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Highlights

e Digital design and 3D printing of TES caps could allow for flexible positioning of
stimulation electrodes

e We provide an in silico proof-of-concept that more flexible positioning significantly
increases target engagement

e Personalized optimization with >64 available electrode positions outperformed other
montages in terms of correlation of the electric field magnitude with the target and
focality across all achievable target intensities

e Further gains are expected if design constraints are better integrated into the montage
selection approach
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Structured Abstract

Background

Transcranial electric stimulation (TES) is a non-invasive neuromodulation technique with
therapeutic potential for diverse neurological disorders including Alzheimer’s disease.
Conventional TES montages with stimulation electrodes in standardized positions suffer from
highly varying electric fields across subjects due to variable anatomy. Biophysical modelling
using individual’s brain imaging has thus become popular for montage planning but may be
limited by fixed scalp electrode locations.

Objective

Here, we explore the potential benefits of flexible electrode positioning with 3D-printed
neurostimulator caps.

Methods

We modeled 10 healthy subjects and simulated montages targeting the left angular gyrus,
which is relevant for restoring memory functions impaired by Alzheimer’s disease. Using
guantitative metrics and visual inspection, we benchmark montages with flexible electrode
placement against well-established montage selection approaches.

Results

Personalized montages optimized with flexible electrode positioning provided tunable
intensity and control over the focality-intensity trade-off, outperforming conventional
montages across the range of achievable target intensities. Compared to montages optimized
on a reference model, personalized optimization significantly reduced variance of the
stimulation intensity in the target. Finally, increasing available electrode positions from 32 to
around 86 significantly increased target engagement across a range of target intensities and
current limits.

Conclusions

In summary, we provide an in silico proof-of-concept that digitally designed and 3D-printed
TES caps with flexible electrode positioning can increase target engagement with precise and
tunable control of applied dose to a cortical target. This is of interest for stimulation of brain
networks such as the default mode network with spatially proximate correlated and anti-
correlated cortical nodes.
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1. Introduction

Transcranial electric stimulation (TES) is a non-invasive neuromodulation technique that is
extensively used to study and potentially treat a range of neurological disorders. In low-
intensity TES, electric currents of up to 4 mA total and 2 mA per electrode [1] are applied via
electrodes in contact with the scalp. TES is administered via an electrode montage [2], i.e. the
combination of electrode geometry, positions, and currents, which generates current flow and
a related distribution of electric fields throughout the head. Variants of TES include direct
current (TDCS), alternating current (TACS), and random noise stimulation (TRNS), which differ
in the waveform used. Generally, TES is considered safe, with a recent analysis finding no
reported serious adverse events in over 18,000 sessions [1].

There are many potential therapeutic applications of TES, each with numerous associated
target regions and stimulation modalities. This leads to an enormous range of conceivable
montages and metrics to summarize the dose and quality of the resulting electric field
distributions [3]. The dorsolateral prefrontal cortex has been often targeted with TDCS to
improve working memory [4] with implications for the treatment of Alzheimer’s Disease (AD)
and dementia [5], [6]. Further potential target locations for AD have been identified, including
cortical nodes of the default mode, memory, and attention networks, along with regions of
high amyloid-B concentrations identified via PET. Specific targets include locations in the
temporal lobe [7], [8], angular gyrus [9], [10], and precuneus [11]. Correlated and anti-
correlated cortical nodes of these networks are sometimes neighboring or nearby [12], for
example the neighboring BA39 and BA7/40 regions are cortical nodes showing opposite
responses to demanding cognitive tasks [13]. Thus, a major challenge for TES-based therapy
is precisely steering focal electric field distributions to the desired regions while avoiding off-
target dose.

Due to each person’s unique anatomy, the same montage results in differing electric field
distributions and intensities between subjects, particularly for highly focal montages [14].
Inter-individual differences in cerebral spinal fluid (CSF) volume play a critical role in shaping
field distributions [15], with sex and aging also contributing to variations [16]. This effect has
been speculated to account for part of the variable subject response to TES noted in the
literature, therefore a focus has been placed on accurate head modelling from subject MRIs
and montage planning based on biophysical simulation [17]. Several personalized montage
selection approaches based on subject-specific modelling have been presented, including
various algorithms published for the optimization of electrode positions and currents to
achieve a specified intensity in a target while reducing off-target stimulation [18], [19], [20],
[21].

Using fine electrode grids during montage optimization is a common practice to improve
montage selection [12]. In real-world applications, this could be achived via fabric caps with
holes for electrode positions from standardized 10-20 or 10-10 systems. An alternative
approach that offers increased flexibility in electrode positioning is to produce TES caps using
computer-assisted design and 3D-printing. Such an approach, shown in Figure 1, would allow
for free electrode placement within certain allowed regions. By digitally designing the cap
based on a subject’s head model, electrodes could be placed on a physical cap in the exact
locations dictated by simulations, see Figure 1 (c). However, given the increased complexity of
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cap design and requirements on head modelling, the benefits of such flexible electrode
placement should be quantified and compared to more well-established montage selection
approaches.

[E[[V/m] M .
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Figure 1: lllustration of flexible electrode positioning with 3D-printed neurostimulators. Electrodes can be
placed anywhere on the scalp within the cap’s boundaries (a, black: cap outline, turquoise points: available
positions) subject to a minimum inter-electrode spacing of 26.5 mm. Montages are selected using modelling
and optimization (b), then integrated directly into the cap design file (c) for 3D-printing. This example shows
a montage optimized for field magnitude of 0.3 V/m in the left angular gyrus target with current limits 1.0 mA
per electrode and 2.0 mA total.

In this study, we consider stimulation of a cortical target, namely the left angular gyrus (IAG),
based on promising pilot studies of TES in Alzheimer’s disease patients [9]. We prepared TES
montages for head models of 10 healthy subjects based on subject-specific optimization with
dense, flexible electrode placement. These montages, which are inspired by 3D-printed cap
manufacturing, are quantitatively compared to more traditional ad-hoc montages, montages
optimized for a reference atlas model, and montages optimized based on individual head
models with 32 standardized positions. Finally, we discuss how flexible electrode placement
informs therapy planning and the design of future TES devices.

2. Materials and methods:

2.1 Subjects

Simulations were based on MRI imaging of 10 healthy subjects. The subjects provided
informed consent prior to imaging and were enrolled in the MindStim trial (NCT05999916).
Two of these subjects were excluded from TES sessions by the principal investigator and thus
provided no demographic information, however their MRIs were used in this simulation study
as informed consent was given. For the 8 subjects with available demographic information, 5
were female and the mean age was 34 years (standard deviation 14.2 years).

2.2 MRI acquisition

T1- and T2-weighted MRIs (MPRAGE and SPACE sequences, respectively) with 1x1x1 mm?3
voxel resolution were acquired using a Siemens Prisma 3T scanner (Siemens Healthcare,
Erlangen, Germany) at the University Hospital of Basel (Basel, Switzerland). Field-of-view
covered the entire head from cranial skin to at least C3. To minimize skin deformations,
imaging was performed with minimal head constraints and patients wore earplugs rather than
headphones.

2.3 Head modelling and cortical region-of-interest definition
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Subject head models were created using SImNIBS’ CHARM routine (version 4.0.1) [22], [23]
and included nine components: skin, dense bone, spongy bone, cerebrospinal fluid, blood,
gray matter, white matter, muscle, and eyes. Each mesh contained approximately 4.5 million
elements with isotropic conductivities based on SimNIBS’ standard tabulated values. Brain
parcellation was performed for each subject using FreeSurfer’s recon-all (version 7.4.1) [24].
We defined the IAG target based on the left parietal inferior angular gyrus from the Destrieux
atlas parcellation (tag 11125, “ctx_lh_G_pariet_inf-Angular”).

2.4 Standard and custom electrode positioning systems

The standardized 10-20 system is based on an even division of the head after location of the
left and right pre-auricular points, the nasion, and the inion from the subject’s MRI images
[25]. SIimNIBS uses a transformation from MNI space to calculate these positions, which
provides reasonable accuracy [26]. In this study, we used a 32-electrode subset of the SPM12
10-20 extended system (see list of positions in the supplementary materials), hereafter the
32-electrode system.

We also created a custom positioning system for each subject compatible with the 3D-printed
Miamind Neurostimulator (Bottneuro AG, Basel, Switzerland). For each subject, the allowed
electrode positions were defined using an offset of 10 mm from the cap edges, see Figure 1
(a). For the Miamind Neurostimulator, electrodes can be freely positioned subject to a
minimum inter-electrode spacing of 26.5 mm. As SimNIBS optimization does not support
inter-electrode distance constraints, a subset of collision-free electrode positions was
generated with a mean of 86 electrode positions. The number of electrodes in the resulting
dense electrode grid varied between subjects, with more positions on larger heads. We refer
to this system as the “64+” system throughout the text, as it provided more than 64 positions
for all subjects and does not correspond to any standardized positioning system.

2.5 Electric field simulations
Electric field distributions were simulated using SIimNIBS 4.0.0 [23]. All electrodes were
modelled to consist of 2 mm silicone rubber and 5 mm of saline solution.

For fixed, reference-based montages, a primary electrode at P3 was selected as this was the
closest electrode from the 32-electrode system to the IAG in the reference MNI atlas. The
“conventional” (1x1) montage [2] was based on a 50 mm diameter electrode over P3 (+2 mA)
and a 50 mm diameter electrode on the lower right side of the neck (-2 mA). It is more
common to place a second electrode on the right shoulder in an extracephalic position,
however the field of view of MRIs in this study only extended down to the C3 vertebrae. This
placement impacts field distributions [27], though the effects are more prominent in the
cerebellum and spinal cord regions and are likely minor in the vicinity of the IAG target under
the large P3 electrode. Further, modelling pipelines and datasets with sufficient FOV for such
extended head and shoulders regions are not readily available. The “high-definition” montage
(4x1) [2], [28] consisted of 18 mm diameter electrodes at P3 (+2 mA) as well as CP3, P1, P5,
and PO3 (-0.5 mA each), which were adjacent to P3.

For all optimized montages, 18 mm diameter electrodes were used. Target intensities for
optimization were based on studies suggesting that electric field strengths in the range of 0.2
to 0.3 V/m can affect neural activity [29], [30], though it is worth noting that there are no
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generally agreed upon values in the community and these values are not derived from in vivo
humans.

The reference-based optimization, hereafter “MNI optimized 32", was performed using the
32 electrode system, the MNI152 atlas head model (provided by SimNIBS) and the IAG as a
target [18], [19]. To be comparable with the fixed montages, current limits were set to 2 mA
per electrode and 4 mA total. The target electric field magnitude was 0.3 V/m. The optimized
montage was transferred to each subject and the electric field distributions were simulated
using the individual head models.

Personalized optimizations were performed using the individual head models and the IAG
target. Montages were selected by optimization using both the 64+ system described above,
hereafter “optimized 64+”, and the 32-electrode system, hereafter “optimized 32”. Again, a
target electric field magnitude of 0.3 V/m was used and current limits were set to 2 mA per
electrode and 4 mA total. For the detailed comparison of personalized optimizations with 32
and 64+ systems, current limits of 1 mA and 2 mA per electrode were tested (both with 4 mA
total), and target intensities of 0.1, 0.15, 0.3, and 100 V/m were used. These values represent
three regimes: 0.1 or 0.15 V/m are achievable with modest current limits and allow for highly
focal fields, 0.3 V/m is more realistic for therapeutic applications and is generally achievable
at somewhat reduced focality, and 100 V/m, hereafter “maximum |E|”, represents the
maximum achievable intensity with little concern for off-target intensity.

2.6 Metrics calculation and data visualization

Simulated electric fields from all montages were interpolated onto the central gray matter
surface for each subject. The quality of electric field distributions was assessed both
gualitatively and quantitatively: Visual assessment was based on renderings generated with
PyVista (version 0.41.1) [31]. Several quantitative metrics were considered: the mean electric
field magnitude in the IAG, the focality of 70% of the maximum electric field magnitude, and
the correlation of the electric field magnitude with the IAG. Note that the 70% threshold for
focality is arbitrary, though it is standard in the SimNIBS library. These metrics capture
complementary properties of the electric field magnitude distribution. The mean magnitude
quantifies the intensity delivered to the target region but not the off-target stimulation.
Focality does not consider overlap with the target or the target’s relative size. Therefore, we
introduced the correlation metric to capture the conformity of the field magnitude to the
target. Figures 51-S4 contrast these metrics for a range of simulated montages. Increased
correlation at both equal mean magnitude in target and equal focality led to visually superior
field distributions. Thus, we rely on correlation instead of focality to complement the mean
magnitude in target as a surrogate measure for target engagement.

3. Results

Head modelling allowed for analysis of anatomical variability of the 10 subjects. The mean
(standard deviation) brain volume without ventricles and cortical volume were 1176 cm3
(68 cm?3) and 242 cm?3 (12 cm?3), respectively. The IAG had a mean (standard deviation) surface
area of 1,760 mm? (207 mm?) and a mean depth from the scalp surface of 21 mm (1.9 mm).
The mean (standard deviation) skull thickness between scalp and IAG was 6.2 mm (1.5 mm).
The location of the IAG varied with respect to the standardized 10-20 positions, which are not
brain-based. The mean (standard deviation) distance from the P3 position to the nearest
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position on the scalp to the IAG’s center-of-mass was 16.3 mm (5.3 mm). In summary, the
standard deviations of these anatomical metrics are generally in the range of 10 to 30% of the
mean values.

The simulated electric field magnitude distributions for the compared montages are visualized
for three subjects in Figure 2 (a), with current limits of 2 mA per electrode and 4 mA total for
all montages. Column 1 shows the variation in shape and location of the IAG across the
subjects. Columns 2-4 show montages designed based on the MNI head model and
transferred to the subjects, with P3-centered conventional and high-definition montages as
well as the “MNI optimized 32” montage. Columns 5 and 6 show montages optimized for each
subject with the 32 and 64+ systems, the latter with a mean of 86 positions. Conventional
montages (column 2, electrode diameter 50 mm) resulted in low focality and high intensities
of >0.3 V/m across much of the left hemisphere. High-definition montages (column 3) had
higher focality at lower mean intensity in the target, with observable variance in peak location
and intensity. MNI optimization (column 4) resulted in less focality but higher intensities in the
target compared to high-definition montages. Personalized montages (columns 5 and 6)
resulted in the highest conformity of the field distribution to each subject’s IAG location and
morphology.

Figure 2 (b) compares the field magnitude metrics for the simulated montages with current
limits of 2 mA per electrode and 4 mA total. The mean intensities in the IAG for the optimized
32 and 64+ montages were closest to the target intensity of 0.3 V/m (dashed red line in Figure
2 (b)) and had significantly reduced variance (Levene’s test, p<0.05) compared to all reference-
based montages. The high-definition montage had the highest correlation (paired t-test,
p<0.05 against all others) and best focality of the montages (paired t-test, p<0.05 against all
except MNI optimization).
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Figure 2: (a) Electric field magnitude distributions from reference-based and personalized montages for
subjects 3, 6, and 8. Montages were selected for stimulation of the IAG (column 1, red). Reference-based
montages (columns 2-4) transferred standardized electrode positions from the MNI152 atlas. Personalized
montages (columns 5 and 6) used subject-specific optimization. Optimization (columns 4-6) provided the best
conformity of the field distribution to the target. (b) Comparison of quantitative metrics. Mean field
magnitude in the target (top), correlation of field magnitude with target (middle), and the focality of 70% of
the maximum field magnitude (bottom) are shown for all subjects. The variance of mean field magnitude in
the target (top) was significantly reduced for subject-optimized montages (Levene’s test, p<0.05).

The focality of the high-definition (mean 1,176 mm?, standard deviation 261 mm?) and MNI-
optimized montages (mean 1,361 mm?, standard deviation 136 mm?) were significantly
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(paired t-test, p<0.05) less than that of the personalized optimized 64+ montages (mean
2,119 mm?, standard deviation 1,045 mm?). However, for stimulation of the IAG with mean
surface area of 1,760 mm? (standard deviation 207 mm?), see dashed red line in Figure 2 (b),
the more focal distributions may prove less beneficial. A complementary analysis of the Dice
similarity between the peak region of the field magnitude and the target (see Figure S5)
revealed greatest overlap for the subject optimized 64+ montages (paired t-test, p<0.1
compared to high-definition and MNI optimized). Thus, the significant reduction in variance
of the mean magnitude in target for the subject-optimized 64+ montages did not come with
a meaningful loss of focality or target engagement.

Personalized optimization with both 32 and 64+ systems allowed for tunable target intensity.
Figure 3 compares conventional montages to personalized montages optimized over a range
of target intensities using the 64+ system. These montages were all prepared with current
limits of 2 mA per electrode and 4 mA total. The trade-off between intensity and correlation
or focality can be seen in the inverse relationship between mean intensity and correlation
(proportional for focality). The optimized 64+ montages are more pareto efficient than the
fixed montages and thus outperformed traditional montages across the entire range of
achievable target intensities. The inverse intensity-correlation and proportional intensity-
focality relationships are explored for several current limits and finer target intensity steps
Figure S6. As expected, increasing both maximum total and individual current results in more
pareto efficient montages.
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Figure 3: Personalized optimization outperforms conventional and high-definition montages for mean
intensity in target, focality, and correlation. Mean field magnitude in the |AG target is plotted against
correlation of the field magnitude with the target (left) and the focality of 70% of the maximum field
magnitude (right) for conventional, high-definition, and subject 64+ optimized montages. Optimization allows
for control of target intensity, therefore target intensities of 0.1, 0.3, and maximum |E| are shown. Filled
contours show kernel density estimations.

Figure 4 compares optimized 32 and 64+ montages for target intensities of 0.15 V/m, 0.3 V/m,
and maximum | E| as well as maximum individual currents of 1 and 2 mA. Figure 4 (left) shows
boxplots of mean magnitude in the target and correlation with the target. There were no
significant differences in mean magnitude, while for all configurations the optimized 64+
montages resulted in significant increases in correlation (paired t-test). The mean
improvement in correlation for the optimized 64+ montages was 19%, 36%, and 15% for 1 mA
per electrode and target intensities of 0.15 V/m, 0.3 V/m, and maximum | E|, respectively. The
related values for 2 mA per electrode were 6%, 13%, and 13%. The boxplots for focality and
the Dice similarity are shown in Figure S7. The electric field magnitude distributions from the

10
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optimized 64+ montages were visually superior, see Figure 4 (right). The improvement is
especially striking for Subject 2 and target intensity of 0.3 V/m.
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Figure 4: Personalized optimization with more flexible electrode positioning improves correlation at equal
mean intensity. Montages were prepared for all 10 subjects based on personalized optimization with 32
standardized positions and the more flexible and denser 64+ system. (Left) The mean field magnitude in the
IAG as well as correlation of the field magnitude with the IAG are compared over a range of target intensities
and current limits. Significance was assessed with a paired t-test: *p<0.05, **p<0.01, *** p<0.001. (Right)
Electric field magnitude distributions are shown for two subjects and a range of target intensities with
maximum 1 mA current per electrode.

4. Discussion

The main findings of this simulation-based study are: (i) personalized optimization significantly
reduced the variance of the mean field magnitude in the target compared to reference-based
montages, i.e. fixed montages and montages optimized on the MNI atlas. (ii) Improved focality
did not always correspond to improved field magnitude distributions, as focality does not
directly capture the spatial position relative to the target or consider the surface area of the
target region. (iii) Personalized optimization outperformed fixed montages in terms of
correlation with the target and focality across all achievable target intensities. (iv) Montages
from personalized optimization with the more flexible 64+ electrode system resulted in field
magnitudes distributions with significantly higher correlation with the target region compared
to the 32-electrode system. Result (iv) also applied for the dice similarity between 70% of the
maximum field magnitude in most scenarios and for focality in a few scenarios.

11



Journal Pre-proof

Transitioning from reference-based montages to personalized montages requires greater
effort and increased costs for imaging, head modeling, and finite element method simulations.
The benefit is significantly reduced variance in the mean field intensity in the target region.
This is especially important as previous studies have shown traditional montages suffer from
greater variability in induced electric fields as focality is increased [14]. Modelling-free
methods for reducing intensity variance in the target region such as head circumference
correction factors can somewhat reduce target intensity variance [32]. Reverse-calculation
methods use detailed 3D modelling to significantly reduce variance [33], [34], [35]. However,
these approaches rely on personalized modelling and simulations, where montage
optimization does not substantially increase workload. Further, corrected currents may
exceed current limits or increase sensations, particularly in cases with a thick skull layer
between electrodes and target. Most optimization strategies have the advantage that they are
designed around current limits.

The strong effects of individual anatomy on field distributions shown here and in prior studies
[14], [16], [33], [36], particularly the sensitivity of field distributions to CSF volume [15],
underscore the need for personalized modelling. Here, we have demonstrated through
simulations that personalization improves electric field distributions with the hypothesis that
these gains will be linked to behavioral improvements, both through increased target
engagement and reduced inter-subject variability. The latter is an important aspect of
reducing variability of clinical outcomes for TES-based therapies. For example, one meta-
analysis revealed that montages used by most of 87 TDCS studies of working memory did not
have electric field maxima in the target region [37]. The behavioral outcomes from ongoing
and future clinical trials will surely inform the cost-benefit analysis, as the behavioral effects
are the most important factor in this calculation. We note that the benefits of personalization
will vary depending on the specific TES application, i.e. targeted regions and stimulation
protocol. We expect our approach is more beneficial in the context of precise stimulation over
longer periods with limited patient supervision, e.g. repeated at-home therapy sessions over
weeks or months.

The smaller electrodes used in high-definition and optimized montages result in higher
current density and thus presumably more patient sensation compared with conventional,
large-electrode montages. Nevertheless, many studies have shown reasonable or good
tolerability with high-definition electrodes and 1 to 2 mA currents, though individual
sensations are variable and dependent on stimulation modality [38], [39]. Experiences with
the Miamind Neurostimulator (Bottneuro AG, Basel, Switzerland) equipped with 18 mm
diameter brush electrodes were generally favorable: all eight subjects were able to complete
four 60-minute sessions receiving 40 Hz TES (maximum total current of 2 mA and maximum
current per electrode of 1 mA) with this neurostimulator as part of the MindStim trial
(NCT05999916) and five were willing to extend sessions beyond 60 minutes. Thus, the
flexibility, good focality, high target engagement, and reduced variance of personalized high-
definition electrodes montages should outweigh a generally manageable increase in
sensation. Given the increased sensation for smaller electrodes, development of novel active-
sham stimulation protocols to blind clinical trials takes on an even larger importance [39].

Increasing the number of available electrode positions during optimization clearly increased
target engagement of stimulation, see Figure 4. While both systems could provide similar

12
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intensity in target, denser positioning allowed for selection of electrodes closer to the target
and thus confinement of field magnitude distribution and reduction of off-target dose. A
similar effect was reported by Saturnino et al. [19]. This advantage was larger and had greater
significance when the current limit per electrode was reduced from 2 to 1 mA. Fabric EEG/TES
caps can offer a variable number of potential electrode positions, for example the
Neuroelectrics Starstim device (Neuroelectrics, Barcelona, Spain) offers 39- and 64-electrode
position options for their 8, 20, and 32 channel devices. Incorporating digital design elements
such as CAD and 3D-printing for TES devices could further increase flexibility for electrode
placement, as illustrated in Figure 1. While this paradigm allows more flexibility, here we
created our 64+ system by imposing a fixed 26.5 mm inter-electrode spacing before
optimization. This eliminates collisions between electrodes and their support structures, but
it also drastically reduces the number of possible configurations compared to what such a
device could provide. More flexibility could be achieved via heuristics or by including the
distance constraint within the optimization directly. This would allow for optimization over a
greater number of positions while avoiding collisions between electrodes due to hardware
constrains, unlocking further improvements in target engagement. Future studies should
determine how far this approach could increase target engagement, though diminishing
returns are expected due to the size of electrodes, size of targets, and the electrical properties
of the head itself.

The simulation methods used in this study, i.e. SImNIBS and the related libraries [23], have
been validated in terms of segmentation accuracy [22] and numerical accuracy [40], but only
partially validated by intracranial recordings [41], [42], where errors are primarily expected to
be the result of segmentation inaccuracies, incorrect and simplified conductivity values, and
a simplified model of the contact between electrodes and scalp. Differences between virtual
electrode positions on a head model and real-world positions on the subject’s head also lead
to deviations from expected dose, with simulation studies indicating that positional accuracy
should be kept within 10 mm [42]. The general trends presented in this study are likely to
persist despite increased uncertainty from these sources of error. As accuracy of personalized
head modelling pipelines improve, the advantages of personalized therapy planning will likely
grow.

This study is based on 10 healthy subjects from the MindStim trial (NCT05999916) for which
we could ensure standardized, high quality MRI acquisition and manually check the quality of
the resulting head models. While a larger sample size would be beneficial, the 10 subjects
were sufficient to achieve significant reduction in dose variability through personalization
(Figure 2) as well as significant improvement of target engagement through increased
flexibility in electrode placement (Figures 4 and S7). Personalized montages outperformed
traditional fixed montages for all 10 subjects in terms of correlation of field magnitude with
the IAG target at equal mean magnitude in target (Figure 3), with kernel density estimates
indicating that this trend is likely to continue in larger healthy populations. However, many
therapeutic applications of TES involve individuals with brain anatomies impacted ageing [43]
and/or pathologies such as multiple sclerosis [44], Parkinson’s disease [45], stroke [46],
frontotemporal dementia [47], AD [5], [7], [8], [10], [11], and gliomas [48]. In particular, brain
atrophy in AD patients alters current distributions [36], linked to the large effect of CSF volume
on induced electric fields [15]. For AD cases with atrophy and increased CSF volume,
personalization using specific anatomy will likely further reducing variance compared to fixed-
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electrode montages or montages designed from atlases based on healthy subjects. We note
that while variance will likely be reduced, the achievable target engagement in these cases
may differ or be diminished compared to healthy subjects. Generation of head models in these
cases is also particularly challenging, as many segmentation pipelines are mainly designed
around healthy subjects and atlases. Recent developments in segmentation tools for diverse
real-world imaging scenarios and anatomies [49] will aid in modelling efforts. Future studies
should focus on these groups to identify if the results of this study hold.

5. Conclusion

Personalized TES montage planning significantly reduced the variance of simulated electric
field magnitude in the IAG. Further, personalized optimization outperformed conventional and
high-definition fixed montages in terms of both intensity and target engagement. Increasing
the flexibility of electrode placement significantly improved target engagement of stimulation
without changing the intensity in target. Thus, personalized montage optimization with high-
density positioning systems is critical for increasing precision and reducing variance in
therapeutic applications of TES. These results provide in silico validation that customized TES
caps fabricated with 3D-printing can increasing target engagement for future treatment of
neurological disorders including AD.
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