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Electrode montage optimization for transcranial electric stimulation (tES) is a
challenging topic for targeting a specific brain region. Targeting the deep brain
region is difficult due to tissue inhomogeneity, resulting in complex current
flow. In this study, a simplified protocol for montage optimization is proposed
for multichannel tES (mc-tES). The purpose of this study was to reduce the
computational cost for mc-tES optimization and to evaluate the mc-tES for
deep brain regions. Optimization was performed using a simplified protocol
for montages under safety constraints with 20 anatomical head models. The
optimization procedure is simplified using the surface EF of the deep brain
target region, considering its small volume and non-concentric distribution
of the electrodes. Our proposal demonstrated that the computational cost
was reduced by >90%. A total of six—ten electrodes were necessary for robust
EF in the target region. The optimization with surface EF is comparable to or
marginally better than using conventional volumetric EF for deep brain tissues.
An electrode montage with a mean injection current amplitude derived from
individual analysis was demonstrated to be useful for targeting the deep region
at the group level. The optimized montage and injection current were derived
at the group level. Our proposal at individual and group levels showed great
potential for clinical application.

KEYWORDS

electrode montage, individual head model, optimization, transcranial electrical
stimulation, volume conductor model

1 Introduction

Transcranial electric stimulation (tES) (Stagg and Nitsche, 2011) and transcranial
magnetic stimulation (TMS) (Kobayashi and Pascual-Leone, 2003) attract attention for its
application to neuromodulation as well as neuroscience. In tES, weak current is injected
through electrodes attached to the scalp, inducing the electric field (EF), which is a physical
agent, in a specific region of the brain. The EF may cause neuromodulation or plasticity.
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Among tES, transcranial direct current stimulation (tDCS) or
transcranial alternating current stimulation (tACS) has been widely used.
In tES, the target area was mainly on the shallow region of the brain, while
its applications to deeper regions (Nitsche et al., 2009; Tavakoli and Yun,
2017), such as cerebrum (Ferrucci et al., 2015), subcortical, subthalamus,
and hippocampus (Huang et al.,, 2017; Chhatbar et al., 2018; Voroslakos
etal, 2018; Gomez-Tames et al., 2019a) are suggested to be promising.
tES is used as a treatment for Parkinson’s disease (Goodwill et al., 2017),
depression (Nitsche et al., 2009; Palm et al., 2016), addiction (Sauvaget
etal,, 2015; Ekhtiari et al., 2019), anxiety (Sagliano et al., 2019), etc. Some
of these diseases are reported to be associated with disorders of reward
system in the brain (Berton and Nestler, 2006; Dichiara and Bassareo,
2007). The reward system is composed of a complex network among the
nucleus accumbens, dorsolateral prefrontal cortex, amygdala,
hippocampus, etc., (Rodman et al., 2012). Therefore, focal stimulation is
needed to avoid unintentional side effects and achieve the expected
therapeutic effect. Localized current on or away from specific brain
regions may lead to a better understanding of the mechanisms and neural
networks in general and of the observed experimental effects of tDCS
(Sadleir et al., 2012).

In tES, several approaches have been conducted to evaluate the EF
in the target region, including electrode montage (Bikson et al., 2010;
Edwards et al., 2013; Opitz et al., 2015; Mikkonen et al., 2020; Salvador
etal., 2021; Caulfield and George, 2022), multi-pair (channel) of tES
electrodes (Datta et al., 2009; Khan et al.,, 2022), as well as uncertainty
analysis (Saturnino et al., 2019b) and microscopic skin modeling
(Gomez-Tames et al., 2016; Khadka and Bikson, 2020). One difficulty
in the stimulation of the deep brain region is how to shape the EF in
the target region because the EF is significantly affected by the head
anatomy and tissue conductivity (Bragard et al., 1996; Gomez-Tames
et al, 2018). Since the individualized human head modeling has
become widely used, the optimization of the EF at individual level and
group level using statistical analysis has been conducted (Laakso et al.,
2015; Gomez-Tames et al., 2019a). Several studies conducted the
optimization using multichannel tES (Khan et al., 2022; Lee et al,,
2023). Multichannel tDCS was optimized with constrained maximum
intensity (D-CMI) to reduce side effects and skin-layer sensations
caused by current distribution for each individual (Khan et al., 2022).
In the previous study (Lee et al., 2023), mean injection current
optimized for different individual head models was suggested to
improve focality compared with the optimization for a standard head
model. For targeting the deep brain tissue, temporal interference
method is also optimized with genetic algorithm (Stoupis and
Samaras, 2022). A fast computational method has been proposed
under slightly looser constraints with a constant return electrode for
optimizing for the average field strength at the target (Saturnino et al.,
2019a). In most conventional studies, the target region was mainly the
motor cortex and somatosensory cortex, which are located in the
shallow region of the brain. In addition, the optimization was
performed on the volumetric EF over the brain, which may result in
computational burden. If the computational cost can be suppressed,
optimized montage can be easily explored at the individual and
group levels.

The purpose of this study is to propose a fast optimization
procedure and demonstrate the effectiveness of optimized electrode
conditions for the deep brain region in multichannel tDCS at the
individual and group levels. The feature of the deep brain region or
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tissue is that its volume is relatively small, and then, the EF around the
region is difficult for focal stimulation (Guler et al., 2016). Considering
these features, the surface EF on the target region instead of full
volumetric data of EF was used for the optimization.

2 Methods

2.1 Electric field computation methods

2.1.1 Head model

In our previous study, 20 human head models were developed from
magnetic resonance images (MRIs) (Laakso et al., 2015). The subjects
were male, with a mean age of 41+11 (standard deviation) years. The
models had 0.5mm resolution and were segmented into the following
tissues: blood, cerebellum gray matter, cerebellum white matter,
cerebrospinal fluid (CSF), cortical, dura, eyes, fat, gray matter, muscle,
pallidum, deep brain regions (amygdala, nucleus accumbens, brainstem,
caudate, hippocampus, putamen, and thalamus), skin, ventral
diencephalon, ventricular, and white matter. The deep brain regions were
defined by seven tissues located 4.5-6.5 cm deep from the scalp, involved
in neuropsychiatric disorders such as depression (Levkovitz et al., 2009).
An example of a human head model and the classification of deep brain
tissues are shown in Figures 1A,B.

2.1.2 Electrode design

The electrode is composed of a square conductive rubber sheet
with a 1 mm thickness covered by a saline-soaked sponge, as shown
in Figure 1C. The length of one side of the sponge is 3 cm. The position
of the center of each electrode was per the 10-20 international EEG
(Electro Encephalo Graphy) system (19 locations in total). For bipolar
tDCS using two electrodes, the number of combinations of electrode
montages is 171, equivalent to two locations selected from 19
locations. For potential combinations of the electrode position and its
side length, the electrode position was not overlapped.

2.1.3 Electric field computation

The human head model is set as the volume conductor. The scalar-
potential finite difference method (Dawson and Stuchly, 1998) was
used to calculate the scalar potential in the human head model.

V(cVe)=0

where ¢ and @ denote the tissue conductivity and scalar potential.

The scalar potential is defined as an unknown parameter at each
node of each voxel, and the conductance is assigned to the edges with
tissue conductivity. Given the simultaneous equations for current
based on Kirchhoff’s current law at all nodes, we solved the scalar
potential using the multigrid method with successive over-relaxation
method (Laakso and Hirata, 2012). The number of multigrid level was
six, and the calculation was continued until the relative residual <107°
(Laakso and Hirata, 2012).

The head model EF was calculated by dividing the potential
difference between adjacent voxels by the node distance. As
postprocessing (Gomez-Tames et al., 2017), the top 0.1th percentile
value of EF was removed (99.9th percentile) to exclude potential
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FIGURE 1

rubber covered by a sponge.
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(A) Bird view of a human head model, (B) classification of deep brain tissues in head model, and (C) cross-sectional view of the electrode, comprised a
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TABLE 1 Electric conductivity of tissues in head model.

Tissue Conductivity [S/m]
Amygdala 0.2
Blood 0.7
Bone (cancellous) 0.027
Bone (cortical) 0.008
Brainstem 0.14
Caudate 0.2
Cerebellum gray matter 0.2
Cerebellum white matter 0.2
CSF 1.8
Fat 0.08
Gray matter 0.2
Hippocampus 0.2
Intervertebral disk 0.1
Muscle 0.16
Nucleus accumbens 0.2
Putamen 0.2
Skin 0.1
Thalamus 0.2
Vitreous humor 1.5
White matter 0.14

numerical artifact and replace with the 99.9th (Reilly and Hirata,
2016). The electrical conductivity of the tissue in the head model was
assigned on the basis of the measured values to calculate EF, as
conductivity of each tissue is linear and isotropic (Table 1; Laakso
etal, 2015). The measured gray matter conductivity was reported to
be 0.1-0.3S/m (Freygang and Landau, 1955; Ranck, 1963; Stoy et al.,

Frontiers in Neuroscience

03

1982; Tay et al., 1989; Gabriel et al., 1996; Latikka et al., 2001; Akhtari
et al., 2006, 2010), and the gray matter conductivity was 0.2S/m. In
addition, the white matter conductivity was set to 70% of the gray
matter conductivity (Freygang and Landau, 1955; Stoy et al., 1982;
Gabriel et al., 1996). The conductivity of the other tissues was set as
follows: 0.2S/m blood (Gabriel et al., 1996); 0.008 and 0.027S/m
compact and spongy bone (Akhtari et al, 2002); 1.8S/m CSF
(Baumann et al., 1997); 0.16, 0.08, and 0.08 S/m muscle, skin, and fat
(Gabriel et al., 2009); 1.5S/m eye humor (Lindenblatt and Silny, 2001);
0.16S/m dura, same as muscle, optional.

2.2 Optimization procedure

A ratio of the optimized injection current was calculated for each
montage by matching the computed and targeted EFs in the deep
regions. The optimization of EFs is shown in Figure 2.

The optimized EF distribution for electrodes with the number of
k was computed as follows: first, Ep» an array consisting of EF
components in deep brain regions for all montages M, was calculated.
A dataset of the EF surface in the deep brain region was also
considered. M is defined as the number of combinations to select two
electrodes from k electrode position, calculated for M= (C,. Epgngea is
the EF component in the target deep brain region to be generated by
externally injecting multicurrents. Notably, only EF in the deep brain
region is considered at this stage.

Next, for these two input datasets, the weighing coefficient of
current was computed using an optimization solver. Particularly, an
array of the optimal weighting coefficient for Ep, was calculated for
15Cy cases, the number of combinations to select the electrode position
k from the international 10-20 system (19 locations excluding the
ground). For all patterns, the root mean square error (RMSE) between
Epeingea and the optimized EF was calculated. Finally, the pattern for
minimal RMSE was derived for electrodes with the number of k as an
optimized result, except in cases where the magnitude of the injected
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FIGURE 2

Flowchart of electromagnetic field computation and optimized EF; for clarity, EF around the target area is shown without the remaining brain.
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TABLE 2 Comparison of volumetric voxel data with surface data; mean
computational size for 20 subjects.

Surface
data

Volumetric
voxel data

Type

Number of elements in deep brain region

(52+046)x10°  (23+0.020)x10%

Number of elements in right accumbens

(1.4£026)x10*  (1.9+022)x10

Number of elements in right amygdala

(42+042)x10* (3.7+0.20)x10

Number of elements in right putamen

(1.3+0.18)x10° | (6.0+0.14)x10

File size of EF per montage 2.0+£0.18 [MB] | 12.3+1.08 [KB]

current for each electrode exceeds 4mA to avoid skin burning
or tolerability.

2.2.1 Computation of dataset

Epataser Was computed for optimization:

Ei(n) En(n)
Epataset :[El Em]:
El(rN) Em(rN)
I Ey (’l) Exm(’l) i
Eyi(n) Eym(n)
Ezl(rl) Ezm(’l)
Ealw) = Ewl)|
En(rv) - Epm(rv)
_Ezl (VN) Ezm (VN)_

where N is the number of voxels or elements for volumetric and
surface data in the deep brain region, m is the number of combinations
to select two electrodes from k electrode positions with maximum and
minimum values of 171 and 1, respectively, and E,,,(r;) is the EF vector
at location r, induced for the montage m.
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EFs used for constructing Ep,. are based on three Cartesian field
components. The volumetric data at 0.5mm in the deep brain region
have a large number of elements (Table 2). In this study, we considered
tWo Epgen using computed EF vectors over volume and only surface
EF vectors on the deep brain region. The advantages of using surface
data would be expected especially when optimizing head models with
high resolution. If the model resolution was increased, computational
cost with the number of elements in a voxel cubic model would
increase cubically whereas squared for surface data.

The procedure for registering EF surfaces (calculated at 1 mm
depth within 7-mm-deep brain regions) on the surface representation
of an individual’s brain region defined using FreeSurfer (Dale et al.,
1999) was similar to cerebellar registration in our previous study
(Gomez-Tames et al., 2019b).

The comparison of computational resources needed to generate
volumetric voxel and surface data (including file output) is summarized
in Table 2. The workstation used in this study is 16 Intel® Xeon®CPUs
running at 3.4 GHz, with 256 GB memory and NVIDIA RTX A2000
GPUs. Surface data are lighter than voxel data, so the use of surface
data can reduce computational resources for optimization (Table 2).

2.2.2 Target tissue

Three tissues related to mood disorders and Parkinson’s disease,
namely, right side of accumbens, amygdala, and putamen, were
selected as optimization targets in the deep brain region (Huff et al.,
2010; Montgomery et al., 2011; Langevin et al., 2016). The input array
Epesingea for the optimization equation is shown in Figure 3 and defined

as follows: eq(n)

e neT

0 neT¢

EDesigned =| éd (’"n)

: ed ()=
ea(rv)]

where N is the number of voxels or elements for volumetric and

surface data in the deep brain region, ey(r,) is EF vector at location r,,

e, is the EF vector designed in the target region, T is a set of voxels in

the target region, and T* is a set of voxels in the non-target region. The

amplitude of e, is 1, and the direction is horizontal.
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2.2.3 Constrained least squares

We aimed to conduct focal stimulation by combining EFs induced
by different montages (Figure 4). This problem can be described
as follows:

wm
E1X14)1+E2XW2+...+Em><Wm=[E1 Em] :

Wm

= EDataset-W = EDesigned

where m is the number of montages, and w is the current ratio for
each montage.

The current induced in the brain by tDCS is more spread out in
deeper regions of the brain (Gomez-Tames et al., 2019a), so the
injected current is not concentrated in some electrodes. Therefore, the

Front view

Right view

Front view
(Target)

Back view ‘ )
(Target)

FIGURE 3

Regions targeted by electric field optimization in deep brain region:

right accumbens, right amygdala, and right putamen; target regions

are marked in red.

10.3389/fnins.2024.1332135

unknown w can be solved using the constrained least square method
to avoid focusing the current at one electrode (Guler et al., 2016).
We imposed the upper limit of the injection current, so each injected
current from one electrode does not exceed two times that of
the original:

Restricted - |wm| <2

The computational algorithm used the interior point method,
performed using MATLAB (R2022b, MathWorks (R)).

2.3 EF analysis at group level

In evaluating the optimization at group level, EF at the surface of
the deep brain region was projected from an individual model to the
template. Briefly, each tissue surface of the deep brain region was
automatically registered using affine transformation to the deep brain
template. The iterative closest point transform, part of the Visualization
Toolkit, was used for the registration. For each point of the template
surface Y, the closest point x of the individual surface X, affine
transformed, was determined by the minimum Euclidean distance
(Y - X).

The group-level EF was defined as EF normalized by the
maximum EF strength (EF absolute value) of the individual brain
surface in the deep brain region, projected onto the template brain,
further averaged over all subjects.

3 Results
3.1 Computational costs

Figure 5 shows the average time required for optimization with k
electrodes when targeting the right accumbens for all subjects. The
optimization time using k electrodes was defined as the time required
to solve the optimization equation Ep,sew = Epesignea Of Optimize the
current ratio w for all patterns with k electrodes. While using the

SPFD

E,

Head Model

—

E,

FIGURE 4

E Dataset

—— W,

Optimum electric field calculation by linear addition of several designed electric fields.

EDesigned
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workstation, the computational cost was reduced dramatically when
the EF surface data were used instead of the volumetric voxel data. The
computational time and memory usage of Ep,. were reduced by 91
and 97%, respectively, while optimizing with 19 electrodes as
compared with the volumetric voxel data (Figure 5).

3.2 Number of electrodes

The EF strength distribution and currents were normalized so that
the volumetric average EF strength in the target was 0.4 V/m, which
is an estimated stimulation threshold in an EF modeling study (Laakso

7
6 -8-Surface data
=s ~-Voxel data
g
& 4
]
.g 3
Il
N
E2
2
©
0
2 4 6 8 10 12 14 16 18
Number of electrodes
FIGURE 5

Average time required for optimization while targeting the right
accumbens in one subject; optimization time was defined as
computational time required to solve optimization equation for all
patterns of 2—18 electrodes in one subject.

10.3389/fnins.2024.1332135

et al,, 2019). In this subsection, results are shown using the surface
data for simplicity and to avoid repetition as well as huge
computational cost in volumetric approach. Figure 6 shows the RMSE
mean while optimizing EF of 2-18 electrodes in one of the following
target regions: right accumbens, amygdala, or putamen. Figure 7
shows the maximum current amplitude current injected into each
electrode to induce the volume average of EF strength of 0.4 V/m in
the target region: right accumbens, amygdala, or putamen for all
subjects. To discuss the induced EF in the region outside the target
region, Figure 8 shows the mean and maximum EF strength in the
gray matter and white matter when optimizing the right accumbens
as a target.

From Figure 6, RMSE decreases with increasing number of
electrodes. The rate of change in RMSE became stable for the electrode
number of about 8, regardless of the target tissue. When targeting the
right putamen, RMSE decreased by 44 and 8% for 2-8 and 8-18
electrodes, respectively. When targeting the right accumbens, RMSE
decreased by 11%, even for electrodes >9. The maximum current
amplitude to induce the volume average of EF strength of 0.4 V/m did
not exceed 4mA at 4-14 electrodes when targeting the right
accumbens; at 6-14 electrodes when the right putamen (Figure 7).
When targeting the right amygdala, a current of >4 mA was required
to obtain the average EF strength of 0.4V/m for any number
of electrodes.

From Figure 8, the average strength of EF in the gray matter and
white matter was stable regardless of the number of electrodes, with
values of 0.28V/m both for gray matter and white matter. The
maximum strength in the gray matter or white matter was the local
minimum values (a value of the gray matter: 2.97+1.74V/m; the
white matter: 2.45+1.01 V/m) at 10 electrodes. The variation (SD) of
the maximum strength in the white matter was 1.5 times higher than
the variation of the gray matter.

o O —
AN 0 = N DN

N

Root Mean Square Error [V/m]
N

o
)

-0-Right accumbens
-A&-Right amygdala
-O-Right putamen

[e)

8

FIGURE 6

errors are shown as standard deviations.

Number of electrodes

RMSE mean for optimized EF using surface data and Ep.qqneq fOr all subjects; target tissues were right accumbens, right amygdala, and right putamen;

10 12 14 16 18
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FIGURE 7

Mean of maximum intensity of injection current needed for volume-
averaged EF strength of 0.4 V/m with surface data; target tissues
were right accumbens, right amygdala, and right putamen; errors are
shown as standard deviations.
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FIGURE 8

Volume-averaged and maximum EF strength in gray matter when
optimization using the surface data and a total current is <4 mA at
group level; error bars represent for standard deviations.

3.3 Optimized EF in deep brain regions at
group level

Figure 9 shows the group-level EF strength and relative standard
deviations in the deep brain region while optimizing EF in the right
accumbens (target region) with two and eight electrodes. Figure 10
shows box charts of the volume average EF strength in the target, its
RMSE from Epeggneq in deep brain regions and ratio maximum
strength of EF in the deep brain region to the outer region of deep
brain region.

Based on EF optimization using the EF surface, the computed
induced EF in the target region was comparable to or higher than
volumetric voxel data. EF in the non-target region shows low EF
strength (Figures 9A,B). The EF strength variation in target tissues was
insignificantly different regardless of the dataset type. In the non-target
regions, regardless of the data used, lower SD was distributed in target
tissue proximities, anterior caudate, and left accumbens
(Figures 9C,D).

The mean RMSE decreased with increasing number of electrodes,
whereas the mean EF was higher for k =8 than for k=2 but with larger
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variability (Figures 9A,C). This result was consistent regardless of the
input data type. The ratio of maximum EF in the deep brain region to
brain cortex was similar to the volumetric voxel data and surface data
(Figure 10B), regardless of the number of electrodes. However, the
interquartile range of each box chart is comparable to or smaller when
using surface data than voxel data.

3.4 Electric field in individual head models

Figure 11 shows the individual distribution of EF strength in the
deep brain and cerebral regions and the selected electrode positions
while optimizing EF targeting right accumbens using the surface data
with eight electrodes. The EF distribution in the deep brain region and
brain cortex was normalized by their respective maximums.

A higher EF is observed in the targeted region (right accumbens)
than non-targeted regions for most subjects. In the majority of
subjects, a higher EF was distributed in the dorsolateral prefrontal
cortex, inferior frontal cortex, or region near the longitudinal fissure,
depending on the montages. The location of higher EF in the cortex
region was close to electrodes (F7, O2, Fz, and Pz), where the current
was mostly concentrated in four electrodes. The four electrode
positions, namely, F4, F7, F8, and Fp1, were selected in most subjects.
The optimized electrode pattern (Cz-F7-F8-Fp1-O1-O2-T7-T8) was
the same in two subjects (Subjects 10 and 17).

3.5 Group-level EF using the same
montages

For potential avoidance to optimize the montage for each
individual, the induced EF in the brain for group-level optimized
montage was assessed. Figure 12 shows the average and relative SD of
EF strength while using the same electrode pattern for all subjects and
mean of optimized current ratios for each subject (Lee et al., 2023).
When targeting the right accumbens (Figure 12A), the electrode
montage was frequently selected for group level, F3-F8 at two
electrodes (10/20 subjects), F7-F8-Fz-Ol1 at four electrodes (5
subjects), F7-F8-Fp1-02-T7-T8 at six electrodes (3 subjects), and
Cz-F7-F8-Fp1-O1-02-T7-T8 at eight electrodes (2 subjects).

The frequently selected montage for group level was Fp2-T8 (15
subjects), Fp1-P3-P8-T8 (six subjects), C3-F8-Fp1-P3-P4-T8 (two
subjects), and C4-Cz-F7-F8-Fpl1-P3-Pz-T8 (two subjects) when
targeting the right amygdala; C4-Cz (nine subjects), Fp1-Fp2-P8-T8
(five subjects), F4-F7-Fp1-P7-P8-T8 (nine subjects), and C3-C4-Cz-
F7-Fp1-P7-P8-T8 (two subjects) when targeting the right putamen
(Figures 12B,C).

When the same electrode position and mean injection current
ratios were used, higher EFs were identified in the target area than
remaining regions (Figure 12). Figure 11 shows the high variability of
EF strength in the caudate nucleus, where the anatomical variability
among subjects was high. The EF strength variation in other regions,
including the target tissue, was insignificantly different. These results
were confirmed when the number of electrodes were four, six, and
eight; however, such results were not shown here to avoid repetition.

The mean distributions of field strength and relative SD obtained
by optimization using the same and different eight electrode patterns
for all subjects were similar (Figures 9B,C, 12). This finding suggests
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that this and other electrode patterns with eight electrodes may be an
appropriate electrode pattern at group level.

4 Discussion

Several studies have been conducted for EF optimization in
multichannel tDCS. In previous studies, the target area was primarily
in the shallow region of the brain. tDCS-induced currents in deep
brain regions are reportedly more spread out than in shallow regions
(Gomez-Tames et al., 2019a). Guler et al. reported that targeting the
deep region and computational cost for several configurations in the
current sources is difficult (Guler et al., 2016). In previous studies of

Frontiers in Neuroscience

optimization for multichannel tDCS (Guler et al., 2016; Khan et al,,
2022; Lee et al., 2023), the full EF volumetric data (or current density)
distribution was used as an optimization input. Instead, a simpler
constraint was considered but a constant return electrode was
assumed in the optimization of SimNIBS (Saturnino et al., 2019a,
2021). Considering this weakness, we proposed the EF surface
application over the target deep brain region as an optimization input
to reduce the computational cost and for simplicity under a looser
constraint but the return electrode was flexible.

The mean time required for optimization while targeting the right
accumbens was reduced by >90% for the montage with 19 electrodes
while using the EF surface in the target region rather than volume
(Figure 5). This tendency was notable especially when the electrode
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accumbens in 20 subjects.

number 7 to 15. Notably, the D-CMI computational time (Guler et al.,
2016) is almost similar to the volumetric data in this study yet
somehow smaller because the current restriction per electrode is not
subjected. This finding is because the distance between the electrodes
is not so close for brain stimulation; thus, the EF concentration around
specific electrodes may not occur.

The RMSE mean while optimizing EF for 2-18 electrodes was
used when targeting different deep brain regions. Expectedly, RMSE
decreased with the increasing number of electrodes (Figure 6).
However, the RMSE decrease becomes mild for >8 electrodes in
different target areas. While targeting the right accumbens and
putamen, a minimum of four and six electrodes were needed for the
average strength of 0.4 V/m in the target under a constraint of a limit
of 4mA maximum current intensity per electrode.

When targeting the right accumbens, the EF in the outer deep
brain region, gray matter, and white matter had similar average
strength. However, the maximum EF strength in the outer region was
>2V/m, and the variability of the maximum strength in the white
matter was higher than that in gray matter. When optimizing for the
deep brain regions, it may be necessary to additionally consider
tolerance in remaining regions, such as the brain cortex, in the
optimization conditions.

Based on the computational results (Figure 5), EF in the target
region using the EF surface data was comparable to or higher than the
volumetric (voxel) data. EF in the non-target region had lower EF
strength than the target region (Figures 9A,B), whereas focality in the
right accumbens was not feasible. The EF strength variation in target
tissues was insignificantly different regardless of the dataset type.
These results indicated that the EF surface data usage is
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computationally efficient and useful to optimize EF in the deep brain
target region. The difference in studies targeting the shallow region is
that the target volume of the deep brain tissue is small, and the current
is continuously governed by the continuity equation. Thus, the surface
data would be enough for optimization purposes. High EF in the
target region might be because of the designated uniform EF
distribution therein. If EF inside the target volume can be given
differently, then the result would be close to each other.

In verifying the optimization procedure effectiveness, the EF
distribution in individual head models was evaluated for individually
optimized montage for eight electrodes (Figure 11). A higher EF was
observed in the targeted region (right accumbens) than non-targeted
region for most subjects. In the majority of subjects, a high EF was
distributed in the dorsolateral prefrontal cortex, the inferior frontal cortex,
or the region near the longitudinal fissure, depending on the montages.

During optimization, the four electrode positions, F4, F7, F8, and
Fpl, were selected in most subjects. In addition, the optimized
montage for the right accumbens (Cz-F7-F8-Fp1-O1-02-T7-T8) was
the same in two subjects (Subjects 10 and 17). Considering potential
clinical application, EF in the brain for group-level optimized montage
was assessed to avoid optimization for different individuals. Figure 12
shows the average and relative SD of EF strength when using the same
electrode pattern for all subjects and optimizing only the current
ratios. For this scenario, higher EFs were identified in the target area
than remaining regions. The EF strength variation in other regions,
including the target tissue, was insignificantly different. Our results
are similar to those reported in the study of target optimization for
multichannel tDCS (Sadleir et al., 2012; Saturnino et al., 2019a).

One limitation of this study is that the accuracy of these models
somehow relies on the MRI data quality and assumptions made
during segmentation (Rashed et al., 2021). In addition, MR images
used are based on male subjects with a specific age range, potentially
limiting the generalizability of the results. The assignment of tissue
conductivity, including the smooth transition of tissue conductivity
without a segmentation model, can be found in our previous studies
(Diao et al., 2022, 2023).

This study provided valuable insights into the computational
procedure for the montage optimization of tES with different electrode
numbers at individual and group levels. The main contribution
focused on computational cost reduction regarding the EF surface of
the target area, considering optimization in potential clinical
applications at the group level as well as personalized treatment.
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EF strength distribution in individual deep brain region, brain cortex, and electrode pattern (international 10—-20 system) during optimization targeting
right accumbens with eight electrodes; color scale is truncated at the 99th percentile of the corresponding EF. The electrode position with the highest
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