulation when electroconvulsive therapy is applied. Spherical and realistic head
models will be developed using commercial packages. Different configurations using
heterogeneous tissues, isotropic and thermal and electrical anisotropic conductivity
and diverse electrode montage, will be considered. At first, a simplified spherical
head model is built, as it is easier to construct and understand. From there onwards, a
more sophisticated, realistic head model will be developed and constructed using
magnetic resonance images. An assumption of linearity between thermal and electri-
cal conductivity was made based on the fact that there is a linearity relationship be-
tween their eigenvalues. This assumption will be used to derive the thermal anisotro-
py on the skull, with thermal and electrical anisotropy conductivity being mathemati-
cally applied. Later on, diffusion tensor images will be inserted in the realistic mod-
els to consider white matter electrical anisotropy. Also, the presence and influence of

a brain tumor will also be considered.

In this study, no human or animal testing has been undertaken, instead, computation-
al simulations are employed to apply the governing bio-heat transfer equation and

Maxwell’s equations.
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1.4. Thesis Overview

This dissertation consists of eight chapters. The first three chapters provide the re-
search background, a comprehensive literature review about the research and the
methodology applied. Chapters 4 to 7 illustrate the diverse cases of the models’ de-
sign, development, implementation and outcomes in assessing the induced thermal

and electric field and their parameters.

Chapter 2 presents an overview of the current transcranial electrical stimulation
techniques and their applications. It focuses on electroconvulsive therapy, its usages,
properties and parameters, and provides a detailed explanation about bio-thermal

models and the sensitivity of the human body to the temperature.

Subsequently, the chapter provides the mathematical background that will be applied
in the model developments. Among these formulae are the Maxwell’s equation, its
simplified quasi-static approximation, the bio-heat transfer equation, the initial and
boundary conditions required to define a problem. It also describes the assignment of

thermal and electrical conductivity to each of different head tissues.

Chapter 3 describes the techniques and methods to develop the three head models
used in this study. It starts with the spherical model and ends with a realistic one. The
chapter provides step by step explanations of techniques and methods used in the
model development. In addition, the electrode montages are also considered and ex-
plained.

Chapter 4 analyses the behaviour of temperature due to ECT electrical stimulation
using a simplified four layer spherical model. The bio-heat transfer equation and the
Laplace equation are coupled together to solve the problem. Three different electrode
montages are considered with two different amplitude inputs. The models are studied
using FEM.

Chapter 5 investigates the inclusion and influence of anisotropy thermal conductivi-

ty in the skull layer through a five layer spherical head model. The anisotropy is con-
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sidered and included in two different methods. The models are evaluated and com-

pared with the isotropic ones.

Chapter 6 extends the method used in Chapter 5 considering more layers in a realis-
tic head model. In addition, the influence of including anisotropy electrical conduc-
tivity in the skull layer is investigated. Apart from that, the role and effect of biologi-
cal properties and the influence of fat layer in the thermal behaviour are also ex-

plored.

Chapter 7 describes the electric field distribution when ECT stimulation is applied
to a patient with a brain tumor. Four diverse tumor grades, varying according to tu-
mor aggressiveness, are conducted; as well as two different tumor locations and three
electrode configurations. In addition, white matter anisotropy is assigned from diffu-
sion tensor images and the models with anisotropy are compared with isotropic ones

as reference models.

Chapter 8 summarizes the major outcomes and contributions of the study. The chap-
ter also presents current limitations and indicates the future directions in this study

area.



CHAPTER 2: ELECTROCONVULSIVE THERAPY AND BIO-THERMAL
MODELS

2. ELECTROCONVULSIVE THERAPY AND BIO-
THERMAL MODELS

2.1. TES and Human Head Model

Transcranial Electrical Stimulation encompasses all forms of research and clinical
application of electrical currents to the brain using (at least one) electrodes on the
head (Cancelli et al. 2016; Casarotto et al. 2013; Chen et al. 2017; Datta, Elwassif &
Bikson 2009; Elwassif et al. 2012; Elwassif et al. 2006; Fertonani & Miniussi 2016;
Guleyupoglu et al. 2013; Lee et al. 2012; Peterchev et al. 2012; Wagner, Valero-
Cabre & Pascual-Leone 2007). Although not always popular, techniques of transcra-
nial electrical stimulation date back further than one century. At the beginning, it was
applied to treat neurological diseases and through time, new methods were invented
and the existing ones modified to achieve more accurate results. TES is an alternative
to pharmacological treatment in neurological diseases. It can enhance cognitive per-
formance in healthy people and improve clinical conditions in patients (Fertonani &
Miniussi 2016).

According to Guleyupoglu et al. (2013), the categories of tES can be divided, histori-
cally, into five streams. They were categorized as Electrosleep (ES); Electroanesthe-
sia (EA); Polarizing or direct current stimulation (transcranial Direct Current Stimu-
lation, Transcranial Micropolarization, High Definition transcranial Direct Current
Stimulation, Galvanic Vestibular Stimulation); Electroconvulsive Therapy (ECT)

and contemporary approaches (transcranial Alternating Current Stimulation (tACS),
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transcranial Sinusoidal Direct Current Stimulation (tSDCS), and transcranial Ran-
dom Noise Stimulation (tRNS)).

All these techniques aim to study the behaviour of the brain and provide valuable
tools to treat a variety of neurological and psychiatric disorders (Wagner, Valero-
Cabre & Pascual-Leone 2007).

One of the inherent problems with these treatments is the need to always consider the
correct dosage to be used, as well as the side effects they can cause. Dosage depends
on electrode montage and stimulation waveform that is applied trough the electrodes
(Guleyupoglu et al. 2013; Peterchev et al. 2010; Peterchev et al. 2012). The electrode
parameters include number, position, shape, and composition. Stimulation waveform
considers details such as intensity, pulse shape, amplitude, width, polarity, and repe-
tition frequency, duration of and interval between bursts or trains of pulses, and in-
terval between stimulation sessions and total number of sessions (Guleyupoglu et al.
2013).

A human head model is used to simulate different cases of tES problem. These mod-
els help investigate and develop those techniques. At first, analytical solutions were
developed to calculate spherical homogeneous volume conductors, as seen in Frank
(1952). Then, inhomogeneous volume conductors started to be studied like in Salu et
al. (1990) and in Rush and Driscoll (1969). The former represented the head as a
three-layer spherical model and evaluated the localization of equivalent dipoles in the
brain, and the latter proposed a 3-layer spherical volume conductor consisting of
scalp, skull and brain, and gave a better understanding of the behaviour of current
density distribution inside an inhomogeneous head model. Therefore, De Munck
(1988) incorporated a semi-analytical solution to deal with anisotropy in a layered
spherical and spheroidal volume conductor; and Zhou and van Oosterom (1992) ap-
plied a semi-analytical procedure considering four layer isotropic and anisotropic

concentric spherical volume conductor.

Realistic human head models were created from MRI (magnetic resonance) images,

enable us to have a better understanding of electromagnetic parameters distribution
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through different tissue layers. MRI also permits us to verify more appropriate sites
to localize electrodes, dosage and duration of the stimulation, among other factors.
An example is shown in the work of Bai, Loo and Dokos (2011), in which they mod-
elled a realistic head model to compare the effects of electric field spatial profiles

and brain excitation when three different ECT electrode configurations were used.

A detailed high-resolution realistic human and neck head model, including 153 struc-
tures, arteries and veins from magnetic resonance angiography (MRA) and diffusion
tensor information was developed by lacono et al. (2015). They applied tACS to il-
lustrate the application. The MIDA model, as it is now called, still provides more de-

tails and structural variation than any other model so far developed.

The inclusion of DT-MRI data permitted even more accurate analyses. With more
refined geometries of the human head available, it became possible to analyse more
factors, such as brain structures and anisotropic conductivity for different tissues.
Oostendorp et al. (2008) proposed a method to estimate the potential and current
density distribution during tDCS in a five compartment realistic head model. In their

study, they included anisotropic electrical conductivity to the skull and white matter.

In the study of Datta et al. (2009), they applied a high spatial resolution MRI derived
finite element human head model and resolved cortical gyri/sulci. They compared the
spatial focality of conventional rectangular pad (7 x 5 cm?) and ring (4 x 1) electrode
configurations. They suggested that anatomically accurate high resolution MRI based
forward models may guide the rational clinical design and optimization for tES tech-
niques. Many other studies can be found which use high resolution human head
model (Bai, Loo & Dokos 2011; Datta, Elwassif & Bikson 2009; Lee et al. 2012; Lee
et al. 2011; Shahid, Wen & Ahfock 2013).

2.2. Electroconvulsive Therapy

Electroconvulsive Therapy (Figure 2.1) is an intervention used to treat a variety of

psychiatric conditions. These disorders include Depression (unipolar and bipolar),
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Schizophrenia, Bipolar manic (and mixed) states, Catatonia and Schizoaffective dis-
order (Weiner 2002). This therapeutic intervention applies an electric voltage or cur-
rent to the scalp through electrodes (Lee et al. 2012). The induced electric field is
typically widespread and reaches deep brain regions (Rosa & Lisanby 2012). The
patient should receive a muscle relaxant and general anesthesia before the procedure.
The stimulation is generated in cycles that vary from 0.5 to 8 seconds of duration, the
frequency varies between 20 Hz and 120 Hz, and the pulse currents vary from 500
mA to 900 mA (Weiner 2002). The entire procedure can be completed in approxi-

mately 10 minutes.

Figure 2.1. lllustration showing electroconvulsive therapy treatment (NIMH 2016).

Stimulus waveform, electrode placement, and stimulus dosage are factors and pa-
rameters that should be considered for the practice of ECT. The waveforms used are
the sine wave, partial sine wave, brief pulses and ultra-brief pulses. Each waveform
differs in their efficiency to deliver seizures. The leading edge of each phase of the
waveform is responsible for neuronal depolarization and seizure induction (Weiner
2002). Seizure threshold may be estimated by determining the minimal electrical
dose necessary to elicit a generalized seizure of a specified minimum duration

(Sackeim et al. 1994). Electrode placement and stimulus dosage parameters are also

10
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important to maximize efficacy and tolerability (Lee et al. 2012; Weiner 2002).
These factors can affect the clinical outcome (Weiner 2002).

The physical properties of ECT stimulus affect efficacy and cognitive side effects
(Sackeim et al. 1994). Some of the side effects include problems of general anaesthe-
sia, memory loss, possibility of aggravating problems inside the head, possibility of
getting uncontrollable fits or status epilepticus (Weiner 2002). Although improve-
ments have been made in ECT throughout time, many questions still need to be an-
swered (Lee et al. 2012). For example, what is the best electrode configuration for
the practice of ECT? How do we reduce and avoid side effects? Which are the best
stimulus current parameters for maximal efficacy and tolerability? What is the influ-
ence of heat transfer in this procedure? etc.

Normally, three types of electrode configurations are used. They are right unilateral
(RUL); bilateral frontotemporal (BL); and bifrontal (BF) ECT. Each has its own ad-
vantages and disadvantages but there is a lack of information and it is impossible to
say which is the most effective or which has fewer side effects (Lee et al. 2012; Rosa
& Lisanby 2012; Weiner 2002). Cognitive side effects and efficacy are influenced by
electrode placement and stimulus intensity. BL produces more short and long-term
side effects than RUL. An example is the development of a transient delirium and
amnesia. If the stimulus by RUL is applied just above seizure threshold, its efficacy
is reduced, being therapeutically weak; and when applied as suprathreshold stimula-
tion, its efficacy is equivalent to BL ECT, however it is associated with more severe
short-term cognitive deficits. Some factors have some predictive value with respect
to seizure threshold, such as electrode placement, gender, age, anaesthetic dosage,
and concomitant medications (Weiner 2002). Alternative approaches to further im-
prove the focality of ECT, and thereby reduce its cognitive side effects, include novel
electrode configurations, like in focal electrically administered seizure therapy
(FEAST). In this configuration a large electrode is placed over the parietal region
and a small one on the forehead and unidirectional stimulus is delivered (Lee et al.
2012; Rosa & Lisanby 2012).
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Ultrabrief pulse has been recently used to further improve the risk—benefit ratio of
ECT (Loo et al. 2012). This approach substantially reduces the cognitive side effects
without loss of efficacy, although a response may take longer and mid-course dose

adjustments may be necessary to ensure efficacy (Rosa & Lisanby 2012).

A study conducted by Swartz (1989) dealing with heat liberation at the electrode-
skin interface during ECT stimulus, reported that the skin was the only possible site
for an electrical burn with ECT devices from his time. The explanation he gave was
that the substantial deep tissue heating (as in the brain) does not occur, because the
typical maximum output of an ECT device (100 J at 220 Q impedance) elevates deep
tissue temperature by less than 0.092 °C. He concluded that if there was a poor elec-
trode-skin contact, then skin burn could occur.

ECT produces strong stimulation in the brain. The E-field distribution varies accord-
ing to the electrode configuration used, configurations of the model and assigned
conductivities (Lee et al. 2016). The inclusion of white matter anisotropy conductivi-
ty is another factor that influences the E-field. This influence was investigated by
Lee et al. (2008) on the EEG forward solution, by Lee et al. (2011) and Lee et al.
(2012) on the electric field strength induced by ECT and by several other authors in
diverse areas (Kim et al. 2014; Lee et al. 2016; Seo, Kim & Jun 2015; Shahid, Wen
& Ahfock 2013; Shahid et al. 2015). Lee et al. (2011) created an anatomically-
realistic finite element human head model incorporating tissue heterogeneity and
white matter conductivity anisotropy using structural MRI and DT-MRI data. The
white matter conductivity tensors were estimated according to Basser, Mattiello and
LeBihan (1994) where the conductivity tensors share eigenvectors with the measured
diffusion tensors. They computed the electric field spatial distributions using four
electrode configurations (BL, BF, RUL, FEAST). Also, they performed a quantita-
tive comparison of the electric field strength in specific brain regions of interest
which was thought to be associated with side effects of ECT (e.qg., hippocampus and
insula). They found that white matter conductivity anisotropy should be taken into
account in ECT electric field models, because neglecting it yields a difference of up
to 19 %, 25 % and 34 % in electric field strength in the whole brain, hippocampus,
and insula, respectively.
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Lee et al. (2012) investigated the electric field (E-field) strength generated by various
ECT electrode configurations in specific brain regions of interest (ROIs) that have
putative roles in the therapeutic action and/or adverse side effects of ECT. They also
characterized the impact of the white matter conductivity anisotropy on the E-field
distribution. A finite element head model incorporating tissue heterogeneity and WM
anisotropic electrical conductivity based on structural MRI and DT-MRI data was
constructed. The spatial E-field distributions were computed with the ECT electrode
placements BL, BF, RUL and FEAST. The results show that the median E-field
strength over the whole brain is 3.9, 1.5, 2.3, and 2.6 V/cm for the BL, BF, RUL, and
FEAST electrode configurations respectively. They also found that neglecting the
WM electrical conductivity anisotropy produces E-field strength error up to 18%
overall and up to 39% in specific ROIs, motivating the inclusion of the white matter

electrical conductivity anisotropy in accurate head models.

When comparing ECT with TMS (transcranial magnetic stimulation) in depression
treatment, it has been found that ECT is the most efficacious, but it is difficult for
patients to tolerate. The review done by Chen et al. (2017), the efficiency of ECT is
65 %, and, according to the TMS setup used, the efficiency varies from 2 to 25 %.
On the other hand, ECT tolerability is only 14 %, while TMS is 16 % to 52 %. How-
ever, ECT generates from 3 to 29 times more stimulation in areas related to antide-

pressant effect, such as thalamus, hypothalamus and hippocampus (Lee et al. 2016).

2.3. Bio-thermal Model

The human body is sensitive to temperature changes, especially the brain (Datta,
Elwassif & Bikson 2009; Elwassif et al. 2006). Brain temperature is believed to be
dependent primarily on cerebral perfusion and cerebral metabolic rates. Current med-
ical imaging technology permits the measurement of localized perfusion rates during
MRI or computed tomography (CT) scans, but it is not currently possible to monitor
perfusion continuously over time (Lillicrap et al. 2012). A temperature increase of

approximately 1 °C can lead to profound effects on a single neuron and neuronal
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network function (Datta, Elwassif & Bikson 2009; Elwassif et al. 2006). Tempera-
tures above 40 °C in the human body can result in cell damage and tissue ablation
(Elwassif et al. 2006). Metabolic processes in the organism try to compensate for this
excessive heating in an attempt to preserve the temperature at an acceptable level
(Zaridze et al. 2005).

Two areas in which brain and body temperature may have a crucial impact are neu-
rodegenerative and mood disorders. Many failures in temperature control have been
observed in psychiatric conditions. Salerian, Saleri and Salerian (2008) have pro-
posed a temperature-dependent biochemical system in humans governed by the Ar-
rhenius rate law. They postulated that due to the exponential relationship between
temperature and biochemical reactions, a relatively minor alteration in core body or
brain temperature may be of significant therapeutic benefit in combating neuro-
degenerative disorders and prolonging lifetime. They speculated that this small alter-

ation may be as little as a drop of 1 °C in core body temperature.

Investigations on the effect of electroconvulsive shock (ECS) on body temperature
have been contradictory. A single ECS has been demonstrated to reduce colonic
temperature in mice. However, repeated ECS attenuates the hypothermia produced
by single ECS. Application of single ECT is hypothermic and it improves mania.
Chronic ECT is thermogenic and it improves depression (Salerian, Saleri & Salerian
2008).

The majority of bio-heat models make use of Penne’s bio-heat equation (Pennes
1948), which is based on the classic Fourier law and accounts for blood flow through
a heat source term that depends on temperature (Bourantas et al. 2014). In different
areas it is possible to find the application of bio-heat equation, such as in the human
brain (Lillicrap et al. 2012), human and animal eye (Barton & Trembly 2013;
Berjano, Saiz & Ferrero 2002; Karampatzakis & Samaras 2010; Scott 1988), human
breast (Bezerra, L. et al. 2013; Bezerra, L. A. et al. 2013), neural probe (Christian,
Firebaugh & Smith 2012), specific absortion ratio (SAR) (Bernardi et al. 2003;
Mclintosh, Anderson & McKenzie 2005; Nadobny et al. 2007), human head stimula-
tion (Datta, Elwassif & Bikson 2009; Elwassif et al. 2012; Elwassif et al. 2006).
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A healthy human brain was modelled thermally as a 3-concentric spherical model
using finite element method by Lillicrap et al. (2012) to investigate the effectiveness
of tissue cooling as a result of spatial variations in cerebral blood flow and cerebral
metabolic rate. These factors were found to affect the absolute level of tissue cooling

achievable, but not the rate of cooling.

A Eulerian approach for the numerical solution of the transient bio-heat transfer
equation with temperature-dependent properties was developed by Bourantas et al.
(2014). They extended the bio-heat equation in order to incorporate water evapora-
tion and tissue damage during ablation, accounting for temperature-dependent ther-
mal properties of the tissue. This approach treated 3D heat conduction problems
within pathological tissues of locally varying conductivity and locally varying blood
perfusion rate, viewing them as continuous domains, and solving the corresponding
bio-heat differential equation with variable coefficients. In addition, they showed that
arbitrary and random conductivity maps can be treated in a straightforward manner
with this method in contrast to the flux continuity technique that is not applicable in

the case of vaguely defined boundaries.

In the study conducted by Elwassif et al. (2006), they provided information on the
thermal effects of DBS using finite element models to investigate the magnitude and
spatial distribution of DBS-induced temperature changes. For that, the coupled La-
place equation of an electric field and the Pennes bio-heat transfer equation were
solved. The parameters investigated were stimulation waveform, lead selection (two
types of Medtronic leads, models 3387 and 3389 DBS lead), brain tissue electrical
and thermal conductivities, blood perfusion, metabolic heat generation during the
stimulation and lead thermal conductivity/heat dissipation through the electrode. This
study did not consider CSF convection and inhomogeneous conditions of tissues.
The results showed that temperature increases with electrical conductivity and de-
creases as thermal conductivity increases. Furthermore, clinical DBS protocols in-
crease the temperature of surrounding tissue by up to 0.8 °C depending on stimula-

tion/tissue parameters.
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Datta, Elwassif and Bikson (2009) provided information on the thermal effects of
tDCS using a MRI-derived finite element human head model. A bio-heat model
(coupled Laplace equation of an electric field and the Pennes bio-heat transfer equa-
tion) were solved to compare the tissue temperature increases of tDCS using conven-
tional rectangular-pad (7 x 5 cm?) and HD-tDCS using the ring (4 x 1) electrode con-
figurations. The results indicated that clinical tDCS do not increase tissue tempera-
ture and 4 x 1 ring configurations leads to a negligible increase in scalp temperature.
However, the study did not consider micro architecture of the skin, nor variation in
the electrical and thermal properties. A clinical tDCS study (Ezquerro et al. 2016)
evaluated the skin redness over a crossover trial. They found mild to moderate ery-
thema after tDCS-induced stimulation.

Another study of the thermal effects of DBS was conducted by Elwassif et al. (2012).
They developed a heat transfer finite element method simulating DBS incorporating
the realistic architecture of Medtronic 3389 leads. The temperature changes were an-
alysed considering different electrode configurations, stimulation protocols and tis-
sue properties. The results were then validated using micro-thermocouple measure-
ments during DBS lead stimulation in a saline bath. FEM results indicated that lead
design (materials and geometry) may have a central role in controlling temperature
rise by conducting heat. Apart from that, a temperature increase was found to depend
on root mean squared voltages rather than waveform details, and the electrode volt-
age attenuation was assumed to be inherently reversible capacitive (or reversal fara-
daic) and thus with no power dissipation (this reversibility is indeed expected for a
chronically implanted device). They showed how modifying lead design could effec-
tively control temperature increases. Also in the DBS field, lacono et al. (2013)
modelled a millimetric resolution and multiscale head model to analyse the accuracy
of numerical modelling of a radio-frequency field when a patient has a DBS elec-
trode implanted. However, they computed only an electric field and local SAR, and a

thermal evaluation was not considered.

It is also found in the literature review that the time-domain finite-difference method
was applied to the thermal area such as Bernardi et al. (2003) and Nadobny et al.
(2007). The former computed the electromagnetic field (frequency ranges between
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10 and 900 MHz) inside a detailed anatomical heterogeneous human body model us-
ing the finite-difference time-domain method. The corresponding temperature in-
crease was evaluated through an explicit finite-difference formulation of the bio-heat
equation. The thermal model was composed by a controlling and controlled system,
which took into account the thermoregulatory system of the human body, and was
validated through a comparison with experimental data. This study aimed to investi-
gate the relation between limits settled in the safety standards and the thresholds for
the induction of adverse thermal effects. While Nadobny et al. (2007), performed an
investigation of magnetic resonance (MR)-induced hot spots in a high-resolution
human model. The study analysed the temporal SAR mode (steady imaging and in-
termittent imaging); the simulation procedure (related to given power levels or to
limiting temperatures); and different thermal tissue properties including temperature-
independent and temperature-dependent perfusion models. The electromagnetic and

thermodynamic studies were carried out in simulations.

Studies considering anisotropic thermal conductivity are found in the study of both
human and animal eyes. Berjano, Saiz and Ferrero (2002) presented a theoretical
model for the study of cornea heating with radio-frequency currents. Their numerical
model allowed the study of the temperature distributions in the cornea, by solving a
coupled electric-thermal problem, and to estimate the dimensions of the lesion in the
cornea. They analysed the effect of temperature influence on the tissue electrical
conductivity; the dispersion of the biological characteristics; the anisotropy of the
cornea thermal conductivity; the presence of the tear film; and the insertion depth of
the active electrode in the cornea. Their results suggested that these effects have a
significant influence on the temperature distributions and thereby on the lesion di-
mensions. Both their study and the work of Trembly and Keates (1991) suggested
that conductivity is larger in the longitudinal direction (parallel to the corneal sur-
face) than transverse direction. The study done by Berjano, Saiz and Ferrero (2002)
involved temperature profile geometry with a more ellipsoidal shape (width/depth
ratio of 1.3) and they concluded that there is a direct relation between maximum
temperature (Tmax) and the temperature profile dimensions. In the study of Karam-
patzakis and Samaras (2010) they concluded that the introduction of a tangential
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component of thermal conductivity larger than the transverse one led to a smoother
temperature variation along the vertical axis of the corneal surface. Also in the study
of Barton and Trembly (2013) they stated that the anisotropy of the thermal conduc-
tivity of the cornea might be known, in order to quantify the balance of heat transfer

toward the epithelial and endothelial layers and parallel to them.

2.4.  Quasi-static Approximation and Bio-heat Trans-

fer Equation

When the frequency is low, from direct current (DC) to 10 kHz, biological material
exhibits strong resistivity behaviour. Therefore, Maxwell’s equation can be simpli-
fied to the quasi-static approximation (Bai, Loo & Dokos 2013; Ferdjallah, Bostick
& Barr 1996; Malmivuo & Plonsey 1995; Shahid 2013). According to Ohm’s law
and supposing electric field strength, E, throughout a passive volume conductor

model, has the Laplace partial differential equation:

Oxx Oxy Oxz
Oyx Oyy Oy,
Ozx Ozy Oz

aV/ox
awv/dy[=0inQ (1)
aV/oz

V-(—oVV)=0 or V-

where ¢ and V are the electrical conductivity and the scalar electric potential in a

volume Q.

The electrical conductivity is a scalar number in the case of isotropic volume conduc-
tors. For anisotropic conductors, ¢ IS a tensor, where it is possible to consider its
preferential directions of current flow (Bai, Loo & Dokos 2013; Shahid 2013).

Pennes (1948) formulated a simplified bio-heat transfer equation (BHTE), with the
assumption that heat transfer in tissues occurs in the capillaries and they are in good
thermal balance with the surrounding tissues. BHTE is heat conduction, with specific
terms for the generation of heat, due to blood perfusion and to metabolic heat. The

equation is shown below:
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pcS = V(KVT) + wpycy(Tq — T) + O (2)

where p: density (kg/m®), c: heat capacity (J/(kg.°C)), k: thermal conductivity
(W/(m.°C)), T: temperature (°C), T,: arterial blood temperature (°C), wy: blood perfu-
sion rate (1/s), Qme: Metabolic heat source (W/m®), and the subscript b denotes blood
(Bezerra, L. et al. 2013; Datta, Elwassif & Bikson 2009; Silay, Dehollain & Declercq
2008). The term from the left hand side is related to the rate of stored energy in the
tissue mass that balances the equation. The first term from the right hand side is re-
lated to the rate of input and output energy; the second term is an additional amount
related to heat transfer from blood flow, that is, the energy added or removed due to
the convective blood flow into and out of the tissue; and the last term is the genera-
tion of metabolic heat (Berger, Goldsmith & Lewis 1996; Christian, Firebaugh &
Smith 2012).

The thermal conductivity is also a scalar number in the case of isotropic volume con-
ductors. For anisotropic conductors, K is a tensor (Equation 3), where it is possible to

consider its preferential directions of current flow (Lewis et al. 1996).
ks
k=|kyx ky k, (3)
kZX

In transcranial electrical stimulation, current is applied through the electrodes. The
electrical stimulation generates heat which increases the temperature and the temper-
ature variation can also occur along the tissue of the head. Taking this into considera-
tion, the physics applied involves heat transfer and electrical potential simultaneously
(Datta, Elwassif & Bikson 2009; Elwassif et al. 2012; Elwassif et al. 2006):

pcg = V(kVT) + wpycy(T, — T) + Q. + V|aVV] . (4)
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2.4.1.Initial and Boundary Conditions

Both Maxwell’s and bio-heat transfer equations need specifications of the required
initial (1C) and boundary conditions (BC) (Figure 2.2) to completely formulate the
problem. For the electrical physics, the exposed boundaries (/) are considered elec-
trically insulated and are represented by Neumann boundary conditions:

n-]|p8=0 or n'(O'VV)l['e:O. (5)

The inner boundaries (75) are expressed by the continuity of the normal component
of the current density between regions of different conductivity:

m-J)Ir, = m-J)Ir, or [n-(eVV)]lr, =[n-(aVV)ll;, (6)

The exposed surface of the cathode (75) is assigned the Dirichlet boundary (V=0
volts) condition, whereas, the exposed surface of the anode (/%) can be assigned with
either the Dirichlet (V=V, volts) or the Neumann (n-J = J, A/m®) BC, where V is the
fixed electrode voltage and J, is the surface current density normal to the electrode

surface.

aT
_k'%zh'(Tamb_T)

Newton law of cooling

nJ=0
Homogeneous Neumann
boundary condition

L L
Tox |~ Yox \
Jily I \ 1 1
\ nJ s % | %
]
H‘JJZH'J;) [.. I E El"g
Mon-zero conductivity 4 Ff i
/ i i
- V=V,
b Te=nJ=0 Dirichlet boundary condition

20



CHAPTER 2: ELECTROCONVULSIVE THERAPY AND BIO-THERMAL
MODELS

Figure 2.2. Model showing thermal and electrical BC.

For the thermal physics, convection occurs in the external surface of the head model
(I':), and thus, heat flux is assigned to the external BC:

a

~k 5o =R (Tamy —T). (M)

where h is the heat transfer coefficient and T,y IS the external temperature.

This equation is also known as Newton law of cooling. In the interfaces of the head

conduction occurs between two layers and equation 8 can be assigned:

(8)

2.5. Electrical and Thermal Conductivity Represen-

tations

2.5.1. Anisotropic Electrical Conductivity

Some regions of the head present anisotropic electrical conductivity (De Munck
1988; Marin et al. 1998; van den Broek et al. 1998; Wolters et al. 2006). The expres-
sion that gives the anisotropic electrical conductivity is found in the literature and is

usually given in local coordinates as:

or 0 0
Uskuu:[o or 0] (9)
0 0 OR

- - T —_ -, . - -
where oy, 1S @ second rank symmetric tensor (@5 =Osaw) and positive definite,

and o7 and oy represent the conductivity in tangential and radial direction, respective-

ly.
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There are certain methods and approaches to calculate the electrical conductivity
from the diffusion weighted MRI. One is a linear relationship that relates the eigen-
values and the tensor (Haueisen et al. 2002):

O¢
g = d_eD (10)
where ¢, and d, are the effective extracellular conductivity and diffusivity, respec-
tively; D is the diffusion tensor; and the intracellular conductivity is assumed to be
negligible. Another approach is the volume constraint (VC) (Wolters et al. 2006)
which considers that eigenvalues must retain their geometric mean, and thus, the

volume of the conductivity tensor:

4 4

smor(or)? = S ma,. (11)
A third approach is obtained combining equations (10) and (11) and using a matrix to
represent the diffusion tensor in a voxel belonging to the WM (Hallez et al. 2008):

dy _dy _ d3

o1 a2 g3

(12)

Another method is the Wang constraint (Wang) (Wang, Haynor & Kim 2001), where
the product of radial and tangential conductivity should remain constant and be equal

to the square of the isotropic conductivity:

2
OROT = Oskull: (13)

2.5.2. Anisotropic Thermal Conductivity

Nadobny et al. (2007) presented a time-dependent finite-difference (FD) scheme that
uses an explicit treatment of temperatures and temperature gradients to solve the
BHTE (Equation 2).
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In this approach, the BHTE is discretized by applying a forward-intime, central-in-
space (FTCS) explicit FD scheme, as follows:

T*-C+D*+B"

T+1 ~
T = 2

(14)
where A® = w®pyc, + pc/At, B* = w'p,c, Ty and C = pc/At. t is the consecutive
number of the time step with the length At. D° is the discretized conductive term for
div(kgradT) which is dependent on the temperature gradients Gx, Gy and Gz. The
conductivities k,,/, are calculated via series connections of the original (nonaver-

aged) conductivity values x in neighbouring cubes. Therefore, they are direction de-

pendent being numerically induced anisotropy near the thermal interfaces.

To avoid staircase errors, the exterior boundaries need to be written in vector formu-
lation (Nadobny et al. 2007):

IR

N aT s = n
G=—1. 10 = 1k Gy =h (T—Tey) 1° (15)

where ¢ is the conduction heat flux vector, 7#° is the unit surface normal vector, and

G, is the normal temperature gradient vector.

2.5.3.The Relation between Thermal and Electrical Conduc-

tivity
A linearity between thermal conductivity tensor and electrical conductivity tensor is
found in the literature (Khundrakpam, Shukla & Roy 2010). The model for the rela-
tionship between electrical and thermal conductivity (Figure 2.3) is based on the ef-

fective medium approach for two-phase anisotropic media. The relationship of the

effective transport tensor to the microstructure is written as:

lerrl _ [RO](p,] (16)

e
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where a denotes either thermal or electrical conductivity; the subscripts eff and e de-

note tensors to the microstructure and transport coefficients in the host phase (basic
interstitial matrix), respectively; [R®¥] is a concatenated series containing micro-
structure information; and, [P, ] is a concatenated series of a. Therefore, it is possible

to obtain a cross-property relationship between the two transport tensors:
K, = as(0, £ ¢q) (17)

where k,, and o,, are the eigenvalues of the thermal conductivity tensor and electrical

conductivity tensor, respectively, while a; and c; are numerical constants.
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Figure 2.3. Experimental validation of cross-property relationship between thermal conduc-
tivity and electrical conductivity values of various tissues. Electrical and thermal conductivi-
ty eigenvalues (data points from left to right: white matter, grey matter, cerebral cortex, cer-
ebellum, spleen, liver, kidney and heart) (Khundrakpam, Shukla & Roy 2010).

These electrical approaches are used to assess the effects of directional electrical
conductivity on E-filed distribution under ECT; and the thermal approach is going to
be used to calculate the effects of anisotropic thermal conductivity on temperature
variation under ECT. Moreover, the influence of the temperature effect of biological
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tissue on the electrical conductivity will be verified. This procedure and verification

has never been used previously in ECT analysis.

2.6. Discussions of Reviewed Works

ECT has been detailed studied under the electrical perspective, as can be found in the
literature (Bai 2012; Bai et al. 2012; Bai, Loo & Dokos 2011; Casarotto et al. 2013;
Lee et al. 2016; Lee et al. 2012; Lee et al. 2011; Loo et al. 2012; Peterchev et al.
2010; Rosa & Lisanby 2012; Sackeim et al. 1994; Swartz 1989; Weiner 2002). From
the simplistic models to more realistic geometries, the consideration of isotropic tis-
sues and electrical anisotropy tissues, diverse electrode placement and configuration
of the electrical input, the electrical stimulation and its effects has been researched in
the ECT practice. However, there is a gap when concerning to the thermal point of
view. There is no information related to the behaviour of temperature generated due
to that electrical stimulation. Therefore, in this research, both the thermal and electric

field resulted from ECT electrical stimulation are investigated.

The electric field studies (De Munck 1988; Rush & Driscoll 1969; Salu et al. 1990;
Zhou & van Oosterom 1992) started with simple spherical geometries. Afterwards,
more complex realistic geometries and parameters are included (Bai, Loo & Dokos
2011; Datta et al. 2009; lacono et al. 2015; Lee et al. 2016; Lee et al. 2012; Oosten-
dorp et al. 2008; Shahid, Wen & Ahfock 2013). Following that way, at first, a simpli-
fied spherical model is considered and the behaviour of temperature is studied. Af-
terwards, thermal and electrical anisotropy conductivity is implemented. Electrical
anisotropy conductivity is applied in several tES techniques, under different imple-
mentations (De Munck 1988; Hallez et al. 2008; Lee et al. 2011; Marin et al. 1998;
Seo, Kim & Jun 2015; Shahid, Wen & Ahfock 2013; Suh, Lee & Kim 2012; van den
Broek et al. 1998; Wang, Haynor & Kim 2001; Wolters et al. 2006). On the other
side, thermal anisotropy conductivity is implemented in other areas of application as
well, such as human and animal eyes. Moreover, the implementation of thermal ani-

sotropy to study tES practices, including ECT stimulation, is not found in the litera-
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ture. Also, the implementation of thermal anisotropy conductivity coupled with elec-
trical anisotropy conductivity applied to tES techniques is not found in the literature.
However, Khundrakpam, Shukla and Roy (2010) have correlated thermal and elec-
trical diffusion tensors. Later on, realistic geometries are considered in the analysis

of thermal and electric field due to ECT electrical stimulation.

The behaviour of the electric field when in the presence of a brain tumor, during the
ECT stimulation, has also been investigated in the present work.

2.7.  Chapter Summary

A literature review of transcranial electrical stimulation, electroconvulsive therapy
and bio-thermal models has been covered in this chapter. It has also provided a back-
ground to the electrical and thermal physics that will be applied in the models in this
study, including an explanation of different methods of anisotropy. Lastly, it intro-

duces an alternative method for head modelling, the resistive-capacitive network.
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3. DEVELOPMENT OF HUMAN HEAD MODEL

This chapter introduces the processes and models that are developed and used in this
study. Three types of human head model are considered: spherical; realistic; and re-
sistive network models. These models are developed for different purposes. Some are
simplified to investigate specific questions as a simpler model makes the results
more focused and easier to interpret. On the other hand, a realistic model provides a
more convincing answer. The accuracy, analysis and comparison of the performance
of the different models introduced in this chapter will be conducted in subsequent

chapters.

3.1. Spherical Head Model Development

Three different spherical head models (SHM) are developed. Figure 3.1 shows a
flowchart with steps for the development of these models. The first is the four layers
spherical head model (SHM_4) built using the package COMSOL Multiphysics® 4.1
(COMSOL Inc.). The diameter of the external layer is selected as an average size of
an adult human head of 21 cm. The layers’ radial thicknesses are 1 cm each and the
inner layer radius is 9 cm. Each layer is considered to represent one type of tissue in
the human head such as scalp, skull, cerebro-spinal fluid (CSF) and brain, in outer to

inner order, respectively.

The second spherical head model consists of five different layers (SHM_5), with the
brain being separated into grey matter (GM) and white matter (WM). From external
to internal, the layers are: scalp; skull; CSF; GM and WM, respectively. Once again,
the outer layer was considered as 21 cm. Each layer’s radial thickness is 1 cm and the
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inner layer diameter is 17 cm. This model is also built with the assistance of the
software COMSOL Multiphysics ® 4.4 (COMSOL Inc.).

The third spherical head model (SHM_6) has six layers. In this model, a layer of fat
is added. Once more, each layer represents one different type of tissue, and they are,
in outer to inner order: scalp; fat; skull; CSF; GM and WM. For this model, the ex-
ternal layer was assigned an 18.4 cm diameter, which correlates to the size of the six
layers realistic adult human head model developed and described in Section 3.2. The

thicknesses of each layer are also changed to: 5.6 mm; 3.75 mm; 7.08 mm; 3 mm; 3

mm and 69.57 mm respectively based on the reference (Deng, Lisanby & Peterchev
2011).

Electrical —_— .
md + Thermal FE Solver
Physics
-_—

N Conductivity =
Assignment
Electrode SR
Montage —
d - Conditions \l,
Post-processing |

Figure 3.1. Flowchart to develop spherical head models.

I
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3.2. Realistic Human Head Models

The realistic human head models (RHM) are developed based on magnetic resonance
images (MRI) and diffusion tensor imaging (DT]I) (if anisotropy is considered). Here,
a detailed description is provided because of the complexity of the process and the
model.
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3.2.1. Magnetic Resonance Images

Computerized tomography (CT) was the only technique available to clinicians to
study the human brain before the 1980s. It used radiation doses and was insensitive
to many types of lesions. After the 1980s, MRI was introduced in preference to CT

scans.

MRI is a widely accepted imaging technique used to study and analyze the brain.
This technique applies a strong magnetic field through an object. The idea is to align
the protons of water and thus be able to map different tissues. In short, in order to
generate an MRI, magnetic field gradients are applied and a coordinate system is en-
coded onto the object, causing the generation of a MR image (Boulby; & Rugg
2003). It is known that each tissue contains a different quantity of water, and that is
what provides the contrast in the images. For example, the brain contains more water
in its constitution compared to the skull, a bone structure. The research, up to now
recognizes MR techniques as being safe to the human body.

Different types of images constitute the MRI; proton density (PD); T1-weighted
(T1lw) and T2-weighted (T2w). PD, also known as spin density, relates to the con-
centration of MRI-visible protons in tissue. Most of them are localized in water and,
practically, they can be seen when the acquisition has a short TE (echo time) and
long TR (repetition time). If the tissue has edema, normally it will have an increase
in PD, and after the treatment, a reduction in PD occurs (Tofts 2003). Changes in PD
are often correlated to T1w changes. The signals of T1w are usually inversely asso-
ciated to the longitudinal relaxation time T1 in a nonlinear way. Biophysical proper-
ties of tissues are intrinsic to T1w. The importance of T1w is for tissue characteriza-
tion, contrast agent uptake studies and to measure blood volume and perfusion. In
normal tissues, T1w values are associated to macromolecule concentration, water
binding and water content. Therefore the contrast in the brain is caused by myelin
making WM have a shorter Tlw than GM (Gowland; & Stevenson 2003). On the
other hand, T2w describes the process decay of the nuclear signal, determining how
long it is possible to measure the nuclear signal for. It is used mainly for qualitative
diagnostic purposes (Boulby; & Rugg 2003).
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3.2.2. Diffusion Tensor Imaging

A variant from MRI is the Diffusion-Weighted Imaging (DWI) that is based on tissue
water diffusion rate (Kingsley 2006a; Soares et al. 2013). Diffusion relates to the
Brownian motion of a fluid. When the diffusion has no preferential direction to move
and is the same everywhere, it is called isotropic. However, in some structures the
diffusion is preferential in certain paths, which is known as anisotropy. In order to
measure the anisotropy, that is the relative diffusion coefficient of water molecules in
different directions, diffusion tensor imaging is used (Kingsley 2006a). DTI contains
axonal organization of the brain and directional information of fibrous structure, such
as white matter and muscles (Mori & Zhang 2006; Vilanova et al. 2006). It started to
be used in the mid 1990s with Basser, Mattiello and LeBihan (1994).

With DTI, it is possible to calculate the direction and amount of water diffusion,
known as ‘tensor’. In this way, by using DTI, it is possible to deduce properties of
the diffusion in each voxel, such as molecular diffusion rate (mean diffusivity (MD)
and apparent diffusion coefficient (ADC)), preference direction of diffusion (frac-
tional anisotropy (FA)) and axial and radial diffusivity (Kingsley 2006c; Soares et al.
2013). Therefore, with DTI, the possibility of investigating structural and anatomical
features of internal tissues, such as WM, in a non-invasive way is introduced (Pujol
et al. 2015).

In order to acquire the information provided by DTI, it is necessary to perform a
complex workflow to treat the images. Some of the techniques used to process diffu-
sion images include: reduction of artifacts, distortions and motion correction; image
quality control and image processing; tensor estimation; visualization and quantita-
tive analysis, among others (Kingsley 2006a, 2006b; Soares et al. 2013). The pipe-
line used in the present work to include WM anisotropy through DTI is described
below in Section 3.2.5.
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3.2.3. MRI Image Processing for Model Construction

In order to develop 3D geometries from MRI images, it is necessary to follow a sys-
temic process. A brief explanation of the procedure is shown in Figure 3.2. The first
step is the registration of images, where the T1 and T2 images need to be registered
together. There are a few software packages able to get this job done, like FMRIB’s
Software Library (FSL) (Smith et al. 2004), 3D Slicer, MedInria, ScanlP. We used
FSL and ScanlP in our work. Afterwards, it is necessary to conduct segmentations
of the image. In this procedure, different types of tissues are identified and masks are
created. Once the tissues and regions of interest are recognized and segmented, they
are put together to construct the 3D geometry. The keys for 3D geometry construc-
tion are to respect the position and place of each tissue piece. Furthermore, through
FE (finite element), the meshes are generated. Then the meshed model is ready to be
exported to a FE software package, where the physics of the problem is applied and
calculations are carried out. Finally, the results need to be further processed in a post-

process procedure. The whole procedure is shown in the flowchart below.
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Figure 3.2. Flowchart showing the development of a realistic head model.

3.2.3.1. Image Registration

Within MRI datasets, the reconstruction of a 3D volume from the 2D images datasets
is realized in order to obtain a correct 3D visualization and morphometric analysis
(Positano 2005), thus recognizing a model-based object. In this process, a technique

called image registration is required to align images. The images are mapped spatial-
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ly and in relation to intensity. This is done in order that they stay in the same coordi-
nate plane and, if there are any differences or feature overlaps, it is easier to visualize
(Kostelec & Periaswamy 2003).

Methods of registration are characterized by four distinctive components and their
diverse combinations. The four components are: feature space; search space; search
strategy and similarity metric. The feature space is the step used to find common fea-
tures among the images that can help to align the landmarks. The search space is the
type of transformation T(x), f(x)=g(T(x)), which should be used in order for two im-
ages to be aligned. It is a mapping of locations correlating the points of one image to
new locations in another image. There are different types of transformation that can
be chosen, such as rigid body, rotation plus translation, affine, projective, perspective
and global polynomial. The type of transformation selected will influence the algo-
rithm’s registration nature. The search strategy defines the type of technique or
method (Linear Programming techniques, relaxation method, etc.) that is going to be
used during each step, after the first transformation is defined. Tied in with the
search strategy comes the similarity metric, where a quantification of the transfor-
mations is realized. In this step the differences between the transformed source image
and the target image will be quantified, with different choices available to ty and
achieve that, such as mean-squared error and correlation (Brown 1992; Kostelec &

Periaswamy 2003).

In short, a reference image and a floating image (image to be registered according to
the reference image) are defined. A similarity function is evaluated among the imag-
es; hereafter an optimization algorithm evaluates the best transformation function,
which will transform the floating image. If the result is acceptable, the registration is

complete, otherwise, a new transformation is performed (Positano 2005).

Within FSL, two main functions may be used for the registration process. Both are
fully automated tools, robust and accurate for brain image registration: the FMRIB’s
linear image registration tool — FLIRT, and the FMRIB’s non-linear image registra-
tion tool — FNIRT (Jenkinson et al. 2002). These functions perform an alignment
with the MNI152 space.
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3.2.3.2. Tissue Segmentation

Image segmentation is intended to classify an image into homogeneous regions.
These regions need to have a semantical meaning, boundaries that do not overlap and

similar attributes, like texture, intensity, color and depth.

The tissue segmentation of MRI is going to divide and specify tissue types and ana-
tomical structures. In the brain, one of the most important features for its segmenta-
tion is the intensity. There are a few methods which can be used to segment the
brain, such as manual segmentation, methods based in intensity, atlas and surface,

and hybrid segmentation methods (Despotovi¢, Goossens & Philips 2015).

Prior to the MRI segmentation and besides the image registration and the brain ex-
traction, it is important to realize the bias field correction (intensity inhomogeneity).
It is a low-frequency artifact that causes a variation in the smooth signal intensity
within tissues of the same physical properties. This is generated due to spatial inho-
mogeneity of the magnetic field. The FMRIB’s automated segmentation tool -
FAST, from FSL, does the bias field correction and realizes generic tissue-type seg-

mentation.

3.2.4. Realistic Head Modelling Development

Two realistic head models are used in this research. In the first case, model
RHM_06, the geometry is built from MRI acquired from the available database
BrainWeb (McConnell Brain Imaging Center). The images are based on the average
of 27 co-registered MRI data from the same subject, generated by a MRI simulator.
The images have a resolution of 1 mm?® isotropic voxel and contain 181x181x217
slices in the transverse, sagittal and coronal axes. The T1 was generated using
SFLASH with TR = 18 ms (repetition time), flig angle = 30° and TE = 10 ms (echo
time). The T2 was acquired using dual echo spin echo, late echo with TR = 3300 ms,
flip angle = 90° and TE = 35 ms (dual echo spin echo) and 120 ms (late echo). PD
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was obtained with dual echo spin echo, early echo with TR = 3300 ms, flip angle 90°
and TE = 35 ms and 120 ms (Aubert-Broche, Evans & Collins 2006). In this case,
the head model generated consists of six tissue layers; scalp; fat; skull; CSF; GM and

WM. Figure 3.3 shows segmentation of these tissues.

Figure 3.3. Model RHM_06, segmentation of six tissue layers for the images acquired from Brainweb;

(a) transversal (b) coronal and (c) sagittal planes.

For the second model, RHM_17 model, the MRI was acquired from the available
LONI ICBM database. The subject is the MNI_0591. The images were acquired with
a 1.5 T Siemens scanner using GR pulse sequence. The MRI has a resolution of 1
mm? and 256x256x175 slices, with 1 mm thickness, TR = 22 ms and TE = 9.199 ms
(ICBM: International Consortium for Brain Mapping 2014). For this set of images,

the model generated consists of 17 tissue layers.
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In the head model development, prior to the registration of images, a reorientation
and a brain extraction through the FSL function fslreorient2std and BET (Brain Ex-
traction Tool) (Smith 2002) are conducted. The purpose is to put the images in the
same space coordinate and to separate brain regions from non-brain regions that are
going to help in the registration and segmentation steps. Also, the skull stripping is
realized using BET. FAST and BET, are used to generate the following masks: scalp,
skull, CSF, GM and WM. Afterwards, the FLIRT tool is used. The T1 image is se-
lected as the reference image and the T2 is the floating image. The transformations

applied are rigid-body and affine.

In the tissue segmentation, semi-automatic tools from FSL and Simpleware are used.
T1 images are used to identify and segment scalp, fat, skull, CSF, GM, WM, and, for
the second model, eyes (sclera, lens, muscles), muscles of mastication; while T2-

weighted and Proton Density are used to classify inner skull and CSF boundaries.

FAST and BET, are used to generate the following masks: scalp; skull; CSF; GM
and WM. Posteriorly, fat is semiautomatically generated using the ScanlP module

from Simpleware 4.3 (Simpleware Ltd.).

For the second model, the FMRIB’s integrated registration and segmentation tool —
FIRST, from FSL, is used for the segmentation of subcortical brain structures, there-
fore, the mask for regions such as thalamus, brainstem, hippocampus, amygdala, pu-
tamen, pallidum, caudate, are generated. To run FIRST, the inputs used are the T1
image and a model provided from FSL. It registers the image to the MNI152 tem-
plate and fits the structure models to the image and boundary corrections.

Once the tissues had been segmented, 17 in this model, several semi-automatic and
manual corrections needed to be done. At first, a CAD+ module (Simpleware Ltd.) is
used to put all the tissue masks together as a whole head model. Thereafter, the
masks are exported to ScanlP, where automatic image processing techniques are
used to correctly place one tissue adjacent to another and better smooth the layers.
Techniques such as dilate, erode, Gaussian filter and FloodFill are used. Later on,

some manual corrections are required to remove any floating islands.
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3.2.5. Inclusion of WM Anisotropy through DTI

White matter anisotropy was included in the model RHM_17. DTI images from the
subject MNI_0591 are acquired from the LONI ICBM database. The images were
acquired with a 1.5T Sonata Vision Siemens scanner using SE/EP pulse sequence.
The DTI has a resolution of 2.5 mm?® and 96 x 96 x 2100 slices, with 2.5 mm thick-
ness, TR = 8000 ms, TE = 94 ms and 90° of flip angle (ICBM: International
Consortium for Brain Mapping 2014).

The images were processed to convert diffusion information into conductivity infor-
mation. The pipeline used in this study followed these references: (Bai 2012; Leigh
Morrow 2016; Tromp 2015) and is described here. The acquired images were in
DICOM (Digital Imaging and Communications in Medicine) format. At first, it was
necessary to convert the images to a usable format. Because FSL will be used, the
images were converted to NIfTI (Neuroimaging informatics Technology Initiative)
through the software dcm2nii from MRIcron (Rorden, Karnath & Bonilha 2016).
Hereafter, the quality of the data was examined using fslinfo and fslview by FSL.
The images have a dimension of 96 x 96 x 60 and 35 volumes in total, from which 5
volumes were acquired without diffusion weighting. Afterwards, the images were

corrected due to distortions.

Eddy currents are one type of distortion caused due to changes in the magnetic field.
They are electrical current loops induced within conductors. The function ed-
dy_correct from FSL will remove eddy currents and simple head motion. After that,
it is necessary to do some gradient direction rotation at b-vector file. Therefore, a
script was used that realizes eddy correct and b-vector rotation at the same time
(Glasser 2009). Afterwards, BET was applied in order to remove any non-brain tis-
sues and dtifit was used to fit the tensors. In this step, the outputs were the three ei-
genvalues and eigenvectors and the fractional anisotropy (Figure 3.4). These results
were used in a Matlab script adapted from Bai (2012) to transform diffusivity infor-
mation in conductivity information. Once the conductivity is acquired, this infor-

mation is imported for modelling in COMSOL.
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Figure 3.4. The directional fractional anisotropy of subject MNI_0591, in the planes (a) coronal, (b)
axial and (c) sagittal. The encoded RGB colour scheme means red (right-left), green (anterior-

posterior) and blue (superior-inferior).
3.3. Electrode Modelling

Three conventional electrode configurations (BF, BL, RUL) normally used during
the practice of ECT are modelled (Figure 3.5). They are constructed within CAD+.
The mask of the electrodes is subtracted from the scalp mask, in order that the elec-

trodes are able to be geometrically placed over the scalp tissue.

i bi
Ci

Figure 3.5. ECT electrode montage (a) bifrontal - BF, (b) bilateral frontotemporal - BL and (c) right
unilateral — RUL.
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BF and BL placements are bilateral stimulation, whereas RUL is unilateral. For
SHM, circular electrodes with 5 cm diameter are built within COMSOL. For RHM,
the electrodes are built in the software CAD+ (Simpleware Ltd.). Steel is considered
as the electrode material, with ¢ =9.8x10°(S/m) and k = 42 (W/(m.K)). In
RHM, the placements of the electrodes are as follows: for BF electrode configura-
tion, both electrodes are localized 5 cm above the outer angle of the orbit, parallel to
the sagittal plane (Lee et al. 2012); for BL, both electrodes are positioned 2.5 cm
above the midpoint of the line that connects external canthus and tragus, at the fron-
totemporal position (Casarotto et al. 2013; Lee et al. 2012; Weiner 2002); and for
RUL, the electrodes are positioned on the right hand side of the head, one 2.5 cm to
the right of vertex (active) and the other in the same position as right BL placement

(Lee et al. 2012). Analogous electrode positions are chosen in the case of SHM.

The electrolyte gel is largely displaced when the electrodes are pressed against the
scalp. Its aim is to stabilize the impedance of the electrode-scalp interface (Lee et al.
2012). This is already considered in the computational model. Thus, in this study, the

gel is not directly modelled.

3.4. Mesh Generation

The generation of a mesh is the pre-requisite to apply the finite element method. It
represents a discretized geometry being expressed into small units of simple shapes.
In the models generated in this work, it also represents the electric and the thermal
properties of the head volume conductor. The mesh is generated using the package
COMSOL and using the tetrahedral technique. To choose the size of the mesh, a
convergence analyses is conducted. For the SHM with five layers, considering that it
is a simplified model, not much difference was found when doing the mesh analysis.
The mesh used consists of 48,349 tetrahedral elements. For the six layers SHM, the

adopted mesh consists of 93,171 tetrahedral elements.

For the RHM, the mesh was generated under the umbrella of ScanlIP. A convergence

analysis is conducted. The chosen mesh has the compound coarseness set to -22,
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which has the following parameters: characteristic lengths with target minimum and
maximum edge length of 2.04 and 4.96 mm respectively and target maximum error
(distance remeshed surface is allowed to move from original mesh) of 0.1 mm; sur-
face constraints with surface change rate of 44 and target number of elements across
a layer of 0.78; volume elements generation with internal change rate of 30 and qual-
ity optimization cycles of 5; an additional quality improvement with metric scaled
Jacobian of 0.1; and maximum off-surface distance, that is, fraction of local edge
lengths of 0.2. These specifications generate meshes that consist of approximately 2
million tetrahedral elements (RHM_06). Figure 3.6 shows an image of the mesh gen-
erated, on the external layer and the electrodes. Finally, the mesh model file is ex-
ported to COMSOL Inc., where the physics and boundary conditions are applied.
Each model took approximately 17 minutes to run in a 32 GB ram, 4-core laptop

workstation.

Figure 3.6. Mesh generated for RHM, showing scalp and electrode position.
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3.5.  Chapter Summary

The development of the human head models used in this study is introduced. It be-
gins with simpler spherical head models, where the geometry parameters and config-
urations of the spherical models are explained. As examples, three spherical models
are described in detail. The most popular realistic head models derived from MRI are
also developed. As part of the realistic head model development, a brief explanation
about MRI and the image process used to construct the head model is provided. The
main procedures such as image registration, tissue segmentation, mesh generation
and computation are also explained. Table 3.1 summarizes the types of models used
in the present work and their parameters. Also, the modelling of the electrodes is

covered at the end.
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Table 3.1. Summary of the human head models.

SOFTWARE PHYSICS -
MODEL ACRONYM MODELLED METHOD FUNCTION
Spherical human head SHM 04 COMSOL Thermal + electrical — Tma’f behaviour; comparison among electrode config-
model - 4 layers - FEM uration
Spherical human head SHM_05 COMSOL Thermal + electrical — Inclusion of thermal skull anisotropy
model - 5 layers FEM
SINEEEl e (st SHM_06 COMSOL UITEATEL) €= GISBIIEE) = Inclusion of thermal and electrical skull anisotropy
model - 6 layers FEM
Realistic human head RHM 06 FSL + Simpleware  Thermal + electrical — Realistic model with thermal and electrical skull ani-
model — 6 layers - + COMSOL FEM sotropy
Realistic human head FSL + Simpleware  Thermal + electrical — . . .
model — 17 layers RHM_17 + COMSOL FEM Inclusion of DTI (WM anisotropy) and brain tumor
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4.BIO-HEAT TRANSFER MODEL OF ECT:
ISOTROPIC SPHERICAL MODEL

4.1. Introduction

The idea of this study is to investigate the temperature increase due to ECT electrical
stimulation. In this chapter, simple spherical time-dependent head models are built
and considered. In these models, the Pennes bio-heat transfer equation and the La-
place equation of electric field are solved to simulate how the ECT affects tempera-

ture. The behaviour of temperature and the maximum temperature are investigated.

4.2. Methods

4.2.1. Spherical Head Model

The head model considered in this part is a simplified one. A spherical four layers
head model (SHM_04) is built using the software COMSOL Multiphysics ® 4.1
(COMSOL Inc.). The diameter of the external layer is considered to be 21 cm; and
the thickness of scalp, skull and CSF are 1 cm each. The mesh is generated using the
finite element model method, which is also used for the calculation of such problems.

Each layer is considered to represent one different tissue of the human head: scalp;

skull; CSF and brain. The electrical and thermophysical properties (Collins et al.
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2004; Datta, Elwassif & Bikson 2009) of these tissues are considered according to
Table 4.1, where k and ¢ are the thermal and electrical conductivity, respectively; wy
is the blood perfusion rate, Qe is the metabolic heat source, p is the density and c is

the heat capacity.

Table 4.1. Electrical and thermophysical properties of head tissues.

k o P cp Qm wb
(W/(m.K))  (S/m) (Kg/m3)  J/(Kg.K)  (W/m3) (1/s)
Scalp  0.39 0.465 1125 3150 363 0.00143
Skull 1.15 0.01 1850 1300 70 1.43e-4
CSF 0.61 1.654 1000 4200 0 0
Brain 0.57 0.2 10355 3680 10437  0.08

The electrode configurations considered for all models are the ECT conventional BF,

BL and RUL as described in the previous section.

The electrical conductivity assigned to the electrode is 9.8x10° S/m. The electrolyte
gel is largely displaced when the electrodes are pressed against the head. Its purpose
Is to stabilize the impedance of the electrode-scalp, which was already assumed in
the computational model (Lee et al. 2012). Therefore, in this model no electrolyte gel

is applied to the electrode surface.

4.2.2. Heat Transfer Model

The physics applied to these models involves heat transfer and electrical potential
simultaneously. The bio-heat transfer equation is combined to Laplace equation
(Datta, Elwassif & Bikson 2009; Elwassif et al. 2006) (Equation 4), as described in

Section 2.
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pc2t = V(KVT) + wpycy(Ta-T) + Qu + VIoVV] (4)

In this equation, T is the local temperature of the tissue, ¢y is the specific heat of the

blood and T, is the arterial blood temperature.

For the thermal physics, time dependent domain is applied. The range simulated var-

ies from 0 to 8 s (ECT safety values).

4.2.3. Initial and Boundary Conditions

Initial and boundary conditions are necessary for defining and solving the heat and
electrical problems. IC and BC used in the models are described in Section 4.2.3.1
which states the conditions for the thermal physics, and Section 4.2.3.2 which de-
scribes the electrical physics.

4.2.3.1. Thermal Physics

For the thermal physics, heat flux (Newton’s law of cooling) (Equation 7) is assigned

to the external boundaries of the head model for the external BC:
aT
k- —=h"(Tamp-T). (7)

where h is the heat transfer coefficient, assigned as 4W/m%.°C; and Tams iS the exter-
nal temperature, assigned as 24 °C. In the interfaces of the head tissues, conduction
occurs between two layers. Furthermore, the following parameters from

are applied: p, = 1050 Kg/m®, ¢, = 3600 J/(Kg.°C) and T, = 36.7 °C. The initial tem-
perature is assigned as Tamp at electrodes and 37 °C at tissue layers (Datta, Elwassif &
Bikson 2009).

4.2.3.2. Electrical Physics
For the electrical physics, the exposed boundaries are considered electrically insulat-

ed and are represented by Neumann BC, n - (¢VV) = 0. In the inner boundaries, be-
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tween regions of different tissues, continuity of the normal component of the current
density occurs. The exposed surface of the cathode is assigned Dirichlet (V =0
volts) BC, whilst the exposed surface of the anode is assigned Dirichlet (V =V,
volts) BC (Datta, Elwassif & Bikson 2009), where Vy is the input potential, set as a
sinusoidal waveform with frequency of 57.36 Hz (Casarotto et al. 2013). The value
of potential is equivalent to 500 mA or to 800 mA peak current on the exposed sur-
face of the anode (Lee et al. 2012).

4.3. Simulation

The simulation results show an increase in the temperature around the areas where
the electrodes are located (Figure 4.1). It is expected intuitively that a point should
experience the maximum temperature. For all these configurations and simulations, a
temperature graph is plotted against time for that point (Figure 4.2). Also, a line was
traced from this point to the opposite side of the head model and to the middle
(Figure 4.3). The temperature graph is plotted against the arc length for different
times. Figure 4.4 shows the graph for times of 0s, 25,4 s, 6 s and 8 s. In this way, it
is possible to analyze the behaviour of temperature through the different layers of the
head.
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Figure 4.1. Spherical head model — SHM_04 a) BF, b) BL and ¢) RUL configurations showing the

temperature distribution at 8 s.
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Figure 4.2. Graphic of temperature (°C) along the time (s) for the point of maximum temperature, for
800 mA. a) BF, b) BL and c) RUL.

Figure 4.3. Wireframe of the spherical head model showing the position of the line used to analyse the
temperature in the configurations a) BF, b) BL and ¢) RUL. The first point of this line represents the

maximum temperature.
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Figure 4.4. Graphic of Temperature (°C) along the arc length (Figure 4.3) showing the distribution of
temperature in 5 different times0s, 25,4 s, 6 sand 8 s. a) BF, b) BL and ¢) RUL.

In the case of 800 mA input with the BF configuration, the maximum temperature
reached is 44.6 °C on the scalp. The temperature on the skull, CSF and brain oscillat-

ed slightly but remained around the body and blood temperatures.

In the case of BL configuration, the temperature increases gradually and the maxi-
mum temperature reached is 42.21 °C on the scalp. On the other layers of the head,
such as skull, CSF and brain, the temperature stayed close to the body and blood

temperatures.

For the RUL configuration, the maximum temperature rises gradually and reaches
42.13 °C in 8™ seconds, being the maximum temperature. As in the other configura-
tions, the skull, CSF and brain layers demonstrate a temperature close to the body
and blood temperatures. For the case of 500 mA peak current, the maximum temper-

ature reached is 42.12 °C in 8 seconds.
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In Figure 4.1 b) and c), the electrodes used in the BF configurations are shown.
These were considered to be thermally and electrically isolated.

4.4. Discussions

This simulation study investigates the distribution of temperature due to electrical
stimulation in the practice of ECT and finds that brain temperature is not increased.
Only localized scalp temperature produces a significant rise, but still within safety

limits.

The magnitude of temperature increases is critically dependant on the electrical and
thermal properties and stimulation settings. The temperature up of 44.6 °C for the BF
configuration on the scalp, decreases when it reaches the skull layer. This is due to
the skull having an electrical conductivity 46.5 % smaller and a thermal conductivity
almost three times bigger than the scalp. In that respect, these two layers work to-
gether to protect and isolate the brain from electrical shock and high temperatures.
The same behaviour occurs with the BL and RUL configurations. In our study, we
can see that the temperature of the brain is not affected by electrical stimulation at

all.

Comparing the input amplitudes applied in the RUL configuration, in the case of 500
mA peak current, the maximum temperature reached is 42.12 °C; while for the case
of 800 mA, the maximum temperature is 42.13 °C. Given this 0.01 °C almost imper-
ceptible difference, it seems that the input amplitude does not influence the tempera-
ture distribution. However, according to Elwassif et al. (2012), the temperature in-
crease depends on the root-mean-square voltage applied and it is not waveform detail

dependent.

The BL and RUL configurations exhibit a similar performance, when compared with
the BF configuration, as shown in Figure 4.2 b) and c). This could be due to the
proximity between the electrodes given that the electrodes at BF are much closer
than at BL and RUL. Also, the BC applied to the electrodes making the temperature
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there be equal to 24 °C and the short distance between the electrodes at BF configu-

ration, explains the drop at Figure 4.2 a.

Apart from electrical stimulations, temperature increase can also result from neuronal
activation associated with behavioural conditions, and pharmacological drugs can
significantly increase the brain temperature (Elwassif et al. 2006). Our model in this
study is a simplified one and the influence of anaesthesia, all thermal boundary con-
ditions (e.g. radiation, respiratory heat loss) and other parameters such as electrical
and thermal tissue inhomogeneity, were not considered. The difference in electrode
configurations is also going to influence different parts of the head in a realistic head
model, as observed by Datta, Elwassif and Bikson (2009).

As the temperature moves above 40 °C, this can cause damage and tissue ablation
(Elwassif et al. 2006). Such high temperatures inflicted on the scalp should be ana-

lysed further to guarantee that the practice of ECT is safe.

4.5. Conclusions

In this chapter, thermo-electrical spherical models (SHM_04) show the temperature
behaviour when electrical stimulation is applied. Two different input currents are
considered. The simulations show that the temperature of the brain is not affected by
the electrical stimulation and the highest temperatures happen only on the scalp layer
in local electrode areas. The models built here are simplified isotropic spherical
models. In the following chapters, anisotropic and realistic geometries will be con-
sidered for further analysis. An alternative technique is used to represent the spheri-
cal models. It was developed as a resistive-capacitive network and works as a part-
validation for the FEM models. The description for this technique is shown in Ap-

pendix 1.
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5. SPHERICAL HEAD MODEL WITH
ANISOTROPIC THERMAL CONDUCTIVITY IN
SKULL

5.1. Introduction

The influence of anisotropic thermal skull is examined using a five layers spherical
head model of ECT. The forward solutions are computed for both isotropic and ani-
sotropic conductivity of a spherical head model using finite element analysis. The
results are evaluated using the temperature (T) and temperature gradient (GradT -

VT) within these tissues.

As a general rule, some regions of the head, according to the structure of the tissue,
are good heat conductors and others are not. The temperature behaviour should be
evaluated according to its thermal conductivities. As the first trial, a simplified spher-
ical head model is used in this study, where the skull has anisotropic heat conductivi-
ty. The simulated study demonstrates heat transferrance and temperature changes in

each of these head tissues.
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5.2. Methods

5.2.1. Modelling Details

A spherical head model with five layers, model SHM_05, (Figure 5.1) is used. The
details of the SHM_05 model is presented in Chapter 3, Section 3.1. The head tissues
included in this model are: scalp; skull; CSF; GM and WM. The mesh is generated
using COMSOL software and the tetrahedral technique. There are a total of 48,349

tetrahedral elements in the model.

The thermo-electrical model is described using the BHTE equation with the Laplace
equation, as described in Section 2.4. The electrical and thermophysical properties
are shown in Table 4.1.

Both thermal and electrical IC and BC are assigned, as described in Section 2.4.1.
For the thermal BC, heat flux (Equation 7) is applied externally, with h = 4 W/m?. °C
and Tamp = 24 °C. Conduction occurs in the interfaces between the layers. Initial
temperature (To) is considered to be 36.7 °C. The parameters for blood perfusion are
assigned as p, = 1050 Kg/m®, ¢, = 3600 J/(Kg.°C) and T, = 36.7 °C (Datta, Elwassif
& Bikson 2009).

For the electrical physics, the external boundaries are considered electrically insulat-
ed (Equation 5) and continuity (Equation 6) occurs in the inner boundaries. The ex-
posed surface of the anode is assigned Dirichlet (V =V, volts) BC, where V is the
input potential set as a sinusoidal waveform with 60 Hz of frequency and amplitude
equivalent to 500, 650 and 800 mA. Whereas, the exposed surface of the cathode is

assigned the Dirichlet boundary (V = 0 volts) condition.

The electrodes modelled in these models are BF, BL and RUL, as defined in Section
3.3.
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Figure 5.1. Spherical head model with five layers, for different electrode montages (a) BF, (b) BL and
(c) RUL. The region marked in blue specifies the ROI.

5.2.2. Thermal Skull Anisotropy Conductivity

According to De Munck (1988); Marin et al. (1998); Rush and Driscoll (1968); van
den Broek et al. (1998), the skull has an electrical anisotropy ratio of 1:10. Wolters
et al. (2006) considered a wide range of values to estimate the overall effect of elec-
tric and magnetic fields and studied the influence of anisotropic tissue conductivity
on forward EEG and MEG.

Section 2.5.3 shows that there is a linear relationship (Equation 17) between electri-
cal and thermal conductivity tensors. Therefore a correlation based in VC (Equation
11) and Wang (Equation 13) was imposed to calculate the radial and tangential ani-
sotropy conductivity. In the same manner, for VC, the volume of the thermal conduc-
tivity tensor is maintained, given that the geometric mean of the eigenvalues is pre-

served, i.e.,

Sk (kr)? = Sk, (18)

Likewise, for Wang, the product of radial and tangential conductivity stays constant

and equal to the square of the isotropic thermal conductivity, i.e.,

krkr = Kz, (19)
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where kg and kr are the radial and tangential thermal conductivity, respectively.

This assumption was made because there is no available information on thermal ani-
sotropy conductivity of the head. The analysis considers the known common iso-
tropic thermal conductivity, valued as k = 1.15 W/m.K (Datta, Elwassif & Bikson
2009), and uses VC (Equation 18) and Wang (Equation 19) to set up the eigenvalues
for the anisotropic case. A wide range of values considered are shown in Table 5.1.
The electric conductivity is maintained as a constant isotropic, because the purpose is

to analyze the heat transfer behaviour.

Table 5.1. Simulated values for the skull thermal conductivity tensor eigenvalues for the VC and
Wang. Units of k in W/m.K.

Ratio Skull tensor eigenvalues

Volume Constraint Wang Constraint

kg kr kg kr
1:1 (iso) 1.15 1.15 1.15 1.15
1:2 0.725 1.45 0.829 1.595
1:5 0.393 1.965 0.515 2.568
1:10 0.2478 2.478 0.364 3.632
1:100 0.0533 5.33 0.115 11.5

5.2.1. Measures for Analysis

The maximum temperature (Tnax) With respect to time is selected as one of the
measures for analysis. A radial line, starting from the position where Tnax happened,
is used to study the behaviour of temperature.

A ROI (Figure 5.1) is defined to evaluate the behaviour of T and of GradT near the

electrodes, reaching all five layers. Furthermore, descriptive statistics of the magni-

54



CHAPTER 5: SPHERICAL HEAD MODEL WITH ANISOTROPIC THERMAL
CONDUCTIVITY IN SKULL

tude of GradT (median, 25" and 75" percentiles, maximum and minimum) are calcu-
lated from ROLI.

The relative error (RE) of GradT is also employed to provide the relative difference
between isotropic and corresponding anisotropic solutions. This statistical measure-

ment is defined as below:

RE = Z?=1(VT:ZSO_VT‘ilni;O)Z ( 20 )
i (vTEnse)

where n is the number of samples in the respective ROI and VT*° and VT the

ith component of VT in the isotropic and anisotropic cases, respectively (Lee et al.

2012).

5.3. Simulations and Results

The SHM_05 models generated in COMSOL are used to analyse the thermal field
behaviour due to ECT electrical stimulation. The results for the three electrode mon-
tages and the range of thermal anisotropy skull conductivity are shown below.

5.3.1. Maximum Temperature

At first, the behaviour of temperature along time was evaluated. Only a slight linear
increase in the temperature occurs, as ECT has been a safe practice for decades. Tmax
situated in the skull is calculated and compared among the isotropic and anisotropic
cases for the three electrode configurations and the three different electrical inputs
(500 mA, 650 mA and 800 mA). For all montages, the Tpmax is reached at the 8" sec-

ond, and as soon as the input current increased, the temperature also rose.

The BF and BL configurations demonstrate a similar behaviour, where the isotropic

case has the maximum temperature. In these cases, as long as the thermal anisotropy
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ratio is increased, the temperature dropped slightly, whereas for the RUL configura-
tion, the opposite occurred. The maximum temperature is reached at the maximum
ratio (1:100) and the isotropic model has the minimum increase. Applying both the
volume constraint and Wang constraint, the Tpax 0f 36.72 °C, 36.76 °C and 36.84 °C
are reached for the inputs of 500 mA, 650 mA and 800 mA, respectively, for each
electrode configuration. Figure 5.2 shows the behaviours of the Tmax in the skull,

over time, for the three electrode configurations using Wang constrain.
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Figure 5.2. Plot of the point of maximum temperature in the skull, over time, for isotropic and aniso-

tropic (Wang) cases, for the three electrode configurations (a) BF, (b) BL and (c) RUL. Shown here
for 800 mA.

56



CHAPTER 5: SPHERICAL HEAD MODEL WITH ANISOTROPIC THERMAL
CONDUCTIVITY IN SKULL

According to the current input applied, different increases in temperature happen. In
the skull Tmax In @ 8 second period a linear increase in the temperature is observed.
Applying 500 mA input, an increase of approximately 0.05 % happens, for both VC
and Wang constrains. For 650 and 800 mA input, the increase is of, approximately,
0.14 % and 0.35 %, respectively.

For the short period of ECT time, only a slightly increase in the temperature occurs.
Even though, according to the electrode configuration and the value of thermal con-
ductivity used, the rise is different. The percentage difference of temperature related
to Ty is evaluated. The BF isotropic case, for all the inputs, is the one which has the
biggest increase. That is not surprising, given that the electrodes are closer from each
other. For the isotropic cases, the RUL is the one with higher increase in temperature.
Moreover, the smallest temperature increase happened for all BL cases as shown in

Figure 5.3a.

When comparing the percentage difference among isotropy and anisotropies (Figure
5.3b), for VC, BL had the lowest increase in temperature, except the case of ratio
1:100. For that last case, RUL has the smallest temperature rise while BF has the
biggest. However, for the others anisotropy ratio (1:2, 1:5 and 1:10), RUL has the
highest T increase. For Wang cases (Figure 5.3c), BF who had the highest rise; while

RUL had the smallest increase, except at ratio 1:2, that was BL.
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Figure 5.3. Percentage difference from T, at t = 8 s comparing with T, (a); and isotropic x aniso-
tropic analysis (b) for volume constraint and (c) for Wang constraint. Shown here for 800 mA input

case. The behaviour for inputs 500 mA and 650 mA are equivalent.
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5.3.2. Gradient of Temperature

Figure 5.4 shows the descriptive statistics of the temperature gradient magnitude for
ROI of skull and CSF at t = 8 s with VC. Considering the skull as anisotropic, it is
going to influence the gradient of temperature in the skull and CSF layers. The val-
ues in the scalp, GM and WM layers, have inconsiderable variations when the ther-
mal conductivity value is modified. The same applies in the entire ROI (graphics not

shown here).

At the skull layer, the highest values occur for the isotropic case and the smallest
values occur for the largest ratio, in the BF and BL montages. The RUL behaviour is
not linear; it has the biggest value in the ratio 1:5, whereas the smallest value occurs
in the ratio 1:100. The CSF layer, when compared with the skull, has the opposite
behaviour for BF and BL montages. In these cases, the isotropic case has the smallest
magnitude and, as soon as the anisotropy ratio increases, the magnitude also rises.
For RUL, the isotropic case has the highest GradT, however the minimum value is at
the ratio 1:10.

A comparison between skull and CSF with VVC is shown in Figure 5.5. The behav-
iour of magnitude of GradT while increasing the anisotropy ratio, is opposite, when
comparing these two layers. GradT skull rises, while CSF decreases, and vice-versa.

The demeanour for Wang is equivalent.

The magnitude values for CSF with Wang constraints are larger than for VC; where-
as the magnitude values for the skull are smaller with Wang’s constraint applied and
higher for VC. The highest magnitude of GradT occurs in the scalp, which reaches
approximately 221.65, 200.47 and 823.82 K/m at BF, BL and RUL, respectively.
While the minimum values occur in the WM, they reach values between 8.77 to
12.39 K/m.
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Figure 5.4. Descriptive statistics of magnitude of GradT for (a) skull and (b) CSF. BF (grey), BL

(green) and RUL (blue); isotropic to anisotropic goes from darker to lighter colour tone. VC 800 mA
inputatt=8s.
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Figure 5.5. Graphic of magnitude of GradT (K/m) in function of anisotropy ratio showing compari-
sons between skull and CSF layers; VC 800 mA inputatt=8s.

Figure 5.6 shows the descriptive statistics of GradT directional at ROI skull for iso-
tropic and anisotropic models, for each electrode configuration, at t = 8 s with VC.
While Figure 5.7 shows the maximum value of the previous data, a comparison be-
tween Wang and VC is made. As seen, Wang and VC have similar behaviours in all
cases. However, VC exhibits bigger values than Wang. The isotropic case is the one
with the highest temperature gradient, and the magnitude value decreases provided
the anisotropic ratios increase. This occurred in all cases, with the exception of RUL
GradTz, which has an opposite demeanour - isotropic had the lowest value and the

1:100 had the highest. Also, the maximum magnitude occurs in the latter example.

For GradTx (Figure 5.7a) and GradTz (Figure 5.7¢), RUL has the biggest values, fol-
lowed by BL and, lastly, BF montage. However, GradTy (Figure 5.7b) behaves dif-
ferently. BF montage has the highest magnitude increase while BL and RUL have
similar values.
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Figure 5.6. Descriptive statistics of GradT directional (a) GradTx, (b) GradTy and (c) GradTz, at ROI
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Figure 5.7. Graphic showing the behaviour of GradT directional maximum (K/m) in function of aniso-
tropic ratio. Comparison between Wang and VC is made. Input of 800 mA att = 8 s. (a) GradTx, (b)
GradTy and (c) GradTz.

In order to illustrate the behaviour of T and GradT, coloured figure maps are plotted
(Figure 5.8), in the BF case with VC. The images show all tissue layers in the region
close to the electrodes. The hot spots (in red) occur on the scalp in regions close to
the electrode. Internal tissues have no increase in temperature (blue regions). The
contour map shows the magnitude of GradT. In general, the GradT decreases as long
as the anisotropy ratio is increased. The E-field is represented by white arrows. No

difference can be observed.
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Figure 5.8. Comparison of the isotropic and anisotropic model simulations in the ROI for BF (VC,
800 mA input). The false color map shows T« (°C) behaviour, the contour plot shows the GradT
(K/m) and the white arrows the E-field for the cases (a) 1:1 (isotropic); and anisotropic for rations (b)
1:2, (c) 1:5, (d) 1:10 and (e) 1:100.

The REs of the magnitude of GradT for all ROI and for each layer of ROl are shown
in Figure 5.9, for each electrode configuration and all four analysed ratios att = 8 s,
when Wang is applied. Although no relevant difference is found when calculating the
descriptive statistics, it is important to note that the RE among the skull anisotropy
cases, the GradT is affected in each layer of the model. As represented in this figure,
in each case the shape is similar, where the smallest ratio (1:2) has the lowest error
and, provided the o1/0R ratio is increased, RE has larger values. Also, RUL configu-
ration is the one least prone to error, whereas BF has the highest increase of all. The
exception to this rule occurs at ratios 1:5, 1:10 and 1:100 for the entire ROI, where

BL has the biggest rise.
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Figure 5.9. Relative error of gradient of temperature magnitude for the entire ROI (a) and each layer
of the model (b) scalp, (c) skull, (d) CSF, () GM and (f) WM for each electrode configuration and all
the anisotropic ratios (1:2, 1:5, 1:10, 1:100). Shown here for Wang constraint, 800 mA.

The skull is the most affected layer, where RE varies from 8.4 to 243.9 %. After the
skull, CSF is the second layer with the most relative error when anisotropy is consid-
ered. CSF RE reaches a range from 3 to 26.3 %. This range is even bigger than the
relative error from the entire ROI, which has percentage ranges of 0.8 to 15.2 %. The
GM layer has a range of 0.4 to 7.4 %; scalp 0.3 to 3.5 %; and finally, WM 0.1 to 2.4
%.

GradT directionality (GradTx, GraTy, GradTz) behaviour is also analysed, as shown
in Figure 5.10. As long as the o1/ ratio increases, RE rises. Analysing from the per-
spective of the electrode montages, for Wang’ contraint, the BL and RUL has the

biggest RE along the x direction, and the BF has the maximum RE along the y direc-
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tion. It appears that when the value of thermal conductivity increases (x and y are the
tangential and bigger values) the RE (compared to the reference, isotropic) rises.
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Figure 5.10. Comparison between relative error of maximum gradient of temperature from skull, for
Wang and Volume constraint, 800mA input, t = 8 s. (a) GradTx; (b) GradTy; and (c) GradTz.

For VC, the BF and BL have the highest RE for GradTy and GradTx, respectively;
while RUL has the biggest RE at GradTz for the smallest anisotropic ratio (1:2 and
1:5) and at GradTx for 1:10 and 1:100. Analysing RE over the perspective of the ani-
sotropic ratios, the BF electrode montage at the y direction has the highest RE, for all
ratios, for both Wang’s constraint and VVC; except for the smallest ratio from VC that

is the RUL configuration along the z direction.
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Comparing RE with both constraints, in general, Wang’s constraint is the one with
the biggest RE in all cases. When analysing each GradT directionality and each ani-
sotropic ratio, along the x direction the BF (Wang) has the biggest RE for 1:2 and
1:10 and the BL (Wang) for 1:5 and 1:100; the BF (Wang) shows the highest value at
y direction and also the largest most significant from all simulations. Finally, along z
direction BF (Wang) for 1:5 and 1:10, BL (Wang) for 1:100 also have the highest
RE; and the smallest ratio is the RUL (VC).

5.4. Comparisons and Discussions

In this study, the aim is to analyse the behaviour of temperature distribution in the
different tissues when anisotropy thermal conductivity is considered in the skull. A
five layer spherical head model is used. Also, a ROI situated nearby the electrodes,
where the heat transfer is more prominent, is considered (Figure 5.1). The variations
according to the electrode montage used and the thermal anisotropic values consid-
ered are observed.

The BF and BL seem to have the same type of behaviour where the Tnax Occurs in the
isotropic case, and the value decreases as long as the anisotropic ratio increases. The
RUL has an opposite demeanour. Therefore, it is possible to affirm that the Tmax val-
ues are influenced by the values of the tensor eigenvalues. These results reinforce the
findings of Berjano, Saiz and Ferrero (2002), with regard to the study of the cornea.
They claimed that there was a direct relation between Tmax and the temperature pro-
file dimensions. In their study, they considered an ellipsoidal shape with width/depth
ratio of 1.3. From their results, it is possible to hypothesise that the thermal conduc-
tivity is inversely proportional to the temperature, when analysed at the same point
and time. Studying radiofrequency ablation (RFA), Watanabe et al. (2010) found

similar results.

In addition, in the present study the electrode montage also played an important role.
As demonstrated in Figure 5.2, the BF and BL behaved totally different to RUL.
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Studies (Bai et al. 2012; Bai, Loo & Dokos 2011; Lee et al. 2011; Utz et al. 2010) of
E-field also show an influence according to the electrode montage used. The current

flow and current density also suffered variations.

The results here showed that the GradT magnitude demonstrated different and oppo-
site behaviour for skull and CSF when the anisotropic ratio is increased. With the
parameters simulated, kg is 1.91 times bigger than kcse. It seems that the value of

the thermal conductivity is also important in making changes in GradT.

It also found a variation in the directionality of GradT due to skull thermal anisotro-
py. These results are also dependent on the electrode montage. For the BF and BL
configurations, the smaller values are for GradTz; whereas for RUL, a smoother de-
cline happens vertically (Figure 5.6). These findings agree with other studies related
to the cornea. As stated by Berjano, Saiz and Ferrero (2002) and Trembly and Keates
(1991), the anisotropic thermal conductivity of the cornea influenced the temperature
distribution. They suggested that conductivity was larger in the longitudinal direction
(parallel to the corneal surface) than in the transverse direction. To support this, in
the study of Karampatzakis and Samaras (2010), they stated that the introduction of a
tangential component of thermal conductivity larger than the transverse component
leads to a smoother temperature variation along the vertical axis. It is known that the
skull electrical anisotropy smears out and weakens the electric field (Wolters et al.
2006).

Barton and Trembly (2013) state that the anisotropy of the thermal conductivity of
the cornea must be known, in order to quantify the balance of heat transfer toward
the epithelial and endothelial layers and parallel to them. It is also known that the
temperature distribution is influenced by the anisotropy conductivity on the cornea,
considering anisotropy on the skull is also going to influence the temperature varia-
tion, as our models show. Moreover, the CSF is also going to be affected by the ani-

sotropy (Figure 5.4b). However, this variation is negligible.

Comparing the two anisotropic methods analysed, GradT directionality is larger in

the VC cases, although the value of its thermal conductivity is smaller when com-
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pared with Wang’s constraint. Consequently, Wang’s constraint has a bigger RE.
Therefore, it is possible to affirm that the maximum temperature gradient is inversely

proportional to thermal conductivity.

It is interesting to note that, when comparing the maximum value of directional
GradT for both constraints, each electrode configuration behaves in a specific man-
ner. The BL has higher values in the horizontal direction; whereas the BF has higher
values in the vertical direction; and the RUL is the one with the largest GradTz rise.
This reinforces the influence of electrode configuration into T and GradT behaviour.
As specified by Lee et al. (2012), different electrode configurations generate an E-
field that might generate fluctuations in diverse regions of the head. Making an anal-
ogy between the electrical and thermal fields, GradT directionality is changed ac-
cording to the electrode montage used. In the present study, the RUL has the strong-

est GradT magnitude.

In the case of RFA, most theoretical models have used a constant value for k, proba-
bly due to the fact that changes in k with temperature are not so marked as in o
(Trujillo & Berjano 2013). A rise in k similarly involves a decrease in the maximum
temperature reached at the end of a pre-set time (Berjano, Saiz & Ferrero 2002). This
statement agrees with our study for the BF and BL electrode configurations. Howev-
er, for the RUL electrode configuration, an increase at Tnax happens while increasing
k value. It is possible to state that the position of the electrode configuration influ-
ences how the electric field would spread out along the tissues, and consequently, the
temperature gradient.

5.5. Conclusions

In this chapter, the SHM_05 model is used to numerically investigate and analyse the
profile of temperature and GradT, when thermal anisotropy conductivity is consid-
ered in the skull layer. From the three electrode montages and the anisotropic relation
used, the behaviour of Tyax varies for RUL, when compared to the BF and BL. The.
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GradT varies in the skull and CSF layers, with opposite demeanours. The skull direc-
tionality of GradT changes according to electrode configurations and, in general, de-
creases while the o1/0r increases. From the constraint applied to conductivity used,

the VC has higher T and GradT increases when compared to Wang.

There is room for improvement with this study. Firstly, the geometry considered was
a simplified spherical head model. More accurate and realistic results can be found if
a realistic head model is used and if it is possible to consider microstructure infor-
mation. Apart from that, the study considered a constant value for electrical conduc-
tivity. As mentioned by Trujillo and Berjano (2013), the electrical conductivity can-
not be constant with temperature, otherwise it is impossible to achieve realistic re-
sults. Berjano, Saiz and Ferrero (2002) also established that it is necessary to include
the effect of temperature when simulating with the intention of obtaining more realis-
tic temperature profiles in the model, however, these studies are related to RFA. So
far, there is a still lack of information and uncertainties about k and the interaction
between k and o. More studies are still necessary to provide more accurate infor-

mation.
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6. HEAT TRANSFER DUE TO
ELECTROCONVULSIVE THERAPY:
INFLUENCE OF ANISOTROPIC THERMAL
AND ELECTRICAL SKULL CONDUCTIVITY
AND EFFECT OF BIOLOGICAL PROPERTIES

6.1. Introduction

This chapter is to develop a more realistic head model, to apply anisotropic thermal
and electrical conductivities within the skull layer, to examine their influences and to
analyze the effect of heat transfer on the brain region due to ECT. The problems are
defined for both isotropic and anisotropic versions of a realistic (RHM) and a spheri-
cal (SHM) head model using the finite element method, the solutions are computed
using the COMSOL package and the results are evaluated by showing the tempera-
ture (T) behaviour within the tissues. For the realistic models, how the magnitude
and spatial distribution of temperature are affected by biological properties and ECT

stimulation parameters is examined.
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6.2. Methods

6.2.1. Model Detalls

A spherical head model (Figure 6.1a-c) with six layers is built using the COMSOL
Multiphysics 5.1 (COMSOL Inc.) package. The layers are: scalp; fat; skull; CSF;
GM and WM. The model considered is the SHM_06, as described in Section 3.1.

The geometry was discretized and the FEM mesh was generated using the COMSOL
package. A convergence analysis was also performed to choose the size of the mesh.
The adopted mesh consisted of 93,171 tetrahedral elements.

Tmin: 35.304 °C
Tmax: 66.611°C

Tmin: 36.502 °C Tmin: 36.383 °C
Tmax: 43.142 °C Tmax: 45.828 °C

b)

Tmin: 36.437 °C Tmin: 36.339 °C Tmin: 36.433 °C
Tmax: 59.894 °C ) Tmax: 52433 °C Tmax: 46.797 °C
e

Temperature

min 33% 66% max

Figure 6.1. Models showing the electrode montage (a) BF, (b) BL and (c) RUL SHM; and (d) BF, (e)
BL and (f) RUL RHM. The black box in image (d) represents the (g) ROI. The colour map represents
temperature.
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The baseline of the RHM used in this study (Figure 6.1d-f) was from a previous
model from our research group (Shahid, Wen & Ahfock 2012; Shahid 2013; Song et
al. 2016). The volume conductor was generated from MRI images acquired from
BrainWeb (McConnell Brain Imaging Center). More details about the model was
previously explained in Section 3.2. The model used (RHM_06) here is composed of
six types of tissue: scalp; fat; skull; CSF; GM and WM. The volumetric mesh is
comprised of about 2 million tetrahedral elements. Finally, it is imported to
COMSOL Inc., where the physics and boundary conditions are assigned and defined.
Each computation took approximately 17 minutes to run in a 32 GB ram, 4-core lap-

top workstation.

6.2.2. Volume Conductor Model

The BHTE combined with the Laplace equation, as described in Section 2.4 and re-
written here for better understanding (Equation 4), are used as the physics and as
equations to solve the current models. The electrical and the thermophysical proper-
ties (Datta, Elwassif & Bikson 2009; Fiala, Lomas & Stohrer 1999; Hasgall PA
2014) for the scalp, skull, CSF, GM and WM are shown in Table 4.1. These proper-

ties are shown again here in Table 6.1 with the addition of fat properties.

Table 6.1. Thermophysical and electrical properties of fat.

k o P [ Qn Wp
(W/(m.K)) (S/m) (Ka/m’) J/(Kg.K)  (W/m’) (1/s)
Scalp 0.39 0.465 1125 3150 363 0.00143
Fat 0.21 4.06e™ 911 2348 464.61  7.7436e-6
Skull see Table 6.2 see Table 1850 1300 70 1.43e-4
6.2
CSF 0.60 1.654 1000 4200 0 0
GM 0.565 0.33 1035.5 3680 16229 1.3289%e-2
wMm 0.503 0.65 1027.4 3600 45179  3.6956e-3
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pc2t = V(KVT) + wpycy(Ta-T) + Qu + VIOWV] . (4)

Initial and boundary conditions are assigned for the thermal and electrical physics.
For the thermal physics, convection occurs in the external boundaries. It is defined
by Equation 7, described previously in Section 2.4.1 and shown again here for better

visualization.
aT
k- —=h"(Tamp-T). (7)

where h is 4 W/m?.°C and Tams is 24 °C. The interfaces between the layers are gov-
erned by conduction. Initial temperature is equal to 36.7 °C and the parameters for
blood perfusion are assigned as p, = 1050 Kg/m®, ¢, = 3600 J/(Kg.°C) and T, = 36.7
°C (Datta, Elwassif & Bikson 2009).

For the electrical physics, the external boundaries are considered electrically insulat-
ed and are represented by Neumann BC, n- (¢VV) = 0. Continuity of the normal
component of the current density between regions of different conductivity occurs in

the inner boundaries.

Moreover, the external surface of the anode is assigned Dirichlet (V =V, volts) BC,
where Vj is the input potential set as the rms value of a biphasic brief pulse of 111.11
Hz (models from Section 6.2.3) or 120 Hz (models from Section 6.2.4) and, 1 milli-
second width pulse, and the amplitude is equivalent to 900 mA total current injec-
tion. This DC signal has been considered because otherwise the computations expend

more than 18 hours to run a single case.

In comparison, the external surface of the cathode is assigned Dirichlet (V = 0 volts)
BC. Dirichlet BC is chosen for the active electrode due to limitations of the software

when thermal and electrical physics are applied together.
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The three conventional electrode configurations (BF, BL and RUL) are modelled as

described in Section 3.3.

6.2.3. Skull Conductivity Anisotropy

In this study, the skull is considered as anisotropic. The volume constraint, defined in
Section 2.5.1, is used to set up the eigenvalues for the electrical and thermal aniso-

tropic cases, Equation 11 (%er(aT)2 = gna{’;o) and Equation 18 (gnkR(kT)2 =

%nk3 ), respectively, as described in Sections 2.5.1 and 5.2.2.

iso

The known common isotropic thermal and electrical conductivities, valued as k =
0.53 W/m.K and o = 0.0132 S/m (Lee et al. 2009) are considered respectively. Four
different anisotropic ratios (Wolters et al. 2006) are chosen and they are shown in
Table 6.2.

Table 6.2. Values used to simulate the skull. Units of k and & in W/m.K and S/m, respectively.

Ratio Skull Tensor eigenvalues

Thermal Electrical
kR kT OR or

1:1 (iso) 0.53 0.53 0.0132 0.0132

1:2 0.335 0.67 8.3e-3 1.6646e-2
1:5 0.181 0.905 | 4.5e-3 2.2607e-2
1:10 0.114 1.14 | 2.8438e-3 2.8438e-2

1:100 0.0245 2.45 | 6.1269e-4 6.1269e-2
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6.2.4. Interface Electrode-Skin

For the isotropic case, the range of scalp electrical and thermal conductivities is var-
ied, according to Table 6.3. All other thermophysical values are considered as in Ta-
ble 6.1.

Firstly, neither the blood perfusion nor metabolic activity are considered. Therefore,
in the first iteration, wp and Qp are zero for all tissue layers. Afterwards, a study of
how the convection of blood regulates the temperature was performed. In this case,
wp scalp varied from 0 to 0.00143. Furthermore, the effect of fat is analyzed. The fat
thickness in this model is 3.75 mm. For this purpose, a model without a fat layer is
constructed. With the intention of retaining the same mesh and properties of the

model, the fat layer is assigned scalp properties.

Table 6.3. Thermophysical and electrical properties of the scalp for interface electrode-skin study.

k c Qm Wp

(W/(m.K)) (S/m) (W/ m’) (1/s)
Scalp 0.33-0.45 0.255-0.465 0-363 0-1.43e-3

6.2.5. Measures for Analysis

Firstly, Tmax against time is calculated. Afterwards, a case of ‘no-stimulation’ (no
electrical input current) is conducted and compared with the case of input current us-
ing the graphical distribution of temperature profiles. Furthermore, a ROI (Figure
6.1g) is specified to evaluate the temperature near the electrodes. The RE (RE =

~——— Equation 20) of T is also calculated.
Z?i'lzl(VTianlSO)

. . 2
\/Z?_l(VTiLSO _ VTianlso)
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6.3. Results analysis

6.3.1. Temperature Behaviour — Isotropic Case

At first, the behaviour of temperature against time is evaluated. Tnax occurred on the
scalp, near the electrode. The location of Tmax and its behaviour against time are ana-
lyzed and compared for different electrode montages (Figure 6.2a). In all cases, tem-
perature increased exponentially with time, having an essentially first order system
behaviour, with the maximum temperature occurring at the end of the stimulation

period, on the scalp.

After that, the Tnax in each layer is considered. Table 6.4 shows the values of Ty, at
t = 8 s, for the isotropic case, in each tissue layer, with three electrode configurations,
at RHM and SHM. The external layers, scalp and fat, experienced a high temperature
increase which varied from 5 °C to 29 °C. Skull and CSF experienced a variation in
temperature from 1 °C to 3.9 °C. The inner layers, GM and WM, experienced a rise
in temperature from 0.06 °C to 0.34 °C. These differences varied according to the
electrode configuration or model type used. Figure 6.2. b and c, show for example,
the behaviour of each tissue layer and comparison between BF-RHM and BF-SHM.

The internal layers did not vary widely in temperature.

Table 6.4. T, at t=8s, in each tissue layer for isotropic case, RHM and SHM.

o)
RHM SHM
BF BL RUL BF BL RUL
Scalp 59.894 52.433 46.797 66.611 43.142 45.828
Fat 50.756 49.442 44.388 54.070 41.852 42.881
Skull 38.839 40.683 38.608 38.541 39.174 38.711
CSF 38.073 39.382 37.912 37.738 38.111 37.896
GM 36.809 37.049 36.880 36.764 36.784 36.779
WM 36.761 36.801 36.766 36.764 36.784 36.779
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Figure 6.2. Tia (°C) as a function of time for realistic (R) and spherical (S) models, isotropic cases (a)
BF, BL and RUL for whole head; each tissue layer for BF electrode configuration (b) scalp and fat, (c)
skull, CSF, GM, WM.

The temperature distribution in the radial direction is analyzed to study the behaviour
of temperature through all tissues of the head and to see how temperature behaved in
response to the electrical stimulation. This behaviour is investigated starting from
Tmax, Which exhibits highest temperature and is therefore expected to have more in-
fluence on nearby regions. Figure 6.3a shows, as an example, the case for BF-RHM
configuration. There is an increase in temperature in the external layers and, in deep-
er layers, the temperature decreased closer to the reference. In general, the radial dis-
tributions of RHM and SHM are similar shapes; any small variation is due to the
simplicity of SHM. Figure 6.3b demonstrates the profile of the E-field for the same
radial direction. A comparison of the three electrode configurations is made for the
isotropic case. In the external layers, BF has a higher E-field, while in the internal

layers it is the BL configuration.
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Figure 6.3. Distribution along a radial direction, RHM, t = 8 s: a) Temperature, isotropic and four
electrical (El) anisotropy ratios, BF. The orange lines represents boundaries among tissues, 1st: scalp-
fat, 2nd: fat-skull, 3rd: skull-CSF, boundaries among CSF, GM and WM are not shown; and b) E-
field, isotropic, BF, BL, RUL.

Figure 6.4. E-field distribution in a non-homogeneous medium along axial plane for BF-RHM. The

magenta arrows represent current density. a) isotropic and b) EI1:10.
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6.3.2. Influence of Skull Anisotropy

6.3.2.1. Thermal Skull Anisotropy

The four anisotropic ratios (Table 6.2) are considered to analyze the dependence of
temperature profiles on skull thermal anisotropy. For RHM, apart from the skull
(Table 6.5), the CSF and GM were also slightly affected. BF configuration also
showed a small difference in the fat layer. Increasing tangential to radial skull ther-
mal conductivity, for BF configuration, the temperature decreased at fat, skull and
CSF, while it rose at GM. For BL placement, the skull temperature dropped, while
the CSF and GM temperature increased. For RUL, at a ratio of 1:2, skull temperature
rose and as long as the ratio increased, the temperature started to drop again. In the
CSF, temperature dropped for small ratios and rose at a ratio of 1:100. In GM, the
temperature increased. Temperature varied up to 0.016 °C in the fat, 0.575 °C in the
skull, 0.088 °C in the CSF and 0.037 °C in the GM, when compared to the isotropic

case. BL placement experienced higher variation in comparison to BF and RUL.

For the SHM, increasing tangential to radial skull thermal conductivity, temperature
varied only in the skull and in CSF layers. In the case of BF and BL, skull tempera-
ture decreased, while the CSF temperature rose. The fat layer at BF also decreased in
temperature. However, for the RUL case, skull temperature increased at a ratio of 1:2
and, as long as the ratio increased, temperature decreased. In CSF, the opposite be-
haviour occurred; a slight drop followed by an increase in temperature. In the scalp,

significant variation occurred at a ratio of 1:100 only.

The difference between the RHM and SHM may be due to a difference in geometry.
When compared with ‘no-stimulation’, the temperature in GM increased by up to
0.35°C.
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6.3.2.2. Electrical Skull Anisotropy

When considering electrical anisotropy in the skull (Table 6.5), all layers of the head
model were affected. In the RHM, increasing o1/or, for the BF and BL cases, the
temperature dropped for all layers; except at GM and WM (BF) in which it rose. For
the RUL case, in the scalp and fat layers, the temperature began increasing and, from
aratio of 1:10, it fell. In the skull, CSF and WM, temperatures rose, while in the GM,
a fall was experienced. When compared with ‘no-stimulation’, the temperature in the
GM increased by up to 0.25 °C.

Figure 6.3a shows the temperature distribution over the distance for different electri-
cal anisotropy, for the BF-RHM. It shows temperature decreasing as the electrical

anisotropy ratio increases, in the external layers.

Table 6.5. T in the skull layer for isotropic (iso) and skull anisotropic conductivity cases of RHM
(thermal (Th), electrical (El) and electrical and thermal (EITh)).

Skull
BF BL RUL
Th El EITh Th El EITh Th El EITh
iso 38.839 40.683 38.608

1:2 38.805 38.873 38.843 | 40.628 40.312 40.243 | 38.625 38.747 38.760
1:5 38.736 38.774 38.696 | 40.518 39.841 39.693 | 38.624 38.800 38.796
1:10 38.671 38.636 38.528 | 40.406 39.514 39.311 | 38.609 38.792 38.789
1:100 38.445 38.280 38.142 | 40.108 38.734 38.444 | 38.508 38.932 38.840
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Figure 6.5. Comparison of T, for four different setups (RHM), BL electrode configuration. isotropic

(1:1) versus 4 anisotropy ratios (1:2, 1:5, 1:10, 1:100), when considering thermal and electrical con-

ductivity in the skull layer.

The profile of the E-field and the path of current density are shown in Figure 6.4. A
comparison is made between the isotropic case and electrical anisotropy for a ratio of
1:10. The E-field intensity is higher and the current density is stronger for isotropic

cases, when compared to electrical anisotropy. That occurred for BF and BL configu-
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rations, while the opposite behaviour was evident for RUL, corroborating with tem-

perature results, as shown in Table 6.5.

Skull: iso x 1:10 - BL

L R T sasEd 3
O B9.5 - a=’dwﬂ,.m 11 BL
S ™t 0140 TheBL
E g _,wiv""'”ﬂw ~1:10 EI-BL
= o 1:10 EITh-BL
36.?I-] 1 B
t(s)

Figure 6.6. Comparison of T . for isotropic versus anisotropic, BL montage — thermal (Th), electrical
(El) and thermal-electrical (EITh), at ratio 1:10, in the skull layer.

6.3.2.3. Electrical and Thermal Skull Anisotropy

While the electrical and thermal anisotropy conductivity of the skull were applied
together, the results were similar to those when electrical anisotropy was considered
alone. However, for the skull layer, temperature decreased slightly more. Table 6.5
shows the values of Tnyax for the skull, a comparison among isotropic and anisotropic
conductivities. This layer is the one which presented greater variation in temperature
according to the conductivity applied and electrode configuration used.

Graphs of the behaviour of Tnyax Versus time for isotropic, four ratios of electrical and
thermal skull anisotropy shows in Figure 6.5, the BL-RHM is chosen as an example.

A decrease in temperature can be seen while the ratio increases.

Figure 6.6 demonstrates a comparison among isotropic and three types of skull ani-
sotropy applied. For the skull layer, a ratio of 1:10 is chosen as an example in the

BL-RHM case. A higher temperature appears in the isotropic case (40.68 °C). When
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considering anisotropy, temperature dropped. The decrease of 0.28 °C, 1.17 °C and
1.2 °C respectively occurs in thermal, electrical and electrical and thermal skull con-

ductivity.

b)

RUL
m

1:2
BL
m

BF
m

IJ’ ¥

RE (%)

1:10
1:100

0 2 4 6 0 5 10
RE (%) RE (%)
mScalp mFat mSkull mCSF mGM mWM

Figure 6.7. Temperature RE (%) of anisotropic (a) 1:2, (b) 1:5, (c) 1:10 and (d) 1:100 models from
ROI; thermal (Th), electrical (EI) and thermal+electrical (EITh), for BF, BL and RUL on RHM. Each
colour relates to one head tissue, scalp (dark blue), fat (red), skull (green), CSF (purple), GM (light
blue) and WM (orange).

The RE (Equation 20) of temperature was calculated from the ROI (Figure 6.1Q).
Figure 6.7 shows the comparison of RE for all RHM models. As the anisotropy ratio
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increased, the difference in temperature also increased. Thus, a ratio of 1:100 showed
a higher variation in temperature, especially when electrical anisotropy was applied.
For all anisotropy ratios, thermal anisotropy showed little deviation. Among layers,
the external layers were the ones with a higher variation in temperature. The deeper
into the internal tissues, the less difference in temperature occurred. When comparing
the electrode configurations, BL placement was the one with a bigger variation in

temperature.

6.3.3.Current Input Threshold

A range from 0.4 A to 3.6 A of input current was considered to find the thermally
safe current threshold. This range included and went beyond normal ECT limits. The
behaviour of temperature while increasing the current for RUL-RHM, at 8 s, can be
found in Figure 6.8. Figure 6.9 shows temperature distribution profiles. When the
input current increased, temperature rose. The external layers are affected the most.
Scalp and fat reach 40 °C when the current is 0.52 A and 0.58 A, respectively; and 41
°C, at 0.59 A and 0.74 A, respectively, at the end of 8 s, for RUL-RHM. Temperature
at the GM reaches 38 °C if current applied is 2.48 A (RUL-RHM) (Figure 6.9), 1.75
A (BL-RHM) and 3.33 A (BF-RHM) for 8 s.
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Figure 6.8. Behaviour of T (°C), in each tissue layer, for different current (A) input, RUL-RHM, t =
8s.
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Figure 6.9. Surface temperature distribution of GM for RUL-RHM, at 8 s, for cases: (a) ‘no-
stimulation’, (b) 0.5 A, (¢) 0.7 A, (d) 0.9 A, (e) 25 A and (f) 3.6 A.
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6.3.4.Effect of Biological Properties on Induced Tempera-

ture Variation

The models considered in this section are isotropic and the thermophysical and elec-
trical parameters are related to Table 6.3. The effect of biological properties during
the induced temperature variation is emphasized. Furthermore, analysed the influ-
ence of blood perfusion, metabolic heat and the fat layer are analysed.

6.3.4.1. Peak of Temperature and Temperature Distribution In-
duced by ECT without Blood Perfusion and Metabolic Heat

In the first iteration, the focus is on the temperature increase solely due to ECT-
induced heat. In this case, the contributions of blood perfusion and metabolic heat are
not accounted for, and for all tissues they are assigned as zero. Three types of elec-
trode montage are modelled, BF, BL and RUL. Figure 6.10a and Table 6.6-1 show
changes in temperature field distribution and the maximum temperature as a function
of scalp electrical conductivity (¢ = 0.255-0.605 S/m) with fixed thermal conductivi-
ty (k = 0.39 W/m.K). Figure 6.10b and Table 6.6-11 show variations in temperature
field distribution and peak temperature as a function of scalp thermal conductivity (k
= 0.33-0.45 W/m.K) with electrical conductivity fixed (o = 0.39 S/m). The conduc-
tivity variation is considered in the scalp layer. As expected the external layer suffers
the highest temperature rise due to ECT electrical stimulation. The peak varied 2.49
°C for BF, 0.66 °C for BL and 1.55 °C for RUL, when thermal conductivity is con-
sidered constant (Table 6.6-1); and the peak temperature varied 2.12 °C for BF, 1.27
°C for BL and 0.71 °C for RUL, when electrical conductivity is considered constant
(Table 6.6-11). The results demonstrate that temperature increases when thermal and

electrical conductivity decrease.
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Figure 6.10. Temperature distribution along radius of model after ECT stimulation. The profile begins
where peak temperature occurs. (a) Temperature versus scalp electrical conductivity (o - sigma), for
RUL electrode montage; the thermal conductivity (k - kappa) was fixed at 0.39 W/m.K and blood
perfusion and metabolic heat are absent. (b) Temperature versus scalp thermal conductivity, for RUL
electrode montage; the electrical conductivity was fixed at 0.465 S/m and blood perfusion and
metabolic heat are absent. (¢) Temperature versus blood perfusion, for BF electrode montage; the
scalp electrical and thermal conductivity are fixed at 0.465 S/m and 0.39 W/m.K, respectively. Only
slight variations cause graphs to superimpose.
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Table 6.6. The effect of biological parameters on maximum temperature by ECT stimulation for BF,

BL and RUL electrode configurations.

g k Wp Tmax (gc)

(S/m) (W/m.K) (1/s) BF BL RUL
0.255 54.26 47.13 44.28

| 0.465 0.39 0 52.96 46.87 43.28
0.605 51.77 46.46 42.72
0.33 54.14 47.42 43.68

I 0.465 0.39 0 52.96 46.87 43.28
0.45 52.02 46.46 42.28

0 5296 46.87 43.28
I 0.465 0.39 8.54e” 5292 46.83 43.26
0.00143 52.89 46.81 43.25

Table 6.7. The influence of fat and blood perfusion on peak temperature induced by ECT stimulation

for BF, BL and RUL electrode configuration.

Fat Blood Tmax (2C)
perfusion | BF BL RUL
y y 52.89 | 46.81 | 43.25
y n 52.96 | 46.87 | 43.28
n y 42.51 | 38.35 | 38.57
n n 42.53 | 38.36 | 38.58

6.3.4.2. Peak Temperature and Temperature Distribution In-
duced by ECT with Blood Perfusion and Metabolic Heat

Blood perfusion and metabolic heat balance the temperature in the head. To show
how the convection of blood plays its role, it is modelled for cases with fixed values
for electrical (o = 0.465 S/m) and thermal (k = 0.39 W/m.K) conductivity and varying
values of blood perfusion on the scalp (o = 0-0.00143 1/s). Metabolic heat is consid-
ered fixed at 363 W/m®. The blood temperature is set as 36.7 °C. In cases where
blood perfusion and metabolic heat were not considered (Table 6.6-1 and IlI), the
temperature in the scalp increased to 52.96 °C, 46.87 °C and 43.28 °C, for BF, BL

and RUL configurations, respectively. When considering metabolic heat and blood
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perfusion equal to 0.00143 1/s, the peak temperature reached 52.89 °C for BF, 46.81
°C for BL and 43.25 °C for RUL (Figure 6.10c and Table 6.6-111). This shows a drop
in temperature of 0.07 °C for BF, 0.06 °C for BL and 0.03 °C for RUL. All three elec-

trode configurations had a slight drop in temperature.
6.3.4.3. Effect of Fat Layer on the Peak Temperature

A model without considering the fat layer was built to investigate the peak tempera-
ture, where the fat layer was assigned as scalp, with electrical conductivity of 0.465
S/m, thermal conductivity of 0.39 W/m.K, and considering blood perfusion and met-
abolic heat equal to 0.00143 1/s and 363 W/m®, respectively, and without the influ-
ence of blood perfusion. Table 6.7 shows the results. When a fat layer is not included
in the model, the peak temperature dropped substantially. The variation of tempera-
ture was 10.38 °C for BF, 8.46 °C for BL and 4.68 °C for RUL configuration, when
blood perfusion was considered. If blood perfusion is not taken into account, only a

slight variation between 0.02 °C to 0.06 °C was evident.

6.4. Comparisons and Discussions

6.4.1. Behaviour of Temperature in Isotropic Model

During ECT practice, the electrical current applied is high, but only for a short period
of time. Current propagates through the head, however the heat generated due to the
electrical stimulation influences only specific regions near the electrode; mainly in
the scalp and fat. Heat propagation depends on the material constitution and causes
temperature change. The change rate depends on the value of thermal capacitance
and the rate at which heat is dissipated. For the former, the bigger the thermal capaci-
tance is, the less temperature increases. For the latter, scalp loses heat by two mecha-
nisms, convection on the outer surface and blood perfusion in the inner parts. Figure
6.3 shows the behaviour of temperature along a radial line through the head. At first,

the temperature increases with time due to the electrical stimulation, and reaches the
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Tmax, 59.894 °C for BF, on the scalp, near the electrode. Starting from the scalp, tem-
perature decreases, reaching 46.419 °C at the scalp-fat boundary. It then has a bigger
drop, of 9.054 °C, in the fat layer. This effect is due to the scalp and fat being poor
thermal and electrical conductors, especially fat. Fat has an electrical conductivity
approximately 10 times smaller than the scalp and, practically, there is no blood per-
fusion working as a convection mechanism. In the skull layer, only an insignificant
increase (of 0.17 °C) is found. The current density in this layer is still increasing, but
its magnitude is so small that it does not cause a rise in temperature. The blood helps
to keep the temperature constant and close to T, CSF together with GM and WM
behave as a heat sink, keeping the temperature near to 36.7 °C. In short, the main
temperature rise associated with electrical stimulation, is near the electrode itself.
This reflects the results found by Kim et al. (2007), where they simulated an im-
planted microelectrode array and saw a higher temperature near the device which de-

creased with distance from the electrode.

Electrode montage plays an important role (Table 6.5 and Figure 6.7). The Tnax rise
occurs when the electrodes are closer to each other, like in the BF. The RUL case,
which has a unilateral configuration, has the smallest temperature increase. The elec-
trode configuration and the distance between electrodes also influences the E-field,
current flow and current density, as demonstrated in other studies (Bai et al. 2012;
Lee et al. 2012).

6.4.2. Influence of Electrical and Thermal Skull Anisotropy

Considering electrical anisotropy, the BF case had a higher influence on the tempera-
ture increase in the external layers (scalp and fat) with a corresponding smaller effect
in the internal layers. In the inner layers, the BL case experienced a greater impact.
This happened because the increase in temperature is related to the magnitude and
direction of the E-field (Figure 6.3b). The E-field flows from the active to the refer-
ence electrode. The BF placement, having the closest distance between electrodes,
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generates a strong E-field near them, in the external layers of the head. Because of
this shunting of current within the scalp and fat layers, the E-field’s intensity de-
creases in the internal layers, resulting in a small rise in temperature. In the BL con-
figuration, the electrodes are further away from each other. Therefore, the E-field
reaches deeper tissues causing a rise in temperature. For a voltage-controlled circuit,
increasing WM o makes Joule heat rise and, consequently, the temperature (Elwassif
et al. 2006). In this study, when skull electrical anisotropy conductivity is considered,
increasing o ratio, decreases E-field (Figure 6.4) and hence the temperature. It is only
in the skull and fat layers of the RUL that this rise occurs.

The results of Trax being influenced by the anisotropic ratio agree with other studies
such as the findings of Berjano et al. (Berjano, Saiz & Ferrero 2002), on the study of
the cornea. They reported a direct relationship between the temperature profile and
the choice of anisotropic ratio. From their findings, it is possible to speculate that k at
a specific time and position is inversely proportional to the temperature at that posi-
tion. This also aligns with Watanabe et al. (2010) in their study of radiofrequency

ablation.

The BHTE can be translated as a resistance-capacitance network. For a short time, as
in the case considered in this study, the thermal capacitances works as a short circuit,
allowing thermal charge. The capacitances play the major role because they are not
totally charged, reducing the effect of thermal conductances. Therefore, thermal ani-
sotropy is going to have a negligible effect on temperature behaviour. However, if
the system reaches steady-state (hypothetical in ECT practice), the thermal capaci-
tances work as an open circuit, and the resistances have a main role in the network.
In this instance, it is important to consider thermal anisotropy, as the behaviour and
distribution of temperature is going to be affected. This can be applicable in thermo-
therapy techniques such as thermal ablation and transcutaneous electrical nerve stim-
ulation, or in implanted electronic devices (Kim et al. 2007) such as DBS (Elwassif
etal. 2012).
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6.4.3. Current Extrapolation

The input current used in ECT practice was extrapolated and the analyzed current
range (0.4-3.6A) (Figure 6.8 and Figure 6.9) encompasses actual ECT current levels
and beyond. The temperature in the internal layers increases more slowly than in the
external layers. Damage and tissue ablation begin at 40 °C and 41 °C (Elwassif et al.
2006). These temperatures only occur in the external layers. Changes in cell excita-
bility, network function and blood-brain barrier function occur (Elwassif et al. 2006)
if the brain reaches 38 °C. According to the simulations presented here, the input cur-
rent needed to be higher than 1.75 A, for that to occur. These currents are not appli-
cable to actual ECT practices and they are not a real case scenario but only for simu-
lation. Therefore, from the simulations performed, within the input current range
used during actual ECT practices, the scalp and fat are the only tissues where any
damage can potentially occur, as stated by Swartz (1989). A sensitivity analysis
which considered the variation of thermal and electrical conductivity values of the
scalp, including or not including blood perfusion, metabolic heat and fat layer, was

performed.

6.4.4. Temperature Distribution Considering the Effect of
Biological Properties in a Realistic Model

The realistic head models in this study analysed the temperature distribution generat-
ed due to electrical stimulation, taking into account the effect of biological proper-
ties, thermal and electrical conductivity, blood perfusion and metabolic heat and the

inclusion or not of a fat layer.

The results obtained partially agree with the findings of Elwassif et al. (2006), where
they simulated deep brain stimulation in a cylinder representing WM. Their out-
comes show that when increasing the value of o while k is fixed, the peak tempera-

ture will increase. This difference may be due to the one-layer geometry considered
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in Elwassif et al. (2006), therefore, the influence of adjacent layers was not account-
ed for. In addition, in the present study where scalp temperature was analysed, the
tissue parameters are different and suffer influence from the fat layer and convection

to ambient.

BF was the electrode montage which showed highest peak temperature. It was also
the configuration where the electrodes were closer to each other, making the E-field
stronger. It is known that the electrode montage plays an important role in the behav-
iour and intensity of the E-field (Bai et al. 2012; Lee et al. 2012).

The brain temperature was unaffected when applying electrical stimulation. On the
other hand, the scalp and fat layers had an effect of temperature rise that varied ac-
cording to the electrode configuration used. Taking this into account, it demonstrates
the importance of considering safety limits for each electrode montage (Datta,
Elwassif & Bikson 2009).

The addition of metabolic heat and blood perfusion convected Joule heat out of the
tissue layers, causing a drop in the peak temperature (Elwassif et al. 2006). In our
results, that same behaviour occurs. However, the decrease in temperature is only up
to 0.13 %, which equates to less than 2.5 times the drop in temperature found in
Elwassif et al. (2006), despite the tissue layers observed exhibiting distinctly differ-

ent properties.

It is known that current density in the scalp increases if fat is introduced into the
model (Shahid, Wen & Ahfock 2011), causing a rise in temperature. The electrical
conductivity of the scalp is approximately ten times greater than the electrical con-
ductivity of fat. Current will flow through the least resistive path. This behaviour of
the current in the presence of the fat layer can be due to shrinkage of the effective
cross-sectional area of the preferential path of current in the scalp (Shahid, Wen &
Ahfock 2011). Therefore, the inclusion of fat layer is an important factor to consider

in a thermal-electrical human head model.
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6.5. Conclusions

This work analyses the profiles of temperatures arising during electroconvulsive
therapies when anisotropic thermal and electrical conductivities are considered in the
skull layer. The work was conducted using both SHM and RHM, with six layers. The
results from both head models show that current ECT practice is safe and no harm is
caused to the brain from a thermal point of view. An increase in temperature occurs
only in external layers, in specific regions, mainly near the electrodes, in the scalp
and fat. The brain will only be affected if currents higher than 1.75 A are applied.
The electrode montage influences temperature behaviour. Anisotropic thermal con-
ductivity does not influence the results significantly; however, skull electrical anisot-
ropy is an important aspect to consider. Moreover, the inclusion of blood perfusion
leads to slight drop in peak temperature. Finally, the inclusion of fat is highly rec-

ommended in order to achieve more realistic results.
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/.ECT ELECTRIC FIELD WHEN IN THE
PRESENCE OF A BRAIN TUMOR

This chapter investigates the influence of an electric field generated through ECT
stimulation in the presence of a tumor. Firstly, numerical head models are developed
to include a brain tumor, then the ECT is applied and the electric field is evaluated.

The inclusion and influence of WM anisotropy conductivity is also evaluated.

7.1. Introduction

There are more than 120 types of brain tumor which affect us. According to the
World Health Organization (Louis et al. 2016), brain tumors can be classified into
four different grades which vary in their aggressiveness. Grade | is the least severe,
with potential for treatment and survival; while grade IV is the most malignant, with
life expectation of only a few months.

A short clinical review by Kast et al. (2013) concluded that ECT can be used to bet-
ter deliver chemotherapy in gliobastoma cases. They relate that if ECT stimulus is
applied before chemotherapy then the blood brain barrier opens what could help the

treatment.

Tumor treating field (TTField) (Miranda et al. 2014; Wenger et al. 2015; Wong, Lok

& Swanson 2015) is an electrical stimulation technique that has been used for treat-
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ing gliobastoma multiforme, a grade IV brain tumor. A clinical trial showed that
TTField demonstrated similar efficacy to chemotherapy, with the advantage of no
side effects (Wong, Lok & Swanson 2015). A numerical study of stimulating tDCS
in the presence of a brain tumor (Song et al. 2016) showed that it is safe to apply this

treatment when pain is present due to the oedema.

However, the stimulation of ECT on a patient with a brain tumor still presents many
uncertainties. Therefore, in order to investigate the behaviour of ECT stimulation
with a brain tumor, in this study a computational human head model is developed to
include a tumor in the brain. Different model configurations are considered, such as
varying grades of tumor (I to 1V) and tumor location, influence of WM conductivity

and electrode montages.

The aim is to understand the effect of electrical ECT stimulation in the presence of a
brain tumor, whilst at the same time understanding how safe it is to administer. As
far as we are aware, there is no numerical study which evaluates the use of ECT

when considering a brain tumor, and the work in this chapter will try to fill this gap.

7.2. Methods

7.2.1. Modelling Details

The baseline of the realistic human head model was derived from previous studies
from our research group (Shahid, Wen & Ahfock 2012; Shahid, Wen & Ahfock
2013; Song et al. 2016). The volume conductor was generated from MRI images
from the subject MNI_0591, ICBM database (ICBM: International Consortium for
Brain Mapping 2014). The model was segmented into 17 different tissues with the
aid of the packages FSL and ScanlP. The tissues segmented included: scalp; fat;
skull; CSF; GM; WM; eyes (sclera, lens, muscles); muscles of mastication; thalamus;
brainstem; hippocampus; amygdala; putamen; pallidum and caudate. The model used

here is the RHM _17, and more details are described in Section 3.2.4.

96



CHAPTER 7: ECT ELECTRIC FIELD WHEN IN THE PRESENCE OF A BRAIN
TUMOR

The brain tumor information was acquired from a patient (case 6) with low grade
glioma, from the dataset of Surgical Planning Laboratory and Department of Neuro-
surgery Brain Tumor Database (Kaus et al. 2001; Warfield et al. 2000). The glioma
is located in the superficial right frontal lobe (RFL) with a volume of 3.28 x 10* mm?
and surface area of 1.49 x 10* mm? This location is related to non-literal language,
personality, emotions and self-awareness (Shammi & Stuss 1999). Once the brain
tumor mask was obtained from the MRI dataset, it was placed in the health model in
two different ROIs. The first location was in the RFL region, where the tumor is
originally situated. In order to make a comparison, the tumor was placed in a second
location, the buried left occipital lobe (LOL), relative to visual processing (Grill-
Spector et al. 1998).

WM electrical anisotropy conductivity was considered in the models. The anisotropy
information was acquired from the diffusion tensor information of DTI images. To
extract the information, the images were processed using FSL and a Matlab program
(Bai 2012). It was considered that conductivity tensors share eigenvalues with diffu-
sivity tensors (Basser, Mattiello & LeBihan 1994). The volume constraint (Wolters et
al. 2006) was applied to estimate the WM anisotropy conductivity. Hence, the o,

anisotropy was modelled to be prolate, according to the following equation:

awm = Sdlag (along' O-trans' O-trans)s_1 ( 21 )

where S is the orthogonal matrix measured from the diffusion tensors; and o;,,, and
Otrans are the longitudinal (parallel) and transversal (perpendicular) conductivity pa-
rameters. A fixed ratio of 10:1 was used, given the values of g;5,, = 0.65 S/m and
Otrans = 0.065 S/m. More information about the processing of the diffusion to con-
ductivity information was described in Section 3.2.5. In models constructed here, an-

isotropy was not considered in the tumor region.

The mesh was generated with the software ScanIP. The coarseness was set to -20 and
the volumetric mesh comprised of approximately 2 million tetrahedral elements. Af-

terwards, the mesh was exported to COMSOL Multiphysics 5.1, where the physics
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and boundary conditions were applied. The models took from 5 to 16 minutes to run,
according to the configuration used.

The three conventional electrode configurations BF, BL and RUL are applied. The

details of their configurations are described in Section 3.3.

For comparison purposes, one control model and several other models with different
tumor grades (from | to 1V), and with and without WM electrical anisotropy conduc-
tivity, are constructed. In this way, a total of 19 models were generated for each elec-

trode montage.

For the control models, the tumor geometry was included but modelled as health tis-
sue, sot that all the models were similarly generated with the same amount of tetra-

hedral elements.

7.2.2. Quasi-static Approximation and Boundary Conditions

Biological tissues are typically considered as volume conductors, where there are no
inductors, and only resistances and capacitances are distributed throughout a 3D re-
gion (Bai, Loo & Dokos 2013; Malmivuo & Plonsey 1995). In low frequencies, a
simplification of the Maxwell’s equation can be realized, resulting in the Laplace
equation (Equation 1).
ov
| Jox|
rv/ay] —0inQ (1)
ov

/az

Oxx Oxy Oxz

V- (-O'VV) =0 or V- ny ny 0_yz

Ozx Ozy Oz

Electrical conductivity to each tissue was assigned, which is represented in Table 7.1.

The electrical conductivity of the electrodes was considered as 9.8x10° S/m.

Initial and boundary conditions were applied to formulate the problem. The exposed
BC is electrically insulated (V = 0 V); the internal boundaries are ruled by conductiv-

ity ((n-J)Ir, = (n-J2)lr,); for the electrodes, the exposed surface of the cathode is
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assigned Dirichlet BC (V = 0 V), while the exposed surface of the anode is assigned a

voltage equivalent to input current of 800 mA.

Table 7.1. Isotropic electrical conductivity of tissues (Datta, Elwassif & Bikson 2009; Hasgall PA
2014).

6 (S/m)
Scalp 0.465
Fat 0.0406
Skull 0.0132
Muscles 0.267
eye muscles
Eyes 0.52
Eye lens 0.2
CSF 1.654
GM 0.33
WM 0.65
Red nucleus 0.109
Putamen 0.32
Thalamus 0.089
Hippocampus 0.089
Fornix crura 0.32
Caudate nucleus 0.32
Hindbrain 0.109
Globus pallidus par 0.32

externa / par interna

7.3. Simulations and Results

7.3.1. Realistic Head Model

The spatial distributions of the electric field for the control isotropic and anisotropic

models are shown in Figure 7.1.
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Figure 7.1. 3D brain geometry showing slices of a 30° plane (a) crossing both tumors, delineated ma-
genta area for tumor RFL and grey area for tumor LOL. Slices of brain tumor, with the false color
map being the magnitude of E-field and current density represented by the black arrows. (b, c) BF; (d,
e) BL and (f, g) RUL. ISO — isotropic; ANISO — anisotropic.
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Different behaviour due to the electrode montage and influence of anisotropy could
be noticed in Figure 7.1. The E-field is higher in regions closer to the electrode. The
region of tumor LOL (delineated at grey colour) does not receive much electrical
stimulation, when compared to the strong stimulation received by tumor RFL (delin-
eated in pink colour). The current densities suffer influence of the fiber paths in the

anisotropy models.

7.3.2. Evaluation of Electrode Montages and WM Anisotro-
py Effect

Figure 7.2 and Figure 7.3 show bar plots of the maximum and the median E-field.
For different ROIs, a comparison among the electrode configurations and the iso-
tropic and WM anisotropic cases are made. These cases are considered as the control
cases, where the tumor is assigned as healthy tissue. The median E-field (Emeq) for
GM is 0.34, 1.01 and 0.61 V/cm; while for WM is 0.30, 0.83 and 0.53 V/cm for BF,
BL and RUL isotropic, respectively.

Overall, the BL configuration generates the strongest E-field and highest Eqeq. In the
ROIs of hippocampus, thalamus and ventricles, the values with BL are 2 to 3 times
stronger than with BF and RUL. However, when analysing the region of tumor RFL,
it is RUL configuration which has the highest Epeg.

The region of tumor RFL receives a stronger field, when compared to the region of
tumor LOL. This behaviour is due to the locations of the tumors in the head and the
placement of the electrodes. The E-field path is stronger in regions where the elec-
trodes are located. The three electrode configurations used in this study are placed in
frontal and medial regions of the head. Therefore, the occipital region, where the tu-

mor LOL is located, will receive a weak E-field.

The RFL tumor has Emeq 0f 0.50, 1.09 and 1.19 V/cm in isotropic cases and 0.51,
1.26 and 1.34 V/cm in anisotropic cases, for BF, BL and RUL configurations, re-
spectively; while LOL tumor has Enmeq 0f 0.17, 0.60 and 0.36 V/cm in isotropic cases
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and 0.18, 0.68 and 0.43 V/cm in anisotropic cases, for BF, BL and RUL, respective-
ly. Overall, when considering WM anisotropy, the E-field increases in all ROIs. The
increase is of 2 to 15 % at tumor RFL, 6 to 19 % at tumor LOL, 4 to 14 % at GM, 33
to 52 % at WM, 7 to 17 % at hippocampus, 4 to 12 % at ventricles, depending on the
electrode configuration used. Only at thalamus with RUL does it decrease about 3 %,
and with BF and BL it increases 8 to 9 %.

T
-iso BF
6 M -aniso BF
[ [ iso BL
M M [ aniso BL
5L |:|iso RUL
— -~ [ JanisoRUL
T 4+ B |
8
2
x —
s 3L |
£
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Figure 7.2. Maximum E-field magnitude for the isotropic and anisotropic control cases, at different

ROIs (a) GM, (b) WM, (c) hippocampus, (d) thalamus, (e) tumor RFL, (f) tumor LOL and (g) ventri-
cles.
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Figure 7.3. Median E-field magnitude for the isotropic and anisotropic control cases, at different ROIs
(@) GM, (b) WM, (c) hippocampus, (d) thalamus, (e) tumor RFL, (f) tumor LOL and (g) ventricles.

The weaker E-field is generated through BF configuration. For all analysed ROls, BF
montage is the one where the E-field is lowest. This is due to the location of the elec-
trodes. BF is a frontal configuration, making the electric field higher in frontal re-
gions of the model. Therefore, it generates a weak field in the brain and cortical
structures. On the other hand, BL configuration has the strongest effect on the brain
and cortical structures. As a bilateral montage, placed in a median position of the
head, it strongly affects the brain and other structures.

The influence of WM anisotropy conductivity is analysed. Figure 7.4 shows, quanti-
tatively, the relative error of the E-field magnitude for certain ROIs. The variation
from the isotropic model to the anisotropic is 11 %, 11 % and 17 % in GM and 33 %,
29 % and 41 % in WM, for BF, BL and RUL configurations, respectively. The high-
est REs for hippocampus, thamalus and ventricles are 18 %, 12 % and 17 %, respec-

tively. REs in the regions of the tumor vary from 6 % to 18 % for RFL and from 8 %
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to 20 % for LOL. As anisotropy is considered only in the WM, this is the tissue with
highest effect. However, the E-field changes in the entire model.
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Figure 7.4. RE E-field magnitude at control case for different ROIs (a) GM, (b) WM, (c) hippocam-
pus, (d) thalamus, (e) tumor RFL, (f) tumor LOL and (g) ventricles.

Figure 7.5 shows the percentage of the total volume for specific ROIs in the control
cases, with comparisons among isotropic and anisotropic and the electrode montages
being made. In general, the percentage is higher for anisotropic cases, when com-
pared to its corresponding isotropic model. As BL has the strongest field, it also has
the higher percentage. Correspondingly, BF has the weakest field and the smallest

percentage.

In the GM region (Figure 7.5a), the percentage volume that is higher than 1 V/cm is
8.96 %, 50.64 % and 26.62 %, for BF, BL and RUL, respectively, in isotropic cases.

The anisotropy models show an increase of 1 — 3 %, when compared to their corre-
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sponding isotropic models. On the other hand, at WM (Figure 7.5b) the percentages
in isotropic cases are 1.88 %, 29.07 % and 13.33 %, while in anisotropic cases they
are 7.88 %, 60.33 % and 33.02 %, for BF, BL and RUL, respectively. Being the re-
gion where anisotropy is included, WM suffered the highest variation in RE. It is al-
so noted that when considering isotropy, the BF model has no field higher than 2
V/icm at WM. However, if considering anisotropy, the magnitude of the E-field

reaches values higher than 2.5 V/cm.

Hippocampus, thalamus and ventricles (Figure 7.5c¢, d and g) are regions with higher
percentages above 1 V/cm, at least with the BL configuration. For this montage, the
percentage is 86.28, 92.95 and 83.56 for isotropy and 88.92, 94.93 and 86.43 for ani-
sotropy, for hippocampus, thalamus and ventricles, respectively. For the RUL case
the number is smaller, reaching respectively 11.60 %, 34.38 % and 16.98 %, for isot-
ropy and 25.73 %, 32.92 % and 20.25 % for anisotropy; whereas for BF montage,

these numbers are less than 1 % or null.

The region of tumor RFL (Figure 7.5e) also receives high E-field when BL and RUL
configurations are applied. The percentage of total volume above 1 V/cm is of 6.98,
61.22 and 75.01 in isotropy, and 7.95, 78.32 and 81.36 in anisotropy, for BF, BL and
RUL respectively. On the other hand, the electric field is much smaller in the LOL
tumor region (Figure 7.5f). The E-field above 1 V/cm is of 6.12 % for isotropy and
9.96 % for anisotropy, RUL configurations; whereas it is less than 1 % for RUL and
null for BF.
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Figure 7.5. Percentage of the total volume that exceeds the E-field in the horizontal axis (V/cm), for
three electrode configurations, control isotropic and anisotropic cases and different ROIs (a) GM, (b)
WM, (c) hippocampus, (d) thalamus, (e) tumor RFL, (f) tumor LOL and (g) ventricles.
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7.3.3. Tumor Grade Influence and Location of Tumor

It is known that tumorous tissues have higher electrical conductivity than healthy tis-
sues (Gabriel, Gabriel & Courhout ; Halter et al. 2011; Zou & Guo 2003). For this
reason, here the electrical anisotropy of the tumors is varied and selected higher than
the nominal value. The higher value is almost equivalent to CSF electrical conductiv-
ity (Van Lier et al. 2011). Figure 7.6 shows the magnitude of the median E-field for
the control case and four different tumor grades, and a comparison is made among
different electrode configurations and with and without anisotropy, in different ROIs.

7.3.3.1. Tumor RFL

When analysing the effect of tumor RFL, overall BF has a weaker E-field and RUL
the strongest E-field. As the tumor grade increases, Emeq decreases. This behaviour
happens in the tumor region and also in its neighbour regions that are directly affect-
ed. Therefore, the equivalent behaviour happens at GM, WM, and Hippocampus. On
the other hand, regions which are remote from the tumor are only directly affected if
the electrode configuration generates a strong field, like in BL and RUL montages. In
regions where the E-field is weaker, the Eneq remains almost the same. This behav-
iour appears in the region of tumor LOL, thalamus and ventricles with BF stimula-

tion.
7.3.3.2. Tumor LOL

Tumor LOL has different behaviour from that of tumor RFL. In the tumor LOL case,
the grade difference mainly impacts on the region of the tumor LOL itself. In the re-
gion of the tumor, it is observed that as long as the tumor grade increases, the Emeq
decreases. For other ROIs, the E-field shows variation depending upon the control
case and the tumor grade case. When varying the tumor grades, generally the same
E-field magnitude is delivered. This behaviour is due to the location of the tumor at
the rear area of the head, and the location of the electrodes, on the middle to frontal

area.
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Figure 7.6. Graph of Eq for the control case and the four different tumor grades considered, for BF,
BL and RUL. (A) Tumor RFL active (Tu0), (B) Tumor LOL active (TU1). (1) GM, (2) WM, (3) hip-

pocampus, (4) thalamus, (5) tumor RFL (tumor 0), (6) tumor LOL (tumor 1) and (7) ventricles.
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The percentage of total volume is also calculated for the different grades of tumor.
However, as previously mentioned, those differences are normally more evident in

the tumor region. Figure 7.7 shows these values for tumor regions and all tumor
grades.
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Figure 7.7. Percentage of total volume for tumor region, (A) Tumor RFL (Tumor 0), (B) Tumor LOL
(Tumor 1), for BF (first row), BL (second row) and RUL (third row); isotropic (Iso) (first column) and
WM anisotropic (Aniso) (second column). tu0 — Tumor 0 active; tul — Tumor 1 active.
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Figure 7.8. E-field RE of ROI Tumor RFL (tumor 0) at first column and Tumor LOL (tumor 1) at sec-

ond column, for all tumor grades, at BF (first row), BL (second row) and RUL (third row).

When analysing tumor aggression, it can be observed that the effect of the electric
field is higher on tumor RFL than on tumor LOL. For tumor RFL, as long as the tu-
mor grade is increased, the E-field decreases. For all electrode configurations, the E-
fields are higher than 1 V/cm and the highest is greater than 2.5 VV/cm. On the other
hand, the equivalent behaviour only happens for electrode configuration BL at Tu-

mor LOL. In the BF montage, the control and all tumor grades have no values higher
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than 0.5 V/cm; and in RUL only the control cases reach values up to 1 VV/cm and the
grade difference is negligible.

Figure 7.8 demonstrates the bar graphs of the relative error of E-field in tumors RFL
and LOL. The results shown are for the isotropic cases, comparing the control case to
the tumor grade cases, as well as to the anisotropic cases. It is observed that RE in-
creases as long as tumor grade increases. Also, when applying WM anisotropy, RE is
slightly higher compared with the isotropic study. Besides, for the electrode montag-
es, BF has bigger values for tumor RFL, while BL has greater values for tumor LOL.
In general, the values are higher for tumor LOL, with the exception of BF configura-

tion.

7.4.  Comparisons and Discussions

At first, the models considered here modelled the tumor as a healthy region, as in the
control case (Figure 7.2 and Figure 7.3). Magnitudes higher than 2.5 V/cm can be
found in most of the analysed ROIs (Figure 7.5), depending on the electrode montag-
es. BL configuration has a stronger E-field, while BF montage has a weaker one.
These results concur with findings in the literature (Bai et al. 2012; Lee et al. 2012;
Lee et al. 2011). BL is stronger due to the bilaterality and location of electrodes; it
makes the E-field pass through the entire head volume, having a high impact on the
brain. Despite having a bilateral location, BF is a frontal montage, so its effect is re-

flected more on frontal regions of the head (Figure 7.1).

Current flows through the region of lower conductivity and follows the fiber paths in
anisotropic models. When WM anisotropy is considered, changes in the E-field occur
in all analysed ROIs. In general, an increase happens and the amounts vary from 2 %
to 52 % in the Eneq, being higher at RUL at WM (Figure 7.2 and Figure 7.3). When
considering anisotropy, structures that are further from the electrode have higher rel-
ative error. As seen in Figure 7.4, RE from hippocampus and ventricles is higher than
RE from GM. Also, the relative error at tumor LOL is higher than at tumor RFL. The
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RE found in our study was up to 41 %. Lee et al. (2012) also analysing ECT, report-
ed relative errors up to 39 % when considering WM anisotropy. The inclusion of
WM anisotropy in the study of electroencephalographic scalp potentials (Wolters et
al. 2006), tDCS (Sadleir et al. 2010) and TMS (Thielscher, Opitz & Windhoff 2011)
showed RE of 30 %, 39 % and 10 %, respectively. TMS has smaller relative errors as
the E-field is more superficial when compared to ECT and tDCS. Thus, our results of
41 % in relative error, when including WM anisotropy, do mirror existing literature

findings.

Overall, the E-field decreases when the tumor grade increases (Figure 7.6 and Figure
7.7), and the control cases have higher E-field in the tumor regions, due to increasing
electrical conductivity in the tumor. The location of the tumor is another important
factor to consider. The effect of E-field in the tumor RFL is higher than that in the
tumor LOL (Figure 7.7), due to its location. Tumor LOL is in the rear region of the
brain, not exactly in the path of ECT stimulation. Depending of the electrode config-
uration and tumor location, the grade of tumor appears immaterial. In these cases, the
E-field is low, in the range of 0.5 V/cm, as for BF at tumor LOL (Figure 7.7B.1). On
the other hand, even the highest tumor grade (IV) may receive an E-field stronger
than 1.5 VV/cm (Figure 7.7A.3-6) with BL and RUL montages.

Variations of tumor location and grade affect Eneq mainly in the tumor region. The
median E-field is not altered in the other regions such as, GM, WM, hippocampus,

thalamus and ventricles due to these configurations, as seen in Figure 7.6.

Hippocampus and thalamus are regions that may change if the patient suffers from
depression (Campbell & MacQueen 2004; Schlaepfer et al. 2008). The E-field re-
ceived from these regions is quite strong, and reached as high as 2.5 V/cm in some
cases (Figure 7.5). In the necessity of administering ECT treatment to a depressed
patient who has brain tumor, diverse factors need to be taken into consideration. The
region of tumor LOL is not strongly affected by the electrical stimulation; while hip-
pocampus, thalamus and ventricles can be stimulated in order to treat any neurologi-

cal problem.
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Laboratory studies in gliobastoma multiforme cells reported that electric field stimu-
lation with frequencies of 200 kHz and amplitudes of 1-3 V/cm cause disruption in
the cells (Kirson et al. 2007). ECT stimulations may have E-field magnitudes that
reach values higher than 2.0 V/cm in the tumor itself (Figure 7.7A); however, ECT
frequencies are low. The low frequencies used in ECT produce seizures, while at
high frequencies the triggering of seizures is not effective (Peterchev et al. 2010).
However, high frequencies interfere with mitosis and cytokinesis (Miranda et al.
2014), as is used at TTFields.

TTFields (Miranda et al. 2014; Wenger et al. 2015) is an electromagnetic stimulation
technique approved by FDA to treat gliobastoma multiforme. It uses high frequen-
cies (200 kHz) and high stimulation (1-3 V/cm), generating mitoses in cells, helping
in the treatment and extending life expectancy of a few months. The E-field applied
through this technique reaches values above 1 V/cm in the brain. If applying ECT,
the equivalent E-field range can be reached, as shown in Figure 7.5. Furthermore,
according to Kast et al. (2013), ECT opens the blood brain barrier, helping in chemo-
therapy treatment if ECT has been previously applied. The high E-field and the pos-
sibility of opening the blood brain barrier are an indication that ECT may be helpful
in tumor treatment. On the other hand, care should be taken as ECT stimulation may
increase intracranial pressure (Huang, Hsieh & Liao 2010) and cause seizures
(Peterchev et al. 2010; Weiner 2002).

A tDCS study with a brain tumor (Song et al. 2016) showed that due to the low stim-
ulation of tDCS, it is safe to treat neuropsychiatric problems and cancer pain in pa-
tients with a brain tumor. They also stated that current density distributions changed
due to the presence of a tumor. In the same way, in our study, the E-field is modified

in the presence of a tumor.

Yacoob and Hassan (2012) simulated noninvasive hyperthermia in a head model
containing a 3.14 cm? brain tumor. An air-filled ellipsoidal chamber, an antenna and
a human head model were simulated and used to measure SAR (specific absorption
rate) and temperature distribution. Three different models were considered, two sim-

plified spherical models with the tumor in the centre, and one realistic model with the
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tumor artificially placed in the head. Using this approach, they were able to heat the
brain tumor, without harming the normal tissues. This work also analysed the effect
of temperature. Temperature increases occurred mainly in areas of the scalp and fat,
in regions close to the electrode. Temperature did not increase in brain areas due to
ECT electrical stimulation. This similar behaviour was also found in our previous

studies.

It is know that the features of T1 and PD from MRI do change in the presence of a
brain tumor. As reported in Tofts (2003), PD increases 14 to 20 percentage unit,
when compared to normal WM. Also, an increase in T1 appears. Furthermore, in the
presence of pathology, the T1 may alter too. An increase in T1 appears in the pres-
ence of oedema around tumors (Gowland; & Stevenson 2003). In this study, a realis-
tic tumor was applied to a healthy subject model. Therefore, some small variations
may occur if modelling MRI images of a patient with a brain tumor, in which case
the geometric shape of brain regions may differ, which may alter the results when
ECT stimulation is delivered. However, the different cases modelled and the differ-
ent tumor grades considered in this study are a good approach to understanding the
behaviour and influence of electric field in the presence of a brain tumor. For further
studies, MRI and DTI images of a patient with a brain tumor may be developed and

compared with the present one.

In summary, in the necessity of applying ECT to a patient with a brain tumor, de-
pending on the location of the tumor, the E-field has little influence on the tumor it-
self. The electrode configuration also plays a role in the quantity of E-field received.

The more malignant the tumor, the less E-field is received in the tumor region.
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7.5. Conclusions

Two brain tumors are included in the realistic model RHM_17. Four tumor grade
malignancies are considered and WM anisotropy conductivity is also included. In
simulations, three different electrode montages are applied. From the results ob-
tained, it is possible to conclude that ECT treatment may be administered to a patient
with a brain tumor and the dose parameters are dependent on the tumor location, tu-
mor grade and electrode montages.
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8. CONCLUSION AND FUTURE DIRECTION

In this study, an incremental methodology is applied to address the challenges in
human head modelling and thermal behaviour for ECT. Firstly, a simplified spherical
model is developed and implemented. The temperature behaviour due to ECT elec-
trical stimulation is investigated. Then, the MRI and DTI images are used to con-
struct realistic human head models with detailed anatomical features. With these re-
alistic models, the roles of tissue heterogeneity, electrode montage, thermal and elec-
trical anisotropy conductivity, and structural details are assessed systematically. Fi-
nally, brain tumor patients are considered and the effect of brain tumors on electric

field under ECT are analysed.

8.1. Main Contributions

1. The structure of how to develop a human head model with thermal and elec-

trical perspectives, under ECT.

a. A heterogeneous spherical human head model and high-resolution
human head model are developed with MRI datasets.

Models are constructed using the BHTE and Laplace equation to simulate

thermal and electrical physics due to ECT stimulation. Three ECT electrode
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configurations (BF, BL and RUL) are used. The results from the realistic

models are compared with the spherical ones.
b. The effect of temperature variations on both the head and the brain.

From the thermal point of view, the brain is safe and no temperature increase
occurs. Rises in temperature will only occur on external layers of the human
head in regions near the electrode. The scalp and the skull protect the brain
thermally. The brain only reaches temperatures above 38 °C when high input

currents are applied, greater than 1.75 A.
c. The effect of biological properties on induced temperature variation

By varying parameters in the scalp layer, when increasing the electrical or the
thermal conductivity, the temperature drops; also,a rise in blood perfusion
occurs with a slight drop in temperature. The non-inclusion of a fat layer in

the ECT human head model may result in a 20 % drop in Tyax.

2. Incorporate tissue anisotropy in spherical and realistic head models and in-

vestigate their influences.

a. Derive and include skull anisotropy thermal conductivity using linear-

ity relationship between thermal and electrical conductivity.

The skull anisotropy thermal conductivity is implemented in the spherical
model through correlation with anisotropic electrical conductivity. No signif-
icant variation between the volume constraint and the Wang constraint are
found. Also, provided the anisotropy ratios increase, the temperature drops
slightly.

b. Inclusion of thermal, electrical and thermal+electrical anisotropy con-

ductivity in the skull.

The three variations of skull anisotropy conductivity are implemented in the
spherical and realistic human head models, considering the volume con-
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straint. The outcomes show that thermal anisotropy conductivity does not
have a significant influence on temperature behaviour. However, with the in-
clusion of electrical anisotropy conductivity, temperature rises. Also, as long
as the electrical anisotropy ratio increases, the temperature decreases. Addi-

tionally, scalp, fat, skull and CSF could reach temperatures above 38 °C.

3. Influence of a brain tumor in the ECT electrical stimulation.

a. Develop and construct a realistic head model with a brain tumor and

WM anisotropy electrical conductivity.

Two different brain tumor locations are considered (RFL and LOL). Electri-
cal anisotropy conductivity of white matter is implemented using DTI images
and the conductivity information is obtained by applying the volume con-

straint.

b. The effects of tumor location, tumor aggressiveness, WM anisotropy
electrical conductivity and electrode montage on the E-field in a head

model are investigated.

The E-field varies according to the tumor location, tumor aggressiveness, inclu-
sion of anisotropy and electrode montage used. The tumor RFL receives up to
3.33 % higher E-field than tumor LOL, because of its location closer to the elec-
trodes and in the path of current density. Also, the strongest median E-field over-
all is through BL configuration, due to its bilaterality and median position. The
E-field in the analysed ROIs increases from 2 to 52 % with the inclusion of WM
anisotropy. In the tumor regions, that rise is from 2 to 19 %, according to the
electrode montage used. Finally, the increase in tumor aggressiveness causes a
drop in E-field.
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8.2. Future Work and Direction

Further work can be done to improve the current work, such as: to include detailed

geometry and more tissues in modelling; to position electrodes for focality; to carry

out neurochemistry analysis for anesthesia and other drugs and to include blood ves-

sels and tractography. In particular, the author has identified the following topics for

further investigations:

Including the micro-architecture of the skin might explain skin irritation cases
in ECT. An analysis can be performed to determine the ideal placement of
electrodes accounting for both current magnitude required and temperature
rise;

Despite all efforts which have been made to acquire accurate data for electri-
cal and thermal properties of human tissues, there are still uncertainties. The
values may change according to subject, if in the presence of any pathology
and the degree of pathology. Subject-specific models are important to analyse
in a case by case study. Variations in thermal and electric field may be found
due to changes in geometry;

This study modelled the head from a macroscopic point of view, analysing
and investigating the thermal and electric fields due to ECT stimulation. ECT
changes some of the neurochemistry of the brain (Njau et al. 2016). The be-
haviour of neural stimulation and connections among neurons was not con-
sidered. Therefore, investigations at microscopic and mesoscopic levels and
the effects that ECT electrical stimulation causes, are still unexplored. One
way to address this issue is to add neurochemical signals brain information
that can be acquired from proton magnetic resonance spectroscopy to the
model (Bertholdo, Watcharakorn & Castillo 2013; Njau et al. 2016);

Prior to ECT stimulation, general anaesthesia and muscle relaxants are given
to the patient (Weiner 2002). These drugs cause changes in body temperature.

However, the influence and effect of these drugs is not considered in the
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models designed in this thesis. In order to acquire more realistic results, these
factors should be included in the simulations;

e It is well know that blood vessels may change the temperature of tissues
(Wang et al. 2014). In the models considered in this study, the blood vessels
are not included. Images of magnetic resonance angiography and automated
software may be used to include a vascular network (Prishvin, Manukyan &
Zaridze 2009; Van Leeuwen et al. 2000; Van Leeuwen, Kotte & Lagendijk
1998), in order to produce more realistic head models;

e This project is focusing on the modelling and simulation. The future work
will be the validation of these numerical studies. Some work has been done

using animals such as rat, cat, monkey, etc. by other researchers.
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APPENDIX I BIO-HEAT TRANSFER STUDY
USING RESISTIVE-CAPACITIVE NETWORK
MODEL

A not so common technique for thermo-electrical analysis is the coupled network
method. In this appendix, the bio-heat transfer equation coupled with the Laplace
equation is evaluated through a resistive-capacitive network model. Same parameters

and configurations were used to solve the problem, using electric circuit techniques.

[.1. Introduction

The coupled network method uses theory and elements from electric circuit to define
a model. This is a different approach to system modelling, which can be found in dif-
ferent application areas, such as in electromagnetic analysis (Hewitt 2005), heat con-
duction and nanosecond pulsed electric field. Gowrishankar et al. (2004) modelled
the spatially heterogeneous blood perfusion temperature-dependent transport of heat
conduction through a transport lattice approach. In the area of nanosecond pulsed
electric field, Esser et al. (2009) modelled rabbit liver tissue as a multicellular model
of irregular cells and considered their electrical and thermal responses. The models
were generated through the method of transport lattice and the aim was to treat solid
tumors. Apart from that, Gowrishankar and Weaver (2003) developed a transport lat-

tice method to understand the effects of electric fields on single and multiple cells.

136



APPENDIX I: BIO-HEAT TRANSFER STUDY USING RESISTIVE-
CAPACITIVE NETWORK MODEL

The nature of a coupled network forces one physics approach to influence an other,
then reverse this process repeatedly. In the present work, a resistive-capacitive net-
work is developed, where the electrical physics influences the thermal. However,
there is no influence in return to the electrical physics, due to the small variations in

temperature.

In this appendix, the ECT temperature rise using the resistive-capacitive network
method is investigated. Firstly, a simplified 1D thermal resistive-capacitive network
(RCN_1D) is built. Then, for comparison, a 2D FEM axisymmetric model
(AXM_2D) is also modelled. In these models, only the BHTE equation was ana-
lysed. Afterwards, a 3D five layers spherical thermo-electrical resistive-capacitive
network (RCN_3D) model is developed and evaluated. The resistive-capacitive net-
work models help with the understanding of temperature and electric fields but also
with the much faster generation of results. They can also serve as a part-validation
for the results from FEM models.

[.2. Methods

This section will cover the design of the head model in a resistive-capacitive network
manner and finite element method, considering the equations for modelling, configu-

rations, parameters, initial and boundary conditions.
I. Head Model Design

Two different types of model were considered in this section. A resistive-capacitive
network model was designed in Matlab through the method of finite difference
method (FDM). Then, equivalent models were simulated in COMSOL through finite
element methods (FEM).
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1. Resistive-Capacitive Network Model

In the resistive-capacitive approach, circuit elements are used to solve the model. In
this way, the domains are represented in terms of resistors, capacitors and sources
elements.

The human head model for this work is also developed using this approach. The
Matlab software is used to develop a script and Simulink generates some of the re-
sults. This method is solved through FDM and this type of analysis assists in the un-

derstanding of electrical and thermal behaviour through the layers.

The BHTE is solved using components from an electrical circuit. Kirchhoff’s laws
are applied to solve the circuit. In this case, tension (V) is equivalent to temperature
(T), resistance (R) is equivalent to thermal conductivity (k), capacitance as thermal

capacity (c), and heat generation is represented as current source.

To begin with, a linear problem is created, with one node being considered for each
tissue type (scalp, skull, CSF, GM and WM). This is the model RCN_1D. It is repre-

sented in Figure 1.1 and the schematic circuit diagram is shown in Figure 1.2.

. ]
Step Scope
. ]
Stepl Scope
o ® =Ax+Bu |:|
| v y = Cx+Du "
Step? State Space Scopel
. ]
Steps Scope?
. -
Stepd Scoped

Figure 1.1. Simulink circuit for 1D resistive network model.
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Figure 1.2. Schematic circuit diagram for RCN_1D model.

Later on, multiple nodes and layers are assumed, simulating a spherical model (mod-
el RCN_3D). Thereby, each layer contains three sublayers; each sublayer contains
361 nodes; which gives a total of 5,415 elements in the entire model. Each layer rep-
resents one of the five tissues of the head. The thermo-electrical nodes are considered

at the centroid of the element, as shown in Figure 1.3 and Figure 1.4.

Figure 1.3. Core discretization slice of spherical resistive-capacitive network model.
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Figure 1.4. Shape of element and positioning of node at centroid (Hewitt 2005).

Figure 1.5 shows a simplified schematic of the 3D circuit, where only one node from

each sublayer is shown.

If electric potential and temperature are independent of azimuthal and polar angles,
then the 3D model in Figure 1.3 and Figure 1.4 can be simplified to the model shown
in Figure 1.5. The equation below defines the BHTE for the circuit, where the sub-

script ‘i’ denotes the tissue layer.

o thissuei — (TtissueH_l - Ttissuei)
tissue; dt (Rtissuei+1 + Rtissuei
2

_ (Ttissuei - Ttissuei_l) + H.: ( 22 )
(Rtissuei“’Rtissuei_l) tissue;
2
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Figure 1.5. Simplified schematic of the resistive network model, RCN_03.

State equations are used to represent and enable an analysis of the problem. At any
point of the model, the solution is given by: T =T, + A;e” /™1 + - + A, et/

where t; is a time constant.

In this type of model, the electrodes are considered to be placed directly over the
head. Therefore, the electrical stimulation is applied over five nodes, in a cross
shape. The distance considered is equivalent to the one used during ECT, which

could fit the present model.
2. Finite Element Model

For comparison with the resistive-capacitive models, equivalent FEM models are
created. A 2D axisymmetric model (AXM_2D) is developed in COMSOL, which is
used to directly compare with RCN_1D. Later, the 3D spherical FEM (FEM_3D) is

modelled in COMSOL. This model also consists of five tissue layers with dimen-
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sions and configurations equivalent to RCN_3D. The model FEM_3D will be direct-
ly compared with RCN_3D.

For the models designed in COMSOL, the mesh is generated using FEM and the cal-

culation of such problems is solved using the same method.

Table 1.1 summarizes the models used in this section.

Table I.1. Summary of the human head models considered in Appendix I.

SOFTWARE PHYSICS -

MODEL ACRONYM MODELLED METHOD FUNCTION
1D resistive- Matlab + Thermal Assist in understand-
capacitive Simulink ing of thermal behav-
RCN_1D only — . .
network 5 layers -5 iour through tissue
FDM
model nodes layers
. Thermal . .
2D axisym- AXM 2D COMSOL only - Comparison with
metric model EEM RCN_1D
SETE et Themal+ (LD e
RCN_3D 5 layers— electrical — . .
network 5415 nodes EDM electrlcal_behawour
model through tissue layers
3D FEM Thermal + . .
spherical FEM_3D COMSOL electrical — Comparison with
5 layers RCN_3D
model FEM

3. Model Configurations and Conductivity
Assignment

In a similar way, each layer represents one type of head tissue. The diameter of the
external layer for the spherical models is considered to be 21 cm; and the thickness
of scalp, skull, CSF and GM are 1 cm. The assumed electrical and thermophysical
properties (Datta, Elwassif & Bikson 2009; Fiala, Lomas & Stohrer 1999; Hasgall
PA 2014) of these tissues are given in Table 1.2.
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Table 1.2. Electrical and thermophysical properties of head tissues.

k o P cp Qm wb
(W/(m.K))  (S/m) (Kg/m3)  J/(Kg.K)  (W/m3) (1/s)
Scalp 0.39 0.465 1125 3150 363 0.00143
Skull 1.15 0.0132 1850 1300 70 1.43e-4
CSF 0.60 1.654 1000 4200 0 0
GM 0.565 0.33 1035.5 3680 16229 1.3289e-2
WM 0.503 0.65 1027.4 3600 4517.9  3.6956e-3

ii. Heat Transfer Model

For the RCN_1D and the AXM_2D models, only thermal physics is considered. In
these cases, the BHTE (Pennes 1948) (Equation 2) alone is applied. The state space
equations shown in Figure 1.1 represent the BHTE. The equations are defined
equivalently to the one shown in Equation 22. In this case, parameter ‘A’ is the state
space matrix, defined for each node/tissue and its neighbors in terms of resistance
and capacitance. The thermal sources of each node/tissue are defined at the parame-

ter “‘u’. The parameters ‘B’ and ‘C’ are identity matrices, while ‘D’ is the null matrix.

For the RCN_3D and FEM_3D models, the physics applied involves heat transfer
and electrical potential simultaneously. The bio-heat transfer equation is combined to
Laplace equation (Datta, Elwassif & Bikson 2009; Elwassif et al. 2006) (Equation 4),

as described in Section 2.
pc2t = V(KVT) + 0pycy(Ta-T) + Quy + VIoVV] (4)

Time dependent domain is applied for the thermal physics. The range simulated var-
ies from 0 to 8 s (ECT safety values); but also, for some models an extrapolation of

these values is considered, modelling up to 3000 s.
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In the thermo-electrical models, the electrodes are also modelled. The configurations
are the conventional BL ECT, as described in Section 3.

lii. Initial and Boundary Conditions

Initial and boundary conditions are assigned for the thermal and electrical physics to

formulate the problem.

For the thermal physics:

e External BC: governed by heat flux (—k - Z—Z =h-(Tymp —T), Equation 7),

where h is assigned as 4 W/m?.°C; and Tamp as 24 °C.
¢ Internal BC, interfaces between two layers: conduction.

e Initial temperature: 36.7 °C.

For the electrical physics:

e Exposed BC: electrically insulated (Neumann BC, n - (aVV) = 0).

e Inner BC, between regions of different tissues: continuity.
For the exposed surfaces of electrodes:

e Cathode: Dirichlet (V = 0 volts) BC.
e Anode: Dirichlet (V =V, volts) BC., where V; is the input applied to the ac-
tive electrode, equivalent to the rms value of a biphasic brief pulse of 120 Hz,

1 millisecond width pulse, and the amplitude equivalent to 800 mA total cur-

rent injection.
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[.3.  Simulation and Results

The simulations are developed and designed to evaluate these models and their func-
tions. It starts with the simplest RCN_1D and AXM_2D models, then the RCN_3D
and the equivalent FEM_3D when the BL electrode stimulation is applied.

I. Thermal Physics Behaviour

These were the most simplified models, where only thermal physics is considered.
The intention here is to analyse the temperature changes in each tissue layer, during
an extended period of time, to compare the resistive-capacitive network model and
FEM models. In a step-by-step fashion, the interpretation of more complex models is
made easier, when joining electrical physics and considering realistic geometries in

the following sections.

The models are simulated for longer than the normal ECT period to investigate the
process thoroughly. Here, t = 1000 s is considered. Graphs of temperature against
time, for each tissue layer, are shown in Figure 1.6 and Figure 1.7, for the models
RCN_1D and the equivalent AXM_2D, respectively.
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Figure 1.6. Temperature behaviour versus time, during 1000 s, model RCN_1D, for layers of (a) scalp,

(b) skull, (c) CSF, (d) GM and (e) WM.
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Figure 1.7. Temperature versus time, during 1000 s, for COMSOL 2D sphere thermal model
(AXM_2D); results for layers (a) scalp, (b) skull, (c) CSF, (d) GM and () WM.

In Figure 1.6 and Figure 1.7, it can be seen that the temperature at both scalp and
skull layers decreases, due to ambient convection; at CSF, the temperature correlates
with blood temperature, while at GM and WM the temperature stays constant, with a
slight increase due to the high metabolic heat.

It is observed that the results from FDM and FEM are remarkably similar to each
other. However, there are still some small variations. This could be due to the re-
finement of the models. The FDM model considered here is an extremely simplified
one, with only one node per layer; whereas the FEM model, while still simplistic, has
thousands more nodes than RCN_1D.
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The above simulations are a starting point to understand the temperature behaviour
of the human head at each layer. It helps to understand and to interpret the results in

more difficult geometries, as the realistic geometries seen in the previous chapters.

ii. 3D Resistive-Capacitive Network Models

In the models considered here, both thermal and electrical physics are applied. Also,

the electrodes receive an input equivalent to 800 mA of electrical stimulation.

With the 3D spherical resistive-capacitive network modelled (RCN_3D model), it is
possible to find out when the system will reach a stationary state. For this purpose,
the eigenvalues and the eigenvectors of the system are calculated and compared with
the final temperature. Once they have an equivalent result, that means the system has
reached a steady state. This happens at approximately t = 3000 s, as shown in Figure
|.8a.

As can be seen from this figure, due to the extended time and the electrical stimula-
tion, the temperature at the scalp layer is extremely high; afterwards, the temperature
starts to drop as long as it penetrates deeper into the tissues, and also because of vari-
ation in the conductivities between tissues. Of course, this time period is not realistic
for ECT practices; however, it is important for understanding the behaviour of the

model over extended periods.

For better understanding, as an example, a comparison by using two extra different
time frames. In Figure 1.8b-c, the behaviours at times 1000 s and 8 s are seen. The
latter is a realistic time for ECT. It is shown that the two curves, in each case, are not
equivalent; which means they did not reach a steady-state. Also, the quicker the time

frame, the further it will be to reach a stationary state.
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Figure 1.8. Final temperature (ftem) compared with absolute temperature (statv) along radial line of
3D resistive-capacitive network model at (a) t = 3000 s, time to reach a steady state; (b) t = 1000 s;
and (c)t=8s.

Furthermore, it is also a way to evaluate and select a suitable time for ECT practice.
Figure 1.9a shows the estimation of temperature for cases where the stimulation is at
BL ECT position; this radial line starts from the scalp (in the middle of the electrode)
and ends at WM (at the centre of the sphere) during the time of 8 s period. The
equivalent model is simulated using COMSOL (FEM_3D model). In this case, a 3D
five layers spherical head model is considered with the same tissue parameters and
input stimulations. The results can be visualized in Figure 1.9b.

The starting point of this radial line is in the electrode region. As soon as it reaches
the scalp, the temperature starts to increase. When it reaches the skull, it keeps in-
creasing, due to the high conductivity in this layer. However, the low thermal time
constant does not allow high temperature to propagate, therefore the temperature

starts to drop and keeps on dropping when in CSF, due to its low conductivity. The
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high metabolic heat at GM, generates a slight increase in temperature; but the blood
perfusion maintains the equilibrium. Finally, at WM, the equilibrium continues.
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Figure 1.9. Estimation of temperature through a radial line of (a) 3D resistive network (RCN_3D) and
(b) equivalent COMSOL 3D spherical model (FEM_3D); BL ECT stimulationatt=8s.
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.4. Discussions

I. Comparison between Resistive Network
and FEM Models

Modelling using thermal physics only and using a longer period of time helps to un-
derstand the behaviour of temperature in each tissue layer, due to the thermophysical
characteristics. As observed in Figure 1.6 and Figure 1.7, the temperature at both
scalp and skull layers starts to decrease, due to convection to ambient; at CSF the
temperature goes up to blood temperature, while at GM and WM the temperature

remains constant.

The use of thermal results only supports the understanding for the thermo-electrical
stimulation models. When considering electrical stimulation, one would expect an
increase in temperature. This rise follows an equivalent pattern of thermal only re-
sults. As demonstrated in Figure 1.9, the temperature increases from scalp to skull
layers. This rise is due to the electrical stimulation and the high thermal conductivity
value of the skull. Correspondingly, a decrease occurs from skull to CSF. This drop
happens due to the small period of time stimulated, only 8 seconds. The thermal time
constant is not achieved during this short period and the electrical heat does not
propagate to deeper tissues. Therefore, the temperature starts to stabilize to blood
temperature. At GM, a small lump appears, due to the high metabolic heat at this
layer. But this is stabilized with blood perfusion; and the stability maintains at WM

layer.

These similar results are obtained using both the 3D resistive-capacitive network,
RCN_3D, and the FEM model, FEM_3D. Therefore, the resistive-capacitive network
model, using finitely different methods, works as a part-validation to the FEM mod-
el. The advantage of the RCN models is that the analysis occurs over an extended
period of time, consuming only seconds for computation. Therefore, results can be
obtained and interpreted more quickly. However, for more sophisticated and realistic

geometries and inclusion of anisotropy conductivity, this method is not viable.
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ii. Steady-State

ECT electrical stimulation is measured in the range of seconds of time (Weiner
2002). Therefore, the thermo-electrical models also need to be simulated during this
short period. At this point in time, it is insufficient for the system to reach a thermal
stationary state. In order to better understand the behaviour of temperature distribu-
tion and to make sure the developed system provides suitable results, steady-state is
calculated using the RCN_3D model, as seen in Figure 1.8, although this is unrealis-
tic for ECT purposes, for which, the eigenvalues and eigenvectors of the system have
been calculated. From there, it is possible to find the thermal time constant, and when
the model reaches its stationary state. This is another advantage of developing the
resistive-capacitive network models, as the FEM models take too long to run and it
will be harder to find the steady state time.

.5. Conclusions

With the RC network models, it is also possible to simulate the rise in temperature
due to ECT electrical stimulation. The advantages of these models are the quicker
run times and faster results processing; the possibility of finding the stationary state;
and to partially validate the FEM models. However, there are also some disad-
vantages with the RC models, as it is harder to simulate anisotropic structures and
more complex and realistic geometries. Meanwhile, it is well known how difficult it
is to validate the simulations with human head models in tES and the RC developed

here works as a part-validation for these models.
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