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ARTICLE INFO ABSTRACT

Keywords: Focal transcranial direct current stimulation (tDCS) using center-surround electrode montages enables region-
Non-invasive brain stimulation specific cortical targeting, and holds promise for both cognitive neuroscience and clinical interventions. How-
ever, systematic examinations of dose-response relationships and their regional differences are lacking,
hampering informed selections of suited stimulation parameters.

In this preparatory methodological study, we present a modeling-based framework to support harmonized
empirical dose-response studies of focal tDCS across different target areas. It covers three steps: Determining the
approximate electric field strength that had led to behavioral and physiological effects in related prior tDCS
studies. In our case, this led to a field strength of 0.2 V/m on average across magnetic resonance images (MRIs)
from 43 participants and eight target areas related to different cognitive and motor functions. Second, optimizing
the radii of center-surround montages for each target area to - on average across participants - achieve the
intended field strength while maximizing focality. An additional test of cross-sample generalization in an in-
dependent sample confirms that the intended target field strength is achieved on average for new participants.
Third, the pre-determined montage radii and a method for the individualized positioning of the center-surround
electrode montages are provided for prospective planning in empirical dose-response studies.

By harmonizing the electric field strength between different target regions at the group level, but preserving
inter-individual variability, our framework will enable systematic analyses to relate the field strength to
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behavioral and neuroimaging outcomes, and to assess differences of these relations across regions. The described
computational tools are open-source, allowing other researchers to tailor our framework to their specific research
questions; and are currently used in a multi-center study involving approximately 1000 datasets.

1. Introduction

Transcranial direct current stimulation (tDCS) can modulate neural
excitability and plasticity in target brain regions associated with specific
cognitive, motor, or perceptual processes (Polania et al., 2018).
Considerable inter-individual variability in tDCS outcomes underscores
the need to understand the factors driving these differences. Computa-
tional modeling suggests that individual differences in head and brain
anatomy strongly influence how much current reaches the target region
(e.g., Datta et al., 2009; Thielscher et al., 2015), resulting in substantial
interindividual variability in the cortical dose. However, only few
studies have investigated potential associations between the individu-
ally induced electric field strength and the corresponding modulation of
brain activity, connectivity and behavior (Antonenko et al., 2017;
Indahlastari et al., 2021; Jamil et al., 2020; Kim et al., 2014), with in
part inconsistent results (Albizu et al., 2020; Antonenko et al., 2019; Liu
et al., 2022; Mezger et al., 2021; Mosayebi-Samani et al., 2021; Muffel
et al., 2019; Nandi et al., 2022). Thus, the relationship between electric
field dose of tDCS and behavioral and neurophysiological outcomes, and
the factors influencing this relationship (such as age or underlying brain
microstructure), remains poorly understood. It is furthermore unclear
how these relationships differ across brain regions and functional
domains.

To address these open questions, we introduce a modeling-based
framework to support harmonized empirical dose-response studies of
tDCS across different target areas and functional domains. The frame-
work preserves interindividual dose differences arising from anatomical
variability within each target area, while harmonizing the group-average
electric field dose across targets. This enables systematic tests of dose-
response relationships and supports their comparison across areas and
domains. We opted for focal tDCS center-surround montages, which
allow region-specific targeting and minimize the unintended co-
stimulation of surrounding areas (Alam et al., 2016; Kuo et al., 2013;
Niemann, Shahbabaie, et al., 2024). Compared to conventional tDCS,
focal tDCS montages may be better suited to investigate region-specific
dose-response relationships, facilitating the distinction between local
and remote network effects. To ensure comparable side effects across
target regions, injected currents intensities were kept identical across
montages. Harmonization of the group-average field dose was achieved
by adjusting the center-surround electrode distances. These design
constrains ruled out existing multi-electrode optimization approaches
(Dmochowski et al., 2011; Radecke et al., 2020; Saturnino et al., 2020;
Saturnino, Siebner, et al., 2019).

Our modeling-based framework consists of two main steps: First, for
each functional domain of interest, we identified target areas and prior
empirical studies reporting beneficial behavioral effects. We then
simulated the electric fields of their electrode montages using magnetic
resonance imaging (MRI) data from a group of participants (Sample 1).
Averaging field magnitudes across participants and target areas yielded
an empirically grounded target value of the electric field magnitude for
subsequent montage optimization. This first step is needed because
there is currently no general consensus regarding the minimal current
intensity threshold required for physiological modulation and no
knowledge about the potential optimization criteria for effective de-
livery (Fertonani and Miniussi, 2017; Lee et al., 2021). Second, we
systematically varied the center-surround radii for each target region
separately to identify the radius that achieved the intended target field
magnitude on group-average in Sample 1. To ensure good spatial tar-
geting and minimize unwanted co-stimulation, the center electrodes
were thereby individually placed at skin positions with minimal

Euclidean distance to the centers of the target regions. The selected radii
were validated in an independent cohort (Sample 2) to confirm their
generalizability to new participant groups, a critical requirement for
their use in prospective planning. An additional control experiment
confirmed that placement of the center electrode using the minimal
Euclidean distance performed comparably to a more principled posi-
tioning approach that optimizes the electric resistance between the
center electrode and the target region.

The determined region-specific radii and the individualized posi-
tioning method are currently used for the prospective planning in an
ongoing multi-center study. However, the strategy is generic and the
related code is available as open-source (https://github.com/simnibs
/memoslap_utils), enabling adaptation to other target areas and stimu-
lation parameters.

2. Methods

In the following, the initial Sections 2.1-2.5 provide general meth-
odological details about the study populations, MR parameters and
electric field simulations. Section 2.6 describes details for the first and
second step of the framework, and Section 2.7 covers the third and
fourth step. Section 2.8 describes the statistical analyses. Our modeling-
based framework is illustrated in Fig. 1.

2.1. Participants

Structural brain images of 43 healthy adult participants (Sample 1,
23 females, age range: 20-47 years, mean/SD education: 16.6/2.1, all
right-handed) were acquired to test our approach. To ensure reproduc-
ibility of estimated field magnitudes and focalities, we added a re-test
dataset of 53 participants (Sample 2, 26 females, age range: 19-42
years, mean/SD education: 15.8/2.5, all right-handed). MR images of
Sample 1 participants were acquired in the context of a study examining
electrophysiological memory correlates and modulation. MR images of
Sample 2 participants were acquired in the context of the multi-center
project for which we aimed to develop the method. Exclusion criteria
for participation in both studies were a history of neurological or psy-
chiatric diseases, metal or electronic implants (e.g., pacemakers, surgi-
cal devices), and pregnancy. The studies were approved by the ethics
committee of the Greifswald University Medicine and conducted in
accordance with the Helsinki Declaration (Sample 1: BB 021/19; Sample
2: BB 015/22,016/22, 017/22). Written informed consent was obtained
from all participants prior to participation.

2.2. Magnetic resonance imaging

Sample 1 data were acquired on a 3T Siemens Verio equipped with a
32-channel head coil (Institute of Radiology, University Medicine
Greifswald, Germany). High-resolution T1-weighted (1 x 1 x 1 mm?, TR
= 2300 ms, TE = 2.96 ms, TI = 900 ms, flip angle = 9°; using selective
water excitation for fat suppression) and T2-weighted images (1 x 1 x 1
mm?3, TR = 12,770 ms, TE = 86 ms, flip angle = 111°) were recorded.
Sample 2 data were acquired on a 3T Siemens Vida using a 64-channel
head coil, high-resolution T1- (0.9 x 0.9 x 0.9 mm?, TR = 2700 ms, TE =
3.7 ms, TI = 1090 ms, flip angle = 9°; using selective water excitation for
fat suppression) and T2-weighted images (0.9 x 0.9 x 0.9 mm?®, TR =
2500 ms, TE = 349 ms) were recorded.
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2.3. Head segmentation

Tissue segmentation of the head and brain from T1- and T2-weighted
images was performed using charm from SimNIBS version 4.0 (simnibs.
org) (Puonti et al., 2020; Thielscher et al., 2011). The generated indi-
vidual tetrahedral head meshes including representations of the scalp,
skull, spongy bone, compact bone, cerebrospinal fluid (CSF), gray
matter, white matter, large blood vessels and eyes.

All electric field simulation results were interpolated onto the indi-
vidual middle gray matter surfaces suited centrally between the pial and
white matter surfaces for further analyses. The middle gray matter
surfaces are automatically created by SimNIBS charm during head seg-
mentation using embedded CAT12 (Gaser et al., 2024) functionality. In
addition, to enable a consistent surface-based analysis approach also for
target regions in the cerebellum, a surface that approximates the middle
of the cerebellar gray matter was reconstructed from the volume seg-
mentation results obtained by charm. This was done by assigning
different isopotential values (0.0 and 1.0) to the boundaries between the
segmented cerebellar gray matter and CSF, as well as between cerebellar
gray and white matter. The Laplace equation was then solved to deter-
mine the isopotential surface for 0.5, indicating the middle positions
between the two boundaries. Owing the limited image resolution of
clinical structural MR images, the fine cortical folding structure of the
cerebellum is not resolved in the volume segmentation and also not
present in the reconstructed middle surfaces. The electric field estimates
in the cerebellum thus only capture the impact of the gross cerebellar
anatomy on the induced field. Individual datasets were visually
inspected in order to assure accurate head reconstructions (Nielsen
et al., 2018). All data were deemed appropriate.

2.4. Mapping of target regions-of-interest into subject space

All target regions-of-interest (ROI) were defined in group spaces
(fsaverage or MNI). Group-level ROIs of the left and right hemispheres of
the cerebrum were defined on fsaverage space, to leverage the higher
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transforming ROIs to the individual brain (Duecker et al., 2014). We also
defined a cerebellar ROI, for which we used the MNI space. For each
participant, the group-level ROIs of the left and right hemispheres of the
cerebrum were mapped to the individual middle gray matter surfaces,
applying the surface-based registration of CAT12 embedded in SimNIBS.
The group-level ROI in the right cerebellar lobe was non-linearly
transformed from MNI to individual space using SimNIBS functionality
and intersected with the cerebellar middle gray matter surface. The
resulting subject-specific ROIs were used to inform the subsequent field
calculations and for calculating individual ROI sizes (in [mm?]) using
SimNIBS functionality.

2.5. Calculation of tissue volumes underneath the center electrodes

In order to test the relation between the electric field in the ROIs and
individual anatomy, the volumes of CSF, skull (compact and spongy
bone combined) and scalp were extracted in cylindrical volumes of in-
terest underneath the center electrodes of the focal tDCS montages for
cortical targets. The cylinders were oriented orthogonally to the local
skin surface extracted from the tetrahedral head meshes, had radii of 20
mm and reached 40 mm into the head mesh. The tissue volumes in mm?
were calculated by summing the volumes of the tissue-specific tetra-
hedra of the head mesh inside the cylinders.

2.6. Framework steps 1 and 2: simulation of electric fields for “empirical”
electrode montages to determine the target field strength

For planning of the ongoing multi-center study, we identified eight
target regions related to our functional domains of interest (step 1: target
definition). We employed an iterative approach that considered both
anatomical landmarks, previous task-related fMRI and transcranial
direct current stimulation (tDCS) studies that have investigated the
respective cognitive or motor function that are targeted in the eight
projects (P1-8) of the multi-center study: P1, object-location learning;
P2, tacto-spatial working memory; P3, novel-word learning; P4, verbal

accuracy of surface-based compared to volume-based registrations when working memory; P5, motor sequence learning; P6, eyeblink
A Methodological framework
STEP 1 STEP 2 STEP 3 STEP 4
Target definition Target field estimation Radius optimization Cross-sample generalization
Identify target regions from Simulate EF of empirical Vary center-surround radii per target | | Validate selected radii in
prior fMRI & tDCS literature montages in Sample 1 (n=43) to achieve 0.2 V/m group average independent Sample 2 (n=53)
Target EF = 0.2 V/m v/ Generalization confirmed
B Core principle: Harmonized group-average dose with preserved inter-individual variability .
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®© ° o 0 g
." 65 mm .40 mm
—

o £o
w
o P

P2: PPC P8: DLPFC
tacto-spatial value-based
working memory learning

50.3 o
o
£0.2 ——%———g—— 0.2 V/m
@ 1
A ®
2 P8

Dose-response relationships per
target region

inter-individual
variability =~ —»
maintained

tDCS outcome

Fig. 1. Modeling-based framework for harmonized focal tDCS dose across target regions. (A) Methodological pipeline. The framework consists of four steps: (1)
identification of target regions based on prior fMRI and tDCS literature; (2) simulation of electric fields (EF) of empirical tDCS montages in an initial participant
sample (Sample 1, n = 43) to determine an empirically grounded target field strength. For the montages considered in our case, this related in of 0.2 V/m; (3)
systematic variation of center-surround radii per target region to identify the radius achieving the intended group-average field magnitude; and (4) cross-sample
generalization in an independent cohort (Sample 2, n = 53) to confirm that the selected radii achieve comparable group-average field strengths in new partici-
pants. (B) Core principle illustrated for two exemplary target regions (P2: tacto-spatial working memory; P8: value-based learning). Left: region-specific center-
surround montages with different radii (P2: 65 mm; P8: 40 mm). Center: distributions of individually simulated EF values in each target region. Despite different
montage radii, both regions achieve the same group-average field strength (0.2 V/m, dashed red line), while inter-individual variability in dose is preserved, a
prerequisite for subsequent dose-response analyses. Right: the preserved inter-individual dose variability enables future correlational analyses of dose-response
relationships per target region (hypothetical curves shown; not part of the present study).
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conditioning; P7, learning-based control; P8, value-based learning.
Atlas-based brain areas (Desikan et al., 2006) showing the highest
overlap with the regions targeted in the empirical projects were deter-
mined as regions-of-interest (ROIs): P1, right occipitotemporal cortex
(Gillis et al., 2016), P2, left superior parietal lobe (Schmidt et al., 2021;
Wang et al., 2019), P3, left inferior frontal gyrus/pars opercularis
(Filippova et al., 2022; Perceval et al., 2020; Perikova et al., 2022), P4,
left inferior frontal gyrus/pars opercularis (Emch et al., 2019; Niu et al.,
2019), P5, left primary motor/precentral cortex (Nitsche et al., 2003;
Pimentel et al., 2013), P6, right cerebellar lobe (corresponding to Crus I
and Lobule VI from the SUIT atlas (Diedrichsen and Zotow, 2015;
Zuchowski et al., 2014)), P7, right dorsolateral prefrontal/rostral middle
frontal cortex (Gbadeyan et al., 2016; Kerns et al., 2004), P8, left
dorsolateral prefrontal/rostral middle frontal cortex (Eppinger et al.,
2015; Nikolin et al., 2018). The resultant group-level ROIs were created
by overlapping the atlas regions with spheres of 20-mm radius around
the center of gravities of fMRI activity (except for P6 where the
atlas-based ROI was used given its specific parcellation) to achieve more
regional precision and corresponded to parts of the gyrus relevant for
the respective cognitive/motor function.

Stimulation parameters were defined in SimNIBS corresponding to
the actual setups in previous studies targeting the respective functional
domains (Supplementary Figure 1 for illustration of electrode positions
and Supplementary Table 1 for project and task details and Supple-
mentary Table 2 for stimulation parameters). The standard tissue con-
ductivity values of SimNIBS were used for the simulations. Median
electric field strength (in V/m), averaged within the target ROI and field
focality (quantified as area of field values above the median) were
extracted from individual grey matter central surface outputs (step 2:
target field estimation). Field strength (i.e., the vector norm of the
electric field in V/m) within the ROIs was defined as target variable due
to its independence from direction of the field and based on previous
evidence for associations with anatomical features and empirical effects
(Saturnino, Puonti, et al., 2019). The median field strength across all
ROIs was used as target field strength for the subsequent optimization of
the focal montages.

2.7. Framework steps 3 and 4: optimization of the focal tDCS montages

The optimization was performed for focal tDCS montages consisting
of three surround electrodes distributed at equal angles around the
center electrode. The present approach was developed specifically for
focal tDCS using small electrodes in an Nx1 center-surround configu-
ration, as our aim was to achieve spatially targeted (i.e., focal) stimu-
lation of well-defined cortical regions, while maintaining practical
feasibility using a low number of electrodes. All electrodes were simu-
lated round with 2 cm diameter, and a current of 2 mA was injected in
the center electrode that acted as anode.

The optimization consisted of two parts: First, placing the center
electrode above the ROI center to optimize the focality-intensity trade-
off of the induced electric fields. This step was individualized to ensure
that the induced fields are robustly centered on the individual ROIs.
Second, reducing the radius of the montage as much as possible to
minimize the co-stimulation of other areas while ensuring the desired
field strength in the target. Of note, optimization of the radii in the
second step was done on the group level, with the aim to achieve the
same field strength in the different target regions on average across
participants while preserving inter-individual variability. Correspond-
ingly, in the latter empirical applications, only the montage positions
but not the radii will be personalized.

We developed and compared two algorithms to position the elec-
trode montage above a target ROI One algorithm (termed "Euclidean
optimization") minimizes the Euclidean distance of the center position
on the scalp surface to the ROI centers. However, considering the
complex head anatomy, the smallest Euclidean distance might not
correspond to the scalp position that is electrically “best” connected to
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the ROL Thus, the other algorithm (“resistivity optimization™) instead
solves a Laplace equation using the finite element method (FEM) of
SimNIBS, where the cortical ROI and the remaining cortex surface are
set to different isopotential values (1.0 and 0.0). This choice corresponds
to weighting all parts of the ROI equally as target and treating the rest of
the brain surface homogeneously as avoidance region, which is the
standard choice in “classical” optimization algorithms for multi-channel
stimulation for optimizing focality (Dmochowski et al., 2017; Saturnino,
Siebner, et al., 2019). The scalp position with the highest potential value
is then chosen as center position. This ensures that the electric resistance
between the center electrode and the ROI is chosen as small as possible
relative to the resistance between the center electrode and the rest of the
cortex. Both algorithms performed very similarly (see Results), con-
firming the suitability of algorithm 1 that was finally chosen as it was
computationally more efficient and faster in practice. See also Supple-
mentary Material B for further analyses to evaluate the performance of
our approach.

For optimizing the montage radii (step 3: radius optimization), they
were varied from 40 to 75 mm and simulated for each subject of sample
1 in 5 mm steps. For each ROI, the minimal center-surround radius was
selected which ensured that the desired target field strength was on
average reached while keeping the field as focal as possible. Finally,
simulations with the selected radii were repeated in Sample 2 to validate
that the intended target field strength was reached on group average
also in an independent sample (step 4: cross-sample generalization).

We chose three instead of four surround electrodes due to practical
feasibility. Note, however, that using more than three surround elec-
trodes does not markedly change the field (Videira et al., 2022). We
replicated this previous result in our analyses, showing nearly identical
field magnitudes and focality in 4 x 1 and 3 x 1 montages (see Sup-
plementary Figure 2 for an illustration of magnitude comparability).
Orientation was varied for different angles (between 0 and 105° in
15°-steps). As the orientation of the cathodes did not systematically
impact electric field magnitudes on the group level (Supplementary
Figure 3), we selected a practically feasible phi-offset for each project
(for instance, not covering the ears or eyes).

2.8. Statistical analyses

R was used for statistical analyses (R Core Team, 2020).
Center-surround radii were determined on Sample 1 data while all
further statistical comparisons were calculated on Sample 2 data. For
each dependent variable, we conducted Cohen’s d to quantify the effect
size of pairwise comparisons between projects, based on a linear mixed
model approach. Cohen's d is a standardized metric that expresses the
magnitude of the difference between two groups, accounting for the
variability within each group. To calculate Cohen's d for each pairwise
project comparison, we first estimated the model based marginal mean
difference between the groups and then divided it by the pooled stan-
dard deviation of the measurements. This method allowed us to assess
the observed differences between project performances, considering
both the effect size and the variability inherent in the data in a stan-
dardized way. Linear mixed model analyses (random intercept models)
were calculated for each dependent variable (magnitude or focality).
Independent variables were the project (project 1 to 8), algorithm (1 or
2), age, and sex, with an interaction term between project and algorithm
included to assess potential variations in the effect of algorithm across
different projects. A random intercept term was included to account for
the repeated measurements or nested structure of the data, where a
subject represents the individual units of observation. To further
investigate pairwise comparisons of project variances, we calculated the
log-transformed coefficient of variation ratio (CVR) for each pair of
projects. CVR was computed as the ratio of the coefficient of variation
(CV) of the magnitude and focality between two projects.
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3. Results “empirical montages”. We observed high variability of the average
median electric field strength in the target ROIs across participants, with
3.1. Target regions arange from 0.06 to 0.39 V/m across electrode montages (median (IQR)

P1: 0.14 (0.03), P2: 0.28 (0.03), P3: 0.13 (0.02), P4: 0.25 (0.04), P5:
The target regions for the eight projects of the multi-center study 0.31 (0.05), P6: 0.21 (0.04), P7: 0.11 (0.03), P8: 0.14 (0.05); Supple-

were delineated based on anatomical information as well as functional mentary Figure 5A) with large differences between projects (Supple-
magnetic resonance imaging (fMRI) and tDCS studies, and are illustrated mentary Figure 5B). The overall average across projects was 0.20 V/m.
in Fig. 2A. We observed interindividual variability as well as differences Focality values ranged between 0.10 to 9.96 dm? (median (IQR) P1:

between projects in ROI sizes with low values in project 1 (Cohen’s 2.29 (1.99), P2: 3.31 (1.19), P3: 0.65 (0.13), P4: 2.80 (0.70), P5: 1.91
d between 0.71 and 2.36; compared with projects 2, 3, 4, 5, 7, 8) and (0.77), P6: 0.48 (0.41), P7: 0.27 (0.10), P8: 0.19 (0.09); Supplementary
project 6 (Cohen’s d between 1.01 and 2.6; compared with projects 2, 3, Figure 5C) with likewise large differences between projects (Supple-
4,5, 7, 8) and high values for project 2 (Cohen’s d between 0.86 and 2.6; mentary Figure 5D).

compared with projects 1, 4, 5, 6, 7, 8) and high values in project 3 Based on these simulations, we defined a field strength of 0.2 V/m as
(Cohen’s d between 0.72 and 1.58; compared with projects 1, 2, 5, 6; the “target field strength” to be reached over the study sample on
Supplementary Figure 4). average for each of the projects. Note, that this threshold resulted from

averaging field magnitudes in all positions within the target region,
which is lower than the peak dose. As substantial parts within the target
areas exceed the threshold of 0.2 V/m, we additionally computed the
95th percentile in the target regions (Mirjalili et al., 2025). The results

3.2. Target field strength

Using data of Sample 1, we simulated the field distribution for eight
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Fig. 2. (A) Target regions for individual projects of the research unit “MeMoSLAP” (eight projects P1-8: P1, object-location learning; P2, tacto-spatial working
memory; P3, novel-word learning; P4, verbal working memory; P5, motor sequence learning; P6, eyeblink conditioning; P7, learning-based control; P8, value-based
learning) illustrated for one subject from the sample. (B) Variation of distance between center anode and the three surround cathodes (Sample 1, n = 43). The dashed
line represents the average electric field strength (0.2 V/m) that resulted from preparatory computational modeling analyses of “empirical” montages yielding
beneficial tDCS effects. (C) Resultant electrode positions of the 3 x 1 focal tDCS set-ups for focal tDCS in P1-8 with matched average electric field magnitudes in
target regions for the “Euclidean” algorithm. Note: while positions for the anodes were optimized for individual subjects, residual variability within studies will allow
for testing cortical dose-relationships. (D) Sample e-field distributions for the given 3 x 1 set-ups. (E) Average electric field magnitude induced in target ROIs in 53
participants (Sample 2) with the resultant set-up for P1-8 (radii of Euclidean/resistivity algorithms in brackets). (F) Pairwise comparison of electric field magnitude
between projects (Cohen’s d; n = 53 subjects, number of obs: 848). (G) Focality of tDCS induced in target ROIs in 53 participants with the resultant set-up for P1-8.
(H) Pairwise comparison of electric field focality between projects (Cohen’s d; n = 53 subjects, number of obs: 848). rOTC, right occipitotemporal cortex. IPPC, left
posterior parietal cortex. 1TP, left temporoparietal. 1IFG, left inferior frontal gyrus. IM1, left motor cortex. rCB, right cerebellum. rDLPFC/IDLPFC, right/left
dorsolateral prefrontal cortex.
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(Supplementary Figure 6) are in line with previously reported “effective
doses” of 0.3 V/m (SD 0.11 V/m) for tACS (Alekseichuk et al., 2022) and
for distinguishing responders from non-responders to tDCS (Mirjalili
et al., 2025).

Further sensitivity analyses revealed: For a lower target field
strength of 0.15 V/m, reducing the current intensity to 1.5 mA results in
field strength-radius curves that are proportionally rescaled relative to
the “0.2 V/m & 2 mA” set-up, with the optimized radii remaining un-
changed. This is because the relationship between field strength and
radius scales linearly with current intensity, such that the same montage
geometry achieves the lower target value at the reduced intensity. For a
higher target field strength of 0.3 V/m, we increased the current in-
tensity to 2.5 mA, a value that remains within accepted safety and
comfort limits for focal tDCS, and rescaled the individual field strength-
radius curves accordingly by a factor of 2.5/2 = 1.25. The optimized
radii required to achieve 0.3 V/m at 2.5 mA were determined from the
rescaled curves (Supplementary Figure 7). This analysis demonstrates
that the proposed framework generalizes across a practically relevant
range of target field strengths, provided that current intensity is adjusted
proportionally. It also illustrates that selecting a too high target field
strength at fixed current intensity would push the optimized radii to-
ward the maximum feasible value, reducing focality, an important
practical constraint that supports the choice of 0.2 V/m at 2 mA as the
primary scenario in the present study.

3.3. Group-level optimization of center-surround radii for focal brain
stimulation

Using simulations in Sample 1, the center-surround radii required for
a median target field strength of 0.20 V/m were determined for each
RO, resulting in radii from 40 mm to 65 mm depending on the ROI. For
confirmation, Fig. 2B shows the electric field magnitudes (averaged
within the ROIs) of Sample 2 in dependence on the radii, demonstrating
the determined radii achieve the intended target field strength also in an
independent sample. Fig. 2C shows the electrode placements on a
sample head, and Fig. 2D the related sample field distributions. Please
note that the median field strength of P1 stayed higher than the desired
target field strength even for the smallest radius of 40 mm. We did not
reduce the radius further in order to maintain practical feasibility and
prevent unintended shunting by electrode gel bridges.

The two algorithms for placing the center electrodes resulted in
almost identical field magnitude estimations, warranting the “Euclidean
optimization” as valid.

3.3.1. Magnitude

Individual electric field magnitudes within the target regions were
all distributed around the target field strength of 0.2 V/m, except the
occipitotemporal cortex (P1) where the group-based average lay above
this threshold. Accordingly, a statistical comparison of electric field
magnitudes revealed differences between projects with higher values for
P1 compared to the others (all Cohen’s d > 0.77, for all other pairwise
comparisons Cohen’s d < 0.24; Fig. 2E, Fig. 2F). Although ROI sizes
were not associated with electric field magnitudes (overall r = 0.25,p =
0.797) or focality from the focal tDCS simulation (overall r = 0.172, all p
= 0.862), this and the following group-level analyses were adjusted for
ROI sized to account for differences.

Coefficient of variation (CV) of electric field magnitudes, which
quantifies their spread relative to their mean and thus represents inter-
individual variability, showed higher variability in P6 and lower vari-
ability in P1 compared to the other projects (Supplementary Figure 8A).

3.3.2. Focality

Focality of the induced electric fields differed between projects with
substantially higher focality (corresponding to lower values) in P1
(range of Cohen’s d: 1.00-1.49; compared with P2, P3, P4, P5, and P6),
P7 (range of Cohen’s d: 0.75-0.98; compared with P2, P3, P4, and P5)
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and P8 (range of Cohen’s d: 0.66-1.33; compared with P2, P3, P4, P5,
P6; Fig. 2G, Fig. 2H). Coefficient of variation of electric field focality
showed some differences between projects (Supplementary Figure 8B).

3.3.3. Relation between field magnitude and local anatomy

To explore how potential head and brain anatomical differences
between the target regions can affect electric fields, we compared
different tissue volumes (i.e., skin, skull, CSF) below the center elec-
trodes. Volumes differed between cortical targets for skin (Cohen’s d’s
between 0.01 and 2.31) and skull (Cohen’s d between 0.01 and 2.20).
These analyses revealed that mainly CSF volumes were lower for the
occipitotemporal cortex (target in P1) compared to the other target re-
gions (Cohen’s d: 0.91-3.13), confirming that anatomical factors that
differ systematically may indeed affect the comparability between re-
gions (Supplementary Figure 9). Larger CSF volume was associated with
lower electric field magnitudes at target areas (r;, = —0.72, p < 0.001;
Supplementary Figure 10) and explained 70 % of their variance
(adjusted for skin and skull volume).

4. Discussion

The current study presents the methodological development of a
positioning planning approach for focal tDCS that harmonizes the
stimulation dose across target sites using electric field simulations. This
includes the estimation of an “effective” dose from previous studies,
algorithm development for electrode positioning, determination of
optimal region-specific center-surround radii of the focal montages, and
validation in an independent sample. Our work presents a preparatory
study to allow prospective region-specific positioning of electrodes in
studies investigating the relationship between electric field dose and the
resulting activity and performance modulation.

The present study demonstrates the cross-sample generalization and
feasibility of the planning approach. By cross-sample generalization, we
refer to the demonstration that the target field strength is expected to be
achieved as a group average when applied in new participants, as sup-
ported by the cross-sample generalization results. By feasibility, we refer
to the finding that adapting the montage radii while keeping all other
stimulation parameters identical is sufficient to equalize the mean dose
across different target regions. In addition, we demonstrate that the
individualized electrode placement approach ensures focused stimula-
tion of the intended target regions at the individual level.

The present study does not provide experimental confirmation of the
behavioral effectiveness of the proposed montages, nor does it establish
whether the selected field strength is optimal for inducing behavioral
effects in each target region. Whether the harmonized dosing approach
translates into more consistent behavioral outcomes across target re-
gions, and whether meaningful dose-response relationships can be
detected using this framework, remains to be demonstrated in empirical
work. These questions are directly addressed by our ongoing multi-
center study, which will provide experimental validation.

Our open-source tools (https://github.com/simnibs/memoslap_utils
) allow researchers to easily tailor montages to their intended target
regions and target field strength.

4.1. Target field strength

Currently, there are no established, evidence-based, region-specific
electric field thresholds for different brain areas. No general consensus
exists regarding the minimal current intensity threshold required for
physiological modulation which may even differ between individuals
(Fertonani and Miniussi, 2017; Van Hoornweder et al., 2025). Studies
have shown that higher electric fields (e.g., 0.25 V/m in left DLPFC) can
produce stronger working memory improvements for tDCS (Caulfield
et al., 2022). Some studies have reported thresholds around 0.2 to 0.3
V/m for distinguishing tDCS responders from non-responders (Mirjalili
et al., 2025). Similar field strength thresholds have been reported by
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Alekseichuk et al. (2022) for inducing effects in awake/behaving
mammals by tACS (mean + SD across five studies: 0.23 + 0.10 V/m).
Together, previous evidence supports that our target of 0.2 V/m is
within a physiologically relevant range (Mirjalili et al., 2025; Van
Hoornweder et al., 2025). However, optimal thresholds for specific
human brain regions remain undetermined.

Our approach used a uniform average “effective” target field strength
across all target regions. We followed the rationale that real tDCS
applied in previous studies, yielding beneficial effects for 1-2 mA, would
inform the selection of an average electric field magnitude needed to be
achieved. This is a pragmatic, evidence-based starting point that ac-
counts for interregional differences in head and brain anatomy that
systematically affect the induced field. However, several local factors
including cortical network organization and neuron properties including
cytoarchitecture are likely to affect the physiological response thresh-
olds. Thus, by harmonizing the group-average field strength across
target regions while keeping the interindividual variability of the field
strength, our goal here was to provide the methodological basis for
systematic comparisons of dose-response relationships across brain
areas and related cognitive and motor domains. This systematic evalu-
ation and comparison of minimal effective doses across regions is
possible as our approach results in different electric field strengths in
each participant depending on head and brain anatomy.

Importantly, the provided open-source code allows adaptation of the
“desired” region-specific field strength. Our dedicated aim was to ensure
that the montages induce similar, behaviorally effective electric field
ranges in different target regions while being as focal as possible.

4.2. Precision stimulation

A reliable method for prospective planning of focal tDCS application
considering optimized individual spatial targeting is currently not
available. Electrode placements in focal tDCS most often rely on the
10-20 electroencephalographic system. Due to interindividual
anatomical differences, this approach may result in inaccurate electrode
positioning in individual participants, thereby introducing variable
electric fields in the target region (Huang et al., 2017; Niemann, Rie-
mann, et al., 2024; Opitz et al., 2018; Woods et al., 2015). Our approach
ensures that the focal tDCS montages are accurately centered above the
target regions, with neuronavigation being used to ensure that the
planned electrode positions are reliable reached in practice (Niemann,
Shahbabaie, et al., 2024). In addition, our approach allows validating
electrode placement based on a simple minimization of the Euclidean
distance to the brain target, using a more principled approach that ac-
counts for the impact of the different tissue conductance on the current
pathways in the head.

We propose that the selected target areas for focal tDCS serve as key
nodes within the functional networks supporting the respective cogni-
tive and motor domains. In this framework, focal tDCS applied during
task performance is expected to modulate activity preferentially in re-
gions that are engaged by the task, thereby indirectly influencing the
broader network through activity-selective stimulation effects (Meinzer
etal., 2024). Our rationale for using focal montages is that this approach
enables a clearer distinction between direct and indirect stimulation
effects and facilitates systematic investigation of dose-response
relationships.

While extending the approach to conventional large pad electrodes
was beyond the scope of the present work, the underlying principle is
transferable in theory. The core idea, i.e., modulating field strength in
the target region by adjusting inter-electrode distance, should generalize
to conventional pad electrode configurations. Such an extension would
require the user to specify, for each target region, a displacement axis
along which one or both pad electrodes are shifted, analogous to the
variation of center-surround radii in the present approach.
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4.3. Limitations

Our work should not be interpreted without acknowledging its lim-
itations. We here want to point out potentially varying distributions
across anatomical positions and cohorts:

For the P1 montage, the average target field strength remained above
0.2 V/m even at the lowest practically feasible center-surround radius of
40 mm. Control analyses quantifying the volumes of scalp, skull, and
CSF underneath the electrodes demonstrated that local anatomical fac-
tors differed systematically between the target positions. Mainly CSF
volume, which was substantially lower above the occipitotemporal
cortex. These differences may limit the effectiveness of our strategy,
which aims to homogenize the induced field strengths across positions
by solely adjusting the center-surround radii. However, we chose not to
reduce the radius below 40 mm to maintain practical feasibility and
avoid shunting between electrodes. This could also impact dose-
response relationships, making it more challenging to compare P1
with the other projects. Although the mean field strength in the occi-
pitotemporal cortex exceeds the intended target value, the distribution
of individual field strengths still overlaps with those of the other target
regions. While reducing the applied current intensity would have been a
straightforward solution to lower the target field strength, we here opted
against it to maintain a consistent current intensity across all projects,
also aiming to keep the sensory side effects similar. Further, modeling of
the detailed folding structure within the cerebellar ROI (P6) was lacking.
The reconstructed surface is placed at half of the depth of the cerebellar
gray matter in order to ensure that the average field strength in the ROI
is close to the average field strength in the true, highly folded gray
matter. However, as the area of the cerebellar gray matter is strongly
underestimated by the surface, the reported focality values for the
cerebellar ROI are too small.

As our study was part of preparatory work for a multi-center study,
we selected the age range of participants based on its aims (https://osf.
i0/t37u2), ensuring that the determined montage radii are applicable to
that target population. We expect our approach to be robust within the
relatively narrow age range tested here, given that pronounced struc-
tural changes are more characteristic of older age groups (Hedden and
Gabrieli, 2004). The results of the cross-sample generalization step
support this rationale: highly comparable group-average target field
strengths were achieved across both cohorts despite differences in
sample composition, suggesting that the approach will generalize to the
multi-center study sample as well. This will allow investigating age ef-
fects on stimulation outcomes, but may limit conclusions outside this
age range. Importantly, our tool can be applied for other age groups as
well. Both cohorts tested here consisted exclusively of healthy partici-
pants, in line with the goal of the ongoing multi-center study. The
models therefore do not account for lesioned or anatomically atypical
brains.

4.4. Conclusions

We developed a strategy for estimating an effective electric field
strength based on previous functional imaging and behavioral studies
comparing real and sham tDCS. We used the results to inform an
approach that ensures accurate spatial targeting of focal brain stimula-
tion and enables the harmonization of the induced electric field strength
across different target regions. Here, we provide a methodological
framework to allow prospective planning of region-specific tDCS
application and enable systematic assessments of interindividual and
interregional differences in tDCS dose-response profiles. Whether it
proves behaviorally effective requires future studies and is currently
being investigated in a multicenter study.

In the future, our approach could be complemented by electric-field-
based meta-analytic methods (Wischnewski et al., 2021) to more
rigorously confirm that stimulation of the selected target areas
contributed substantially to the observed behavioral effects. Notably,
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our target region for verbal working memory is consistent with the area
identified by that meta-analytic approach for working memory, lending
additional support to our target selection.
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