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Abstract

Background: Transcranial Electrical Stimulation (TES), Temporal Interference Stimulation (TIS),
Electroconvulsive Therapy (ECT) and Tumor Treating Fields (TTFields) are based on the application of
electric current patterns to the brain.

Objective: The optimal electrode positions, shapes and alignments for generating a desired current
patternin the brain vary between persons due to anatomical variability. The aim is to develop a flexible
and efficient computational approach to determine individually optimal montages based on electric
field simulations.

Methods: We propose a leadfield-free optimization framework that allows the electrodes to be placed
freely on the head surface. It is designed for the optimization of montages with a low to moderate
number of spatially extended electrodes or electrode arrays. Spatial overlaps are systematically
prevented during optimization, enabling arbitrary electrode shapes and configurations. The approach
supports maximizing the field intensity in target region-of-interests (ROI) and optimizing for a desired
focality-intensity tradeoff.

Results: We demonstrate montage optimization for standard two-electrode TES, focal center-
surround TES, TIS, ECT and TTFields. Comparisons against reference simulations are used to validate
the performance of the algorithm. The system requirements are kept moderate, allowing the
optimization to run on regular notebooks and promoting its use in basic and clinical research.
Conclusion(s): The new framework complements existing optimization methods that require small
electrodes, a predetermined discretization of the electrode positions on the scalp and work best for
multi-channel systems. It strongly extends the possibilities to optimize electrode montages towards
application-specific aims and supports researchers in discovering innovative stimulation schemes. The
framework is available in SimNIBS.

Keywords:

Electroconvulsive Therapy, Montage Optimization, Temporal Interference Stimulation, Transcranial

Electric Stimulation, Tumor Treating Fields


https://doi.org/10.1101/2024.12.18.629095
http://creativecommons.org/licenses/by-nc-nd/4.0/

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.18.629095; this version posted December 20, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1. Introduction

Transcranial electric stimulation (TES), temporal interference stimulation (TIS), electroconvulsive
therapy (ECT), and tumor treating fields (TTFields) are therapeutic modalities that deliver electric
currents to the brain by means of electrodes attached to the scalp and have been investigated for a
range of neurological and oncological conditions (Bestmann et al., 2017; Mun et al. 2018; Chakrabarti
et al., 2010; Wenger et al., 2018). Despite their differences in stimulation parameters and intended
applications, they share the need for a spatially precise delivery of electric currents to specific regions

of the brain or tumor tissue.

State-of-the-art algorithms for the optimization of the electric current patterns applied to the brain
are based on leadfields (Dmochowski et al., 2017; Saturnino et al., 2019; Saturnino et al., 2021). They
require a predetermined discretization of the potential electrode positions on the scalp, similar to an
EEG cap, and small electrodes to prevent spatial overlaps between neighboring positions. A dense
discretization and multiple stimulation channels are required to reach the best possible spatial
resolution (Saturnino et al., 2019). This comes with potential drawbacks, such as increased costs,
complexity and setup time, which can reduce their benefits in practice. Thus, despite the theoretical
advantages of multi-channel systems, systems with a low number of channels are often used in
practice. However, a systematic framework to determine the optimal electrode shapes and positions
for standard TES applications and TTFields has been lacking so far. Leadfield-based approaches are not
well suited in these cases, because spatially extended electrodes and complex electrode arrays cannot
be easily mapped to the discrete positions of the cap layout. Instead, an optimization routine is
required that is capable of “moving” electrodes freely over the head surface while avoiding mutual

intersections in order to determine the optimal electrode positions, orientations and alignments.

To achieve this, we developed a flexible optimization framework that allows for a fast and
computationally efficient determination of optimal electrode configurations considering individual

head and cortical anatomies. It builds upon a geodesic coordinate system for the representation of
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electrode configurations on the scalp surface, resulting in compact descriptions of the optimization
problem with a low to moderate number of parameters. In addition, it avoids the need to explicitly
model the electrodes by approximating the current patterns injected at the electrode-skin interfaces
(Miranda et al., 2006; Korshoej et al., 2018), allowing for an efficient forward modeling of the electric
fields based on the Finite-Element Method. It enables the maximization of the intensity in a target
area of the brain or in tumor tissue. Alternatively, the optimization of the intensity-focality trade-off
(Fernandez-Corazza et al., 2020) to reach a desired balance between the target intensity and the
spread to other areas is supported in a computationally efficiently way using receiver operating
characteristic (ROC) curves. In combination, these advances result in optimization problems that can

be successfully tackled with established solvers on standard computer hardware.

We validate the performance of the optimization framework through a series of different application
scenarios, starting with standard unfocal TES with two rectangular electrodes as well as focal TES with
center-surround montages (4x1 TES). For TIS, the locations of two electrode pairs operating at
different frequencies are optimized to target deep brain structures by maximizing the envelope of the
low-frequency interference pattern in the target region. Moreover, for TTFields, the electric field in
tumor tissue is maximized to inhibit tumor growth. Finally, we briefly showcase the potential of the
method in two further application scenarios, namely the optimization of the electrode geometries of
standard two-electrode TES, and the optimization of ECT compared to a standard right unilateral (RUL)

montage (Martin et al., 2021).

The new method complements lead-field-based approaches and allows clinicians to personalize
stimulation in a range of clinically tested applications, potentially improving therapeutic efficacy while
minimizing the risk of adverse effects. It can be integrated into the daily routine of laboratories and
clinics using standard computer hardware. It does, however, benefit from a neuronavigation system,

because the electrode positions and orientations are free and not restricted to an EEG 10-20 system.
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99 2. Methods

100 2.1. Overview of the Optimization Framework

101 Our approach directly optimizes the relevant parameters, such as the center positions and
102 orientations of rectangular electrodes for standard unfocal TES, to maximize the desired goal function.
103 The latter could be the average electric field strength in a target brain region or the focality of the
104 electric field in case of TES, but also more complex functions such as the electric field envelope,
105 averaged in a target region for TIS. Further, the optimization is subject to a number of necessary

106 constraints, such as avoiding positions that overlap with the face area.

107 Numerical optimization requires the repeated evaluation of the goal function for varying parameter
108 combinations, which is in practice only feasible when the computational costs per evaluation are low.
109 Sofar, this has prevented the direct use of electric field calculations as part of optimization procedures
110 for TES, TIS and TTFields. For example, a SimNIBS FEM (Finite Element Method) simulation includes
111 electrode modeling, electric field calculations and post processing, which can take minutes, depending
112 onthe geometry of the head model and the applied electrodes, prohibiting fast iterative updates. Our

113 new framework overcomes this problem by combining the following approaches:

114 1. The electrodes are approximated by current patterns that are injected directly into the skin

115 surface. This avoids the need for adding the electrode models to the head mesh. In addition, as
116 the head mesh stays unchanged, costly preparation steps for the FEM calculations can be reused
117 to speed up repeated simulations when varying the parameters.

118 2. |In particular larger electrodes have a non-uniform current density at the electrode-skin interface,

119 with higher current densities towards the electrode edges (Miranda et al., 2006; Korshoej et al.
120 2018). Here, the injected current patterns are dynamically weighted to approximate this effect
121 and maintain simulation accuracy.

122 3. A suitable ellipsoidal coordinate system is created by fitting a tri-axial ellipsoid to the individual

123 upper head shape in order to support an efficient parametrization of the search space. Pre-


https://doi.org/10.1101/2024.12.18.629095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.18.629095; this version posted December 20, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

124 calculation of the mapping between the coordinate system and the skin positions makes it
125 computationally efficient to determine the current injection pattern on the skin for a new
126 parameter set during optimization.

127 In combination, these steps reduce the time per evaluation of the goal function to less than one
128 second on a standard modern computer for our implementation. The following sections outline the
129 details of the optimization framework. Additional in-depth information is given in the Supplementary

130 Material S1 and S2.

131 2.2. Electric Field Calculations

132 We base our approach on the first-order tetrahedral Finite Element method with so-called super-
133 convergent patch recovery (SPR) implemented in SimNIBS (Saturnino et al., 2019) that has been
134 validated to have a good tradeoff between computational costs and accuracy. In FEM-based TES
135 simulations, electrodes are usually modeled as additional volumes, which are merged with the head
136 model, followed by an adaptation of the tetrahedral mesh to the new geometry. Changing the mesh
137 additionally requires that the preparation steps for the FEM (i.e., the creation and pre-conditioning of
138 the FEM stiffness matrix [A]) are repeated as well. Overall, this can take several minutes in the current
139 SimNIBS implementation. In general, these limitations are not restricted to this specific FEM
140 implementation but apply to varying extent also to alternative methods such as the Finite Difference

141 Method or the Boundary Element Methods.

142 Here, we avoid repeated costly preparation steps and approximate the electrodes by defining current
143 sources directly at the electrode-skin interface (/;, 1>, ... in Fig. 1), using von Neumann boundary
144  conditions at the corresponding skin nodes. This reduces the calculations required for an update of
145 the FEM source vector b to bring it in line with the new boundary conditions, followed by solving the
146  updated matrix equation [A]v=b to get the new solution for the electric potential v. The goal function
147 value is then calculated from the FEM solution for v by evaluating the electric field or a derived

148 measure in one or more regions of interest (ROI). This involves taking the numerical gradient of the v
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149 in the tetrahedra intersecting with the ROI, followed by interpolating the field to the points that
150 comprise the ROI. The interpolation uses superconvergent patch recovery (SPR) (Zienkiewicz and Zhu,
151 1992) and is implemented computationally efficiently as multiplication with a pre-calculated sparse
152  weight matrix, similar to the approach outlined in Cao, Madsen et al. (2024) for TMS. In combination,
153 these optimizations make evaluations of the cost function for new parameter sets possible within one
154 second or less. In our implementation, ROIs can be defined as scattered point clouds, by the nodes of
155 triangulated surfaces, or by sub-volumes of the tetrahedral mesh. To-be-avoided brain areas can be
156 similarly specified by defining non-ROls, which is required, e.g. when aiming to optimize the focality

157 of the injected electric field.

158 While the above approach is very efficient, it requires setting the node currents /;, I,, etc. correctly to
159 account for the non-uniform current density distribution that occurs at the interface area and
160 maintain the simulation accuracy also in case of larger electrodes. In addition, when several electrodes
161 are connected to the same stimulation channel (as in case of TTFields), the currents at the skin
162 interfaces of those electrodes influence each other. Our solution to maintain accurate estimates of
163 the node currents also in those cases is described in Supplementary Material S1. We refer to it as
164 node-wise or electrode-wise Dirichlet correction, depending on whether it is applied to adjust all node
165 currents individually, or just ensures the correct amount of current for each electrode connected to a

166 common channel (the latter is computationally less demanding).

167 For setting current sources at the electrode-skin interface, our approach involves an efficient
168 identification of the skin surface nodes that correspond to the given electrode positions, orientations
169 and shapes. During preparation, a tri-axial ellipsoid is fitted to the skin region in the upper part of the
170 head (Fig. 2b) and the mapping between positions on the ellipsoid and the skin surface is established
171 by projecting rays from the ellipsoid along its normal direction towards the head surface. This way,
172  determining the skin position corresponding to a given spherical coordinate (6', ¢") on the ellipsoid is

173  straightforward. During optimization, the center positions of the electrodes (or electrode arrays) are
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174 parameterized as spherical coordinates and their orientation by the angle ' relative to the vector of
175 constant ¢ in the ellipsoidal space. This approach enables the straightforward definition of electrode
176 shapes and array layouts in a two-dimensional planar coordinate system (Fig. 2a). During optimization,
177 the shapes and layouts can be efficiently mapped to the ellipsoid by solving the associated direct
178 geodesic problem, known from differential geometry. In combination, this makes the computation
179 time for determining the surface nodes in each iteration of the optimization comparatively short, with
180 around 0.05 sec for a 4x1 TES montage with 4 external electrodes. Details of the geodesic coordinate
181 system are given in Supplementary Material S2 and the stability of the fitting procedure for different

182 head shapes is validated in Supplementary Material S4.

183 2.3. Goal Functions

184  The definitions of the goal functions are based on the magnitude (i.e. strength) of the electric field |E|
185 in the specified ROIs (and non-ROIs). Alternatively, the electric field component E, that is locally
186 orthogonal to the cortical sheet (given by the normal vector n) can be used to optimize the in- or
187 outwards pointing field component. For TIS, two stimulation channels are active simultaneously and
188 create a superposition of two electric fields, E/") and E®, oscillating at slightly different frequencies.
189 In this case, the goal function is based on the maximal amplitude of the modulation envelope of the

190 superimposed fields (Grossmann et al., 2017):

2|E®)| if|E@| < |E®|cos a
191 E = 2|E(2)X(E(1)_E(z))| ' (1)
[EV_EQ) otherwise

192  Alternatively, the maximal amplitude of the modulation envelope along a specific direction of interest,

193 indicated by unit vector u can be used (Grossmann et al., 2017):
194 E, = l|(E® + E@)-u| - |(E® — E@) - ]|, (2)

195 In the following definitions of the implemented goal functions, the field magnitude |E|, its normal

196 component E,, and the TIS envelope magnitudes £ and En can be used interchangeably, depending
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197 on the intended application and optimization goal, and are therefore commonly denoted as target

198 measure E.

199 2.3.1. Intensity-based goal functions
200 For maximizing the intensity of the target measure in the ROI, we use the negative of its average in

201 the ROl as goal function during the minimization process:

202 g(x) = —Egg; (x) (3)

203 Vector x denotes the to-be-optimized parameters such as the electrode centers.

204  For TTFields, two pairs of electrode arrays are used, which are switched on and off alternately.
205 Applying the simple assumption that the combined treatment effect is the average of the effects of
206 the two electric fields, the goal functions are calculated individually for each stimulation pair and their

207 average value is used (Korshoej et al., 2018):
208 9 = (gD +gP@)/2 (4)

209 2.3.2. Focality-based goal functions

210 The aim of optimizing the focality is usually to strengthen the target measure in the ROI, while at the
211 same time reducing it in non-ROI areas. Prior studies on multi-channel TES demonstrated that, when
212  constraining the total injected current to ensure safety, maximizing the target measure in the ROI
213 coincides with a reduction of focality (Fernandez-Corazza et al., 2020). The relationship was
214  approximately sigmoidal, i.e. slight further increases of already high intensities were accompanied
215 with large decreases in focality. Formally, this represents a Pareto front between maximum intensity
216 and maximum focality, whereby it is difficult for the user to select the hyperparameters of the

217 optimizer in order to achieve an individually optimal result.

218 Here, we use the receiving operating characteristic (ROC) curve to evaluate the intensity-focality
219 tradeoff (Fig. 3a). For that, the target measure in the ROl and in the non-ROI are compared to user-

220 defined thresholds and the relative number of elements that fulfill the conditions are evaluated. The
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221 strongest stimulation is achieved when the target measure in the complete ROI exceeds the given
222 threshold value (termed tgpo; in the following). This corresponds to the maximally achievable
223 sensitivity of 1, i.e., it maximizes the number of true positives in the ROI. Achieving the best focality
224 requires that all elements in the non-ROI are kept below another specified threshold t,,,nr0;- This
225 corresponds to the highest specificity of 1, i.e., to no false positives in the non-ROl. The ROC curve
226  graphically represents the relation between 1-specificity (x-axis) and the sensitivity (y-axis) of the
227 target measure for varying threshold choices. A fully optimal solution corresponds to position (0,1) in
228 the plot. By using the ROC, we aim to ensure a desired intensity-focality tradeoff and not just to
229 maximize focality neglecting the intensity. The desired intensity-focality tradeoff can be chosen by
230 setting the two thresholds for the target measure in the ROl and non-ROI. For TES, TIS and ECT, the
231 goal function can then be defined by means of the Euclidean distance between the optimal position

232 (0,1) and the point in the ROC plot that given by the achieved sensitivity and specificity of a solution.

233 g(x) = \/(1 — sens(x, tRo,))z + (1 - spec(x, tnonRo,))z (5)

234  Interestingly, for TTFields, a clinically more relevant aim is to maximize the intensity in the ROI, while
235 also maintaining high intensities in the rest of the brain (i.e. minimizing focality or maximizing “anti-
236 focality”) in order to target both active tumor and diffusely infiltrating cancer cells (Korshoej et al.,
237  2019b; Korshoej et al., 2020; Mikic et al., 2021; Mikic et al., 2024; Ballo et al., 2019). This corresponds
238 toposition (1,1) as being optimal in the ROC plot, and the corresponding distance-related goal function

239 isthen given as:

2
240 gx) = \/(1 — sens(x, tror))” + spec(X, tronror)® (6)

241 2.4. Optimization Approach

242  The optimization aims to determine the parameter vector X, which comprises the center positions
243  and orientations of the rectangular electrodes in case of standard TES, or the distances between the

244 center and surround electrodes for 4x1 TES, that minimize the goal function g(x):

10
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245 X = argmin g(x) (7)
X

246  The parameters are subject to a number of constraints. Here, we ensure practically feasible solutions
247 by allowing electrode positions only within a suited region of the upper head surface (Fig. 2b).
248 Electrode configurations outside this area, partially overlapping with the border, or overlapping each
249 other are penalized during the optimization. Setting further constraints for specific parameters is
250 possible, such as defining the range of allowed distances between the center and surround electrodes
251 for 4x1 TES. In combination, the variety of implemented goal functions, an intuitive description of the
252  optimization problem by means of practically meaningful parameters, and relevant constraints

253  provides a high degree of flexibility.

254  The optimization algorithm was chosen to give robust results also for TTFields, where many of the
255 parameter combinations cause mutual overlaps of the large electrode arrays or arrays that fall partly
256 outside of the upper skin region. This non-continuous solution space with numerous local minima,
257  together with the properties of most of the goal functions defined above, makes the optimization non-
258 convex and computationally demanding, even though the relatively low number of parameters
259 (compared to lead-field based approaches) benefits the stability of the solution. For this reason, a
260 stochastic optimization approach based on the differential evolution algorithm (Storn and Price, 1997)
261 was chosen. Here, we used the differential evolution algorithm implemented in SciPy
262 (Virtanen et al., 2020), with a relative tolerance interval of 0.1 as convergence criterion. After
263  optimization, a standard SimNIBS simulation with full electrode models is run to determine the final
264  electric field distribution for the optimized parameters. Details on the hyperparameter choices are

265 given in Supplementary Material S3, which also summarizes all steps of the overall approach.

266 2.5. Application Examples

267 The optimization algorithm was evaluated for standard two-electrode TES, focal 4x1 TES, TIS, and

268 TTFields, wusing the ernie headmodel from the SimNIBS example dataset

11
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269  (https://simnibs.github.io/simnibs/build/html/dataset.html). The parameters for the field simulations

270 and application examples are explained in more detail in the following.

271 2.5.1. Head model

272  The ernie headmodel was created using the CHARM pipeline (Puonti et al., 2020) from SimNIBS v4.0
273  (Saturnino et al., 2019a) and consists of 9 different tissues given in Table 1. For TTFields, the tissue
274 segmentation was manually modified to include an artificial subcortical residual located in the region
275 of the right temporal lobe, together with a resection cavity. We defined application-specific regions
276  of interests (ROI), where the electric field distribution is optimized. The ROIs are described in the

277 following sub-sections together with the corresponding electrode setups.

278 2.5.2. standard Transcranial Electric Stimulation (TES)

279 The optimization algorithm was applied to a classic TES montage consisting of two large electrodes of
280 rectangular shape (50 mm x 70 mm; Fig. 4a). The first goal was to determine the electrode
281 configuration that generates the highest average electric field strength in the motor cortex (M1), using
282  eq. (3) as goal function. In a second optimization run, the aim was to optimize the focality of the
283 electricfield in the motor cortex according to eq. (5) as goal function (Fig. 3a). Two position parameters
284 and one orientation parameter per electrode were optimized, resulting in a total of six free
285 parameters. A current of I, = 2 mA was assumed for both cases and the thresholds for focality
286  optimization were tgo; = 0.2V/m and t,,nro; = 0.1 V/m. The gray matter midlayer surface of the
287 handknob region of M1 was defined as the ROI (green in Fig. 4a). For focality optimization, the
288 remaining surface of the midlayer was defined as the non-ROI.

289 The optimization was performed using the node-wise Dirichlet correction to account for the non-
290 uniform current density distribution at the electrode-skin interface. The influence of neglecting this
291 correction was also investigated. In this case, a constant current density was impressed over the entire

292 electrode surface. This simplification accelerates the optimization. It was investigated to what extent

12


https://doi.org/10.1101/2024.12.18.629095
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.18.629095; this version posted December 20, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

293 this choice affects the final value of the goal function and the computing time, in order to assess

294  whether applying the correction is in fact necessary and worthwhile.

295 2.5.3. Focal multi-electrode Transcranial Electric Stimulation (Focal 4x1 TES)

296 The second example targeted the optimization of a focal 4x1 TES montage (Fig. 4b), consisting of
297 circular electrodes with diameters of 20 mm. The currents and thresholds were the same as in the
298 standard TES case described above. The inner electrode was connected to the first channel, and the
299 four outer electrodes commonly to the second channel. The optimization variables were two
300 parameters for the position of the inner electrode, and one orientation and one distance parameter
301 to describe the positions of the outer electrodes relative to the inner one, resulting in four free
302 variables. The distance between inner and outer electrodes was restricted to the interval
303 [25,100] mm. Here again, the aim was to find two electrode configurations, where the first maximizes
304 the mean electric field strength in the motor cortex (ROI), while the second optimizes the focality.
305 The effect created by several individual electrodes connected to one channel can be accounted for by
306 applying the electrode-wise Dirichlet correction, which can be interpreted as an intermediate solution
307 between no correction and the exact node-wise Dirichlet correction. It ensures the correct total
308 currents for each of the four outer electrodes (see I;...1, in Fig. 1), which is computationally far less
309 demanding than correcting the currents in each skin node related to one of the outer electrodes. The
310 influence of the correction type (electrode-wise, node-wise, no correction) on the electric field, the
311 optimization result, and the computing time were investigated to determine the best setting for future

312 use.

313  2.5.4. Temporal interference stimulation (TIS)

314 The third example addressed the optimization of a TIS montage (Fig. 4c). The setup consisted of two
315 pairs of circular electrodes with a diameter of 20 mm each. The currents and thresholds were the
316 same as in the TES cases described above. The goal was to optimize the electric field envelope
317 according to eq. (1) in the left hippocampus defined as the ROI, either in terms of intensity or focality.

318 The remaining grey and white matter volumes were defined as the non-ROI. For TIS, evaluation of the
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319 goal function required two electric field calculations per iteration, one for each channel, which were
320 superimposed to calculate the maximum amplitude of the envelope according to eq. (1). Afterwards,
321 thegoal function value, depending on the optimization problem, was calculated. Given four electrodes
322  with two position parameters each, the total number of free variables was eight. The influence of
323 applying node-wise Dirichlet correction on the solution was tested, as applying no correction and

324 assuming a constant current density in the small electrodes accelerates the optimization.

325 2.5.5. Tumor Treating Fields (TTFields)

326 The final example targeted the optimization of a TTFields montage (Segar et al., 2023) that consists of
327 two pairs of electrode arrays (Fig. 4d). Each array comprises a three-by-three layout of circular
328 electrodes that are spaced vertically by 22 mm and horizontally by 33 mm, and have diameters of
329 20 mm. The ernie head model was modified by adding tumor tissue, necrosis, and surrounding edema.
330 The tumor volume was defined as the ROl and the remaining gray and white matter was defined as
331 the non-ROIl. The first optimization goal was to find an electrode arrangement, which maximizes the
332 field intensity in the tumor according to eq. (3) as goal function. In a second optimization, it was the
333 goal to create strong field intensities in the tumor, which are above a given threshold, while
334 maximizing the field exposure also in the remaining brain. For that, the goal function of each array
335 pair was calculated according to eq. (6) (Fig. 3b) and the resulting values of both pairs combined using
336 eq. (4). This requires two electric field calculations, one per array pair, per iteration. The total current
337 in each array pair was defined to I,,;, = 1 A baseline-to-peak and the thresholds were tpo; =
338  tponror = 150V/m. Each of the four electrode arrays was described by two position parameters and
339 one orientation parameter, resulting in a total of 12 free variables.

340 The choice of the correction type (electrode-wise, node-wise, no correction) on the speed and accuracy
341 of the solution was also tested. As stated further above, the non-continuous solution space and the
342 moderately higher number of free variables compared to the other examples makes TTFields the most
343 demanding optimization problem tested here. Mathematically, this is represented by an enlargement

344  and clustering of the hyperdimensional constraint surface, which is superimposing the goal function,
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345 making it challenging to find an optimal solution. This generally resulted in a higher number of function
346 evaluations, and also caused a strong impact of the chosen correction type on the duration of the

347  optimization.

348 2.5.6. Performance evaluation

349 To enable an evaluation of the performance of the optimization procedure and its dependence on the
350 chosen current correction type, 200 valid parameter sets were randomly created for each of the above
351 examples. For each set, the results for the three correction types and additionally for a standard
352 SimNIBS simulation with full electrode models were obtained. To assess the impact of the correction
353 type on the simulated fields, the fields for the three correction types in gray and white matter were
354 correlated with the field of the standard simulation, and a mean correlation coefficient and the
355 standard deviation were determined over the 200 electrode positions. Normalized root-mean-square
356 deviations (NRMSD) between the fields were additionally calculated and are reported in the

357 Supplemental Material Section S5.

358 In addition, the respective goal function values for intensity and focality were determined from the
359 standard SimNIBS results of the random parameter sets to get reference distributions for assessment
360 of the optimized solution. As the selected optimization algorithm differential evolution is stochastic,
361 the optimization results may vary between two repetitions. Therefore, 30 independent repetitions of
362 the optimization were carried out for each application, and the resulting goal function values
363 compared to the reference distributions from the random parameter sets. The optimizations were

364 repeated for the different current correction approaches to investigate their influence on the result.

365 The simulations were performed on a Ryzen 9 5950X CPU with 3.4 GHz (16 cores, 128 GB RAM) and

366 the computing time is recorded for comparison.

367 3. Results

368 3.1. Standard Transcranial Electric Stimulation (TES)
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369 In order to evaluate the effect of the chosen current correction type, the correlation coefficients of
370 the electric fields and goal function values obtained for node-wise current corrections and no
371 corrections, respectively, with the values for the reference simulations are shown in Table 2. As
372 expected, the mean correlation coefficients are lower when no corrections are applied. The results
373 also show that this affects the focality goal function more than the intensity goal function. The
374 distributions of the NRMSD over the 200 simulations are shown in Supplementary Fig. S3a and confirm
375 the differences in accuracy between the two correction approaches. Differences in the simulated
376 electric fields will cause differences in the goal functions values, which can impact the quality of the
377 optimization results. However, it is worth noting that the absolute values of the electric fields play a
378 secondary role for the optimization and it is more important that relative changes across different
379 parameter sets are mapped correctly. As long as relative changes are represented accurately, a more
380 efficient modeling approach will lead to the same final parameter set and can thus be used during
381 optimization. The final results will then not differ, as a standard SimNIBS simulation is carried out as

382 last step in any case.

383 Fig. 5a shows a representative example of an optimized electric field, aimed at maximizing the electric
384 field intensity in the M1 ROI. The effects of the node-wise current correction are clearly visible as
385 inhomogeneous current distribution at the electrode edges. The histograms of the objective function
386 values of the 30 repetitions of the optimization and the 200 random parameter sets are shown in Fig.
387 5b. The optimizations both with node-wise and no current corrections achieved consistently high goal
388 function values, suggesting that using no current corrections to speed up the optimization is feasible

389 for this application.

390 In contrast, when optimizing the focality (Fig. 5c&d), using no current corrections results in worse final
391 goal function values compared to node-wise corrections, despite of all optimizations completing

392 successfully. This suggests that the (inhomogeneous) field distribution at the skin interface changes
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393 too much with the tested parameters, also affecting the goal function value strongly enough to impact

394  the optimization result. Thus, applying node-wise current corrections is necessary in this case.

395 Comparing both optimization results illustrates the differences between intensity- and focality-based
396 goal functions clearly. A substantially higher electric field can be generated by placing the electrodes
397 further apart, at the expense of focality. On the other hand, placing the electrodes closer together

398 increases focality, while decreasing the field strength in the ROL.

399 During optimization, it occurs that the selected parameters cause the electrodes to mutually overlap
400 or being (partly) outside the permitted skin mask. The process is truncated in those cases, no electrical
401 field calculation is performed, and the objective function is penalized. This reduces the calculation
402 time in this iteration. The total number of times where an attempt was made to place the electrodes
403 islabeled N;.z: in Table 2. The number of successful placements that are followed by field calculations

404 islabeled is labeled Ng;p,.

405 3.2. Focal 4x1 TES

406 The optimization results for 4x1 TES are summarized in Fig. 6 and Table 3. As the electrodes are
407 considerably smaller than for standard TES, inhomogeneous field distributions at electrode-skin
408 interfaces do hardly affect the electric field in the brain. The electrode-wise current correction that
409 accounts for the effect caused by the outer electrodes being connected to the same channel thus
410 achieves fields that are highly similar to those of a full simulation (Table 3). Interestingly, this also
411 holds when using no correction, in which case it is assumed that the return currents through the outer
412  electrodes are the same, i.e. I; =+ =1, =1/4. This suggests that the volume conductivities
413 between the inner electrode and each of the outer electrodes are comparable.

414  Asresult, the optimization results shown in Fig. 6 robustly yield high goal function values, irrespective
415 of the chosen current correction approach. Generally, we suggest applying no corrections.

416  Alternatively, to ensure reliable results also in cases where the volume conduction properties vary
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417 more strongly across electrode positions, e.g. in patients with cranial openings, electrode-wise

418 corrections will represent an efficient compromise between accuracy and calculation time.

419 3.3. Temporal Interference Stimulation (TIS)

420 The results for TIS are shown in Figure 7 and Table 4. Given the small electrode sizes, it is expected
421 thatthe chosen current correction method (no corrections, node-wise corrections) does not affect the
422  optimization results, so that applying no corrections is feasible to speed up the optimization.

423 Interestingly, the achieved goal function values when optimizing the focality for TIS (Fig. 7c&d) show
424  alarger spread across the 30 repeated optimization runs, compared to the other tested applications.
425  This suggests that focality optimization for TIS is more challenging, likely due to the more complex
426  goal function that is based on the non-linear combination of two superimposed electric fields, which
427 are then fed into the ROC-based evaluation of the focality-intensity tradeoff (combining eq. 1 & 5).
428 This increases the probability that the optimization algorithm converges to a local minimum. In

429 practice, a multi-start approach can, however, be used to prevent this.

430 3.4. Tumor Treating Fields (TTFields)

431 The results for TTFields are shown in Figure 8 and Table 5. As all electrodes of an array share the same
432  channel, also the electrode-wise current correction is tested again. All current correction approaches
433  result in electric fields and goal function values that are very similar to those of the reference
434  simulations (Table 5). In consequence, also their final optimized parameter sets are similar (Fig. 8), so
435 that running the optimization without current correction is feasible to minimize the required time.
436  Alternatively, using electrode-wise current correction will help to ensure reliable results also, e.g., in
437  patients with cranial openings.

438 Due to the particularly large electrode arrays, this optimization problem is highly constrained. This
439 increases the number of tested parameter sets N;. in Table 5 compared to the other stimulation
440 methods. As a result, the relative number of effectively performed electric field simulations is also
441 lower. Despite the challenging constraints, both intensity- and anti-focality-based optimizations

442 consistently reach high goal function values for the 30 repetitions. However, due to the clinically
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443  sensitive application in tumor patients, we recommend a multi-start approach for TTFields to ensure
444  best possible optimization results.

445 3.5. Further showcases for future applications

446 Geometry optimization of TES electrodes

447 In order to demonstrate the potential of the developed optimization approach, we optimized also the
448  sizes of the two electrodes of a standard TES montage in addition to their positions and orientations.
449 The currents and thresholds were the same as in the standard TES case described above. The edge
450 length of the rectangular electrodes was allowed to vary between 10 and 70 mm. The results are
451 shown in Fig. 9 for intensity and focality optimization. Interestingly, the optimization resulted in
452  smaller electrodes being theoretically advantageous. Compared to the standard size, the mean
453  electric field in the ROI could be increased by an additional 19% and the focality measure could also
454  be improved by a considerable 56% compared to the optimal solutions shown in Fig. 5.

455  Electroconvulsive therapy (ECT)

456 As asecond use case, we optimized the electrode positions for ECT and compared it with the standard
457 RUL montage. The radius of the round electrodes was 25 mm and the stimulation intensity was 800
458 mA. The right prefrontal cortex was defined as the ROI. To reduce adverse side effects, the left and
459  right hippocampus were defined as non-ROI. The thresholds for the focality optimization were tpo; =
460 120V/m and tponror = 50V/m. The results of the intensity- and focality-optimal montages
461 compared to standard RUL are shown in Fig. 10. The intensity of the average electric field in the right
462 prefrontal cortex was increased in both cases from 86 V/m using the standard RUL montage to 113
463  V/m (+31%) for both intensity and focality optimization. The focality measure of the RUL montage was
464 0.51 and was increased to 0.82 for intensity optimization but was effectively reduced to 0.47 in case
465 of focality optimization. It should be noted that the average electric field in the hippocampus increased
466 from 52.2 V/m to 57.8 V/m (+11%) for intensity optimization and reduced to 44.5 V/m (-15%) for

467 focality optimization respectively compared to the RUL montage.
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468 4. Discussion

469 Summary of work

470 We developed and validated a flexible framework that enables the optimization of electrode
471 configurations for different electric stimulation and treatment modalities, including standard TES,
472 focal 4x1 TES, TIS, ECT and TTFields. The electrodes can move freely over the head surface
473 independent of a predefined discretization and the approach accounts for spatial relationships
474  between neighboring electrodes, as in 4x1 TES, as well as spatially extended electrode shapes, as in
475 standard TES. As such, it serves an important complementary role to existing optimization approaches
476  for multi-channel stimulation (Dmochowski et al., 2011; Fernandez-Corazza et al., 2020; Saturnino et
477 al. 2019) that were designed for use with small electrodes placed at discrete positions and require
478  multi-channel stimulation systems.

479 Our new optimization approach supports intensity-based optimizations to maximize the target
480 measure in the ROI, as well as ROC-based optimizations for a flexible control of the tradeoff between
481 intensity and focality, based on the threshold values chosen for the ROl and non-ROI. Various target
482 measures such as the magnitude or normal component of the electric field and the TIS field envelope
483 are supported. The provided examples cover multiple relevant clinical and scientific application
484  scenarios with diverse constraints. In order to support the integration into practical workflows, we put
485 emphasis on an efficient implementation that keeps the system requirements moderate and the
486 computing times low enough for use on standard computers.

487

488 Quality and robustness of the optimization results

489 The optimization results can be affected by the accuracy of the approximation of the inhomogeneous
490 current flow distribution at the electrode-skin interface. We therefore compared the electric fields in
491 the brain and the goal function values for the three different approximation approaches to reference
492 simulations that added the electrodes as separate volumes to the head model (Fig. S3). As expected,

493 node-wise corrections consistently resulted in very high correlations between the estimated fields and
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494  goal function values and their reference values. Interestingly, the correlations remained high (>0.98;
495 Tables 2-5) also for the computationally simplest case of no corrections, except for large TES
496 electrodes. In line with this, the optimizations performed similarly well independent of the chosen
497 approximation approach, with exception of focality optimizations of large TES electrodes. Generally,
498 the optimizations strongly outperformed standard electrode positioning and random sampling in all
499 cases. This indicates that the optimization can be performed without current corrections for most
500 applications (4x1 TES, TIS, ECT & TTFields) to increase computational efficiency. However, for 4x1 TES
501 and TTFields, where several electrodes are connected to the same channel, we suggest using an
502 electrode-wise approach in cases where the volume conduction properties of the head model might
503 vary more strongly across electrode positions, e.g. in patients with cranial openings.

504 The tested application scenarios represent challenging non-convex optimization problems. Our results
505 confirm that the chosen stochastic optimization approach, based on the differential evolution
506 algorithm (Storn and Price, 1997), reliably achieves good results. However, its convergence generally
507 depends on the complexity of the optimized function, so that the final goal function values for focality
508 optimization for TIS and to a lower extent also for TTFields optimization exhibited a noticeable spread.
509 In practice, these applications thus benefit from a multi-start approach.

510

511 Limitations and future steps

512 The convergence and computational efficiency of our approach depends on the number of free
513 parameters (up to 12 were tested here) and the complexity of the goal function. These properties
514 together with the suitable current correction method need to be confirmed in pilot tests for new
515 applications. In case of a high number of available stimulation channels, existing multi-electrode
516 optimization approaches likely perform better, even though most of them are limited to the use of
517 less complex goal functions (Dmochowski et al., 2011; Fernandez-Corazza et al., 2020; Saturnino et al.

518  2019).
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519 Future work could aim at increasing the computational efficiency of the new optimization framework.
520 Node-wise current corrections were most accurate, but were computationally also least efficient. They
521 could be strongly improved using surrogate models to predict the node currents in dependence of the
522 electrode positions and orientations, as already done for the electrode-wise current corrections
523  (Suppl. Material S1). Possibly more efficient optimization algorithms could be tested, depending on
524  the application. For example, it seems likely that the goal function for intensity optimization of focal
525 4x1 TES changes smoothly when varying the input parameters, so that faster local search algorithms
526 might give similarly good results. The efficiency of the optimizations could likely be increased by
527 directly specifying constraints of the feasible position and orientation parameters instead of penalizing
528 the objective function. While this is challenging due to the irregularly shaped boundary of the valid
529 head region, this might particularly help to speed up the optimization of large electrode arrays, as for
530 TTFields.

531 The optimization framework could be extended to further applications and goal functions in the
532 future. The examples of the geometry optimization of TES electrodes and the optimization of the
533 patient-specific optimization of ECT montages were included to showcase the flexibility of our
534 approach, but would likely need further adaptations to the specific clinical applications. Along similar
535 lines, the efficacy of TTFields seems to depend on the orthogonality of the electric fields applied by
536 the two electrode array pairs within the tumor (Korshoej & Thielscher, 2018; Korshoej et al., 2019a).
537 Inin vivo experiments, two sequential and orthogonal fields increased the therapeutic efficacy by
538 =20% compared to one constantly active field (Kirson et al., 2007). Optimizing not only field intensity,
539 but also the angle between the field vectors induced in the tumor by the two electrode pairs might
540 therefore be avaluable extension of the TTFields optimization approach established here, which could
541 be added in the future by modifying the goal function accordingly.

542
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543 5. Code availability

544  The presented method is implemented in SimNIBS v4.5. We provide easy-to-use application examples
545 for each of the investigated cases, i.e. standard TES, focal 4x1 TES, TIS and TTFields on the SimNIBS

546  homepage (https://simnibs.github.io/simnibs/build/html/index.html). Using the ernie headmodel

547 from the SimNIBS example dataset, the optimizations can be carried out on a standard notebook with
548 16 GB RAM.

549
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679 Fig. 1: Example of the definition of nodal current sources and electrical equivalent circuit according to
680 an exemplary focal 4x1 TES montage. The total current I is injected in the inner electrode and
681 distributes over the outer electrodes (I;...1;). The underlying head and brain anatomy defines the
682 equivalent resistances (R;...R,). If the outer electrodes are connected to a single channel, the

683  voltages over the resistances (AV = V; — V,) are equal.
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Fig. 2: (a) Base geometry of the electrode array defined by the user in normalized space (xy-plane);
(b) Head model showing the valid region on the skin surface (2, where the electrodes can be located
(darker region). The fitted triaxial ellipsoid used to parametrize the electrode array location and
orientation (x) for the optimization is indicated with small gray dots. In- and output currents are
defined in the skin nodes (red and blue dots, respectively) according to the applied Dirichlet
approximation to consider the equal voltage constraint of each electrode channel.
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Fig. 3: (a) Focality optimization: Optimization of the ROC curve; The focality is improved by minimizing
the distance s between the reference location at (1 — spec, sens) = (0,1) and the current iteration.
The optimization criterion was chosen to be particularly strict here by defining two separate
thresholds such as the field should be greater than 0.5 (a.u.) in the ROl and smaller than 0.3 (a.u.) in
the non-ROI; (b) Anti-focality optimization: Optimization of the ROC curve to improve the field spread
for TTFields while ensuring high electric field values in the tumor region (ROI). Here it is the goal to
minimize the distance s at (1 — spec, sens) = (1,1), which maximizes the electric field in the ROl and
simultaneously makes the stimulation as unspecific as possible (i.e. make the number of false positives
in the non-ROI as high as possible).
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703  Fig. 4: Application examples: (a) Standard Transcranial Electric Stimulation (TES) using two large
704  electrode patches; (b) Focal 4x1 TES using one inner electrode and four outer electrodes located at
705 variable distance d; (c) Temporal interference stimulation (TIS) using two pairs of small electrodes
706 impressing currents with different frequencies; (d) Tumor Treating Fields (TTFields) using two pairs of
707  3x3 electrode arrays.
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Fig. 5: Optimization results for conventional TES: (a) Representative example of intensity based
optimization showing the resulting electric field in the brain; (b) Histograms of the average electric
field magnitude (higher is better) determined from 200 random electrode configurations (RND) and
30 optimization runs (OPT). The optimizations were performed without Dirichlet correction (no) and
with node-wise Dirichlet correction (node), but the shown objective function values were determined
in final reference simulations; (c) Representative example of focality based optimization; (d) same as
(b) but goal function is focality according to distance s in Fig. 3(a) (lower is better).
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Fig. 6: Optimization results for focal 4x1 TES: (a) Representative example of intensity based
optimization showing the resulting electric field in the brain; (b) Histograms of the average electric
field magnitude (higher is better) determined from 200 random electrode configurations (RND) and
30 optimization runs (OPT). The optimizations were performed without Dirichlet correction (no) and
with node-wise Dirichlet correction (node), but the shown objective function values were determined
in final reference simulations; (c) Representative example of focality based optimization; (d) same as
(b) but goal function is focality according to distance s in Fig. 3(a) (lower is better).
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Fig. 7: Optimization results for Temporal Interference Stimulation (TIS): (a) Representative example
of intensity based optimization showing the resulting maximum electric field envelope in the brain;
(b) Histograms of the average maximum electric field envelope (higher is better) determined from 200
random electrode configurations (RND) and 30 optimization runs (OPT). The optimizations were
performed without Dirichlet correction (no) and with node-wise Dirichlet correction (node), but the
shown obijective function values were determined in final reference simulations; (c) Representative
example of focality based optimization; (d) same as (b) but goal function is focality according to
distance s in Fig. 3(a) (lower is better).
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734  Fig. 8: Optimization results of Tumor Treating Fields (TTFields): (a) Representative example of
735 intensity-based optimization showing the resulting electric field in the brain; (b) Histograms of the
736 average electric field magnitude (higher is better) determined from 200 random electrode
737  configurations (RND) and 30 optimization runs (OPT). The optimizations were performed without
738 current correction (no) and with node-wise current correction (node), but the shown goal function
739 values were determined in final reference simulations; (c) Representative example of anti-focality
740 based optimization; (d) same as (b) but the goal function is anti-focality according to distance s in Fig.
741  3(b) (lower is better).
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743  Fig. 9: Optimization results of two-electrode TES including electrode size: (a) Intensity-based
744  optimization and (b) focality based optimization showing the resulting electric field in the brain and

745 the optimized sizes and locations of the rectangular electrodes, respectively.
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Fig. 10: Optimization results of Electroconvulsive Therapy (ECT): (a) Standard RUL montage, (b)

intensity-based optimization, and (c) focality based optimization showing the resulting electric field in

the brain and the optimized electrode locations.
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750 11. Tables

751 Table 1: Tissue types and associated electrical conductivities of the headmodel.

Tissue type Electrical conductivity in S/m | Reference
White matter 0.126 Wagner et al., 2004
Gray matter 0.275 Wagner et al., 2004
Cerebrospinal fluid 1.654 Wagner et al., 2004
Compact bone 0.008 Opitz et al., 2015
Spongy bone 0.025 Opitz et al., 2015
Eyes 0.500 Opitz et al., 2015
Blood 0.600 Gabriel et al., 2009
Muscle 0.160 Gabriel et al., 2009
Skin 0.465 Wagner et al., 2004
Residual tumor 0.24 Korshoej et al., 2017;
Korshoej et al., 2018
Resection cavity 1.654 Korshoej et al., 2017,
Korshoej et al., 2018
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Table 2: Summary results for conventional TES. Upper part: Comparison between the results for the
different current correction methods to the reference simulations over 200 repetitions. Average
correlation coefficients of the electric field and the respective goal functions values for intensity (INT)
and focality (FOC) optimization are provided. Lower part: Assessment of the efficiency of optimization
procedure. Ny, and Ng;,,, denote the number of electrode placement tests and actual electric field
simulations, respectively, averaged over 30 repeated optimization runs. The total computation time
of the optimization runs are given in the last two rows. The standard deviations are given in brackets.

No correction Node-wise
Correlation E-field 0.98049 (0.01238) | 0.98785 (0.00934)
Correlation Obj.-Fun. (INT) 0.97763 0.99705
Correlation Obj.-Fun. (FOC) 0.95265 0.98808
TES Nyoer (INT) 263 (72) 473 (70)
Ngim (INT) 321 (69) 317 (60)
N¢osr (FOC) 1196 (322) 621 (131)
Ngim(FOC) 518 (120) 389 (86)
Opt. time in sec (INT) 452 (97) 14159 (2680)
Opt. time in sec (FOC) 619 (143) 17136 (3788)
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761 Table 3: Summary results for focal 4x1 TES. Upper part: Comparison between the results for the
762  different current correction methods to the reference simulations over 200 repetitions. Average
763  correlation coefficients of the electric field and the respective goal functions values for intensity (INT)
764  and focality (FOC) optimization are provided. Lower part: Assessment of the efficiency of optimization
765  procedure. Nygg: and Ng;,,, denote the number of electrode placement tests and actual electric field
766 simulations, respectively, averaged over 30 repeated optimization runs. The total computation time
767  of the optimization runs are given in the last two rows. The standard deviations are given in brackets.
No correction Electrode-wise Node-wise
Correlation E-field 0.99789 (0.00177) | 0.99848 (0.00159) | 0.99860 (0.00160)
Correlation Obj.-Fun. (INT) 0.99783 0.99804 0.99893
Correlation Obj.-Fun. (FOC) 0.99096 0.99142 0.98926
4x1 TES
Niest (INT) 384 (103) 357 (77) 345 (80)
i{: Ngpp (INT) 261 (46) 245 (52) 236 (55)
T N, st (FOC) 341 (65) 364 (66) 357 (88)
Ng;m (FOC) 232 (50) 239 (48) 233 (58)
Opt. time in sec (INT) 122 (21) 453 (96) 3490 (813)
Opt. time in sec (FOC) 332 (71) 448 (90) 3435 (855)
768
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Table 4: Summary results for TIS. Upper part: Comparison between the results for the different
current correction methods to the reference simulations over 200 repetitions. Average correlation
coefficients of the electric field and the respective goal functions values for intensity (INT) and focality

(FOC) optimization are provided. Lower part: Assessment of the efficiency of optimization procedure.
Niest and Ng;p,, denote the number of electrode placement tests and actual electric field simulations,
respectively, averaged over 30 repeated optimization runs. The total computation time of the
optimization runs are given in the last two rows. The standard deviations are given in brackets.
No correction Node-wise
Correlation E-field 0.99825 (0.00286) | 0.99834 (0.00287)
Correlation Obj.-Fun. (INT) 0.99634 0.99640
Correlation Obj.-Fun. (FOC) 0.98984 0.98738
TLS Niest (INT) 1536 (503) 1601 (399)
g 7 Ngip (INT) 600 (160) 613 (121)
Niese (FOC) 1435 (333) 1453 (377)
Ngim (FOC) 700 (135) 702 (162)
Opt. time in sec (INT) 927 (247) 8263 (1631)
Opt. time in sec (FOC) 1118 (215) 16669 (3846)
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777 Table 5: Summary results for TTFields. Upper part: Comparison between the results for the different
778 current correction methods to the reference simulations over 200 repetitions. Average correlation
779 coefficients of the electric field and the respective goal functions values for intensity (INT) and focality
780 (FOC) optimization are provided. Lower part: Assessment of the efficiency of optimization procedure.
781  Ni.s and Ng;,,, denote the number of electrode placement tests and actual electric field simulations,
782  respectively, averaged over 30 repeated optimization runs. The total computation time of the

783  optimization runs are given in the last two rows. The standard deviations are given in brackets.
No correction Electrode-wise Node-wise

Correlation E-field 0.99148 (0.00318) | 0.99768 (0.00089) | 0.99840 (0.00080)
Correlation Obj.-Fun. (INT) 0.98647 0.99738 0.99815
Correlation Obj.-Fun. (FOC) 0.98964 0.99473 0.99451
TTField
elds Nyer (INT) 4321 (1451) 3765 (1187) 4025 (1559)
e @:&;\ Ng;m (INT) 926 (161) 892 (174) 882 (178)
“w
N5t (FOC) 6208 (3382) 4921 (1852) 4658 (1096)
Ngim (FOC) 1286 (332) 1296 (419) 1131 (221)
Opt. time in sec (INT) 3419 (594) 13912 (2713) 95688 (19311)
Opt. time in sec (FOC) 4969 (1282) 16462 (5320) 128706 (25149)
784
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