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ABSTRACT

Objective: This study analyzed polarity-specific changes in the electric field (E-field) and the focal
point of tDCS stimulation for both High-Definition tDCS (HD-tDCS) and reverse HD-tDCS consid-
ering the head geometry of Mild Cognitive Impairment (MCI) patients. The distance between the
left preauricular (LPA) and right preauricular points as well as the inion and nasion were calculated
in 3D to measure correlations. Methods: T1-weighted structural MRl images were obtained from
the Alzheimer's Disease Neuroimaging Initiative (ADNI). We utilized SimNIBS 3.2.6 for MRl image
processing, 3D head model generation, application of HD-tDCS and reverse HD-tDCS, E-field anal-
ysis, and other relevant parameters. Results: Electric field analysis was conducted on all 10 MCl
subjects to examine the distribution and focality of the peak electric field. Despite using uniform
stimulation for all subjects, variation was observed in the peak electric field (at the 99.9", 99, and
95" percentiles) and focality (at the 75 and 50" percentiles). However, the peak electric field
and focality values remained consistent when comparing HD-tDCS and reverse HD-tDCS. The only
differing quantities were associated with the normal component influenced by the changing direc-
tion of the current in HD-tDCS and reverse HD-tDCS. Conclusion: HD-tDCS and reverse HD-tDCS
exhibited distinct values for the electric field strength and focality. HD-tDCS demonstrated more
positive fields and inflow current compared to reverse HD-tDCS, making it suitable for excitatory
effects. Conversely, reverse HD-tDCS would be more appropriate for inhibitory effects due to the

prevalence of more negative fields and outflow current.
Key words: HD-tDCS, Electric field strength, Focality, Mild cognitive impairment

INTRODUCTION

Mild cognitive impairment (MCI) refers to a state of
both physiological and psychological decline that af-
fects cognitive and memory-related functions in the
elderly population. According to the World Health
Organization, an estimated 426 million individuals
will be over the age of 60 by the year 20501, MCI,
as a symptomatic neurodegenerative disorder, is cat-
egorized into amnestic (affecting short-term memory
in the prefrontal cortex) and non-amnestic (impaired
problem-solving, visual perception, language forma-
tion, attention, and concentration) conditions that
progressively worsen over time. To diagnose and con-
firm the clinical presence of MCI, laboratory tests are
conducted to measure various hormone levels (e.g.,
thyroid hormone2), examine blood and urine for in-
fections?, and analyze cerebrospinal fluid* to assess
autoimmune conditions related to neurodegenerative
diseases. Additional diagnostic approaches encom-
pass imaging methods such as Magnetic Resonance
Imaging (MRI)?, amyloid scans using Positron Emis-
sion Tomography (PET)®, and Computed Tomog-
raphy (CT)”. Neuropsychological assessments such

as the Montreal Cognitive Assessment (MoCA) are
also utilized for diagnosis®. Despite the absence of
compelling evidence and approved medications for
MCI treatment®, clinicians have proposed alterna-
tive therapies such as physical activity, dietary and
nutritional interventions, and behavioral therapy 1°.
Depression, anxiety, disinterest, and aggression are
recognized as co-occurring symptoms in conjunction
with the clinically observed manifestations of MCI 1.
The symptoms of depression vary across age groups,
with manifestations including sadness and irritabil-
ity in young children, while memory issues, fatigue,
and suicidal thoughts are more prevalent in adults
and older individuals. When cognitive impairments
(non-amnestic) accompany depression, the severity
of the disease increases, and the likelihood of progres-
sion to dementia becomes more significant within five
years of MCI onset 12,

The electrostimulation method known as transcra-
nial direct current stimulation (tDCS) has gained
popularity among psychiatrists and other medical
practitioners specializing in the treatment of neu-
rodegenerative conditions such as depression, MCI,
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and Alzheimer’s disease (AD). Early research findings
have shown encouraging outcomes, particularly in the
treatment of depression using anodal stimulation and
addressing hyperactive brain disorders (e.g., mania)

13,14 Ag a non-invasive

with cathodal stimulation
therapeutic approach, tDCS modifies neuronal activ-
ity to produce its therapeutic effects, increasing the
excitability of neuronal cells without inducing action
potentials. The objective of this therapy is to mod-
ify brain function and improve cognitive abilities in
patients with neurological and psychological condi-
tions. tDCS utilizes a direct current of 1-2 mA de-
livered to the scalp through bipolar or multiple stim-
ulating metal electrodes. The therapist has the flex-
ibility to adjust the current intensity, location, dura-
tion, and polarity of electrodes based on the individ-
ual needs of the patient. Bipolar stimulation involves
a two-electrode method where one electrode serves as
the active stimulator (anode) placed on the target area
of the brain, while the other electrode functions as the
cathode and is typically positioned in an extracephelic
region'>. The placement of these electrodes deter-
mines the inward current (at the anode) and outward
current (at the cathode), leading to depolarization and
repolarization of the neural mass, respectively. The
resistance of head tissues such as the skin, scalp, skull,
white matter, and grey matter reduces the intensity of
the current and the focusing of the electrical field as
it penetrates deeper regions of the brain. This direct
current, reaching various tissues of the head, affects
the electric field strength (measured in V/m) in both
the targeted area and its surrounding regions 6. The
electric field strength and focality are influenced dif-
ferently by stimulation parameters such as the inten-
sity 17, size, and shape of the electrode 18, the target
location, the duration of stimulation, and the conduc-
tivity of head tissues!°.

There are two methods of delivering currents to the
head: bipolar stimulation and HD-tDCS. Bipolar
stimulation involves the use of two stimulating elec-
trodes (the anode and cathode), while HD-tDCS em-
ploys multiple electrodes (such as 3x1, three an-
odes and one cathode, or 4x 1, four anodes and one
cathode). When using bipolar stimulation on op-
posite hemispheres, with one electrode on the left
and the other on the right hemisphere, the electric
field strength becomes less focused due to the current
flowing from the anode to the cathode and passing
through multiple brain tissues. However, focality can
be improved by using a finer diameter electrode lo-
cated on the same hemisphere. In their study, Datta
et al. conducted a comparison between conventional
bipolar and HD-tDCS electrode configurations, and

the results revealed that the 4x1 HD-tDCS demon-
strated increased focality and enhanced electric field
strength in the targeted area compared to its coun-
terpart?®. Gaurav Sharma et al. conducted simula-
tions of bipolar stimulation using electrodes of vary-
ing sizes (4x 4, 3x3,and 2x2 cm?, with a sponge elec-
trode thickness of 2.0 mm and a conductive gel thick-
ness of 0.50 mm). They then compared these results
with the HD-tDCS configuration (specifically, 4x 1
with one anode and four cathodes) using four dif-
ferent electrode locations with Montreal Neurologic
Institute coordinates (MNI)2!. Their findings indi-
cated that the focality was greater using the HD-tDCS
electrode placement method compared to the bipolar
configuration. Edgard Morya et al. conducted a re-
view of the effects of transcutaneous spinal direct cur-
rent stimulation (ts-DCS) and cerebellar tDCS, and
the results showed improvements in alleviating symp-
toms of neurological disorders, providing pain re-
lief, and enhancing cognitive and rehabilitative motor
functions when using HD-tDCS?2. The majority of
the research conducted on HD-tDCS has emphasized
its focality compared to conventional bipolar tDCS,
where all four electrodes are equidistant from the cen-
tral electrode. To date, only anodal HD-tDCS stimu-
lation has been reported, with findings related to the
electric field strength and its spatial characteristics.
However, there is insufficient data available regard-
ing the effects of reversing the direction of the current
(anodal to cathodal) for MCI patients.

In this research, we conducted simulations of both an-
odal and cathodal 4x1 HD-tDCS in MCI patients,
targeting the frontal cortex to address cognitive de-
cline with symptoms of depression. The study’s ob-
jectives were as follows: 1) Creating a high-precision
3D head model using SimNIBS 3.2.6; 2) Simulat-
ing the 3D head model with the 4x1 anodal and
cathodal HD-tDCS configurations; 3) Determining
the patient-specific relative distance from the central
electrode (anodal or cathodal); 4) Evaluating the rel-
ative distance between the Iz and Nz (inion and na-
sion) and the RPA and LPA (Right pre-auricle point
and left pre-auricle point) to characterize the geomet-
rical changes in patients; 5) Analyzing the incoming
and outgoing current at the normal axis to the current
stimulation.

METHODS

Computational methods are employed to visualize
various characteristics of the electric field, such as the
E-field strength, spatial distribution, intensity, cur-
rent density, and their components at the normal
axis. In-situ platforms such as COMSOL Multiphysics
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and Solidworks are utilized for customizing 3D head
modeling and E-field analysis. Additionally, dedi-
cated software packages such as Simulation of Non-
invasive Brain Stimulation (SimNIBS), Computation
of the Electric field due to Transcranial current Stim-
ulation (COMET), SPHEARE, and ROAST (a fully
automated, realistic, volumetric approach to simu-
late transcranial electric stimulation) are available for
tDCS modeling and analysis?3. For our study, we uti-
lized SimNIBS 3.2.6 for MRI image processing, 3D
head model generation, the application of HD-tDCS
and reversed HD-tDCS, E-field analysis, and other
relevant parameters. Figure 1 illustrates the process-
ing pipeline for the tDCS simulation employed in our

work.

Structural MRI

Structural MRI enables the comprehensive visualiza-
tion of the entire head anatomy, encompassing the
dimensions, configuration, and integrity of differ-
ent brain structures, including the cerebral cortex,
white matter, grey matter, and deeper regions of the
brain. MRI images are typically essential for detect-
ing any structural abnormalities within the brain and
are commonly used for prognosis and assessing the
effects of treatment over time. Structural MRI scans
employ T1 and T2-weighted imaging sequences. T1-
weighted images are valuable for revealing anatomical
structures with clear contrast, allowing differentiation
between gray matter and white matter in the brain,
identifying lesions or tumors, and evaluating normal
tissue morphology 242>, T2-weighted images are use-
ful for examining conditions that entail fluid accumu-
lation or edema, detecting issues such as inflamma-
tion, infection, or tumors, and assessing specific ab-
normalities such as white matter lesions in cases of
multiple sclerosis 2.

We obtained T1-weighted structural images from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
for ten MCI patients (eight males and two females,
median age: 71 years). The imaging protocol for
all the images included the following specifications:
acquisition plane=sagittal; acquisition type = coil
=sense-head; field strength = 3.0 tesla; flip angle =
8.0 degrees; manufacturer = Philips Medical Systems;
matrix x = 256.0 pixels; matrix y = 256.0 pixels; ma-
trix z = 170.0; mfg. model = Intera; pixel spacing x
=1.0 mm; pixel spacing y =1.0 mm; pulse sequence =
GR; slice thickness = 1.2 mm; TE=3.2 ms; TI = 0.0 ms;
TR=6.8 ms, and weighting = t1%7.

3D Head model

The process of 3D head modeling, also referred to as
volume conductor modeling, was accomplished using
the headreco segmentation pipeline within SimNIBS
3.2.6. This command line pipeline generates a fi-
nite element mesh (FEM) by allocating voxels to dis-
tinct head tissue classes. Headreco utilizes statisti-
cal parametric mapping (SPM 12) and computational
anatomy toolbox (CAT 12) for the surface reconstruc-
tion of the brain’s grey matter2®. The headreco gen-
erates 0.5 nodes per mm?> of volume, and this reso-
lution can be adjusted as needed, either increased or
decreased. For this study, ten head models were cre-
ated corresponding to the ten MCI patients selected

for analysis.

HD-tDCS placement

tDCS is a well-known therapeutic approach involving
a conventional protocol with two electrodes (bipolar)
stimulating the targeted brain area. These electrodes
consist of one anode (positive) and one cathode (neg-
ative) with precise sizes and shapes. In our study, we
employed HD-tDCS and reversed HD-tDCS config-
urations to investigate the changes in the electric field
distribution and input/output current in the targeted
brain region. Since depression is one of the symp-
toms of MCI patients, we selected the frontal lobe as
the target area. Two stimulation protocols were used:
1) 4x1 anodal stimulation with one anode and four
cathodes, and 2) 4x 1 cathodal stimulation with one
cathode and four anodes. We adopted the 10-20 elec-
trode placement method used in electroencephalog-
raphy to determine the positions of the stimulating
electrodes. In the first protocol, F3 served as the an-
ode, while AF3, F1, FC3, and F5 acted as cathodes. In
the second protocol, F3 acted as the cathode, while
AF3, F1, FC3, and F5 served as anodes. The elec-
trode morphology was round, with a diameter of 1.0
cm and a thickness of 5 mm. The anode current was
set at 2 mA, and the cathode current was set at 0.500
mA. We calculated the distance of each electrode from
the central anodal or cathodal electrode. Addition-
ally, the distance between the inion and nasion was
measured using fiducial points. Figure 2 illustrates
the HD-tDCS placement on the head scalp (a) and the
gray matter (b). Table 1 and Table 2 list the distances
between the inion-nasion and LPA-RPA and the dis-
tances of each electrode from the central electrode, re-
spectively.
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Structural MRI 3D Head Model HD-tDCS E-Field Analysis E-normal
Placement Component

Figure 1: Processing pipeline for tDCS simulation.

Figure 2: HD-tDCS electrode placement (F3-Anode, AF3/F1/FC3/F5- cathode) on scalp (a) and Gray matter
(b).

Table 2: Distance between central electrodes to other four electrode

Sr. Subject ID Sex Age Distance between central electrode and other four electrodes
No. (mm)

F3-AF3 F3-F1 F3-FC3 F3-F5
1 Sub_01 F 70 29.843503 24.238601 31.237139 24.156866
2 Sub_02 M 83 33.49835 27.007443 34.903726 26.785181
3 Sub_03 M 79 31.078774 25.95485 33.746791 23.92078
4 Sub_04 M 69 30.603582 26.031338 32.085855 23.97301
5 Sub_05 F 55 28.148209 24.3985 30.402423 23.962548
6 Sub_06 M 75 31.568736 27.063116 34.785291 26.114197
7 Sub_07 M 56 33.1169 26.292112 34.797158 26.098594
8 Sub_08 M 67 33.145992 28.121298 35.029023 26.144385
9 Sub_09 M 77 32.185293 27.183191 34.010225 26.331693
10 Sub_10 M 79 33.877842 27.504808 36.312091 25.536077
Total 317.067181  263.795257  306.072583  253.023331
Average 31.7067181  26.3795257  30.6072583  25.3023331
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E-field analysis

To anticipate the stimulation effects and investigate
potential side effects, the spatial extent and inten-
sity of the electric field (E-field) in various brain re-
gions were analyzed and visualized using gmsh. The
governing equations for the electrical current flow in
tDCS are rooted in the principles of electrostatics.
Two fundamental equations are utilized: Ohms law
and Laplace’s equation. Ohm’s law links the electric
current (I) flowing through a conductor to the volt-
age (V) across it and the resistance (R) it offers. In
the context of tDCS, the current flows through the
head and brain tissues, and Ohm’ law can be lo-
cally applied at each point. The current (I) is ex-
pressed as o - E, where I represents the electric current
density vector (A/m?); o is the conductivity of the
medium (S/m), and E denotes the electric field vec-
tor (V/m). Laplace’s equation characterizes the dis-
tribution of electric potential (V) in a region without
charge density. In tDCS, the equation governs the be-
havior of the electric potential throughout the head
and brain tissues. The electric potential (V>V) is equal
to zero, where V? represents the Laplacian operator
(0%19x* + 9219y? + 9%197*), and V signifies the elec-
tric potential (V). These equations, along with appro-
priate boundary conditions, serve as the foundation
for the computational modeling of tDCS. The elec-
tric field (E-field) distribution can be derived from the
electric potential (V) using the relationship E = -VV,
where V signifies the gradient operator (d/9x, d/dy,
9/02) 2930,

E-normal and J-normal component analysis

In tDCS, researchers frequently analyze the E-normal
(electric field normal) and J-normal (current density
normal) components to assess the impact of stimula-
tion on neuronal activity and the potential for neu-
ral modulation. These components offer valuable in-
formation concerning the direction and strength of
the electric field and current density in relation to
the brain’s surface. The E-normal component specif-
ically refers to the electric field vector that is perpen-
dicular to the brain’s surface, indicating the direction
and intensity of the electric field relative to the un-
derlying neural tissue. Through the examination of
the E-normal component, both the spatial extent and
strength of the electric field at the brain’s surface can
be determined. This information is significant, as it
aids in comprehending the areas most impacted by
tDCS, enabling precise electrode placement to target
specific brain regions. The J-normal component per-
tains to the current density vector perpendicular to

the brain’s surface, indicating the flow of electrical
current through neural tissue in that direction. Ex-
amining the J-normal component offers valuable in-
formation about the distribution and strength of the
current density at the brain’s surface, shedding light
on how the electrical current is distributed within the
brain tissue and its effects on neuronal activity.

RESULTS

Electric field analysis was conducted on all 10 MCI
subjects to examine the distribution and focality of
the peak electric field. Despite using uniform stim-
ulation for all subjects, variation was observed in the
peak electric field (at the 99.9", 99", and 95" per-
centiles) and focality (at the 75" and 50" percentiles).
However, when comparing HD-tDCS and reversed
HD-tDCS, the peak electric field and focality values
remained constant (Table 3). The only differing quan-
tities were associated with the normal component,
which was influenced by the changing direction of the
current in HD-tDCS and reversed HD-tDCS. The av-
erage peak electric field for the normal component,
Norm E, was 1.62E-01 at the 99.9'" percentile, 9.65E-
02 at the 99" percentile, and 3.44E-02 at the 95" per-
centile. For the normal component, Norm J, the aver-
age peak electric field was 4.46E-02 at the 99.9'" per-
centile, 2.65E-02 at the 99 percentile, and 9.48E-03
at the 95" percentile. The focality for Norm E was
3.00E+03 at the 75 percentile and 9.55E+03 at the
501 percentile; for Norm J, this was 3.00E+03 at the
75!" percentile and 9.55E+03 at the 50" percentile.

Columns 6 to 15 in Table 4 and Table 5 display the
normal components of the E vector representing the
peak electric fields for E-normal (measured in V/m)
and J-normal (measured in A/m?). The letter ”P” sig-
nifies positive values, indicating the incoming electric
field entering the surface, while ’N” denotes negative
values, indicating the outgoing electric field leaving
the surface. Figure 3 illustrates the different com-
ponents of the E vector. For HD-tDCS, the average
values of E-normal entering the surface were 1.24E-
01 V/m at the 99.9'" percentile, 5.89E-02 V/m at the
99th percentile, and 1.16E-02 V/m at the 95 per-
centile. As for J-normal, the average values entering
the surface were 3.40E-02 V/m at the 99.9'" percentile,
1.62E-02 V/m at the 99" percentile, and 3.19E-03
V/m at the 95" percentile. Regarding reversed HD-
tDCS, the average values of E-normal entering the
surface were 1.24E-01 V/m at the 99.9'" percentile,
5.89E-02 V/m at the 99”’percentile, and 1.16E-02
V/m at the 95" percentile. For J-normal, the average
values entering the surface were 8.70E-02 V/m at the
99.9th percentile, 4.01E-02 V/m at the 99t percentile,
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Figure 3: Normal E-strength of electric field in gray matter, normal E-part of E as a same line of E vector,

tangent component-perpendicular to normal vector.

and 1.16E-02 V/m at the 95" percentile. The focality
values for E-normal were 6.38E+02 V/m at the 75"
percentile and 1.78E+03 V/m at the 50/" percentile for
both HD-tDCS and reversed HD-tDCS. Similarly, the
focality values for J-normal were 6.38E+02 V/m at the
75 percentile and 1.78E+03 V/m at the 50" percentile
for both HD-tDCS and reversed HD-tDCS.

The average values of E-normal exiting the surface
were -9.30E-02 V/m at the 99.9'" percentile, -4.28E-
02 V/m at the 99" percentile, and -1.22E-02 V/m
at the 95" percentile for HD-tDCS. As for J-normal,
the average values entering the surface were -2.56E-
02 V/m at the 99.9" percentile, -1.18E-02 V/m at the
99" percentile, and -3.35E-03 V/m at the 95" per-
centile for HD-tDCS. In contrast, the average values
of E-normal entering the surface were -1.15E-01 V/m
at the 99.9th percentile, -5.48E-02 V/m at the 99"
percentile, and 1.16E-02 V/m at the 95" percentile
for reversed HD-tDCS. As for J-normal, the average
values entering the surface were 8.70E-02 V/m at the
99.9'"" percentile, 4.01E-02 V/m at the 99" percentile,
and -1.11E-02 V/m at the 95" percentile for reversed
HD-tDCS. Regarding focality values, for E-normal,
these were 5.84E+02 V/m at the 75/ percentile and
1.69E+03 V/m at the 507" percentile for HD-tDCS,
and 6.26E+02 V/m at the 75" percentile and 1.76E+03
V/m at the 50" percentile for reversed HD-tDCS. As
for J-normal, the focality values were 6.38E+02 V/m
at the 75" percentile and 1.78E+03 V/m at the 50"

percentile for both HD-tDCS and reversed HD-tDCS.
Figure 4 illustrates the head models and various com-
ponents, including E-field, E-normal for HD-tDCS,
and reversed HD-tDCS, as well as J-normal for HD-
tDCS and reversed HD-tDCS.
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Figure 4: The head models and various components, including E-field, E-normal for HD-tDCS, and reversed
HD-tDCS, as well as J-normal for HD-tDCS and reversed HD-tDCS. a) Head models using headreco SimNIBS
pipeline, b) E-field- Electric field strength across the targeted HD-tDCS placement, c) E-normal at HD-tDCS, d)
E-normal at reverse HD-tDCS, e) J-normal at HD-tDCS, f) J-normal at reversed HD-tDCS. Color gradient shows min-
imum values as blue and maximum values as red.
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subject to subject and values are indicated as 99.9, 99 and 95 percentile of total peak values distribution.
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Table 3: Peak electric field and focality for HD-tDCS and reversed HD-tDCS

HD-tDCS and reversed HD-tDCS

Sr. Peak electric field (V/m) Focality (mm®)

Subject ID | Sex
No. Age Norm E (V/m) Norm J (A/m?) Norm E Norm J

99.9 99 95 99.9 99 95 75 50 75 50
1 Sub 1 F | 70 | 1.13E-01 | 6.42E-02 | 2.68E-02 | 3.10E-02 | 1.76E-02 | 7.37E-03 | 1.32E+03 | 6.71E+03 | 1.32E+03 | 6.71E+03
2 Sub 2 M | 83 | 9.44E-02 | 6.91E-02 | 2.81E-02 | 2.60E-02 | 1.90E-02 | 7.72E-03 | 5.36E+03 | 1.69E+04 | 5.36E+03 | 1.69E+04
3 Sub 3 M | 79 | 2.13E-01 | 1.16E-01 | 3.52E-02 | 5.86E-02 | 3.19E-02 | 9.69E-03 | 3.04E+03 | 7.48E+03 | 3.04E+03 | 7.48E+03
4 Sub 4 M | 69 | 2.91E-01 | 1.67E-01 | 5.43E-02 | 8.00E-02 | 4.60E-02 | 1.49E-02 | 2.76E+03 | 8.29E+03 | 2.76E+03 | 8.29E+03
5 Sub 5 F | 55| 2.46E-01 | 1.50E-01 | 4.60E-02 | 6.78E-02 | 4.14E-02 | 1.27E-02 | 2.61E+03 | 7.15E+03 | 2.61E+03 | 7.15E+03
6 Sub 6 M | 75 | 7.24E-02 | 4.30E-02 | 1.99E-02 | 1.99E-02 | 1.18E-02 | 5.49E-03 | 2.15E+03 | 9.04E+03 | 2.15E+03 | 9.04E+03
7 Sub 7 M | 56 | 1.99E-01 | 1.20E-01 | 4.17E-02 | 5.48E-02 | 3.29E-02 | 1.15E-02 | 3.12E+03 | 1.04E+04 | 3.12E+03 | 1.04E+04
8 Sub 8 M | 67 | 1.36E-01 | 9.16E-02 | 3.21E-02 | 3.74E-02 | 2.52E-02 | 8.83E-03 | 4.36E+03 | 1.28E+04 | 4.36E+03 | 1.28E+04
9 Sub 9 M | 77 | 1.63E-01 | 8.38E-02 | 3.66E-02 | 4.47E-02 | 2.30E-02 | 1.01E-02 | 2.49E+03 | 7.01E+03 | 2.49E+03 | 7.01E+03
10| Sub 10 | M | 79 | 9.53E-02 | 5.98E-02 | 2.35E-02 | 2.62E-02 | 1.65E-02 | 6.47E-03 | 2.80E+03 | 9.71E+03 | 2.80E+03 | 9.71E+03
Total 710 | 1.62E+00 | 9.65E-01 | 3.44E-01 | 4.46E-01 | 2.65E-01 | 9.48E-02 | 3.00E+04 | 9.55E+04 | 3.00E+04 | 9.55E+04
Average 71 | 1.62E-01 | 9.65E-02 | 3.44E-02 | 4.46E-02 | 2.65E-02 | 9.48E-03 | 3.00E+03 | 9.55E+03 | 3.00E+03 | 9.55E+03
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Table 4: Peak electric field and focality for E-normal and J-normal components for HD-tDCS

Positive Simulation-1 (HD-tDCS)
Sr. . & Peak electric field (V/m) Focality
No. Subject ID Sex|  Age Negative E- normal (V/m) J-normal (A/m?) E- normal (V/m) J-normal (A/m?)
values 99.9 99 95 99.9 99 95 75 50 75 50
1 Sub 1 F 70 P 7.79E-02[4.23E-02|1.17E-02|2.14E-02|1.16E-02 |3.23E-03 |5.14E+02|1.71E+03|5.14E+02 1.71E+03
— N -5.43E-02-2.91E-02/-1.11E-02-1.49E-02|-8.00E-03|-3.04E-03/4 43E+02|1.70E+034 43E+02 1.70E+03
5 sub 2 M| 3 P 7.79E-02|4.36E-02|9.35E-03|2.14E-02|1.20E-02 |2.57E-03 |8.64E+02|2.21E+03|8.64E+02] 2.21E+03
- N -5.89E-02-3.15E-02]-9.31E-03|-1.62E-02-8.67E-03|-2.56E-03|7.28E+02]2.09E+03[7.28E+02]  2.09E+03
3 Sub 3 M| 79 P 1.63E-01|7.08E-02|1.03E-02 |4.49E-02|1.95E-02 | 2.84E-03 |4.53E+02|1.34E+034.53E+02 1.34E+03
- N -1.13E-01]-5.33E-02/-1.24E-02]-3.11E-02|-1.46E-02|-3.41E-03|5.49E+02|1.57E+03|5.49E+02 1.57E+03
4 Sub 4 M| 69 P 2.12E-01|9.50E-02|1.79E-02|5.83E-02|2.61E-02 [4.93E-03 |6.13E+02|1.57TE+03|6.13E+02 1.57E+03
- N -1.75E-01-6.82E-02|-1.88E-02|-4.82E-02-1.88E-02|-5.17E-03/4.91E+02|1.17E+034.91E+02 1.17E+03
5 Sub 5 F 55 P 1.98E-01|9.24E-02|1.38E-02|5.46E-02 | 2.54E-02 | 3.80E-03 |6.00E+02|1 . 40E+03|6.00E+02 1.40E+03
- N -1.57E-01-7.15E-02|-1.70E-02-4.32E-02-1.97E-02|-4.6 7E-03/4.92E+02|1 .35E+034.92E+02 1.35E+03
6 Sub 6 M 75 P 5.65E-02|2.75E-02|7.48E-03|1.55E-02 |7.55E-03 |2.06E-03 |5.45E+02(1.79E+03|5.45E+02 1.79E+03
- N -4.39E-02/-2.06E-02/-7.11E-03]-1.21E-02|-5.66E-03|-1.96E-03/5.44E+02|1.68E+03(5.44E+02 1.68E+03
7 sub 7 M| 56 P 1.48E-01|6.95E-02|1.19E-02 |4.06E-02 |1.91E-02|3.28E-03|6.57E+02|1.97E+03/6.57E+02 1.97E+03
- N -1.04E-01-4.82E-02|-1.31E-02-2.86E-02-1.32E-02|-3.6 1 E-03|7.00E+02|1.93E+03(7.00E+02 1.93E+03
3 Sub 8 M| 67 P 1.00E-01|5.24E-02| 1.06E-02|2.76E-02|1.44E-02 |2.92E-03 |8.86E+02|2.32E+03|8.86E+02] 2.32E+03
- N -7.49E-02-3.64E-02/-1.08E-02]-2.06E-02|-1.00E-02|-2.98E-03/7.26E+02|2.00E+03|7.26E+02] 2.00E+03
9 Sub 9o |M| 77 P 1.21E-01|5.26E-02|1.24E-02|3.33E-02 | 1.45E-02 |3.42E-03 |4.65E+02|1 45E+03/4.65E+02 1.45E+03
- N -8.83E-02-3.86E-02|-1.24E-02/-2.43E-02-1.06E-02|-3.42E-03|5.25E+02|1 48E+03|5.25E+02 1.48E+03
10l swb 10 IM| 79 P 8.17E-02|4.31E-02|1.04E-02|2.25E-02|1.19E-02 |2.87E-03 |7.81E+02|2.02E+03|7.81E+02 2.02E+03
- N -6.06E-02]-3.10E-02/-9.77E-03]-1.67E-02|-8.52E-03|-2.69E-03/6.46E+02|1.89E+03|6.46E+02 1.89E+03
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Table 5: Peak electric field and focality for E-normal and J-normal components for reversed HD-tDCS

£229-6029:(2) 1 L ‘207 Adpaay 1 pup y>1pasay [pr1pawiolg

Positive Simulation-2 (Reversed HD-tDCS)
Sr. . & Peak electric field (V/m) Focality
No. Subject ID|Sex|  Age Negative E- normal (V/m) J-normal (Afmz) E- normal (V/m) | J-normal (A/mz)
values 99.9 99 95 99.9 99 95 75 50 75 50
1 Sub 1 F 70 P 5.43E-02|2.91E-02|1.11E-02|1.49E-02|8.00E-03|3.04E-03|4.47E+02/1.70E+034.47E+02/1.70E+03
— N -7.80E-02-4.23E-02]-1.17E-02-2.14E-02|-1.16E-02|-3.23E-03/5.14E+02/1.71E+03/5.14E+02/1.71E+03
5 Sub 2 | M| 83 P 5.89E-02|3.15E-02|9.31E-03|1.62E-02 | 8.66E-03|2.56E-03|7.30E+022.09E+03|7.30E+022.09E+03
- N -7.79E-02]-4.36E-02]-9.35E-03-2.14E-02]-1.20E-02|-2.57E-03|8.63E+022.2 1 E+03|8.63E+02/2.21E+03
3 sub3 |M| 79 P 1.13E-01|5.33E-02|1.24E-02|3.11E-02|1.46E-02|3.41E-03|5.49E+02/1.57E+03|5.49E+02/1.57TE+03
- N -1.63E-01]-7.09E-02]-1.03E-02-4.50E-02|-1.95E-02|-2.84E-03|4.53E+02/1.34E+03/4.53E+02/1.34E+03
4 sub4 | M| 69 P 1.75E-01|6.82E-02|1.88E-02 |4.81E-02|1.87E-02|5.17E-03|4.91E+02/1.17E+034.91E+02/1.17E+03
- N -2.12E-01]-9.50E-02]-1.79E-02]-5.84E-02]-2.61E-02|-4.93E-03/6.12E+02|1.57E+03|6. 12E+02/1.57TE+03
5 Sub 5 F 55 P 1.57E-01|7.14E-02|1.70E-02 |4.31E-02|1.96E-02|4.67E-03 |4.92E+02/1.35E+034.92E+02/1.35E+03
- N -1.99E-01]-9.26E-02]-1.38E-02-5.46E-02|-2.55E-02|-3.80E-03|5.98E+02/1.39E+03|5.98E+02/1.39E+03
6 Sub 6 | M| 75 P 4.39E-02]|2.06E-02|7.11E-03|1.21E-02|5.65E-03|1.96E-03 |5.44E+02|1.68E+03|5.44E+02/1.68E+03
- N -5.65E-02]-2.75E-02]-7.49E-03]-1.55E-02]-7.55E-03|-2.06E-03|5.45E+02|1.79E+03|5.45E+02/1.79E+03
7 sub 7 |IM| 36 P 4.39E-02]2.06E-02|7.11E-03|1.21E-02|5.65E-03|1.96E-03 |5.44E+02|1.68E+03|5.44E+02/1.68E+03
- N -5.65E-02]-2.75E-02]-7.49E-03]-1.55E-02]-7.55E-03|-2.06E-03|5.45E+02/1.79E+03|5.45E+02/1.79E+03
3 sub8 | M| 67 P 7.49E-02|3.64E-02|1.08E-02|2.06E-02| 1.00E-02|2.98E-03|7.28E+022.00E+03|7.28E+022.00E+03
- N -1.00E-01]-5.24E-02]-1.06E-02-2.76E-02|-1.44E-02|-2.92E-03/8.84E+022.31 E+038.84E+022.31E+03
9 Sub 9 | M| 77 P 8.83E-02|3.86E-02|1.24E-02|2.43E-02| 1.06E-02|3.42E-03|5.25E+02/1 48E+03|5.25E+02/1.48E+03
- N -1.22E-01]-5.26E-02]-1.24E-02]-3.34E-02|-1.45E-02|-3 42E-03/4.63E+02/1 44E+034.63E+02/1 44E+03
10! sub 10 IM| 79 P 6.06E-02|3.10E-02]9.77E-03 | 1.67E-02 | 8.52E-03 | 2.69E-03 |6.46E+02|1.89E+03|6.46E+02/1.89E+03
— N -8.18E-02-4.31E-02]-1.04E-02-2.25E-02]-1.19E-02]-2.87E-03|7.80E+0212.01 E+03|7.80E+022.01 E+03
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DISCUSSION

The data obtained from simulations showed variation
among all subjects with the same stimulation pro-
tocols due to individual differences in age and head
geometry. There appears to be no correlation be-
tween age and head geometry. The calculated dis-
tance for the most aged subject between the nasion
and inion was 227.33 mm, while the distance be-
tween the right pre-auricular point (RPA) and left
pre-auricular point (LPA) was 159.97 mm. The av-
erage distance between the inion and nasion, based
on fiducial points, was 200.9452 mm, and between
RPA and LPA was 152.2565 mm. Additionally, the
distance between the central electrode and the sur-
rounding four electrodes varied, but there were no
correlations between head geometry and the corre-
sponding electric field strength with their E-normal
and J-normal components. Figure 4 and Figure 5
display the electric field strength and current density
for all 10 MCI subjects. Among all subjects, signif-
icantly high electric field values (norm-E) were ob-
served using HD-tDCS and reversed HD-tDCS, with
values of 1.62E-01 V/m at the 99.9'" percentile, 9.65E-
02 V/m at the 99" percentile, and 3.44E-02 V/m at
the 95 percentile. Similarly, the current density val-
ues followed a decreasing order at the 99.9"" (4.46E-
02 A/m?), 99 (2.65E-02 A/m?), and 95" (9.48E-03
A/m?) percentiles. However, no significant relation-
ships or dependencies were observed between age,
head geometry, and the distance between electrodes
in MCI subjects, as the progression of the disease
was unknown. Contrasting the values of norm E and
norm J, the peak values for focality showed an increas-
ing order at the 75" and 50" percentiles, with values
of 3.00E+03 V/m and 9.55E+03 V/m for norm E and
3.00E+03 V/m and 9.55E+03 V/m for norm J, as de-
picted in Figure 6a and Figure 5 b.

The average normal values of the E vector were con-
sistently lower than the total E-field obtained, with
values of 1.24E+00 V/m, 5.89E-01 V/m, and 1.16E-
01 V/m for the 99.5", 99/ and 95" percentiles, re-
spectively, for E-normal (Figure 7a and Figure 6 b).
The same applied to the current density. In HD-tDCS,
there were more positive values, indicating a greater
inflow of voltage and current compared to reversed
HD-tDCS. Conversely, in reversed HD-tDCS, there
were more negative values, suggesting a higher out-
flow of current and voltage compared to HD-tDCS,
(Figure 8 a and Figure 7 b).

CONCLUSION

The electric field is affected by multiple factors, in-
cluding electrode size, shape, tissue conductivity, and

current distribution pattern. A smaller diameter of
the electrode generates a more focused electric field
distribution. The distribution of the electric field in
the brain is intricate and relies on various factors, in-
cluding the electrode arrangement and the head’s con-
ductivity profile. It is essential to understand that the
specific current density and stimulation parameters
utilized in tDCS can differ based on the particular
study, the targeted brain region, and individual char-
acteristics. HD-tDCS and reversed HD-tDCS exhibit
distinct values for electric field strength and focality.
In HD-tDCS, we observed more positive fields and in-
flow current compared to reversed HD-tDCS, mak-
ing it suitable for excitatory effects. Conversely, re-
versed HD-tDCS is more appropriate for inhibitory
effects due to the prevalence of more negative fields
and outflow current. In this study, we focused specif-
ically on individuals with MCI. The outcomes may
vary among subjects. Additional subjects can be in-
cluded to further investigate the uniformity and vari-
ance of the electric field and focality for MCI or other
neurological disorders.

ABBREVIATIONS

3D: Three dimensional, AD: Alzheimer’s disease,
CAT: Computational anatomy toolbox, COMET:
Computation of Electric field due to Transcranial
current Stimulation, EEG: Electroencephalograph,
GR: Gradient (Pulse Sequence), HD-tDCS: High-
Definition tDCS, Iz: Inion, LPA: Left pre-auricle,
mA: Milli ampere, MCI: Mild Cognitive Impairment,
MNI: Montreal Neurologic Institute, MoCA: Mon-
treal Cognitive Assessment, MRI: Magnetic Reso-
nance Imaging, Nz: Nasion, PET: Positron Emission
Tomography, ROAST: A fully automated, Realistic,
volumetric approach to simulate transcranial electric
stimulation, RPA: Right pre-auricle, SimNIBS: Sim-
ulation of Non-invasive brain stimulation, SPM: Sta-
tistical parametric mapping, tDCS: Transcranial di-
rect current stimulation, TE: Echo Time, TI: Inver-
sion Time, TR: Repetition Time, ts-DCS: Transcuta-
neous spinal direct current stimulation, V/m: Volts
per meter
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