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We  developed  a  MATLAB  toolbox,  COMETS2,  for  tDCS  field  analysis.
COMETS2  can  generate  realistic  rectangular  pad  electrodes  at  any  scalp  locations.
A  new  technique  for  reducing  computational  time  was  proposed  and implemented.
COMETS2  is  useful  for  repeatedly  testing  multiple  electrode  configurations  and sizes.
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a  b  s  t  r  a  c  t

Background:  Since  there  is no  way  to  measure  electric  current  generated  by transcranial  direct  current
stimulation  (tDCS)  inside  the  human  head  through  in  vivo  experiments,  numerical  analysis  based  on  the
finite element  method  has  been  widely  used  to  estimate  the  electric  field  inside  the head.  In 2013,  we
released  a MATLAB  toolbox  named  COMETS,  which  has been  used  by a number  of  groups  and  has  helped
researchers  to  gain  insight  into  the electric  field  distribution  during  stimulation.  The  aim  of  this  study
was  to develop  an  advanced  MATLAB  toolbox,  named  COMETS2,  for the  numerical  analysis  of  the  electric
field  generated  by tDCS.
New  method:  COMETS2  can generate  any  sizes  of  rectangular  pad  electrodes  on any  positions  on the  scalp
surface.  To  reduce  the  large computational  burden  when  repeatedly  testing  multiple  electrode  locations
and  sizes,  a new  technique  to  decompose  the  global  stiffness  matrix  was  proposed.
Results: As  examples  of  potential  applications,  we  observed  the  effects  of  sizes  and  displacements  of
electrodes  on  the  results  of  electric  field  analysis.  The  proposed  mesh  decomposition  method  significantly
enhanced  the  overall  computational  efficiency.

Comparison  with  existing  methods:  We  implemented  an  automatic  electrode  modeler  for  the  first  time,
and  proposed  a new  technique  to  enhance  the  computational  efficiency.
Conclusions:  In  this  paper,  an  efficient  toolbox  for tDCS  analysis  is  introduced  (freely  available  at  http://
www.cometstool.com). It is expected  that  COMETS2  will  be  a useful  toolbox  for  researchers  who  want
to  benefit  from  the numerical  analysis  of  electric  fields  generated  by tDCS.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Transcranial direct current stimulation (tDCS) is a noninvasive

rain stimulation method that can modulate cortical excitability by
ransmitting small amounts of direct current (DC) between anode
nd cathode electrodes (Márquez-Ruiz et al., 2012; Nitsche et al.,

∗ Corresponding author at: Department of Biomedical Engineering, Hanyang Uni-
ersity, 222, Wangsimni-ro, Seongdong-gu, Seoul, 04763, Republic of Korea.

E-mail address: ich@hanyang.ac.kr (C.-H. Im).

ttp://dx.doi.org/10.1016/j.jneumeth.2016.12.008
165-0270/© 2016 Published by Elsevier B.V.
2008; Nitsche and Paulus, 2000). Although its underlying elec-
trophysiological mechanisms have not yet been clearly revealed,
tDCS has been applied to a variety of applications such as mod-
ulation of cognitive functions, neurorehabilitation, and potential
treatment of brain diseases such as stroke, depression, Parkinson’s
disease, chronic pain, and epilepsy (Boggio et al., 2007; Coffman
et al., 2012; Minamoto et al., 2014; Nelson et al., 2014; Nitsche
et al., 2009). While it is known that the effect of tDCS is simi-

lar to that of repetitive transcranial magnetic stimulation (rTMS),
tDCS has many advantages over rTMS such as better mobility and
cost-effectiveness.

dx.doi.org/10.1016/j.jneumeth.2016.12.008
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2016.12.008&domain=pdf
http://www.cometstool.com
http://www.cometstool.com
http://www.cometstool.com
http://www.cometstool.com
mailto:ich@unhbox voidb@x {special {ps:41 TD$DIFF}}hanyang.ac.kr
dx.doi.org/10.1016/j.jneumeth.2016.12.008
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Currently, many researchers have realized that the estimation
f stimulation current distribution inside the human head is impor-
ant for successful brain stimulation with tDCS, because it was
hown that the maximum current density is not always gener-
ted right below the stimulation electrodes. Recent studies have
hown that the determination of electrode positions based on
lectric field analyses could significantly enhance the outcome of
DCS (Lee et al., 2015; Mendonca et al., 2011). Moreover, three-
imensional (3D) field simulations have elucidated the underlying
echanisms of volume current conduction (Rahman et al., 2013;
agner et al., 2007), accelerated the development of new electrode
ontages (Ruffini et al., 2014), simulated special stimulation con-

itions (Datta et al., 2013; Parazzini et al., 2014), and decreased the
ecessity of massive experimental studies to verify the safety of
DCS (Im et al., 2012). In most of previous studies, the electric field
istributions on the cortex were estimated using computer-based
umerical analyses, since there is no way to directly measure the
lectric current inside the human head through in vivo experiments
Bikson et al., 2012).

Recently, some software tools for tDCS field simulation, such
s SIMNIBS, BONSAI and SPHERES, have been introduced (Truong
t al., 2014; Windhoff et al., 2013). SPHERES uses concentric spheres
or the head model, which can provide intuitive understanding of
he electric field distribution due to tDCS. BONSAI provides a web-
ased interface and thus can be easily accessed by its users although

ndividual head models cannot be imported. In contrast, SIMNIBS
nables the analyses of more complex head models based on the
nite element method (FEM); however, it cannot automatically
enerate realistic tDCS electrodes on the scalp surface.

In 2013, our research team released a Windows-based graphical
ser interface (GUI) MATLAB toolbox named COMETS (COMputa-
ion of Electric field due to Transcranial current Stimulation), with
he aim of providing unexperienced users with an easy way  to
imulate an electric field distribution due to tDCS inside a stan-
ard head model, based on 3D finite element analysis (FEA) (Jung
t al., 2013). For the last three years, this MATLAB-based toolbox
as been used to estimate the cortical current distribution due to
DCS by several research groups (Grabner et al., 2015; Heimrath
t al., 2014; Hussey et al., 2015). However, the electrode modeling
n COMETS is not realistic because forced boundary conditions were
irectly applied to scalp nodes; thus, the electrodes could not be
odeled as exact rectangles. Furthermore, the default head model
as a simple three-compartment model consisting of scalp, skull,

nd cerebrospinal fluid (CSF), and the brain area was not modeled
eparately, in order to reduce the overall computational burden.

In this paper, we introduce an advanced version of COMETS,
amed COMETS2, which is also a Windows-based MATLAB tool-
ox. In contrast to the previous version of COMETS, COMETS2
an automatically generate hexahedral electrode pads, simulating
ponge-type electrodes, of which the sizes and angles are freely
djustable. A realistic human head model composed of scalp, skull,
SF, and brain (including both white matter and grey matter) is

ncluded as a default head model. User-generated head models can
lso be imported for individualized electric field simulations. Most
mportantly, an efficient technique for reducing the overall com-
utational cost during the repeated field simulations is proposed.
he detailed descriptions and examples of COMETS2 are provided

n the following sections.

. Methods
To estimate the electric potential and electric field intensity
nside the human head, COMETS2 adopted FEM; however, since

esh generation of the head model is not supported in COMETS2,
xternal mesh generation software needs to be used. We  used
e Methods 277 (2017) 56–62 57

ISO2MESH software (Fang and Boas, 2009), a freely downloadable
3D mesh generator, to generate tetrahedral meshes from surface
meshes. The surface meshes for four layers (scalp, outer skull
boundary, inner skull boundary, and cortical surface) were gener-
ated from structural magnetic resonance imaging (MRI) data using
CURRY7 for Windows (Compumedics NeuroScan, Charlotte, NC,
USA). Other mesh generators such as SIMNIBS and BrainSuite can
also be used for the generation of individual head surface meshes. A
default head model included in COMETS2 was  composed of 129,103
nodes and 804,251 elements. Note that the previous version of
COMETS did not differentiate between the CSF and brain areas in
order to reduce the overall computational time. In contrast, the
current version of COMETS2 differentiates between those two  areas
thanks to the introduction of a new technique to accelerate compu-
tational time. The procedures of COMETS2 can be roughly divided
into preprocessing and main processing steps. In the preprocess-
ing step, the binary conversion of mesh data, surface extraction,
mesh structure analysis, and construction of a system matrix for
the initial mesh are performed. Users do not need to execute this
preprocessing procedure more than once unless the head model is
changed. The main processing step consists of automatic genera-
tion of electrodes and FEA. The GUI of the toolbox was optimized
for the latest version of MATLAB (ver. R2015b) (MathWorks, Nat-
ick, MA,  USA). Codes for binary conversion, surface extraction, mesh
structure analysis, and FEA were written in FORTRAN90 and com-
piled using the Intel Fortran Compiler 10.0 (Intel, Santa Clara, CA,
USA). We  tested COMETS2 in 64-bit Windows 7 and Windows 10
environments installed in Intel i5 and i7 personal computer sys-
tems.

2.1. Preprocessing 1–binary conversion of mesh data

In COMETS2, NODE and ELE file formats of TETGEN (Si, 2015), a
free tetrahedral mesh generator embedded in ISO2MESH (Fang and
Boas, 2009), are read and saved as binary files, which are then used
for the entire functions and subroutines of COMETS2. Conversion
to a binary file format has several advantages over the use of ASCII
(American standard code for information interchange) format in
that it requires less storage space, takes less time for reading and
writing, and shows a higher precision for floating-point numbers.

2.2. Preprocessing 2–surface extraction

The scalp surface and the cortical surface (i.e., the interface
between the CSF and cortex) are extracted from the element data.
In the default finite element data, the scalp surface contains 4936
nodes and 9868 triangles, and the cortical surface contains 35,057
nodes and 70,266 triangles. The extracted scalp mesh data are used
for the generation of sponge electrodes. The cortical surface is used
to visualize the resultant electric field distribution obtained from
FEA.

2.3. Preprocessing 3–mesh structure analysis

One of the characteristics of FEM is the sparsity of the system
matrix or global stiffness matrix (Jin, 2014), which means that most
of the matrix elements are zeros. For example, if an i-th node is
directly connected with N neighboring nodes, the i-th row of the
global stiffness matrix has only N + 1 nonzero entries. Furthermore,
considering the symmetry of the stiffness matrix, the number of
meaningful nonzero entries is very small compared to the num-
ber of all matrix elements. This sparse characteristic is generally

taken into account in constructing a global stiffness matrix and in
solving the linear matrix equation. In general, analyzing the mesh
structure and finding the positions of nonzero entries is time con-
suming. Therefore, when a head model is fixed and the FEA needs
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As application examples of COMETS2, we first tested the influ-
ence of electrode sizes on the resultant electric field distribution.
The anode and cathode were attached to the right supraorbital
area and FC3, respectively, according to the international 10-10
ig. 1. An example of electrode generation. (a) Selection of center node. (b) Alignme
he  electrode mesh into the initial mesh. After this process, the structure of the init

o be repeatedly applied to the model, storing the results of the
esh structure analysis (positions of nonzero entries) can enhance

he overall efficiency of the analyses, because these results are not
hanged unless the head model is changed.

.4. Preprocessing 4–construction of global stiffness matrix for
nitial mesh

A global stiffness matrix for an initial mesh (without electrodes
n the model) was constructed prior to the automatic electrode gen-
ration. The governing equation used for the electric field analysis
s an electrostatic Laplace’s equation defined as

 · (�∇V) = 0, (1)

here � and V are electrical conductivity and electric potential,
espectively (Im et al., 2012). To consider the sparsity of the system

atrix, we used a direct sparse solver (DSS) of the math kernel
ibrary (MKL) provided by Intel to solve the global matrix equation
f FEM.

.5. Main processing 1–generation of electrode mesh

After a user selects the center position of an electrode (Fig. 1a),
he scalp nodes around the edges of the electrode are moved and
ligned so as to be fitted to the designated size and shape of the
lectrode, as shown in Fig. 1b. During this node alignment process,
o additional scalp node needs to be generated. Using the aligned
odes, a mesh for the hexahedral electrode is independently gener-
ted using TETGEN (Si, 2015) included in the toolbox (Fig. 1c), and
hen merged into the initial mesh data (Fig. 1(d)). The generated
lectrode has a default thickness of 5 mm,  and its conductivity can
e easily set by the user.

.6. Main processing 2–finite element analysis

After the generation of meshes for two sponge electrodes, the
lobal stiffness matrix needs to be updated to reflect the newly
erged meshes. Since the global stiffness matrix for the initial mesh
ithout electrodes was already constructed, the calculation of the

lement stiffness matrices is needed only for the elements that are
ewly generated inside the sponge electrodes and for the elements

ncluding nodes that have been moved and aligned to form the
ectangular shapes of the electrode bottoms. Less than 200 nodes
nd 1000 elements were newly generated for a 5 × 7 cm electrode,

hich is much smaller than the total number of nodes and elements

f the head model. The input variables of DSS were updated only
or the newly generated or modified element data, which consider-
bly reduced the overall computational burden, compared to when
calp nodes around the edges of the electrode. (c) Electrode generation. (d) Merging
sh is minimally modified.

the whole stiffness matrix is recalculated. A schematic diagram for
elucidating the strategy for updating the global stiffness matrix is
illustrated in Fig. 2.

Dirichlet boundary conditions were applied on the upper sides
of two  sponge electrodes. Next, the electric current passing through
the bottom of each electrode was  calculated. Based on the linear
relationship between the total injection current and the electro-
magnetic quantities of each node, the electric potential, electric
field, and current density values in the entire analysis domain were
scaled by the ratio of the user-defined target injection current to
the computed injection current passing through the bottom of the
electrode. The users can visualize the distributions of various phys-
ical quantities on the cortical surface, and probe the exact values at
any user-selected points simply by clicking the mouse button.

3. Results
Fig. 2. Schematic diagram of the global stiffness matrix after electrode generation.
The  numbers of modified and added rows are small compared to the rank of the
global stiffness matrix. Hence, the construction of the global stiffness matrix after
electrode generation does not take much time.
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ig. 3. Simulation results of three different combinations of 3 cm × 3 cm electrodes
ar  was adjusted to the same limits. (a) Anode: 3 cm × 3 cm, cathode: 5 cm × 5 cm.  (b

 cm × 5 cm, cathode: 5 cm × 5 cm.  (f) Results of (e).
lectrode placement system. As shown in Fig. 3, three models with
ifferent combinations of 3 × 3 cm electrodes and 5 × 5 cm elec-
rodes were simulated. In these simulations, we assumed 1-mA
 cm × 5 cm electrodes. Injected current was 1 mA for all cases. The scale of the color
lts of (a). (c) Anode: 5 cm × 5 cm,  cathode: 3 cm × 3 cm. (d) Results of (c). (e) Anode:
current injection. As a result, more focalized current density distri-
butions were observed in the right prefrontal cortex when smaller
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ig. 4. Optimization of electrode position for stimulation of the visual cortex. (a) Co
ortex  with the optimized montage.

lectrodes were used (see Fig. 3b). The size of the cathode did not
ignificantly affect the resultant current density distribution.

Another application example of COMETS2 is given in Fig. 4,
here the positions of the active electrode were optimized. In the

revious literatures, active and reference electrodes were generally
laced on Oz and Cz, respectively, to modulate the primary visual
ortex (V1) (Antal et al., 2004; Spiegel et al., 2012). We  first placed
node and cathode electrodes on Oz and Cz, respectively, to simu-
ate the conventional electrode configuration. As seen in Fig. 4a, our
imulation results demonstrated that the conventional Oz-Cz mon-
age could not effectively stimulate V1, even though the anode was
ocated right above V1. The electric field generated by the Oz-Cz

ontage was widely distributed not only on the occipital area, but
lso on the parietal area. To find a better montage for the optimal
imulation of V1, we gradually moved the anode along the midline.
s a result, as shown in Fig. 4b, we found that placing the anode on
n area approximately 4 cm inferior to Oz could best stimulate the
isual cortex.

To validate the enhancement of computational efficiency of
OMETS2 by adopting the new automatic electrode modeler and
he new efficient technique for stiffness matrix construction, we
ompared the elapsed time between our method and the con-
entional approach that regenerated the entire head mesh after
emodeling electrodes. A personal computer system with Intel i5-
670, 16G RAM, Windows 7 and MATLAB 2015b environments was
sed for the comparison study. It took 47.63 s to regenerate the 3D
nite element model from surface mesh data with two 5 × 7 cm
lectrodes using ISO2MESH, whereas it took just 5.72 s to sepa-
ately generate mesh data for two 5 × 7 cm sponge electrodes using
ETGEN and merge them into the initial mesh data. Moreover, it
ook 9.55 s to construct the global stiffness matrix with the entirely
egenerated head mesh data, while it took just 0.43 s to construct
he global stiffness matrix with the partially regenerated mesh data.
hese results suggest that COMETS2 might be specifically useful for
tudies that involve repetitive analyses, e.g., finding optimal elec-
rode positions to maximize the electric field at target brain areas,
hich requires repetitive simulations to test various electrode con-

gurations.

An individual head model was also tested. As shown in Fig. 5a,
 four-compartment head model composed of 140,496 nodes and
71,004 elements was generated from MRI  data using SIMNIBS, ITK
ional montage. (b) Optimized montage. More current could flow through the visual

(Yoo et al., 2002), and ISO2MESH. Fig. 5b shows an example of the
electric field analysis using the individual head model.
Fig. 5. Simulation of electric field with an individual head model: (a) generation of a
four-compartment head model composed of 140,496 nodes and 871,004 elements,
(b)  an example of electric field analysis using the generated individual head model.
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. Discussion

In this work, we developed a freely downloadable MATLAB
oolbox, named COMETS2, for the analysis of the electric fields
enerated by tDCS. With the standard brain model included in
OMETS2, any novice MATLAB user can simulate different elec-
rode configurations with a variety of sizes and directions, from
hich they can gain insight into how the electric field under the

calp is formed and where the optimal electrode positions are
o more effectively modulate the target brain regions of interest.
dvanced users can import their own head models extracted from

ndividual head MRI  data, to which they can apply COMETS2 for the
lanning of individualized, image-guided neuromodulation. Com-
ared to the previous version, COMETS2 was improved in many
spects. For example, a four-layer head model with a refined cor-
ical surface model was used as a default model, and COMETS2
llows users to import their own head data. A detailed process to
mport five-layer head models generated using SIMNIBS is well doc-
mented in the user manual of COMETS2. Most importantly, the
omputational efficiency of COMETS2 was considerably improved.
or instance, DSS of MKL  was adopted to effectively solve the FEM,
nd some subroutines were programmed using OpenMP so that
ime-consuming iterations can be calculated using parallel proces-
ors (Dagum and Menon, 1998).

COMETS2 can automatically generate rectangular sponge-pad
lectrodes at any user-selected positions without a change in the
verall mesh structures, which is one of the unique features of this
oolbox. In many tDCS studies, electric current is applied using
aline-soaked sponge electrodes (Fecteau et al., 2014; Fujimoto
t al., 2014; Koo et al., 2015; Nelson et al., 2014; Tecchio et al., 2013).
here are two approaches to handling the tDCS electrodes in the
omputer-based numerical analyses. One method, which was used
n the previous version of COMETS2, is to apply Dirichlet boundary
onditions on scalp nodes without the actual generation of sponge
lectrodes (Jung et al., 2013). This method is simple, but not at all
ealistic because a metal plate is usually placed only on the upper
ide of a sponge; thus, the interface between the scalp and the
ponge is not equipotential. The other method is to generate a head
odel including sponge electrode pads and to apply boundary con-

itions only on the upper side of the sponge (Kessler et al., 2013).
he latter is obviously more realistic than the former; however,
very time the locations and sizes of the electrodes are changed,
he finite element head model needs to be regenerated manually,
nd the global stiffness matrix needs to be constructed again, which
akes considerable time and effort. In this study, instead of remod-
ling and regenerating the entire head model, we  generated the
lectrode mesh separately and merged it with the original head
esh with only slight modifications in some node positions of

he initial head mesh. This automatic process made only a small
ortion of the global stiffness matrix to be changed, which could
educe the overall computational time, as our comparison study
emonstrated.

COMETS2 still has some limitations. First, our toolbox does
ot include any functionality for the segmentation or tessella-
ion of structural MRI  data; thus, only formatted data files can be
mported. Hence, advanced users need to generate their own head

odels using other tools such as FREESURFER, FSL, SIMNIBS, or
ETGEN (Fischl, 2012; Grabner et al., 2015; Jenkinson et al., 2012;
indhoff et al., 2013). The detailed descriptions on how to import

he user’s own data are provided in our user manual. Advanced
sers can also use separate 3D visualization program such as TEC-
LOT (www.tecplot.com) or Mesh Viewer (mview.sourceforge.net)

sing a resultant ASCII-format output file with an extension of
.tec. Second, COMETS2 can be operated only under a Windows
nvironment because some subroutines were built as Windows
xecutable files. Third, COMETS2 does not consider the anisotropic
e Methods 277 (2017) 56–62 61

conductivity of the skull or the white matter, which requires
additional computational burdens. Considering that the main
advantage of the current version of the COMETS2 toolbox is the fast
repetitive simulations of various electrode montages and sizes, we
are not currently considering the inclusion of such functions in the
COMETS2 toolbox. However, we  are planning to develop another
toolbox that can consider anisotropic conductivity. Our software
toolbox will be updated seamlessly to include new functions such as
automatic determination of electrode locations to deliver maximal
current to a target area.

In this paper, a toolbox for the fast and realistic simulation
of electric fields due to tDCS was  introduced. COMETS2 can be
downloaded from a website of the Computational Neuroengineer-
ing Laboratory in Hanyang University (http://cone.hanyang.ac.kr)
or from http://www.COMETStool.com. Any constructive comments
and questions are always welcomed through an official e-mail
(cometstool@gmail.com).
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