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Abstract

The aging brain causes the problems associated with decision making, memory loss, language problems, personality
problems, and changes in behavior. Physicians decide treatment based on disease progression and the patient’s overall
health. Alzheimer’s disease (AD) and Mild Cognitive Impairment (MCI) are two majorly reported clinical abnormalitiesin
today’s time. The adversity of the disease can be controlled with timely diagnosis and choice of treatment modality.
Noninvasive treatment like transcranial electrical stimulation has shown effective results in drug-resistant and early
diagnosed patients. Transcranial Direct Current Stimulation (tDCS) uses low electrical direct current through specialized
stimulating electrodes. The induced electric field within the targeted area can be measured in vivo with greater accuracy
with its limitation of applicability to humans. Characteristics of the tissue changes with its compositional variation with
different tissue mass like Cerebrospinal Fluid (CSF), Skull, Skin, Gray matter, and White matter. Computational modeling
of tissue characteristics and external stimulation provides a better solution for the effective measurement of spatial electric
field distribution. The effectiveness of treatment greatly depends on targeted electrical stimulation with precise localization
of stimulation electrodes. Apart from the location of the stimulation electrodes, electrode size, shape, duration of
stimulation, the patient’s specific anatomy, the strength of the current, and conductivity of tissue alter the treatment efficacy
and clinical outcome. In this study, we have obtained Magnetic Resonance Imaging (MRI) images from the AD
neuroimaging initiative to create patient-specific head models for AD and MCI patients. Simulation of Non-invasive Brain
Stimulation (SimNIBS) open-source software used for calculating electric field induced by transcranial electrical
stimulation. Obtained results were compared for both patient groups to know the variation of electric field distribution
across the head regions. Results suggest that electric field distribution varies with selected stimulation parameters and
patient-specific head models. Increasing currentintensity by 25% of 1 mA results in a 25% increase in electric field strength,
whereas a 50% increase in 1 mA of current intensity results in a nearly 49.46 % increase in electric field strength of Left
Dorsolateral Prefrontal Cortex (LDLPFC). With standard conductivities of head tissues and uniform stimulation
parameters for both the patients, we obtained varied electric field strength which signifies the tissue abnormality caused by
neurodegenerative disease.
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1.Introduction

Alzheimer’s and dementia is rapidly increasing health
issue in aging people. It is expected that 900 crores of
people will cross 60 years of their age by 2050 across
the world. Aging is one of the factors for Neurological
diseases mostly in a developing country like India
because of the lack of ease of living.
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As per the statistics for age, 7.5 crores of people will
be suffering from Alzheimer’s and dementia-related
neurological problems by 2030 [1]. India is having
only 0.010 mental health hospitals per 1 Ilakh
population. Mild Cognitive Impairment (MCI) is
another neurodegenerative disease considered as an
intermediate stage between the early normal cognitive
ability to clinical dementia. Patients with clinical
evidence of MCI are expected to develop dementia
and Alzheimer’s disease in a short period [2]. Early
symptoms of MCI include forgetting things, inability
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to find words for communication, personality changes
are likely to develop Alzheimer’s disease where these
symptoms get worsen. Alzheimer's patients have more
problematic symptoms associated with language
problems, complete memory loss, and severe
personality behavior. To eliminate the social stigma of
mental illness, it is an urgent need to prevent and treat
these diseases with appropriate treatment modalities.

Transcranial electrical brain stimulation finds more
attention in the neuroscience and Neuro-rehabilitation
community because of its non-invasive behavior.
Other non-invasive treatment modalities for
neurodegenerative diseases are Electro-Convulsive
Therapy (ECT), Transcranial magnetic stimulation,
and Transcranial direct current stimulation. All these
techniques utilize delivery of current trans-cranially
where no surgical interventions are required. Direct
shock therapy like ECT delivers 70 to 120 volts to the
patient’s head increases mortality risk between 2 to 10
patients per 100000 therapies [3]. ECT also has
adverse effects on cardiac and respiratory functions.
Vagus nerve stimulation, an invasive treatment
modality for epilepsy and depression is also having
side effects of vocal cord paresis, arrhythmia, and
facial weaknesses [4]. In recent times transcranial
direct current stimulations have been receiving much
interest among Neuroscientist and neuropsychiatrists
for their less adversity to patients.

Transcranial direct current stimulation is most suitable
for drug-resistant neurological patients. Transcranial
Direct Current Stimulation (tDCS) alters brain activity
by modulating depolarization and hyperpolarization
within the specific regions oftarget therapy. Using two
stimulating electrodes tDCS can depolarize and
hyperpolarize the target area of the brain by anodaland
cathodal stimulation respectively. Concerning the
Transcranial Magnetic Stimulation (TMS), tDCS does
not induce action potentials rather it augments
neuronal excitability using Long Term Potentiation
(LTP) upon anodal stimulation and Long Term
Depression (LTD) upon cathodal stimulation [5]. TMS
is considered as supra-threshold stimulation while
tDCS is considered as sub-threshold stimulation
technique. Delivered current can alter the
concentration of calcium (Ca+) ions into targeted brain
regions [6]. Neurotransmitters, Gamma-Aminobutyric
Acid (GABA), and glutamate can be increased and
decreased upon the anodal and cathodal tDCS
stimulation respectively [7]. Marceglia et al. [8] found
increased memory associated with better recognition
of words reflected in Electroencephalography (EEG)
waves in the Alzheimer patient group by tDCS
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stimulation. With various behavior and cognitive
assessment techniques, Meinzer et al. [9] concluded
improvement in memory in the MCI patient group
after tDCS stimulation. By delivering current between
1 and 2 mA at targeted brain regions will induce
electric field distribution within and near the
stimulation area. Characteristics of induced electric
field distribution depend on brain tissue’s anatomical
and physiological condition. Also, electric field
distribution in the targeted brain regions is heavily
altered by individual anatomy, the strength of the
direct current, electrode’s size and shape, tissue
conductivity parameters, and electrode placements
[10]. Variation in brain anatomy person to the person
demands an individual approach of stimulation
protocol to achieve treatment goals.

Bran stimulation requires accurate information
regarding location and stimulation parameters to
obtain optimum therapeutic effects. Alteration of
electric field strength due to subjective variation can
be estimated with computational approaches. The
subjective approach to finding out the right therapy
model before giving the actual treatment with the
tDCS device motivates this study. To address the
challenges like 1. How to simulate a customized
treatment model? 2. What parameters have to be
considered for simulation study? 3. How to interpret
electric field distribution in brain tissues 4. What is the
effect of changing the stimulation parameters?
Conventionally current reaching to the brain tissue,
measured by deep sited microelectrode which is
impractical to study changes due to stimulation
variation. Computational platforms like the realistic,
volumetric approach to Simulate Transcranial electric
stimulation (ROAST) and SimNIBS offer an
estimation of electric field strength due to the current
flowing within the targeted brain tissue. Rodella et al.
[11] opinioned about the inter-subject uniqueness of
tissue characteristics requires modification in
stimulation parameters to check therapy progress.
The objective of this study is to check electric field
strength quantification for the same stimulation
protocol for two diseased subjects. With the
simulation platform, the dose required for therapy can
be decided with optimum stimulation parameter
selection. Simulation of tDCS in computational
platform gives a clearidea about the path ofthe current
flowing through the brain tissue and resulting electric
field strength generated.
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2.Literature review

Electric field distribution patterns upon tDCS active
stimulation rely on anatomical and physiological
individuality.

Indahlastari et al. [12] conducted a study on 587 older
age healthy people for estimating the amount of
applied transcranial direct current reaching the neural
tissues. They modeled tDCS with two electrodes (F4
and C3 as an anode, F3 and FP2 as a cathode) with
other stimulation parameters (Current intensity: 2 mA,
Electrode size: 5x7 cm?, standard conductivities using
ROAST and reported the current carrying capacity of
the neural tissue reduces due to different brain ratios
(Measure of Brain Atrophy). Other tissues of the head
like Skull, CSF, White Matter, Gray Matter, and Skin
restricts current reaching to the target location of
stimulation as they contain some resistivity of their
own. Structural MRI predicts anatomical variability
within a diseased brain. In line with anatomical
changes across the brain tissue, there is a possibility of
functional changes in other physiological systems.

Vasavada et al. [13] studied disability associated with
the function of smell (Olfactory dysfunction) with
functional magnetic resonance imaging (fMRI) and
compared results among three subject groups (Normal
cognitive, AD, MCI). The comparison showed normal
cognitive subjects had significantly more activated
brain tissue in the primary cortex than AD and MCI
subject groups.

Wang et al. [14] discovered a novel approach to know
the effects of the multi-treatment model (Multiple
combinations of tDCS and Repetitive Transcranial
Magnetic Stimulation (rTMS) on five healthy subjects
with stimulation parameters (Electrode-position: C4-
cathode, Fpl-anode, current intensity: 1 mA, size: 5 x
7 cm?, standard tissue conductivities) and reported
increase in cortical excitability, modeled using
SimNIBS. Relative positions of a coil (rTMS) and
electrodes (tDCS) showed the change in electric field
distribution in a simulated model in SImNIBS which
can modulate cortical excitability in healthy brains.
Drug-resistant patients with Major Depressive
Disorder (MDD) show reduced symptoms with tDCS
treatment [15].

Hill et al. [16] applied tDCS stimulation on 20 healthy
individuals to know the therapeutic outcomes for
working memory analysis with stimulation parameters
(Electrode-position: F3- anode, Fpl-F7-C3, and Fz-
cathode, current intensity: 1.5 mA, size: 3.14 cm?, 15
min) and reported findings that working memory of
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the healthy individual can be altered with tDCS
stimulation which resulted from increased neural
plasticity. 10-20 Electrode placement method for
precise tDCS stimulation eases target localization.
Computational approaches to estimate Electric Field
Distribution and its variability signifies Electric Field
Variation in cortical regions. One-size-fits all
approach of conventional tDCS machine delivers
currents in the range of 1 to 2 mA. Estimation of
delivered currents in target locations varies upon
individual tissue conductivities of neural tissues.

Laakso et al. [17] experimented with tDCS on 28
healthy individuals with no previous history of
epileptic  seizures with  stimulation parameters
(Electrode-position: contralateral orbit -cathode, Hand
M1-anode, current intensity: 1 mA, size: 5x 5 cm?, 20
min) and concluded their experiment on how prior EF
modelling can reduce patient-specific variation.
Cortical excitability depends on the type of stimulation
given to the patient’s head ie. anodal (Increased
excitability) or cathodal (decreased excitability). The
computational approach gives an estimation of an
electric field generated with specific stimulation
parameters for modulating the brain cortex
Physiological effects on diseased brain tissue under
these stimulations require more in-vivo studies for
validation discussed three different approaches for
studying effects of tDCS (in-vivo, in-vitro, and in-
silico) where in-vivo study measures electric field on
tissues with path-clamp techniques, in-vitro studies on
mice indicated long term effects on hippocampal
plasticity [18]. Also, effects of voltage variation on
transmembrane potentialhave been studied by various
neuron models like Hodgkin—Huxley model [19],
integrate and fire model [20], and other compartmental
models for neurons. However, resting membrane
potential in neurons is in the order of 0.2 mV which
can be easily achieved by sub-threshold tDCS
stimulation in the range of 1-2 mA current intensity
[18].

Lee et al[21] studied three realistic head models
generated from SimNIBS using MRI images for
maximum current optimization and reported deeper
structures of the brain can be stimulated with
computational modelling without affecting the
neocortical neurons.

As individualized or patient-specific Non-invasive
Brain Stimulation (NIBS) results in optimum therapy
effects, it is required to test computational simulation
to avoid unnecessary direct current stimulation on
healthy or undesired tissues during actual tDCS
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operation. Parameters for stimulation can be changed
and checked for effects with graphical representation.
Shunted currents can be visualized with SImNIBS by
separating associated brain tissues. Visualization of
electric field distribution with varying stimulation
parameters like electrode size, shape, stimulating
direct current intensity, tissue conductivities can be
utilized to plan the treatment. The location of the
electrode can be decided by first identifying a region
of the brain and knowing a corresponding point on the
10-20 electrode placement method generally used for
EEG. In this study, we have identified Left
Dorsolateral Prefrontal Cortex (LDLPFC) location for
the stimulation for AD and MCI patients with various
literature surveys. Two patients have been identified
and structural MRI images were taken from the
Alzheimer's Disease Neuroimaging Initiative (ADNI)
platform. With desired stimulation parameters
simulation has been done with SImNIBS.

3.Materials and methods

3.1Methodol ogy approach

To generate patient-specific tetrahedral head models
(finite element model), T1 weighted MRI images were
used from an open-source platform. With short
repetition time (TR) and time to echo (TE), contrast
and brightness can be varied with T1 properties of
tissue. In T1 weighted images, tissues appear
differently in contrast (CSF- Dark, White matter-

Electrode shape

Image
Processing

E 23

3D Finite Se'e;ft'on
element . .
stimulation
model

parameter

Current intensity simulation

T1 weighted Electric field
MRI Image distribution in CSF
Electric field
distribution in skin

Electric field

distribution in skull

Electric field
distribution in ke
white-matter

Electric field
distribution in grey- [«
matter

Figure 1 Block-diagram for simulation process

3.2Magnetic resonance imaging (MRI) image
preparation

Structural MRI images were obtained from ADNI

(https://ida.loni.usc.edu/login.jsp) for two diseased

groups (One for Alzheimer’s disease Patient, Male,
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| Thickness of
electrode and Gel
Tissue
conductivities

Light, Cortex- Gray, Fat-Bright, Inflammation,
Infection, and Demyelination-Dark). To differentiate
various tissue properties like conductivity and density
image segmentation has to be done on MRI images.
Pre-processing, segmentation, and post-processing of
MRI images were done with the SImNIBS software in
an automated manner. Creating head mesh from T1
weighted image from NifTlI  (Neuroimaging
Informatics Technology Initiative) files results in a
tetrahedral matrix which is a three-dimensional (3D)
finite element model of MRI image. tDCS stimulation
requires parameter selection for size, shape, and
location ofthe electrode, the conductivity of the tissue,
and current intensity. An induced electric field can be
visualized in an Open-source 3D finite element mesh
generator (gmsh) platform inbuilt with SimNIBS
pipeline. We have considered current intensity as a
prime controlling parameter to analyze electric field
distribution in two diseases by keeping other
parameters like location, size, and shape of the
electrode and thickness of the electrodes constant.
Analysis of resulted electric field distribution among
various brain tissue has been done with this study.
Further electric field distribution among different
tissues (CSF, skin, skull, white-matter, and gray-
matter) within the brain can be separated with special
functions available in SimNIBS. Figure 1 shows a
block diagram of the process followed.

Visualization

and analysis
"» of

Electrode size

Electrode location

Age- 64 and One for Mild Cognitive Impairment
Patient Female, Age-63). Imaging protocols for
Alzheimer’s patients (Subject-1) & for Mild cognitive
impairment patients (Subject-2) are as shown in Table
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1. A complete list of abbreviations is shown in
Appendix I.

Table 1 Imaging protocols for MRI
Imaging protocols AD

Patient

SAGITTAL

Coil=SENSE-head

MCI Patient

Acquisition Plane
Acquisition Type

Field Strength 3.0 (tesla)

Flip Angle 8.0 (Degree)

Manufacturer Philips Medical Systems

Mfg. Model Intera Achieva

Matrix X 256.0 (pixels)

Matrix Y 256.0 (pixels)

Matrix Z 170.0 (pixels)

Pixel Spacing X=1.0 Millimetre (mm)
Y=1.0 mm

Pulse Sequence GR

Slice Thickness 1.2 mm

TE 3.2 Millisecond (ms)

TI 0.0 ms

TR 6.8 ms

Weighting T1

3.3Ilmage processing and creating head mesh

To create individualized head mesh or volume
conductor mesh for simulating induced electric field
strength, SIimNIBS offers two different process
pipelines [22]. Which uses Statistical Parametric
Mapping (SPM) and Computational Anatomy
Toolbox (CAT) for segmenting different tissues in the
brain and neck regions into specific voxels. First, brain
regions like CSF, White Matter (WM), Gray Matter
(GM), Ventricles, Cerebellum, Skull, and Skin have to
be segmented followed by surface generation for
separating the different regions. The separated
hemisphere can be re-joined by adding corpus
callosum. And finally creating tetrahedral volume
mesh by removing overlapping and intersections [23].
Mesh quality can be increased by increasing the
number of nodes per unit area. SimNIBS offers a
headreco pipeline for creating head mesh which
comprises 0.5 nodes per mm2. Which can be modified
with defined programming. Generated head mesh can
be viewed in gmsh for defining stimulation parameters
and identifying the targeted area.

3.4Parameter selection for tDCS stimulation

Non-drug electric therapy demands more attention on
stimulation protocols to be followed. Current
intensity, shape-size (Rectangular-elliptical, 5x5-5x7
cm?) of electrodes, precise location, electrode
composition with conductive gel orsponge determines
the effectiveness of treatment. Direct current can be
administered non-invasively through specialized
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electrodes using the 10-20 electrode placement
method [24]. Damage to certain parts of the brain
results in mild to severe changes in various human
activities. The frontal lobe is associated with speech,
language, personality, social behavior, decision-
making [25]. The parietal lobe is responsible for the
spatial distribution, relative position of objects,
differences in shape and size, and also learning [26].
The temporal lobe decides the ability to remember
things (All kinds of memory), language forming, and
speech perception [27]. The occipital lobe is
concerned about vision and vision-related problems
like color blindness [28]. Figure 2 shows various
lobes of the brain. Patients with AD and MCI disease
are having difficulties with cognitive skills like
changes in social behavior, inability to express
language, attention deficiency, and altered thinking.
Region identification for stimulation varies treatment
efficacy and generated electric field locally [29-32].
Location for NIBS is determined by corresponding or
closest montage of 10-20 electrode placement method.
LDLPFC shows promising results upon tDCS
stimulation for patients with Alzheimer’s and Mild
cognitive impairment [33-35]. A further position of
the anodal and cathodal electrode was decided by
identifying the location concerning the 10-20
electrode placement method. Electrodes F3 (Frontal)
(Anodal) and Fp2 (Frontal-parietal) near to
supraorbital area (Cathodal) identified according to
literature review for Alzheimer’s Patient and MCI
patients [36]. Rectangular stimulating electrodes ofthe
size 5 x 7 cm (Figure 3) with the direct current
intensity of 1.75 mA are used as a simulation
parameter. Blue colored surface in Figure 3 shows the
electrode surface of the thickness 1 mm, the base of
the electrode (white color) indicates the thickness of
the gel (5 mm). Size and shape of electrode and
location of cathode greatly influence patterns of
electric field distribution for both focality and
strength. If electrode size chosen for stimulation
decreases, resulting in precise and focal current
distribution [37]. Moreover, the direction of current
flow depends on the position ofthe cathode, change in
the location of the cathode ultimately changing brain
tissues under current stimulation [38]. Electrode gel
layer considered as 5 mmto generate actual resistance
offered by Electrode-electrolyte medium. Figure 4
shows the placement of a customized electrode on the
skull (Figure 4 (A) and (C)) and the gray matter
(Figure 4 (B) and (D)) for better understating of the
stimulation target. Before the simulation placement of
electrodes on skull and gray matter can be visualized
with Figure 4. Current intensity at the cathode must be
opposite to anodal current intensity as -1.75 mA.
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Modeling of the electrode is done by SimNIBS
platform by iteration method where surfaces of skin
and electrode formed for realistic simulation model
[39]. Table 2 and Table 3 shows Electrode parameter
selection for AD and MCI patient respectively.

Paritel Lobe

Occipital Lobe

Temporal Lobe

' Cerebellum

Figure 2 Various lobes of the brain (Created with
BioRender.com)

3.5Conductivity values and quantification of
generated electric field
Electric field distribution in a human body varies on
bioelectric sources and conductivity values of the
tissues [40]. As brain and associated structures do not
have homogeneity in tissue conductivity it would be
difficult to estimate the actual electric field
distribution. For simplicity, all tissues are considered
homogenous and isotropic, the conductivity of various
structures of the brain are listed in Table 4. An electric
field can be calculated with the equation E = —Ve¢

Table 2 Stimulation parameter selection for an AD patient

where E is an electric field vector and ¢ is an electric
potential. The electric potential ¢ was computed using
an electrostatic formulation with Dirichlet boundary
conditions at the electrode connectors set to fixed
potential values [41]. Current density can be
calculated via Ohm’s Law,] = UE, where ¢ is an

electrical conductivity and E is an electric field.
Generated electric field can be characterized by two
quantities i.e. magnitude (Strength of electric field)
and direction of field in a given space. SImNIBS is
having limitation of quantification of electric field as
it can only show magnitude of the electric field. As
quantum or strength of the electric field is always
positive, we get some integer value in the form of
electric field or norm.

Electrode Surface
v (1 mm Thickness)

A

A Conductive Gel
(5 mm Thickness)

Figure 3 5x7 cn electrode of 1 mm thickness with 5
mm gel thickness

Stimulation parameter selection (AD patient) (Patient-specific)

Electrode Coordinates Shape Size Intensityof Thickness
(10-20 Reference coordinates Actual coordinates stimulation of electrode
Electrode
placement
method
F3 -42.20 65.09 50.38 -42.20 55.09 50.38 Rectangular 5x7 175mA Electrode
cm? Thickness:1
mm,
Gel
Thickness: 5
mm
Fp2 38.99 9552 15.06 2899 9552 15.06  Rectangular 5x7 -175mA Electrode
cm? Thickness:
1 mm,
Gel
Thickness: 5
mm
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Figure 4 A) Placement of electrode on AD patient, B) Shows gray matter of AD patients head model with a placed
electrode, C) Placement of electrode on MCI patient, D) Shows gray matter of MCI patients head model with placed

electrode

Table 3 Stimulation parameter selection for MCI patient

Stimulation parameter selection (MCI patient) (Patient-specific)

Electrode Coordinates Shape Size Intensity of Thickness
(10-20 Reference Coordinates Actual Coordinates Stimulation  of
Electrode Electrode
placement
method
Electrode
_ Thickness:
5537 6952 7538 5537 5952 7538 = % 175mA MM
F3 > cm Gel
£ Thickness:
¥ 5 mm
Electrode
_ Thickness:
Fp2 2926 10150 37.57 1926 10150 37.57 < 3%7 4175mA 1 mm,
= cm Gel
g Thickness:
& 5 mm
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Table 4 Standard conductivity values

Tissue name Conductivity value
(S/m)
White Matter 0.126 [42]
Gray Matter 0.275 [42]
Cerebrospinal fluid 1.654 [42]
Bone 0.01[42]
Scalp 0.465 [42]
Eyes 0.5 [41]
Silicon Rubber 29.4 [43]
Gel 1.5[43]
4.Results

Firstly, the head model was created with tetrahedral
mesh for further processing of simulation. Segmented
images can be shown in SPM. Boundaries across the
structures can be shown with clear segmentation. In
Figure 5 section-A shows a T1-weighted scan co-
registered with the Montreal Neurological Institute
(MNI) template which can differentiate between soft
tissues like white and gray matter and skull as well,
Section-B shows the result in SPM after deselecting
the T1-weighted scan. In this way differentiation
among the brain, structures can be identified properly
as well the effectiveness of the segmentation process
can be characterized. In the next step, we investigate
electric field strength in both AD and MCI patients.
Considering stimulation parameters selected in (Table
2 and Table 3) for AD and MCI patients respectively
we obtained electric field distribution across the head
model. While inspecting the simulation we found that
electric field strength in MCI patients (0-0.348 \olts
per meter (V/m), Figure 6 (A)) is slightly higher than
in the AD patient (0-0.328 V/m, Figure 6 (B)).

4 A ¥ § ‘
Figure 5 Displayed Data upon check option A) T1-
weighted scan co-registered with the MNI template.
B) MNI template showing result upon de-selecting
the T1-weighted scanin SPM
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norme
0 0.164 0328 0

Figure 6 A) Electric field strength in AD Patient B)
Electric field strengthin MCI patient

Simulation results of obtained electric field
distribution can be characterized based on regions.
Associated structures of the brain can be visualized
with  SImNIBS. White matter, gray matter,
cerebrospinal fluid, skull, and skin can be clipped and
separated from the head mesh for a better
understanding of field distribution. The majority of
current shunted within the skull and other brain tissues
apart from gray matter. The dose can be adjusted to
nullify the current shunting within these areas. Figure
7 showing regions of the brain with electric field
distribution WM (A), CSF (B), skull (C), and Skin (D)
in AD patients. Where in Figure 8 showing regions of
the brain with electric field distribution WM (A), CSF
(B), skull (C), and Skin (D) in MCI patients. In this
way, one can find out in which region ofthe head there
is the penetration of the electric charge. The strength
of the electric field obtained can be changed by
changing stimulation parameters. The orientation of
electrodes can be changed with stimulation
coordinates. The first line of Table 5 shows that the
displayed data is the “normE”, Electric field strength
of the targeted region 2 referring to gray matter. Value
0.337 V/Im corresponds to the 99.9th percentile of the
total norm electric field, 0.254 V/m to the 99th
percentile, and 0.184 V/m to the 95th percentile. Same
as in Table 6 first-line show that the displayed data is
the “normE”, Electric field strength of the targeted
region 2 referring to gray matter. Value 0.341 V/m
corresponds to the 99.9th percentile of the total norm
electric field, 0.258 V/m to the 99th percentile, and
0.19 V/m to the 95th percentile. The Focality of an
electric field can be measured in terms of gray matter
volume with an electric field. Change in size of the
electrode changes generated electric field. A total
volume of the brain under the stimulation and its
associated electric field strength can be generated with
the volume vs. EF graph. Minimum EF is indicated as
blue color and maximum EF is indicated as red color.
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The total electric field ranges between 0-0.45 V/m. show Volume Vs Electric

Figure 9 (A) and Figure 10 (A) show Electric field simulation result.
strength distribution in AD and MCI patients
respectively. Whereas Figure 9 (B) and Figure 10 (B)

normE
o 0.164 0.328
[ |

Figure 7 EF distribution in WM (A), CSF (B), skull (C), and Skin (D) in AD Patient

0.348

Figure 8 EF distribution in WM (A), CSF (B), skull (C), and Skin (D) in MCI Patient
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normE 45 104 pdf of normE

0.25

0.2

0.15

electric field strength in [V/m)
volume in [mm?]

0.1

0.05

0 0.05 0.1 0.15 0.2 025 0.3
0 electric field strength in [V/m]

Figure 9 A) Electric field strength distribution in AD Patient B) Volume vs EF graph for simulation result

normE i «10* pdf of normE
A — B :
2\ \
0.3
0.25 g
02 & c
c
E @
@ g
0.15 E °
L2
3
01 @
o
0.05
0 0.05 0.1 0.15 0.2 025 0.3
0 electric field strength in [V/m]

Figure 10 A) Electric field strength distribution in MCI Patient B) Volume vs EF graph for simulation result

Table 5 Outputsummary of tDCS stimulation in AD Patient
Output summary

Field Name: normE
Region Indices: 2 ( Gray Matter )

Peak Fields
Percentiles 95 99 99.9
Values 0.184 0.254 0.337 (in [V/m])
Focality
Cutoffs 50 75 (in % of 99.9 Percentile)
Values 3.99%e+04 6.12e+03 (in cubic mm)

Table 6 Outputsummary of tDCS stimulation in MCI Patient

Output summary
Field Name: normE
Region Indices: 2 ( Gray Matter)
Peak Fields
Percentiles 95 99 99.9
Values 0.19 0.258 0.341 (in [V/m])
Focality
Cutoffs 50 75 (in % of 99.9 Percentile)
Values 5.03e+04 7.23e+03 (in cubic mm)
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Current reaching the brain tissue varies upon dose
resulting in altered cortical excitability. Changing the
intensity of delivered current alters Electric Field
Distribution at a target location. Current intensities
selected for dose are between 1 to 2 mA. We have
considered AD patient to check EF variability upon
increasing current intensity. 1 mA of direct current
causes 0.188 V/m (Figure 11 (A)) of electric field

0.281

[
electrode_currents
0 0.002

electrode_currents
-0.0015 o
[

0.0015 -0-002

strength. Increasing current intensity to 1.25 mA, we
get 0.235 V/m (Figure 11 (B)). 1.50 mA current
intensity results in 0.281 V/m (Figure 11 (C)). And 2
mA current results into 0.375 V/m EF (Figure 11 (D)).
Results indicates change in current intensity causes
change in electric field distribution and strength in an
individual.

0.188 0.375

Figure 11 Intensities of Dose Current A) 1 mA B) 1.25 Ma C) 1.5 mA & D) 2.0 mA

5.Discussion

Computational modelling of the NIBS can help to
shape treatment modality. Modelling of treatment with
a computational approach helps to avoid unnecessary
neuronal modulation at healthy sites. Electrode size
and shape affect the focality of electric field strength.
There are various parameters to be considered for
modelling and change in each parameter can result in
a varied electric field distribution. Size of an electrode
can be selected according to patient head size also to
increase or decrease focality. 5 x5 cm2 and 5x7 cm2
are two standard sizes available for rectangular
electrode. Elliptical shaped electrodes can also be
modelled to know the change in electric field and
focality. Electrode gel and connectors are other
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parameters for modelling and can be modelled with
reference to standard tDCS devices available in the
market. Input data required for simulation is MRI
image which can be acquired with MRI machine for
selected patients. Other alternative is to use MRI
image data bank online which requires user
authenticity for accessing the source data. Image
segmentation done on the MRI images requires tools
for separating different anatomical structures. Without
image segmentation and processing accurate head
models cannot be generated. There are tools available
like ROAST, Bonsai modelling software, Spheres
modelling software, SImNIBS and Comets. We have
used SImMNIBS as it has required software in one
pipeline. Others may require additional software
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packages to process the tDCS simulation. Electrode
placement requires knowledge about underlined
structures according to the 10-20 electrode placement
method. Majority of the tDCS research for the
treatment of AD, MCI and MDD have focused the
LDLPFC as a target location for stimulation.
Corresponding location was selected for LDLPFC is
F3-anode and Fp2- cathode (Figure 4, Table 2 and
Table 3). Alternative approach for identification of
location is to define MNI co-ordinates for specific
region. Detailed literature survey is required for MNI
co-ordinates for accurate position of stimulating
electrode. Generated electric field directly affected by
the current reaching to the targeted brain tissues. There
are multiple tissues present in a path of current and so
the shunting of current. The shunted current and its
induced electric field can be visualized in different
brain tissues with one of the SIimNIBS tool (Figure 9
and Figure 10). Maximum current shunted in a skull
because it has greater density than rest of the brain
tissue. Electric field strength (normE) were calculated
on gray matter (Region indices: 02, selected in
SImMNIBS). Peak electric fields were calculated and
three different values obtained 0.184, 0.254 and 0.337
VIm for 95, 99 and 99.99 percentile of normE (For

AD). For MCI patient group 0.19, 0.258 and 0.341
V/Im obtained for 95, 99 and 99.99 percentile of
norme. Gray matter has two values for focality (Gray
matter volume having peak electric fields greater than
or equal to 50% and 75%) as shown in Table 5 and
Table 6 for both AD and MCI patient group.

To alter the property of neuronal membrane with 0.2
mV of a threshold value, simulation results can be
compared and validated. Keeping one stimulation
parameter variable and the other being constant also
helps to shape the treatment. We studied varying
current intensity and its effects on individualized head
models. We found that the strength of an electric field
increases linearly with an increase in current intensity.
Figure 12 shows the linear relationship between both
the parameter. Evaluating graph we found that
Increasing current intensity by 25% i.e. 1.25 mA, we
get 25% more electric field strength ie. 0.235 V/m.
And 50 % increase in the current intensity results in
0.281 VIm, which is nearly 49.46% of increased
electric field strength (normg). 100% increase in the
current intensity results into 99.46 % increase in the
electric field strength i.e. 0.375 V/m.
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Figure 12 Graphical representation of current intensity vs. electric field strength

6.Conclusion

We have quantified Electric Field Distribution for AD
and MCI patients upon tDCS stimulation. Appropriate
selection of the parameters will decide the Electric
Field Strength in a given subject. Current Intensity,
Electrode’s Shape and Size, Tissue Conductivities,
Targeted Head Region according to 10-20 electrode
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placement method was selected for simulation. By
estimating the electric field in both the subject for AD
and MCI patients we got different normk or Electric
Field Strength after tDCS stimulation. After
simulation, we have high Electric Field Strength in
MCI patients as they are in an early stage of dementia
and related neurological disease. While in an AD
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patient as a disease is in a progressive stage and more
damage happened to the brain tissue we assume that
there is a significant loss ofactive neuronal population
which results in poor electric field strength with same
age group. Precise segmentation of DLPFC and other
ROIs with separate mesh formations will help to
understand more about EF distribution in a targeted
area. This study is limited to a single patient fromeach
disease group i.e. one from AD and the other from
MCI. We have used two electrodes for simulation
purposes. For the detailed study related to AD, the
temporal lobe with multiple electrodes is required to
understand the electric field strength. We have only
studied varying stimulation parameters of current
intensity in the proposed work, other stimulation
parameters such as electrode shape, location, size, and
orientation, the conductivity of tissues can also be
studied with changes in detail. The future study
includes patient-specific actual values of tissue
conductivities with customized patient data from MRI
and other imaging modalities. The study involves
multiple patients for each patient group.
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Appendix |

S.No. Abbreviation  Description

1 3D Three Dimensional

2 AD Alzheimer’s Disease

3 ADNI Alzheimer's Disease Neuroimaging
Initiative

4 Ca+ Calcium positive ion

5 CAT Computational Anatomy T oolbox

6 cm Centimeter

7 CSF Cerebrospinal Fluid

8 ECT Electro-convulsive therapy

9 EEG Electroencephalography

10 EF Electric Field

IT fMRI Functional Magnefic Resonance
Imaging

12 GABA Gamma-Aminobutyric Acid

I3 GM Gray Matter

14 gmsh Open source 3D finite element mesh
generator

I5  GR Gradient (Pulse Sequence)

16 LDLPFC Left Dorsolateral Prefrontal Cortex

I7 LCTD Cong Term Depression

18 LTP Long Term Potentiation

I3 mA Milliampere

20 MCI Mild Cognitive Impairment

21 MDD Major Depressive Disorder

22 mm Millimeter

23 MNI Montreal Neurological Institute

24 MRI Magnetic Resonance Imaging

25  ms Millisecond

26 NIBS Non-invasive Brain Stimulation

27  NifTl Neuroimaging InformaticsTechnology
Initiative

28 ROAST Realistic, Volumetric Approach to
Simulate  Transcranial  Electric
Stimulation

29  rTMS Repetitive Transcranial Magnetic
Stimulation

30 Sm Siemens per Meter

31 SImNIBS Simulation of Non-invasive Brain
Stimulation

32 SPM Statistical Parametric Mapping

33 tDCS Transcranial Direct Current
Stimulation

34 TE Echo Time

35 TI Tnversion T1me

36 TMS Transcranial Magnetic Stimulation

37 TR Repetition Time

38  VIm \olts per Meter

39 WM White Matter

1182



