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Simulating transcranial direct current stimulation
with a detailed anisotropic human head model
Sumientra M. Rampersad, Arno M. Janssen, Felix Lucka, Ümit Aydin, Benjamin Lanfer, Seok Lew, Carsten H.
Wolters, Dick F. Stegeman, Thom F. Oostendorp

Abstract—Transcranial direct current stimulation (tDCS) is a
non-invasive brain stimulation technique able to induce longlasting changes in cortical excitability that can benefit cognitive
functioning and clinical treatment. In order to both better
understand the mechanisms behind tDCS and possibly improve
the technique, finite element models are used to simulate tDCS
of the human brain. With the detailed anisotropic head model
presented in this study, we provide accurate predictions of tDCS
in the human brain for six of the practically most-used setups
in clinical and cognitive research, targeting the primary motor
cortex, dorsolateral prefrontal cortex, inferior frontal gyrus,
occipital cortex and cerebellum. We present the resulting electric
field strengths in the complete brain and introduce new methods
to evaluate the effectivity in the target area specifically, where we
have analyzed both the strength and direction of the field. For
all cerebral targets studied, the currently accepted configurations
produced sub-optimal field strengths. The configuration for
cerebellum stimulation produced relatively high field strengths in
its target area, but it needs higher input currents than cerebral
stimulation does. This study suggests that improvements in the
effects of transcranial direct current stimulation are achievable.
Index Terms—transcranial direct current stimulation (tDCS),
finite element model (FEM), motor cortex, prefrontal cortex,
occipital cortex, cerebellum
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I. I NTRODUCTION

T

RANSCRANIAL direct current stimulation (tDCS) is a
non-invasive brain stimulation technique that has gained
increasing interest over the past two decades. The most-used
form of stimulation uses two large planar electrodes on the
scalp to send a weak direct current through the brain [1].
This technique can induce a polarity-dependent change in
excitability in the stimulated brain area that can last for
hours after stimulation, depending on stimulation time [2], [3].
Applied to the motor cortex, this effect has been employed
to improve motor function after stroke [4] and to aid in the
treatment of other neuropathologies [5]. Targeting other brain
areas, positive effects of tDCS are evident via parameters as
mood status [6] and performance in tasks involving memory
[7] or other cognitive functions [8]. In order to both better
understand the mechanisms behind tDCS and possibly improve the technique, we first need to know the distribution
of the electric field in the brain. This information can be
found through simulations of tDCS with a realistic volume
conduction model of the head. In this study, we aimed to create
one highly detailed model that includes all relevant features
and use it to simulate the most commonly used setups.
To achieve the highest amount of accuracy, a volume
conduction model needs a detailed description of the geometry
of the structures in the head and the conductivity properties
of each tissue. As the quality of magnetic resonance images
(MRI) and the performance of computers increased, models
included more different tissue types, a higher level of detail
in geometry and realistic representations of anisotropically
conducting tissues. In some studies, the three different layers
of the skull were modeled explicitly [9] or by means of an
anisotropic approximation [10]. Currently, models exist that
consist of several million elements of either hexahedral [11],
[12] or tetrahedral shape [13], [14], the latter resulting in
smooth tissue boundaries. Investigators started using diffusion
tensor imaging (DTI) to incorporate realistic fiber directions
into their models, for white matter alone [10], [15] or for both
gray and white matter [14]. All in all, many important details
of tDCS volume conduction have been modeled accurately,
but to our knowledge, our study is the first to include all these
aspects into one model.
Most tDCS modeling studies have focused on motor cortex stimulation [13], [34], [35], [14]. For prefrontal cortex
[11], [36] and occipital cortex [37], [36], a few modeling
studies exist. Realistic simulations of other commonly used
configurations have not been published before. In this study,
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TABLE I
T HE SIX CONFIGURATIONS SIMULATED IN THIS STUDY AND THEIR APPLICATIONS AS FOUND IN RECENT LITERATURE .

A
B
C
D
E
F

Anode

Cathode

Application

M1a

SOf

motor recovery [16], pain [17], smoking [18]
appetite [19], depression [20], emotion [21], memory [7], pain [22], problem solving [8]
addiction [23], cortisol [24], depression [6], tinnitus [25]
apraxia [26], behavioral inhibition [27], language [28], motor resonance [29]
migraine [30], visual recovery [31]
cerebello-brain inhibition [32], motor adaptation [33]

left
DLPFCb left
DLPFCb left
IFGc left
Ozde
cerebellum right

right
SOf right
DLPFCb right
SOf right
Cze
cheek right

a primary

motor cortex; b dorsolateral prefrontal cortex; c inferior frontal gyrus; d occipital cortex; e as determined in the standardized 10-20 system for electrode
placement; f supraorbital area

analytically for a complicated geometry such as the head, the
finite element method (FEM) can be used. The FEM dictates
splitting the geometry into a mesh of small regular elements
and solving the equation for each element separately but in
relation to each other. For this study, a mesh of tetrahedral
elements was constructed that reflects both the geometry and
the conductive properties of the head in much detail. The
creation of this realistic volume conduction model is described
below. Afterwards we will delineate how tDCS was simulated
with this model and finally the methods of analysis used in
this study are presented.
A. Volume conduction model

Fig. 1. Details of the volume conduction model used in this study. A)
T2-weighted MRI, clearly showing skull spongiosa, B) spongiosa surface, C)
outer skull surface with optic canals, D) surfaces of the cerebral and cerebellar
gray and white matter and the brainstem.

we simulated tDCS for six ‘standard’ electrode configurations
that are commonly used in clinical and cognitive research (see
Table I).
We will present resulting electric fields in the brain, and
in the target area specifically, where we have analyzed both
the strength and direction of the field. These analyses show
that for all cerebral targets studied, the currently accepted
configurations lead to sub-optimal field strengths, while the
standard configuration for cerebellar tDCS performs relatively
well. Based on these results, we will discuss novel configurations that perform better than the standard configurations
do.
II. M ETHODS
The volume conduction problem posed by tDCS can be
described by the quasi-static Maxwell equations, which lead to
Laplaces equation ∇ · σ∇Φ = 0 within the volume in absence
of current sources, with σ and Φ the electric conductivity
and potential, respectively. As this equation cannot be solved

A detailed anisotropic volume conduction model was constructed based on MR images of the head of a healthy 25-year
old male subject. Written informed consent was obtained prior
to scanning. T1- and T2-weighted images were used to reconstruct realistic geometries of the skin, skull compacta, skull
spongiosa, cerebrospinal fluid (CSF), cerebral gray (GM) and
white matter (WM), cerebellar gray (cGM) and white matter
(cWM), brainstem, eyes and neck muscles, in the form of
a triangular surface mesh for each tissue type. These surfaces
were then combined into one tetrahedral volume mesh. In brain
tissue, current tends to flow along the neuronal fiber direction.
This behavior can be reconstructed by modeling brain tissue
with anisotropic conductivity tensors. It has been shown that,
primarily in the WM, currents in the model will follow known
fiber paths [10], [38]. To estimate the anisotropic conductivity
tensors of the brain tissue, we used the assumption that
the conductivity tensors share eigenvectors with the diffusion
tensors that can be measured via diffusion tensor imaging
(DTI) [39], [40], [41]. Anisotropic conductivity was included
for both gray and white matter of cerebrum and cerebellum.
Some important features of the model are shown in Figure 1.
The creation process of the model is visualized schematically
in Figure 2 and details are provided below.
1) MRI acquisition: T1-, T2- and diffusion-weighted (DW)
MR images were measured on a 3T MR scanner (Magnetom
Trio, Siemens, Munich, Germany) with a 32-channel head coil.
The T1-weighted (T1w) image was acquired with an MPRAGE pulse sequence (TR = 2300 ms, TE = 3.03 ms, TI =
1100 ms, flip angle = 8 degrees, FOV = 256 x 256 x 192 mm,
voxel size = 1 x 1 x 1 mm) with fat suppression and GRAPPA
parallel imaging (acceleration factor = 2). The T2-weighted
(T2w) image was acquired with an SPC pulse sequence (TR
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Fig. 2. Flowchart showing the creation process of the volume conduction model used in this study. T1- and T2-weighted MR images were preprocessed
(1) and after automatic (2) and manual segmentations (3), triangular surface meshes were created for the skin, skull compacta and spongiosa, neck muscles
and eyes (4). Surfaces for the cerebral and cerebellar gray and white matter and the brainstem were extracted from Freesurfer (5) and refined, made free of
intersections and scaled with MATLAB and the iso2mesh toolbox (6). All surfaces were then combined into a tetrahedral volume mesh (7). Diffusion tensor
imaging data was preprocessed, transformed and registered to the T1w/T2w scans (8), after which diffusion tensors (9) and conductivity tensors (10) were
calculated. Finally, the conductivity tensors were mapped onto the mesh from (7) to result in a detailed tetrahedral mesh with conductivity tensors (11).

= 2000 ms, TE = 307 ms, FOV = 255 x 255 x 176 mm, voxel
size = 0.99 x 1.0 x 1.0 mm interpolated to 0.498 x 0.498 x
1.00 mm). The T2w sequence was adjusted such that it gives a
high contrast between the different layers of the skull. Figure
1A shows a section of a sagittal slice of the T2w scan, clearly
showing the spongiosa layer. The field of view of both scans
captured the complete head and was cut as low as the chin.
2) DTI acquisition: The DW images were acquired with
the standard Siemens pulse sequence ep2d diff (TR = 7700
ms, TE = 89 ms, b-value = 1000 s/mm2 , bandwidth = 2000
Hz/pixel, FOV = 220 x 220 x 141 mm, voxel size = 2.2 x 2.2
x 2.2 mm) in 61 directions equally distributed on a sphere and
7 images were acquired with flat diffusion gradient (diffusion
weighting factor b = 0 (b0+)). Additionally, seven images with
flat diffusion gradient (diffusion weighting factor b = 0 (b0-))
with reversed phase and frequency encoding gradients were
acquired.
3) Segmentation: The T2w MRI was registered onto the
T1w MRI using a rigid registration approach and mutual
information as a cost-function as implemented in FSL1 (→1,
refers to arrow 1 in Figure 2). The compartments skin, skull
compacta and skull spongiosa were then segmented from the
registered T1w and T2w images using a gray-value based
active contour model [42] and thresholding techniques (→2).
These segmentations were carefully checked and corrected
manually to ensure the highest possible agreement with the
MR images and make sure the different tissues form closed
surfaces. Eye, muscle and vertebrae segmentations were added
manually. The foramen magnum and the two optic canals were
modeled as skull openings (→3). Exemplary sagittal slices of
both the automatic segmentation and manual alterations can
be seen in the flowchart in Figure 2 after arrow 2 and arrow
3, respectively. The segmentation of GM, WM, cGM, cWM
and brainstem was extracted from brain parcellation data of
1 FLIRT (FMRIB’s Linear Image Registration Tool) is part of FSL (FMRIB
Software Library), which is freely available at http://www.fmrib.ox.ac.uk.

the T1w image created with Freesurfer2 software (→5).
4) Triangular surface meshes: The software package
CURRY3 was used for the extraction of high resolution
triangular surface meshes of the skin, eyes, compacta, spongiosa and muscles from the voxel-based segmentation volumes
(→4). The surfaces were smoothed using Taubin smoothing
[43] to remove the blocky structure which results from the
fine surface sampling of the voxels.
Triangular surface meshes of all brain parcellations were
made in MATLAB and refined using the package iso2mesh4
[44]. As Freesurfer produces separate segmentations for
each hemisphere, the hemispheres were connected and selfintersections were removed with custom MATLAB code. In
the subsequent step of this process - creation of a volume
mesh from the surface meshes - the surfaces are not allowed
to touch. Therefore, the part of the WM surface that extended
out of the GM surface especially in the inferior brain region
was identified and corrected using the custom code. To avoid
intersections between the gray matter and compacta surfaces,
the complete brain was scaled down by 2% and flattened at
remaining intersections (→6). Figure 1 shows the detailed
spongiosa surface (B), the skull surface with the optic canals
(C) and all five brain surfaces (D).
5) Tetrahedral volume meshes: The smoothed surfaces
(skin, compacta, spongiosa, GM, WM, cGM, cWM, brainstem,
left eye, right eye, muscle) were used to create a high quality
3D Delaunay triangulation via TetGen5 (→7). This resulted in
a mesh consisting of 672k nodes and 4.12M linear tetrahedral
elements. The element size in the brain was restricted to 1
mm3 . Due to the use of detailed surfaces, the elements of the
skull and CSF compartments are very small as well. To all
2 Freesurfer

is freely available at http://surfer.nmr.mgh.harvard.edu.
(CURrent Reconstruction and Imaging), Compumedics, Charlotte, NC, USA, http://www.neuroscan.com
4 The
package
iso2mesh
is
freely
available
at
http://iso2mesh.sourceforge.net/cgi-bin/index.cgi.
5 TetGen (A Quality Tetrahedral Mesh Generator and a 3D Delaunay
Triangulator) is freely available at http://tetgen.org.
3 CURRY
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TABLE II
T ISSUES REPRESENTED IN OUR MODEL AND CONDUCTIVITIES USED FOR
EACH COMPARTMENT. C ONDUCTIVITIES DENOTED WITH AN ASTERISK
ARE EFFECTIVE CONDUCTIVITIES OF THE VOLUME - NORMALIZED
TENSORS OF THE ANISOTROPICALLY MODELED TISSUES [48].
Tissue

Conductivity (S/m)

Reference

skin
compacta
spongiosa
CSF
GM, cGM
WM, cWM
brainstem
eye
muscle

0.465
0.007
0.025
1.65
0.276*
0.126*
0.201*
1.5
0.4

[36]
[49]
[49]
[36]
[36]
[36]
average GM/WM
[50]
[51]

elements in the space between two surfaces, or inside a closed
surface, a tissue index was assigned. We used an additional
closed skull surface to label all elements within this skull
surface that are not part of the brain compartments, as CSF.
6) Conductivity tensors: The diffusion-weighted MR images were corrected for eddy current (EC) artifacts by affinely
registering each directional image to the average b0+ image
using the FSL routine FLIRT1 . After EC correction, the
gradient directions were reoriented by multiplying them with
the rotational part of the transformation matrix [45]. In order to
correct for susceptibility artifacts, we used a reversed gradient
approach that uses the averaged b0+ and b0- images to
compute smooth and diffeomorphic geometric transformations
using a problem-adapted multiscale nonlinear image registration procedure [46]. This approach is implemented in the
FAIR toolbox6 . The EC and susceptibility corrections allowed
a simple rigid registration of the artifact-corrected averaged b0
image to the T2w image (which was already registered to the
T1w image in a previous step) using FLIRT. The transformation matrix obtained in this step was then used to register the
directional images to the T2w image (which is in T1 space).
The corresponding gradient directions were also reoriented
accordingly. From the artifact-corrected and registered DW
images (→8) the diffusion tensors were calculated using the
FSL routine DTIFIT7 [47] (→9). Next, conductivity tensors
were calculated from these diffusion tensors using the volumenormalized approach, as described in detail by [48] (→10).
The normalized eigenvectors were multiplied with the effective
conductivities of the tissues for GM, WM and brainstem
separately [48]. The conductivity values for all tissues used
in this study can be found in Table II. In the last step, the
conductivity tensors were mapped from the MRI voxels onto
the GM, WM, cGM, cWM and brainstem compartments of
the tetrahedral head mesh described above (→11).
B. Simulating tDCS
In order to simulate the effects of tDCS on the above
described volume conduction model, electrodes need to be
built onto the model (sections II-B1 and II-B2) and boundary
6 FAIR (Flexible Algorithms for Image Registration) is freely available at
http://www.siam.org/books/fa06.
7 DTIFIT is part of FSL (FMRIB Software Library), which is freely
available at http://www.fmrib.ox.ac.uk.

Fig. 3.
The six standard tDCS configurations simulated in this study,
targeting A) primary motor cortex, B) dorsolateral prefrontal cortex, C) both
dorsolateral prefrontal cortices, D) inferior frontal gyrus, E) occipital cortex
and F) cerebellum. The red surfaces indicate simulation of a positive potential
+Φ0 for the anode and the blue surfaces indicate simulation of a negative
potential -Φ0 for the cathode.

conditions have to be set, after which the problem can be
solved (section II-B3).
1) Electrode configurations: We modeled six commonly
used configurations for tDCS. Table I gives an overview of the
electrode locations for each configuration. Figure 3 shows all
configurations as they were simulated in this study. To simulate
motor cortex (M1) stimulation, the location of the cerebral
representation of the first dorsal interosseus (FDI) muscle of
the right hand was experimentally determined in the volunteer
on which the model was based, via single-pulse transcranial
magnetic stimulation (TMS) and electromyography (EMG).
The location on the head that elicited the highest potential
in the FDI muscle was accurately determined using neuronavigation software (Localite TMS Navigator8 ) and the T2w
MRI data set that was used to create the model. The anode
was centered over this location with its short edge parallel
to the midline of the brain (Fig. 3-A). For configuration A,
B and D, the supraorbital (SO) cathode was placed above
the right eyebrow, not crossing the midline (Fig. 3-A,B,D).
Both dorsolateral prefrontal cortices (DLPFC) and the inferior
frontal gyrus (IFG) were located on the brain surface of the
model based on anatomical knowledge and the electrodes were
placed centered over the cortices covering the target area
completely (Fig. 3-B,C,D). The Oz electrode was placed 4
cm above the inion, a point which was located on the skull
surface of the model, and the Cz electrode was centered at
the vertex, both with their long edges parallel to the midline
of the brain (Fig. 3-E). For cerebellar stimulation, the square
anode was placed with its center 3 cm right of the inion and
the cathode was placed on the middle of the right cheek (Fig.
3-F) [32], [33].
8 Localite

GmbH, Sankt Augustin, Germany, http://www.localite.de

5

2) Electrode geometry: The electrodes were modeled as
sponges with a thickness of 3 mm and the conductivity of
saline (1.4 S/m). The sizes of the electrodes were chosen
to match common practice in recent experiments (see Table
I). For the configurations with cerebral targets, the electrodes
were 5 x 7 cm; for cerebellar stimulation, the electrodes were
5 x 5 cm. Straight edges of the electrodes were made by
splitting tetrahedrons on the surface of the model with custom
C++ code and adding six layers of tetrahedrons on top of the
resulting rectangular patch. With this method, electrodes can
be built easily onto a standard model and have the exact size
and thickness desired. The nodes in the top layer of the anode
were assigned a potential of +Φ0 and the top layer of the
cathode was assigned -Φ0 , with Φ0 chosen such that the total
current entering the skin is equal to 1 mA.
3) Calculations: Laplace’s equation was solved on the
finite element mesh described above with Neumann boundary
conditions, σ∇Φ · ~n = 0, at the skin surface outside the
electrodes and Dirichlet boundary conditions, Φ = Φ0 , on
the surfaces of the electrodes. The system of equations was
solved with the FEM solving package SCIRun 4.69 using a
conjugent gradient solver and Jacobi preconditioner with a
maximal residual of 10−10 . These calculations resulted in a
potential Φ at each node of the finite element head mesh.
C. Analysis
From the potential Φ at the nodes of the mesh and the
~ =
conductivity tensors σ at the elements, the electric field E
~ were calculated in each
−∇Φ and the current density J~ = σ E
element. The distribution of the electric field was investigated
1) on the brain surface, 2) in the complete brain volume, and
3) in a small volume at the target location. In this section,
for cerebral stimulation (configurations A-E) interchange brain
with cerebrum and for cerebellar stimulation (configuration F)
interchange brain with cerebellum.
1) Surface: At each target location, a 1 cm2 circular patch
was built into the gray matter surface mesh to find the current
entering the gray matter exactly at the target location (I T ).
We determined the maximum electric field strength over the
~ Smx ), where the maximum was defined as the
GM surface (|E|
median of the 0.01% highest values. As a measure of focality,
we calculated the surface area (A75 ) at which the field strength
~ Smx .
is above 75% of |E|
2) Volume: We determined the maximum electric field
~ V ), where the
strength in the complete brain volume (|E|
mx
maximum was defined as the median of the 0.01% highest
values. As the curved cortex leads to multiple areas where the
electric field is (near-) maximal, it is not possible to indicate
the location of maximum electric field strength. Therefore, we
provide distributions (histograms) of the electric field strength
values in the complete brain volume. In order to understand
the distribution of the electric field both close to the target
and in the complete brain, all brain elements were divided into
subsets based on the distance of their centers from the target.
For each subset, we display a histogram of the electric field
9 SCIRun (Scientific Computing and Imaging Institute, Salt Lake City, UT,
USA) is freely available at http://www.sci.utah.edu/cibc-software/scirun.html.

~ in the elements, expressed in volume fractions
strengths |E|
(sum of volumes of elements in a bin divided by total volume
of subset). A schematic of this approach is shown in Figure
6A.
3) Target volume: In order to provide a measure of the
effects of tDCS exactly in the targeted region, a target volume
was constructed in the form of a cylindrical mesh with a 1
cm2 base and 4 mm height. At each target location, such a
cylinder was placed inside the gray matter adjacent to the
surface, with its axis perpendicular to the GM surface. All
GM elements within this cylinder were selected as the target
volume at this location. The resulting target volume is thus
a 1 cm2 slab of cortex. Different dimensions of the target
area were investigated and lead to slightly different values as
expected (e.g. a thinner layer leads to higher average field
strength, because deeper elements have lower field strengths),
~ Tmn )
but the trend in the results was consistent. The mean (|E|
T
~
and maximum (|E|mx ) field strength in a target volume were
used as estimates of the effect of tDCS in the target area.
Assuming that the effect of stimulation is highest if the electric
field is directed parallel to the fibers [52], [53] and that GM
neurons lie perpendicular to its surface [54], we also calculated
the mean electric field strength normal to the GM surface. For
each GM element in a target volume, we calculated the dot
~ with the vector normal
product of the electric field vector, E,
to the closest GM surface triangle, n̂, and provide the mean
~ · n̂ T .
value within the volume: E
mn
III. R ESULTS
Below we describe the results on the GM surface, in the
complete brain volume and in the target volume separately.
As tDCS volume conduction is a linear process, the results
presented here can be scaled to any input current by multiplying the electric field strengths with the desired current in
mA. Our results can therefore also be extrapolated to cathodal
stimulation; this only reverses the polarity of the field.
A. Surface
Figure 4 shows the simulated electric field strength on the
skin (A), skull (B) and GM (C) surfaces for dual DLPFC
stimulation. Results for the other configurations on the skin
and skull are similar and therefore not shown. Figure 5 shows
the electric field strength on the surface of the gray matter for
all six configurations. The target of stimulation is indicated
with a black dot. On the skin surface (Fig. 4A), the electric
field is high under the edges of both electrodes, with peaks
at the corners. The highest values are found at the corners
closest to the other electrode. On the surface of the skull
(Fig. 4B) the highest values remain under the electrodes, but
the distribution is more homogeneous. On the brain surface
this distribution of high electric field strengths under both
electrodes has merged into one more central area (Fig. 4C). For
all five cerebral targets the peak electric field locations have
shifted away from the electrodes and the maximum result of
stimulation is found in between the two electrodes (Fig. 5).
A large area of (near-)maximal electric field is spread over
multiple gyri on both hemispheres, roughly centered on the
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~ (mV/cm) on the surfaces of the A) skin, B) skull and C) GM for dual DLPFC stimulation (configuration C). The black
Fig. 4. Electric field strength |E|
outlines indicate the positions of the electrodes and the black dot indicates the target.
TABLE III
Q UANTITATIVE RESULTS OF SIMULATING 1 M A T DCS FOR SIX CONFIGURATIONS .
target
A
B
C
D
E
F

M1
DLPFC
DLPFC
IFG
Oz
cerebellum

~ S
|E|
mx
(mV/cm)

A75
(cm2 )

IT
(µA)

~ V
|E|
mx
(mV/cm)

~ T
|E|
mx
(mV/cm)

~ T
|E|
mn
(mV/cm)

~ · n̂ T
E
mn
(mV/cm)

2.9
2.8
2.7
2.4
3.2
1.1

7.3
5.7
10
6.7
1.9
1.5

3.0
2.4
2.4
2.6
1.5
1.9

2.9
3.1
3.3
2.7
3.4
1.2

2.1
1.7
1.7
1.7
1.5
0.88

1.4
1.2
1.3
1.1
0.85
0.75

1.2
0.86
0.87
0.86
0.55
0.71

~ S ), surface area where 75% of the maximum surface value is reached (A75 ),
From left to right: maximum electric field strength on the brain surface (|E|
mx
~ V ), maximum electric field strength
current entering the brain surface at the target location (I T ), maximum electric field strength in the brain volume (|E|
mx
T
~
~ T ) and mean electric field strength perpendicular to the GM surface
in the target volume (|E|mx ), mean electric field strength in the target volume (|E|
mn
~ · n̂ T ). Configurations B and C target the same area using a different reference location.
(E
mn

midline, with the highest values closer to the anode. For M1
stimulation this area is stretched along the coronal plane; for
the prefrontal configurations it lies along the sagittal plane;
for IFG and Oz stimulation the maximally stimulated areas
are more circular. The simulations of cerebellum stimulation
show a large patch of high electric field strength on the inferior
surface of the right cerebellar hemisphere, covering the target
area. In addition, an area of maximal electric field is found
more inferior and medial on a highly concave surface area.

~ Smx in Table III)
Maximum electric field strength values (|E|
range from 2.4 to 3.2 mV/cm for the cerebral targets, while in
the cerebellum a much lower maximum value of 1.1 mV/cm is
reached. The values for the two DLPFC configurations hardly
differ, but the surface area where at least 75% of this value is
reached (A75 in Table III) is much larger for the dual DLPFC
configuration, showing that this configuration is less focal. The
Oz configuration leads to the largest maximum value and the
smallest area receiving this field strength, showing a spatially
sharp development of the high peak current. This configuration
also leads to the smallest amount of current entering the GM
at the target location (I T in Table III).

B. Volume
For the cerebral targets, maximum electric field values in
~ V
the complete brain (|E|
mx in Table III) between 2.7 and 3.4
mV/cm are reached, for IFG and Oz stimulation, respectively.
The maximum field strength reached in the cerebellum is 1.2
mV/cm.
In Figure 6 we present distributions of the electric field
strength in the complete brain (Fig. 6B) or cerebellum (Fig.
6C) for separate distance ranges to the target. For all frontal
and motor targets (configurations A-D) we found relatively
similar distributions and therefore only the results for DLPFCSO stimulation (configuration B) are shown (Fig. 6B). Closest
to the target (dark red curve) we see a sharp peak of high
electric field strengths; further away from the target the distributions become broader and the peaks lie at lower values
~ At the largest distance to the brain (dark blue curve)
of |E|.
~ values. Thus, close to
a sharp peak can be seen at low |E|
the target mostly high values are found, far away mostly low
values are found, and in between there is a wide range in
the electric field strength. In all four cases, the highest field
strengths are found at 20-40 mm from the target (note how the
bright red curve spreads to higher values than all other curves
do).
For Oz stimulation the peaks of the distributions at all
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~ (mV/cm) on the surface of the GM for A) M1, B) left DLPFC, C) dual DLPFC, D) IFG and E) Oz stimulation, and on
Fig. 5. Electric field strength |E|
the surface of the cerebellum (F). Scales are adjusted (same scale for Figures A-E, shown at top right); actual maxima can be found in Table III. The black
dot in each panel indicates the target of stimulation and the electrode-skin interface is outlined in black. The Oz target (E) was placed on the skin on the
midline of the head, but due to the shape of the subjects brain, the target projection on the GM surface lies on the left hemisphere.

distances are similar, except for a sharp peak at the largest
distance. In the cerebellum (Fig. 6C) the distributions are
much narrower than for the cerebral targets and the peaks
lie closer together and at lower values. This is due to the
cerebellum being a much smaller and smoother structure than
the brain. Highest electric field strengths are found in the
elements closest to the target (0-20 mm).
Similar analyses were performed for gray and white matter
separately, showing that for M1 and Oz stimulation the peaks
~ values in white matter than
of the distributions lie at higher |E|
in gray matter. For all other configurations the locations of the
peaks do not differ greatly between gray and white matter.
C. Target volume
~ T in Table III) is 0.88
The maximum field strength (|E|
mx
mV/cm in the cerebellar target volume, while in the cerebral
~ Tmx ranges from 1.5 mV/cm for Oz to 2.1
target volumes |E|
mV/cm for M1 stimulation. For the two DLPFC configurations
the maximum values reached in the target volume are 54-55%
of the maximum value in the complete brain. For M1, IFG and
cerebellum these values are 70, 62 and 76 %, respectively; for
the Oz configuration it is only 45%. The average electric field
~ Tmn in Table III) ranges from
strength in the target volumes (|E|
0.75 mV/cm for cerebellum to 1.4 mV/cm for M1 stimulation.
The average electric field strength perpendicular to the GM
~ · n̂ T in Table III) ranges from 0.55 mV/cm for Oz
surface (E
mn
to 1.2 mV/cm for M1 stimulation. While cerebellar stimulation
resulted in relatively low values in several other analyses, the

~ · n̂ T is similar to that of the other configurations.
result for E
mn
This is because the simulated electric field in the cerebellar
target volume is mainly directed perpendicular to the GM
surface.
IV. D ISCUSSION
This study presents simulations of 1 mA tDCS in a highly
detailed volume conduction model for six commonly used
electrode configurations.
A. General results
Highest electric field values in the skin were found along
the rim of the electrodes, as was reported in other studies [55],
[36], but here we also showed that the electric field distribution
on the skull surface is high under the complete area of both
electrodes and that a shift of the maximum away from the
electrodes occurs only at brain level. As the current follows the
path of least resistance, it is understandable that most current
flows from the stimulator towards the edges of the electrodes
to the skin instead of radially through the poorly conducting
skull. A large part of the current goes from anode to cathode
through the skin without passing the skull and thus never
enters the brain. The current that does enter the skull spreads
itself over its surface under the electrodes. When the current
enters the CSF, it is transported through this highly conductive
fluid away from the anode, leading to a wide distribution
of the electric field on the brain surface. As we found only
one area of maximal stimulation on the brain surface instead
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~ (mV/cm) B) in the brain for DLPFC-SO and C) in the cerebellum for cerebellar stimulation. A) Schematic
Fig. 6. Distribution of electric field strengths |E|
showing how these figures were created. All elements in the brain (or cerebellum for configuration F) were divided into subsets based on the distance of their
centers to the target (shown in millimeters) and a histogram was made of the electric field strengths in each subset. The volumes of the elements are used to
scale the distributions. Each histogram (per distance range) sums to 100%. The colors in the schematic correspond to the colors in the histograms.

of one under each electrode, this relieves possible worries
for unwanted stimulation effects at the cathode. Our results
suggest that the dimensions of the area of maximum field
strength are determined by the length of the electrode edges
that are facing each other. It thus seems possible to increase
focality without changing the electrode size, simply by placing
the electrodes with the short sides facing each other.
B. Cerebral targets
We simulated five configurations for four cerebral targets:
left motor cortex, left dorsolateral prefrontal cortex, left inferior frontal gyrus and occipital cortex. For all cerebral targets
we found large areas of near-maximal field strength located far
away from the targets. Highest values were found 20-40 mm
from the target, in between the anode and the cathode. Electric
field strengths of more than twice the maximum value in the
target volume are found in other brain areas. Not only is the
target area not stimulated maximally, also other cerebral areas
are stimulated much more strongly. Similar modeling results
have been presented for M1 stimulation [13], [34] and for
Oz stimulation in a stroke patient [37] using isotropic models.
The results from our anisotropic model agree to these findings
and show that also the standard configurations for DLPFC
and IFG do not maximally stimulate their respective targets.
Moreover, these results suggest that the common practice of
placing electrodes over the target area leads to suboptimal field
strengths.
Both DLPFC configurations lead to very similar results, not
only at the targeted DLPFC, but also in the complete brain
volume. Only the surface area A75 shows a large difference.
The similar results for the two DLPFC configurations show
that a small displacement of the return electrode for this target
does not have a large influence on the resulting electric field.
In modeling studies it is common to report the value and
surface area of maximum field strength. Our results indicate
that in most cases these measures are not useful to determine
effectivity and focality of a configuration. For example, the
Oz configuration produced the highest field strengths and the
most focal stimulation, while its effects in the targeted area

were the smallest. For future modeling studies, it is therefore
more useful to evaluate the electric field in a target volume.
C. Cerebellum
The configuration for cerebellum stimulation tested in this
study resulted to be the only configuration that achieves
relatively high electric field values at its target site. The actual
maximum lies elsewhere, due to high local curvature, nevertheless the configuration seems near-optimal. The maximum
of the electric field at the cerebellar surface is much lower than
for the cerebral targets. This is probably due to large currents
ducking inferiorly under the skull and flowing through the skin
to the cheek. The Oz configuration also leads to low values in
its target volume and a low inward current, while high values
are achieved elsewhere. These results suggest that placing an
electrode on the back of the head generally leads to large
amounts of shunting. To achieve comparable field strengths in
the cerebellum as reached with the other configurations, the
input current for cerebellar stimulation should be doubled. In
practical applications, most studies do use 2 mA tDCS for
cerebellar stimulation [32], [33], [56].
D. Direction of the electric field
The above discussion focuses on areas of highest field
strength, as is common in tDCS modeling studies [13], [11],
[34]. In practice, the effects of stimulation might actually be
higher in a different area, because the orientation of the field
might have more significant effects than does the strength.
The possible importance of field direction is already obvious
from the fact that experiments have shown opposite effects of
anodal versus cathodal tDCS [1]. For this reason, a measure
of field directionality was analyzed in this study.
We found here that the standard configurations lead to
maxima in field strength outside the target area. However,
experimentally all these standard configurations have been
shown to affect their targets. This could mean two things.
As described above, if field strength is the most important
parameter, then other areas are stimulated more strongly than
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the target is. One would expect this to result in significant
side-effects, something that has not been reported for tDCS.
The other possibility is that electric field strength is not
the parameter of interest. We have shown here that for the
standard configurations a large part of the field is directed
perpendicularly inward with respect to the GM surface. We
also analyzed the perpendicular field strength in the areas of
maximal absolute field strength (results not shown here) and
found that in these areas (i.e. the red areas in Figure 5) the
perpendicular field strength is much smaller than under the
electrodes. The results for perpendicular field strength thus
agree better with the experimental findings than the results
for absolute field strength. Therefore, the direction of the field
should be taken into account in future modeling studies. In
order to better evaluate tDCS models, more knowledge on the
effects of the fields direction versus its strength is needed.
E. Realistic modeling
In modeling tDCS, and other stimulation modalities in
general, the ultimate goal would be to have individualized FE
models made with the highest amount of accuracy. Due to the
complicated nature of creating realistic tetrahedral anisotropic
head models, this process is too time-consuming to create
individual models. Simply converting an MRI scan directly
into a hexahedral model is a fast method that does allow
for individualized models, but as these models do not have
smooth tissue boundaries nor include tissue anisotropy, detail
is sacrificed for the sake of time. The goal of this study was to
provide for one model the most accurate predictions possible.
The detailed description of the model creation process presented in this paper, a scheme that consists almost completely
out of freely available software, can guide other investigators
in creating similar models and extend the current knowledge
base.
Although the model presented here contains much detail,
shortcomings do surely exist. To prevent gray matter and skull
surfaces intersecting, the brain of our model had to be slightly
scaled down, leading to a slightly enlarged CSF volume. Also,
our model does not include air compartments. The rather large
pockets of nonconducting air formed by the frontal sinuses
could alter the results for configurations with an electrode over
the supraorbital area. Because the sinuses were modeled as
highly resistive compacta, and current flows out of an electrode
mostly through the corners closest to the other electrode,
mainly flowing over the sinuses for the configurations studied
here, we do not expect this to strongly affect the results.
Simplifications were made in areas that were not expected
to affect the results. The mouth and jaws were modeled
as skin and thus in a real head these areas have a lower
conductivity. As both electrodes are far away from this area
for all configurations aimed at cerebral targets, this should
not significantly alter the current flow in areas of interest.
We tested this assumption by making the mouth area of the
model non-conductive and repeating the simulations. For M1
stimulation, this resulted in a 1% increase in field strength both
in the target area and in the complete brain. Even for cerebellar
stimulation, where one electrode is located near the mouth, the

differences were small: 1% in the target area and 2% in the
cerebellum overall. These results show that a lack of detail in
the mouth area does not significantly affect simulations.
Other models exist that explicitly model small structures
like eye sclera and blood vessels [11], [12]. As it is nearly
impossible to create closed surface meshes of such small
structures, using a tetrahedral model almost automatically
excludes them. This immediately leads to the question if such
small structures could actually significantly affect simulations.
We tested this by using a change in the conductivity of the
smallest structure in our model as a representation of adding an
even smaller structure with a different conductivity. Changing
the conductivity of the eyes from 0.4 S/m [57], [37] to 1.5
S/m [50] for M1 stimulation leads to a change in the electric
field strength of 0.6% in the target volume and 0.6% in the
brain overall. This shows that the influence of small structures
is only marginal and negligible compared to other unavoidable
small modeling errors.
The neck muscles are mostly not included in tDCS volume
conduction models. Because cerebellar stimulation might be
affected by the neck muscles, they were included in the model
presented here. Unfortunately, there is a large spread in the
muscle conductivity values reported in literature, especially
when the anisotropic nature of muscle tissue is taken into
account [58], [59], [51]. We compared the results of the
cerebellar configuration model using muscle conductivities at
the edges of this range. Using a muscle conductivity of 0.16
S/m leads to an increase of 11% in the mean field strength
in the target volume and 10% in the cerebellum overall,
as compared to using 0.4 S/m. This shows that simulations
of cerebellar tDCS could be improved by acquiring more
knowledge on the conductivity of muscle tissue.
F. Optimizing electrode placement
Several computational studies have put forward novel methods to optimize electric field distributions resulting from tDCS.
These studies use multiple small circular electrodes [60], [61],
[62] and/or multi-channel stimulation patterns [61], [12], [62].
An improved configuration of two large electrodes, the most
widely available setup of tDCS in practice, has only been
provided for one cortical target [12].
Based on the combined findings of all targets in this study,
we established the hypothesis that an electrode pair should be
centered around the targeted area for optimal field strength.
We developed and simulated new configurations based on
this notion and found several that perform better than the
standard configurations do. A configuration with the anode 5
cm posterior and the cathode 5 cm anterior to the motor cortex
target site, resulted in a mean electric field strength in the M1
target volume of 2.6 mV/cm, which is 88% higher than was
achieved with the standard configuration. The resulting field
strength on the GM surface is displayed in Figure 7A, showing
clearly that the electric field strength maximum lies around
the targeted area. Figure 7 shows a similar improvement for
the occipital cortex: the field strength in the target volume
is 1.7 mV/cm, 94% higher than the result of the standard
configuration. From our preliminary results it seems that in
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~ (mV/cm) on the surface of the GM for
Fig. 7. Electric field strength |E|
new configurations targeting the A) motor and B) occipital cortex. Scales are
adjusted to allow comparison to the standard configurations in Figure 5. The
black dot indicates the target of stimulation and the electrode-skin interface
is outlined in black.

general (i.e. for any target), configurations with the electrodes
on opposite sides of the target site lead to high field strengths
in the target area. We were able to increase the field strength
in the target volume with at least 70% for all five targets
investigated here. Note that this includes the cerebellar target,
which already seemed near-optimal.
Our next efforts are towards more precise substantiation of
this hypothesis through optimization. Besides field strength,
we will also optimize field strength perpendicular to the GM
surface using the methods introduced here. In this study we
introduced the concept of a meshed target volume to provide
quantitative measures for the effectivity of stimulation and
found that these analyses were successful in expressing a
configurations ability to stimulate the target. Because these
analyses allow for objective evaluation without the need for
visual inspection, these methods are especially valuable for
comparing large numbers of configurations for optimization
purposes.
The effectiveness of the here-proposed configurations can
be tested by comparing them with their respective standard
configurations in an area-specific task. For the motor cortex,
measurements of cortical excitability with TMS and EMG
(size of motor-evoked potentials) could also be used. If such
a new configuration were to lead to larger or more prolonged
effects, this would not only provide evidence for an improved
configuration, but also show that the field strength is the more
important factor. On the other hand, if the new configurations
were to perform worse, this would be evidence towards the
theory that the direction of the field is the most important.
V. C ONCLUSIONS
From the results of our study we conclude that 1) based
on field strength, all five cerebral stimulation configurations
studied here are not suited for their targets, 2) the commonly
used configuration for cerebellum stimulation performs relatively well, 3) cerebellum stimulation needs higher input
currents than does cerebral stimulation and 4) the direction
of the field should be considered in all future studies. These
results suggest space for improvement in the application and
outcomes of tDCS and an important role for modeling in
achieving these goals.
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