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Background: When modeling transcranial electrical stimulation (TES) and transcranial magnetic stimu-
lation (TMS) in the brain, the meninges e dura, arachnoid, and pia mater e are often neglected due to
high computational costs.
Objective: We investigate the impact of the meningeal layers on the cortical electric field in TES and TMS
while considering the headreco segmentation as the base model.
Method: We use T1/T2 MRI data from 16 subjects and apply the boundary element fast multipole
method with adaptive mesh refinement, which enables us to accurately solve this problem and establish
method convergence at reasonable computational cost. We compare electric fields in the presence and
absence of various meninges for two brain areas (M1HAND and DLPFC) and for several distinct TES and
TMS setups.
Results: Maximum electric fields in the cortex for focal TES consistently increase by approximately 30%
on average when the meninges are present in the CSF volume. Their effect on the maximum field can be
emulated by reducing the CSF conductivity from 1.65 S/m to approximately 0.85 S/m. In stark contrast to
that, the TMS electric fields in the cortex are only weakly affected by the meningeal layers and slightly
(~6%) decrease on average when the meninges are included.
Conclusion: Our results quantify the influence of the meninges on the cortical TES and TMS electric fields.
Both focal TES and TMS results are very consistent. The focal TES results are also in a good agreement
with a prior relevant study. The solver and the mesh generator for the meningeal layers (compatible with
SimNIBS) are available online.
© 2022 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mapping studies that relate electric field strengths to behavioral
effects are particularly dependent on modeling accuracy [1,2]. Such
studies also contribute to the dosing problemwith individual head
models [3]. Including multiple tissue classes into the modeling is
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an open access article under the C
beneficial for accurate electric field simulations [4]. Current head
modeling pipelines e mri2mesh [5], headreco [6] or ROAST [7] e

segment the head into skin, skull, cerebrospinal fluid (CSF), gray
matter (GM), and white matter (WM). The meninges (dura,
arachnoid, and pia mater) cannot be segmented using the existing
tools.

Previous work [8] has suggested that the meninges are included
within the volume conventionally modeled as homogenous,
highly-conductive CSF. However, they possess much lower elec-
trical conductivities, thus representing additional layers to pass
before reaching the brain [8]. Previous modeling and experimental
work [8] has shown that the meningeal layers may significantly (by
16e60%) increase TES induced cortical fields as compared to the
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kweise@cbs.mpg.de
mailto:konstantin.weise@tu-ilmenau.de
mailto:wawartman@wpi.edu
mailto:knoesche@cbs.mpg.de
mailto:nummenma@nmr.mgh.harvard.edu
mailto:makarov@wpi.edu
mailto:smakarov@mgh.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2022.04.009&domain=pdf
www.sciencedirect.com/science/journal/1935861X
http://www.journals.elsevier.com/brain-stimulation
https://doi.org/10.1016/j.brs.2022.04.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.brs.2022.04.009
https://doi.org/10.1016/j.brs.2022.04.009


K. Weise, W.A. Wartman, T.R. Kn€osche et al. Brain Stimulation 15 (2022) 654e663
standard modeling. To emulate the effect of meninges, it has been
suggested to replace the conventional CSF conductivity of 1.65 S/m
by 0.85 S/m [8]. This result illustrates the potential impact of the
meningeal layers on the electric field estimates. At the same time,
this result was based on a spherical head model, which simplifies
the electric field distribution within the brain [9].

For this reason, the present study aims to independently vali-
date and generalize this observation and justify the suggested CSF
conductivity approximation considering realistic head models. We
perform numerical modeling for 16 subjects drawn from the Hu-
man Connectome Project (HPC) database [10] with 0.7 mm
isotropic resolution. Along with TES, we also include transcranial
magnetic stimulation (TMS) into our analysis, thus extending the
scope of the prior work [8].

The major methodological difficulty is in the accurate modeling
of thin meningeal layers with average thicknesses of 1.11 mm,
0.2mm, and 0.1mm for dura, arachnoid, and piamater, respectively
[8]. These layers are located very close to the neighboring brain
compartments. Irrespective of which numerical method is used, the
geometrical element sizes should be smaller than or equal to the
separation distances between individual tissue interfaces for ac-
curate computation. This could lead to a large computational
burden. Modeling thin layers is computationally expensive when
using the finite element method (FEM) due to the requirement of
an adequate volumetric mesh [8].

To overcome this issue, we used the boundary element fast
multipole method (BEM-FMM) [11], which only requires the dis-
cretization of the surfaces. Furthermore, we extended the existing
BEM-FMM algorithm by an automated adaptive mesh refinement
mechanism introduced and described in detail in Appendix A. With
this extension, we were able to determine accurate and self-
converged results for the electric field with reasonable computa-
tional cost. Our method could be applicable to any variable-
thickness meningeal geometry, and also to meninges in the form
of thin separate islands.

2. Materials and methods

2.1. Head modeling

MRI T1/T2 data for 16 healthy HCP subjects [10] with isotropic
voxel resolution of 0.7 mm used previously [12] have been
segmented using the automated segmentation routine headreco
(based on SPM/CAT [14]), available in the SimNIBS 3.1 software. This
segmentation is termed as the base (non-meningeal) segmenta-
tion; it is shown in Fig. 1aed for one subject. Fig. 1aed also show
that the dura mater is included into the CSF volume in motor,
premotor, and somatosensory areas. More details are provided in
Appendix D.

2.2. Assembly of brain meninges

Given the current resolution limits of the MRI devices, the
available segmentation routines [13,14] are not capable of pre-
dicting the meninges’ exact locations. Therefore, we created the
meningeal layers by conjecturing their shape based on average
anatomical data [8] and following a fully automated routine; the
final result is illustrated in Fig. 1e and f. This routine creates
meninges from constrained deformations of the base segmentation
and is included in the example dataset of interest (DOI) [15]. Ac-
cording to Fig. 1c and d, headreco puts the dura mater into the CSF
volume (cf. also [8]). We therefore proceed as follows:

1. First, the original CSF shell is designated as dura. Next, the new
CSF shell is created by moving the original one inwards along
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the normal direction to account for dura and arachnoid mater
thicknesses: 1.11 mm for dura þ0.2 mm for arachnoid. If in-
tersections occur with the GM surface (later pia mater surface),
the dura and arachnoid thicknesses are spatially smoothly
reduced to provide at least 0.1 mm separation in the normal
direction between the new CSF and pia mater e cf. insets in
Fig. 1e and f.

2. The original GM shell is designated as pia mater. The new GM
shell is created by moving the original shell inwards along the
normal direction to account for a pia mater thickness of 0.1 mm.
If there is not enough space (rare), then half of the distance
between GM and WM is chosen as the pia thickness.

Here, we used integral data given in Ref. [8] for the meningeal
layer thicknesses, which were estimated from literature [16e19]
noting that references vary due to the heterogeneous geometry of
the layers themselves. All three meninges of the cortex fold and
descend deep down into the longitudinal fissure, where we have
followed the original base segmentation. Since the selected stim-
ulation sites (M1HAND and DLPFC) are quite distant from this
feature, we assume that this has only a minor influence on the
results.

2.3. Other modeling sets

In addition to these full models, several additional head models
were constructed. One set of models includes only the dura mater
combined with arachnoid mater because it is the thickest mem-
brane, and we expect it to have the largest effect on the electric
field. In another set of models, only the thin piamater was included.
In the last set of models, the dura and arachnoid have been grad-
ually moved in the normal direction (progressively encroaching on
the skull volume). This was done to study the field sensitivity with
respect to membrane position and to make a statement regarding
required resolution of future imaging methods.

2.4. Stimulation setups and ROI definition

For focal TES, two ring electrode configurations [20] labeled as
Montage 1 and Montage 2 in Fig. 2 have been used. The center
electrodes were placed over two targets: the approximate center of
theM1HAND area of the left hemisphere and the approximate center
of the dorsolateral left prefrontal cortex (DLPFC) at EEG electrode
F3 [21,22]. The other four electrodes were positioned in the
anterior-posterior and median-lateral directions, at distances of
27.5 mm (Montage 1) or 40 mm (Montage 2) from the center
electrode. The electrode radii were selected as 5 mm or 10 mm,
respectively. The center electrode was set at -1V, and all other
electrodes were set at þ1V. The results were linearly scaled to
achieve a total injected current of 1 mA. Fig. 2aed shows these four
cases.

For conventional TES, Montage A in Fig. 2e targets the M1HAND
area of the left hemisphere with the second electrode placed at F4.
The square electrode size is 2 � 2 cm. Montage B in Fig. 2f is the
same as A, except the electrode size is 4 � 4 cm. In Montage C, both
electrodes are additionally shifted posteriorly by 2 cm to place the
maximumROI field in theM1HAND area. Montage D is the same as C,
except an ipsilateral configuration was assumed for the second
electrode instead of a contralateral configuration.

For TMS computations, we placed a large Magventure C-B60
figure-of-eight coil or a small Cool-B35 coil over the same M1HAND
or DLPFC areas, parallel to the skin, and with an orientation of 45�

towards the fissura longitudinalis as shown in Fig. 2i-l. The coil-skin
distances along the centerline were 10 mm accounting for the
housing of the coil.



Fig. 1. a,b) T1 and T2 NIfTI images for HCP subject 120111 and the base headreco segmentation for scalp (1) and skull or bone (2) shown in blue in the sagittal plane. The dura mater
is clearly seen in the T1 image a). c,d) The same images and base headreco segmentation for scalp (1), skull (2), CSF (3), gray matter (4), and white matter (5) in blue. e,f) e Base
headreco segmentation (blue) and new extra-cellular compartments e the meninges (pale pink). They agree well with the background MRI information. Two insets in the right
bottom corners of e,f) display meninges at a finer resolution. The new CSF thickness can be as small as 0.1 mm in the regions where there is almost no CSF. The pia mater is 0.1 mm
thick. (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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Conductivity values of the meninges follow Ref. [8] and were
chosen as: dura - 0.1 S/m; arachnoid - 0.125 S/m; pia - 0.15 S/m.
Other conductivity values are the default conductivities of SimNIBS
[23,24]: skin - 0.465 S/m; skull - 0.01 S/m; CSF - 1.654 S/m; GM -
0.275 S/m; WM - 0.126 S/m. The region of interest (ROI, ~4000
observation points) is located on the mid-surface between the in-
ner and outer GM surfaces within a sphere (D ¼ 40 mm) centered
on a target at the center of the M1HAND region or the DLPFC region.
2.5. Modeling engine

The boundary element fast multipole method (BEM-FMM) [25]
was used to determine the electric field distributions for both TES
and TMS. It operates in terms of the surface charge density residing
on interfaces and electrode surfaces. BEM-FMM has been shown to
outperform the standard first-order finite element method for TMS
modeling [26] when isotropic and constant-conductivity com-
partments are used. It has been applied toTMSmodeling [12,27,28],
to EEG/MEGmodeling [29], andmost recently toTESmodeling [11].
Its advantage is an ability to efficiently model a complicated multi-
shell topology.
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2.6. Reference solutions

Although BEM-FMM can handle extremely closely spaced shells
[11], many analytical neighbor potential integrals per facet must be
stored in RAM [11]. This makes the solution less practical. The
headreco shells are separated by less than the average edge length
of 1.4 mm at many places. The meningeal interfaces make the
problem much worse. Therefore, two “ground truth” models of a
very high computational cost were constructed.

The first such model e Ref#1 e was constructed from the
original headreco meshes using two levels of a uniform edge-based
congruent triangle subdivision (1:4). This results in 17 million
facets per head with an average edge length of 0.36 mm, and the
same average triangle quality. This model provides an accurate
solution without meninges.

The second model e Ref#2 e is constructed from the original
headreco meshes using three levels of the uniform edge-based
congruent subdivision (1:4) for dura mater, arachnoid mater, CSF,
pia mater, gray matter, and two levels otherwise. This results in 70
million facets per head with the average edge length of 0.18 mm for



Fig. 2. Twelve stimulation setups used in this study. a)-d) Focal TES montages. e)-h) Conventional TES montages. i)-l) TMS coil positions and setups. Every cortical target is also the
center of a 40 mm diameter spherical ROI.
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the critical compartments. This model arguably provides an accu-
rate solution with the meninges.
2.7. Adaptive mesh refinement

Solving the large models constructed above was possible but
very time consuming. Therefore, we propose an alternative solu-
tion, which is based on an adaptive mesh refinement algorithm
illustrated in Fig. 3.

This means that the mesh is refined automatically and selec-
tively in those regions where it is required, by subdividing trian-
gular facets in question into smaller facets and recomputing the
solution. The subdivision process is controlled by a cost function.
Appendix A specifies the algorithm, its implementation, and asso-
ciated convergence. A final refined head model resulting in a
converged solution for TES is illustrated in Fig. 3.
2.8. Software and data availability

The BEM-FMM solver with the adaptive mesh refinement as
well as with the automated mesh generator for the meninges with
an example are available online [15].
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3. Results

3.1. Modeling results when meninges are included into CSF volume

For the 16 subject models considered, the ground truth results
for the uniformly refinedmodels and themodeling results obtained
with the adaptive mesh refinement are nearly identical. Their
equivalence, parameters of the numerical algorithm, and algo-
rithm's performance are reported in detail in Appendix A. For this
reason, the electric field differences are reported here using the
adaptive mesh refinement method.

Table 1 summarizes the ROI field differences between models
with and without the meninges, respectively, for focal TES. Table 2
summarizes similar results for conventional TES. The correspond-
ing TMS results are given in Table 3. All three tables report relative
signed differences in the maximum ROI electric field magnitude
(the 98th percentile), in the mean ROI electric field magnitude, and
the average relative 2-norm difference for the vector electric field,
for all 4000 ROI sampling points. All these results have been aver-
aged over 16 subjects. All three tables report data for four different
stimulation combinations and three different modeling sets (dura



Fig. 3. Final mesh refinement maps for the model with the meninges (Connectome subject 120111, targeting M1HAND with Montage 1) subject to focal TES after 16 refinement steps
at a 4% total refinement rate. The average (16 subjects) model size increases from 1.6 million triangular facets to 2.3 million facets. The refinements for gray and white matter look
similar e the most refinement occurs where the electric field is perpendicular to the tissue surfaces.
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and arachnoid only, pia only, all three meningeal layers). The re-
ported differences are:
Table 1
Averaged relative differences over 16 subjects in the ROI electric field for models with and
dura and arachnoid mater are included, when only pia mater is included, or when all
meningeal solutions. Relevant statistical data (standard deviation and p-values of the pa

Model
Includes

Stimulation setup

Dura and Arachnoid only Target M1, Montage 1
Target DLPFC, Montage 1
Target M1, Montage 2
Target DLPFC, Montage 2

Pia only Target M1, Montage 1
Target DLPFC, Montage 1
Target M1, Montage 2
Target DLPFC, Montage 2

All meninges Target M1, Montage 1
Target DLPFC, Montage 1
Target M1, Montage 2
Target DLPFC, Montage 2
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Diffmax ¼max98%ðjEwithjÞ � max98%ðjEwithout jÞ
max98%ðjEwithout jÞ

(1)
without the meninges: TES modeling with focal montages. Three cases ewhen only
meninges are included e have been computed and compared with the base non-
ired t-test) are given in Appendix B.

Signed Diffmax , % Signed Diffmean , % Diff2norm , %

þ40 þ27 33
þ36 þ27 30
þ40 þ27 33
þ35 þ26 30
�6 �6 6
�7 �7 7
�8 �7 7
�8 �8 8
þ31 þ16 24
þ28 þ15 20
þ23 þ12 17
þ27 þ13 21



Table 2
Averaged relative differences over 16 subjects in the ROI electric field for models with and without the meninges: TES modeling with conventional montages. Three cases e
when only dura and arachnoid mater are included, when only pia mater is included, or when all meninges are included e have been computed and compared with the base
non-meningeal solutions. Relevant statistical data (standard deviation and p-values of the paired t-test) are given in Appendix B.

Model
Includes

Stimulation setup Signed Diffmax , % Signed Diffmean , % Diff2norm , %

Dura and Arachnoid only Target M1, Montage A þ26 þ18 20
Target M1, Montage B þ22 þ16 18
Target M1, Montage C þ22 þ14 16
Target M1, Montage D þ19 þ14 15

Pia only Target M1, Montage A �7 �7 9
Target M1, Montage B �9 �8 10
Target M1, Montage C �10 �10 11
Target M1, Montage D �7 �7 8

All meninges Target M1, Montage A þ15 þ6 15
Target M1, Montage B þ6 �1 12
Target M1, Montage C þ5 �4 8
Target M1, Montage D þ10 þ5 7
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where the 98th percentile maximum of the electric field magni-
tude, jEj, is found over the entire ROI;

Diffmean¼meanðjEwithjÞ � meanðjEwithout jÞ
meanðjEwithout jÞ

(2)

where the mean of the electric field magnitude, jEj, is computed
over the entire ROI;

Diff2norm ¼Ewith � Ewithout
Ewithout

(3)

where the 2-norm of the full vector field E is computed over the
entire ROI. Additional statistical data (STDs and p-values of the
paired t-test) are given in Appendix B.

Along with Eq. (3), we also computed the topographical differ-
ence or the relative difference measure (RDM). Its average value
approaches 60% of the relative 2-norm difference (3) on average
and is therefore not reported separately.

Additionally, Fig. 4 shows the electric field magnitude in the ROI
with and without the meninges for one subject (HCP subject
120111) for focal TES (Montage 1), conventional TES (Montage C)
and TMS (with the C-B60 coil), all targeting the M1HAND area.

According to Table 3 (and Fig. 4), the effect of the meninges on
the TMS cortical fields generally appears to be small. This is in stark
contrast to the focal TES cortical fields from Table 1 (and Fig. 4)
where this effect is quite large. Therefore, the membrane emulation
results as well as the sensitivity results versus membrane positions
Table 3
Averaged relative differences over 16 subjects in the ROI electric field for models with and
mater are included, when only pia mater is included, or when all meninges are includ
Relevant statistical data (standard deviation and p-values of the paired t-test) are given

Model
Includes

Stimulation setup

Dura and Arachnoid only Target M1, C-B60 coil
Target DLPFC, C-B60 coil
Target M1, Cool-B35 coil
Target DLPFC, Cool-B35 coil

Pia only Target M1, C-B60 coil
Target DLPFC, C-B60 coil
Target M1, Cool-B35 coil
Target DLPFC, Cool-B35 coil

All meninges Target M1, C-B60 coil
Target DLPFC, C-B60 coil
Target M1, Cool-B35 coil
Target DLPFC, Cool-B35 coil
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and conductivities will be reported below only for the focal TES
case.

3.2. Variation of CSF conductivity to emulate the meningeal effect
(focal TES)

Jiang et al. (2020) [8] suggested to decrease the conventional
CSF conductivity of 1.65 S/m to 0.85 S/m to emulate the effect of the
meninges without including them into the base model explicitly.
Fig. 5 shows the average effects of CSF conductivity variations from
0.75 S/m to 1.65 S/m in steps of 0.05 S/m, in the base model for the
focal TES Montage 1 targeting the M1HAND area with respect to all
three difference measures reported previously in Table 1. The first
conductivity domain marked light yellow in Fig. 5 corresponds to
the value of 0.85 S/m. In this domain, the relative signed difference
in themaximumROI field crosses zero and does become quite small
while its standard deviation does not exceed 10%. For all focal TES
montages from Table 1, the Diffmax values for the full set of mem-
branes (four last rows of Table 1) reduce fromþ31, þ28, þ23, þ27%
to þ3, þ1, þ3, þ1% that is, they decrease by a factor of ~10 when a
CSF conductivity of 0.85 S/m is used! However, the 2-norm differ-
ence and the mean-field difference are still significant at 0.85 S/m.
The second domain in Fig. 5 corresponds to the value of 1.25 S/m. In
this region, the 2-norm difference and the mean-field difference
reach their absolute minima. The Diffmean values for the full set of
membranes reduce from þ16, þ15, þ12, þ13% to þ1, þ2, �3, �1%;
that is, they again decrease by a nearly a factor of ~10. However, the
relative signed difference in the maximum ROI field is relatively
large.
without the meninges: TMS modeling. Three cases ewhen only dura and arachnoid
ed e have been computed and compared with the base non-meningeal solutions.
in Appendix B.

Signed Diffmax , % Signed Diffmean , % Diff2norm , %

þ1 þ1 5
�2 �0.1 4
þ2 þ1 5
�2 �0.2 4
�5 �2 3
�5 �2 3
�4 �1 6
�4 �2 3
�5 �1 6
�8 �3 6
�4 �1 6
�7 �3 5



Fig. 4. Electric field magnitude in the ROI considering and neglecting the meninges for HCP subject 120111 (target M1 in Tables 1e3). Left column e focal TES (Montage 1); Center
column e conventional TES (Montage C); Right column e TMS results for the same target and the C-B60 coil. The last row shows magnitude of the electric field difference between
the two cases. The RDM for focal TES is 18%, the RDM for conventional TES is 16%, and the RDM for TMS is 2.7%.

Fig. 5. Maximum, mean, and 2-norm differences of the electric field in the ROI of focal
TES (target M1, Montage 1) as functions of the variable CSF conductivity of the base
model. For each of the 19 conductivity values, the results were averaged over 16
subjects. The two conductivity domains marked in light yellow indicate, respectively,
the minimum of the maximum-electric field difference and the minimum of the
overall electric field difference as compared to the full model with the meninges. The
length of error bars is the standard deviation depicting intersubject variability. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

K. Weise, W.A. Wartman, T.R. Kn€osche et al. Brain Stimulation 15 (2022) 654e663

660
3.3. Variation of the meningeal conductivity (focal TES)

Appendix C considers an extreme case where both dura and
arachnoid mater have the conductivity of skull. This might happen
if a hypothetical non-meningeal segmentation would move the
skull boundary down to “subtract” the meninges from the CSF
volume.

3.4. Influence of segmentation errors of dura and arachnoid mater
(focal TES)

The previous sections have considered the most likely case,
where themeninges have been included into the homogeneous CSF
volume [8] of the original “non-meningeal” segmentation using
headreco. In order to investigate the effects of possible segmenta-
tion errors, we gradually moved the dura and arachnoid mater in
the direction of the skull. They would then be located, partially or
fully, in the skull volume of the original segmentation. Table 4 re-
ports the average relative ROI field change (i.e. sensitivity) per
0.1 mm of such a complex movement computed numerically.
Table 5 reports the results when the dura and arachnoid mater are
fully included into the skull volume. This table compares the
meningeal and non-meningeal (base segmentation) solutions,
similarly to Table 1.

4. Discussion

4.1. Focal TES results: agreement with the prior study

The present modeling results of focal TES montages agree with
the prior study [8] in that they also predict a significant average



Table 4
Average relative unsigned sensitivity over 16 subjects of the ROI electric field for focal TES per a 0.1 mmmeningeal position movement when the dura and arachnoid mater are
gradually moved upwards, i.e. from the CSF volume into the skull volume. The pia mater stays the same. The maximum and mean fields decrease when moving upwards and
approximately approach the result of the base segmentation without meninges when the meninges become fully included into the skull volume instead of the CSF volume (cf.
Table 5 below).

Stimulation setup Sensitivity for max98%ðjEjÞ Sensitivity for meanðjEjÞ Sensitivity for E2norm

Target M1, Montage 1 3% 1% 2%
Target DLPFC, Montage 1 3% 1% 1%
Target M1, Montage 2 3% 1% 2%
Target DLPFC, Montage 2 2% 1% 2%
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increase in the cortical electric field (an average increase of
approximately 30% in the maximum field strength) caused by the
meningeal layers. Next, we confirm that almost exactly the same
value of 0.85 S/m for the CSF conductivity [8] is necessary to
emulate the effect of the meninges when the maximum electric
field strength within the ROI is concerned. However, in order to
decrease the average electric field difference in the ROI, a value of
1.25 S/m should be considered. These two results are consistent;
they are confirmed for all four focal TES stimulation setups from
Table 1.

4.2. Focal TES results: new findings

Surprisingly, the very thin pia mater alone seems to have a
rather significant effect on TES intracortical fields. According to
Table 1, these fields decrease by approximately 7% on average for all
focal TES stimulation setups when only the pia mater is included.
We explain this fact by the appearance of a thin layer of electric
dipoles (a double layer) across the thin and low-conducting pia
mater. Although the field of dipoles is small at larger distances,
their near field is significant and could therefore affect the very
nearby ROI.

On the other hand, the dura and arachnoid mater have a strong
opposite effect on the intracortical fields since they effectively
reduce the field-blocking CSF volume and make the transition be-
tween bone and CSF more “smooth”. As a result, an increase of 37%
in the field strength is observed in Table 1 on average.

Together, these two effects partially cancel each other, but the
effects of dura and arachnoid mater still dominate. A total increase
of around 30% in the field strength is therefore observed in Table 1
on average when all three meningeal layers are present in the
otherwise-homogeneous CSF volume. These three observations are
consistent; they are confirmed for all four TES stimulation setups
from Table 1.

4.3. Focal TES results: critical influence of meningeal positions

It follows from Sections 3.1 and 3.3 that the main question is
whether the base non-meningeal segmentation (headreco in the
present study) includes the dura and arachnoid mater into the CSF
volume or into the skull volume. In the former case, large differ-
ences in the maximum ROI electric field on the order of 30% are
Table 5
Averaged signed relative differences over 16 subjects in the ROI electric field for focal
TES models with and without the meninges. The model without the meninges is the
base segmentation. The model with the meninges now fully includes them into the
skull volume instead of the CSF volume.

Stimulation setup Diffmax , % Diffmean , % Diff2norm , %

Target M1, Montage 1 þ6 þ4 7
Target DLPFC, Montage 1 þ5 þ3 6
Target M1, Montage 2 þ1 þ2 5
Target DLPFC, Montage 2 þ1 þ2 5
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expected when the meninges are extracted from the CSF volume
(Table 1). In the latter case, an average difference in the maximum
ROI electric field of only 3% is expected when the meninges are
extracted from the skull volume (Table 5). The transition between
the two cases is very sharp: the relative sensitivity of the maximum
ROI field is 3% per 0.1 mm meningeal movement on average
(Table 4). Other potential sources of electric field error are artifacts
in the MR images, which may result in electric field differences of
up to 30% [4].
4.4. Meningeal positions for base headreco segmentations

Ref. [8] and Fig. 1 of this study both suggest that the base seg-
mentation subsumes the dura and arachnoid mater into the CSF
volume. This may not always be the case. Appendix D reports
headreco segmentations overlapped with the original T1/T2 images
for several subjects of this study. A visual inspection (performed
wherever possible) indicates that dura and arachnoid mater are
subsumed into the CSF volume for the primary and supplementary
motor cortexes, primary somatosensory cortex, and partially the
posterior parietal cortex. However, for the occipital lobe and frontal
lobes, the base headreco segmentation better follows the anatom-
ical CSF boundary. This shows that this aspect should be given high
attention in the development of future segmentation methods.
4.5. Results for conventional bipolar TES montages

For the conventional TES montages (Table 2), we observed that
the pia mater has a similar effect on the electric field compared to
focal TES (Table 1). On the other hand, the effect of the dura mater
appears smaller than for focal TES. In combination, these two ef-
fects tend to cancel each other more strongly, depending on the
individual geometry. As a result, a total increase of only 9% in the
field strenth is observed in Table 2 on average, on the border of
statistical significance (supplementary Table B2 of Appendix B). We
hypothesize that this observation may be related to the larger
spread of the electric field associated with conventional as opposed
to focal TES montages.
4.6. TMS results

In case of TMS, the effect of the meninges is much less pro-
nounced (Table 3). However, a small, yet statistically significant,
decrease in the maximum ROI field of 6% on average is consistently
observed. The shunting properties of CSF and its thickness have less
effect here since the dominant E-field of the coil itself is mostly
parallel to the CSF boundaries: because the normal component of
the E-field is small, the induced charges are also small, so they only
generate a weak secondary field that can barely influence the total
electric field. Still, the normal component of the E-field might be
substantial at the sulcal walls, where a thin blocking dipole layer
appears at the pia mater and the gray matter surface. Hence, most
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of the effects in Table 3 arise from the thin pia mater because it
directly borders the gray matter, which is very close to the ROI.

4.7. Solutions with adaptive mesh refinement

The use of adaptive mesh refinement is new and innovative in
the context of brain stimulation modeling. It is also used in other
engineering fields, for example in communications and defense
applications. The BEM-FMM method used here solves the uni-
formly refined ground truth TES/TMS models of exemplary sizes
(~70 million surface facets) and with mesh resolutions of 0.18 mm
in approximately 2 h using a multicore 2.8 GHz server with 512
Gbytes of RAM. The use of adaptive mesh refinement based on
Eq. (4) of Appendix A allows us to reduce this time to approximately
10e20 minwhile utilizing less demanding computer resources and
achieving better mesh resolution (on the order of 0.05 mm) in
critical areas.

5. Conclusionsconclusion

The effect of thin meningeal layers on the electric field is a
difficult matter. Thanks to BEM-FMM with adaptive mesh refine-
ment, we were able to accurately model ~1,000 different TES and
TMS cases for 16 subjects with the average meningeal thicknesses.
Our conclusions are:

i. Explicit inclusion of the three meningeal layers is important
for focal TES computations if a base non-meningeal seg-
mentation subsumes the meninges into the CSF volume (cf.
Appendix D). It may result in differences (increases) in the
maximum cortical electric field of 30% on averagewhen focal
TES is employed (Table 1).

ii. Explicit inclusion of the three meningeal layers is less
important for focal TES computations if a base non-
meningeal segmentation correctly predicts the CSF volume
but combines themeninges with the skull volume (Appendix
D). Differences (increases) in the maximum cortical electric
fields of 3% on average (Table 5) may result.

iii. The transition between the two cases is sharp: the relative
sensitivity of the maximum ROI E-field is 3% per 0.1 mm
meningeal movement on average (Table 4).

iv. The pia mater alone may generate an 8% difference in the
maximum cortical focal TES electric fields on average. All
three meninges must be considered simultaneously since
their effects partially cancel (Tables 1 and 2).

v. While all results for the focal TES (Table 1 and Table B1) are
very consistent and statistically significant across subjects,
the results for the conventional bipolar TES (Table 2 and
Table B2) are less classifiable; they show marginal statistical
significance of the overall meningeal effect.

vi. Inclusion of the three meningeal layers into TMS computa-
tions seems to be much less important. Still, a maximum
cortical electric field difference (decrease) of approximately
6% on average may result (Table 3).

vii. The worst-case meningeal effect on focal TES (~30%
maximum field change) is comparable to that of a segmen-
tation error of ~1.2 mm in the eccentric CSF volumes. How-
ever, the meningeal effect cannot be entirely undone by
simply modifying the surfaces of the base non-meningeal
segmentation (Appendix C).

viii. The influence of the meninges varies greatly between the
stimulation modalities. In the case of classical TES, we
observed a stronger position dependence compared to focal
TES and TMS. If precise quantification of the electric field
magnitude is important (e.g., in the context of patient safety),
662
we recommend individualized numerical simulations that
also account for the meninges. Future studies may investi-
gate the impact of uncertainties in the tissue conductivities
on the electric field distributions [30,31].
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