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Abstract

Transcranial direct current stimulation (tDCS) has been applied
in numerous scientific studies over the past decade. However, the pos-
sibility to apply tDCS in therapy of neuropsychiatric disorders is still
debated. While transcranial magnetic stimulation (TMS) has been
approved for treatment of major depression in the United States by
the Food and Drug Administration (FDA), tDCS is not as widely
accepted. One of the criticisms against tDCS is the lack of spatial
specificity. Focality is limited by the electrode size (35 cm2 are com-
monly used) and the bipolar arrangement. However, a current flow
through the head directly from anode to cathode is an outdated view.
Finite element (FE) models have recently been used to predict the ex-
act current flow during tDCS. These simulations have demonstrated
that the current flow depends on tissue shape and conductivity. To
face the challenge to predict the location, magnitude and direction of
the current flow induced by tDCS and transcranial alternating current
stimulation (tACS), we used a refined realistic FE modeling approach.
With respect to the literature on clinical tDCS and tACS, we analyzed
two common setups for the location of the stimulation electrodes which
target the frontal lobe and the occipital lobe, respectively. We com-
pared lateral and medial electrode configuration with regard to their
usability. We were able to demonstrate that the lateral configurations
yielded more focused stimulation areas as well as higher current in-
tensities in the target areas. The high resolution of our simulation
allows one to combine the modeled current flow with the knowledge of
neuronal orientation to predict the consequences of tDCS and tACS.
Our results not only offer a basis for a deeper understanding of the
stimulation sites currently in use for clinical applications but also offer
a better interpretation of observed effects.
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Introduction

In the past years, non-invasive brain stimulation techniques have gained in-
terest in the treatment of psychiatric and neurological disorders. Especially
repetitive TMS (rTMS) and transcranial electrical stimulation (TES), which
comprises tDCS as well as tACS, have proven to be successful candidates as
tools for therapeutic treatment. However, while TMS has been approved for
treatment of major depression by the FDA, the promising results of tDCS-
studies on the treatment of neurological and psychiatic diseases have not
be put into everyday practice (George and Aston-Jones, 2010). Numerous
studies have shown that tDCS is feasible for a wide range of disorders, e.g.
motor disorders after stroke (Hummel et al., 2005; Edwards et al., 2009), post
stroke aphasia (Monti et al., 2008; Baker et al., 2010), epilepsy (Fregni et al.,
2006b; Nitsche and Paulus, 2009), chronic pain (Boggio et al., 2009), Parkin-
son’s disease (Boggio et al., 2006; Benninger et al., 2010) and Alzheimer’s
disease (Boggio et al., 2011; Ferrucci et al., 2008). Furthermore, tDCS has
demonstrated its potential to modulate working memory performance which
could be used to treat neuropsychiartic deficits (Heimrath et al., this issue;
Zaehle et al., 2011). Appealing charasteristics of TES comprise cost, usabil-
ity, and sham-control. TES devices are affordable, compared to TMS, weigh
less than 1 kg and can easily be used at home or as a mobile device. Addi-
tionally, tDCS can easily be sham-controlled and has mostly well-tolerated,
mild adverse effects.

Because some neurological and psychiatric disorders involve altered brain
activity, the potential of tDCS to modulate this activity is obvious. Elec-
trical stimulation is a candidate to facilitate impaired function or to supress
maladaptive plasticity (Paulus, 2011). TDCS uses a direct current with low
intensity which is passed into the brain via scalp electrodes. Spontaneous
neural activity is modulated in a polarity dependent manner (Bindman et al.,
1964; Nitsche and Paulus, 2009). Anodal tDCS leads to a depolarization of
the resting membrane potential and enhances cortical excitability whereas
cathodal tDCS leads to a hyperpolarization and a reduction of cortical ex-
citability. These effects can outlast the stimulation for an hour or even
longer, given sufficient duration of stimulation (Nitsche and Paulus, 2001,
2000). Other electrical stimulation techniques use oscillating currents (Mar-
shall et al., 2006; Zaehle et al., 2010; Kanai et al., 2008; Antal et al., 2008).
TACS and tACS with an offset called oscillating transcranial direct current
stimulation (otDCS) are able to modulate the ongoing rhythmic brain ac-
tivity and could be used to treat diseases that are associated with disturbed
brain oscillations (Uhlhaas et al., 2008; Herrmann and Demiralp, 2005). It
can be concluded, that tDCS and tACS offer a wide range of possible ther-

2



apeutic application and their potential has already been demonstrated in
numerous pilot studies. Two of the major target areas of these studies were
the visual cortex and the frontal cortex.

Targeting the visual cortex with tDCS and tACS could be beneficial for
diseases with deficient visual processing and changes in excitablity of visual
areas (e.g. amblyopia, migraine, and neglect) (Antal et al., 2004). Halko et al.
(2011) demonstrated with a case study that tDCS facilitated rehabilitation
of hemianopia. Additionally, Sabel et al. (2011) have successfully applied
peripheral ACS to the visual system in the restoration of visual function
in patients with optic neuropathy. They also reported long lasting EEG
changes in the occipital cortex after stimulation. Furthermore, studies on
healthy volunteers with tDCS (Antal et al., 2003; Antal and Paulus, 2008;
Chaieb et al., 2008) and tACS (Zaehle et al., 2010; Kanai et al., 2008) have
proven their capability to modulate excitability of the visual cortex.

The frontal cortex has been stimulated to manipulate excitability in dif-
ferent areas. For example, anodal stimulation aiming at the left frontal gyrus,
which is essential for speech production (Hillis et al., 2004), facilitated this
function (Marangolo et al., 2011; Holland et al., 2011; Fridriksson et al., 2011;
Baker et al., 2010). The authors argued that this design could be used to
treat aphasic stroke patients. In major depression, pathologically altered
activity of the prefrontal cortex has been demonstrated. Compared to the
right dorsolateral prefrontal cortex (dlPFC), the left dlPFC is hypoactivated
(Grimm et al., 2008). A bilateral frontal application of the tDCS electrodes
would therefore be very convenient to achieve a balance of left and right
dlPFC, i.e. excitability enhancement of the left dlPFC and an excitability
reduction of the right dlPFC. Studies on the antidepressive effect of prefrontal
tDCS provided promising results (see Nitsche and Paulus (2009) for a review
and Kalu et al. (2012) for a meta-analysis). Major advantage of tDCS in
depression therapy might be its immediate effect compared to the delayed
effect of depression pharmacotherapy (Rigonatti et al., 2008) and its benefits
for patients who do not respond to pharmaceutical interventions (Dell’Osso
et al., 2011).

An important aspect of the mechanisms of TES is the magnitude and
location of the induced current. Although tDCS is rather nonfocal, the loca-
tions of the stimulation electrodes are critical for the amount of current being
shunted through the scalp, how much is delivered to the brain, and to what
regions (Feira et al., 2009; Miranda et al., 2006). In clinical contexts, it is
crucial to know if the electrode positions are suited to induce an electric field
in the target brain area and furthermore, if the induced current is of sufficient
magnitude. A further critical aspect of tDCS is the direction of the current
flow with regard to the neuronal orientation in space (Nitsche and Paulus,
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2000). To address these issues, we used a realistic finite-element modeling
approach on lateral and medial electrode configurations targeting the occip-
ital or frontal cortex. Our results allow for high resolution insights into the
current flow in the targeted brain areas and are discussed with respect to
their usability.

Methods

tDCS simulation

For a tDCS simulation study, a realistic FE model of the head was generated
from a T1-weighted, a T2-weighted and a diffusion-tensor-(DT-) magnetic
resonance image (MRI) of a healthy 26 year old male subject. In a first
step, the T2-MRI was rigidly registered onto the T1-MRI using a mutual
information based cost-function (Jenkinson and Smith, 2001). Segmentation
into tissue compartments skin, skull compacta, skull spongiosa, cerebrospinal
fluid (CSF), brain gray (GM) and white matter (WM) was then performed
using the FSL software (http://www.fmrib.ox.ac.uk/fsl) (Zhang et al., 2001;
Smith, 2002; Jenkinson et al., 2005). Segmentation started with the genera-
tion of initial masks for skin, inner and outer skull and brain using both T1-
and T2-MRI. In a second step, the T1-MRI served for GM and WM segmen-
tation, while the T2-MRI allowed for a segmentation of skull compacta, skull
spongiosa and CSF space (see Fig. 1. For the compartments skin, skull com-
pacta, skull spongiosa, and CSF, we used the isotropic conductivity values
of 0.43 S/m, 0.007 S/m, 0.025 S/m, and 1.79 S/m, respectively (Dannhauer
et al., 2011; Akhtari et al., 2002; Baumann et al., 1997). For the model-
ing of white matter conductivity anisotropy, the diffusion-weighted images
were first artifact-corrected using our reversed-gradient approach introduced
in (Olesch et al., 2010). Diffusion tensors were then determined and the re-
sult was registered onto the structural images using the FSL routine vecreg
(http://fsl.fmrib.ox.ac.uk/fsl/fdt/fdt utils.html#vecreg). In a last step, the
conductivity anisotropy in GM and WM was computed from the registered
DTI using an effective medium approach (Tuch et al., 2001; Rullmann et al.,
2009). This resulted in mean conductivities of 0.19 S/m and 0.24 S/m for
WM and GM.

Two electrode patches with a size of 7 × 5 cm, thickness of 4 mm, and
saline like conductivity of 1.4 S/m are modeled. A total current of 1 mA is
injected at the red patch (anode) and removed at the blue one (cathode).
For field modeling of this stimulation throughout the volume conductor, a
quasistatic approximation of Maxwell’s equations (Plonsey and Heppner,
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Figure 1: Tissue compartments. Shades of gray depict the different tissue
compartments used in our simulation. The anode is colored red and the
cathode is blue. This applies for all simulation figures.
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1967) was used, resulting in a Laplace equation for the electric potential
Φ with inhomogeneous Neumann boundary conditions at the head surface.
An isoparametric FE approach is used for the computation of Φ in a 1 mm
geometry-adapted hexahedral mesh (Wolters et al., 2007b,a), resulting in a
large sparse linear equation system with 2.255 million unknowns, which is
solved using an algebraic multigrid preconditioned conjugate gradient ap-
proach (Lew et al., 2009; Wolters et al., 2002). In a last step, the current
density J = σ gradΦ is computed with σ being the 3×3 conductivity tensor.
For simulation, we used our software SimBio (http://www.mrt.uni-jena.de).

In all subsequent figures, slices of the current density distribution through
the cortex are presented. The amplitude of J is coded by means of a lin-
ear color-scale. The current density distributions were computed in the
1 mm geometry adapted hexahedral head model and the software SciRun
(http://www.sci.utah.edu/cibc/software/106-scirun.html) was used for visu-
alisation.

Results

General findings

The strongest current flow was observed within the skin (peak current density
1.7 A/m2), since the conductivity of skin is much better than that of bone.
For this reason, current densities in skin were not visualized. Otherwise, the
pattern of the intracranial currents could not be made visible. Inside the
skull, cunductivity of cerebrospinal fluid is again much better than that of
GM and WM. Thus, also current densities within CSF (peak current density
0.378 A/m2) are not visualized.

A general phenomenon that could be observed for the current densities
in GM and WM was the fact that cerebral regions adjacent to CSF showed
stronger current densities than more remote areas. Gyri and small structures
that protrude into CSF receive strongest current densities. Current densities
within gray and white matter were in the range of 0-0.1 A/m2.

Electrode montage FPz/Oz

Fig. 2 depicts the current densities when stimulation electrodes are centered
around 10-20-electrode positions FPz and Oz. As can be seen from the figure,
current flow is rather widespread and reaches all cortical lobes. The montage
is not ideal for a selective stimulation of the frontal lobe. Occipital cortex
receives stronger currents than frontal cortex - albeit mainly in gyri adjacent
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to the interhemispheric cleft as current density is generally strong in those
areas of GM that lie close to CSF.

Electrode montage F7/F8

Fig. 3 displays the pattern of current densities for the electrodes being
centered around 10-20-electrode positions F7 and F8. Current flow is not
restricted to but focused to frontal regions. Temporal and parietal cortex re-
ceive significantly weaker stimulation and occipital cortex almost none. This
montage is, therefore, well suited to stimulate frontal brain areas without too
much involvement of other cortical lobes.

Electrode montage Cz/Oz

Fig. 4 depicts the pattern of current densities when stimulation electrodes are
centered around 10-20-electrode positions Cz and Oz. Parietal and occipital
cortex show strong current densities in the range of 0.05-0.15 A/m2. Frontal
brain regions receive significantly less stimulation current with the exception
of the orbito-frontal cortex. The montage seems well suited for occipital
stimulation. Note, however, that current density is stronger in medial than
in lateral occipital cortex.

Electrode montage P7/P8

Fig. 5 displays the current densities for electrodes being centered around 10-
20 locations P7 and P8. Posterior brain areas receive strongest stimulation
(up to 0.089 A/m2). However, also parietal and temporal cortex reach current
densities in the range of 0.03-0.07 A/m2. Even some gyri of the frontal lobe
that are close to CSF receive current densities up to 0.05 A/m2. The electrode
montage is suited to stimulate occipital cortex. In contrast to the Cz/Oz
montage, the current flow elicited by the P7/P8 montage is not limited to
medial parts of the occipital cortex but reaches also the more lateral regions.

Discussion

Usability for occipital stimulation

As our simulation has demonstrated both, Cz/Oz and P7/P8 electrode mon-
tage are suited for stimulating the occipital cortex. This confirms the results
of existing studies. Usually a Cz/Oz montage is used for tDCS (see An-
tal et al. (2008) for an overview) as well as for tACS (Kanai et al., 2008).
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Figure 2: Midline configuration FPz/Oz: axial view. Stimulation elec-
trodes are centered around electrode positions FPz and Oz. The current
density is not very focal but rather widespread. All cortical lobes show cur-
rent densities above 0.07 A/m2. The maximum current flow is in the occipital
cortex.
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Figure 3: Lateral configuration F7/F8: axial view. Stimulation elec-
trodes are centered around electrode positions F7 and F8. The current den-
sity is clearly localized to the frontal cortex. Temporal and parietal lobes
show only weak current densities and the occipital lobe receives hardly any
stimulation.
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Figure 4: Midline configuration Cz/Oz: sagittal view. Stimulation
electrodes are centered around electrode positions Cz and Oz. The pattern of
current densities shows a clear maximum in posterior brain areas, especially
in occipital cortex.
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Figure 5: Lateral configuration P7/P8: transversal view. Stimulation
electrodes are centered around electrode positions P7 and P8. The pattern
of current densities shows a clear maximum over posterior brain regions.
However, the current flow is not restricted to occipital cortex but reaches
also parietal and temporal cortex. The embedded figure in the upper left
corner depicts the section slice.
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But especially for tACS the problem of retinal phosphenes arises (Paulus,
2010). The closer one of the stimulation electrodes is to the eyes, the easier
phosphenes are perceived. This especially holds true for the FPz/Oz config-
uration, an effect that our simulation confirms. An alternative would be the
P7/P8 configuration which is far away from the eye balls and was success-
fully used with tACS by Zaehle et al. (2010). They adjusted the stimulation
strength individually to assure that no phosphenes were elicited by the stim-
ulation. Nevertheless, our simulation reveals that even with this montage,
frontal areas might receive moderate electrical input. This makes it manda-
tory to stimulate the visual cortex below the individual phosphene threshold
in order to avoid stimulation of the retina.

When applying tACS, modeling current flow reveals two different modes
of stimulation. When two stimulation electrodes are placed at homologous
location in the two hemispheres (e.g. P7/P8), this results in the two hemi-
spheres being stimulated at 180 degrees phase shift. Typically, brain os-
cillations are generated by two symmetrically located neural generators -
one in each hemisphere (Rodin and Rodin, 1995; Chapman et al., 1984).
Furthermore, two homologous electrodes in the two hemispheres usually os-
cillate without significant phase shift (Nikouline et al., 2001; Nunez et al.,
2001). Since interhemispheric phase synchronization reflects functional cou-
pling (Varela et al., 2001), cognitive functions that require the two oscillators
to operate without phase shift could be disturbed by such an out of phase
stimulation. Another type of stimulation would be achieved with electrodes
being arranged along the midline (e.g. Cz/Oz). Here, the two lateral gener-
ators of an oscillation would be stimulated without phase shift.

Usability for frontal stimulation

Our simulation clearly demonstrated that a midline configuration (FPz/Oz)
is not suited to stimulate the frontal lobe. Due to the CSF in the interhemi-
spheric cleft, current flow is rather nonfocal. Therefore, a bilateral configu-
ration (F7/F8) is advantageous. Firstly, a strong current flow in the frontal
lobe is apparent and, secondly, the current flow is rather focal and other
cortical areas receive no or weak current densities. Thirdly, current strength
on both hemispheres is similar which makes a bilateral configuraton espe-
cially suitable for the application in depression therapy. While some studies
used a configuration with the anode over the left frontal lobe and the cath-
ode over the right orbit (e.g. Fregni et al. (2006a); Boggio et al. (2008)), a
symmetrical configuration might be better suited. This way, the excitability
of the left dlPFC could be enhanced and, simultaneously, the excitability of
the right dlPFC could be reduced. Thus, tDCS could be more effective and
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at the same time lower stimulation intensities might be required to obtain
the deserved effects. Another obvious aspect of our simulation is that within
the frontal lobe the activation is rather widespread. Even if the dlPFC is
the target of the stimulation it is difficult to argue that the observed ef-
fects are elicited by a selective modulation of the activity of the dlPFC. The
same argument holds true for the stimulation of Broca’s area. Marangolo
et al. (2011) stimulated three aphasic patients with brain lesions to differ-
ent cortical structures functionally connected to Broca’s area. Although the
same electrode configuration was used, all subjects exhibited improvement
in speech production.

General discussion

The analysis of the current densities in our realistically shaped finite element
model revealed the strongest current flow to be in the skin of the scalp. This
effect is due to the better conductivity of skin as compared to bone and has
been described previously for spherical (Miranda et al., 2006) and realistic
head models (Salvador et al., 2010). In fact, the strong current density of
more than 1 A/m2 is about ten times stronger than that in brain tissue.
Therefore, we had to disable the visualization of current flow in the scalp in
order to see more subtle patterns of current densities inside the skull. Along
the same lines, within the skull current densities in CSF were much stronger
than in brain tissue. This effect is also due to the better conductivity of
CSF as compared to gray or white matter and has been described before
for realistic head models (Salvador et al., 2010). A further phenomenon was
the pattern of current densities within gray and white matter. Generally
speaking, current density was always stronger in tissue adjacent to CSF.
Especially, gray matter structures (e.g. gyri) peaking into CSF resulted in
strong current densities. CSF ’shunts’ the current flow so that nearby struc-
tures exhibit stronger current flow. This indicates that individual anatomical
differences can have an effect of the current flow during TES. Thus, ideally
one would want to compute individual head models to simulate the current
flow for the individual patient to be stimulated (Halko et al., 2011). With
this procedure, one could adjust the electrode positions and avoid inadequate
stimulation sites. However, this requires MR images of each patient and is
computationally expensive and time consuming. Nevertheless, software so-
lutions like the free SimNIBS (Windhoff et al., 2011) are already available.

In addition to tDCS, also tACS has recently been applied in therapy of
neurological patients (Sabel et al., 2011). The idea of tACS is to interfere
with brain oscillations which are known to be relevant for human cognition
(Herrmann et al., 2004) and to be disturbed in some psychiatric and neuro-
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logic diseases (Uhlhaas et al., 2008; Herrmann and Demiralp, 2005). TACS
is capable of enhancing the amplitude of ongoing brain oscillations (Zaehle
et al., 2010). In our model, current flow was always from the anode to the
cathode as can be seen from the direction of the cones that represent the
direction of current flow. If anode and cathode are interchanged, this yields
the same pattern of current densities. However, the direction of each cone of
current flow flips by 180◦ (Wagner et al., 2007). For tACS, the direction of
current flow flips back and forth for every half-wave of the stimulation (Fig.
6).

Figure 6: Current flow during tACS. When current is applied sinu-
soidally, the direction of current flow flips back and forth by 180◦ for every
half-wave. Let us consider the left stimulation electrode. During the positive
half-wave, it represents the anode of a tDCS stimulation with variable ampli-
tude. During the negative half-wave, the direction of current flow suddenly
flips by 180◦. During each half-wave the direction remains stable but the
strength of the current flow varies. Stimulation electrodes are depicted in
gray.

Additionally, one has to take into account other possible electrode mon-
tages. Different electrode sizes (Nitsche et al., 2007), shapes (Datta et al.,
2009, 2008), and number of electrodes (Feira et al., 2009) can help to over-
come the limitation of the focality of TES. The simulation with modeling
studies will help to make predictions about the outcome of a specific elec-
trode montage with specific stimulation-parameters on a specific individual.
Therefore, experiments have to follow to take the predictions into practice
and eventually into therapy.
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Our results raise the question whether weak currents applied with TES
are able to influence the activity of cortical neurons in the human brain. In
our modeling study we demonstrated that TES can lead to significant current
flow inside the human cortex, despite a large amount of the current being
short-circuited by the well-conducting skin (Holdefer et al., 2006). Intracra-
nial electric stimulation of neurons in animals has demonstrated that axons
and especially the axon hillock are sensitive to this kind of stimulation due
to the high number of voltage-sensitive Na ion channels (Nowak and Bullier,
1998). Francis et al. (2003) were able to demonstrate that electric fields of
140 µV/mm are sufficient to increase the firing rate of single neurons (i.e.,
super-threshold stimulation). Miranda et al. (2006) used an isotropic spher-
ical head model to demonstrate that 2.0 mA of tDCS results in 0.1 A/m2

corresponding to an electric field of 220 µV/mm. Our anisotropic simulation
revealed current densities in the GM up to 0.1 A/m2. Dividing that value by
the GM conductivity of 0.24 S/m reveals electric fields up to 417 µV/mm,
which can be considered super-threshold. Additionally, one has to keep in
mind that the current densities in the GM depend linearly on the total cur-
rent. When the total current is doubled, the current densities in the GM will
be 0.2 A/m2. Miranda et al. (2006) used a total current of 2.0 mA which
is twice of what we used in our study. However, they used a significantly
higher skin to skull conductivity ratio (75:1, while we used 43:1). Thus, ma-
jor currents were short-circuited by the skin and minor currents penetrated
the low conductive skull. Therefore, the current densities in the GM in both
studies are comparable.

Modeling studies have elaborated on the effects of the size and position
of the ’return’ electrode (Datta et al., 2010). They demonstrated that both
parameters have a strong influence on the specificity of the stimulation and
the current flow under the ’stimulating’ electrode. Furthermore, electrode
locations are critical with regard to the amount of current shunted through
the scalp (Miranda et al., 2006). Modeling studies can provide valuable
insights about the general effects of the positions of the electrodes.

One has to keep in mind that simplified rules (e.g., anode - enhanced
excitability, cathode - reduced excitability) can be misleading, because the
distribution of the current flow through the head is much more complex.
Common parameters of TES intensity (current intensity, duration of the
stimulation, overall electrode size) can not predict the current that reaches
the cortex. As other modeling studies demonstrated, the simulation of the
current flow can help to define the correct tDCS intensity (Sadleir et al.,
2010). A limitation of the usability of modeling approaches is represented by
the parameters of the individuals, because cortical excitability is modulated
by, for example, medication (Ziemann, 2003), which is especially relevant in

15



clinical populations. This has to be considered when a study is conducted as
it may affect the results.

Brunoni et al. (2011) concluded that the situation of TES is like the
situation of TMS several years ago. A lot of studies have been conducted to
explore the use of TES in therapy, but sample sizes were small and Phase III
studies are still missing. We believe that modeling the current flow can help
tDCS and tACS to reach therapeutic success in the future.
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