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Abstract —Recently, transcranial direct current stimulation
(tDCS) is getting an attentions as a promising technique with a
capability of noninvasive and nonconvulsive stimulation to treat
ill conditions of the brain such as depression. However,
knowledge on how exactly tDCS affects the activity of neurons
in the brain is still not sufficient. Precise analysis on the
electromagnetic effect of tDCS on the brain requires finite
element analysis (FEA) with realistic head models including
anisotropy of the white matter and the skull. In this paper, we
have simulated tDCS via 3-D high-resolution FEA and
investigated the effect of tissue anisotropy on tDCS. The results
show that the skull anisotropy induces a strong shunting effect,
causing a shift of the stimulated areas, and the white matter
anisotropy affects strongly the current flow directions, changing
the current field distribution inside the human brain. Our
presented methodology and results should be useful for more
effective guiding and treatment using tDCS.

[. INTRODUCTION

RANSCRANIAL direct current stimulation is one of the
noninvasive brain stimulation techniques by injecting
weak direct current (usually 1-2mA) through the electrodes
positioned on the patient’s scalp. The cortical excitability
depends on the polarity of stimulation generated by tDCS:
anodal stimulation increases excitability, whereas cathodal
stimulation is for inhibition. Inducing cortical excitability can
be retained for at least one hour after the stimulation [1], [2].
Although tDCS is a promising tool for brain stimulation,
there are still many factors to be considered for efficient and
safe brain stimulation, such as electrode size and shape,
duration of stimulation, and current intensity. To investigate
the electromagnetic effect of tDCS on the human brain, finite
element analysis (FEA) with realistic head models is the best
methodology. In the previous works, simplified three-layer
spherical head model [3], low-resolution head model [4], and
only cigar-shaped white matter anisotropy [5] have been
utilized without considering complicated geometry, variable
anisotropic properties in the white matter, and shunting effect
by the skull. For high-resolution FE head modeling of the
head with optimal incorporation of white matter anisotropy
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though diffusion tensors (DTs), we have recently developed
an adaptive meshing technique called wMesh [6].

Through our adaptive meshing technique, in this study, we
have performed realistic tDCS simulation to investigate the
precise effect of tDCS on the brain stimulation. The electrical
anisotropy was incorporated into both the skull and white
matter regions. Especially for the white matter compartments,
we have considered both a fixed-ratio [7] and variable-ratio
[8] anisotropy settings.

Our results show that there are significant differences in
the current field distribution, current flow, locations of
stimulated areas, and focality of stimulation with respect to
the skull and white matter anisotropy. The presented
methodology and results should be useful for more effective
guiding and treatment using tDCS.

II. METHODS

A. Generations of 3-D High-resolution FE Head Model

Our adaptive mesh generation process starts with the
MRI-content adaptive mesh generation as reported as cMesh
in [9]. Then high-density meshes in the white matter region
are generated adaptively according the density of fractional
anisotropy of DTs (i.e., wMesh) as detailed in [6]. Our
automatic meshing techniques generate fast, automatic, and
adaptive FE head models, allowing high-resolution FEA via
commercial analysis packages like ANSYS [14].

In this work, our 3-D high-resolution wMesh full head
model includes of 160,231 nodes and 1,009,447 tetrahedral
elements. The whole head model consists of five regions of
the head: namely, scalp, skull, white matter, gray matter, and
cerebrospinal fluid (CSF) as indicated in color in Fig. 1.

Fig. 1 Coronal view of the wMesh head model with 160,231 nodes and
1,009,447 tetrahedral elements: The five segmented sub-regions are shown in
different colors (orange: scalp, gray: skull, magnetic red: gray matter, yellow:
white matter and blue: CSF).
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B. Isotropic and Anisotropic Conductivity Setup

In order to examine the effects of anisotropic conductivity
of the tissue on tDCS, we have constructed three different
models by assigning the anisotropic conductivity to the white
matter and skull regions.

Model I consists of isotropic conductivity values for every
region. We used isotropic electrical conductivity values from
the literature as described in [10] and [11]. The isotropic
conductivity values for the white matter, gray matter, CSF,
skull, and scalp were set to be 0.14 S/m, 0.33, 1.79, 0.0132,
and 0.33, respectively.

Model II includes anisotropic conductivity of white matter
and skull with the fixed anisotropic ratio of 1:10 and isotropic
conductivities for other regions: for the white matter, the
electric conductivity in the parallel direction to neural fibers
(or the main direction of diffusion tensor) is ten-time bigger
than that in the normal direction; the conductivity in the
tangential direction to the skull is ten times than that in the
perpendicular direction. That is using the eigenvector and
eigenvalues from DT-MRIs and according to the volume
constraint algorithm [11], the conductivity in the longitudinal
direction is 0.65 S/m and in the transverse direction is 0.065
in the white matter; the conductivity in radial direction is
0.002844 and in transverse direction is 0.02844 in the skull.

Model III is composed of the skull with its anisotropic
conductivity setup with the fixed anisotropic ratio of 1:10, the
white matter with the variable anisotropic ratio [8], and
isotropic conductivities for other regions. To represent the
white matter anisotropic property more realistically, we used
the Tuch’s effective medium approach method [8] to generate
the eigenvalue of white matter: this method states that strong
linear relationship of eigenvalue of diffusion tensor and
conductivity tensor in the white matter and could be written
as

h D b 1)
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where d}, d,, and dj; are eigenvalues of the diffusion tensor. o,
6,3, and o3 are the eigenvalues of the conductivity tensor at
each voxel of the white matter. Using the volume constraint,
we obtained anisotropic conductivity tensor of the white
matter with the variable anisotropic ratio.

(d)

C.tDCS Simulation

An anode electrode was placed at C3 and a cathode
electrode was placed at C4 (according to the standard of the
international 10/20 EEG system) to stimulate the motor
cortex and induce the electric field in the brain [12]. The
bipolar electrodes were modeled using two nodes of the mesh
as point electrodes, where ImA total constant current was
injected at the activating electrode. The induced electric field
in the head by tDCS was computed by solving the following
quasi-static Laplace equation.

V-(aVV)=0 (2)
where V and o represent the electric potential and the
electrical conductivity respectively. We acquired the induced
electric field using the sparse direct equation solver in
ANSYS based on the direct elimination of equations.

D.Evaluation Criteria for tDCS

To compare the influence of anisotropic conductivity in the
white matter and skull on the effects of tDCS, we evaluated
several properties of the induced electric field differences
including (i) distribution of electric field intensity on the
brain surface, (ii) distribution of electric field intensity and
vector flow at some coronal planes of the brain, (iii)
streamlines of electric field from the anode electrode to the
cathode electrode, and (iv) parallelity between the induced
electric field direction and the eigenvector of longitudinal
direction in the white matter.

III. RESULT

The distribution of the resulting electric field intensity on
the brain is shown in Fig. 2. The color bar of electric field
distribution is set from 0 to 0.01mV/m. In the isotropic head
model, the induced electrical field seems more focal and
strong right under the stimulating electrodes, but in the
anisotropic cases, the field seems more diffused and there is a
shift in the high intensity regions. These results suggest the
skull and white matter anisotropy affects the focality and the
brain regions under stimulation.

In Fig. 3, we show the distribution of electric field intensity
and current flow projected onto a coronal plane. In the
isotropic model, we can observe the uniform current flow
from the activating (i.e., injecting) electrode to the reference
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Fig. 2 Distribution of electric field on the brain surface from (a) the isotropic head model, (b) the anisotropic head model with fixed anisotropic ratio of 1:10,
and (c) the anisotropic head model with variable anisotropic ratio.
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Fig. 3 Visualization of the electric field intensity and vector flow within brain region overlaid on the T1-MRI coronal slice through both electrodes. The first
row displays the electric field intensity. The second row displays the electric field vector flow. (a), (d) the isotropic head model, (b), (¢) anisotropic head model
with fixed anisotropic ratio of 1:10 and (c), (f) anisotropic head model with variable anisotropic ratio.

(i.e., exiting) electrode and the degree of induced current
densities, whereas the two anisotropic models have
inhomogeneous current flow and more diffused intensities.
We believe this is because of the shunting effect of the
anisotropic skull (thus, less current being injected into the
brain) and the anisotropic white matter affects the current
flow (thus, diffusing electrical field). We have noticed also
some differences between Model II and III: the white matter
region in the anisotropic model II has higher intensity than the
model ITI, otherwise both models have similar results.

Fig. 4 shows how parallel the electric field is to the main
direction of the white matter: the color is coded from 0 (less
parallel: cyan) to 1 (highly parallel: red). The main nerve fiber
direction is indicated using line segments in white. In the
isotropic head model, as the colors indicate the electrical field
is not parallel to the main directions of anisotropy (i.e., main
diffusion directions or nerve fiber directions), whereas in the
anisotropic models, as expected, the direction of the field and
white matter is highly parallel.

Fig. 5 shows the streamline of the electric field starting
from the anode to the cathode electrode, we set up two
streamlines through an arbitrary point in the white matter.
The streamlines indicate current flow differences in each
model. In comparison with the isotropic model, we can
observe more divergent current flow along the scalp due to
the shunting effect by the anisotropic skull.

IV. DISCUSSION AND CONCLUSION

The purpose of this paper is to examine the effect of tDCS
with realistic high-resolution FEA including most realistic
tissue anisotropy: we used the high-resolution FE
conductivity models with the different anisotropic setup. The
simulation results suggest that tissue anisotropy has
significant effects on the stimulation in the deeper brain areas.
Without the consideration of tissue anisotropy, the effect of
tDCS in the isotropic model seems to match well with our
understanding of general electromagnetic analysis: isotropic
current field and its flow. However, in the anisotropic models,

Fig. 4 Parallelity between induced electric field direction and nerve fiber direction in the white matter on the T1-MRI coronal slice through both electrodes: (a)
the isotropic head model, (b) anisotropic head model with fixed anisotropic ratio of 1:10 and (c) anisotropic head model with variable anisotropic ratio.
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Fig. 5 Streamline of electric field vector from the anode to the cathode (A: anterior, P: posterior, R: right, L: left): (a) the isotropic head model, (b) the
anisotropic head model with fixed anisotropic ratio of 1:10 and (c) the anisotropic head model with variable anisotropic ratio

our high-resolution FEA reveals significantly different
results.

Our analysis also indicates that required injection current
to produce a 0.31 mV/mm at the cortical surface right under
the anode is 0.5mA in the isotropic, 2.02 in the fixed
anisotropic and 2.39 in the variable anisotropic case
respectively, requiring much stronger stimulation if the tissue
anisotropy is considered. As we mentioned above, we also
examined the patterns of parallelity between the field and the
main eigenvector of conductivity tensor in the white matter.
There are remarkable differences between the isotropic and
anisotropic cases. These patterns are important factors to be
considered in the determination of tDCS electrodes position,
since current flow along the direction of fiber affects strongly
on the efficacy and safety of tDCS.

There are some limitations on our tDCS model in the
present study. We used point the source electrode instead of
commercial pad electrode. The skull was modeled with one
compartment, but realistic human skull is made of three
sub-regions, one soft bone layer surrounded by two hard bone
layer, which have different conductivities [13]. Nevertheless,
our results suggest that one should optimize, for efficient and
safe tDCS treatment, location, configuration, and the number
of electrodes with minimal current and high spatial focality in
order to effectively simulate target areas with maximum
intensity but non-target areas with minimum intensity.

We believe that our methodology and the presented results
should help to elucidate the induced stimulation effect on the
brain via tDCS and should be useful for further investigation
of more effective tDCS.
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