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Abstract

According to the World Health Organization, by 2022, nervous system disorders is the
second leading cause of death worldwide and the leading cause of disability-adjusted life
years. The two primary diagnostic subgroups of common mental diseases are depressive
disorder/depression and anxiety disorder. Depression is the leading cause of disability
worldwide (7.5% of all years with disability), and anxiety disorders are ranked sixth
(3.4%). Furthermore, depression is a major factor in the approximately 800,000 suicide
fatalities that occur each year. According to World Health Organization data, by 2022,
approximately 322 million people worldwide with depression, and from those 4,480,113
total cases are found in Ethiopia. Brain disorders are thought to arise from abnormal neural
activities, and neuromodulation methods are becoming increasingly popular because they
can directly manipulate these neural circuits. Non-invasive brain stimulation via
transcranial magnetic stimulation, which uses a magnetic pulse to activate a specific brain
region, or transcranial direct current stimulation , which uses a mild electrical current to
modulate neuronal activity, is effective for research and have potential therapeutic
applications in health facilities. For the exploration of neurophysiology, cognitive,
emotional, and other behavioral domains in healthy controls, as well as for the treatment
of patients suffering from various neuropsychiatric illnesses, Transcranial magnetic
stimulation and direct current stimulation are regarded as safe and well-tolerated therapies.
Transcranial magnetic stimulation activates deep brain regions responsible for depression,
resulting in significant improvement for patients, including those who had tried multiple
antidepressant cycles and it is a novel, non-invasive, and effective depression treatment.
In this thesis, we design, simulate and analyze non-invasive brain stimulation system for
depression recovery. We first assess and investigate the current impact level of depressive
disorder in the local community, as well as the challenges and obstacles to treatment, and
then we review the effectiveness of non-invasive brain stimulation for depression
treatments. Then we use fast electrical and electromagnetic field distribution computational
model software packages to design and simulate non-invasive transcranial magnetic brain
stimulation for the treatment of brain depression, as well as to optimize and analyze the
design and simulation outputs.

Keywords: Brain depression, Computational model, NIBS, Mental disorder, TDCS, TMS
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CHAPTER ONE

Introduction
1.1  Background

Neurological disorders are the main cause of disability-adjusted life year and the biggest
cause of death worldwide, accounting for 9 million fatalities per year [1], [2].

According to the WHO prevalence of mental disorder report in 2019, [1] one out of every
eight individuals, or 970 million people worldwide, suffered from a mental disorder, the
most frequent of which were anxiety and depression. The COVID-19 outbreak resulted in
a significant increase in the number of persons suffering from anxiety and depression in
2020. Major depressive disorder(MDD) significantly affects the person quality of life [3].
In addition, the WHO estimates that 280 million individuals worldwide suffer from
depression, accounting for around 5% of the global adult population [1]. Major depression
accounts for 4.3% of total disability-adjusted life years, ranking third among all disorders.
According to the WHO's 2030 forecasts, serious depression will account for 6.2% of the
total DALY burden, and patients with MDD have twice the death rate as the general
population.

Depression is ranked by WHO as the single largest contributor to global disability (7.5%
of all years lived with disability); anxiety disorders are ranked 6 1 (3.4%) and it is also a
major contributor to suicide deaths, which number close to 800 000 per year [2]. According
to the WHO African region country estimate for 2022, the prevalence of depression and
anxiety disorders in Ethiopia is 4,480,113 and 3,139,003, respectively [1], [2].

Globally, 52.9 million children younger than 5 years had developmental disabilities and
95% of these children lived in low- and middle-income countries [3]. Neuropsychiatric
disorders are a leading source of disability and require novel treatments that target the
mechanisms of disease [3], [4].

Neuromodulation methods are indispensable for investigating brain function and treating
several neurological and psychiatric conditions [4]. These methods intervene directly with
neural activity through a wide array of mechanisms, such as electromagnetic fields.
Noninvasive brain stimulation(NIBS) is a valuable tool for interventional neurophysiology
applications, modulating brain activity in a specific, distributed cortico-subcortical

network to induce controlled and controllable behavioral manipulations; and for focal



neuropharmacology delivery, via neurotransmitter release in specific neural networks and
the induction of focal gene expression, which may result in a specific behavioral impact
[2]. Given the numerous ongoing clinical trials being conducted in a wide range of
disorders, NIBS is a feasible treatment for several medical ailments. The therapeutic utility
of noninvasive brain stimulation has been claimed in the literature for psychiatric disorders,
such as depression, acute mania, bipolar disorders, hallucinations, obsessions,
schizophrenia, catatonia, posttraumatic stress disorder, or drug craving; neurologic
diseases, such as Parkinson’s disease, dystonia, tics, stuttering, tinnitus, spasticity, or
epilepsy; rehabilitation of aphasia or hand function after stroke; and pain syndromes [2],
[3], [4], [5].

1.1.1 Brain Stimulation

A variety of mental illnesses can be treated with brain-stimulating therapies. Brain
stimulation therapies involve directly electrically stimulating or inhibiting the brain. NIBS
became an innovative tool for neurophysiologic research, psychological and cognitive
investigation, and, ultimately, clinical treatment of a wide spectrum of neuropsychiatric
conditions. Indeed, the two primary NIBS techniques TMS and TDCS have emerged as
the cornerstones of clinical neuroscience as instruments for studying cognitive and
behavioral processes. On the other hand, as the acronym NIBS literally indicates, TMS and
DCS are considered safe and well-tolerated interventions for the investigation of
neurophysiology, cognitive, affective, and other behavioral domains in healthy controls, as
well as for the treatment of patients affected by different neuropsychiatric disorders [2],
[5]. Many clinicians and patients believe that clinical use of NIBS as therapeutic
interventions, TMS and DCS are better tolerated than many psychotropic drugs due to their
lack of systemic side-effects, such as weight gain and sexual dysfunctions, which are
frequently responsible for poor therapy compliance and treatment withdrawal in medicated
patients [6]. TMS allows neurostimulation and neuromodulation, while DCS is a pure
neuromodulator application [2]. TMS and DCS allow diagnostic and interventional
neurophysiology applications and focal neuropharmacology delivery. TMS is a popular
neurostimulation method that employs magnetic induction to generate current in the brain
remotely through a coil placed next to the subject's head. It is noninvasive and noncontact

[2]. TMS activates deep brain regions which are responsible for depression, generating



significant improvement for patients, including those who tried several cycles of
antidepressants. TMS is a novel, non-invasive, and highly effective treatment for
depression.

1.1.2 Design Principles of Transcranial Brain Stimulation

Transcranial Brain Stimulation (TBS) methods allow for modulating brain activity in a
non-invasive fashion and with minimal side effects [6]. TMS, which utilizes a magnetic
coil to create an electric field in the brain by electromagnetic induction, and transcranial
electric stimulation (TES), which uses electrodes inserted in the scalp to create an electric
field in the brain, are the two main types of TBS.

TMS is a neurophysiological technique that allows a noninvasive, painless stimulation of
the human brain through the intact scalp [2], [7] and uses a large, time-varying electric
current, passing through a coil placed close to the head [6] as shown the figure 1 below.

Figure 1: A Computational model of TMS

Depending on where the coil is placed, TMS can target various parts of the brain. Since
the output produced by the stimulation of one side's primary motor area can be easily
recorded from muscles on the opposite side of the body, TMS effects on motor areas have
been better defined than non-motor areas [7].

TMS is based on Faraday's principle of electromagnetic induction, according to which a
time-varying magnetic field will induce an electric current [8]. In TMS, a coil composed
of copper wire loops encased in plastic receives a short electric current that is passed
through a capacitor. A focal magnetic field that is induced perpendicular to the coil plane
enters the scalp and the skull without attenuation and produces an electric current [6], [7],
[8]. An action potential will be produced if the induced electric current is powerful enough
to alter the electrical potential of the conducting surface neuronal membranes [2] ,[8]. That

means magnetic stimulators are composed of two main parts: a capacitive high-voltage,



high-current charge-discharge system, and a magnetic stimulating coil system that
generates pulsed fields of 1-4 Tesla strength with durations of about a millisecond for
single-pulse stimulators and a quarter of a millisecond for rapid stimulators [2].

Because TMS is non-invasive, computational modeling of the electric and magnetic fields
within a patient-specific head model is the primary, and sometimes the only method for
promoting spatial targeting and/or obtaining a quantitative measure of stimulation
intensity.

Thus, in this thesis, we use an alternatively modeling approach for fast, high-resolution
simulation of TMS. The mathematical algorithm is based on a direct description of the
boundary element method in terms of induced charge density at interfaces, which is
naturally paired with the fast multipole method, or BEM-FMM is used to simulate and
analyze the computational distribution of electromagnetic fields on the human brain tissue
layers. we also simulate and analyze the TMS coil design and also simulate the coil
positions on each brain compartments.

1.2  Statement of the Problem

The increasing prevalence of MDD presents a significant public health challenge, affecting
millions of individuals worldwide and leading to substantial personal, social, and economic
burdens. The current therapy strategy for brain disorders includes antidepressant drugs and
psychologists, as well as holy water in low-income and religious countries, which is the
most common and first-line treatment for many people. However, because of the scarcity
and high cost of antidepressant medicine, more than 75% of people in low- and middle-
income countries [14], do not get the full treatment. Furthermore, even if a patient receives
antidepressant medication therapy, they will experience common side effects such as low
blood pressure, irregular heart rate, nervousness, sexual problems, difficulty sleeping, and
seizure, and also the majority of patients will not respond adequately. NIBS is currently a
recently proposed method that helps to tolerate alternative treatment for MDD than many
antidepressant drugs due to their lack of systemic side effects, effective results with
depression, and painless and non-invasive administration. TMS involves the application of
magnetic fields to specific brain regions, inducing electric currents that modulate neuronal
activity. This method has gained significant attention due to its effectiveness, minimal side

effects cost effective, and non-invasiveness. Despite its clinical success, optimizing TMS



for individual patients remains a challenge. This is where computational models play a
crucial role. Computational models of TMS involve the use of mathematical and computer
simulations to understand and predict the effects of magnetic stimulation on the brain.
As a result, in this thesis, we use the fast computational mathematical algorithm model to
design, simulate, and analyze noninvasive brain stimulation/TMS devices that aid in the
detection and treatment of the consequences of community MDD.

1.2.1 Main Research Questions

In this regard, the thesis should answer the following research questions

1) What is the impact level of major depressive disorder in the local community?

2) How to model and design and what are the design components of TMS?

3) What are the methods or techniques used to optimize TMS design?

4) What are the methods or techniques applied in TMS simulation and analysis?
1.3 Objectives of the Study
1.3.1 General objective
The main objective of this research is to design, simulate and analyze a computational
model of non-invasive transcranial magnetic stimulation systems for the treatment of major
depressive disorders.
1.3.2 Specific objectives
e To examine and investigate the impact level of major depressive disorder in the local

community, as well as current treatment methods and challenges.
e To describe the computational model and design of a non-invasive transcranial
magnetic brain stimulator for depression treatment.

e To identify the level and location of neural activity loss during MDD
e Toreview literature evidence related to the TMS design principle and treatment method
e To optimize the design results that customized the proposed systems
e To simulate and analyze the results of a non-invasive transcranial magnetic brain

stimulation model.



1.4 Significance of the Thesis

According to WHO data for 2021, nervous system illnesses affect over 3 billion people
worldwide and account for 9 million deaths each year, making them the second leading
cause of death in terms of disability-adjusted life years.

Due to the better tolerated therapeutic interventions than many psychotropic drugs and lack
of systemic side-effects, NIBS, is an innovative tool for neurophysiologic research,
psychological and cognitive investigation, and, ultimately, clinical treatment of a wide
spectrum of neuropsychiatric conditions. From the common non-invasive brain simulator,
TMS is more effective stimulator for the treatment of the MDD.

This thesis presents a computational design, simulation, and analysis of, effective therapy,
simple-to-use, and an optimized transcranial magnetic brain stimulation that can treat and
decrease the prevalence of the MDD in the local community. If the proposed method is
implemented, local populations will benefit from reduced antidepressant medication costs,
reduced drug side effects, shorter wait times for psychiatric doctors, and faster relief.
Those psychiatry patients that are not responding to antidepression drugs are also treated
as well. Since transcranial brain stimulation is non-invasive, there is no chemical insertion
into patients’ body, the patients are safer from brain damage due to chemical and
antidepressant adaptations. On the other hand, psychiatry professionals at healthcare levels
are more benefitted from these devices as it helps them to treat patients safely and they can
get basic engineering knowledges of brain stimulation with magnetic energy which
motivate them for further research. Furthermore, the researcher will improve knowledge
of the human brain electrical circuit system, brain loss, and brain stimulation systems and
methods of treatments for further research to help the communities.

1.5  The Scope of the Thesis

The first phase of this thesis examined the severity and prevalence of major depressive
disorder at the local level in the psychiatric departments of two particular Hospitals, Tibebe
Ghion and Felege Hiwot, and also review the present non-invasive transcranial magnetic
brain stimulation approaches for depression treatment and their limitations. Then, it
describes the system computational design model and simulation of an optimal transcranial
magnetic brain stimulator model for depression therapy, and then analyzes the simulator's

performances, and ended with concluding.



1.6 Ethical Consideration

The study was carried out after the idea was authorized by the SADK committee at Bahir
Dar Institute of Technology, and the Bahir Dar Institute of Technology ethical clearance
approval committee granted permission for the research activity. Letters of support were
also obtained from the appropriate bodies (Tibebe Gihon Specialized Teaching Hospital
and Felege Hiwot Specialized Hospital).

All study participants were told on the trial's goal and advantages, and their consent was
obtained orally in advance. Health professionals will guarantee that the study follows
ethical norms and legislation governing patient data protection, consent, and confidentiality
throughout. Obtain the necessary approvals for the collecting and use of patient data in this

study, as well as the proper anonymization and safeguarding of sensitive information.

1.7 Organization of Thesis

The structure of this thesis is defined and organized as follows:

Chapter 1: It includes a problem statement, research questions, ethical clearance and
objectives in addition to an introduction and background of the thesis work. It also
discusses the significance and rationality of the research.

Chapter 2: Presents a review of the literature on the model design, method of simulation
and optimization principles and techniques of TMS system for recovery of MDD.
Chapter 3: Shows the methodology, resources, mathematical computational model,
governing equations and tools utilized to support the work, as well as the strategy,
technique, and system model.

Chapter 4: It explains collected data analysis, the outcomes and repercussions of putting
the plan into action, examines the output of a matlab simulation which includes the
distribution of electromagnetic fields, and also illustrate the TMS coil design.

Chapter 5: This section displays the thesis finding and work result conclusion, as well as

the thesis limitations and future work.



CHAPTER TWO

Literature Review

Transcranial magnetic stimulation uses a coil placed on the scalp to non-invasively
modulate the activity of targeted brain networks via a magnetically induced electric field
(E-field), and the E-field induced during TMS is ideally focused on a targeted cortical
region of interest [9]. As [9] proposed, to improve TMS computational accuracy and speed,
they developed a fast computational auxiliary dipole method as compared to the finite
element computational method for determining the best coil position and orientation. The
optimal coil placing maximizes the E-field along a predetermined direction or the overall
E-field magnitude in the targeted region of interest

According to the author of [10] studies, the Quadruple Butterfly Coil was developed with
the main goal of allowing researchers a finer resolution for stimulation, and this new coil
aims to decrease the stimulation volume over the cortex rather than achieve deeper brain
stimulation. Also, the calculation of the electric field (E-field) and modelling of
transcranial magnetic stimulation coils were performed using SEMCAD X, and a quasi-
static, low-frequency solver was used for the calculation of the induced electric field in the
brain. TMS coil geometry is critical in determining the facility and depth of penetration of
the induced electric field that causes stimulation. Clinicians and basic scientists are
interested in stimulating a specific area of the brain while preventing surrounding neural
networks.

The research work conducted by [3] designs a novel Halo V TMS coil made of
conventional Halo and V coils. By examining the distribution of the induced magnetic and
electric fields, the impact of the Halo V coil on the human head model in ball form is
examined. In order to investigate the distributions of induced electric and magnetic fields,
the researchers [3] present a simulation of the Halo V coil mounted on the five-shell
spherical human head model using the finite element approach. By contrasting the
simulation results with the commercially available Halo-figure eight assembly coil and
common single coils like the Halo and V coils, the performance of the proposed Halo V
coil is assessed. Simulation results reveal that the Halo V coil has better focality in terms

of electric field dispersion compared to other single and assembly stimulation coils.



According to the research conducted by [4] Finite element method (FEM), Boundary
element method (BEM), and Finite difference method (FDM) are commonly used for TMS
E-field dosimetry and sensitivity analysis to TMS setup settings. Modelling and numerical
mistakes restrict the accuracy of these procedures. Numerical error, unlike modelling
mistake, can be minimized and not have a substantial impact on accuracy.

Computational modeling is an effective tool for studying TMS systems and selecting
stimulation parameters for more selective target engagement. Prior modeling efforts
focused on calculating the spatial distribution of the E-field induced by transcranial
magnetic stimulation in head models derived from magnetic resonance imaging data,
typically using the finite element method [11].

As [12] mentioned the net TMS E-field is made up of primary and secondary components
and the primary component, the E-field directly induced by the coil, can be calculated using
scalar and vector potentials based on the geometric properties of the TMS coil. Due to
induced charges on tissue interfaces, the secondary component can be found using the
BEM, FEM, or FDM.

The research done by [3] they have created a quick computational auxiliary dipole
technique (ADM) to determine the ideal coil position and orientation in order to increase
TMS accuracy. The ideal coil placement maximizes the E-field in the targeted ROl in a
specific direction or, conversely, the overall size of the E-field.

The most common computational methods used in the transcranial magnetic stimulation
model design for the calculation of electromagnetic field distributions are the finite element
method, boundary element method, finite difference method, and the current new proposed
fast multipole boundary methods.

The computational approaches described above differ in terms of computational speed and
spatial precision. Among them, the boundary method is fast as compared to the other finite
element method and finite difference method. The issue with BEM, FEM, and FDM is that
they offer a compromise between spatial accuracy and computational speed [12].

For this thesis, we apply and use a new TMS modeling method based on the combination
of the boundary element method and the fast multipole method (BEM-FMM), which
provides both speed and accuracy. As compared to the standard boundary element method

and the finite element method used in SImMNIBS or commercial FEM software ANSYS



Maxwell 3D, the BEM-FMM approach demonstrated faster computational speed (10-1000
times faster) [12] and superior accuracy for high-resolution head models and also for this
approach the current study introduces an open-source software package for modeling TMS
fields at high resolution using BEM-FMM.

Other related work on the TMS design is reviewed and summarized in the table next page

in addition to the works already listed above.
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Table 1: Summarized related works on the design of TMS computational model

Previous works
1. P. Rastogi et.al, Transcranial
Magnetic Stimulation-coil

design with improved focality.

2. | Truong, Dennis Quangvinh,
"Translational Modeling of
Non-Invasive Electrical
Stimulation [22]

3. | Fast computational optimization
of TMS coil placement for
individualized electric field
targeting.

4. | Timothy Wagner et. al,
Noninvasive Human Brain
Stimulation [2].

5. | Guidetti, M et.al,
Neuroprotection and Non-
Invasive Brain Stimulation:
Facts or Fiction, 2022 [19]

Methods

Calculation of the electric field
(E-field) and modeling of TMS
coils was performed using
SEMCAD X.

Finite element method for a
computational model of current

flow and distribution

Auxiliary dipole method (ADM)
for determining the optimum

coil position and orientation

Finite element method for

computational model

Finite element method for

computational method

Strength
Novel coil design QBC is
proposed

It uses more than 5 MRI images

based on their body mass index

ADM can assess E-field
uncertainty resulting from the
precision limitations of TMS coil
placement protocols.

Design both the electrical and

magnetic simulations

They doing using the invitro

animal model.

11

Limitation

Future research might make use of
magnetic shielding and improvements
to coils to increase size/angle and the
QBC's focal point.

They did not sample the underweight
BMI spectrum and it is TDCS work

The optimal coil orientation is
ambiguous for ROIs containing highly

curved sulcal walls.

Need machine pules improvement

animal models do not completely fit

with the complexity of human behavior



Chapter Three

System Model and Design
3.1 Methodology of the work
This thesis section includes data collection methods to understand the prevalence of MDD
in the community, the area and level of the brain affected by MDD, current MDD treatment
approaches, and TMS-based treatment with fundamental design elements. It also describes
computational models used to calculate the electrical and magnetic field distribution of the
TMS coil using fundamental mathematical equations and brain tissue models, head
modeling, over all TMS system model design, design result optimization, simulation, and
evaluation techniques.
3.1.1 Data Collection
To understand the distribution rate or prevalence of MDD in the local community, as well
as current treatment methods and challenges, we chose two hospitals near Bahir Dar that
serve a large population and have psychiatric departments: Tibebe Ghion and Felege Hiwot
hospitals. As a result, all numerical data related to depression disorder cases were gathered
with the assistance of psychiatry professionals and support staff. After collecting all
relevant data, its quality and completeness are analyzed. The prevalence, severity, and
impact of depressive disorder in the local communities are analyzed using data from the
above two health facilities. In this thesis, this data is not used as components or inputs to
our TMS design, but rather to understand the burdens and prevalence rates of MDD in our
local communities.
3.1.2 Level and location of neural activity loss during MDD
Major depressive disorder is a serious medical condition that causes significant morbidity
and disability. This thesis reviewed evidence from neuroimaging, neuropsychiatric, and
brain stimulation experiments to answer the question of the location and leveling of neural
activities in the brain during the depression. After reviewing the loss level which include
decreasing the metabolic activities, dimensioned the neuron transmitter, altered brain
connectivity and identify the location of neural activities in the brain during the depression,

develop non-invasive transcranial brain stimulation system model for depression treatment.
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3.2  Brain regions associated with Depression

MDD is distinguished by persistent poor mood, which is frequently accompanied by
cognitive dysfunction, somatic symptoms, and decreased social function [4],[25],[26]. In
several research, neuroimaging technologies, particularly magnetic resonance imaging,
have been used to detect disorder-related patterns of brain alterations related with MDD.
Researchers commonly use magnetic resonance imaging scan sequences such as high
resolution structural imaging, which shows gray matter thickness in volume and brain
morphology; diffusion tensor imaging, which depicts white matter microstructure; and
functional magnetic resonance imaging, which depicts neuronal activity in target brain
regions [4], [27], [31]. Anatomical MRI investigations have revealed several regional gray
matter alterations in the frontal lobe, parietal lobe, thalamus, caudate, pallidum, putamen,
and temporal lobes (For instance the hippocampus and amygdala) [4],[31]. White matter
abnormalities, such as decreased fractional anisotropy in the cingulum, hippocampus,
parietal areas, inferior temporal gyrus, and superior frontal gyrus, have been observed in
diffusion tensor imaging investigations [31], [32]. Various regions of the brain
communicate with one another, eventually forming complex brain networks.

According to the evidence from neuroimaging, neuropsychiatric, and brain stimulation
experiments the following structure of the brain are mostly affected by MDD [1], [2], [5].

Thalamus

Right hemisphere Left hemisphere

Prefrontal
cortex

Figure 2: Region of the brain which is affected by MDD
3.2.1 Frontal Lobe

The most common site for showing anatomic abnormalities in MDD has been considered

to be the change in volume of frontal regions [1],[2]. From the structure of frontal lobe the

13



anterior cingulate cortex (ACC) is anatomically connected to the dorsal neocortical and
ventral paralimbic regions and is involved in cognitive and mood control processes [1],[3].
According to an functional magnetic resonance study [1],[3] the ACC has enhanced
functional correlations with the dorsolateral prefrontal cortex (DLPFC) and the amygdala
in MDD patients, implying that the ACC functions as a bridge between the DLPFC and the
amygdala and is important in attention and emotion. The DLPFC is important for
emotional, motivational, attentional, and executive functioning [4],[27]. Grey matter
volume deficits in the DLPFC have also been identified in MDD patients compared to
healthy controls [7], [22]. Brain activity in the DLPFC was also shown to be diminished,
but it could be restored to normal after antidepressant medication [7],[31].

3.2.2 Amygdala

The amygdala is one of many deep brain structures linked to emotions, and activity in this
region is increased when a person is sad or clinically depressed [5].

3.2.3 Hippocampus

The hippocampus is connected to memory retrieval and the principles of reward, and
depressed patients' hippocampuses are smaller than those of healthy controls [4]. A small
hippocampus was more common in people with depression who were over 40, had severe
or numerous episodes, or both [4], [7], [27], [36]. Depressive patients had lower
hippocampal brain activity, according to and functional magnetic resonance imaging study
and also reduced grey matter volume and functional activity in the hippocampus would
result in unpleasant feeling and the inability to process cognitive information in depressive
patients [4].

3.2.4 Thalamus

The thalamus is regarded as a complex sensory information node that regulates arousal,
emotion, and memory. Additionally, thalamic dysfunction and structural changes might
cause an amnestic syndrome due to deficits in identification and recollection [8], [31].
Patients with MDD have shown significant volume decreases and structural alterations in
the left thalamus [4], [31], [32]. A recent meta-analysis supported the observation that
MDD patients had less grey matter volume in their right thalamus [7], [31].
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3.2.5 Pariental lobe

During conditioning, the parietal lobe is engaged in the organization, decision making, and
prediction of rewards, which analyses outcomes for future response choices that are
unpredictable [9]. MDD patients had increased cortical thickness in the left inferior parietal
gyrus as compared to healthy controls, and morphometric correlation analysis revealed a
positive caudate-cortical link in the bilateral superior parietal lobe [7].

3.3  Approaches for MDD Treatment

Medication and psychotherapy are the most well-known and effective therapies for the
majority of persons suffering with depression globally. In addition, interviews performed
at two extremely populated hospitals in Bahirdar City, Felege Hiwot and Tibebe Ghion,
reveal that the current treatment modalities used include a combination of medicine and
psychotherapy. Antidepressants, such as selective serotonin reuptake inhibitors and
serotonin-norepinephrine reuptake inhibitors, are often prescribed, and cognitive-
behavioral therapy and interpersonal therapy are both forms of psychotherapy.

Despite the availability of effective medications, treating MDD in Ethiopia poses a number
of challenges. These include a shortage of mental health specialists, limited access to
mental health therapies, antidepressant side effects, a lack of therapy equipment, the
expensive cost of antidepressants and their lower efficacy, the long recovery time, a lack
of psychiatric service in small-level health facilities, and the stigma associated with mental
illness. For patients with MDD who haven't responded or do not get better with
antidepressants and psychotherapy, the other recommended procedure for treatment is
brain stimulation therapy, which includes electroconvulsive therapy and involves passing
electrical currents through the brain to influence the function and effect of
neurotransmitters in the brain to alleviate depression, whereas TMS uses a treatment coil
placed against the scalp to send brief magnetic pulses to stimulate nerve cells in the brain

that are involved in mood regulation and depression.

3.3.1 TMS Based MDD Treatment

TMS is a non-invasive treatment in which magnetic fields stimulate nerve cells in the brain. It is a
safe and effective technique to treat a variety of mental and physical health problems, including
depression. TMS involves putting an electromagnetic coil on a patient scalp near the

forehead and delivering short magnetic pulses painlessly into a region of the brain that

15



regulates mood or brain areas under depression. Figure 3 demonstrate that the

representation of placement and working principles of TMS on the brain to treat the MDD.

Electromagnetic coil

Magnetic tield &

Target area

Figure 3: Sample TMS coil placement to treat the MDD
3.4  Computational Models of TMS

To investigate the distribution effect of the electromagnetic field features, we implement a
mathematical computational model simulation of the magnetic coil on brain tissue using
Matlab software packages. A magnetic coil is used in the noninvasive procedure known as
TMS, which modulates the electrical activity of our brain. TMS computational modeling
involves a compromise between computational speed and spatial precision. We used
multiple software toolkits for good resolution TMS modelling in this investigation, and the
different matlab and other software (like SimNIBS to allow simple, subject-specific
operation) compatible toolkits included different computational approaches, including the
newly developed BEM-FMM, which gives optimum solution computations near tissue
interfaces. The BEM-FMM TMS modeling Toolkit is an application designed to simulate
the electric fields produced by TMS. It uses BEM-FMM to obtain great accuracy and
precision in electric field computations. To improve the accuracy of TMS, BEM-FMM is
better to determining the optimum coil position and orientation. The best coil placement
optimizes the E-field in the intended ROI either overall or along a predetermined direction
[3]. Basic matlab computational scripts that develop coil/head position, perform
computations, and output electric fields on surfaces and in volume are also required to
construct TMS computational models. In addition to the basic scripts, it needs that head

models withs in different brain compartments, the coil wire construction and CAD models,
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coil testing, mathematical computation scripts which include the BEM-FMM, and the
tissue conductivity values come from the SimNIBS TMS software package, which also
used.

In this thesis, we also use multi mesh scripts to produce a combined mesh for the head
model, tissue meshes, and to combine the different meshes into a single mesh. The basic
set consists of stereolithography files in the shape of faceted shells for each unique brain
region. Triangular facets with normal vectors pointing away from the shell are used in
stereolithography files. The segmentation pipeline for SImNIBS and other pertinent
software produce this as their default output.

3.5  Mathematical Model and Governing Equations

Maxwell's fourth rule of ampere's circuit law is used to generate fields by sending a large
amplitude current pulse to the coil. Where the charge carrier distribution in the closed-loop
coil generates a magnetic field perpendicular to the coil surface, the changing magnetic
field causes an electric field in the conductive brain tissue medium. The differential
equations used for expressing the above senecios, where J and Je represents the current
density vector and externally generated current density respectively. H and A represent the
magnetic field vector and potential, respectively, whereas B represents the magnetic
intensity vector. Furthermore, the strength of the total induced electric field E of the coil is
the sum of primary electric field which expressed in terms of magnetic vector potential
Ep = —jwA and secondary electric field which expressed in terms of electric potential

Es = —V@ and D the displacement vector.

J =VXH=oE + jwD +Je (3.1)
E=-V0—jwA (3.2)

B = VXA (3.3)

D=c¢erE (3.4)

Where: &, vacuum permittivity, er, relative permittivity of the materials which is the

ratio of permittivity of dielectric material to permittivity of vacuum, o conductivity of the

- .9, .0 ) .
human brain layers, V vector operator expressed as V = i +15 + k& , w IS angular

frequncy which is expressed as w = 2rf, and @ is the electric potential, in the node it is

calculated by solving the Laplace equation V - (6V®) = 0.

17



The behavior of electric fields inside a volume conductor, such as the human head, is
governed by differential equations like equations 3.1 to 3.6 and boundary integral equations
such as equation 3.7, which are used to reduce computation time and increase accuracy
when calculating the distribution of electric and magnetic fields on the conducting medium,
such as human brain tissue.

At the typical frequencies used in TMS (~10 kHz), electric fields can be well described

using a quasi-static approximation, which leads to a Poisson equation [18].

V- (0Vp) =-V.0 2 (3.5)
with the Neumann boundary conditions
a9 _ 94
on = —N.o-on 20 (3.6)

where, A is a magnetic vector potential. This quantity is defined such that B = V x A,
where B is the magnetic field produced by the coil. The spatial distribution of a coil
magnetic field B(p) depends on its geometric properties such as shape, number of turns,
and radii [15].

3.5.1 Fast Multipole Method (FMM)

The FMM is a frontal program compiled for MATLAB and the FMM algorithm's tolerance
level is set to 0 or 1 (the relative least-squares error is guaranteed not to exceed 0.5% or
0.05%, respectively) [12]. With this FMM version, it is simple to include and accurately
assess a limited number of analytical neighbor integrals on triangular patches. The FMM
can be used to severalfold accelerate boundary integral equations solutions to reduce CPU
time in an FMM-accelerated BEM and also the fast multipole method used in solving of
important BEM system of equations in engineering problems [16].

3.5.2 Boundary element method (BEM)

The boundary element method is a numerical method for resolving boundary-value or
initial-value problems that are expressed using boundary integral equations. The FDM,
FEM, and element free method are domain-based mathematical methods that use ordinary
differential equation or partial differential equation formulations like the equations
expressed in 3.1 to 3.6, whereas the BEM and boundary node method are boundary-based
methods that use BIE formulations [16]. Particularly with the aid of the FMM, the BEM
has gained a great deal of interest in the field of computational mechanics. The BEM's
applications now cover a broad range of engineering disciplines and go well beyond the
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scope of traditional potential and elasticity theories, including wave propagation (acoustic,
elastic and electromagnetic), design sensitivities, and optimizations [7], [16]. In this study
we use the direct charge-based boundary element approach in a conducting medium. When
an external electromagnetic stimulus (a primary electric field Ep(r), either conservative or
solenoidal) is delivered, induced charges with a surface charge density p(r) in C/m2 occur
on tissue conductivity interfaces (S). The induced surface charges change (usually block
and/or redirect) the primary stimulus field. Coulomb's law governs the total electric field
in space, with the exception of charged interfaces [7]. The appropriate integral equation is
found by putting the total electric field Et in a form that takes into account the primary
solenoidal field Ep as well as a conservative contribution from the secondary induced

surface charge density Es, which is represented as [13], [17], [18]:

1 r-r’

Et(r) = Ep(r) +Es(r), Es(r) = fs prm—re |3p(r’)dr’ , TES (3.7)
where €0 is the permittivity of vacuum, r approaches surface S from both sides (inside and
outside) and the electric field is discontinuous at the interfaces. When approaching a
charged interface (S) with a normal vector (n) from either direction (inside or outside), the

electric field is given by:

Ein/out = Ep(r) + |. p(r )dr’ + n(r)S < p( ) ,TES (3.8)

s 41'tsolr r |3
An integral equation for p(r), which is the Fredholm equation of the second kind, is
obtained after substitution of equation (3.8) into the quasistatic boundary condition, which
enforces the continuity of the normal current component across the interface, that is

oinn(r) - Ein = gout n(r) - Eout, r €S (3.9

The results are looks like the equation below:

@ O'lrl oout ()fs

2 01n+cout

_p(r)dr'= I 1) eoEp(r), T € S (3.10)

4nso|r r |3 pin+pout

where n(r) is the outer normal vector to the particular boundary and agin/out are the two
distinct tissue conductivity values on either side of the boundary. The first (simpler) task
of the numerical solution is to compute the excitation — the primary electric field Ep(r) —

everywhere at tissue conductivity boundaries in equation (3.10). The second (more
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complicated) task is to compute the induced charge density by solving integral equation
(3.10) of the second kind iteratively and thus compute the secondary electric field Es.

3.6  Computation of primary Electric and Magnetic fields:

Primary electric and magnetic fields Ep and Bp of a TMS coil are computed using FMM.
The number of elementary current filaments is ultimately unlimited. Consider a small
straight element of current ij(t) with segment vector sj and center pj. Its magnetic vector

potential, Ap, at an observation point ci is given by

.\ _ o ij(®) ]
Ap(ci,t) = — il (3.11)

where 10 is magnetic permeability of vacuum and index p again means the primary field.

The electric field generated by this current element is

Ep = —aaitp (3.12)

Assuming harmonic excitation with angular frequency w and omitting the redundant phase

factor of — j, one has
__ How i0jSj
" am |Ci-pjl

(3.13)
Now consider multiple straight short current segments with moments ijOsj forming the
coil. Also consider multiple observation points c¢i which coincide, for example, with
triangle centroids of the head surface mesh. For every observation point, the electric field
in equation (3.13) is computed via FMM as a potential of a single layer repeated three
times, i.e., separately for each component of the field.
The same element of current generates a magnetic field Bp given by Biot-Savart law

- toiasicin) a1
3.7  Computation of secondary Electric field:
The fast multipole method speeds up computation of a matrix-vector product by many
orders of magnitude. In the present problem, such a matrix-vector product appears when
an electric field from many point sources p(r’) in space has to be computed at many

observation points . Namely, discretization of the surface integral in equation (3.7) or
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equation (3.10) and use of the zeroth-order piecewise constant basis functions (pulse bases)

yields
N _ vN  Ajpj (Ci-Cj)
Es(ci) = 2121 47eo |Ci—Cj|*3 (3.15)
where Ai, ci, i =1, ..., N are the areas and centers of triangular surface facets ti; pi are

triangle surface charge densities in C/m2, and Ajpj are elementary charges located at c;j.
Equation (3.15) is straightforwardly computed via the same FMM library, as an electric
field of a given charge distribution. Such a computation is done at every step of an iterative
solution for integral equation (3.9)

3.8 Computing normal Electric field at the interface

Equation (3.8) can be multiplied by the surface normal vector n to obtain the normal
electric field inside the surface (n - Ein(r), the normal electric field outside the surface
(n - Eout(r), and the normal field discontinuity for any conducting interface (dn - E). All
three quantities are in direct proportion to one another. For any observation point r € S and

any conducting interface S.

n.Ein(r) = —=—L9 n pout(r) = ——E0  dng=20 (3.16)

oin —oout €o oin —oout €o €

The normal component of the total E-field at the inside/outside conductivity boundaries is
clearly dependent on the induced surface charge density.

3.9  Head Modeling

To effectively capture volume conduction effects, personalized head models with
segmented brain white matter (WM), brain gray matter (GM), Cerebrospinal fluid (CSF),
skull, and scalp are required. Since magnetic resonance imaging scans don't emit ionizing
radiation, don't require contrast agents, and provide a fair contrast between soft tissues,
they are frequently used as the basis for these segmentations [15]. However, manually
segmenting magnetic resonance images requires several hours of labor for just one patient,
making it a time-consuming operation. Several head modeling solutions for TMS have
been suggested throughout the years in an attempt to automate this procedure. One of these
tools, which is included in the SImMNIBS package, makes use of the brain segmentation
techniques used by FreeSurfer [15]. SImMNIBS is a popular software application for
modeling TMS and can generate individualized head models automatically from magnetic
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resonance images, simulate electric fields using mathematical computational methods and

perform various postprocessing operations [17].

TR S — -

Figure 4: SImNIBS 3D head model simulation outputs with its different coil position

The data for each brain compartments is generating using simNIBS software pipe lines.
Design the brain compartments (Skin, Skull, CSF, GM, and WM) from the magnetic
resonance image segmentation. Which is also generate the matlab compatible images and
scripts from the MRI impute image.

Figure 5: SIMNIBS MRI image segmentation simulation out puts

Figure 5 above demonstrate that the image segmentation outputs of the sSimNIBS using the
input T1 weighted MRI image (a) the automated image segmentation on x coordinate
plane, (b) y coordinate plane and (c) on the z coordinate plane. To develop and analyze the
computational models of the head, we have to create and analysis all basic brain
compartments (skin, skull, CSF, GM, and WM).
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The scalp, skull, cerebrospinal fluid, gray matter, and white matter are the five unique

anatomical layers of the human head.
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Figure 6: Cross sectional model of the Brain compartments

Figure 6 above illustrate that different layer design of the brain compartments which is (a)
3D Cross sectional views model includes basic layers and (b) five layers cross sectional
spherical model with each layer average thickness of human brain.

For high-resolution head models, the quasistatic BEM-FMM modeling approach is a
computational tool for obtaining an accurate electric and magnetic field solution.

3.10 Optimization of the Design results

TMS is a non-invasive brain stimulation technology that use magnetic pulses to modulate
neuronal activity. Optimizing the orientation and position of the TMS coil is critical for
achieving therapeutic benefits. The researchers used different computational algorithms to
optimize TMS coil placement. These algorithms take into account the target brain region,
individual head anatomy, and desired stimulation intensity.

For the transcranial magnetic neurostimulation modality, simulating the electric fields
within a patient-specific head model is the primary and often only way to foster spatial
targeting and obtain a quantitative measure of the required stimulation dose [16]. The
modeling of quasi-static electromagnetic fields in biological tissues can be accomplished
primarily through the use of computational methods [12],[15],[18].

Transcranial magnetic stimulation computational modeling involves a trade-off between
computational speed and spatial accuracy. In this study, we use a software toolkit for high-
resolution TMS modeling, which may provide the best of both computational speed and

spatial accuracy. The toolkit makes use of the newly developed boundary element fast
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multipole method (BEM-FMM), which provides accurate solution computations close
tissue interfaces and it is designed for a large, medically-oriented computational research
community and runs on the matlab platform [12],[19],[20].

3.11 Simulation and results analysis

The magnetic field estimations in the regions of interest are only one example of the kind
of useful information that simulations provide to TMS trainers. Numerous open-source
software initiatives were created to make TMS simulation more accessible. Some of the
open-source software are:- a new MATLAB package for BEM-FMM-based TMS
simulations that was made in 2019 available, SImNIBS, which includes TMS and a head
segmentation pipeline called mri2mesh, was published in 2013 [15] and it has recently
been enhanced to incorporate TMS optimization, as well as a new head segmentation
process known as headreco and others open-source are available. For this study, we use the
aforementioned open-source software package for computational modeling simulation and
analysis.

3.12  Evaluation of the design simulation

The outcome of the simulation methodologies and techniques are described and analyzed
after the modeling of the human brain and coil.

The general frameworks of TMS design and simulations are shown in the diagram below.

MRI Brain Tissue Head TMS coil specification
segmentation = fr— Based on best
Image model
of MRI Brain computational method
TMS target coil model search
Analyze the

simulation === regions use computational method

simulation results ]
calculation

Figure 7: Methodology of TMS computational design and simulations
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3.13  Over all TMS system Model Design

TMS systems used for therapeutic purposes consist of several fundamental components,
including a magnetic coil, which generates magnetic fields that induce electric currents in
the brain, a simulator, a control unit, and positioning system. As a result, in this thesis, we
design, simulate, and analyze basic TMS components, beginning with the development of
a human head model. To create the human head model, we use an MRI brain image as
input in SIMNIBS software, which can autonomously generate brain tissue segmentation
and individual meshes. After creating the separate meshes, we integrated them to generate
single human head models with particular TMS coil placement positions, as shown in
figure 5. After developing the head model, we created the figure-eight type TMS coil model
with basic input parameters such as the coil's radius of 0.02 M, thickness of 0.01 M, sample
testing current of 1A, and also by writing different matlab scripts we create various
planners ranging TMS coils from single ring to double planner figure-eight type, which
generate both the CAD and mesh of the TMS coil. We used EEG and MRI based guidance
for exact coil placement to examine each brain coil position which are affected by MDD
and also by using the SimNIBS and matlab software we generate each brain compartment’s
structure. To generate each compartment of the human brain we write the mat lab scripts
that display a mesh from a *.mat file. After we create and generate the brain tissue
compartment and understand the exact position of brain which affected by MDD we are
going to correctly positioning the TMS coils on the brain compartments and analysis the
electromagnetic fields by applying sample current and constant input parameters which
includes coil steady state or the sample current to calculate magnetic field 10=5e3 A, define
each precise coil position, define the sample field margin(the boundary line or the area
immediately inside the boundary) is 0.8, define coil time varying current dl/dt=9.4e7
Amperes/sec to find the electric field, vacuum permittivity, conductivity of each brain
compartments (according to lists in table 6 in chapter 4) and define the observation line.
To simulate and analyze the TMS coil electromagnetic field distribution on the brain tissue
layers, we employed or proposed for this thesis the BEM-FMM computational model,
which improved accuracy, reduced CPU time, and increased precision as compared to the
other computational methods like FEM, FDM, ADM and others. We used the BEM-FMM
computational mathematical model which is compatible to the matlab software to calculate
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the electric field distribution in each brain compartment as well as the magnitude of the
magnetic field in each brain compartment based on the mathematical equation model listed
from (3.7) to (3.16). We also calculate and analyze the charge density, Lorentz force, and
electric potentials. We also used an electric and magnetic coil tester line to assess the
performance of the planned or intended TMS coil. Lastly, but not least, we calculated and
analyzed the magnitude of magnetic and electric field distribution of the designed TMS
coil in different cross- sectional planes.

In general, the TMS model system for depression treatment with its basic components is
show in the figure 8 below: a stimulator or electric circuit components or electric source,
coil system, and targeting tissue or brain compartments. The stimulator generates a high
electrical current that flows through the coil. This generates a rapidly changing magnetic
field that penetrates the scalp and skull, producing electrical currents in the targeted brain

region.

Figure 8: Overall system model of the TMS brain stimulation
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Chapter Four

Results and Discussions
4.1  Data Collection to Analysis the prevalence of MDD
4.1.1 Prevalence of Major Depressive Disorder in the local community
Due to the availability of psychiatry departments, Tibebe Ghion and Felege Hiwot, two
highly populated community service provider specialized hospitals, were chosen for this
research work. To assess the total number of psychiatric patients’ data from these two
hospitals, first the legal and ethical-related issues were approved in collaboration with
Bahir Dar University's faculty of electrical and computer engineering. As a result, all data
related to all psychiatric disorder and specifically major depression disorder cases were
gathered with the assistance of psychiatry professionals and support staff. The data related
to all psychiatric disorders and major depression collected from the two hospitals is shown
below.
4.1.1.1 Data from Felege Hiwot Hospital
From the hospital, there is one primary psychiatric department or ward with a total of 17
beds, and according to the data recorded in the patient registration book, they serve more
than 20,000 new and repeat patients each year. And also, according to the hospital’s
national disease classification and reports, they provide treatment for more than 20
psychiatric disorder diseases, which are listed below.

Table 2: A list of the mental health disorders treated in Felege Hiwot Hospital

National Disease classification National Disease classification
Schizophernia Poisoning or suicide

Bipolar Disorder Schizophernia Letonset
Psychosis (acute& transient) Pain (Somatization) disorder
Major depressive episode Dementia with psychosis
psychosis unspecified Developmental delay
Generalized anxiety disorder Sleep disorder

Dissociative (conversion) disorder Headache unspecified

Autism (ADHD) Personality disorder
Adjustment disorder Petit mal or absence seizures
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Drug withdrawal state Status epilepticus

substance use disorder

Premature Ejaculation

The one-year new coming patient prevalence of major depression disorder data in Felege
Hiwot hospital is looks like bellow (from July 2014 E C to June 2015 E C).
Table 3: The prevalence of MDD in Felege Hiwot Hospital, based on one-year new patient

arrivals data

Male Female
Age

Month | range | <1yr- | 15-29 | 30-64 >=65 | <1yr- | 15-29 | 30-64 | >=65

14yrs | yrs yrs yrs | 14yrs | yrs yrs yrs | Total
July 0 9 6 0 7 8 1 31
August 0 14 8 0 8 5 2 37
Sep. 0 4 2 0 6 5 17
Oct. 0 4 2 |1 0 6 5 1 19
Nov. 0 1 1 0 2 2 6
Dec. 0 12 7 0 14 5 38
Juna. 0 11 8 |1 0 14 8 42
Feb. 0 6 7 |1 0 12 17 1 44
March 0 10 9 |1 0 12 6 3 41
April 0 7 8 0 2 4 21
May 0 10 8 |1 0 5 3 1 28
June 0 5 2 1 0 3 2 13
Total 0 93 68 |6 0 91 68 11 337

The above level of MDD prevalence statistics for one year at Felege Hiwot hospital is
shown in a bar and line graph below figure 9.

MDD prevalence at Felege Hiwot Hospital
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Figure 9: A bar graph show the prevalence of MDD in Felege Hiwot Hospital
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According to the data which shows table 3 above, the total number of males who are under
MDD with the age range of 15 to 29 years old are 93, which is 27.6% of the total case,
from 30 to 64 years old are 68, which is 20.18% of the total case, above 65 years old are
6 which is 1.78% of the total case, from 1 to 14 no cases under MDD which is 0% of the
total case, and the total number of females who are under MDD with the age range of 15
to 29 years old are 91 which is 27% of total case, from 30 to 64 years old are 68 which is
20.18% of the total case, above 65 year are 11 which is 3.26% of the total MDD patients.

Prevalence of MDD Based On Age Range
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Figure 10: The prevalence of MDD in Felege Hiwot hospital based on age range

According to the data in the table 3 and figures 10 above, the prevalence of MDD is highest
in people aged 15 to 29 years, both males and females, accounting for 54.6% of all cases;
in people aged 30 to 64 years, both males and females account for 40.36% of all cases; and
in people aged 64 and older, both males and females account for 5.04% of all cases.
Furthermore, analyses show that the total number of males with MDD is approximately
167, accounting for 49.555% of all patients, and the total number of females with MDD is
approximately 170, accounting for 50.445% of all patients, demonstrating that females
have a higher prevalence of MDD than males.

In addition, according to one-year hospital patient registration book statistics and the health
management information system, they treat nearly 16,000 total mental patients, with
approximately 23% (around 3,680) of these total patients suffering from MDD. Among the
total number of 16,000 cases, around 9.8%, or 1,600, are new arrivals, with the remaining

90.8% being repeat patients.
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4.1.1.2 Data from Tibebe Ghion Hospital

Tibebe Ghion Specialist Teaching Hospital is a well-known service provider that works
collaboratively with Bahirdar University's clinical teaching disciplines in the College of
Medicine and Health Sciences. According to the data registration sheet book and the health
management information system report, 3174 new patients with mental illnesses were
admitted to the facility between July 2014 EC and April 2015 EC, with 641 of them
accounting for about 20.2% of total MDD cases.

Based on the data, the prevalence of MDD at Tibebe Ghion hospitals is shown in the
table 4 below, categorized by age range.

Table 4: Ten-month data show the distribution of MDD at Tibebe Ghion hospital

Age range Total number of males Total number of females Sum total
Age 1to 14 5 10 15
Age 15 to 29 170 215 385
Age 30 to 64 90 103 193
Age above 64 23 25 48
Total 288 353 641
400

Total number of cases

385
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150 90 103
o 23 25 48
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Figure 11: The distribution rate of MDD according to age range

According to the above data in table 4 and figure 11, the total number of cases and
prevalence rate of MDD new arrival cases within ten months from age 15 to 29 are 385,
which is 60.06% of the total cases; from age 30 to 64 are 193, which is 30.109% of the
total cases; age above 64 are 48, which is 7.5% of the total cases; and age less than 15 are

15, which is 2.34% of the total cases. Furthermore, according to data from the hospital's
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health management information system and patient data registration book sheet, the
hospital provides a total number of psychiatric services around 25,000 patients each year,
from this total number around 2.56% being only MDD new arrivals and the remainder, or
around 14% which is around 3500 cases are other new arrival psychiatric cases and the
remaining 83.44% which is around 20,860 cases are repeat patients. From these 20,860
total repeated cases around 5,215 which is 25% of the repeated cases are MDD.

The prevalence, severity, and impact of major depressive disorder in the local communities
are analyzed using data from the above health facilities. From these hospitals totally in one
year they provide service total number of psychiatric cases are around 41,000, among them
around 4879 which is 11.9% of the total cases are new arrival psychiatric patients and
around 937cases which is 19.204% of the total new arrival cases only MDD.

4.2  Simulation and Analysis of TMS based Brain Stimulation

The simulation and analysis of TMS-based brain stimulation need the use of computational
models to predict TMS effects such as the distribution of magnetic and electric fields,
charge density, and Lorentz force on human brain tissue layers. This section of the thesis
explains the assumptions for the brain model, the basic parameters used to describe the
TMS system, the coil model, and the analysis of the simulation findings.

4.2.1 Assumption on Brain Model

The brain is composed of interconnected modules that execute specialized functions. In
this thesis, we assume that the brain has five main layers: scalp/skin, skull, cerebrospinal
fluid, grey matter, and white matter. These layers have their own particular conductivities,
thicknesses, permeability and biological structures. In addition, we apply the SimNIBS
software-generated brain MRI matlab compatible image to analyze simulations of the basic
electric and magnetic field distributions and charge density on each layer.

4.2.2 Simulation Parameters

The basic parameters for simulation and analysis of the TMS system model for
understanding the computational model outputs on matlab like the electric and magnetic
field distribution on brain tissue layers includes the thickness and conductivity of each
brain layer, the input current for TMS coil and other quantities are reviewed and explain

on this section of study.
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4.2.2.1 Thickness of Brain tissue layers

Each layer of brain tissue has a particular average thickness. The table 5 below lists the
average thickness of each layer of brain tissue based on research conducted by [12], [13],
[14], and the neuroimaging studies in sSimNIBS software packages.

Table 5: Thickness of brain tissue compartment

Tissue type Average Thickness(mm)
Scalp/Skin 3mm

Skull 4 mm to 12 mm
Cerebrospinal fluid 0.25mmto 5 mm

Gray matter 38 mm + 12.7 mm
White matter 25.1 mm+11.3 mm

4.2.2.2 Conductivity of the Brain tissue layers
The majority of the compartments in the head models were thought to be electrically
homogenous and isotropic [13]. According to the research conducted by [11], [14] and the
neuroimaging studies in SImNIBS software packages the average conductivities of basic
brain tissue layers are listed below in the table 6.

Table 6: The conductivity of basic brain tissue layers

Tissue type/Brain compartment Electrical Conductivities of tissue layer(S/m)
Scalp/skin 0.465 S/m
Skull 0.025 S/m
Cerebrospinal fluid 1.654 S/m
Gray matter 0.275 S/m
White matter 0.126 S/m

4.2.3 Results analysis

4.2.3.1 Brain compartments

The human brain is divided into six fundamental compartments: the skin (the outermost
layer), the scalp, cerebrospinal fluid, the gray mater, and the white mater (the most inner
layers of the human brain structure). Each brain layer has unique electrical and magnetic

distribution characteristics, as well as different conductivity properties for electric and
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magnetic fields. Among these here below shows the gray and white matter brain

compartment matlab simulation outputs.

Gray matter brain compartment

— white matter brain compartment

100
80t 09
6f 08
0r 07

ot 0

E

E of 5

>
20} 04
80t 02

100
80 60 40 20 0 2 60 )
X, mm

Figure 12: Simulation outputs of fundamental human brain compartment models.
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Based on the defined Electrical conductivities and thickness of tissue and the governing
maxwell questions the outputs of SImNIBS simulations of brain compartments are shown

figure 13 below.

E magnE z

Figure 13: The simNIBS simulation of electric field distribution on gray matter
The simulation outputs from figure 13 illustrates that the distance between the coil and the
brain tissue or skin is around 4mm, the conductivity of the grey matter is approximately
0.275 S/m, the charge distribution (dl/dt) is approximately 1.00x1e6 A/s, and there are
three coordinate positions. And also, the simulation outputs show that the electric field
distribution on the gray matter of brain tissue layer and its magnitude varies from 0 to
1.31V/m.
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Generally, the figure 13 simulation summarized as: in table 7 gray matter field Percentiles,
top percentiles of the field (or field magnitude for vector fields) and in table 8 field focality
mesh volume or area with a field >= X% of the 99.9" percentile.

Table 7: GM brain simulation summary on simNIBS, Field magnitude

Field 99.9% 99.0% 95.0%
E 1.20e+00 V/m 7.80e-01 V/Im 3.98e-01 V/m
MagnE 1.20e+00 V/m 7.80e-01 V/m 3.98e-01 V/m

Table 8: GM brain simulation on simNIBS, Field Focality mesh volume or area

Field 75% 50%
E 4.62e+03 mm3 1.66e+04 mm3
MagnE 4.62e+03 mm3 1.66e+04 mm3

Figure 14 below shows the distribution of electric field and current densities in human
brain tissue layers at different TMS coil coordinate locations. The image depicts the
distribution of the electric field at the scalp's brain layers with C5 electroencephalogram
coordinate positions of X, y, and z (-77.5, 11.4, and 36.3), the coil-to-cortex distance is
4mm, and the current density of the sampled coil is 1.00x1e6 A/s. The simulated outputs
of the electric field range from 0.00 V/m to a maximum of 39.37 V/m, as shown in the

figure below.

0.00 dasdt (Wim) 39.37

Figure 14: Electric field distribution SimNIBS simulation results the scalp
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The figure 15 bellow depicts the distribution of the electric field at the brain layers of gray
matter with CP1 electro encephalogram positions/coordinates of the TMS coil, which are
X, Y, and z (-35.5, -27.8, and 88.3), the distance between the source of the field and the
current density, which is called coil to cortex distance 17.08mm from the gray matter, and
the sample current density of 1.00x1e6 A/s. The electric field outputs range from 0.23 V/m
to a maximum of 19.43 V/m, indicating that the electric field strength decreases from the

outside layer (skin) to the interior brain layer (gray matter), as shown below.

0.23 dasdt (Vim) 1943

Figure 15: Electric field dispersion SimNIBS simulation output of gray matter

4.3  TMS magnetic coil model

A TMS magnetic coil model is a device used in neuroscience research and therapy to
provide concentrated magnetic pulses to specific brain regions. The coil is often placed on
the scalp and generates a magnetic field that can induce electrical currents in the brain,
allowing researchers and physicians to study brain activity and potentially cure
neurological and psychiatric conditions such as major depressive disorder. TMS coils are
categorized into three basic types: figure-eight coils, circular coils, and H-coils, each with
distinct features and applications.

For this thesis, we create and design figure-eight coil types with matlab scripts that can
show both a CAD surface mesh and a computational wire grid for a ring with a total current
of 1 A. Here, we design a single conductor in the shape of a ring.
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Figure 16: Single conductor coil model
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Figure 16 depicts the single conductor coil model, which includes (a) a single ring coil
sample with 1A of total current and (b) a straight conductor with 1 A of total current.
After building and designing the single ring coil conductor model, we write matlab scripts
that can display and generate both a CAD surface mesh and a computational wire grid for

a figure eight single planar coil with a total current of 1 A, as shown in the figure 17 below.
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Figure 17: Figure eight type single planar Coil CAD design
Using the matlab script, we also generate the mesh (CAD surface mesh and computational
wire grid) for a figure eight double planar coil with an entire current of 1 A. Figure 18
depicts the matlab script simulation results for the figure-eight shape double planar coil

model with 1A conductor current.

yom 004 oo 006 i

Figure 18: Figure eight double planar coil with 1 A of total current

A TMS magnetic coil model with relative current strength describes the intensity of the
coil's magnetic pulses. The relative current strength controls the amplitude of generated
electrical currents in brain tissue, which can alter TMS's effects on neuronal activity.
Different TMS coil models have varying current strengths, which can be modified to meet
research or therapeutic needs. Higher current strengths, for example, can be utilized to
target deeper brain regions or elicit stronger neural responses, whilst lower current
strengths may suffice for more superficial stimulation or specific experimental techniques.
Researchers and doctors can change pulse amplitude, frequency, and length to control the

TMS coil's relative current strength.
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Coil model with the relative current strength (-1 to 1)
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Figure 19: Coil model with relative current strength distribution

Figure 19 shows that the single ring conductor with the 1A current strength distributions.
A coil model with relative current strength distribution is a depiction of a coil that takes
into consideration the variation in current strength along its length. This information is
critical for understanding the coil's magnetic field and how it interacts with other things.
4.4 Coil Positioning for different Brain Compartment

The optimum coil location for TMS varies according to the target brain compartment. For
instance, to stimulate the dorsolateral prefrontal cortex, place the coil above the F3 position
of the 10-20 lead EEG system [47], [48]. Due to specific differences in brain anatomy, it
is critical to find the best coil position for each participant.

In coil position, we understand the qualities of brain tissue, the coil time-varying currents
di/dt of the tissues, and the steady-state currents. The coil position above the head model
is defined by calculating the magnetic field and utilizing the correct rotation and
translation. Coil rotation about its axis, tilt, and translation are related actions that are
conducted to present the integrated brain model compartments - coil geometry, which
includes the skull, skin, GM, WM, and CSF, as seen in the figure 20 below. The coil time-
varying current dl/dt of the brain tissue defined for electric field is 9.4e7 Amperes/sec,
which may be written as the equation: dl/dt= 2*pi*10/period. The time period is the
inverse of the frequency of the distributed current, which is usually employed in TMS
design, and the starting sample current/steady-state current, which is required to calculate
the magnetic field, is 10=5e3 Amperes.
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(a) Total number of facets:873578 (b) Total number of facets of CSF:873578

c d Total number of facets:873578
Total number of facets:873578

Figure 20: Brain compartments coil location (assigns coil position)
The figure 20 shows simulation outputs of distinct brain sections (a) Skull coil -geometry,
(b) CSF coil geometry, (c) GM coil geometry, and (d) WM coil geometry
4.5 The induced magnetic field magnitude distributed on the brain compartments
Compute the B-field for brain tissue layers using the input values mentioned above (dl/dt,
10, and frequency). The matlab simulation outputs show that the magnetic field in the brain
compartments varies between 0.1T to 0.8T for the skin, less than 0.06T to 0.5T for the
skull, less than 0.05T to 0.4T for the CSF, less than 0.06T to 0.25T for WM and less than
0.05T to 0.3T for the GM, respectively.
In general, as we can see from the mat lab simulation outputs of various brain tissues, the
magnitude of the magnetic field decreases as tissue depth increases, indicating that the field
from the exterior tissue layer (skin) is greater than that from the inside tissue layers (gray
matter).
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Figure 21: Magnitude of magnetic field distribution in brain compartments

In the figure 21 represents the magnetic field distribution and its magnitude of all brain
compartments (skin, skull, WM, CSF, cerebellum, and GM).
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4.6 Induced surface charge density in Brain compartments

Induced surface charge density is defined as the accumulation of electric charge on a
material's surface caused by an external electric field. It results from the movement of free
electrons within the material in reaction to the field.

In this section, we use BEM/FMM iterative solutions to calculate the induced surface
charge density for brain tissue layers in an external time-varying magnetic field generated
by a coil. Based on this, the solution can have up to four iterations. To estimate the induced
surface charge density of brain tissue layers, we employ a mathematical model based on
charge conservation laws (argues that the total electric charge in a closed system is
constant, that means charge cannot be created or destroyed; it can only be transferred

between objects).
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Figure 22: Induced surface charge density simulation outputs of Brain compartments
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4.7 Electric field within and outside of Brain compartments surface

The electric field within the brain is a complex and dynamic phenomenon that is essential
for a variety of neurological activities such as neuronal communication, information
processing, and cognitive function. The electric field's strength and distribution vary
according to brain activity, stimulation modalities, and individual brain structure.

The electric field outside the brain can be influenced by a variety of factors, including
transcranial magnetic stimulation (TMS). These external electric fields can penetrate the
skull and modulate neuronal activity, potentially altering cognitive functions and behavior.
We simulate and compute the magnitude of the brain compartment's electric field strength
using the MATLAB configuration software tools based on the BEM-FMM functionalities.
This is where the overall electric fields of the various brain shells are calculated, just inside
and outside.

Solution: E-field (total, normal, or tang.) in V/m: just inside:Skin
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Figure 23: Magnitude of the total electric field just within the skin shell
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Figure 24: Magnitude of the total electric fields just within the skull shell
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Solution: E-field (total, normal, or tang.) in V/m: just inside:CSF
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Figure 25: Magnitude of the total electric fields just inside the CSF shell
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Figure 26: Magnitude of the total electric fields just inside the GM shell
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Figure 27: Magnitude of the total electric fields just inside the WM

4.8 Computes and plot the Lorentz force
The Lorentz force is defined as an interaction of magnetic and electric forces acting on a

point charge via electromagnetic fields. It is used in electromagnetism, sometimes called
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electromagnetics, to apply force to a charged particle passing through a magnetic field.
It is defined by the equation: F = g (v x B), where F is the force, q is the particle's charge,
v is its velocity, and B is the magnetic field. Particle accelerators use the Lorentz force to
speed up charged particles at high rates of speed. A particle accelerator uses an electric
field to accelerate particles and a magnetic field to guide their trajectory. Scientists and
researchers examine fundamental particles and forces by carefully adjusting the strength
and direction of both the electric and magnetic fields. The Lorentz force is critical in
ensuring that particles go in the appropriate direction within the accelerator.

From this portion we calculate and depict the Lorentz force (N/m”2) on a charged particle
inside or outside a brain compartment surface, including the surface field and coil

geometry.

Solution: Lorentz force-field (total, normal, or tang.) in N/m?: just outside:GM
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Figure 28: Distribution and magnitude of Lorentz force on GM

4.9  Compute the Electric potential of Brain compartments

Electric potential is the amount of work energy required to transmit one unit of electric
charge from a reference point to a given location in an electric field. Electric potential
energy is the energy that a charged object has because of its position in an electric field. It
is the amount of energy required to move an object from its current position to a reference
point with zero potential. Electric potential is the amount of energy available per unit
charge at a given place in a static electric field. This section calculates the electric potential
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of the secondary field for any brain compartment surface (plots density and, optionally,

coil geometry).
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Figure 29: Electrical potential of the skin and GM brain compartments

4.10 Cross-sectional and planes of Brain

Generally, the brain is divided into three primary planes: axial (which divides top and
bottom), coronal (which divides front and back), and sagittal (which divides left and right).
These sections provide many viewpoints on the structure of the brain, each disclosing
particular details about its composition and arrangement.

4.10.1 Different cross-sections and planes of the Brain layers of the NIfT1 data
While the brain has a structure that is three-dimensional, every position within it can be
localized on one of three planes: X, y, or z. The precise position can be determined using
three planes: coronal (vertical, dividing front and back), horizontal (top and bottom), and
sagittal (left and right).

Here we create a matlab script that defines three observation planes and plots cross-sections
and NIfTI data when available. In this procedure, we use cross-sectional information to
enable quick (real-time) presentation and develop a matlab script to discover all edges and
attached triangles for individual brain compartments. The script is required for the

following visualizations:
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XY plane cross-sectional view

0.08 the three cross--sectional plan view
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Figure 30: Cross- sectional view of the brain in different plane

Figure 30 illustrates the cross- sectional view of brain in different plans (a) the three (X, Y
& Z) sectional plane view of the brain, (b) XY cross sectional plane view, (¢) XZ cross
sectional plane view and (d) YZ cross sectional view of the brain.

4.11 Computing magnetic and electric fields distribution of the coil on different
plane surface

The distribution of a magnetic field over a surface varies depending on the source of the
field and the surface's qualities. In general, the shape and size of the object generating the

45



field, the existence of additional magnetic materials, and the distance from the source can
all have an impact on the distribution of the magnetic field throughout the surface.

The magnetic field distribution over a surface (transverse plane) in the x-component due
to a TMS coil can be estimated using the basic FMM approach. This method involves
discretizing the coil geometry into small elements and then calculating Maxwell's
equations to determine the magnetic field at each element.

For this work, we use the following basic parameters in matlab simulations: the TMS coil
is driven with a time-varying current of di/dt = 9.4e7 Amperes/sec, conductor current of
5 kA and a CW frequency of 3 kHz.

Here bellow in figure 31 shows that the distribution magnetic field distribution of the TMS
coil over transvers plane in x-component. The magnitude of the field strength shows that
in different colors levels, the yellow color field show that the high intensity level which
measures up to 36 T.
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Figure 31: Distribution of B-field in the X-component of transvers plane

The electric field distribution of the TMS coil on distinct human brain surfaces is critical
in many cognitive tasks, including memory, attention, and decision-making. It is produced
by the activity of neurons, which communicate with one another by electrical and chemical
impulses. The figures bellow shows the E-field distribution of the brain layers in different
plans.
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Figure 32: Distribution of E-field in the y-component of transvers plan

The figure 32 above shows that distribution of electric field in the transvers plan (a) shows

the y- transvers plane position of the coil and (b) the distribution of E-field in y- transvers
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Figure 33: Distribution of E-field in the y-component of coronal plan

Figure 33 represents the distribution of electric field in the coronal plan, (a) shows the y-

coronal plane position of the coil and (b) the distribution of E-field in y- coronal plane.
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Figure 34: Distribution of B-field in the Z-component of coronal plane

The figure 34 represents the distribution of magnetic field the coronal plane z-component
and accurately computes and displays magnetic field sampled over a surface (coronal

plane) due to a coil via the plain FMM method.
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Figure 35: Distribution of E-field in the y-component of sagittal plane.

Figure 35 above represents the spatial distribution of the electric field in the sagittal plane's
y-component and computes and illustrates the electric field sampled over a surface (sagittal

plane) due to a coil using the basic FMM approach.
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Figure 36:y '[';istribution of E-field in the y-component of sagittal plane

Figure 36 emphasizes the spatial distribution of E-field in the y-component of the sagittal
plan, that computes and displays the electric field sampled over a surface (sagittal plane)
due to a coil using the basic FMM approach.

4.12 Coil tester line magnetic and electric field

A coil tester analyzes coil performance and integrity. Figure 35 illustrates the MATLAB
outputs of the TMS figure eight type coil magnetic field in the X, y, and z planes, which
are red Bx, magenta By, and blue Bz. The Outputs are the total magnetic field (or any of
the field components) along the line given 10 A of conductor current with the basic
parameters which include magnetic permeability of vacuum(~air), and coil parameters
(10=5e3A for magnetic field). Also, figure 38 illustrates the mat lab outputs of the TMS
figure eight type coil electric field in the x, y, and z planes, which are red Ex, magenta Ey,
and blue Ez. The Outputs are solenoidal electric field dA/dt (or any of the field
components) along the line given 10 A of conductor current and frequency.
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Figure 37: TMS coil tester line for magnetic field
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Figure 38: TMS coil tester line for Electric field

Figures 37 and 38 depict the coil tester line's magnetic and electric fields, respectively,

with the left side representing the coil tester line and the right-side representing field

outputs.
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Chapter Five

Conclusion, Recommendation and Future Work

The primary goal of this thesis is to design, simulate and analysis of the TMS system which
is used for MDD recovery. The TMS system design is focusing on the basic components
which includes the coil design and compute the computational distribution effects of the
electromagnetic fields and other components, these includes charge density, Lorentz force,
magnetic and electric fields using the BEM-FMM computational model that increase the
accuracy, precision, optimizing the coil placement on the human brain compartments and
also reduce the computation time. In addition to the basic tasks that we mentioned in the
above paragraph in this thesis we also investigate and analyze the prevalence rate and
current treatment challenges of major depression disorder in the local community by
collecting numerical data from two highly populous psychiatric disorder-examining
hospitals, Felege Hiwot Specialized and Tibebe Ghion Teaching Hospitals. So, based on
the one-year data collected in the two hospitals, the prevalence rate of MDD is higher in
females as compared to males, as evidenced by the 978 total cases of newly arrived MDD
patients (523, which is 53.5% females, and 455, which is 46.5% males).

After investigating the prevalence rate, we revied different brain stimulation experiments,
neuroimaging and neuropsychiatric evidence to understand the basic parts of human brain
mostly affected by MDD. According to conclusion from neuroimaging, neuropsychiatric,
and brain stimulation research, MDD primarily affects the following brain structures:
frontal lobe, amygdala, hippocampus, thalamus, and parental lobes.

To design, simulate and analyze computational models of the head, we first created and
examined all of the basic brain compartments and developed the mathematical model. The
data for each brain compartment is being generated using simNIBS and matlab software
pipelines. After identifying each brain compartment, we simulate and analyze the TMS
coil position by assigning basic parameters such as the sample field margin(the boundary
line or the area immediately inside the boundary) is 0.8, the coil time-varying current di/dt
of the brain tissue, which is defined for an electric field of 9.4e7 amperes/sec, and the
sample current/steady-state current, which is required to calculate the magnetic field, 10 =

5e3 Amperes, permittivity, conductivity of each brain layer and the best position of coil
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placement of each compartment. We compute, simulate, and analyze the induced magnetic
field, total electric field, induced surface charge density, and Lorentz force of each brain
layer using the fundamental parameters and BEM-FMM toolkits that are integrated in
matlab.

Based on our BEM-FMM computational model simulation outputs, we conclude that the
magnitude of the induced magnetic field of the brain compartment decreases as tissue depth
increases, indicating that the field from the exterior tissue layer (skin) is greater than that
from the inside tissue layers (gray matter). Matlab simulation outputs show that the
magnetic field in the brain compartments varies between 0.1T to 0.8T for the skin, less
than 0.06T to 0.5T for the skull, less than 0.05T to 0.4T for the CSF, and less than 0.05T
to 0.3T for the GM, respectively. TMS coil magnetic and electric field distribution in
various brain compartments in different planes was simulated and analyzed. The coil's
magnetic and electric fields change when the thickness of the brain compartment changes.
The magnetic field magnitude ranges from 0 to 36T, as we seen our simulation outputs,
whereas the electric field magnitude ranges from 0 to 15V/m.

In general, by the end of this thesis, psychiatric professionals should explore the benefits
of employing a TMS system to treat MDD, which activates specific brain regions, perhaps
improving activity and connectivity. This can help to improve cognitive skills like memory,
attention, and language. In addition to the TMS computational model analysis, future
research could focus on the design of electrical components using protocols, as well as the
simulation and analysis of each brain neuron's electrical signal qualities before and after
depression relief or therapy.

We recommend that health and engineering academic institutions educate hospital
communities, health professionals, and psychiatric patients about the benefits of TMS for

the treatment of MDD over antidepressant medicines.
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