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Abstract

Objective. To compare field measure differences in simulations of transcranial electrical
stimulation (tES) generated by variations in finite element (FE) models due to boundary
condition specification, use of tissue compartment smoothing filters, and use of free or
structured tetrahedral meshes based on magnetic resonance imaging (MRI) data. Approach.

A structural MRI head volume was acquired at 1 mm? resolution and segmented into ten tissue
compartments. Predicted current densities and electric fields were computed in segmented
models using modeling pipelines involving either an in-house (block) or a commercial platform
commonly used in previous FE tES studies involving smoothed compartments and free meshing
procedures (smooth). The same boundary conditions were used for both block and smooth
pipelines. Differences caused by varying boundary conditions were examined using a simple
geometry. Percentage differences of median current density values in five cortical structures
were compared between the two pipelines for three electrode montages (F3-right supraorbital,
T7-T8 and Cz-Oz). Main results. Use of boundary conditions commonly used in previous

tES FE studies produced asymmetric current density profiles in the simple geometry. In head
models, median current density differences produced by the two pipelines, using the same
boundary conditions, were up to 6% (isotropic) and 18% (anisotropic) in structures targeted
by each montage. Tangential electric field measures calculated via either pipeline were within
the range of values reported in the literature, when averaged over cortical surface patches.
Significance. Apparently equivalent boundary settings may affect predicted current density
outcomes and care must be taken in their specification. Smoothing FE model compartments
may not be necessary, and directly translated, voxellated tissue boundaries at 1 mm? resolution
may be sufficient for use in tES FE studies, greatly reducing processing times. The findings
here may be used to inform future current density modeling studies.

Keywords: tDCS, tES, tACS, finite element simulation, current density, electric field

(Some figures may appear in colour only in the online journal)

Introduction by transcranial electrical stimulation (tES) therapies such as
transcranial direct current stimulation (tDCS) or transcra-
Finite element (FE) simulations are frequently used to predict nial alternating current stimulation (tACS). Patient-specific
current density distributions inside the human head caused FE modeling of tES typically uses structural and diffusion
information gathered in MRI scans to generate realistic head
3 Author to whom any correspondence should be addressed. models [1-4]. Use of high resolution scans (ca. 1 mm in-plane
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resolution), inclusion of large numbers of tissue types and
white matter anisotropy have been considered important fac-
tors affecting modeling accuracy [5, 6]. Tissue conductivity
values are typically assigned based on literature referenced
values [7-10] or direct scaling of diffusion tensor information
[11-13]. Segmented head models are then meshed into desired
element sizes and types (hexahedral or tetrahedral elements).
Commercial platforms [2, 14-16] or specialized software
[5, 16-18] have typically been used to solve FE [19-21], finite
difference or boundary element method [22] simulations.

Many FE predictions of fields in realistic human head
models were initially developed for inverse EEG/MEG appli-
cations [13, 23-25]. In these cases, simulations were per-
formed on volume meshes containing either hexahedral or
tetrahedral elements. For hexahedral meshes, voxel-based
MRI structural data were directly transformed into regular
hexahedral meshes [13] or converted into geometry-adapted
hexahedral meshes using isoparametric FE approaches
[18, 24, 26]. Hexahedral models were determined in studies by
Wagner et al [27] and Vorwerk et al [28] to produce accurate
results, but cautioned that the method of generating the hexahe-
dral mesh must be chosen carefully to avoid leakage or artificially
closed compartments. Tetrahedral elements have been constructed
by compartmentalizing individual voxel-based hexahedral ele-
ments into multiple tetrahedral elements [22] or into free meshes
using constrained Delaunay tetrahedralization (CDT) approaches
[25, 29]. To simulate EEG data, meshed head models and elec-
trodes are typically assigned homogeneous (insulating) Neumann
boundary conditions on the head surface, and zero potential at
ground electrodes[23]. Internal sources mimicking an active
cortex are approximated as dipolar current sources and voltage
differences caused by current dipoles are calculated using the reci-
procity principle [30]. These forward problems have often been
implemented using in-house or freely available FE software such
as NeuroFEM, SimBio [13, 23, 24, 31, 32], SCIRun [22, 33].

In tES FE modeling studies, while in-house or freely avail-
able FE software [10, 18, 34] have been used, commercial
platforms have been much more widely employed than in
EEG modeling. COMSOL [2, 4, 14-16, 35-45] has been the
most commonly used commercial package used in tES mode-
ling studies. FE software packages such as Abaqus [7, 46, 47],
and ANSYS (Ansys Inc., PA, USA) [48] have also been
employed. Companion software packages such as ScanFE
Simpleware (Synopsys, CA, USA) [15, 16, 36-38, 41-43]
or Mimics (Materialise, Belgium) [2, 4, 44, 45] have often
been required to mesh the complex geometry of head models
for use with COMSOL, Abaqus and ANSYS, because their
output formats are compatible with these packages. ScanFE
constructs tetrahedral volume meshes using a combination
of Delaunay and Advancing front approaches. The conver-
sion process from voxel based MRI volumes into tetrahedral
elements that can be successfully imported into commercial
software requires a series of smoothing operations to avoid
meshing complications [2, 7]. Pre-processing steps are also
required to eliminate gaps between subdomains [49].

Previous tES FE studies have used a variety of electrode
boundary conditions. Conventional transcranial stimulation
protocols use a single pair of electrodes, with one electrode

assigned as the anode and the other the cathode [50]. In tES
clinical studies, electrical currents of 2 mA or below [50] are
applied between the anode and cathode using a controlled con-
stant current source. Multiple FE simulations of tES studies
have been performed with boundary conditions assigned with
positive normal current density at the anode, and setting the
cathode boundary condition to ground voltage [7, 14, 16,
35-37, 39, 41-43, 46, 47, 51]. Other FE (ES studies assigned
voltage values at the anode and cathode such that the voltage
difference across the electrodes was equivalent to the desired
current magnitude [2, 4, 17, 18, 34]. Boundary conditions
specifying equal and opposite total current magnitudes applied
at the anode and the cathode, respectively, with a reference
voltage within the models, have also been employed [10, 21].
Variations in tES FE simulation configurations, such as
choices of software, volume meshing types and boundary
condition assignments across FE tES studies may cause
inconsistencies, rendering comparisons of individual study
outcomes difficult. Therefore, there is a need to benchmark
existing tDCS FE simulation studies to ensure consistency.
In this paper, we present comparisons of results from tES
FE models executed using two modeling pipelines. The first
pipeline involved a pair of commonly used commercial plat-
forms, ScanFE and COMSOL, while the second pipeline
used in-house software [5, 10]. In particular, we investigated
the effects of mesh type, segmented model smoothing per-
formed before meshing, and use of different boundary condi-
tion settings on outcomes in complex human head geometry
simulations. Quadratic basis functions were used in both
FE formulations as this is the default used by COMSOL
software. The specific outcomes modeled were percentage
differences of median current density between block and
four levels of smoothing, for both isotropic and anisotropic
conductivity distributions. Different levels of smoothing
were achieved by applying a recursive Gaussian filter mul-
tiple times. White matter tissue anisotropy information was
obtained from the diffusion weighted imaging (DWI) scan
of the subject and was included in both block and smoothed
model pipelines. Three different electrode montages were
employed: left frontal-right supraorbital (F3-RS), left—
right temporal cortex (T7-T8) and midline central-midline
occipital cortex (Cz-Oz), with the first named electrodes in
each pair selected as the anode. Distributions formed using
either formulation were compared within target, deep and
peripheral brain structures. The intended stimulation target
structures were the inferior frontal gyrus (IFG) for F3-RS [5,
52], the anterior superior temporal gyrus (ASTG) for T7-T8
[53] and the occipital lobe (OCC) for Cz-Oz [17]. While this
study investigated head models derived from a single subject
using one set of material properties, we consider our find-
ings indicative of differences that may be introduced using a
variety of model workflows. We anticipate that these results
will be useful in informing future tES modeling studies.

Materials and methods

All head models were derived from a single subject
T1-weighted MRI dataset. White matter conductivity tensor
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information was calculated from DWI data collected from
the subject in the same imaging session. Block models were
constructed directly from the segmented head volumes. Four
degrees of recursive Gaussian smoothing were employed in
constructing smooth models, and these were compared to
block model results for the three electrode montages. Details
of modeling and simulation processes are described in the fol-
lowing subsections.

T1-weighted and DWI data acquisition

T1-weighted and high angular resolution diffusion weighted
imaging (HARDI) MRI datasets from a healthy human subject
were collected using a 3T Achieva Phillips MRI system (the
McKnight Brain Institute, University of Florida). HARDI data
sets were acquired in 64 at high h-value (1000s mm~2) and 6
directions at low b-value (100s mm~?2) using a 2D multislice
spin echo sequence (TE = 86.0ms, TR = 9022.8 ms) with a
matrix size 112 x 112 and a total of 70 sagittal slices, each
slice being 2 mm thick. T1 data was acquired using a 3D turbo
spin echo pulse sequence (TE = 3.69ms, TR = 8.057 ms)
with a matrix size of 256 x 256 and 0.9375 mm resolution,
with 160 axial slices of 1 mm thickness.

Head model construction

Prior to segmentation, the T1-weighted image was resam-
pled to 256 x 256 x 256, 1 mm? isotropic resolution using
FreeSurfer (Cambridge, MA). Resampled T1-weighted images
were segmented into ten tissue types using a combination of
manual and automatic segmentation processes. Automatic
segmentation of white and gray matter was performed in
FreeSurfer, while segmentation for bone, air, and skin were
done in SPM (Wellcome Trust Centre for Neuroimaging,
London, UK) using an improved tissue probability map devel-
oped at CABI [7]. Masks obtained from automatic segmenta-
tion software were then imported into ScanIP (Simpleware,
Synopsys, Exeter, UK) and corrected. Brainstem, gray matter,
and remaining tissue compartments (muscle, fat, eyes, blood
and CSF) were completed manually in ScanIP with reference
to an anatomical atlas [54]. Figure 1 summarizes the segmen-
tation pipeline used to categorize a single head model into
ten final tissue types: white matter, gray matter, CSF, bone,
muscle, fat, blood, air and skin. Literature sourced conduc-
tivity values were assigned to these ten tissue types, based on
available values reported below 1kHz, as shown in table 1.
While conductivities measured at lower frequencies (closer to
10 Hz) would be preferred, existing literature values are scant,
and prone to measurement error [55].

The FSL FDT module was used to calculate diffu-
sion tensor (DT) and fractional anisotropy (FA) maps from
HARDI DWI data [60]. Anisotropic conductivity tensors were
assigned to portions of white matter compartments that had
FA values greater than 0.5. White matter conductivity tensors

were calculated from DT principal eigenvector components
(V1,, V1,, V1,) as described below.

An initial conductivity tensor, Sy, was re-oriented to Sy,
by pre- and post-multiplying Sy, with a product of rotational
matrices, R and RT respectively, such that

S = RS,RT (D
where
g 0 0
Sw= [0 o, 0 |;Il=Ilongitudinal, = transverse
0 0 Oy
)
andR = A AJA,. 3)

A, Ay, and A, were rotation matrices about x, y and z axes,
respectively, for angles «a, (3, v calculated from normalized
Vl,, V1, and V1, vectors (Vls, V15 and V1z) such that

1 0 0 cosf 0 sinf
A (a)= 1|0 cosa —sina | ,A,(B) = 0 1 0 ,
0 sina cosa —sinf 0 cosf
cosy —siny O
A;(y) = [siny cosy O
0 0 1
“)
Vi Vi; Vi
a = tan™! 8= tan_liz,'y:tan_l uy
Viy V24 V12 Vs
(5

The diffusion free (SO) reference image of DWI data was
used to co-register diffusion and T1-weighted data, and all
T1-weighted data were resampled to the same resolution as
diffusion images before performing tensor calculations. A
large white matter anisotropy ratio (o/o, = 10) was used to
illustrate maximal effects. Results from both anisotropic and
isotropic white matter models were compared.

TDCS electrode montages

All model results were calculated for three different electrode
montages (F3-RS, T7-T8 and Cz-Oz). Current was injected
at the anode site, which was the first named electrode in each
montage pair. Each electrode had 35cm? surface area and
I mm thickness. This electrode size was typical of conven-
tional tES electrode sizes [50]. Figure 2 shows locations of
the three electrode montages with respect to the head model.

Block model construction

The block model mesh was constructed directly from seg-
mented T1-weighted data. However, hexahedral meshes were
not used. Instead, each voxel was transformed into six tetrahe-
dral mesh elements. Each of these tetrahedra was assigned the
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Figure 1. The segmentation pipeline involved both manual and automatic segmentation processes. The pipeline is shown in terms of the
three major operation types (Freesurfer, SPM and manual). Results from each operation type were finally combined to produce a single

head model containing ten tissue types.

Table 1. Literature-referenced conductivity values for ten tissue types for measurement frequency under 1kHz [10]. Bone conductivity
(combined) was computed as o = /Tca - 0cor Where o, Was cancellous bone and o, was the average of cortical bone conductivity
reported in the reference. Isotropic white matter conductivity was simulated using the formula o = /o, - 0, where o; was longitudinal and

o, was transverse conductivity.

Tissue types a(Smh Reference
Air 1.0 x 1072 (Smooth pipeline) —
Blood 6.7 x 107! Geddes and Baker [56]
Bone 21.4 x 1073 (cancellous) Akhtari e al [57]

5.52 x 1073 (cortical)

10.9 x 1073 (combined)
Cerebrospinal fluid 1.8 Baumann et al [58]
Fat 2.5 x 1072 Gabriel et al [59]
Gray matter 1.0 x 107! Gabriel er al [59]
Muscle 1.6 x 107! Geddes and Baker [56]
Sclera, lens 5.0 x 107! Gabriel et al [59]
Skin 43 x 107! Holdefer er al [20]
White matter 1.2 x 107! (trans.) Geddes and Baker [56]

1.2 (long.)

same conductivity as others within the same voxel. We used
this configuration because we anticipated that at sufficiently
high resolution (e.g. 1mm?® voxels or below) this approach
could be used to avoid any time and possible inaccuracies
introduced by meshing steps, while not greatly increasing the
size of the problem (each set of six quadratic basis function
tetrahedra had 24 nodes, compared to the 20 nodes required
to specify a quadratic basis function hexahedral element cov-
ering the same region).

Any tissue overlap in the block model was eliminated man-
ually in MATLAB with the following tissue priority: white
matter, gray matter, eyes, blood, air, CSF, fat, bone, muscle

and skin. The final block model had approximately four mil-
lion tetrahedral elements. Air voxels were not included in finite
element stiffness matrix assembly, and it was assumed that the
slightly different air conductivity values in the two pipelines
would not contribute to differences in modeling results.

Smooth model construction

All tissue masks in smooth models were overlapped to pre-
vent gaps in the final mesh, a process referred to as mask
solidifying. Smooth models were constructed by applying a
recursive Gaussian smoothing filter to the segmented head
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Figure 3. Illustration of differences between block and smoothed models in white matter compartment. (A) S1 white matter compartment
(green) and segmented block (yellow) compartments overlaid on one slice of T1 model; (B) Overlay of S2 (purple), S3 (orange) and S10
(blue) models of white matter compartment on T1-weighted model. Differences between white matter compartments are shown in as a

volume for (C) block and (D) smoothed models.

model. During this process, individual pixels within the image
were multiplied by a Gaussian kernel function and original
pixels were replaced by a weighted averaged of the result.
The width of the Gaussian kernel was specified as 1 mm in
x, y and z directions, to match the underlying data resolution.
The smoothing filter only affected the outside boundary of
individual tissue compartments. Additional pre-processing
was performed on white matter masks in smooth models by
applying morphological close and cavity fill operations in
ScanlIP prior to smoothing, to preserve thin structures [7].
Smooth models were meshed using the Simpleware ScanFE
module after all masks were solidified, using the same tissue
prioritization as used for the block model. In ScanFE, free tet-
rahedral mesh type (+FE Free) was selected with compound
coarseness of —25 (maximum edge length of 2-5mm). The

meshing process started by forming a surface mesh of trian-
gular elements then replacing the triangular with tetrahedral
elements by using a combination of Delaunay and Advancing
Front approaches.

Four levels of smoothing were tested, resulting in four
comparisons of block versus smooth models. The first
smoothed model was constructed by applying the ScanIP
recursive Gaussian smoothing filter to each of the ten tissue
masks over a 1 pixel neighborhood in x, y, and z directions, to
form model S1. Subsequent smoothed models were obtained
by applying the same filter multiple times, to form S2, S3 and
S10 i.e. the second level of smoothing (S2) was achieved by
applying the smoothing filter twice, the third (S3) by applying
the smoothing filter three times, and tenth level (S10) by
smoothing ten times. Figure 3 illustrates effects of applying
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Figure 4. Simulation pipelines for block (left) and smooth (right)
head model construction and finite element computation. Block
models were processed using C and MATLAB, while smooth
models were meshed using ScanFE and solved using COMSOL-
MLI. Results from both pipelines were analyzed in MATLAB.

the recursive Gaussian smoothing filter on cross sections of
white matter structures. Note that the smoothing filters dis-
torted original boundaries. Smooth model meshes contained
approximately 4.5 million tetrahedral elements. Finally, each
meshed volume of the smoothed models was exported in
COMSOL format. Only results from smoothed models S1,
S2, S3 and S10 were used in this study. Figures 3(C) and
(D) illustrates the different geometric features of block and
smooth models (model S1) at the white matter surface.

Finite element modeling

FE formulations, using quadratic basis functions, were used
to solve the Laplace equation inside the head volume with
mixed boundary conditions applied on head or electrode sur-
faces. Block models were meshed and simulated using in-
house C software and MATLAB, while smooth model meshes
were exported to COMSOL as tetrahedral meshes. A total of
1 mA current magnitude was injected at each anode site in
all models. Element numbers, solver types and solver toler-
ances were matched as closely as possible between block and
smooth pipelines. The model processing workflows are sum-
marized in figure 4, and are described below.

Block pipeline FE models. In block models, the stiffness and
boundary condition matrices for the block-based tetrahedral
mesh were formulated with a Continuous Galerkin finite ele-
ment framework in C code using quadratic shape functions
[61]. For anisotropic models, the three components of V1 in
DTI data were exported as three volumes matched to the seg-
mented volume, and anisotropic conductivity tensors were

computed as each element of the global FE stiffness matrix
was assembled. Normal current densities were specified at
both anode and cathode, such that the required total current
was obtained, and a zero-volt reference node was placed near
the model center. Voltage solutions for the block formulation
were then calculated using the preconditioned conjugate gra-
dient (pcg) command in MATLAB and a solution tolerance
of 1075, Current densities, J were calculated from voltage gra-
dients, V¢, and voxelwise conductivity tensors, Dy, such that

J=-Dy Vo. 6)

Smooth pipeline FE models. FE simulations for smooth
models were performed using the electric current (EC) mod-
ule with the default quadratic element type, and analyzed
using the COMSOL-MATLAB livelink interface (MLI). For
anisotropic models, the six unique entries in each white matter
S;, matrix were exported to individual volumes matched to the
imported mesh, and white matter compartment conductivities
in the mesh were specified via an interpolation function based
on these components. Equal and opposite total current val-
ues were specified on electrode surfaces, with positive val-
ues assigned at the anode and negative values at the cathode.
A reference voltage was assigned at one internal node of the
model. A stationary iterative (conjugate gradient) solver was
then used to solve Laplace’s equation over the domain using a
relative tolerance of 10~°. Voltage and current density results
were exported to MATLAB using the function mphinterp
over a 256 x 256 (in plane) x 216 (slice) volume with 1 mm?
isotropic voxel resolution.

Model parameter and focus cortical structures

Median current density values within selected cortical struc-
tures were compared to quantify differences between block
and smooth model results. Median values were used because
we anticipated that block models may be affected by partial
volume effects, and medians would be less affected by outlier
current density values. Current density distributions were eval-
uated in five cortical structures. Three structures were target
structures for each montage, namely the inferior frontal gyrus
(IFR) for F3-RS, anterior superior temporal gyrus (ASTG) for
T7-T8 and occipital lobe (OCC) for Cz-Oz configuration. The
final two structures: hippocampus (HIP) and pre-central gyrus
(PRC) were selected as representative deep and peripheral
cortical structures, respectively.

Model verifications and comparisons

A verification study was performed to confirm that block
and COMSOL finite element calculations produced identical
results, and to compare the results produced by block and
smoothed pipeline in a very simple model where the only dif-
ferences were due to surface voxellation and boundary condi-
tions. This cross-platform comparison was performed using
two models. The first confirmatory model (C1) consisted of
a 10 x 10 x 10cm?® box. The second model (C2) was based
on the first model with a 5cm diameter sphere placed at its
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center. In both cases, boundary conditions assigning anode
and cathode electrodes were applied to opposite faces of
the box. Prior to comparisons, a mesh refinement study was
performed for each model type to verify that each pipeline’s
results did not vary with respect to element size.

Both models (C1 and C2) were initially constructed using
the COMSOL drawing interface. Model C1 had a uniform
conductivity of 1.8 S m~!. In model C2 the sphere had a con-
ductivity of 0.01 S m~!. The models were assigned two types
of boundary conditions: normal current densities of an equal
and opposite value assigned at the anode and cathode (BC-1)
with a zero-voltage reference node placed in the center of the
model, or, a normal current density equivalent (normal current
density times face area) of 1 mA specified at the anode and
zero-voltage (ground) at the cathode (BC-2).

The conductivity distribution of both models C1 and C2
was then exported from COMSOL into MATLAB on a uni-
form 1mm? grid and used to compute solutions for each
model using the block pipeline. The 1 mm stencil used in
block models produced 6 million tetrahedral elements. A
boundary condition specifying 1 mA current flow through the
electrodes was applied in each case. The voltage drop com-
puted across the electrode faces was examined to determine
how well calculations agreed between the two approaches for
each model. COMSOL results for model C1 were calculated
using the surface average derived value output, while C-code
average voltages were obtained by averaging voltages com-
puted on electrode nodes on each face. Model C2 results were
also compared in terms of voltage distributions, current den-
sity profiles in a central slice, and current density distributions
within the sphere and surrounding regions.

Comparison of block and smoothed pipeline results

Comparisons of block and smoothed pipeline results for
head models were performed as follows. Medians of simu-
lated current density values (Jiedian) Were normalized against
adjusted resistance values (AR,q;) prior to comparisons [8],
and percentage differences (PD) between median normalized
current density values were computed as

J, median
A Radj (7)

J, norm,median —

Jblock

Jblock _ Jsmooth
PD = norm,median norm,median
norm,median

) x 100%.  (8)

PDs were calculated within the five focus cortical volumes to
assess differences between model results introduced by the
different processing pipelines.

Electric field calculation

Tangential electric field components were calculated on the
left anterior temporal gyrus of both block and smooth models
and the isotropic, T7-T8 montage case, following [3]. In block

models, electric fields E were computed from samples of local
voltages, ¢, such that

E=-V¢. 9)
Eight small regions (patches) with an area of ~50mm? each
were isolated on the surface of the left anterior temporal gyrus
and analyzed individually. Normal components of these local
electric fields, E,, were calculated in each patch as a product
of E and the averaged normal vectors calculated over the patch
surface. Finally, the component of the electric field tangent to
the surface patches, E¢,pn, were computed as

Etan =E —E,. (10)

Median values for Et,, magnitudes were calculated in each
patch and averaged to obtain a single median value for block
and smooth models. The averaged median values were then
compared to similar experimentally measured values reported
in the literature [3, 62].

In smooth models, electric fields for the entire model com-
puted using BC-1 were exported on the same grid as used
for block models using COMSOL-MLI, and the gridded S1
cortical surface was manually registered to the block cortical
surface in ScanIP. The normal component of the electric field
in S1 was then calculated on the cortical surface using the
same method as used for block models, with E¢,, magnitudes
also calculated using equation (10). Finally, E¢,y, distributions
in each patch were translated into histograms for comparison
between the two pipelines.

Results

Model cross-comparisons

The simple box test calculation resulted in negligible dif-
ferences between results generated by block and COMSOL
BC-1 workflows, while results produced by COMSOL BC-2
showed a discrepancy in vertical current density profiles.
Figure 5(a) shows the voltage distributions for model C1, while
figure 5(b) shows the voltage distribution along a central slice
of model C2. The color gradients in block models were dis-
crete while in smooth models were more continuous, because
COMSOL displays were interpolated in post-processing
steps. The voltage drop across the electrodes in C1 models
was found to be 5.55 mV for both block and COMSOL ver-
sions (values were less than 0.1% different), and as predicted
by analytic calculations. Voltage solutions for the two C2
models were slightly offset due to the necessary differences
in locations of zero volt reference points in the two models
(figure 5(b)). Current density norm profiles for C2 models are
shown in in figure 5(c). In model C2, vertical current density
profiles (from anode to cathode) produced by COMSOL BC-2
were asymmetric while the same profiles for COMSOL BC-1
and block models were symmetric. Horizontal current density
profiles showed a slight asymmetry in COMSOL and block
C2 models. As expected, measures of central tendency were
less different. Mean current density norms within the sphere
ROI were at most 2% different (medians were at most 1%
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Figure 5. Cross sections of voltage distributions and current density profiles in two of confirmatory models. Block, and COMSOL BC-2
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Vertical (left) and Horizontal (right) current density norm profiles for model C2 along profile lines marked in (b).

different), and at most 0.5% different (medians identical) in
the bulk of model C2.

Tissue volumes and modeling time comparisons

PD in volumes and normalized median current densities were
calculated between block head models and the four smoothed
head models (S1, S2, S3 and S10), producing a total of 24
comparisons over the three electrode montages and white
matter anisotropy conditions.

Table 2 shows the volumes for each of the ten tissues
included in each model. Total volumes of block and smooth
models differed by a maximum of around 2%. The largest dif-
ference between focus structure volumes was found to be 22%.

The solidifying steps involved in constructing smoothed models
caused compartments to be differently shaped compared to orig-
inal T1-weighted images. Solidification steps produced large
increases in fat and gray matter compartment volumes (58%
and 20% respectively), and decreases in bone and CSF (—16%
and —35% respectively). While white matter volume did not
change greatly, the shape of this compartment was markedly dif-
ferent after multiple smoothing steps (figure M3).

Table 3 shows volumes of focus structures as well as
percentage differences between smoothed and block models.
While overall gray matter volumes were larger in S1 than
for the original block model, solidification and meshing for
COMSOL steps resulted in focus structures being smaller by
10%-20%.
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Table 2. Volumes (cm?) of each tissue type within the segmented head model for block, S1, S2, S3 and S10 models. Sums of individual

tissue volumes are shown in the last row.

S2 volume (cm?®) S3 volume (cm?) S10 volume (cm?)

Structure Block volume (cm?) S1 volume (cm?®)
‘White matter 512 554
Gray matter 647 777
Eyes 12 12
Air 68 66
Blood 14 12
CSF 324 210
Fat 218 346
Bone 793 665
Muscle 888 865
Skin 635 635
Total 4111 4140

544 536 497
786 794 833
11 11 10
63 62 54
11 9 3
210 211 213
328 315 259
654 666 708
869 873 900
628 629 629
4105 4106 4105

Table 3. Focus structure volumes for block and S1 model,
including percentage differences.

Structure Block (cm®)  S1 (cm?®) Difference (%)
ASTG 7.3 6.2 —15
HIP 7.7 6.9 —10
IFR 12.5 10.4 —17
occC 41.1 32.0 —-22
PRC 28.7 23.9 —17

Computed modeling times were the sum of times required
for post-segmentation model processing, meshing and finite
element solution and were approximately 200min and
400 min for isotropic block and smooth models, respectively.
In isotropic models, computed modeling times were 40 min
for block and 120min for smooth pipelines. Block models
were found to require half the time of smooth models to solve
for anisotropic cases and a third of the time for isotropic cases.

Median current density comparisons

Cross-sectional images showing current density values
in a single slice of block and smooth models are shown in
figure 6. Normalized median current density PD values
between block and S1 models in cortical structures for the
three electrode montages are summarized in figure 7. PD
values in comparisons of anisotropic models were generally
larger than for isotropic cases for T7-T8 and F3-RS montages,
and smaller than isotropic cases for the Cz-Oz montage. The
largest absolute PD values over all three electrode montages
and structures were found to be 35.2% for anisotropic and
21.1% for isotropic cases. The corresponding smallest abso-
lute PD values were 0.8% and 1.1% for anisotropic and iso-
tropic cases, respectively. Median current density PD values
in structures presumed targeted by each montage were at most
around 10% (for the IFR structure with F3-RS).

Effects of additional smoothing

Figure 8 shows current density PD values in focus struc-
tures between block models and all smooth models, for each
montage. The largest and smallest PD absolute values were

observed in S1 models, and were 35.2% and 0.8%, respec-
tively. Models S2 and S3 showed very similar median current
density PD values for almost all structures, as expected, and
almost always overlapped. There was no overall clear trend
between the current density PD values and smoothing level
for all electrode montages and tissue anisotropy assignments.
In some cases, PD values were smaller in focus structures in
more smoothed models than for S1. As also shown in figure 7,
the largest PD values in structures targeted by each montage
were less than 6% in isotropic and 18% in anisotropic models.

Tangential electric fields in block and smooth models

Tangential electrical field distributions were calculated on
each of the eight sample patches on the left anterior temporal
gyrus for the T7-T8 montage. Histograms of tangential elec-
tric field magnitudes are shown in figure 9. Averaged median
tangential electric field magnitudes were found to be 0.064
mV mm ! and 0.069 mV mm ' (7% different) for block and
S1 models, respectively.

Discussion

Summary of findings

In this study, structure volumes, current density and electrical
field were calculated to quantify the difference produced by
block and smooth pipelines. Major differences between dif-
ferent pipeline results could have been caused by any combi-
nation of:

(i) finite element solution differences
(ii) boundary conditions
(iii) differences in compartment voxellation, or
(iv) compartment smoothing and solidification steps

In the sections below, we summarize findings for the dif-
ferent model types in terms of structure shape and volume,
current densities and electric fields, first for the cross-platform
validation models and then for head models. We assumed that
if different pipelines produced differences less than 20% this
was an acceptable correspondence.
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Negative values indicated that normalized current density values in smooth models were larger than those in block models. Presumed target

structures for each montage are indicated with asterisks.
Cross-platform validation comparisons

The first cross-platform validation step (C1) showed there
were no differences between finite element solutions, since
differences were less than 0.1%, and both solutions agreed
with analytical values. In the second validation model (C2)
it was found that mean and median values were at most 2%
or 1% respectively different, in the internal sphere ROI. This
indicated that while voxellation of the sphere surface pro-
duced some differences, they were small. As expected, there
were large (up to 70%) differences between current density
measures at the sphere boundary. Current density profiles
drawn from the anode to cathode (vertical) were asymmetric
for the COMSOL BC-2 model, but the same profiles were
symmetric in block and COMSOL BC-1 models. COMSOL
BC-2 simulations assigned positive current density at the
anode and set the cathode to ground voltage, a setting which
is frequently used in tES FE studies [7, 14, 16, 35-37, 39,
41-43, 46, 47, 51]. However, these settings may result in
asymmetry, as constant voltage boundary conditions do not
necessitate constant normal current density distributions. This
observation must be considered carefully in future studies, as
it may have been assumed that these settings give the same
results as total current or voltage only boundary conditions
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without needing to specify potential at a separate point. Use of
either equal and opposite normal current density (if compen-
sated to give the correct total current), equal and opposite total
current, or voltage only boundary conditions should produce
results closer to actual experimental conditions. Specification
of boundary conditions using total current or fixed voltage
boundary conditions is recommended.

In summary, findings from the confirmation models
reflected effects of differences between meshes, sphere voxel-
lation and boundary condition specifications, as well as pos-
sible registration errors between the two methods.

Head model comparisons

A total of 24 comparisons of median current density PD
values were investigated for four levels of tissue smoothing
(S1, S2, S3, S10), three electrode configurations (Cz-Oz,
T7-T8, F3-RS), and two types of white matter (isotropic or
anisotropic). Relationships between model construction and
solution times, structure volumes, calculated current densities,
surface electric fields, and effects of additional smoothing
levels are discussed relative to electrode placements and tissue
anisotropy for both pipelines in the subsections below.
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Overall model construction differences and times. Because
of the need to perform smoothing and mask solidification for
successful volume meshing in Simpleware for export to the
COMSOL platform, the smooth model pipeline took much
longer to solve. Since anisotropic smoothed models took three
times as long as matching block versions, while isotropic
smoothed models took twice as long, block models may have
a distinct advantage if rapid modeling is required.

Smoothing distortion effects and cortical structure
differences. Overall model volume was preserved after
mask solidification and meshing. White matter volumes were
also preserved upon smoothing. However, the white matter
compartment shape was distorted. Other internal compart-
ments changed volume markedly, with volume increases in
fat and gray matter being balanced by decreases in bone and
CSF volumes. This indicated that even though the smoothing
neighborhood used was minimized, the effect of solidification
and smoothing with multiple compartments could produce a

1

very different tissue distribution than represented in original
MRI data. There was no distinct relationship between corti-
cal structure size and volumetric changes on processing block
models to smooth models. Instead, the complexity of indi-
vidual cortical structures (e.g. folds and ridges on the surface
of the cortex) and tissue prioritization choice was most likely
the major contributor to volumetric differences between the
modeling pipelines.

Current density distributions with different electrode
montages. While PD values may have been affected by vol-
ume changes in target structures (between 10% and 20%),
location of structures relative to electrodes was probably the
most important determinant of current density PD values. In
targets for each montage, median current density PD values
for target structures were in the range of 6% for isotropic
and £18% for anisotropic cases. This indicated that the two
pipelines produced similar values for target structures. Com-
parable observations were obtained for model comparisons



J. Neural Eng. 16 (2019) 026019

A Indahlastari et al

25

50
20 40
30

20

0
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.05 0.1 0.15

40
3

30

20

Count

10

0

0.02 0.03 0.04 0.05 0.05 0.1 0.15 0.2

30

25

20

0.02

0.04 0.06 0.08 0.05 0.1 0.15

mm S1 Model — Median Value (S1)
== Block Model = Median Value (Block)
25 20
7 8
20 15
15
10
10
5 5
0 0
0 0.05 0.1 0.15 0 0.1 0.2 0.3

Tangential Electric Field (mV/mm)
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between block and additional smoothing levels. These find-
ings suggest that the majority of brain regions surrounding
target structures were least affected by meshing choice, most
likely due to the higher current densities in brain regions
nearby electrode locations.

Effects of additional smoothing. The three additional degrees
of smoothing (S2, S3 and S10) did not affect changes of nor-
malized median current densities in a predictable manner.
For instance, normalized median current density PD values
mostly increased from S2 to S10 in isotropic cases for T7-T8
and F3-RS, but decreased in isotropic cases for Cz-Oz. This
was most likely because of shape changes produced by each
additional smoothing step. Similar current density PD values
were observed for S2 and S3 models throughout, as expected,
because of the similarities in structure volumes and shapes
(table 2).

Tissue anisotropy effects. The anisotropy ratio used here,
oo, = 10, was large. We included this value to illustrate
maximal effects. Results derived from diffusion tensor imag-
ing studies indicate that white matter anisotropy may be mod-
eled more appropriately with anisotropy ratios closer to 3
[13]. Inclusion of white matter anisotropy altered normalized
current density PD values for some electrode configurations
as shown in figure 8. Tissue anisotropy reduced PDs in focus
structures in T7-T8 and F3-RS montages from +6% to +3%.
OCC current density PD values were larger for anisotro-
pic cases than isotropic cases for the Cz-Oz montage. This
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suggests that white matter fiber orientations in and or sur-
rounding OCC contributed to the current flow patterns from
Cz to Oz. A similarly large difference was observed for median
current density PDs in the PRC for the Cz-Oz montage. The
current density PD value was larger in the Cz-Oz anisotropic
model than for the Cz-Oz isotropic model. In addition, based
on table 3, OCC and PRC were the largest of the five focus
structures. The size factor might also contribute to the largest
changes in calculated current density PD between anisotro-
pic and isotropic cases with respect to electrode placements.
Therefore, a combination of white matter fiber orientation,
the large anisotropy ratio used, the smoothed tissue boundary,
structure size and electrode locations affected current density
distributions in individual cortical structures and resulted in
the 12% differences observed between isotropic and anisotro-
pic cases.

Electric field comparisons. Averaged maximum and median
local electrical field values on the cortical surface nearby
stimulating electrodes calculated for both block and smooth
models were within the range of local electric fields observed
during TES reported in the literature [3, 62]. For instance, in
the study reported by Opitz ef al [3] the median calculated
projected electric field along the brain surface near the anode
(T7) ranged between 0.059 and 0.098 mV mm ! with a maxi-
mum value of 0.37 mV mm~!. Huang et al [62, 63] reported
a maximum projected electric field of 0.25 mV mm™! in the
fronto-lateral location for an M1-SO configuration. These
reported values were derived from electric potentials measured
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by surface cortical electrode arrays during TES injections of 1
mA. Averaged tangential electric field measures were around
7% different between block and smoothed models. Averag-
ing therefore reduced the differences between voxellated and
smoothed results. Therefore, these comparisons served as a
model validation for both pipelines, and a confirmation that
either pipeline was suitable to predict TES field quantities, as
long as surface measures were averaged.

Result accuracy

We can only consider differences between the two modeling
pipelines here, not absolute accuracy, although we can com-
pare smoothed compartments with source T1 data in volu-
metric comparisons. Model accuracy determinations can only
be evaluated using independent measurements of electric
fields and current densities in vivo. This may be possible using
(tangential, surface) electric field measurements [3, 62, 63]
or measures of internal current density distributions [64—66].
Since conductivities used in models are taken from excised
tissue [66], it is also necessary to obtain estimates of in vivo
conductivity values at frequencies typical of stimulation fre-
quencies to perform full validations.

Finally, it is not clear if tissue conductivities may change
during tDCS or tACS administration. In particular, it may be
the case that properties of tissues immediately under elec-
trodes may change due to presence of wetting electrolytic
materials. This could be explored further using sensitivity
studies to reconcile model conductivity against gold standard
data obtained using cortical arrays or magnetic resonance
phase imaging [9, 44, 62, 63].

Further observations

This study has demonstrated that block-based tetrahedral
models provide acceptable results in simulations and that
smoothing may not be necessary to obtain good simulation
quality. The quadratic element order used here may not be
necessary to obtain accurate solutions, particularly at high
resolution (voxels smaller than 1 mm?) and linear models may
be sufficient. Further study would be necessary to establish
this. Differences between meshes may have been responsible
for some measure of the differences between results, but this
was not rigorously analyzed in this study. Future work may
involve consideration of mesh density distribution effects
when comparing the two approaches. Use of block-based
tetrahedral models, possibly including adjustment of node
locations to accommodate tissue features, as in [67-69] may
overall improve model formation time, while avoiding leakage
effects that may result from usage of hexahedral models [70].

Conclusion

Benchmarking tES FE studies is crucial to ensure accurate
and consistent predictions of current density distribution in
realistic head models of tES. Many factors need to be consid-
ered before performing FE tES studies. Care must be taken
to ensure boundary conditions are consistent. For instance,
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assigning normal current density at the anode and set the
cathode to ground in a simple geometry may produce asym-
metric current density profiles across the anode and cathode.
Many tES FE studies in the present literature use commer-
cial platforms requiring subdomain smoothing. However,
smoothing steps require additional processing times and may
distort original structural information. At I mm?® image reso-
lution, FE models constructed from direct conversion of seg-
mented MRI volumes may produce comparable averaged field
distributions caused by tES, as demonstrated here. Therefore,
modeling pipelines involving direct conversion from imaging
voxels to FE models may be desirable to use in tES FE studies.
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