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Introduction: Transcranial direct current stimulation (tDCS) is tested as tool for post-stroke rehabilitation in
aphasia, and individualized simulations of tDCS-induced electric fields (E-fields) can guide its application.
However, the accuracy of simulations is challenged by complex and variable tissue properties of stroke lesions.
Here, we assessed the impact of stroke lesions on tDCS-induced E-fields realistically in terms of lesion size, shape,
and conductivity.

Methods: Structural and diffusion MRI datasets of stroke patients with aphasia (n = 13, six females, age = 38-70
years) and age-matched healthy controls (n = 13, eight females, age = 24-76 years) from a previous study were
analyzed. Simulated E-fields were first compared between healthy head models with and without artificial le-
sions homogenously filled with cerebrospinal fluid. Then, the effects of lesion heterogeneity were tested by
comparing E-fields for models of stroke patients with homogenous versus inhomogeneous (realistic) lesion
conductivity informed by diffusion-to-conductivity mapping.

Results: Adding artificial lesions to healthy head models altered the E-field strengths (|E|) near the target region-
of-interest (ROI) by up to 47%. Diffusion-to-conductivity mapping revealed substantial variability in lesion
conductivities within and across patients. Modifying homogenous to realistic lesion models showed mostly small
to moderate |E| differences within the ROI depending on montage type, lesion size, and lesion-to-target distance.
Conclusion: Stroke lesions affect tDCS-induced E-fields with substantial variability across montages and in-
dividuals. These findings support the use of head models that include realistic representations of the shape, size
and conductivity of the lesions to improve the accuracy of individualized tDCS simulations and guide person-
alized stimulation protocols in stroke rehabilitation.

1. Introduction variable outcomes across patients and high percentages of non-

responders (Breitenstein et al., 2017; Palmer et al., 2019; Rose et al.,

Stroke is the most frequent cause of acquired impairment of language
and communication (aphasia) and ~ 20-40 % of patients develop
chronic symptoms, requiring long-term use of rehabilitation services (El
Hachioui et al., 2013; Pedersen et al., 2004). Intensive and individually
tailored speech-language therapy (SLT) can improve chronic aphasia
(Brady et al., 2025, 2016), but recent clinical trials have also highlighted

2022). This has generated interest in adjunctive treatments capable of
enhancing neuroplastic processes in aphasia, thereby rendering the
lesioned brain more receptive to behavioral interventions (Crosson
et al., 2019).

Based on studies in healthy individuals demonstrating that trans-
cranial direct current stimulation (tDCS) can enhance language
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processing and learning (e.g., Floel et al., 2008; Martin et al., 2017;
Meinzer et al., 2014; Perceval et al., 2020, 2017), this approach has
received substantial attention in aphasia research (Floel et al., 2011;
Meinzer et al., 2016; Brady et al., 2025; Elsner et al., 2019; Fridriksson
et al.,, 2018). TDCS uses two or more scalp-attached electrodes to
administer a weak electrical current to modulate excitability and neu-
roplasticity in target brain networks (Stagg and Nitsche, 2011). It is easy
to administer and offers an effective placebo mode and an excellent
safety profile, even in stroke patients (Antal et al., 2017). These features
make tDCS an attractive tool for experimental or clinical studies in
aphasia.

To date, dozens of aphasia trials that combined a wide variety of SLT
and tDCS approaches have been completed (Meinzer et al., 2025).
However, meta-analytic evidence for significant enhancement of SLT
effects by tDCS is mixed and positive results have mainly been shown for
specific linguistic functions like picture naming (Brady et al., 2025;
Elsner et al., 2019; Raymer and Johnson, 2024), rather than functional
communication abilities. Hence, a more personalized approach to using
tDCS in post-stroke aphasia may be necessary.

For example, targeting of specific brain regions with tDCS can be
aided by individualized computer simulations that estimate the distri-
bution and intensity of the induced electrical field (E-field) using
structural magnetic resonance imaging (MRI) data (Datta et al., 2011;
Evans et al., 2023; Galletta et al., 2015; Krishnamurthy et al., 2025;
Richardson et al., 2015; Minjoli et al., 2017). In treatment planning,
these simulations can be valuable to ensure that the induced E-field is
delivered to the intended target regions for tDCS and at a sufficient dose.
However, the quality of E-field simulations critically depends on the
validity of assumptions about the conductive properties of different
tissue classes in the respective head models (Hunold et al., 2023). In
stroke patients, this is further complicated by complex lesion shapes and
sizes as well as variable tissue properties of the lesioned areas (Duering
et al., 2020), that have not or only partly been accounted for in most
previous studies (e.g., the lesion was classified as cerebrospinal fluid
[CSF]; Evans et al., (2023); but see Krishnamurthy et al., (2021)).

In the present study, we used datasets of patients with post-stroke
aphasia and age-matched healthy controls from a previous study
(Darkow et al., 2017) to examine how stroke lesions influence tDCS-
induced E-fields. Specifically, this study is comprised of two compari-
sons: (1) simulated E-fields from healthy head models with and without
artificial homogeneous lesions derived from the stroke patients, and (2)
those from head models of stroke patients with and without considering
spatial heterogeneity of lesion conductivity. This study has three unique
features. First, artificial lesions applied in this study are realistic in size
and shape, in contrast to simplified lesion shapes applied in some of the
previous studies (e.g., Evans et al., 2023). Second, we estimated the
inter- and intra-individual variability of lesion conductivity using
diffusion-to-conductivity mapping (Tuch et al., 2001). Third, we eval-
uated potential effects using focal montages (Niemann et al., 2024) as
well as conventional bipolar montages. When aiming for personalized
treatment planning, accurate patient-specific E-field calculations are
required. Therefore, in addition to group-level differences, we also
evaluated differences observed at the individual level.

2. Methods
2.1. Participants

We used an existing dataset of 16 S patients and a group of 16 age-
matched healthy controls (Darkow et al., 2017). In this study, tDCS
was administered over hand representation of the left primary motor
cortex (M1) to assess the brain activity changes during a picture naming
task. In this dataset, T1-weighted (T1w) and diffusion MRI (dMRI) data
were obtained for chronic stroke patients and healthy controls. Three
pairs of stroke patients and individually matched healthy controls were
excluded because dMRI data were lacking in the patients (two pairs), or
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due to coregistration issues between dMRI and T1w data (one pair). This
resulted in 13 pairs of stroke patients (six females; age: mean = 55.5
years, standard deviation [SD] = 10.0 years, 38-70 years; time since
stroke: mean = 52.8 months, SD = 49.4 months, 12-169 months) and
age-matched healthy controls (eight females; age: mean = 55.3 years,
SD = 18.6 years, 24-76 years). A two-tailed paired t-test confirmed that
there were no statistical differences in age between the 13 included
stroke patients and the healthy controls (t;3 = -0.02, P = 0.98).

2.2. Image acquisition

All Tlw and dMRI data were collected using a Siemens Trio 3 T
scanner equipped with a 16-channel array head coil (Siemens, Erlangen,
Germany) in the Berlin Centre for Advanced Imaging of the Charité
University Hospital. Detailed imaging protocols can be found in Darkow
etal., (2017) for T1w. Briefly, T1w data were obtained with an MPRAGE
sequence (voxel size =1 x 1 x 1 mm3, echo time [TE] = 2.52 msec,
repetition time [TR] = 1900 msec, inversion time = 900 msec, flip angle
= 9 degree). DMRI were recorded with a two-dimensional single-shot
spin-echo echo-planar sequence (voxel size = 2.3 x 2.3 x 2.3 mm?,
matrix size = 96 x 96 x 61, b-value = 1000 s/mmz, number of di-
rections = 64, TR = 7500 ms, and TE = 86 ms).

2.3. Image preprocessing and generation of head models

Tlw data were automatically segmented using charm implemented
in SimNIBS (ver 4.1.0; Puonti et al., (2020)). This method segments the
whole head into eight tissues (gray matter [GM], white matter [WM],
CSF, compact bone, spongy bone, scalp, large blood vessels, eye muscles,
and eye balls) to create a tetrahedral mesh representing the head anat-
omy (the “head model”). The CSF was further divided into ventricular
and cortical CSF following Gregersen et al. (2024) to separate the ven-
tricular CSF voxels from those that may contain meninges or were inside
the lesion. The ventricular CSF was subsequently used to calibrate the
diffusion-to-conductivity mappings in the stroke patients, as detailed in
2.5. Modeling of lesion conductivities using dMRI data. For stroke patients,
lesion masks from the previous study (Darkow et al., 2017), where the
outlines of lesions were manually delineated by T1w and fluid attenu-
ation inversion recovery (FLAIR) images, were added to the head model
using the add tissues_to_upsampled function in SimNIBS. These lesion
masks were homogeneously filled with CSF (homogeneous-lesion head
models).

DMRI data were preprocessed using dwi2cond from SimNIBS. This
command mainly utilizes tools from the FMRIB Software Library (FSL;
ver 6.0.4) (see Mosayebi-Samani et al., (2025) for details). In brief, dIMRI
data were eddy-current corrected, and co-registered to the T1w data.
Here, distortion correction was not performed because images required
for that process (non-diffusion weighted images with inverse phase
encoding direction or field map) were not acquired in this dataset.
Instead, dMRI data were non-linearly co-registered to the T1w data to
mitigate the effect of BO inhomogeneity-induced distortions using
FNIRT with custom parameters.

2.4. Modification of healthy head models to assess effect of lesions on the
E-field

To evaluate the effect of lesions on the E-field, artificial lesions were
added to the head models of the healthy control group (i.e., healthy head
models vs. homogeneous-lesion head models; Fig. 1A). To achieve
realistic lesion shapes, the added lesion masks were created from the
matched pair of stroke patients. Specifically, the lesion masks of the
stroke patients were non-linearly transformed to the space of their
matched healthy controls by first warping them to MNI space using
subject2mni from SimNIBS, and then further to the matched healthy
controls space using mniZsubject in SimNIBS. Slight overlaps of the
transformed lesion masks with the skull or scalp were excluded. The
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A. Comparison within Healthy controls

Healthy head model
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B. Comparison within Stroke patients
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Fig. 1. Head models compared in this study. This study consists of two comparisons of simulated electric fields (E-fields): (A) Within head models of age-matched
healthy controls of stroke patients, simulations were performed without (healthy head model) and with (healthy head model + lesion) artificially included lesions. To
ensure realistic lesion shapes and sizes, we created the lesion masks by non-linearly transforming them from the age-matched stroke patients. (B) Within stroke
patients, the simulated E-field was compared between head models with homogeneously (homogeneous-lesion head model) and realistically (realistic-lesion head
model) modeled lesions (yellow arrows). The “homogeneous-lesion” head models set the conductivity of lesions to the conductivity of cerebrospinal fluid (CSF; left
panel), while the “realistic-lesion” models estimated the conductivity within lesions from mean diffusivity (MD) maps derived from diffusion MRI. The figure in each
panel represents the set conductivity for each head model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

final masks were added to the head models of the healthy controls using
the same approach as for the homogeneous-lesion head models of the
stroke patients (see 2.3. Image preprocessing and generation of head models
for details).

2.5. Modeling of lesion conductivities using dMRI data

The conductivity of lesions is usually modelled as homogeneous CSF.
However, this is an over-simplification, as lesions usually consist of a
mixture of CSF and various tissues, including scar tissue. To estimate the
impact of this simplification on the simulated E-field, additional head
models were created for the stroke patients. For these “realistic-lesion
head models” (Fig. 1B), the spatially inhomogeneous and isotropic
conductivities within the lesions were estimated from the dMRI data
(diffusion-to-conductivity mapping). This was achieved by applying a
linear relationship between the ohmic conductivity and the diffusivity of
water, as measured by dMRI (Tuch et al., 2001):

oy =bedj+c m

Here, o5 and dj denote the j-th (je{1,2,3}) ohmic conductivity and
diffusivity eigenvalues at voxel i, respectively. We assumed the

conductivities within lesion masks to be isotropic, and hence estimated
average conductivities across directions as follows:

Gi=bedi+c 2

&; and d; represent the mean ohmic conductivity and the mean diffu-
sivity (MD) at voxel i, respectively. As we presumed the conductivity of
lesions to be between the conductivity of GM and CSF, the slope (b) and
intercept (c) were estimated for each patient by fitting the literature
values of conductivities of GM (0.275 S/m) and ventricular CSF (1.79 S/
m) against their MD values (Supp. Fig. 8). We restricted CSF to the
ventricles, because modeling studies suggested that thin cortical CSF
area might be confounded with meninges (Jiang et al., 2020). Visual
inspection of the fitted conductivities confirmed that they were in the
expected range also for WM, which was left out from the fitting as
control tissue (Supp. Fig. 8). The conductivity of cortical CSF was esti-
mated to lie between that of GM and ventricular CSF. Finally, the con-
ductivities within the lesions were estimated from the dMRI data using
the fitted model, setting the upper and lower limit to be 1.79 S/m and
0.008 S/m (SimNIBS’s default value for ventricular CSF and compact
bone), respectively.
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2.6. E-field simulations

Four electrode montages were used to simulate the E-fields induced
by each tDCS montage, comprising two target locations [M1 or a
personalized peri-lesional target derived from functional MRI], each
with two types of montages [bipolar or focal montage] (Fig. 2A-D).
Importantly, tDCS targeting M1 has been shown to modulate language
processing in healthy individuals (Liuzzi et al., 2010; Meinzer et al.,
2014) and to boost effects of speech and language rehabilitation in
stroke patients with aphasia (Branscheidt et al., 2018; Hesse et al., 2007;
Meinzer et al., 2016). The peri-lesional target was defined for each stroke
patient as the location of the peak activation closest to the lesion,
determined via functional MRI of a picture naming task in the previous
study (Darkow et al., 2017; Fig. 2E).

This approach has widely been used in aphasia patients to target
individually determined functional perilesional cortex (Baker et al.,
2010; Fridriksson et al., 2018). The peri-lesional target locations were
non-linearly transformed to the corresponding paired healthy controls.
One participant was excluded for the montages of the peri-lesional target
as there was no peak activated location near the lesions. Consequently,

M1 Peri-lesional

Peri-lesional target
target

Fig. 2. Simulated montages. (A-D) represent the simulated electric fields (E-
fields) on the gray matter in a representative stroke patient for the four tDCS
montages applied in this study. We simulated the E-fields on bipolar montages
targeting hand representation of the left primary motor cortex (M1; A) or the
peri-lesional target (B), as well as focal montages placed above M1 (C) or the
peri-lesional target (D). The red and blue electrodes indicate anodes and cath-
odes, respectively, and yellow arrows denote the lesion. (E) The M1 (red) and
peri-lesional target locations (blue) for each stroke patient on the fsaver-
age LR32k template. (F) Boxplot of the closest distance between the lesions and
M1 or the peri-lesional targets. * P < 0.05. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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12 pairs of stroke patients and their matched healthy controls were
further analyzed for the analyses related to the peri-lesional target
stimulation.

For the bipolar montages, the anode was located over the target
location, while the cathode was placed on the right supraorbital area
(just above the right eyebrow) using rectangular rubber electrodes
(anode: 5 x 7 cm?, cathode: 10 x 8 cm?; Fig. 2A and B). For the focal
montages, the anode was positioned over the target location, while the
three cathodes were equally distributed with a radius 4.5 cm using the
SimNIBS function tDCS Nx1.py (Niemann et al., 2024; Fig. 2C and D).
One of the cathodes in the focal montage was placed in the direction of
C3 to C1 for M1, while it was in the direction of left pre-auricular to T7
for the peri-lesional target. All rubber electrodes used in the focal
montage were assumed to be circular with a radius of 12.5 mm. For M1
stimulation, the anode was located at C3 for the bipolar montages
following Darkow et al. (2017), while it was placed over the left hand-
knob for the focal montages (Niemann et al., 2024). For peri-lesional
target stimulation, the anode was centered over the individual peri-
lesional target for both the bipolar and focal montages.

The finite element method implemented in SimNIBS was used to
simulate the E-field induced by each montage of tDCS (Thielscher et al.,
2015). All rubber electrodes were assumed to be two mm thick with one
mm of electrode gel. The default conductivity values in SimNIBS were
applied for the simulation, unless otherwise noted. The conductivity was
set to 0.85 S/m for cortical CSF (Jiang et al., 2020) and 1.79 S/m for
ventricular CSF (Baumann et al., 1997), and was modeled isotropically
for both GM and WM using their standard values in SimNIBS. In the
homogeneous-lesion head model for the healthy controls and stroke
patients, the lesion conductivity was fixed to 1.79 S/m, which corre-
sponds to the conductivity of ventricular CSF as described above. For the
bipolar montages, the stimulation currents injected into the electrodes
were set to = 1 mA. For the focal montages, the current injected into the
anode was set to 1 mA and that of each cathode to —1/3 mA. The
magnitude (|E|) and normal component (nE) of the E-field (Antonenko
etal., 2019) were extracted at the middle layer of the cerebral cortices (i.
e., the midpoint of pial and white surfaces; cortical middle layer) of both
hemispheres for further analyses. For healthy controls, the cortical
surface areas corresponding to the artificially added lesions were
excluded.

Differences in the simulated E-fields were assessed between (1) head
models of healthy controls with versus without artificially added lesions
(Fig. 1A), or (2) head models of patients with homogenously versus
realistically modelled lesions (Fig. 1B). For both cases, E-fields were
simulated for the bipolar and focal montages and compared. For anal-
ysis, global (across overall grey matter) and local (nearby the target
location) metrics of the E-field differences at the cortical middle layer
were extracted. For the global metrics, the peak value and focality of |E|
within the cerebral cortex were calculated. Using SimNIBS’s default
settings, the peak value was defined as the 95th percentile of |E|, while
the focality was defined as the area where |E| exceeds 75 % of the 95th
percentile of |E|. For the local metrics, |E| or nE at the cortical middle
layer was extracted within region-of-interests (ROIs). The ROIs were
defined for each montage as a 12.5 mm radius sphere centered at the
target location (M1 or the peri-lesional target), with the size matched to
the size of the electrodes in the focal montages (Niemann et al., 2024).
Two measures were used for assessing the E-field differences between
the head models within a ROI:

First, the difference of the average E-field strength in the ROI was
calculated:

> icror|E(i, headmodell)| >~ o |E(i, headmodel2)|)

A E| = _
mean [E] yoxelsinROT “yoxelsinROT ®

Here, head models 1 and 2 are the healthy head model with and without
artificial lesions, respectively, or the patient head model with realistic
and homogeneous lesions, respectively. In addition to changes of the
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average E-field strength, changes of the average normal component
within the ROI (denoted as A mean nE) were calculated in the same way.

Second, the E-field differences were determined at each location in
the ROI, and the average of their absolute values was calculated:

D icrorl|E(i, headmodell)| — |E(i, headmodel?2) ||
N #voxelsinROI

mean |A|E||

@

In contrast to eq. (3), this average of the location-wise E-field differences in
the ROI is sensitive also to changes of the E-field pattern within the ROI.
For example, if the lesion increased the E-field in some locations and
decreased it in others within the ROI, these differences can cancel each
other out in A mean |E|, but not in mean |A| E||. Changes of the average
of the location-wise differences of the normal component (denoted as
mean |A nE|) were calculated in the same way as stated in eq. (4).

For both measures, the relative differences compared to the healthy
head model or the homogeneous-lesion head model (Evans et al., 2023)
were calculated to relate the size of the lesion-related differences to the
baseline E-fields. These measures enable us to more easily relate our
simulation results that used a fixed current of 1 mA to the varying in-
tensities applied in practice. We defined relative differences of 10-25 %
and > 25 % in |E| or nE as moderate and large, respectively. This
approach was motivated by previous literature suggesting that E-field
differences of 25 % can lead to relevant differences in the physiological
and behavioral tDCS effects (Antonenko et al., 2019; Caulfield et al.,
2022; Laakso et al., 2019). For example, a significant difference in tDCS
effects on working memory was demonstrated between high and low E-
field groups (|E| in high E-field group: mean = 0.25 V/m, range =
0.22-0.31 V/m; |E| in low E-field group: mean = 0.18 V/m, range =
0.16-0.22; Caulfield et al., 2022). Thus, we term field differences
exceeding 25 % as large to indicate that E-field simulations need to be
accurate to at least this level to ensure reliable dose quantification and
optimization. Correspondingly, we term E-field changes within the
10-25 % range as moderate, as simulation errors in that range can still
noticeably affect the analyses of dose-response relationships. Of note,
we use the terms large and moderate to roughly relate the observed
impact of different lesion models on the E-fields to the required level of
simulation accuracy. They do not indicate assumed physiological or
clinical effectiveness.

2.7. Statistical analysis

Two-tailed one-sample t-tests were used to detect consistent in-
creases or decreases in the global and local difference measures across
participants. Two-tailed two-sample t-tests were applied to evaluate
whether the measures or differences in the measures were different
across bipolar and focal montages for each target location (M1 or peri-
lesional target). As the local difference metrics showed high inter-
individual variability in both stroke patients and healthy controls (see
Results), Spearman's correlation coefficients were additionally calcu-
lated between the inter-individual variations in the difference in local
metrics within the ROI and anatomical lesion features. The following
lesion features were used: (1) lesion size in mm3, (2) lesion-to-target
distance in mm (i.e., the shortest distance between a target and lesion
masks), and (3) mean absolute conductivity difference within lesion
masks in S/m. As these are exploratory analyses, P < 0.05 uncorrected
for multiple comparisons was set as threshold for statistical significance.
Statistical functions in SciPy (ver 1.10.1) and JASP (ver. 0.18.3 for
Windows) were used for all statistical analysis.

3. Results
3.1. Differences in E-fields between head models with and without lesions

Compared to the stroke patients, the artificially created lesions in the
age-matched healthy controls were not significantly different in the size
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(t32 =-0.52, P =0.61; Supp. Fig. 5A) or the distances to M1 (t;3 =-1.15,
P =0.27; Supp. Fig. 5B) or the peri-lesional target (t;; = -1.15, P = 0.15;
Supp. Fig. 5C). This suggests that the main lesion features were main-
tained even after transforming the lesions from the stroke patients to the
age-matched healthy controls. Between the head models with and
without artificial lesions, the mean absolute difference in conductivity
within the region of the artificial lesions showed small variability across
the participants (mean = 1.55 S/m, SD = 0.05 S/m, 1.48-1.63 S/m).

Global metrics: Adding the lesions to the healthy head models
changed the 95 % peak |E| by up to 15 %, 27 %, 34 %, and 31 % for the
bipolar M1, focal M1, bipolar peri-lesional target, and focal peri-lesional
target montages, respectively (Supp. Fig. 6C). In most participants,
adding lesions reduced the 95 % peak |E| (bipolar M1: t;5 = -3.18, P =
0.008; focal M1: t;5 = -3.87, P = 0.002; bipolar peri-lesional target: t;; =
-3.09, P = 0.010; focal peri-lesional target: t;; = -5.08, P < 0.001; Supp.
Fig. 6B). Adding lesions also changed the 75 % focality of |E| by a
maximum of 50 %, 9.0 %, 30 %, and 18 % for the bipolar M1, focal M1,
bipolar peri-lesional target, and focal peri-lesional target, respectively
(Supp. Fig. 7C). The focality metrics were both increased and decreased
by adding lesions depending on participants (Supp. Fig. 7B).

Effects on the average E-field in the ROIs (Amean |E[; eq. (3): Fig. 3A
shows the average E-field strengths in the ROIs for the healthy head
models with and without artificial lesions in montages targeting M1.
Across participants, tDCS induced an average E-field strength of ~ 0.2
V/m in the ROIs (bipolar: mean = 0.22 V/m, SD = 0.04 V/m; focal:
mean = 0.20 V/m, SD = 0.08 V/m). Adding lesions led to both decreases
and increases of the average E-field in the ROIs (Table 1) depending on
the relative location of lesions (Fig. 4), which is in line with Evans et al.
(2023). More specifically, adding lesions consistently decreased the
average E-field strength in the ROIs across participants in the bipolar
montage, while it was not consistently increased or decreased in the
focal one. The differences corresponded to relative changes by maxi-
mally 31 % and 17 % for the bipolar and focal montages, respectively.
The findings for nE were qualitatively similar to those reported here for |
E| and are therefore reported in the Supplementary information.

Fig. 3C shows the average E-field strength in the ROIs for the healthy
head models with and without artificial lesions in montages targeting
the peri-lesional target. As for the montages targeting M1, tDCS induced
an average E-field strength of ~ 0.2 V/m in the ROIs (bipolar: mean =
0.20 V/m, SD = 0.04 V/m; focal: mean = 0.19 V/m, SD = 0.07 V/m).
Artificial lesions also induced both decreases and increases of the
average E-field strength (Table 1). The differences corresponded to
relative changes of maximally 43 % and 47 % for the bipolar and focal
montages, respectively.

We then explored associations between the differences in the average
E-field strengths in the ROIs and the anatomical lesion features (Supp.
Table 1). The absolute change in the average E-field strengths due to the
added lesions was significantly correlated to the lesion-to-target dis-
tance for both the bipolar and focal M1 montages. The other correlations
were not significant.

Average of the location-wise E-field differences in the ROIs
(mean |AJE|;eq.4): In montages targeting M1, the average of the
location-wise E-field strength difference was significantly higher in the
bipolar montage than the focal one (Table 2). Stated in percent of the
baseline E-field without lesions, the differences were up to 32 % and 21
% for the bipolar and focal montages, respectively (Fig. 3B; Table 2).
Regarding montages targeting the peri-lesional target, the differences
were similar for the bipolar and focal montages and reached up to 44 %
and 47 %, respectively (Fig. 3D; Table 2).

Spearman’s correlation coefficients (Table 3) demonstrated that the
differences were significantly positively correlated to the lesion size in
three out of four montages. They were also significantly negatively
correlated with the lesion-to-target distance in three montages. The
remaining correlations were not significant.
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Fig. 3. Change of the electric field strengths (|E|) within the ROIs after adding artificial lesions to the healthy head models. (A and C) Boxplots of the average E-field
strengths in the ROIs before (Healthy) and after (Healthy + lesion) adding artificial lesions for montages targeting hand representation of the left primary motor
cortex (M1; A) and the peri-lesional target (C). (B and D) Boxplots of the averages of the location-wise E-field strength differences in the ROIs in % for montages

targeting M1 (B) and the peri-lesional target (D).

Table 1

Change of the average E-field in the ROI (eq. (3) after adding artificial lesions to
the healthy head models.

mean [SD] min-max t P

M1
A mean |E| [V/m]
Bipolar —0.018 [0.021] —0.056-0.031 -3.07 0.010
Focal 0.000 [0.010] —0.018-0.021 —0.01 1.00
Bipolar vs. Focal —0.018 [0.017] —0.041-0.023 —-3.71 0.003
|A mean |E|| [%]
Bipolar 11 [8.4] 0.1-31 n/a n/a
Focal 4.7 [5.5] 0.3-17 n/a n/a
Peri-lesional target
A mean |E| [V/m]
Bipolar —0.022 [0.033] —0.080-0.045 -2.14 0.056
Focal —0.020 [0.025] —0.079-0.008 -2.72 0.020
Bipolar vs. Focal —0.001 [0.028] —0.063-0.044 —0.13 0.90
|A mean |E|| [%]
Bipolar 16 [14] 1.2-43 n/a n/a
Focal 12 [14] 0.1-47 n/a n/a

Note: M1, hand representation of the left primary motor cortex; SD, standard
deviation

3.2. Differences in E-fields between homogeneous- and realistic-lesion
head models

The linear fits of conductivity against MD revealed consistent slope
and intercept estimates across patients (slope: mean = 0.76 Ses/mm?,
SD =0.032 Sos/mm3, 0.68-0.80 Sos/mm3; intercept: mean = -0.40 S/m,
SD = 0.061 S/m, —0.55 — —0.31 S/m; R? [including WM and cCSF]:
mean = 0.48, SD = 0.05, 0.37-0.55; see Supp. Fig. 8 for linear fits for a
representative patient). Inside the lesion masks, the median lesion
conductivities estimated via the diffusion-to-conductivity mapping for
each patient showed substantial variability within and across patients
(mean = 0.99 S/m, SD = 0.26 S/m, 0.48-1.38 S/m; Supp. Fig. 9). The
lesion conductivities of the realistic-lesion head models were lower on
average by 0.53-1.07 S/m (mean = 0.80 S/m, SD = 0.16 S/m).

Global metrics: We observed only small differences in the global
metrics of the E-fields between the homogeneous- and realistic-lesion
head models (peak 95 % |E|: max = 10 %, Supp. Fig. 10; 75 % focal-
ity |E|: max = 9.1 %; Supp. Fig. 11).

Effects on the average E-field in the ROIs (Amean [E|; eq. (3): As for
montages targeting M1, we found mostly small and some moderate
differences in the average E-fields within the ROIs when changing from
homogenous- to realistic-lesion modeling (Fig. 5A; Table 4). Modifying
the lesion model resulted in a maximum of 12 % and 4.4 % difference in
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Fig. 4. Simulated electric fields (E-fields) in representative healthy controls with bipolar montage targeting hand representation of the left primary motor cortex. (A)
and (B) show the most increased and decreased, respectively, cases in mean E-field strengths within the ROIs after adding artificial lesions. The left panels show the
location of ROIs (red area) and lesions (white area). The middle panels show the simulated E-fields in the healthy head models, while the right panels represent those
in the healthy head models with artificial lesions. The added lesions are surrounded by white lines. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

average E-field strengths for the bipolar and focal montages, respec-
tively. The average E-field strengths were significantly increased for the
bipolar montage, but not for the focal one. That increase was signifi-
cantly stronger in the bipolar montage compared to the focal one.

In montages targeting the perilesional target, mostly small to mod-
erate differences in the average E-field strengths within the ROIs were
observed after converting the lesion models from homogenous to real-
istic (Fig. 5C; Table 4). The maximum differences were 23 % and 41 %
for the bipolar and focal montages, respectively. There was no signifi-
cantly consistent increase or decrease in the average E-field strengths,
either for the bipolar or focal montages (see Fig. 6A and B for the most
increased and decreased cases, respectively, for the bipolar montage).
The changes were not significantly different between the bipolar and
focal montages.

We then explored the associations between the inter-individual
variability of the difference in the average E-field strengths within the
ROIs and the anatomical lesion features (Supp. Table 2). Here, we

additionally investigated the correlation with the mean absolute dif-
ference in the conductivity within lesions because this value was highly
variable across patients. The absolute difference in mean E-field strength
between the two lesion models was significantly negatively correlated
with the lesion-to-target distance in most montages. In contrast, it was
not significantly correlated to the lesion size or the mean absolute dif-
ference in the conductivity within lesions in any montage.

Average of the location-wise E-field differences in the ROIs
(mean |AJE|;eq. 4): For montages targeting M1, the average of the
location-wise E-field strength differences remained mostly small
(Fig. 5B; Table 5). In percent, it reached a maximum of 13 % and 9.0 %
for the bipolar and focal montages, respectively. It was significantly
higher in the bipolar than the focal montages.

In contrast, the average of the location-wise E-field strength differ-
ences reached moderate and even large differences in montages tar-
geting the peri-lesional target (Fig. 5D; Table 5). The maximum relative
difference was 26 % and 40 % for the bipolar and focal montages,
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Table 2
Average of the location-wise E-field differences in the ROI (eq. (4) after adding
artificial lesions to the healthy head models.

mean [SD] min-max t P
M1
mean |A| E|| [V/m]
Bipolar 0.026 [0.014] 0.003-0.054 n/a n/a
Focal 0.011 [0.007] 0.003-0.022 n/a n/a

Bipolar vs. Focal 0.015 [0.010] —0.001-0.034 5.42 < 0.001
mean |A| E|| [%]

Bipolar 13 [8.4] 1.6-32 n/a n/a
Focal 7.5 [5.6] 2.2-21 n/a n/a
Peri-lesional target

mean |A| E|| [V/m]

Bipolar 0.038 [0.020] 0.013-0.080 n/a n/a
Focal 0.028 [0.019] 0.003-0.076 n/a n/a

Bipolar vs. Focal 0.010 [0.019] —0.021-0.054 1.72 0.11
mean |A| E|| [%]

Bipolar 23 [12]
Focal 18 [11]

6.0-44 n/a n/a
2.9-47 n/a n/a

Note: M1, hand representation of the left primary motor cortex; SD, standard
deviation

Table 3

Correlation between lesion features and average of the location-wise E-
field differences in the ROI (eq. (4) after adding artificial lesions to the
healthy head models.

Lesion size Lesion-to-target distance
p[P] p[P]

M1
Bipolar 0.59 [0.033] —0.80 [0.001]
Focal 0.64 [0.019] —0.87 [< 0.001]
Peri-lesional target
Bipolar 0.57 [0.055] —0.70 [0.011]
Focal 0.59 [0.042] —0.48 [0.12]

Note: M1, hand representation of the left primary motor cortex; p, Spearman’s
correlation coefficient.

respectively. It was significantly higher in the bipolar montage than the
focal one, as in montages targeting M1.

Table 6 shows the correlations between the average of the location-
wise E-field strength differences and the anatomical lesion features. It
was significantly positively correlated to the lesion size in the two M1
montages, and was significantly negatively correlated to the lesion-to-
target distance in all montages.

4. Discussion

In this study, we evaluated the impact of lesions on tDCS-induced E-
fields using realistic sizes and shapes of lesion masks from stroke pa-
tients. We also assessed the extent to which modeling spatial heteroge-
neity of lesion conductivity impacts the simulated E-field. Compared to
prior studies (Datta et al., 2011; Evans et al., 2023; Galletta et al., 2015;
Krishnamurthy et al., 2025; Richardson et al., 2015; Minjoli et al.,
2017), the use of a larger dataset that also included diffusion MRI
enabled us to relate interindividual differences in lesion size and
composition to the resulting effects on the tDCS-induced E-fields. We
found that adding lesions to a healthy head model can affect the E-field
near the targeted region by up to 47 % depending on the size of the
lesions and the distance of a lesion from the target location. Diffusion-to-
conductivity mapping (realistic-lesion head models) revealed high
variability in lesion conductivity within and across the stroke patients,
and incorporating heterogeneous conductivity introduced additional
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mostly small to moderate differences in the E-field in the target location
compared to homogeneous-lesion head models. These differences were
most pronounced for bipolar montages, larger lesional volumes, and
closer locations of the lesions relative to the stimulation target.
Considering that lesions in patients after stroke are often close to the
target area, as in our dataset on stroke-induced aphasia (e.g., Fig. 6B),
we recommend acquiring dMRI data prior to tDCS to apply realistic-
lesion head models in future stroke studies employing prospective or
retrospective modeling of tDCS-induced E-fields.

4.1. Lesions can both increase and decrease the E-field nearby the target
region

Adding homogenous lesions to a healthy head model led to both
increases and decreases in the E-field within the ROI This aligns with a
previous simulation study that systematically placed artificial lesions
around the ROI. That study showed that the E-field was increased when
the lesion was aligned with the main E-field direction and decreased
when located in its orthogonal direction (Evans et al., 2023). Our results
extended this previous finding by showing that such increase or decrease
can also occur for realistic lesion shapes and lesion-to-target distances in
stroke patients. These findings indicate that the direction of lesion
impact on the E-field in the target region cannot be predicted without
simulations and underscore the need for using individual head models to
individually optimize tDCS parameters in stroke patients.

Minjoli et al., (2017) reported a reduction of the average cortical
field strength in two stroke patients compared to a healthy control.
While this is in line with the reduction of the 95 % peak E-field that was
observed here in most cases when adding an artificial lesion to the
healthy controls, we observed that the E-field within the target region
can both increase and decrease. We speculate that further anatomical
differences between the brains of the healthy control and stroke patients
might have additionally contributed to the marked difference seen in
Minjoli et al., (2017). In particular, increased atrophy levels in the stroke
patients might have promoted current shunting through CSF, further
reducing the E-field in gray matter.

Adding homogeneous lesions altered the E-field within the ROIs by
an average of 7.5-23 % depending on the electrode montage. This
change is large given that a previous simulation study reported an
average change of ~ 5 % within ROIs when artificial lesions were added
to healthy head models (Evans et al., 2023). This difference is probably
due to the difference in the investigated lesion size and the lesion-to-
target distance. In Evans et al. (2023), artificial lesions were added
with spheres ranging from 4 to 24 mm in radius (268-57,906 mm?>),
while the lesional volume in our study was larger (7,181-110,304 mm?).
Furthermore, while that study did not consider the case that lesions
overlap with the ROL, we found that this can happen in both M1 and the
peri-lesional target (lesion-to-target distance < 12.5 mm in Supp.
Fig. 5B). Supporting these, the average of the location-wise E-field dif-
ferences in the ROIs (eq. (4) was correlated to the lesion size and lesion-
to-target distance in most montages, showing that these factors modu-
late the degree by which lesions change the tDCS-induced E-field in the
ROIs. In summary, we found that, even with the assumption of homo-
geneous lesions, these lesions can lead to moderate and in some in-
stances large increases or decreases of the E-field in the target regions,
highlighting the need for personalized head models for stroke patients.

4.2. Diffusion-to-conductivity mapping revealed substantial heterogeneity
in the conductivity of lesions across the patients

One further important aspect is the heterogeneity of the lesion con-
ductivity within and across the stroke patients. The applied diffusion-to-
conductivity mapping indeed revealed high intra- and inter-individual
variability in the lesion conductivities. A previous meta-analysis on
lesion conductivity also showed large variability in the lesion conduc-
tivity across five studies (0.10-1.77 S/m; McCann et al., (2019)).
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Fig. 5. Change of the electric field strengths (|E|) within the ROIs after changing the lesion conductivity from homogeneous to realistic in stroke patients. (A and C)
Boxplots of the average E-field strengths in the ROIs in the homogenous- and realistic-lesion head models for montages targeting hand representation of the left
primary motor cortex (M1; A) and the peri-lesional target (C). (B and D) Boxplots of the averages of the location-wise E-field strength differences in the ROIs in % for
montages targeting M1 (B) and the peri-lesional target (D).

Table 4 Table 5
Change of the average E-field in the ROI (eq. (3) after modifying homogenous- to Average of the location-wise E-field differences in the ROI (eq. (4) after modi-
realistic-lesion head models. fying homogenous- to realistic-lesion head models.
mean [SD] min-max t P mean [SD] min-max t P
M1 M1
A mean |E| [V/m] mean |A| E|| [V/m]
Bipolar 0.004 [0.004] —0.001-0.012 3.45 0.005 Bipolar 0.007 [0.004] 0.000-0.013 n/a n/a
Focal —0.001 [0.003] —0.008-0.003 -1.48 0.16 Focal 0.003 [0.003] 0.000-0.010 n/a n/a
Bipolar vs. Focal 0.006 [0.003] 0.000-0.012 5.74 < 0.001 Bipolar vs. Focal 0.004 [0.003] 0.000-0.009 5.15 < 0.001
A| mean |E|| [%] mean |A| E|| [%]
Bipolar 3.5 [3.6] 0.1-12 n/a n/a Bipolar 5.8 [3.8] 0.3-13 n/a n/a
Focal 1.7 [1.5] 0.0-4.4 n/a n/a Focal 3.4 [3.0] 0.1-9.0 n/a n/a
Peri-lesional target Peri-lesional target
A mean |E| [V/m] mean |A| E|| [V/m]
Bipolar 0.005 [0.008] —0.013-0.018 1.94 0.079 Bipolar 0.010 [0.007] 0.004-0.026 n/a n/a
Focal 0.004 [0.006] —0.001-0.022 2.00 0.071 Focal 0.006 [0.006] 0.001-0.022 n/a n/a
Bipolar vs. Focal 0.001 [0.006] —0.012-0.009 0.51 0.62 Bipolar vs. Focal 0.004 [0.005] —0.004-0.018 3.09 0.010
A| mean |E|| [%] mean |A| E|| [%]
Bipolar 6.5 [5.7] 0.3-23 n/a n/a Bipolar 9.8 [7.0] 3.1-26 n/a n/a
Focal 6.3 [11] 0.1-41 n/a n/a Focal 8.8 [11] 1.8-40 n/a n/a
Note: M1, hand representation of the left primary motor cortex; SD, standard Note: M1, hand representation of the left primary motor cortex; SD, standard
deviation deviation
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Table 6

Correlation between lesion features and average of the location-wise E-field
differences in the ROI (eq. (4) after modifying homogenous- to realistic-lesion
head models.

Lesion size Lesion-to-target Conductivity
distance difference
plP] plP] plP]
M1
Bipolar 0.72 —0.82 [< 0.001] —0.35 [0.24]
Focal [0.006] —0.94 [< 0.001] —0.07 [0.82]
0.60
Peri-lesional [0.031]
target —0.79 [0.002] 0.11 [0.73]
Bipolar —0.94 [< 0.001] 0.15 [0.63]
Focal 0.29 [0.35]
0.27 [0.40]

Note: M1, hand representation of the left primary motor cortex; p, Spearman’s
correlation coefficient

Together with our results, these observations suggest that lesion con-
ductivity values should be individualized based on lesion properties to
improve the simulation accuracy of E-field in stroke patients. The meta-
analysis also reported that the weighted mean of the conductivity of
lesions across the studies was 0.88 S/m [SD = 0.38 S/m]. This value is
comparable to the group-averaged median conductivity within the le-
sions in our study (0.99 S/m [SD = 0.26 S/m]), supporting the validity
of our method.

Modifying from homogenous- to realistic-lesion head models
induced only small E-field differences in most stroke patients. Corre-
spondingly, average group-level E-fields changes were only weak.
However, at the individual level, up to one third of patients (4 out of 12)
showed moderate or large differences in E-field between these two head
models. When E-field calculations are aimed at personalized treatment
planning, they need to be accurate on the individual level, suggesting a
potential benefit of lesion conductivities estimated from diffusion MRI in
those cases. In addition, the physiological and behavioral effects of tES
may have a non-linear dependence on the strength of the induced E-
fields (Caulfield et al., 2022; Mirjalili et al., 2025), which can make
moderate differences clinically relevant.

4.3. The degree of E-field differences in the ROIs between homogeneous-
and realistic-lesion models was dependent on the lesion size and lesion-to-
target distance

The average of the location-wise E-field differences in the ROIs (eq.
(4) were positively correlated with lesion size in several montages. This
is consistent with a previous simulation study (Evans et al., 2023), and
expected because the differences in the lesion conductivities between
the two head models are more widespread if the lesions are large. The
more widespread differences in conductivity would make the E-field
within the ROI more susceptible to the differences in the lesion model.
Thus, using realistic lesion modeling can be more important as the lesion
size increases.

In addition, these differences were negatively correlated with the
lesion-to-target distance across all montages. As in previous (Evans
et al., 2023) and our studies, the effect of lesions on the simulated E-field
within the ROI is larger if the lesions are closer. Therefore, the E-field
within the ROI would be also more affected by the differences in lesion
model with shorter lesion-to-target distance. Given that significant
correlations were observed in lesion-to-target distance more consistently
than in lesion size, the lesion proximity may be more critical determi-
nant of the |E| differences between the homogenous- and realistic-lesion
head models than lesion size.
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4.4. Modifying the lesion model had a larger impact on |e| more in the
bipolar montages than focal montages

The mean absolute change in |E| within the ROI after modifying the
lesion model from homogeneous to realistic was consistently larger in
the bipolar than focal montages. This likely reflects the fact that bipolar
montages distribute tDCS-induced current more broadly within the
brain than focal montages. Consequently, lesions located anywhere
nearby this more widespread current pathway in bipolar montage would
be more likely to influence current flow than focal montages. These
findings suggest that montage selection is another key determinant of
whether realistic-lesion modeling substantially alters simulated E-fields,
and that bipolar montages, in particular, warrant cautious head
modeling in stroke populations.

4.5. Limitations

This study has some limitations. First, we used head models of age-
matched healthy individuals as controls. Although this approach helps
to account for age-related differences in brain morphology, previous
studies have shown that cortical atrophy can be more pronounced in
stroke patients (Minjoli et al., 2017), and head size or brain volume may
still differ even when age is controlled. For this reason, we did not
directly compare E-fields between stroke patients and healthy controls.
Instead, we compared E-fields within group: head models of healthy
controls with and without realistic lesion masks, and those of stroke
patients using two different lesion models. Thus, we do not think that
morphological differences between stroke patients and healthy controls
affect the validity of our conclusions.

We also acknowledge that the sample size (n = 13) in our study was
relatively small, even it is comparable to or larger than that of previous
modeling studies in stroke patients (n = 2-16; Carla Piastra et al., 2021;
Evans et al., 2023; Handiru et al., 2021; Minjoli et al., 2017). This
approach may have been insufficient to provide robust results in our
correlation analyses, where we opted not to apply multiple comparisons
corrections to maintain sensitivity at the cost of an increased risk of Type
I errors. Therefore, the findings from these exploratory analyses should
be interpreted with caution. Future studies with larger samples will be
necessary to confirm the replicability of our findings. It would also be
valuable to develop a model predicting the lesion effect on E-fields based
on lesion features, including lesion locations (Evans et al., 2023), from
larger datasets of stroke patients.

4.6. Future directions

Although the realistic-lesion head model employed in this study is
promising for individual simulations of tDCS-induced current in stroke
patients, the underlying diffusion-to-conductivity mapping has not yet
been validated and may not fully capture the complex microstructural
compositions of chronic lesions, including scar tissue formation and
gliosis. However, the linear relationship in the model of Tuch et al.,
(2001) is derived from a general model of transport processes in two-
phase anisotropic media and will hold as long as the intracellular
space is effectively shielded by highly resistive cell membranes. There-
fore, we do not see an obvious cause that would render the latter con-
dition invalid for chronic stroke lesions. Nevertheless, future validation,
using e.g., magnetic resonance current density imaging (Gregersen et al.,
2024), will still be important to confirm the accuracy of the estimated E-
field from the realistic-lesion head model.

Beyond methodological validation, establishing the clinical utility of
our approach will be essential. While our findings demonstrated that
replacing homogeneous-lesion head models with realistic-lesion head
models can change simulated E-fields, it remains to be demonstrated
whether such changes can benefit neurorehabilitation in stroke patients.
It is also important to note that factors beyond E-field can affect the
intra- or inter-individual variability in tDCS effect, including age,
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this figure legend, the reader is referred to the web version of this article.)

genetics, brain state, and lesion characteristics (Lopez-Alonso et al.,
2014; Guerra et al., 2020; Huang et al., 2017). Future studies should
therefore test whether using realistic- instead of homogenous-lesion
head models increases the correlation of the E-fields with neurophysi-
ological and behavioral tES effects in larger samples than available here.
Such studies would be a critical step towards prospective studies con-
firming whether the realistic-lesion head models can yield clinically
relevant benefits.

4.7. Conclusions

Our study demonstrated that homogenous-lesion head models can
alter the E-field nearby the target location by up to 47 % compared to
healthy head models. Our diffusion-to-conductivity mapping approach
revealed substantial variability in the conductivity of lesions both within
and across stroke patients. Modifying the lesion model from homoge-
neous to realistic produced mostly small to moderate differences,
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particularly when bipolar montages were applied, lesions were larger, or
lesions were located closer to the target region. These findings indicate
that realistic-lesion head model should be employed to simulate tDCS-
induced E-field when aiming to design individualized stimulation pro-
tocols accurately for stroke patients. Incorporating this model may
enhance the precision and efficacy of personalized tDCS interventions in
stroke rehabilitation, an approach to be validated in future prospective
studies.
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