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Abstract: Transcranial direct current stimulation (tDCS) is a non-invasive neuromodulation tech-
nique to treat brain disorders by using a constant, low current to stimulate targeted cortex regions.
Compared to the conventional tDCS that uses two large pad electrodes, multiple electrode tDCS
has recently received more attention. It is able to achieve better stimulation performance in terms of
stimulation intensity and focality. In this paper, we first establish a computational model of tDCS,
and then propose a novel optimization algorithm using a regularization matrix λ to explore the
balance between stimulation intensity and focality. The simulation study is designed such that
the performance of state-of-the-art algorithms and the proposed algorithm can be compared via
quantitative evaluation. The results show that the proposed algorithm not only achieves desired
intensity, but also smaller target error and better focality. Robustness analysis indicates that the
results are stable within the ranges of scalp and cerebrospinal fluid (CSF) conductivities, while the
skull conductivity is most sensitive and should be carefully considered in real clinical applications.

Keywords: transcranial direct current stimulation (tDCS); optimization model; quantitative evalua-
tion metrics; conductivity; robustness test

1. Introduction

As a non-invasive neuromodulation method, transcranial direct current stimulation
(tDCS) shows therapeutic potential to treat many brain disorders and improve brain
functions, such as major depression [1–3], epilepsy [4–6], and Parkinson’s disease [7–9]. It
has also garnered great interest because it may benefit healthy individuals as well [10–13].
Conventional tDCS applies a constant, low direct current through two large pad electrodes
to stimulate a specific brain region. It is challenging to achieve precise activation or
inhibition at a specific region without interfering with other regions of the brain. Numerous
efforts have been made to improve this promising technique, such as using multiple
electrodes to achieve focalized EEG-guided stimulation. For example, GTEN system (EGI,
Eugene, OR, USA) with 256 channels integrated the reciprocity theorem and EEG-based
source localization tools such as sLORETA. These reciprocity principle based methods use
observed EEG patterns as a guide to maximize the directional electric field at the target.
However, they have many deficiencies. First of all, updated source localization algorithms
such as gFOTV can improve localization accuracy and degree of focalization [14,15]. In
addition, the density of the electrode system does affect stimulation outcomes, and 256 may
not be high enough to reach the plateau [16–19]. The most important drawback is that the
reciprocity theorem may not be ideal, especially in the multiple target case. It may stimulate
the average location of these targets, and results in a broadly distributed stimulation pattern.
Consequently, one of the emerging challenges of utilizing the high-density electrode system
for tDCS is to determine the optimal current at each electrode. An optimal current pattern
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will enable multi-electrode systems to provide stimulation with high focality, accuracy, and
intensity.

So far, optimization-based methods are the most popular solution to assign injected
current values. As an overdetermined problem, the Least Squares solution is a straightfor-
ward approach [20], which minimizes the second order error term. Considering the safety
issue in clinical use, constraints are then added when applying the algorithm; thus, it can be
referred to as the Constrained Least Squares method (CLS). Its optimal current pattern often
produces relatively focal stimulation but low stimulation intensity; one possible explanation
for this is that the target region is generally tiny compared to the whole brain. To overcome
this challenge, the Least Squares method has been improved by assigning weight to balance
the tiny target region and large non-target ones, in a technique called the Weighted Least
Squares method [20,21]. It is able to produce higher stimulation intensity; however, the
weight factor must be given by the clinician, which is a non-trivial task. Another possible
solution is to change the L2-norm of the error vector to an L1-norm approach. The L1-norm
is applied to achieve more focal stimulation because the fidelity term based on the L1-norm
is more robust and results in a non-uniform error distribution, which we have reported
previously [22]. However, itis very computationally expensive. Because of its computa-
tional drawbacks, we do not explore the effects of using the L1-norm in this investigation.
Another developed technique optimizes for the intensity at the target region, and is named
the Max Intensity (MI) method [17,23]. This method tends to achieve high stimulation
intensity, but is more likely to activate large non-target areas. Thus, this motivates the
introduction of more constraints on non-target areas to improve the MI method [24,25].
However, the additional constraints may lead to situations of no feasible solution set and,
also, longer computational time. These improvements all indicate the key point behind
this optimization problem—that is, to find ways of balancing the stimulation intensity and
focality. One novel solution named Linearly Constrained Minimum Variance (LCMV) [20]
adopts ideas from the beamforming problem. The algorithm has a hard constraint in that
the stimulation intensity at the target region is enforced to be exactly equal to the desired
one, while a cost function minimizes the energy of the non-target regions. This strategy is
aimed to ensure the stimulation effectiveness, but has pitfalls. LCMV minimizes the effects
on the non-target areas under the premise that the hard constraint is fulfilled. When the
desired electric field at the target regions is difficult to achieve, it can greatly sacrifice the
non-target region and produce a spread-out electric field distribution. In the worst case, it
may even fail to attain the hard constraint, thus giving no feasible solution.

To balance the trade-off and overcome these pitfalls, we propose a new method com-
bining the principles of LCMV and MI. The new method, Stimulation with Balanced Focality
and Intensity (SBFI), maximizes the energy in the target region and minimizes the rest of
the energy in non-target regions. In addition, we also adopt an idea from the Weighted
Least Squares method by adding a stimulation parameter λ in SBFI to balance the intensity
and focality of the target regions and non-target regions. Computational simulation experi-
ments were conducted using the aforementioned methods and the proposed SBFI method.
The quantitative results show that SBFI achieves better performance in balancing the stim-
ulation intensity and focality for both single and multiple targets studies. Robustness
experiments indicate that the results are stable with different scalp and CSF conductivi-
ties, while skull conductivity is most sensitive and should be carefully considered in real
clinical applications. The proposed optimization method SBFI shows a good robustness
among tested methods in terms of the overall electric field distribution deviations and the
maximum intensity changes at the target area.

2. Materials and Methods
2.1. Framework and Computational Model

To formulate this optimization problem, we consider the head as a volume conduc-
tion model, which consists of multiple tissues, each with different electrical conductivity.
Furthermore, the cortex is discretized into n elements, and the electric field in the cortex
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is denoted by e3n×1. The realistic head model in this study is derived from a FieldTrip
template [26], which provides anatomical information of the scalp, skull, CSF, and cortex.
The conductivity values are adopted from the literature [20], where σScalp = 0.465 S/m,
σSkull = 0.01 S/m, σCSF = 1.65 S/m, and σCortex = 0.2 S/m.

For a stimulation system with m electrodes, we use sm×1 to denote the injected current
in the system. In this study, we choose m = 342; thus, s has a dimension of 342 × 1.
This high-density electrode system, with more degrees of freedom, is able to provide a
better stimulation pattern than a low-density system [18]. The electrode location is based
on the international electroencephalography (EEG) system. The electrode model was
constructed using SolidWorks (Dassault Systѐmes SOLIDWORKS Corp., Waltham, MA,
USA). To simulate real clinical conditions, the electrode has both a metal layer and gel layer.

Considering the fact that head tissues are mainly resistive when tDCS is applied,
the electric field distribution can be regarded as quasi-static. Under this condition, the
applied current sm×1 and electric field e3n×1 are linearly related as e3n×1 = K3n×m·sm×1. The
coefficient matrix K3n×m, known as the lead field matrix, provides the mapping information
between the injected currents of the electrode system, and the electric field value at each
voxel of the brain. K3n×m is obtained by FEM and solving the Laplace equation in COMSOL
Multiphysics (COMSOL Inc., Burlington, MA, USA).

2.2. Optimization Model

With the intent to balance the tradeoff between stimulation focality and intensity,
Stimulation with Balanced Focality and Intensity (SBFI) combines both in the cost function.
The focality is represented by the total energy of the non-target regions ‖ Ds ‖2. Here, D is
the submatrix of K relating the injected current at non-target regions. The intensity can be
expressed by e0

TCs. The distribution of the desired electric field intensity at the target is e0.
C, as the submatrix of K, is the coefficient matrix of current at the target region (s). Thus,
the cost function of SBFI can be further written as:

s = argmin
s

(
ntar

nnon
‖ Ds ‖2 − λe0

TCs
)

(1)

where λ is the optimization parameter to balance the first term of focality and the second
term of intensity. Higher λ favors intensity, while smaller λ tends to have better focality;
in this work, λ is chosen empirically based on parameter sweep simulations. The number
of voxels at the target and non-target regions are ntar and nnon, respectively. This convex
optimization problem can be solved efficiently by software such as CVX, and the only
unknown current pattern s is therefore obtained.

Furthermore, the algorithm can be expanded to fulfil the needs of targeting multiple
brain regions in a single stimulation session. For example, different erectile dysfunction
(ED) symptoms are mapped to different cortical targets, and stimulating a single target may
be insufficient to address multi-dimensional ED pathology [27–29]. In addition, network-
targeted transcranial direct current stimulation (net-tDCS) is able to change the excitability
of the sensorimotor network, and show the potential to manipulate network connectivity
patterns [30]. Similarly, multi-target stimulation is desirable in the potential application
of stopping seizure with the guidance of neural recording techniques [31,32]. However,
stimulation effects at different targets may not be the same if complex brain structure and
other factors are considered. Thus, the optimization parameter λ is further refined by
λ = diag(λ1, λ1, . . . , λntar ) to balance the stimulation effects of different targets.

s = argmin
s

(
ntar

nnon
‖ Ds ‖2 − e0

TλTCs
)

(2)

2.3. Safety Constraints

To guarantee the stimulation is within the safety limits, it is necessary to introduce
constraints for the optimization model. Generally, there are three common safety concerns.
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First, the sum of all current inflow should be equal to the sum of all current outflow based
on the charge conservation law.

∑ si = 0 (3)

Second, the current injected into each electrode cannot exceed Imax. This is especially
important for high-density electrode systems to avoid side effects such as pain and skin
injury. This constraint can be written as:

|si| ≤ Imax, for any i (4)

Lastly, we limit the sum of all current inflow to the body. If we use Itotal to represent
the maximum sum currents injected into the body, then the constraint will be:

∑|si| ≤ 2Itotal (5)

In this study, we set Imax = 2 mA, and Itotal = 4 mA, which are reported to be
safe [33–35].

The feasible sets of the optimization model are defined as:

S =
{

s ∈ Rm : ∑ si = 0, |si| ≤ Imax, ∑|si| ≤ 2Itotal
}

(6)

2.4. Experiment Design

To test the performance of the proposed algorithm SBFI, and compare it to the con-
ventional two-electrode system and some available algorithms mentioned, we designed
various stimulation cases based on different clinical applications. First, the simplest test is
to stimulate a single target containing only one voxel in the motor cortex with a desired
intensity of 0.3 V/m (Figure 1), i.e., ntar = 1, e0 has a dimension of 3× 1, and C has a di-
mension of 3×m; this scenario mimics common clinical use. The second test is to stimulate
multiple targets derived from synthetic data [15]. As indicated in Figure 2, the stimulation
targets contain three brain regions with a maximum electric field of 0.3727 V/m in the left
frontal lobe (region 1), 0.3522 V/m in the left occipital lobe (region 2), and 0.2841 V/m in
the left temporal lobe (region 3). In this case, target voxels refer to those with an electric
field intensity larger than 0.05 V/m. Therefore, ntar = 111, e0 has a dimension of 333× 1,
and C has a dimension of 333×m. Our third test measures how each algorithm performs
with real EEG data from a seizure patient. The target regions are identified by EEG source
localization [15,36]. In addition to examining SBFI performance on multiple targets in real
seizure data, this study also demonstrates the applicability of our method to EEG-guided
brain stimulation. Similar to the synthetic case, there are three target areas in the EEG-
guided case, shown in Figure 3. One is in the occipital cortex (region 1) with maximum
electric field of 0.1107 V/m, while the other two are on the left and right prefrontal lobe
(region 2 and 3) with intensities of 0.0702 V/m and 0.0844 V/m, respectively. Due to the
infeasibility of a conventional two-electrode system to target multiple areas, it is excluded
in the performance comparison study of optimization algorithms for multiple targets. The
comparison is therefore between SBFI, CLS, and MI.
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Figure 1. Results for the single target protocol. (A) Desired electric field and result of conventional
montage. (B) Results of different optimization algorithms. The color scale represents intensity of
the electric field, in V/m. (Note: Results are shown at the same scale [0, 0.3] V/m for various
algorithms except CLS. The intensity above 0.3 V/m is saturated for visualization.) (C) The electrode
configurations calculated by different algorithms. The Conventional montage and MI methods
produce spread-out electric field distributions with a small number of electrodes. The CLS method
can achieve focal stimulation, but the intensity is too weak. In addition, it requires the utilization of
80 electrodes, which is another drawback compared to the others. Both LCMV and SBFI successfully
achieve focusing stimulation with sufficient intensity. SBFI is slightly better than LCMV in terms of
intensity, target error, and focality.
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Figure 2. Results for the synthetic multiple targets protocol. (A) Results of different optimization
algorithms for the synthetic multiple targets protocol. The color scale represents intensity of the
electric field, in V/m. (Note: Results are shown at the same scale [0, 0.3727] V/m for various
algorithms except for CLS. The intensity above 0.3727 V/m is saturated for visualization.) As before,
the intensity of the CLS method is too weak, while the MI method appears to activate the whole
left hemisphere. Only SBFI provides a good balance between stimulation intensity, precision, and
accuracy. The LCMV was unable to find a valid solution for the multi-target case. (B) The electric
field distribution pattern of SBFI using a single λ targeting synthetic multiple brain regions. (C) The
electric field distribution pattern of SBFI using different λ.
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Figure 3. Results of different optimization algorithms for the real multiple targets protocol. The color
scale represents intensity of the electric field, in V/m. (Note: Results are shown at the same scale
[0, 0.1107] V/m for different algorithms except for CLS. The intensity above 0.1107 V/m is saturated
for visualization.) Again, the intensity of the CLS method is too weak, while the MI method almost
activates the whole brain. Only SBFI provides a good balance between stimulation intensity, precision,
and accuracy. The LCMV method was unable to find a valid solution for the multi-target case.

In the real world, uncertainty in tissue conductivity can result in different electric
field distribution from our expected, idealized models; this greatly affects the robustness
of the computational model. The conductivity variations result in a different coefficient
matrix K′3n×m; accordingly, with the same current pattern sm×1, it produces an electric field
vector e′3n×1 = K′3n×m·sm×1 that is different from the expected electric field distribution
using standard conductivity values. The dissimilarity between e′3n×1 and the expected
distribution e3n×1 reflects the robustness of the computational model. In this study, we
observe how small changes in tissue conductivity can create differences between e′3n×1
and e3n×1, thereby analyzing the robustness of our model. Based on the literature [37–39],
we assumed that the conductivities of the main tissues have uniform distributions with
a unit of S/m, i.e., Pscalp(x|σ) ∼ U(0.2, 0.6), Pskull(x|σ) ∼ U(0.001, 0.04), PCSF(x|σ) ∼
U(1.20, 2.01), and Pcortex(x|σ) ∼ U(0.05, 0.71). An overview of both single and multiple
targets with different algorithms is given to demonstrate the general effects of conductivity
changes. The detailed influences are revealed by an example of single target stimulation
with SBFI in the main text.
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2.5. Evaluation Metrics

Quantitative evaluations are used to measure and compare the performance of the
proposed method with other state-of-the-art methods. At first, the stimulation intensity,
in volts per meter, is quantified by the maximum electric field of the target region. In
general, higher intensity is preferred. An intensity of 0.1~0.3 V/m is reported to be
efficient [20,40,41].

E = emax = max(etar) (7)

Second, the target error (TE) is defined as the Euclidean distance between the mass
centers of the target and the solution regions [18,22].

TE = ‖ MC0 −MC ‖2, (MC0)j =
∑i(e0)ij·pij

∑i(e0)ij
, (MC)j =

∑i(e)ij·pij

∑i(e)ij
(8)

where j ∈ {x, y, z}, pi represents the coordinates of the ith voxel. The mass center of
the target region and the activation region are MC0 and MC, respectively. With units of
millimeters, TE is a way of evaluating the stimulation accuracy: the smaller the TE, the
higher the accuracy.

Third is the focality [18,22] measured in millimeters, which is represented by the
radius in which the cumulative energy is half of the total energy. If we use Γ(r) to represent
the voxel set within a distance r from the center of the target region, and E(r) is the portion
of the energy of Γ(r).

r0.5 = r|E(r)=0.5, E(r) =
∑i∈Γ(r) ‖ e(ri) ‖2

2

∑i e(ri)
2
2

(9)

Focality indicates stimulation precision. Smaller values of r0.5 indicate that most of the
energy is concentrated in a smaller region, and thus off-target brain regions are less likely
to be activated.

In addition, although all optimization algorithms are applied to the aforementioned
342-electrode system, any electrode whose absolute current is less than 1 µA is considered
inactivated, and the number of activating electrodes in the montage is provided. To avoid
any confusion, the “electrode number” for different optimization methods in the rest of
paper refers to the number of electrodes with absolute current larger than 1 µA.

When measuring model robustness, the mean squared error (MSE), the common image
measurement, is adopted to evaluate the dissimilarity between e′3n×1 and e3n×1. A higher
MSE indicates that the electric field distribution is more sensitive to changes in conductivity,
and that the computational model is therefore less robust with respect to conductivity
uncertainty.

MSE =
1
n ∑

(
e′3n×1 − e3n×1

)2 (10)

Then the intensity (E′), target error (TE′) and focality ( f ocality′) of e′3n×1 are compared
with those of e3n×1. ∆E, ∆TE, and ∆ f ocality are therefore obtained by |E′ − E|, |TE′ − TE|,
and | f ocality′ − f ocality|, respectively. Finally, the maximum rate of change will be given,
defined by the maximum ∆E/∆σ, ∆TE/∆σ, or∆ f ocality/∆σ for the different metrics.

3. Results
3.1. Study with Single Target

The advantages of using multiple electrodes instead of the conventional system with
two large pad electrodes can be demonstrated in the results of the electric field distribution
with a single target in Figure 1A,B. Figure 1C shows the electrode configurations calcu-
lated by different algorithms. Note, the configuration only shows the electrodes whose
current is larger than 1 µA. The conventional montage produces a maximum electric field
of 0.4385 V/m with a focality of 63.5043 mm. The figure clearly indicates this spread-
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out distribution not only activates the target in the motor cortex, but also the entire left
hemisphere. A target error of 28.3738 mm shows that the conventional montage does
not create an accurate stimulation either. The performance of the MI algorithm is similar
to the conventional montage with even higher electric field intensity and worse focality
and accuracy, which is as expected. The MI method maximizes the intensity at the target
reaching 0.7449 V/mm with only four electrodes. Although its intensity is more than
1.5 times higher than conventional system, it affects larger brain regions, especially the
frontal lobe. The focality and target error are 81.9083 mm and 29.1206 mm, respectively. The
CLS method has the opposite results of the MI algorithm and conventional montage. CLS
produces an extremely precise and accurate stimulation pattern among all methods with
a focality of 10.8616 mm and target error less than 1 cm. However, the outcome intensity
of CLS is around 17 times lower than the desired value. Such a low intensity may not be
clinically efficacious. Additionally, this montage requires 80 electrodes, which introduces
additional drawbacks compared to the other methods. As for the LCMV and the proposed
SBFI method, Figure 1 shows that the performance of those two are comparable. Both
successfully find a balance between MI and CLS algorithms with around 20 electrodes. The
desired intensity 0.3 V/m at the target region is achieved, while the focality and target error
are within control. The focality of LCMV is 25.2921 mm, and its target error is 9.6710 mm.
The proposed SBFI method with λ = 0.0316 is slightly better at the focality of 22.1130 mm
and target error of 7.3776 mm. Compared to the conventional montage and MI algorithm,
these dramatic improvements in focality and target error indicate that more energy is
focused in a smaller region surrounding the target point, which promises more effective
and safe stimulation.

3.2. Study with Multiple Targets

When stimulating disjointed target regions, the conventional two-electrode montage is
no longer feasible, and using a multiple-electrode system is the only reasonable approach.
Thus, the multiple-target studies exclude the conventional system, and comparisons are
made only between different optimization methods. It is worth pointing out that LCMV
performs reasonably in the single target case, but due to the hard constraint, the LCMV
method has no feasible solution set for multiple target cases tested in our study. Therefore,
we were not able to compare the performance of LCMV with all the other methods. The
failure to have a feasible solution is the key drawback of the LCMV method, and this
motivates us to propose the SBFI model.

Desired electric field distribution of synthetic multiple targets is shown in Figure 2A.
Similar to the results of the single target study, CLS can mimic the electric field distribution
pattern of the desired result, except the intensities of all three regions are almost an order of
magnitude smaller than the desired value. The effectiveness of stimulation is questionable
at such low intensities. On the contrary, the MI method produces high enough stimulation
intensity in those three areas but sacrifices the focality. From the distribution figure, it is
hard to recognize three discrete areas; the MI method appears to activate the whole left
hemisphere. In the case of the proposed SBFI method, effective and precise stimulation
can be achieved simultaneously with λ = diag(0.5885, 0.247, 0.247). The intensity of all
three regions is higher than 0.1 V/m, which is enough to induce cortical changes as shown
in the literature [20,40,41]. Although the focality values of the three regions are relatively
higher than in CLS, the energy outside the target region is actually lower than the threshold,
which in turn will not be able to activate neurons. Thus, it is an acceptable tradeoff to see
this small increase in focality value. Overall, the proposed SBFI method provides a good
balance between stimulation intensity, precision, and accuracy. It not only can provide
sufficient stimulation intensity as performed in the MI method, but also is able to minimize
target error and focality simultaneously.

Figure 2B shows the results of SBFI using a scalar λ. It is clear that the scalar λ fails
to balance the three target regions. The desired intensity of all three target regions is
similar, but the result intensity at the motor cortex region is much lower than the other two
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regions. It appears the system does not favor the targets on the motor cortex region. One
possible explanation could be the size of the target region. Intuitively, it is easier for the
system to stimulate a large region than a tiny region because fewer electrodes are needed
to minimize the intensity at the surrounding non-target region. If the target size is defined
as the maximal distance between the target voxels and target mass center, the size of the
motor cortex target is 12.9444 mm, which is the smallest among the three, compared to
13.6425 mm on the occipital lobe and 17.7783 mm on the temporal lobe. Thus, in order to
compensate this unbalanced distribution of size, we have to assign different λi for different
target regions.

The results in Figure 2A clearly show that the proposed SBFI method can achieve
reasonable balance between the intensity and focality by fine-tuning the optimization
parameter λ = diag

(
λmotor, λoccipital , λtemporal

)
. This flexibility allows the system to

achieve different optimal results tailored to various applications. Decreasing the values of
λ will increase the weight of the first term ‖ Ds ‖2, which controls focality. The result will
always have better focality and lower target error but with relatively lower intensity. For
example, when λ is chosen to be diag(0.1085, 0.055, 0.055), the algorithm favors focality.
As shown in Figure 2C, the focality and target error are better than the case of SBFI in
Figure 2A, but the intensities are lower. Compared to CLS, SBFI achieves the highest
intensities at all three target regions, while at the same level of focality and target error.
Mathematically, increasing the values of λ allows the second term to dominate, and the
cost function is closer to the MI method. When λ approaches infinity, SBFI is equivalent
to the MI algorithm. The first term leads the optimization if λ is decreased, as the cost
function mainly minimizes the energies of the non-target area.

Similar results are obtained for the EEG-guided multiple target study as a simple
demonstration that our proposed method is applicable to solve clinical needs, as shown
in Figure 3. CLS can preserve the distribution pattern, but always fails to achieve enough
intensity. MI undoubtedly reaches desired intensity, but the high intensity is at the cost of
stimulation focality and accuracy. This EEG-guided case shows that MI even impacts both
hemispheres, which may be due to the fact that there are targets on both hemispheres. It
is worth pointing out that CLS and MI produce two extremes: MI favors the intensity of
the targets and CLS produces more focal stimulation. However, only SBFI can balance the
trade-off between intensity and the focality of all target regions. By choosing the proper
optimization parameters λ = diag(0.147, 0.1049, 0.1049), SBFI achieves desired intensity
at all three target regions with reasonable focality and target error.

3.3. Robustness Study

We investigated our model’s robustness to changes in conductivity values, including
scalp conductivity, skull conductivity, cerebrospinal fluid (CSF) conductivity, and brain
cortex conductivity. Since the electrical properties of these tissues can vary slightly between
patients, we use the term “conductivity uncertainty” to describe the small changes made to
our model parameters during our robustness study.

3.3.1. The Overall Impact of Conductivity Uncertainty

Figure 4A and Table 1 show the maximum MSE due to conductivity uncertainties for
each algorithm. For all cases, the MSE peak appears at the skull layer, and valley appears
at the CSF layer. These accordant peaks and valleys indicate a predominant impact of skull
conductivity on model robustness, and a minor impact of the CSF on model robustness.
The scalp layer and cortex layer have similar in-between effects on MSE, which indicate
the comparable and moderate influences of the scalp and cortex in general. Figure 4B
shows an example of MSE analysis in a single-target experiment with our SBFI method.
MSE increases as the model’s conductivity values deviate from their idealized values,
which creates a concave “V” shape for each tissue. Note that the concave “V” shape
associated with the skull is much sharper and higher than the others—this shows that
the model is most sensitive to small uncertainties or deviations in skull conductivity. The
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observed trends are consistent with all stimulation scenarios regardless of target types and
optimization algorithms (see Supplementary).
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Figure 4. (A) Mean square error (MSE) between expected electric field e3n×1 and electric field e′3n×1
due to uncertainty in tissue conductivity. Left: single target. Right: synthetic multiple targets, from
top to bottom are the results for target 1, 2, and 3, respectively. (Note: y-axis is log scale in the right
column.) The effects on MSE in general: skull > scalp ≈ cortex > CSF. (B) Example of the MSE
changes across the conductivity distribution range at each layer. When the conductivity of a tissue is
equal to that tissue’s original conductivity from the model, the MSE is trivially zero. However, as we
shift the tissue’s conductivity away from its starting value, the error increases. Larger slopes on the
graph above indicate a high sensitivity to conductivity changes, and therefore a low robustness to
uncertainty. Within the possible conductivity changes, the model is most sensitive to skull, and least
sensitive to CSF.

Table 1. Dissimilarity results of the robustness test ((V/m)2 ).

Tissue Conventional LCMV SBFI MI CLS

Scalp 0.003 6.43× 10−4 6.14× 10−4 0.008 6.79× 10−7

Skull 0.007 0.002 0.002 0.023 2.80× 10−6

CSF 5.71× 10−4 6.23× 10−5 5.51× 10−5 0.002 4.49× 10−8

Cortex 0.003 9.41× 10−5 8.89× 10−5 0.009 3.12× 10−8

3.3.2. The Impact on Intensity by Conductivity Uncertainty

Figure 5 and Table 2 show that the skull’s conductivity uncertainty has the most pow-
erful impact on electric field intensity. Figure 5B shows an example of intensity analysis in a
single-target experiment with our SBFI method. An increase in skull conductivity induced
a dramatic intensity growth on the target region. In contrast, the maximum intensity of
the target region negatively correlates to the conductivity of the scalp, CSF, and cortex,
on which the scalp has moderate effects stronger than the CSF and cortex. One possible
explanation for the trends could be related to the conductivity ranges. The conductivity of
the scalp/CSF is always much higher than the inner tissue layer skull/cortex. Therefore, the
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current tends to be shunted through the layers of the scalp/CSF instead of the skull/cortex.
If the scalp/CSF conductivity increases, current shunted though the scalp/CSF will increase,
weakening the intensity at the cortex. If the skull conductivity increases, less current will
be shunted at the scalp/skull boundary. At the skull/CSF boundary, the skull conductivity
is still considerably lower than the CSF. The significant conductivity differences ensure an
increase in the net current flowing into the CSF and cortex, resulting in an intensity increase
at the cortex.
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Figure 5. (A) Maximum intensity deviation from the expected value due to conductivity uncertainty.
Left: single target. Right: synthetic multiple targets, from top to bottom are the results for target 1, 2,
and 3, respectively. (Note: y-axis is log scale in the right column). The effects on intensity in general:
skull > scalp > CSF ≈ cortex. (B) Example of the intensity changes. The large intensity spans on the
graph above indicate the strong impact of the conductivity changes. Within the possible conductivity
changes, skull conductivity increase greatly increases the intensity, while conductivity increases in
scalp/CSF/cortex decrease the intensity.

Table 2. Intensity results of the robustness test.

Tissue σ (S/m) Max Intensity (V/m) Min Intensity (V/m) Rate ((V/m)/(S/m))

Scalp 0.2–0.6 0.598 0.242 0.890
Skull 0.001–0.04 0.828 0.037 20.299
CSF 1.20–2.01 0.386 0.257 0.159

Cortex 0.05–0.71 0.352 0.219 0.202

3.3.3. The Impact on TE by Conductivity Uncertainty

Regarding TE in Figure 6, the scalp and CSF generally have the least impact capped
at 4 mm, which have no clear trend of increasing or decreasing for all scenarios (see Sup-
plementary), while the skull and cortex can alter the TE greatly up to 16 mm. Figure 6B
shows an example of TE analysis in a single-target experiment with our SBFI method.
Overall, the TE tends to decrease when the skull/cortex conductivity increases. Some-
times, the cortex even induces more TE changes than the skull. However, considering the
conductivity change of the skull is 94% smaller than the cortex (∆σskull = 0.039 S/m and
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∆σcortex = 0.66 S/m), the rate of change of skull-induced TE is actually six times higher
than that of the cortex, as shown in Figure 6B and Table 3. Thus, it is still reasonable to
envision that the skull generally has stronger effects on TE than the cortex does.
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Figure 6. (A) Maximum TE deviation from the expected value due to conductivity uncertainty. Left:
single target. Right: synthetic multiple targets, from top to bottom are the results for target 1, 2, and 3,
respectively. (Note: y-axis is log scale in the right column.) The effects of TE in general: skull > cortex
> scalp > CSF. (B) Example of the TE changes. TE has non-monotonic and divergent changing forms.
(Note: the y-axis starts at 4 mm.) Overall, TE tends to decrease when the skull/cortex conductivity
increases, while scalp/CSF has no clear tendency. TE spans caused by the cortex are the largest,
which indicates that cortex conductivity has a strong impact on TE.

Table 3. Target error results of the robustness test.

Tissue σ (S/m) Max TE (mm) Min TE (mm) Rate ((mm)/(S/m))

Scalp 0.2–0.6 7.383 7.184 0.497
Skull 0.001–0.04 8.158 6.605 39.830
CSF 1.20–2.01 7.591 6.817 0.956

Cortex 0.05–0.71 9.743 5.900 5.822

3.3.4. The Impact on Focality by Conductivity Uncertainty

Similarly to the TE test, the scalp and CSF show minor and comparable effects on
focality, usually inducing focality changes less than 10 mm. Figure 7A and Table 4 also
reveal the main influence of skull conductivity uncertainty on focality. Figure 7B shows
an example of focality analysis in a single-target experiment with our SBFI method. The
skull-induced focality changes can be larger than 40 mm, but most of them happen when
σskull ≤ 0.005 S/m. When σskull > 0.005 S/m, the focality change is less than 1.5 mm. This
also occurs in the other scenarios (see Supplementary), but the tuning point is not always
the same. The impact of the cortex on focality is more complicated, and varies significantly
with algorithms and target types. The highest change is ∼ 25 mm, but sometimes the
influence can be as weak as the scalp/CSF effects.
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Figure 7. (A) Maximum focality deviation from the expected value due to the conductivity uncertainty.
Left: single target. Right: synthetic multiple targets, from top to bottom are the results for target 1, 2,
and 3, respectively. (Note: y-axis is log scale in the right column.) The effects on focality in general:
skull > cortex > CSF ≈ scalp. (B) Example of the focality changes. (Note: the y-axis starts at 20 mm.)
No clear tendency of the focality changes. Most focality changes happen when the skull conductivity
is small.

Table 4. Focality results of the robustness test.

Tissue σ (S/m) Max Focality (mm) Min Focality (mm) Rate ((mm)/(S/m))

Scalp 0.2–0.6 22.808 22.007 2.002
Skull 0.001–0.04 62.773 21.635 1054.8
CSF 1.20–2.01 22.598 22.102 0.612

Cortex 0.05–0.71 33.227 21.522 17.736

4. Discussion
4.1. Electrode Configuration

The electrode configuration for all studies clearly shows that MI always uses four
electrodes, where two are used for stimulation and the other two are for current return.
The two stimulation electrodes deliver most of the current to the targets to increase the
intensity. However, with the safety constraint on the total amount of injected current, no
spare electrodes can be used to neutralize the effects in non-target regions. This is why MI
usually has poor focality and large target error. In contrast, CLS needs more electrodes than
any of the other methods. These electrodes counteract each other to eliminate effects at
non-target areas, which explains the good focality and small target error in all CLS results.
The large number of electrodes also contributes to low intensity since each electrode can
only deliver a small current to meet the safety constraint on total current. Therefore, the
strategy is to keep the number of electrodes neither too large nor too small, which is the
unique approach of SBFI. In a sense, some electrodes deliver enough current to ensure the
desired intensity, while others are used to decrease the unwanted effects at non-target brain
regions.
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4.2. Regularization with Single Lambda and Multi-Lambda

As described in the results section, error in multiple-target studies can be mitigated
by adopting λ = diag(λ1, λ1, . . . , λntar ) such that balancing each target can be performed
simultaneously. The motivation to extend one scalar λ to multiple λi is that some targets
may be in a dominant position and easier to be stimulated than others. For simplicity, we
currently have all the voxels in the same region share the same λ. In an extreme case, we
could set the optimal λi for each voxel.

4.3. The Choice of Lambda

The selection of λ strongly affects the outcome of intensity and focality. From the
simulation study, we found that the optimal λ varies from case to case, and thus there is
no single fixed optimal value for every stimulation problem. Consequently, it is critical
to decide the parameter λ such that the balance between intensity and focusing ability
can be obtained. The current selection is based on some sweep simulations and sophisti-
cated methods, such as Bilevel Optimization [42,43] and Cross Validation [44,45], can be
employed to choose λ dynamically for closed-loop stimulations in the case of evolving
sources. Nevertheless, insights could be obtained by studying the relationship among
λ, the number of target voxels, and the size of target regions. For example, λ is higher
when stimulating a single target with only one voxel, and is much lower when stimulating
multiple targets with hundreds of voxels. Thus, it is reasonable to predict that optimal λ is
inversely proportional to the number of target voxels, and adjusts λ accordingly.

4.4. Robustness

The Robustness tests here identify the important roles of tissue conductivities in
the optimal stimulation, which is consistent with the existing literature [37,38]. Through
our systematic studies, we investigate the tissue conductivity variation effects for multi-
electrode stimulations with different target types and different algorithms. Overall, scalp
and CSF produce slight effects on stimulation intensity, target error, and focality. Unfor-
tunately, conductivities of the skull and cortex itself greatly influence the electric field
distribution over the cortex. These results indicate the need for individual modeling, espe-
cially for the parameter settings of the clinical applications. Another possible solution is to
construct general models of specific populations. For example, the tissue conductivities of
children, adults, and aging population vary a lot, while they may be stable within their own
group [46–48]. Furthermore, conductivity discrepancies resulting from pathologies are also
being investigated [49–51]. The electrical property changes in disease states may greatly
influence the electric field distribution and alter the stimulation results. Thus, the specific
simulation model for certain disease treatments should be carefully considered. As a result,
more experiments should be conducted to investigate the joint influence of different tissue
conductivity, various stimulation protocols, electrode characteristics, electrode position
displacement, more precise human head models, etc.

It is interesting to note the robustness differences between algorithms that the MI
method is in general less robust than other optimization algorithms. The conventional
montage is slightly better than the MI method with relatively lower bars in Figures 4,
5, 6 and 7A, but the robustness is not as good as LCMV or SBFI. LCMV and SBFI have
comparable robustness against tissue conductivity uncertainty. The reason for the more
robust behavior could be that both algorithms try to balance both target (e0

TCS) and
non-target regions (‖ Ds ‖2) with more electrodes. Therefore, the current distribution in
the brain could be relatively more controllable, which leads to more robust results in the
face of conductivity uncertainty. The results of CLS are the least affected by conductivity
changes—far less than the others because of its low intensity over the whole cortex.

5. Conclusions

In this paper, we proposed a novel optimization algorithm: Stimulation with Balanced
Focality and Intensity (SBFI) to support multiple electrode tDCS. SBFI can provide a balance
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between stimulation intensity and focality by adjusting the optimization parameter λ with
a reasonable number of electrodes. Compared to the conventional montage and other
popular optimization methods, SBFI can not only obtain sufficient stimulation intensity
but also minimize target error and improve stimulation focality simultaneously. A series
of simulation experiments present its potential for use in different clinical applications,
especially stimulation for multiple targets. One limitation of the method is that the opti-
mization parameter λ is problem-dependent. In the discussions above, we outline possible
solutions that will be explored in the near future. Furthermore, in the robustness studies,
the proposed method SBFI shows a good robustness with different tissue conductivity
variations. Among the tested algorithms, SBFI has relatively lower deviations from the
overall electric field distribution and less intensity changes at the target area. The robust-
ness experiments further suggest the high impact of skull conductivity variations, which
requires more consideration in modeling studies and clinical implementation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/a15050169/s1, Figure S1: Robustness test results-MSE; Figure S2:
Robustness test results-Intensity; Figure S3: Robustness test results-TE; Figure S4: Robustness test
results-Focality; Table S1: Synthetic Multiple targets dissimilarity results of the robustness test; Table
S2: Synthetic Multiple targets intensity results of the robustness test; Table S3: Synthetic Multiple
targets TE results of the robustness test; Table S4: Synthetic Multiple targets focality results of the
robustness test.

Author Contributions: Conceptualization, W.L.; Data curation, Y.W.; Formal analysis, Y.W. and
J.B.; Funding acquisition, W.L.; Investigation, Y.W.; Methodology, Y.W., and W.L.; Resources, W.L.;
Supervision, W.L.; Validation, J.B.; Writing–original draft, Y.W.; Writing–review & editing, Y.W., J.B.,
and W.L. All authors have read and agreed to the published version of the manuscript.

Funding: The research is partially supported by the Bioengineering Department fellowships, Dis-
tinguished Professorship, Patrick Soon-Shiong Endowment Funds, and Chan Soon-Shiong Bionic
Engineering Center at UCLA (Project Number: CNSI-2012-1184), all at UCLA.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support this study are included within the article and
its Supplementary material.

Conflicts of Interest: WL holds shareholder interest in Niche Biomedical Inc. The others declare that
the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References
1. Nitsche, M.A.; Boggio, P.S.; Fregni, F.; Pascual-Leone, A. Treatment of Depression with Transcranial Direct Current Stimulation

(TDCS): A Review. Exp. Neurol. 2009, 219, 14–19. [CrossRef] [PubMed]
2. Ferrucci, R.; Bortolomasi, M.; Vergari, M.; Tadini, L.; Salvoro, B.; Giacopuzzi, M.; Barbieri, S.; Priori, A. Transcranial Direct Current

Stimulation in Severe, Drug-Resistant Major Depression. J. Affect. Disord. 2009, 118, 215–219. [CrossRef] [PubMed]
3. Shiozawa, P.; Fregni, F.; Benseñor, I.M.; Lotufo, P.A.; Berlim, M.T.; Daskalakis, J.Z.; Cordeiro, Q.; Brunoni, A.R. Transcranial Direct

Current Stimulation for Major Depression: An Updated Systematic Review and Meta-Analysis. Int. J. Neuropsychopharm. 2014, 17,
1443–1452. [CrossRef] [PubMed]

4. Liebetanz, D.; Klinker, F.; Hering, D.; Koch, R.; Nitsche, M.A.; Potschka, H.; Loscher, W.; Paulus, W.; Tergau, F. Anticonvulsant
Effects of Transcranial Direct-Current Stimulation (TDCS) in the Rat Cortical Ramp Model of Focal Epilepsy. Epilepsia 2006, 47,
1216–1224. [CrossRef]

5. Auvichayapat, N.; Rotenberg, A.; Gersner, R.; Ngodklang, S.; Tiamkao, S.; Tassaneeyakul, W.; Auvichayapat, P. Transcranial
Direct Current Stimulation for Treatment of Refractory Childhood Focal Epilepsy. Brain Stimul. 2013, 6, 696–700. [CrossRef]

6. San-juan, D.; Morales-Quezada, L.; Orozco Garduño, A.J.; Alonso-Vanegas, M.; González-Aragón, M.F.; Espinoza López, D.A.;
Vázquez Gregorio, R.; Anschel, D.J.; Fregni, F. Transcranial Direct Current Stimulation in Epilepsy. Brain Stimul. 2015, 8, 455–464.
[CrossRef]

7. Boggio, P.S.; Ferrucci, R.; Rigonatti, S.P.; Covre, P.; Nitsche, M.; Pascual-Leone, A.; Fregni, F. Effects of Transcranial Direct Current
Stimulation on Working Memory in Patients with Parkinson’s Disease. J. Neurol. Sci. 2006, 249, 31–38. [CrossRef]

https://www.mdpi.com/article/10.3390/a15050169/s1
https://www.mdpi.com/article/10.3390/a15050169/s1
http://doi.org/10.1016/j.expneurol.2009.03.038
http://www.ncbi.nlm.nih.gov/pubmed/19348793
http://doi.org/10.1016/j.jad.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19286265
http://doi.org/10.1017/S1461145714000418
http://www.ncbi.nlm.nih.gov/pubmed/24713139
http://doi.org/10.1111/j.1528-1167.2006.00539.x
http://doi.org/10.1016/j.brs.2013.01.009
http://doi.org/10.1016/j.brs.2015.01.001
http://doi.org/10.1016/j.jns.2006.05.062


Algorithms 2022, 15, 169 17 of 18

8. Benninger, D.H.; Lomarev, M.; Lopez, G.; Wassermann, E.M.; Li, X.; Considine, E.; Hallett, M. Transcranial Direct Current
Stimulation for the Treatment of Parkinson’s Disease. J. Neurol. Neurosurg. Psychiatry 2010, 81, 1105–1111. [CrossRef]

9. Dagan, M.; Herman, T.; Harrison, R.; Zhou, J.; Giladi, N.; Ruffini, G.; Manor, B.; Hausdorff, J.M. Multitarget Transcranial Direct
Current Stimulation for Freezing of Gait in Parkinson’s Disease: Multitarget TDCS for Freezing of Gait in PD. Mov. Disord. 2018,
33, 642–646. [CrossRef]

10. Vines, B.W.; Cerruti, C.; Schlaug, G. Dual-Hemisphere TDCS Facilitates Greater Improvements for Healthy Subjects’ Non-
Dominant Hand Compared to Uni-Hemisphere Stimulation. BMC Neurosci. 2008, 9, 103. [CrossRef]

11. Sparing, R.; Dafotakis, M.; Meister, I.G.; Thirugnanasambandam, N.; Fink, G.R. Enhancing Language Performance with Non-
Invasive Brain Stimulation—A Transcranial Direct Current Stimulation Study in Healthy Humans. Neuropsychologia 2008, 46,
261–268. [CrossRef] [PubMed]

12. Cattaneo, Z.; Pisoni, A.; Papagno, C. Transcranial Direct Current Stimulation over Broca’s Region Improves Phonemic and
Semantic Fluency in Healthy Individuals. Neuroscience 2011, 183, 64–70. [CrossRef] [PubMed]

13. Coffman, B.A.; Clark, V.P.; Parasuraman, R. Battery Powered Thought: Enhancement of Attention, Learning, and Memory in
Healthy Adults Using Transcranial Direct Current Stimulation. NeuroImage 2014, 85, 895–908. [CrossRef] [PubMed]

14. Li, Y.; Qin, J.; Osher, S.; Liu, W. Graph Fractional-Order Total Variation EEG Source Reconstruction. In Proceedings of the 2016
38th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Orlando, FL, USA,
16–20 August 2016; IEEE: Piscataway, NJ, USA; pp. 101–104.

15. Li, Y.; Qin, J.; Hsin, Y.-L.; Osher, S.; Liu, W. S-SMOOTH: Sparsity and Smoothness Enhanced EEG Brain Tomography. Front.
Neurosci. 2016, 10, 543. [CrossRef]

16. Fernández-Corazza, M.; Turovets, S.; Luu, P.; Anderson, E.; Tucker, D. Transcranial Electrical Neuromodulation Based on the
Reciprocity Principle. Front. Psychiatry 2016, 7, 87. [CrossRef]

17. Guler, S.; Dannhauer, M.; Erem, B.; Macleod, R.; Tucker, D.; Turovets, S.; Luu, P.; Erdogmus, D.; Brooks, D.H. Optimization of
Focality and Direction in Dense Electrode Array Transcranial Direct Current Stimulation (TDCS). J. Neural Eng. 2016, 13, 036020.
[CrossRef]

18. Wang, Y.; Zhou, H.; Li, Y.; Liu, W. Impact of Electrode Number on the Performance of High-Definition Transcranial Direct Current
Stimulation (HD-TDCS). In Proceedings of the 2018 40th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC), Honolulu, HI, USA, 18–21 July 2018; IEEE: Piscataway, NJ, USA; pp. 4182–4185.

19. Qin, J.; Wu, T.; Li, Y.; Yin, W.; Osher, S.; Liu, W. Accelerated High-Resolution EEG Source Imaging. In Proceedings of the 2017 8th
International IEEE/EMBS Conference on Neural Engineering (NER), Shanghai, China, 25–28 May 2017.

20. Dmochowski, J.P.; Datta, A.; Bikson, M.; Su, Y.; Parra, L.C. Optimized Multi-Electrode Stimulation Increases Focality and Intensity
at Target. J. Neural Eng. 2011, 8, 046011. [CrossRef]

21. Ruffini, G.; Fox, M.D.; Ripolles, O.; Miranda, P.C.; Pascual-Leone, A. Optimization of Multifocal Transcranial Current Stimulation
for Weighted Cortical Pattern Targeting from Realistic Modeling of Electric Fields. NeuroImage 2014, 89, 216–225. [CrossRef]

22. Qin, J.; Wang, Y.; Liu, W. Current Design with Minimum Error in Transcranial Direct Current Stimulation. In Proceedings of
the Brain Informatics; Wang, S., Yamamoto, V., Su, J., Yang, Y., Jones, E., Iasemidis, L., Mitchell, T., Eds.; Springer International
Publishing: Cham, Switzerland, 2018; pp. 52–62.

23. Dmochowski, J.P.; Bikson, M.; Datta, A.; Richardson, J.; Fridriksson, J.; Parra, L.C. On the Role of Electric Field Orientation in
Optimal Design of Transcranial Current Stimulation. In Proceedings of the 2012 Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, San Diego, CA, USA, 28 August–1 September 2012; IEEE: Piscataway, NJ, USA; pp.
6426–6429.

24. Sadleir, R.J.; Vannorsdall, T.D.; Schretlen, D.J.; Gordon, B. Target Optimization in Transcranial Direct Current Stimulation. Front.
Psychiatry 2012, 3, 90. [CrossRef]

25. Saturnino, G.B.; Siebner, H.R.; Thielscher, A.; Madsen, K.H. Accessibility of Cortical Regions to Focal TES: Dependence on Spatial
Position, Safety, and Practical Constraints. NeuroImage 2019, 203, 116183. [CrossRef]

26. Oostenveld, R.; Fries, P.; Maris, E.; Schoffelen, J.-M. FieldTrip: Open Source Software for Advanced Analysis of MEG, EEG, and
Invasive Electrophysiological Data. Comput. Intell. Neurosci. 2011, 2011, 156869. [CrossRef] [PubMed]

27. Kühn, S.; Gallinat, J. A Quantitative Meta-Analysis on Cue-Induced Male Sexual Arousal. J. Sex. Med. 2011, 8, 2269–2275.
[CrossRef] [PubMed]

28. Stoléru, S.; Fonteille, V.; Cornélis, C.; Joyal, C.; Moulier, V. Functional Neuroimaging Studies of Sexual Arousal and Orgasm in
Healthy Men and Women: A Review and Meta-Analysis. Neurosci. Biobehav. Rev. 2012, 36, 1481–1509. [CrossRef]

29. Zhao, L.; Guan, M.; Zhu, X.; Karama, S.; Khundrakpam, B.; Wang, M.; Dong, M.; Qin, W.; Tian, J.; Evans, A.C.; et al. Aberrant
Topological Patterns of Structural Cortical Networks in Psychogenic Erectile Dysfunction. Front. Hum. Neurosci. 2015, 9, 675.
[CrossRef] [PubMed]

30. Mencarelli, L.; Menardi, A.; Neri, F.; Monti, L.; Ruffini, G.; Salvador, R.; Pascual-Leone, A.; Momi, D.; Sprugnoli, G.; Rossi, A.;
et al. Impact of Network-targeted Multichannel Transcranial Direct Current Stimulation on Intrinsic and Network-to-network
Functional Connectivity. J. Neurosci. Res. 2020, 98, 1843–1856. [CrossRef] [PubMed]

31. Dmochowski, J.P.; Koessler, L.; Norcia, A.M.; Bikson, M.; Parra, L.C. Optimal Use of EEG Recordings to Target Active Brain Areas
with Transcranial Electrical Stimulation. NeuroImage 2017, 157, 69–80. [CrossRef]

http://doi.org/10.1136/jnnp.2009.202556
http://doi.org/10.1002/mds.27300
http://doi.org/10.1186/1471-2202-9-103
http://doi.org/10.1016/j.neuropsychologia.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17804023
http://doi.org/10.1016/j.neuroscience.2011.03.058
http://www.ncbi.nlm.nih.gov/pubmed/21477637
http://doi.org/10.1016/j.neuroimage.2013.07.083
http://www.ncbi.nlm.nih.gov/pubmed/23933040
http://doi.org/10.3389/fnins.2016.00543
http://doi.org/10.3389/fpsyt.2016.00087
http://doi.org/10.1088/1741-2560/13/3/036020
http://doi.org/10.1088/1741-2560/8/4/046011
http://doi.org/10.1016/j.neuroimage.2013.12.002
http://doi.org/10.3389/fpsyt.2012.00090
http://doi.org/10.1016/j.neuroimage.2019.116183
http://doi.org/10.1155/2011/156869
http://www.ncbi.nlm.nih.gov/pubmed/21253357
http://doi.org/10.1111/j.1743-6109.2011.02322.x
http://www.ncbi.nlm.nih.gov/pubmed/21599838
http://doi.org/10.1016/j.neubiorev.2012.03.006
http://doi.org/10.3389/fnhum.2015.00675
http://www.ncbi.nlm.nih.gov/pubmed/26733849
http://doi.org/10.1002/jnr.24690
http://www.ncbi.nlm.nih.gov/pubmed/32686203
http://doi.org/10.1016/j.neuroimage.2017.05.059


Algorithms 2022, 15, 169 18 of 18

32. Zheng, Y.; Jiang, Z.; Ping, A.; Zhang, F.; Zhu, J.; Wang, Y.; Zhu, W.; Xu, K. Acute Seizure Control Efficacy of Multi-Site Closed-Loop
Stimulation in a Temporal Lobe Seizure Model. IEEE Trans. Neural Syst. Rehabil. Eng. 2019, 27, 419–428. [CrossRef]

33. Bikson, M.; Grossman, P.; Thomas, C.; Zannou, A.L.; Jiang, J.; Adnan, T.; Mourdoukoutas, A.P.; Kronberg, G.; Truong, D.; Boggio,
P.; et al. Safety of Transcranial Direct Current Stimulation: Evidence Based Update 2016. Brain Stimul. 2016, 9, 641–661. [CrossRef]

34. Nitsche, M.A.; Bikson, M. Extending the Parameter Range for TDCS: Safety and Tolerability of 4 MA Stimulation. Brain Stimul.
2017, 10, 541–542. [CrossRef]

35. Khadka, N.; Borges, H.; Paneri, B.; Kaufman, T.; Nassis, E.; Zannou, A.L.; Shin, Y.; Choi, H.; Kim, S.; Lee, K.; et al. Adaptive
Current TDCS up to 4 MA. Brain Stimul. 2020, 13, 69–79. [CrossRef]

36. Li, Y. Neural Signal Processing: Electrode-Based Brain Imaging, Focalized Neural Stimulation, and Neural Dynamics Study; University of
California, Los Angeles: Los Angeles, CA, USA, 2017; ISBN 1-369-53567-8.

37. Schmidt, C.; Wagner, S.; Burger, M.; van Rienen, U.; Wolters, C.H. Impact of Uncertain Head Tissue Conductivity in the
Optimization of Transcranial Direct Current Stimulation for an Auditory Target. J. Neural Eng. 2015, 12, 046028. [CrossRef]
[PubMed]

38. Saturnino, G.B.; Thielscher, A.; Madsen, K.H.; Knösche, T.R.; Weise, K. A Principled Approach to Conductivity Uncertainty
Analysis in Electric Field Calculations. NeuroImage 2019, 188, 821–834. [CrossRef] [PubMed]

39. McCann, H.; Pisano, G.; Beltrachini, L. Variation in Reported Human Head Tissue Electrical Conductivity Values. Brain Topogr.
2019, 32, 825–858. [CrossRef] [PubMed]

40. Edwards, D.; Cortes, M.; Datta, A.; Minhas, P.; Wassermann, E.M.; Bikson, M. Physiological and Modeling Evidence for Focal
Transcranial Electrical Brain Stimulation in Humans: A Basis for High-Definition TDCS. NeuroImage 2013, 74, 266–275. [CrossRef]
[PubMed]

41. Esmaeilpour, Z.; Milosevic, M.; Azevedo, K.; Khadka, N.; Navarro, J.; Brunoni, A.; Popovic, M.R.; Bikson, M.; Fonoff, E.T.
Proceedings #21. Intracranial Voltage Recording during Transcranial Direct Current Stimulation (TDCS) in Human Subjects with
Validation of a Standard Model. Brain Stimul. 2017, 10, e72–e75. [CrossRef]

42. Colson, B.; Marcotte, P.; Savard, G. An Overview of Bilevel Optimization. Ann. Oper. Res. 2007, 153, 235–256. [CrossRef]
43. Kunisch, K.; Pock, T. A Bilevel Optimization Approach for Parameter Learning in Variational Models. SIAM J. Imaging Sci. 2013,

6, 938–983. [CrossRef]
44. Marbach, R.; Heise, H.M. Calibration Modeling by Partial Least-Squares and Principal Component Regression and Its Optimiza-

tion Using an Improved Leverage Correction for Prediction Testing. Chemom. Intell. Lab. Syst. 1990, 9, 45–63. [CrossRef]
45. Nguyen, N.; Milanfar, P.; Golub, G. Efficient Generalized Cross-Validation with Applications to Parametric Image Restoration

and Resolution Enhancement. IEEE Trans. Image Process. 2001, 10, 1299–1308. [CrossRef]
46. Hoekema, R.; Wieneke, G.H.; Leijten, F.S.S.; Ansems, J.; van Huffelen, A.C. Measurement of the Conductivity of Skull, Temporarily

Removed During Epilepsy Surgery. Brain Topogr. 2003, 16, 29–38. [CrossRef]
47. Wendel, K.; Väisänen, J.; Seemann, G.; Hyttinen, J.; Malmivuo, J. The Influence of Age and Skull Conductivity on Surface and

Subdermal Bipolar EEG Leads. Comput. Intell. Neurosci. 2010, 2010, 397272. [CrossRef] [PubMed]
48. Antonakakis, M.; Schrader, S.; Aydin, Ü.; Khan, A.; Gross, J.; Zervakis, M.; Rampp, S.; Wolters, C.H. Inter-Subject Variability of

Skull Conductivity and Thickness in Calibrated Realistic Head Models. NeuroImage 2020, 223, 117353. [CrossRef] [PubMed]
49. Bullard, D.E.; Makachinas, T.T. Measurement of Tissue Impedence in Conjunction with Computed Tomography-Guided Stereo-

taxic Biopsies. J. Neurol. Neurosurg. Psychiatry 1987, 50, 43–51. [CrossRef] [PubMed]
50. Vatta, F.; Bruno, P.; Inchingolo, P. Improving Lesion Conductivity Estimate by Means of EEG Source Localization Sensitivity to

Model Parameter. J. Clin. Neurophysiol. 2002, 19, 1–15. [CrossRef] [PubMed]
51. Yang, L.; Zhang, G.; Song, J.; Dai, M.; Xu, C.; Dong, X.; Fu, F. Ex-Vivo Characterization of Bioimpedance Spectroscopy of Normal,

Ischemic and Hemorrhagic Rabbit Brain Tissue at Frequencies from 10 Hz to 1 MHz. Sensors 2016, 16, 1942. [CrossRef] [PubMed]

http://doi.org/10.1109/TNSRE.2019.2894746
http://doi.org/10.1016/j.brs.2016.06.004
http://doi.org/10.1016/j.brs.2017.03.002
http://doi.org/10.1016/j.brs.2019.07.027
http://doi.org/10.1088/1741-2560/12/4/046028
http://www.ncbi.nlm.nih.gov/pubmed/26170066
http://doi.org/10.1016/j.neuroimage.2018.12.053
http://www.ncbi.nlm.nih.gov/pubmed/30594684
http://doi.org/10.1007/s10548-019-00710-2
http://www.ncbi.nlm.nih.gov/pubmed/31054104
http://doi.org/10.1016/j.neuroimage.2013.01.042
http://www.ncbi.nlm.nih.gov/pubmed/23370061
http://doi.org/10.1016/j.brs.2017.04.114
http://doi.org/10.1007/s10479-007-0176-2
http://doi.org/10.1137/120882706
http://doi.org/10.1016/0169-7439(90)80052-8
http://doi.org/10.1109/83.941854
http://doi.org/10.1023/A:1025606415858
http://doi.org/10.1155/2010/397272
http://www.ncbi.nlm.nih.gov/pubmed/20130812
http://doi.org/10.1016/j.neuroimage.2020.117353
http://www.ncbi.nlm.nih.gov/pubmed/32919058
http://doi.org/10.1136/jnnp.50.1.43
http://www.ncbi.nlm.nih.gov/pubmed/3546598
http://doi.org/10.1097/00004691-200201000-00001
http://www.ncbi.nlm.nih.gov/pubmed/11896347
http://doi.org/10.3390/s16111942
http://www.ncbi.nlm.nih.gov/pubmed/27869707

	Introduction 
	Materials and Methods 
	Framework and Computational Model 
	Optimization Model 
	Safety Constraints 
	Experiment Design 
	Evaluation Metrics 

	Results 
	Study with Single Target 
	Study with Multiple Targets 
	Robustness Study 
	The Overall Impact of Conductivity Uncertainty 
	The Impact on Intensity by Conductivity Uncertainty 
	The Impact on TE by Conductivity Uncertainty 
	The Impact on Focality by Conductivity Uncertainty 


	Discussion 
	Electrode Configuration 
	Regularization with Single Lambda and Multi-Lambda 
	The Choice of Lambda 
	Robustness 

	Conclusions 
	References

