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Abstract— Transcranial direct current stimulation (tDCS)
aims to deliver weak electric current into the brain to modulate
neural activities. Based on the volume conductor model of
the head, optimization algorithm can be used to determine a
specific montage of high-definition electrodes on the scalp to
achieve targeted stimulation. However, simultaneous targeting
for multiple disconnected regions can rarely be found in the
literature. Here we attempted to provide an integrated solution
for optimized tDCS to target multiple brain regions (either
a single point or brain structures). By improving the “max-
intensity” routine previously published in [1], we are able to
target two regions of interest (ROI) in the brain simultaneously.
For ROIs more than two, we show that the “max-focality”
algorithm using weighted least-square in [1] can be further
improved by putting the L1-norm constraint on the stimulation
current as a penalty term into the cost function. Up to five ROIs
can be targeted at the same time without violating the safety
criteria. Further analysis shows that, for multiple targets, a
trade-off exists between targeting accuracy and the number
of electrodes needed. We implemented all these algorithms in
Soterix software HD-TargetsTM.

I. INTRODUCTION

Transcranial direct current stimulation (tDCS) delivers
weak electric current (0.2 mA to 2 mA) into the brain to
modulate neural activities [2]. Research has shown that tDCS
can improve performance in some learning tasks and has
also shown promise as a potential therapy for a number of
neurological disorders such as depression, fibromyalgia and
stroke [3], [4], [5], [6]. Compared to conventional tDCS that
uses saline-soaked large pad sponges (25–35 cm2) [2], high-
definition tDCS (HD-tDCS) leverages a number of small (∼
75 mm2) gel-based ring electrodes [7], [8]. Modeling studies
have shown that HD-tDCS can improve the focality of the
stimulation [9], [10]. HD-tDCS provides flexibility in placing
multiple electrodes on the scalp. Based on the current-flow
models of the head [8], [11], targeted stimulation can then
be achieved by using an optimal montage of HD electrodes,
which is determined by general-purpose algorithms for opti-
mization problems [1], [12], [13]. They can guide the electric
current to a specific brain region (a single point or a brain
structure).

However, to the best of our knowledges, simultaneous
targeting for multiple disconnected brain regions can be
hardly found in the literature. Ref. [1] was the first work
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on the optimized tDCS presented with strict mathematical
formulation that incorporates the safety constraints, but the
proposed algorithms were only applied to guide the current to
a single, point-like target. Ref. [12] extends the algorithm of
weighted least square in [1] to multiple disconnected cortical
targets. Ref. [13] also generalizes the “max-intensity” algo-
rithm in [1] from a point-like target to a brain structure, but
it does not explicitly demonstrate this capability of structural
targeting to multiple regions.

Here we aim to provide an integrated solution of simulta-
neously targeting multiple brain regions including both point-
like targets and cortical structures. Specifically, we show
that the “max-intensity” algorithm in [1] can be improved to
target two regions of interest (ROI), by maximizing the L1-
norm of the electric field at the targets. For targeting more
than two ROIs, the “max-focality” algorithm in [1] based
on weighted least square with L1-norm constraint on the
stimulation current can be applied and improved by putting
the constraint as a penalty term in the cost function. We also
demonstrate that there is an intrinsic trade-off between the
targeting accuracy and the number of electrodes needed for
multiple ROIs. The implementation was integrated into the
proprietary software HD-TargetsTM by Soterix Medical (New
York, NY).

II. METHODS AND RESULTS

A. Construction of the head model

The ICBM152 (v6) template from the Montreal Neuro-
logical Institute (MNI, Montreal, Canada [14], [15]) was
used for all the simulations in this work. The computational
head models were built following our previous work [11].
Briefly, the ICBM152 (v6) template MRI (magnetic reso-
nance image) was segmented by the New Segment toolbox
[16] in Statistical Parametric Mapping 8 (SPM8, Wellcome
Trust Centre for Neuroimaging, London, UK) implemented
in Matlab (R2013a, MathWorks, Natick, MA). Segmentation
errors such as discontinuities in CSF and noisy voxels were
corrected first by a customized Matlab script [11] and then by
hand in an interactive segmentation software ScanIP (v4.2,
Simpleware Ltd, Exeter, UK). Since tDCS modeling work
has demonstrated the need to include the entire head down
to the neck for realistic current flow, in particular in deep-
brain areas and the brainstem [11], the field of view (FOV)
of the ICBM152 (v6) MRI was extended down to the neck
by registering and reslicing the standard head published in
[11] to the voxel space of ICBM152 (see [17] for details).
HD electrodes following the convention of the standard 10–
10 international system [18] were placed on the scalp surface



by custom Matlab script [11]. Two rows of electrodes below
the ears and four additional electrodes around the neck were
also placed to allow for targeting of deeper cortical areas
and for the use of distant reference electrodes in tDCS. A
total of 93 electrodes were placed. A finite element model
(FEM, [19]) was generated from the segmentation data by
the ScanFE module in ScanIP. Laplace’s equation was then
solved [20] in Abaqus 6.11 (SIMULIA, Providence, RI) for
the electric field distribution in the head. With one fixed
reference electrode Iz as cathode, the electric field was
solved for all other 92 electrodes with unit current density
injected for each of them, giving 92 solutions for electric
field distribution representing the “forward model” or “lead
field” of the ICBM152 head. This model will be used for
the multi-focal targeting algorithms described below.

B. Multi-focal targeting algorithms

Based on the framework presented in [1], we show here
how multiple brain regions can be simultaneously stimulated.
Figure 1 and Figure 2 show all the results of targeting
multiple locations in the head. The algorithms used are
described as equations above each plot. In the equations, ~s is
the solution vector indicating the dose of injected current at
each electrode (indexed by m), with smax being the maximal
allowed current intensity in tDCS (usually 2 mA). ~A is the
lead field computed from the head model (Section II-A). ~Ci

is the lead field at target location i. ~ed is the desired electric
field distribution specified by the users. ~ui is the desired field
orientation at target i. N is the number of targets. For details
on the notations, one is refered to [1].

The “max-intensity” routine in [1] cannot even target
two regions of interests (ROI) simultaneously (Eq. (1),
Figure 1(a)). By maximizing the sum of absolute values
of the electric fields (i.e., the L1 norm) at the ROIs (Eq.
(2) in Figure 1, L1-norm maximization was implemented
following Algorithm 1 in [21]), the algorithm can achieve
maximal intensities for two ROIs (Figure 1(b)), but still
cannot perform well for more than two ROIs (Figure 1(e)(h)).
In fact, for ROIs more than two, the weighted least-square
algorithm in [1] (Eq. (3) in Figure 1) gives better results:
the induced electric field is more focal and intense (the
total achieved electric field magnitude (regardless of its
orientation) summed across all target nodes increases from
2.43 V/m to 2.60 V/m for 3 targets (Figure 1(e)(f)), and from
2.60 V/m to 3.39 V/m for 4 targets (Figure 1(h)(i))).

However, the least-square results in Figure 1 are not
feasible in practice, as it violates the safety criteria in tDCS
where the total injected current should not exceed 2 mA.
This safety requirement can be easily implemented by adding
an L1-norm constraint on the delivered current, which is
already done in [1] for a single point-like target. Here we
implemented the same least-square algorithm with L1-norm
constraint (Eq. (4) in Figure 2), but for multiple targets.
It shows that fairly focal stimulation can also be achieved
simultaneously at multiple brain regions, while at the same
time the safety criteria is ensured (Figure 2(a)(c)). Note by
enforcing the safety requirement, the total achieved electric

field intensity at all targets is reduced (comparing Figure 1(i)
and Figure 2(a); dropped from 3.39 V/m to 0.86 V/m).
Furthermore, if we put the L1-norm constraint

∑M
m=1 |sm| ≤

smax into the cost function as in Eq. (5) in Figure 2, a better
solution can be obtained: the total achieved electric field
magnitude at all target nodes increases from 0.86 V/m to
1.01 V/m for 4 targets (Figure 2(a)(b)), and from 1.00 V/m
to 1.13 V/m for 5 targets (Figure 2(c)(d)). The price paid for
this improvement is the increase in the number of electrodes
needed (Figure 2; from 14 to 28 electrodes for 4 targets,
and to 30 electrodes for 5 targets). Further analysis shows
that there is an intrinsic trade-off between the accuracy of
the electric field distribution under multi-focal targeting and
the number of electrodes used (Figure 3, shown for the case
of five targets). This is dictated by the parameter λ in the
penalty term in Eq. (5). The best λ is chosen at the point
close to where the two curves intersect (λ = 0.01).

With λ set to its optimal value (0.01) for five targets, we
show that the weighted least square with L1-norm penalty
(Eq. (5) in Figure 2) can be used for targeting not only point-
like ROIs, but also brain structures (Figure 4). The parcella-
tion data from the Human Connectome Project (HCP) was
used. Specifically, 360 brain structures as presented in [22]
were mapped to the voxel space of ICBM152 (v6) MRI.
When targeting a specific structure, all the voxels in that
region were assigned the desired electric field intensities with
the same weights, and then provided to the algorithm to solve
for the optimal montage. Compared to targeting point-like
locations (Figure 4(a)), slightly more electrodes are needed
to target structures, with achieved total electric field intensity
being smaller (Figure 4(b)). Note for structural targeting, the
mean field intensity achieved at each target was used for
computing the total achieved field intensity across targets.

III. CONCLUSIONS AND DISCUSSION

We attempt to provide an integrated solution for optimized
tDCS to target multiple brain regions simultaneously. It
works for both point-like and structural targets, and computes
fast (in fewer than one minute). We implement the algorithms
in Soterix software HD-TargetsTM.

It turned out that the weighted least-square penalized by
L1-norm of the delivered current (Eq. (5)) is the best method
for multi-focal targeting. The intensity at each target becomes
lower when the number of targets increases (Figure 2(b)(d),
from four targets to five, average intensity at each target
drops from 0.25 V/m to 0.23 V/m). This is dictated by
the physics of the head anatomy and the HD electrodes
setup. A trade-off between accuracy and practicality exists
for multi-focal targeting (Figure 3). Since in practice tDCS
device with more than 8 channels is hard to implement, there
are efforts trying to reduce the number of electrodes in the
optimal montage output by the targeting algorithms, giving
sub-optimal solutions. For example, Ref. [12] used genetic
algorithm to calculate the optimal number of electrodes; Ref.
[23] explored the branch and bound algorithm to find sub-
optimal electrode montage with only up to 3 current sources.
However, these are very computationally expensive (takes



Fig. 1. Optimized tDCS simulations on the ICBM152 (v6) head for different number of targets and different algorithms. Targets are indicated by black
circles on the slice plot. The dose in the electrode montage and electric field distribution refer to the two colormaps at the bottom, respectively. The sum
of electric field intensities across targets are noted below each plot.

hours to compute). Currently with Soterix M × N − 32
HD-tES device that supports up to 32 channels, it seems
that targeting up to five brain regions at the same time
is feasible in practice (30 electrodes needed, Figure 2(d)).
Moreover, one can always sacrifice the accuracy a little
bit for fewer electrodes (Figure 3), and the tuning of this
accuracy–practicality is not computationally intensive (only
takes several minutes).
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Fig. 3. The trade-off between the accuracy of multi-focal targeting and the
number of used electrodes on the scalp. The accuracy is quantified as the
mean squared error (MSE) between desired electric field distribution and
the actual achieved one from the algorithm. The results shown are obtained
when targeting five ROIs.
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