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ABSTRACT 

Background: High definition Transcranial Direct Current Stimulation (HD-tDCS) is one of the 

most recent developments in neuro-modulation which finds its applications in treatment and 

research of many neurological and psychiatric disorders. HD-tDCS employs arrays of small 

concentric scalp electrodes for targeted, safe and cost effective stimulation of brain. HD-tDCS is 

an emerging technology and in-depth apprehension of the biophysical interactions is needed. 

Since in-vivo observations are quite difficult during performance of the clinical trials, 

computational modeling has played a vital role in the understanding and optimizing stimulation 

therapies.  

Objective: The aim of the study is to address the shortcomings of existing HD tDCS 

computational models by constructing realistic three dimensional models with more layers and 

different electrode placements.  

Methodology: Finite Element (FE) models were developed from the averaged and subject 

specific radiological images (Magnetic Resonance Imaging (MRI)). Using Maxwell’s, Laplace’s 

and Gauss’s equation the Electric field (E-field) distribution has been assessed. Under the 

influence of different electrode configurations (anode fixed at C3) and biological tissue 

conductivities in a multilayer (19 layers) brain model, the electric field maps have been 

examined.  

Results: Most of the current was shunted in non-cortical areas due to the large impedance of the 

scalp. In addition, the peak value of the induced E-field was spotted beneath the anode and the 

current was mainly distributed underneath the circumference of stimulation montage. As the 

current density in a brain layer tends to stay constant, the inclusion of directional conductivity 

caused significant changes in E-field (Topological ~ 40% and Magnitude ~ 0.7) as compared to 

isotropic models. Variations in the radius and shape of the montage brought noticeable changes 

in the E-field maps. The intensity and the depth of penetration amplified when the radius was 

increased. However, the spreading of fields over larger area of Head lessened their focality. The 

fields became more uniform and hence the skewness decreased. The same trends were observed 

when the electrode configuration was given a 450 shift in the orientation as the area under 

electrodes has increased. 
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Conclusion: The accuracy of the predicted region of interest and the dosage parameters of 

stimulation can be controlled by using effective modeling and simulation approaches. Based on 

individual anatomy and pathological conditions, this study would be beneficial to the clinicians 

for planning customized HD-tDCS treatments of the patients. 

  

Keywords: High Definition Transcranial Direct Current Stimulation (HD-tDCS), Neuro-

modulation, Magnetic Resonance Imaging (MRI), Finite Element (FE) Model, Anisotropy, 

Montage, Electric Field Distribution. 
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CHAPTER 1: INTRODUCTION 

Neural disorders are one of the largest health care problems of this era affecting millions of 

people every year. As compared to other diseases, Neural Disorders require more hospitalization 

and Treatment cost comes out to be in billions which many patients cannot afford hence 

affecting their quality of life. Transcranial Direct Current Stimulation provides us an ideal 

alternative as this is a cost effective technique which stimulates the neural tissues without any 

residual effects. Also, the Electromagnetic stimulation treatment schemes can provide 

encouraging results in case of drug resistant neurological disorders such as Schizophrenia and 

Depression. 

Transcranial Direct Current Stimulation (tDCS) is a non-invasive neuro-stimulation 

technique especially used for patients who have developed resistance to medication. It is also 

used as treatment for neurological and psychiatric disorders, clinical diagnostics and 

investigative tool in Cognitive Neuroscience [1]. Transcranial Direct Current Stimulation is a 

low amplitude (0-2mA) neuro modulation technique that applies current via electrodes placed on 

the scalp. Transcranial Direct Current Stimulation is used in both clinical therapy and 

neuroscience research. Conventional tDCS uses two relatively large pads (greater than 25 cm2) 

whereas high-definition tDCS (HD-tDCS) uses arrays of smaller electrodes to deliver targeted 

dosage.  

1.1 Significance of Study 

HD-tDCS, developed in 2010, is one of the most popular investigational form of brain 

stimulation due to increased accuracy of current delivery to the brain, low cost, portability, 

usability, and safety. Although HD-tDCS has many advantages but there are certain limitations 

as well in terms of area, focality, orientation and depth of stimulation. To cater for the 

limitations, the Volume Conductor Models need to be optimized by adopting a more realistic 

modeling approach. The topic of this project has been selected to consider the effects of 

electrical stimulation on the brain considering non-uniform and directional model of Head.  
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This Project seeks to develop a realistic finite element based human head model to 

address the problems involved in the forward modeling (brain as a passive element) of HD-

tDCS. The effects of introducing complexity in designing of model and assignment of 

anisotropic properties have been assessed. The head models were developed by combining the 

averaged and subject specific Magnetic Resonance Imaging (MRI) data. The Electric field 

sensitivity has been studied under the influence of different stimulation parameters, anatomical 

variations, tissue conductivities and electrode montages.  

1.2 Objectives of Study 

The objectives of this study can be summarized as follows. 

 To develop a realistic finite element based human head model to address the problems 

involved in the forward modelling of HD-tDCS. 

 To provide a better understanding on cortical stimulation under more realistic head layers 

representation. 

 To be able to comment on the subject specific optimization of dosage and location of 

placing the HD-tDCS electrodes to have an effective stimulation. 

1.3 Problem Statement 

To determine whether the below mentioned parameters have any significant effects on the 

electric field distributions in 4x1 HD-tDCS. 

 The inclusion of anisotropic conductivity in model. 

 The increase in the radius of stimulation. 

 The shift in the angle of stimulation of electrode configuration.  
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1.4 Overview of Thesis 

The dissertation comprises of five chapters. Chapter 1 presents a preface of the research 

topic and discusses the significance, objectives and problem statement of the research. Chapter 2 

provides an extensive literature review about anatomy and physiology of human head and brain, 

Neural disorders and treatments, tDCS and its implications on neural excitability, significance of 

HD-tDCS, use of Computational Modelling, Previous studies and their limitations.  

Chapter 3 discusses the methodology adopted for the implementation of the research. The 

chapter sequentially elaborates the steps taken to build a 3D Model from MRI. The tissue 

segmentation, head model development, placement of electrodes at different positions, volume 

meshing, introduction of directional material properties, boundary conditions, setting of 

stimulation parameters  and finally finite element analysis with an end goal to test the research 

hypothesis. The computational cost, time taken for the execution of simulation and modelling 

has also been elicited.  

In Chapter 4, the results of the study have been presented and analyzed. The electric field 

has been discussed in terms of changes in intensity, direction, focality and penetration in four 

different models. Chapter 5 concludes the project and provides recommendations for the 

improvements in this study. 
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CHAPTER 2: LITERATURE REVIEW 
 

2.1 Background 

Before getting into the details of the project, it is essential to discuss the anatomy and 

physiology of different layers of Human Head and Brain.  

 

2.1.1 Anatomy of Human Head 

Human Head is one of the most vital parts of Human Body. Head which forms the 

topmost section of the body can be classified into many layers. Scalp is the outermost 

covering of head which is composed of soft skin and connective tissues. The next layer of 

head is the Skull which provides integrity and protection to the face, head and brain due to its 

rigid bony structure. Going further inside the human head, there are layers of muscles, 

subcutaneous fats and eyes. In addition to that, there is a significant layer of transparent 

liquid which surrounds the human brain. This layer is called Cerebrospinal Fluid (CSF) 

which acts as a shock absorber, lubricant, pressure maintainer and transporter of nutrients 

and wastes.   

 

2.1.2 Anatomy of Human Brain 

Brain, the central processing unit of human systems, is one of the most sophisticated and 

complicated marvels of Mother Nature. From intelligence to the interpretation of senses and 

from initiation of body movements to behavioral control, all the human body functions are 

directly or indirectly under the control of Brain. A complete and comprehensive 

understanding of human brain has been a perplexing issue. However, developments in 

neurological and behavioral studies have started unraveling the secrets of the brain. To 

appreciate the functioning of any processor, it is imperative to get familiar with its 

architecture. The Architecture of the brain comprises of three basic divisions namely 

forebrain, midbrain and hindbrain. The description of the parts of brain with their functions 

has been summarized in the table 2-1. 
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Sr.

No 

Part Description Sub Parts Functions 

1. Forebrain Anterior 

most and  

largest part 

of brain 

Cerebrum 

Thalamus 

Hypothalamus 

Limbic System 

 

Cerebrum: 

"Seat of consciousness", responsible 

for thinking, reasoning, memory and 

cognitive functioning. . Cerebrum is 

composed of two hemispheres (Left & 

Right), each hemisphere is further 

divided into four lobes, namely 

Occipital, Temporal, Frontal and 

Parietal. 

Thalamus: 

Relay centre of impulses being sent to 

the specific brain areas, involved in 

movement and motivation. 

Hypothalamus: 

Balances different body systems, works 

with the endocrine system, 

Homeostasis, Regulates involuntary 

activities e.g body temperature, thirst, 

appetite and sexual drives and 

emotional behaviours.  

Limbic System 

Composed of Amygdala and 

Hippocampus.  

Amygdala: Processes emotions and 

distinguishes different objects.  

Hippocampus: Memory storage (main 

part: Fornix Crura) 

  

Table 2-1: Physiology of the Parts of Human Brain. 
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2. Midbrain Smallest 

part of brain 

A bridge 

between 

hindbrain & 

forebrain 

Tectum 

Tegmentum 

Links sensory and motor pathways 

between the upper and lower parts of 

the nervous system.  

Visual & Auditory functions. 

A switchboard for receiving nerve 

impulses all over the body, sorting 

them and sends them to higher brain 

centres. 

 

3. Hindbrain Located at 

the bottom 

of the 

cerebrum & 

the 

midbrain. 

Connected 

to the spinal 

cord 

Pons 

Medulla Oblongata 

Cerebellum 

 

Pons:  

Autonomic Control, Sleep, Arousal, 

Sensory Transmission between 

Cerebrum and Cerebellum. 

Medulla Oblongata: 

Involuntary movements, e.g. breathing, 

heartbeat, peristalsis. 

Cerebellum: 

Coordination of voluntary motor 

activities, Balance and Posture, 

Learning of habits and skills, Regulates 

tongue and jaw movements during 

speech. 

 

 

The parts namely Hindbrain, Thalamus, Fornix Crura and Basal Ganglia (Putamen, 

Caudate Nucleus, Red Nucleus, Globus Pallidus) have been considered as sub cortical or deep 

brain regions. Basal Ganglia work with the cerebral cortex and the cerebellum for coordinating 

voluntary movements, forming habitual behaviours. The role of some of the aforementioned 

entities has been explained in Table 2-1. The functions of rest of the parts have been detailed in 

Table 2-2. 
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Sr. 

No. 

Part Function 

1. Caudate Nucleus To call the frontal lobe for action. In obsessive compulsive 

disorder (OCD) caudate is overactive whereas an underactive 

caudate is involved in diseases like depression, lethargy, 

schizophrenia, loss of memory, lack of motivation and 

attention deficit disorder. 

2. Putamen To coordinate automatic behaviours (like driving a car or 

riding a bicycle).  Tourette's syndrome [133] arises when 

putamen becomes faulty. 

3. Globus Pallidus To regulate voluntary movements. It becomes impaired in 

case of damage and causes movement disorders. 

4. Red Nucleus Situated in the midbrain region it coordinates motor 

movements. Due to the high concentration of iron, it is red in 

color hence named red nucleus 

5. Fornix Crura It is a C-shaped part which is the main component of 

hippocampus. In limbic system, Fornix is involved in 

memory formation and recalling events. 

 

2.2 Human Brain Disorders 

Keeping in mind the role of Brain in Human Life, Brain disorders are one of the most critical, 

mysterious and costly health problems. There are broadly four types of Brain Disorders which 

have been described in the Table 2-3. 

  

Table 2-2: Physiology of Sub Cortical Regions of Human Brain. 
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Sr. 

No 

Type Of Brain Disorder Diseases 

1. Brain Injury & Neurodegenerative 

Disorder 

ALS, Parkinson, Huntington, Traumatic brain 

injury, Alzheimer, Stroke, Epilepsy 

2. Psychiatric Disorders Anxiety, Depression, Bipolar, Schizophrenia 

3. Developmental Disorders Autism, Dyslexia 

4. Other Disorders Sensory deficits, Vision Losses 

 

2.3 Treatment of Brain Disorders 

Depending upon the type of brain disorder and conditions of the patient, following 

treatments are presently available [68].  

1. Pharmacological Treatments (Medications). 

2. Neural Stimulations (Electrotherapy). 

3. Surgical Treatments. 

4. Physiotherapy. 

5. Rehabilitation. 

2.4 Neural Stimulation Techniques 

Neural Stimulations are generally preferred over medications because they are more 

focused and targeted in nature. Also, the Electrical Nerve impulses travel faster than chemical 

synapses so they show immediate results. In addition, Non-Invasive Electro-stimulation therapies 

are particularly used for the treatment of medication resistant patients to avoid surgical 

procedures [63], [79], [123]. In combination with physiotherapy and rehabilitation devices, the 

electrical stimulations have a strong potential of giving long lasting and desired response in 

disease management. 

Neural Stimulation is one of the most popular research areas of Bio-electomagnetism due 

to the widespread applications in the diagnosis, treatment of Neural, Psychiatric disorders as well 

as in the cognitive neurosciences. Electrotherapy presents complete temporal control by 

delivering desired dosage of current in the activation period leaving no electrical residue 

afterwards. Whereas spatial control is achieved depending upon the type of stimulation montage 

Table 2-3: Major classifications of Brain Disorders. 
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used [18]. Using electromagnetic stimulations (invasive/non-invasive), the activity of neurons in 

the brain tissues is enhanced or suppressed. Electroconvulsive Therapy (ECT), Transcranial 

Magnetic Stimulation (TMS) and Transcranial Direct Current Stimulation (tDCS) are among the 

most conspicuous Non invasive Brain stimulation therapies.  

The abovementioned techniques can be differentiated on the basis of stimulation 

parameters and mode of delivery of Electric Current.  In ECT commonly termed as Electroshock 

therapy, high current (~800mA) is used noninvasively as a last choice of treatment for the 

patients suffering from severe psychiatric/neural disorders. However, tDCS is a low amperage 

current (0-2mA) direct current stimulation.  In contrast to ECT and tDCS, Magnetic Fields are 

used to induce electric fields inside the cortex in case of TMS [26-28],[51],[150],[152]. 

 

2.5 Transcranial Direct Current Stimulation 

Transcranial Direct Current Stimulation abbreviated as tDCS is one of the most 

promising forms of brain stimulation. tDCS has been gaining substantial importance due to its 

implementation simplicity, safety [99], tolerance, portability and low maintenance 

overheads[9],[52], [94], 145].Although the neural stimulation techniques share same underlying 

fundamental principles in terms of brain function however they have major differences in the 

modes and parameters of stimulation. tDCS originally conceived for the treatment of brain 

injuries [104] has now been used on healthy adults for increasing cognitive abilities like 

coordination, language, mathematics, aptitude, alertness, memory, and problem solving skills. 

[25],[29],[32],[45],[53],[64],[72],[84],[103],[125],[129].Moreover,tDCS has also been employed 

for the treatment of Alzheimer, Anxiety, Chronic pain [101], Depression, Fibromyalgia, Multiple 

Sclerosis, Obesity, Parkinson’s, Post Traumatic Stress Disorders , Schizophrenia, Sleep 

Disturbances, Stroke and Tinnitus [3],[12],[16],[20],[31],[33],[35-36],[40],[44],[74-75],[83], 

[89],[90],[138]. 

 

  



 

14 
 

2.6 Relationship of tDCS Dosage & Neural Excitability 

The exploration about the mechanism of tDCS began in early 1960’s. Lippold and 

Redfean applied weak direct current (<0.5A) on the frontal cortex and observed changes in 

motor activity and behaviour [135-136]. After many years of research and development in 

analysis techniques, it was verified that low amperage currents can lead to modification in Motor 

Evoked Potentials (MEP). In 2000, Nitshce and Paulus studied cortical excitability and polarity 

effects in direct current stimulations [85]. They found enhancement in MEP amplitude for anodal 

stimulation and decrease in motor cortex excitability for cathodal stimulation as depicted in 

Figure 2.2. 

An important parameter in defining the threshold of stimulation is the intensity of 

induced electric field. High electric field strengths can trigger action potential at cellular level 

[98], [131]. This disturbs the membrane potential causing current to travel across the gradient 

which in turn modulates neural activities [23], [76], [122]. The threshold of Action Potential for 

cortical neurons is 22-275 A/m2 [46].  Contrary to most of the brain stimulation therapies, weak 

electric fields of tDCS do not induce neuronal firing (supra-threshold depolarization of neuronal 

membrane) rather they produce electrotonic potentials (non-propagating) in neurons. 

Electrotonic potential modulate the spontaneous activity of neuronal networks and hence control 

the action potential by altering the threshold of membrane potential. [43], [85].  

Although the knowledge about internal mechanisms of neural stimulations is still 

incomprehensible but it is generally believed that the change in polarization of neural membrane 

is the ultimate result of any electrical stimulation.  Contrary to most of the brain stimulation 

therapies, low amperage direct currents do not induce neuronal firing (supra-threshold 

depolarization of neuronal membrane) rather they modulate the spontaneous activity of neuronal 

networks [2],[81], [86-88]. Considering the polarity dependent nature of tDCS [17],[71],[121], it 

can be divided into two types; Anodal and Cathodal tDCS.(Figure 2.1) Generally, Anodal tDCS 

amplifies and cathodal tDCS attenuates the neural activities by modifying resting potential 

threshold of neuronal membrane. The anodal stimulation [43][85] causes depolarization whereas 

the cathodal electric currents results in hyper-polarization [42],[48], [54], [127]. But in case of 

inhibitory inter-neurons the polarity effects are reversed i.e. anodal and cathodal stimulations 

correspond to inhibition and excitation respectively [98]. 
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The sodium and calcium channels in the membrane are voltage dependent. The changes 

caused by induced electrical stimulation in the neuronal membrane potential overpower the 

effects of signalling pathways of neurons for the applied duration of stimulation. [2], [43], [106]. 

Therefore, it is generally asserted that the tDCS effects do not last after the stimulation 

procedure. However, by adjusting the timings of exposure, the after-effects of tDCS can last for a 

few hours [2], [49], [55], [78]. Apart from the local membrane potential changes, tDCS can also 

be used to modulate subcortical structures associated with the cortical area of stimulation [13], 

[50], [69]. 

Bikson discovered a linear relationship between the effect of an induced electric field on 

neurons and the intensity of electric field [98]. However, the morphology, size and length of 

neurons also add to the resulting stimulation. The orientation of soma, dendrites and axons with 

regard to the induced electric field also plays a vital role in stimulation. Radman carried out an in 

vitro study of rat cortical tissues [142-143]. Radman suggested that in a properly oriented sub-

threshold field, the soma of pyramidal cells of layer 5 were most sensitive in terms of 

polarization. The study also reported that layer 5 and 6 neurons had the lowest action potential 

thresholds. Figure 2.2 depicts the cerebral cortex layered structure. 

2.7 High Definition Transcranial Direct Current Stimulation 

In terms of stimulation electrodes, tDCS can be classified into Conventional and High 

Definition tDCS. Rectangular patch electrodes have been employed in conventional tDCS that 

covers large surface area of brain. Most of the applied current in conventional tDCS is shunted in 

the scalp due to its high impedance and hence only a small amount of current reaches the brain. 

By shaping the induced electric field through change in electrode montages of tDCS, focal neural 

stimulation can be achieved. The advancements in tDCS research paved way for the 

development of comparatively more efficient montage in terms of focality [41], High Definition 

tDCS (HD-tDCS). [8],[11],[14],[24],[61],[73],[120].Small circular electrodes (6mm radius) are 

used in HD-tDCS. 4x1 HD-tDCS comprises of one central active electrode and four surrounding 

return electrodes. The considerations for operating an HD-tDCS device have been properly 

detailed in [102].  
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Figure 2.1 Effects of tDCS on Membrane Polarization. (Left) illustrates anodal whereas 

figure (Right) represents cathodal conventional stimulation of primary motor cortex (M1). 

The former causes depolarization of the neuronal membrane subsequently enhancing 

excitability. The later hyperpolarizes the membrane consequently diminishing M1 

excitability. Source: Rozisky et al 2015. 

 

Figure 2.2 Layered Structures of Neurons in Cerebral 

Cortex. Source: http://chronopause.com. 
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2.8 Computational Modeling 

    Computational modeling has been recognized as a predictive tool for current flow in tDCS. 

Keeping in view the above discussion, it is necessary to determine the parameters controlling the 

modulatory effects of stimulation before starting any tDCS study [5-7], [19], [30], [37], [39], 

[56], [62], [65-67], [82], [92],[100], [105],[113],[119],[137], [141-147]. These parameters are as 

follows. 

1. Inter and Intra individual variations. 

2. Configuration of electrodes.  

3. Cortical area targeted for stimulation. 

4. Stimulation polarity (Anodal/Cathodal). 

5. Stimulus Intensity. 

6. Stimulation Dosage (Duration/No. of Sessions). 

7. Reason of Stimulation (Type of Disorder/Pathological Condition of Patient/ Cognition). 

 

           Since in vivo measurements are not practically possible, therefore computational 

modeling serves as an important tool for clinicians to predict and determine the electric field 

generated for a specific setting and configuration of Neural Stimulation[3],[10],[139-

140].Moreover, it helps in understanding and improvement of stimulation outcomes [95-96]. 

2.9 Gaps in Previous Research 

When the computational modeling was started for tDCS, oversimplified models were 

developed. The role of anisotropy of tissues (cortical/non cortical) and the morphology of the 

brain region was underestimated in the assessment of induced field variables [7-8],[37-38], [115-

117],[145]. With the passage of time, directional conductivity in white matter (WM) and skull 

was employed in field estimations [58],[130],[140]. However, few anatomical regions of head 

were used and the estimates were montage specific. Hence, it was not feasible to generalize the 

effects of tissue anisotropy on field variables. Some anatomically intricate and voxel based 

modeling studies were done on Virtual Family models with isotropic conductivities [107-109]. 

These models do not incorporate subject variations.  
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The ignorance in understanding of the underlying mechanisms of tDCS is a major 

impediment in the optimization of its use [112]. Recent studies have shown that in the case of 

Conventional tDCS modeling, the anatomical features [1],[21-22],[114],[153],  and conductivity 

[57-59],[92],[148-149],[154] systematically shape the brain’s electric field distribution 

[15],[60],[110-112],[126],[132]. Most of the research conducted in HD-tDCS has been based on 

empirical results [77],[80],[134]. Moreover, the modeling of HD-tDCS has considered a 

simplified homogenous conductivity profile [9],[12],[70],[91],[120],[124-125] for the human 

head layers in response to electrical stimulations of brain. Such assumptions can therefore lead to 

an inaccurate estimation of dosage delivery and other relevant parameters.  

For 4x1 HD-tDCS, some studies have used plus configuration [134-135] in defining 

return electrodes while some has used multiply (with a 45 degree phase shift) configurations 

[47],[91],[60]. However, no proper reasoning for the selection of a particular angle in stimulation 

montage has been provided. The spatial distribution of induced E-field is highly sensitive to 

electrode configuration [93], [118] and dielectric properties of the tissues .This research will 

provide a solid ground to figure out the underlying bio-physical concepts [128]. Consequently, 

this will lead to better comprehension of neuro modulatory phenomena in HD-tDCS and hence 

improve its efficiency. 

 

2.10 Chapter Summary 

In this chapter, an in-depth review of literature has been presented. The Anatomy and 

Physiology of Human Head and Brain, the elements and activation sequences involved in Motor 

control mechanism of the Brain, Brain disorders and their treatments, Neural Stimulation 

Therapies with special consideration to different types of tDCS and the role of computational 

modeling have been elaborated. The chapter also discusses about the research gaps in previous 

work and how to mitigate them.  
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CHAPTER 3: METHODOLOGY 

 

The research was conducted in two phases; Modeling and Simulation see figure 3.1. The 

modeling phase was further deconstructed into three divisions; Tissue Classification, Model and 

Mesh Generation. Whereas, the Simulation phase dealt with the application of Electrical 

Stimulations on the Head Models developed in first phase. Each phase and its sub-phases have 

been discussed in detail in the following text. 

 

3.1 Modeling Phase 

In this phase, Volume conductor Head Model was developed. Following is the detailed 

description of the sub-classifications of modeling phase. 

3.1.1 Tissue Classification 

The first step in this phase was the collection of data. 3D Scalar MRI datasets (weighted 

T1, T2 and PD) were used in this study [34].Each modality consisted of 1x1x1 mm3 isotropic 

voxel resolution and 181 x 217 x 181 slices. The second step was the construction of head tissue 

masks. The software employed for tissue differentiation was Simpleware. In addition, Brain 

Atlas was used to further assist Tissue mask separation. Masking was done using the image 

Project

Modeling 

Tissue 
Classification

Model 
Generation 

Mesh 
Generation

Simulation

Electrical 
Stimulation 
Application

Figure 3.1 Phases of the Project. 
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processing protocols described in [135-136]. The figure 3.2 shows the Simpleware environment 

in which tissue classification of 3D scalar images was carried out. 

 

 
 

 

3.1.2 Model Generation 

The development of three dimensional Head Models for the application of Transcranial 

Stimulations was carried out in two stages which are given as follows. 

1. Generation of Realistic Head Model. 

2. Placement of Electrodes over the Head Model. 

 

3.1.2.1 Generation of Realistic Head Model 

After the development of tissue masks as described in the previous section, these tissue 

masks were then transformed into 3D Head model layers in ScanIP (Simpleware Software). The 

Head Model (see figure 3.3) comprised of nineteen anatomical regions of head and brain which 

includes Scalp, Skull, Subcutaneous Fats, Muscles of Mastication, Eyes, Eye Muscles, Left and 

Right Eye Muscles, Cerebrospinal Fluid, Grey Matter, White Matter and Subcortical Regions 

(Hindbrain, Thalamus, Hippocampus, Fornix Crura, Caudate Nuclueus, Red Nucleus, Putamen, 

Globus Pallidus interna and externa). It is worth mentioning here that for ease of analysis the 

Brainstem, Cerebellum, Medulla and Pons were combined in Hindbrain Layer. 

Figure 3.2 Tissue Classifications in Simpleware. 
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3.1.2.2 Placement of Electrodes over the Head Model. 

In this stage, High definition electrodes were placed over the Head Model in ScanCAD 

(Simpleware Software). Electrode configurations were derived from Standard International 10–

10 EEG Electrode system. The description of models is given in Table 3-1. 

  

Figure 3.3 Different Layers of Head Model. 
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Type Details Anode Cathode Electrode Placement Electrode Position 

Model 

1 

Small Radius 

Plus 

Configuration 

C3 C1 

FC3 

C5 

CP3 

 

 

 

Model 

2 

Large Radius 

Plus 

Configuration 

C3 CZ  

F3  

T7  

P3  

 

 

 

Model 

3 

Small Radius 

Multiply 

(45 deg Shift) 

Configuration 

C3 CP1 

CP5 

 FC5 

FC1  

 

 

 

Model 

4 

Large Radius 

Multiply 

(45 deg Shift) 

Configuration 

C3 FZ  

F7  

P7  

PZ 

 

 

 

 

  

Table 3-1 Models with their respective electrode configuration. 
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3.1.3 Mesh Generation 

In this part, the four Models generated were prepared for the application of Stimulations 

on them. As the Transcranial Direct Current Stimulations are based on principle of Maxwell 

Equations, solving these equations on a highly non-uniform, irregular and convoluted structure 

of brain would be a cumbersome job. For such calculations, Finite Element Method (FEM) has 

been employed to estimate the solutions in the form of linear combination of basis functions 

(Piecewise linearity). FEM is a numerical technique which is used for the finding the solutions of 

Partial Differential Equations with Boundary Conditions. 

 

Therefore, the whole model (Head and Electrodes) was discretized into 3D tetrahedral 

finite elements in ScanFE (Simpleware Software). The Final Volumetric Mesh Model contained 

20 regions corresponding to 19 different segmented tissues & Electrode masks and consisted of 

around 2 million tetrahedral elements. To achieve better accuracy, the mesh generation algorithm 

was fine-tuned making the regions of interest (Grey Matter, White Matter and Sub-cortical 

regions) densely meshed. 

3.2 Simulation Phase 

The main aim of the simulation phase was the application of Electrical Stimulations over 

the Head Models which was carried out in COMSOL Multiphysics software. COMSOL was 

used to perform FEM analysis for calculating Electric Field Induced as a result of Stimulation. 

The simulation phase was divided in the following three stages. 

1. Layer-wise Assignment of Materials 

2. Application of Boundary Conditions 

3. Setting of Stimulation Parameters 

 

3.2.1 Layer-wise Assignment of Materials 

Quasi-static approximation is applicable on Maxwell’s Equations for low frequency 

stimulations. [96-97]. The dominant dielectric behaviour in this case is Resistive in Nature and 

hence only electrical conductivity has to be assigned in material properties. The electric field 

induced in tDCS is normal to the cortical surface under the quasi static conditions.[23],[98]. 

Laplace’s equation (1) and Ohm’s Law (2) were used for calculating Electric Field and Current 
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Density respectively. Where E=Electric field intensity (V/m), ∇= Gradient, V= Potential 

Difference (V), J=Current Density (A/m2), σ= Electrical Conductivity of Layer (siemens/m) 

E = −∇V    (1) 

           J = σE     (2) 

3.2.1.1 Inclusion of Isotropic Conductivity in Model 

Each segmented region of the Model was given its respective isotropic values of 

electrical conductivity which are listed in Table 3-2 

 

3.2.1.2 Inclusion of Anisotropy Conductivity in Model 

Recalling the objectives of this research project, the inclusion of anisotropy has to be 

tested. In this study, Skull, Muscles of Mastication, Eye Muscles (Left and Right) and White 

Matter have been assigned anisotropic values. The anisotropy of Skull has been attributed due to 

the difference in electrical behavior of different layers of Skull i.e Compacta and Spongiosa. 

Human Skull has low conductivity in the radial direction (σR) as compared to tangential direction 

(σT) (eq. 4). Whereas in the Muscles (Mastication and Eye), the longitudinal conductivity (σL) is 

5 times more than the transverse (σTrans) (eq. 5).  However, the white matter relationship between 

the longitudinal and transverse conductivity of white matter has been depicted in eq. 6.  

 

Anisotropic Conductivity Tensors (eq. 3) for Skull, Muscles and White matter were 

derived using the directional conductivity of these layers as described in [136]. To restrict the 

anisotropic conductivity of a layer to its isotropic magnitude, the Wang Constraint was applied 

(Wang, Haynor & Kim 2001). Wang’s Volume Constraint states that the product of the 

components (tangential and radial) of conductivity must be constant and equal to the square of its 

isotropic value (eq. 7).  The conductivity values obtained were in local coordinate system (eq. 9). 

To use these values in FEM models, they had to be converted into Cartesian coordinate system 

for all the anisotropic layers (eq. 10). 
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     𝜎 = (

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑥𝑦 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧𝑧

)    (3)   

 

  

𝜎𝑇 = 10𝜎𝑅      (4)  
 

 

𝜎𝐿 = 5𝜎𝑇𝑟𝑎𝑛𝑠     (5) 
 

 

𝜎𝐿 = 10𝜎𝑇𝑟𝑎𝑛𝑠    (6) 
 

 

𝜎𝑅𝜎𝑇 =  𝜎𝐼𝑆𝑂
2       (7) 

 

 
4

3
𝜋𝜎𝑅 𝜎𝑇

2 =
4

3 
𝜋 𝜎𝐼𝑆𝑂

3      (8) 

 

 

𝜎(𝑙𝑜𝑐𝑎𝑙) = (
𝜎𝑅 0 0
0 𝜎𝑇 0
0 0 𝜎𝑇

)   (9) 

 

 

𝜎(𝑥,𝑦,𝑧) = 𝐴𝜎𝑙𝑜𝑐𝑎𝑙 𝐴
𝑇             (10) 

 

 

The values of isotropic and anisotropic conductivities used in COMSOL for material properties 

assignment have been listed in Table 3-2. 
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Material 

Isotropic 

Model 

(S/m) 

Anisotropic 

Model 

(S/m) 

 

Material 

Isotropic 

Model  

(S/m) 

Anisotropic 

Model  

(S/m) 

Scalp 0.43 0.43 Hind Brain 0.25 0.25 

CSF 1.79 1.79 Thalamus 0.32 0.32 

Subcutaneous 

Fat 

0.025 0.025 Hippocampus 0.32 0.32 

Eye Muscles/ 

Muscles of 

Mastication 

0.16 Anisotropic Fornix Crura 0.32 0.32 

Eye 0.5 0.5 Caudate 

Nucleus 

0.32 0.32 

Eye Lens 0.31 0.31 Globus 

Externa/Interna 

0.32 0.32 

Skull 0.015 Anisotropic Putamen 0.32 0.32 

Grey Matter 0.32 0.32 Red Nucleus 0.25 0.25 

White Matter 0.15 Anisotropic Electrode Gel 0.43 0.43 

 

 

3.2.2  Application of Boundary Conditions 

 

For the solving Maxwell’s equation in a particular stimulation setting, it is necessary to 

define the boundary conditions at the interfaces of the electrode and different tissue layers 

accordingly. As the Conductivity of Electrode Gel is much higher than the Volume conductor, 

therefore Dirichlet boundary condition (𝑽 = 𝑽𝟎) was used at the exposed surface of Electrode 

acting as Anode. Whereas the exposed surfaces of the cathodes have been assigned V = 0. The 

Table 3-2 The Conductivity Assignments of Tissues. 
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External boundaries of the head were electrically insulated (n.J = 0). For all the inner interfaces, 

the continuity of the normal component of J has been maintained by Neumann Boundary 

Condition(𝒏. 𝑱𝟏 = 𝒏. 𝑱𝟐). See figure 3.4.  

 

 

 
 

 

 

 

 

 

 

3.2.3  Setting of Stimulation Parameters  

 

A constant current stimulating device (ranging from 0-2mA) has been used for 

Transcranial Direct Current Stimulation in clinical practice. Therefore, in all the eight test cases 

of this computational study, the stimulation current was set at 1mA current. The desired electric 

current injected through the Anode was achieved by readjustment of Voltage across anode 

surface. For this purpose, Gauss’s Theorem was applied which states that the total current 

flowing outward across surface of Anode is equal to the Rate of change of charge in the Volume 

of the Head (eq. 11). 

    

Figure 3.4 Application of Boundary Conditions. (Left) Outside View and (Right) Inside View 

where Γs= Exposed Surface, Γi= inner boundary, Γe= exposed boundary. Source (Right): 

Shahid et al 2013. 

(11) 
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The Initial Voltage of 1V has been applied to find out the value of surface integral in 

COMSOL. Using this value, the Bulk Resistance of the model has been calculated.  Thereafter, 

the value of Bulk Resistance has been used to calculate the new voltage for the application of 

desired current. This process has been performed for the simulation of all the eight models 

separately (figure 3.5). The corresponding values for each model have been mentioned in Table 

3-3.

 

  

Constant Current 
Stimulator  

Desired Current
1mA

Voltage 
Adjustment 

across Anode

Gauss’s Theorem
Initial Voltage

1V
Surface Integral

Bulk Resistance New Voltage
Current

1mA

Sr. 

No 

Model Conductivity 

Profile 

Bulk Resistance 

(Ω) 

Voltage  

(mV) 

Current  

(mA) 

1. Model 1 Isotropic 630.159 630.159 0.99997 

2. Model 1 Anisotropic 635.364 635.364 1 

3. Model 2 Isotropic 768.994 768.994 1 

4. Model 2 Anisotropic 787.154 787.154 1 

5. Model 3 Isotropic 702.642 702.642 1 

6. Model 3 Anisotropic 712.962 712.962 0.99997 

7. Model 4 Isotropic 816.726 816.726 1 

8. Model 4 Anisotropic 844.880 844.880 0.99998 

Table 3-3 The Settings of Stimulation Parameters. 

Figure 3.5 Workflow for the Setting of Stimulation Parameters. 
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3.3 Computational Resources 

The tasks performed in Modeling and Simulation is quite expensive computationally. 

Therefore, it is worth mentioning here the resources, amount of time and software utilized in this 

project is given in Table 3-4 and Figure 3.6. 

 

 

 

Sr. 

No 

Tasks for Each Model Time Computational Resource 

1. Tissue segmentation 18 h Dell T5500 workstation 24 GB RAM 2.0 

GHz Xenon processor. 

2. 3D head model & 

tetrahedral mesh 

generation 

6 h RCMS Supercomputer 24GB RAM node, 

2.4 GHz processor. 

3. Resistance Calculation 

(COMSOL) 

25.75 min HSL SMME Dell Optiplex 9020 Intel-

core i7, 16GB RAM, 3.6 GHz processor. 

4. Electric Field 

Simulation Runtime 

(COMSOL) 

27.5 min 

5. Scalar Analysis 

(COMSOL) 

23 min 

6. Statistical & 

Comparative Analysis 

(MATLAB) 

20 min 

 

 

 

 

 

 

 Table 3-4 Time and Computational Cost of Each Model. 
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3.4 Chapter Summary 

           In this chapter, the methodology for the implementation and designing of the project has 

been explained. A pictorial summary of this section has been presented in Figure 3.7. 

 
 

 

 

Figure 3.7 Summary of Methodology. 

Figure 3.6 Workflow of the Software used. 
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  CHAPTER 4: RESULTS & DISCUSSION  

The main purpose of this study was to figure out the role of introducing anisotropy in the 

head models and investigate the effects of changing the radius and angle of stimulation of 

electrodes in electric field maps. For the former case, Residual Error (RE) and Relative 

Difference Measure (RDM) were used respectively for the magnitude and topographic 

comparisons (see Appendix A). Whereas, for the later two cases, variations in electric fields 

were quantified using Peak, Mean, Median, Skewness and Penetration plots. Apart from the 

statistical plots, the graphical plots are also presented for getting a better picture of the Electric 

field spread. 

Before going into the observations of field maps inside the brain, it was imperative to 

check whether the models were working properly. For this purpose, the fields were plotted in the 

non-cortical areas and compared with the literature. It was found that most of the current was 

shunted in non-cortical areas due to the large impedance of the scalp. The peak value of induced 

E-field was spotted beneath the Anode. In addition, current was mainly distributed underneath 

the circumference of stimulation montage which is in concurrence with previous studies. For 

better visualization, the fields were shown in the form of threshold plots in which the maximum 

color range value of Electric field in all four models was set as 30V/m (see Figure 4.1). 

 

 

 

The graphical plots obtained from COMSOL simulations give a comparison of the spread 

and the intensity of Electric Fields for the eight models (four isotropic and four anisotropic). 
  

    

Model 1 Model 2 Model 3 Model 4 

Figure 4.1  Electric Field Slice Threshold Plots (30V/m) showing Non cortical Regions. 
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Plotting 

Range 

Max = 0.51 V/m Max = 0.31 V/m Max = 0.94 V/m Max = 0.89 V/m 

Model 1 

(Isotropic) 

Model 1 

(Anisotropic) 

Model 2 

(Isotropic) 

Model 2 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.72 V/m Max = 0.56 V/m Max = 1.08 V/m Max = 1.22 V/m 

Model 3 

(Isotropic) 

Model 3 

(Anisotropic) 

Model 4 

(Isotropic) 

Model 4 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.51 V/m Max = 0.2 V/m Max = 0.94 V/m Max = 0.52 V/m 

Model 1 

(Isotropic) 

Model 1 

(Anisotropic) 

Model 2 

(Isotropic) 

Model 2 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.72 V/m Max = 0.34 V/m Max = 1.08 V/m Max = 0.68 V/m 

Model 3 

(Isotropic) 

Model 3 

(Anisotropic) 

Model 4 

(Isotropic) 

Model 4 

(Anisotropic) 

Figure 4.2 Volume Plots of Complete Brain showing differences in the Spread & Intensity of 

Electric Field (V/m) in Isotropic and Anisotropic Models. 

Figure 4.3 Volume Plots of Grey Matter showing differences in the Spread & Intensity of Electric 

Field (V/m) in Isotropic and Anisotropic Models. 
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Plotting 

Range 

Max = 0.34 V/m Max = 0.31 V/m Max = 0.69 V/m Max = 0.89 V/m 

Model 1 

(Isotropic) 

Model 1 

(Anisotropic) 

Model 2 

(Isotropic) 

Model 2 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.51 V/m Max = 0.56 V/m Max = 0.98 V/m Max = 1.22 V/m 

Model 3 

(Isotropic) 

Model 3 

(Anisotropic) 

Model 4 

(Isotropic) 

Model 4 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.062 V/m Max = 0.103 V/m Max = 0.24 V/m Max = 0.35 V/m 

Model 1 

(Isotropic) 

Model 1 

(Anisotropic) 

Model 2 

(Isotropic) 

Model 2 

(Anisotropic) 

    

 
Plotting 

Range 

Max = 0.12 V/m Max = 0.19 V/m Max = 0.42 V/m Max = 0.57 V/m 

Model 3 

(Isotropic) 

Model 3 

(Anisotropic) 

Model 4 

(Isotropic) 

Model 4 

(Anisotropic) 

Figure 4.4: Volume Plots of White Matter showing differences in the Spread & Intensity of Electric 

Field (V/m) in Isotropic and Anisotropic Models. 

Figure 4.5: Volume Plots of Sub Cortical Regions showing differences in the Spread & Intensity of 

Electric Field (V/m) in Isotropic and Anisotropic Models. 
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Figure 4.2 illustrates the results on Whole Brain (Grey Matter, White Matter and 

Subcortical Regions combined), whereas figures 4.3, 4.4, 4.5 depict separate 3D plots of Grey 

Matter, White Matter and Sub Cortical Regions respectively. Although it is quite evident from 

these graphical depictions that there are marked differences in the distribution of Electric Field in 

all the models but for the quantification and explanation of these results, Statistical calculations 

were performed in MATLAB for answering the problem questions of this research. 

4.1 Effects of Anisotropy 

The comparison between the isotropic and anisotropic models for brain, grey matter, white 

matter and sub cortical regions has been shown in the figure 4.6. The RE/RDM values of brain in 

Model 1, Model 2, Model 3 and Model 4 are (0.75/43%), (0.65/38%), (0.68/41) and (0.68/41) 

respectively. The magnitude difference is almost 0.7 and the topological difference is almost 

40% in overall electric field distribution of brain as compared to isotropic models which is quite 

significant. Also, the human brain is naturally anisotropic therefore, in the next simulations only 

anisotropic models were considered. 

 

  
(a) (b) 

 

Figure 4.6: (a) Residual Error and (b) Relative Difference Measure between Isotropic and 

Anisotropic Models in Electric Field Distribution. 
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4.2 Effects of Variation in Radius & Angle of Stimulation 

The (Emax/Emean/Emedian) values of whole brain are (0.3/0.015/0.08), (0.9/0.058/0.035), 

(0.58/0.035/0.018) and (1.22/0.09/0.064) for Model 1, Model 2, Model 3 and Model 4 

respectively.  On increasing the radius of stimulation, the intensity (Peak) and the spread (Mean, 

Median) of E-field in all layers of brain increased whereas, the skewness decreased as the fields 

tend to become uniform. It is clearly evident from the plots that the same trends were followed 

by the electric fields when the angle of stimulation was shifted from 00 to 450 (See figure 4.7).  

 

 

  

a) Peak Electric Field Strengths 

 

b) Mean Electric Field Strengths 

  
c) Median Electric Field Strengths d) Skewness of Electric Field Strengths 

 

Figure 4.7: Electric Field Statistical Comparison Plots of Brain, Grey Matter, White Matter & Sub 

Cortical Regions (V/m) in Anisotropic Models. 

 

 

For more elaborate explanation of the fields in sub cortical regions, they were separately 

plotted in figure 4.8 with their respective range of values.  
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a) Hippocampus b) Thalamus c) Putamen 

   

d) Caudate Nucleus e) Hippocampus f) Fornix Crura 

   
g) Red Nucleus h) Globus Pallidus External i) Globus Pallidus Internal 

 

Figure 4.8: Volume Comparison Plots of Sub Cortical Regions showing differences in the Spread  

& Intensity of Electric Field (V/m). 
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For the quantification of these results, statistical comparisons are provided in figure 4.9. 

The Peak, Mean and Median Plots illustrate that the Spread and Intensity increases in both cases 

(i.e. increase in radius and angle of stimulation). 

 

  
a) Peak Electric Field Strength 

 

b) Mean Electric Field Strength 

 
c) Median Electric Field Strength 

 

Figure 4.9 Statistical Comparison Plots of Sub Cortical Regions showing differences in the 

Spread and Intensity of Electric Field (V/m).  

 

 

The penetration of fields inside the brain with respect to actual/threshold intensities and 

directions are shown in figure 4.10. It is quite obvious from the slice plots that the penetration 

intensity amplifies as the stimulation ring radius and angle increases. The coronal slice of brain 

has been taken to show the comparisons in dispersion of Electric field the labelling of which is 

shown in Figure 4.11.The third row of figure 4.10 shows the direction and intensity of Electric 

Field distribution in the form of Arrows. The density of arrows is more in the regions where the 

field is strong. 
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Actual 

Intensity 

Plots 

      

 
Threshold 

Intensity 

Plots 
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Figure 4.10 Coronal Slice Comparison Plots showing penetration (intensity and direction) of 

Electric Field in Cortical and Sub Cortical Regions of Brain (V/m).  

 

 

 

 

 

  

Figure 4.11 Coronal Slice of Brain 
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4.3 Discussion 

In computational modeling, the validation of results is performed either by performing 

clinical trials or by consulting previous reported literature. The clinical trials also have their 

limitations. The recordings inside human brain cannot be performed in runtime stimulations. 

Therefore, till now the best way to validate the modeling study is to crosscheck the results with 

the literature in which researchers have themselves benchmarked their results with the 

experimental data on animal/human models. 

It has been theorized by Radman [142-143] that the normal component of Electric field is 

optimally polarizes the cortical neurons along cortical columns (Layer 5 pyramidal neurons). 

Hence, this component of electric field is mainly responsible for the cortical stimulation. 

Therefore the Normal Electric Field component has been used for the analysis.  

The normal electric fields were plotted in cortical and non cortical regions of the head. 

Anodal stimulation has been considered in this study therefore the electric field had its maximum 

value just below the anode and the distribution of current inside the brain is mostly constricted in 

the area hemmed in by the cathodes. Due to the large resistance of the non cortical areas 

especially the scalp region, most of the current was dispersed in this region. Beneath the anode, 

the induced E-field had its peak value. Current distribution was mainly focused under the ring 

formed by the stimulation montage. These observations are in concurrence with the previous 

studies (Datta et. al 2009). 

The results were plotted in graphical form to get a comprehensive three dimensional 

perspective of the electric field distribution in human head (Figure 4.2, 4.3, 4.4, 4.5). But to have 

a statistical comparison of different models MATLAB analysis was run separately on each layer 

of the head for all the considered cases.  For the case of studying anisotropy in the model, 

Relative Difference Measure has been used as topological measure whereas Residual Error has 

been used magnitude measure.  

The inclusion of directional conductivity caused significant changes in overall brain’s 

electric field (Topological ~ 40% and Magnitude ~ 0.7) as compared to isotropic models (Figure 

4.6). As the current density remains constant in a layer, therefore the electric field strength 
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changes in order to compensate for the variations in conductivity. However, the intensity 

variation depends upon the extent of alignment between the induced current and the neurons. 

Hence, the layer in-homogeneity and anisotropy leads to high values of RE and RDM as deduced 

by Shahid [135]. 

When anisotropy is introduced, the white matter conductivity becomes lower in the 

direction of stimulating current which creates an enhancement in electric field intensity in the 

subcortical regions of the brain. Although there is a decrease in current density but as there is an 

inverse relationship between electric field and current density (E = J/σ) rapid changes in 

conductivity of tissues can cause discontinuities in current density. For this reason, a sharp 

increase in intensity of electric field is observed at the interacting surface of grey and white 

matter. 

When stimulation ring radius was varied, our prognosis shows that as the distance between 

the ring electrodes (cathodes) and the center electrode (anode) increased the electric field 

intensity increased. This was validated across different subjects from the previous literature [91]. 

Though there were differences in the values of peak intensity of field reflecting changes in tissue 

conductivity, model’s anatomical complexity and positioning of electrodes. Only a slight 

distribution of current was observed outside the cortical areas covered beneath the stimulation 

ring.  

Many of the researchers used plus configuration [134-135] in setting the stimulation 

electrodes whereas some of them have used Multiply; a 45 degree shifted configuration 

[47],[91],[60]. But they have not explained the reason for the selection of a particular montage 

used in their studies. As the electrode configuration highly influences the spatial distribution of 

induced E-field [93], [118] and dielectric properties of the tissues. Hence, the third objective of 

this study was to compare the orientations of stimulation montage. In this study we have kept the 

anode fixed at C3 and changed the return electrodes. The other parameters such as stimulation 

current, radius of stimulation and the conductivity of tissues were maintained constant in each 

case of the study. 
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The variations in the shape (i.e. Plus and Multiply) of the montage brought noticeable 

changes in the spread; intensity and the depth of penetration. It was observed that the area that 

has been stimulated in shifted angle configuration was bigger than it was in the case of Plus 

configuration. Therefore, the bulk resistance and consequently the voltage required to maintain 

the desired current of 1mA increased by Ohm’s Law. As a result, the electric field intensity 

amplified. (Figure  

In both cases i.e. radius change and angle shift, the focality decreased and spread increased 

as the area covered by the stimulating electrodes increased (Figure 4.7 (a), (b), (c)). For the same 

reason, the skewness decreased as the fields tend to become uniform when the area increased  

(Figure 4.7 (d)). 

The depth of penetration of current increased as a consequence of increasing the area 

covered by the stimulating montage (Figure 4.8, 4.9, 4.10). Although, the general perception is 

that the penetration should decrease as the spread is increasing. But the converse was observed 

i.e. the penetration increased. Alam [91] has explained the reason for this enhancement in terms 

of conservation of current density.  

When our results were compared with the existing literature it was found that they are 

concurrent. The results showed that electric field distribution were following the same trends in 

all the cases considered in this study. Though there were differences in terms of maximum and 

minimum values. These differences were attributed to the anatomical variations, directional 

conductivity profiles and the orientation of stimulating electrodes. 

These findings and the electric field maps in various cortical and sub cortical regions are 

essential in determining the type of polarization (Depolarization/Hyper polarization) occurring as 

a result of the externally induced electric field as described in the Chapter 2. This information 

will play a key role in deciding the configuration which should be employed in a particular 

pathological or learning task as explained in the Table 2-1 and Table 2-2. 
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4.4 Chapter Summary 

In this chapter, the results have been presented. There is a noticeable change in electric 

field distribution when the complexity in conductivity of brain layers has been introduced. Also, 

the research hypothesis has been validated for the variations in stimulation montage. The electric 

field has been discussed in terms of changes in intensity, direction, focality and penetration in 

four different models. It has been concluded that the stimulation parameters depend 

predominantly on the intervention goals and practical considerations. 
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CHAPTER 5: CONCLUSIONS & FUTURE PROSPECTS 

 

In this project, the complexity of computational analysis has been improved with the 

inclusion of in-homogeneity, more sub-cortical layers, stimulating radius and angle shift. 

Previously researchers have employed this approach in head models having 6-7 isotropic layers. 

However, in this study the effects of stimulation montage radius change have been observed in 

Anisotropic Models. In addition, the comparison between the Plus and Multiply (450 shift) 

configuration with the alteration of radius has not been presented before to the best of our 

knowledge. 

It can be concluded from this project, that the appropriate stimulating configuration 

depends upon the interventional goals (target application, pathological condition and subject’s 

anatomy) and device considerations. From applications perspective, this research can provide the 

following advantages. 

 

1. As the stimulating ring’s radius and shape can be modified to create a more intense 

electric field, it can be applied as an alternative method to adjust the input stimulator 

current when the applied current is restricted by the safety limits. 

2. The accuracy of the predicted region of interest and the dosage parameters of stimulation 

can be controlled by using effective modeling and simulation approaches 

3. Based on individual anatomy, pathological conditions (Parkinson’s, Stroke, Depression 

etc) and/or learning and memory enhancements, this computational study would be 

beneficial to the clinicians for planning customized HD-tDCS treatments of the patients. 

4. This investigative study can be useful for future research in cognitive neuroscience and 

Non Invasive Deep Brain Stimulation. 

5. Transcranial Direct Current Stimulation Device has been introduced for the very first 

time in Pakistan for research purposes by the Human Systems Lab, SMME, NUST. As a 

proud member of Human Systems Lab, SMME, NUST, my study will serve as a forward 

matter for hospitals, neural rehabilitation centers, and research and development 

organizations in Pakistan in the field of Neuro-modulation. 
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5.1 Future Recommendations 

Following are some of the way forwards of this research (see figure 5.1). 

 

1. This research has been based on C3 Anodal Stimulation in 4x1 HD-tDCS. The models 

used in this study can be adapted for other HD-tDCS configurations, positions and 

targets. 

2. By incorporating neuronal fiber details in these models, microscopic level analysis can be 

done.  

3. The integration of structural models with the functional (e.g. functional Magnetic 

Resonance) imaging and signaling (e.g. Electroencephalography (EEG)) modalities can 

lead to better understanding of brain connectivity.  

4. There is a dire need of standardizing conductivity values of head layers in tDCS 

modeling. This will provide consistency in the analysis of realistic head models.  

5. The present study has been performed on static conditions. In future, time based analysis 

can also be employed in the same models. 

6. Some other Transcranial stimulation techniques like alternate current and random noise 

stimulations (tACS, tRNS) [151] can also be done by the inclusion of frequency and 

dielectric material properties in the present models. 

7. The Deep Brain Stimulation (DBS) which was once thought to be an invasive procedure 

can also be probed in with this simple and non invasive technique. 

8. The cost of computation (time and resources) [135] remains a major challenge in 

computational modeling. The refinement in algorithms to reduce this cost is essential for 

making Image Guided Intervention a constructive tool for clinicians. 
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APPENDIX A 

Relative Difference Measure (RDM) 

A measure of topographic variation.  The minimum error corresponds to 0 and the maximum 

error corresponds to an RDM of 1.  

 

 

Residual error (RE):  

 

Where EBASELINEi = Baseline parameter (electric field of isotropic head models)  

EVARi = the same field parameter (electric field of anisotropic head models) of different head 

models considered in the comparison. ‘i’ represents the total number of data points (elements of 

a particular sub domain or Region of Interest). 

Skewness: The Skewness of Electric Field was calculated as a measure of  how far in the 

positive or negative  direction the distribution tail extends. 
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