Journal of Neural Engineering

You may also like

- A simple method for EEG quided

A finite element analysis of the effect of electrode Uanscranial electical simulation without

models

area and inter-electrode distance on the spatial Andrea Cancell, Carlo Cottone, Franca

Tecchio et al.

dIStI’IbUtIOI’I Of the CU rrent denSIty |n tDCS - TMS intensity and focality correlation with

coil orientation at three non-motor regions
Jose Gomez-Feria, Mariano Fernandez-
To cite this article: Paula Faria et al 2011 J. Neural Eng. 8 066017 Corazza, Juan F Martin-Rodriguez et al.

- Multi-channel transcranial temporally
interfering stimulation (tTIS): application to
living mice brain
Xizi Song, Xue Zhao, Xiaohong Li et al.

View the article online for updates and enhancements.

DOWNLOAD THE FREE E-BOOK

This content was downloaded from IP address 18.119.104.238 on 04/05/2024 at 17:04


https://doi.org/10.1088/1741-2560/8/6/066017
https://iopscience.iop.org/article/10.1088/1741-2560/13/3/036022
https://iopscience.iop.org/article/10.1088/1741-2560/13/3/036022
https://iopscience.iop.org/article/10.1088/1741-2560/13/3/036022
https://iopscience.iop.org/article/10.1088/1361-6560/ac4ef9
https://iopscience.iop.org/article/10.1088/1361-6560/ac4ef9
https://iopscience.iop.org/article/10.1088/1741-2552/abd2c9
https://iopscience.iop.org/article/10.1088/1741-2552/abd2c9
https://iopscience.iop.org/article/10.1088/1741-2552/abd2c9
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstSnU0FucdWsMCeHgHLxrdoD_TELAlsT9TCzsXzFiyIuH9TKvj8D0v8FQpZ3UNgIe1nVAb61Blkm4rHIfUgVJACfe3PFG1DG0cfDcz3coX734cnSCXU4JeWARoQxH_k8A94QsTR7ZsTNTtAFsyhJluMUJy6I3M5SYvOujNPERpY1rR2et_8EYVLAFmC0JVtkR-F3mhN155j1uqUp7MvuucqtmJNx2HXiwuxxG67c99ZxxW9mDmVdDYLBsQEgPTuUxPXeDBAGHt3WwuU_YOkRdb2FQwCYufnBZOS6J9Mfl24B7MV3r_CheBihN2vjRA9IgkbX62mnd25ohycLf4glEOsQgBXOg&sig=Cg0ArKJSzFQlTwSo5hT7&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.owlstonemedical.com/breath-biopsy-complete-guide/%3Futm_source%3Djbr%26utm_medium%3Dad-b%26utm_campaign%3Dbb-guide-bb-guide%26utm_term%3Djbr

IOP PUBLISHING JOURNAL OF NEURAL ENGINEERING

J. Neural Eng. 8 (2011) 066017 (11pp) doi:10.1088/1741-2560/8/6/066017

A finite element analysis of the effect of
electrode area and inter-electrode
distance on the spatial distribution of the
current density in tDCS

Paula Faria!->*, Mark Hallett’ and Pedro Cavaleiro Miranda'

! Faculty of Science, Institute of Biophysics and Biomedical Engineering, University of Lisbon,
1749-016 Lisbon, Portugal

2 CDRSP, Polytechnic Institute of Leiria, Portugal

3 Human Motor Control Section, MNB, NINDS, National Institutes of Health, Bethesda,

MD 20892-1428, USA

E-mail: paula.faria@ipleiria.pt

Received 20 July 2011

Accepted for publication 14 October 2011
Published 15 November 2011

Online at stacks.iop.org/JNE/8/066017

Abstract

We investigated the effect of electrode area and inter-electrode distance on the spatial
distribution of the current density in transcranial direct current stimulation (tDCS). For this
purpose, we used the finite element method to compute the distribution of the current density
in a four-layered spherical head model using various electrode montages, corresponding to a
range of electrode sizes and inter-electrode distances. We found that smaller electrodes
required slightly less current to achieve a constant value of the current density at a reference
point on the brain surface located directly under the electrode center. Under these conditions,
smaller electrodes also produced a more focal current density distribution in the brain, i.e. the
magnitude of the current density fell more rapidly with distance from the reference point. The
combination of two electrodes with different areas produced an asymmetric current
distribution that could lead to more effective and localized neural modulation under the smaller
electrode than under the larger one. Focality improved rapidly with decreasing electrode size
when the larger electrode sizes were considered but the improvement was less marked for

the smaller electrode sizes. Also, focality was not affected significantly by inter-electrode
distance unless two large electrodes were placed close together. Increasing the inter-electrode
distance resulted in decreased shunting of the current through the scalp and the cerebrospinal
fluid, and decreasing electrode area resulted in increased current density on the scalp under the
edges of the electrode. Our calculations suggest that when working with conventional
electrodes (25-35 cm?), one of the electrodes should be placed just ‘behind’ the target relative
to the other electrode, for maximum current density on the target. Also electrodes with areas
in the range 3.5-12 cm? may provide a better compromise between focality and current
density in the scalp than the traditional electrodes. Finally, the use of multiple small return
electrodes may be more efficient than the use of a single large return electrode.

Online supplementary data available from stacks.iop.org/JNE/8/066017/mmedia

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Transcranial direct current stimulation (tDCS) is a painless
and non-invasive technique that has already shown promising
results in modulating cortical excitability. This modulation is
achieved by the application of an electric potential difference
between electrodes located on the scalp, which creates an
electric field in the brain (Nitsche and Paulus 2000, 2001).
In the most commonly used configuration, one electrode is
placed over the region of interest, e.g. the motor cortex, and
the other is placed away from the first one, e.g. above the
contralateral eyebrow. To date, all studies concerning the
safety of tDCS indicate that the application of a current of
1 mA for periods up to 20 min using electrodes whose area is
25 or 35 cm? has no significant adverse effects (Nitsche et al
2003, Iyer et al 2005, Poreisz et al 2007). By 2008, more than
2000 subjects had been stimulated worldwide using a current
of 1 mA without clinically relevant side effects (Nitsche
et al 2008). In addition, tDCS has shown promising results
as a potential therapy for several pathologies such as stroke
(Fregni et al 2005), depression (Ferrucci et al 2009, Fregni et al
2006a), Parkinson’s disease (Fregni et al/ 2006b), Alzheimer’s
disease (Boggio et al 2009) and epilepsy (Fregni et al 2006c).
An overview of recent tDCS experiments and methodological
issues has been published recently (Nitsche et a/ 2008). In
addition, tDCS is a practical and affordable technique: the
small and portable stimulating device is battery operated, and
only two surface electrodes connected to the current stimulator
are required to deliver current to the brain.

Despite the aforementioned advantages of using tDCS
in clinical contexts, the spatial distribution of the current
density within the human brain for a given electrode montage,
the changes introduced by varying electrode area and inter-
electrode distance, as well as the underlying mechanisms of
action and the efficacy of this technique still remain largely
unknown. Some numerical studies have already provided
valuable information regarding the current density distribution.
In 1968, Rush and Driscoll (1968) derived an analytical
expression for the electric potential in a three-layer spherical
model of the head due to two point-like electrodes on the
scalp, and showed that the theoretical predictions were in good
agreement with experimental measurements. More recently,
other studies of the current density in the brain have been
published, either with point-like electrodes (Ferdjallah et al
1996) or with more realistic electrode and/or head models
(Stecker 2005, Miranda et al 2006, Wagner et al 2007, Datta
et al 2008, Datta et al 2009, Faria et al 2009, Miranda et al
2009, Sadleir et al 2010, Parazzini et al 2011).

The implicit assumption underlying these modeling
studies is that the effect of tDCS on neurons is linearly
proportional to the magnitude of the current density (or electric
field) in the brain, as suggested by in vitro experiments (Bikson
et al 2004, Radman et al 2009). However, many other factors
also contribute to the final output of stimulation, ranging from
the relative orientation of the neurons and the applied electric
field (Rushton 1927) to brain state dependence (Silvanto et al
2008).

One aspect that is likely to become increasingly relevant
in the application of tDCS is the area of the electrodes used.

Nitsche and colleagues (Nitsche et al 2007) have shown, in
humans, that a reduction in electrode area and current intensity
can lead to a more focal stimulation. Conversely, an increase
in electrode area for a fixed current intensity leads to a less
effective stimulation. The combination of these two effects
can be used to achieve a localized and intense modulatory
effect under the smaller electrode and a more distributed and
less intense effect under the larger one. This comes close
to achieving ‘unifocal’ stimulation, traditionally implemented
with transcranial electrical stimulation using one electrode
over the target region and several connected electrodes of the
same size distributed around the perimeter of the head (Rossini
et al 1985). Other electrode montages employing one or more
small electrodes have also been recently modeled (Datta et al
2008, 2009, Faria et al 2009).

Another relevant aspect is the inter-electrode distance as
it has a significant effect on the current density distribution,
with closely spaced electrodes producing a more focal and
more superficial distribution (Rush and Driscoll 1969). It also
affects the fraction of the injected current that reaches the
brain as well as the distribution of the radial and tangential
components of the current density (Datta et al 2008). Given
that the electric field has a greater effect on the cell’s
polarization when the cell’s dimensions are large (Basser and
Roth 1991) and when the field is parallel to the long axis of
the cell (Rushton 1927), the radial component of the electric
field is more likely to affect large (vertical) pyramidal cells on
cortical gyri, whereas its tangential component is more likely
to target large pyramidal cells in the walls of sulci or horizontal
interneurons in the gyri. The terms radial and tangential were
used in the context of a spherical head model, whereas the
terms vertical and horizontal refer to the neuron’s orientation
in the cortical sheet.

In this work, we performed a systematic study of the
influence of electrode area and inter-electrode distance on the
spatial distribution of the current density in the brain during
tDCS employing two circular electrodes placed on the scalp.
We used the finite element method to implement a spherical
head model with four layers representing the scalp, the skull,
the cerebrospinal fluid (CSF) and the brain. The representation
of the skull in the model is particularly important because
its electric conductivity is much lower than that of the other
tissues and as a result the current density in the brain is much
weaker and more diffuse than that in the scalp (Miranda et al
2006). This blurring effect of the skull is well documented
in the EEG literature (see, e.g., Le and Gevins (1993)). The
low conductivity of the skull relative to the scalp also means
that only a fraction of the current flowing between the two
electrodes penetrates the skull. In a three-layer model about
45% of the injected current is shunted through the scalp (Rush
and Driscoll 1968). In a four-layer model, shunting may occur
in the CSF because its conductivity is higher than that of the
skull and of the brain, i.e. a significant fraction of the current
that enters the cranial cavity may flow through the CSF and
exit without entering the brain.
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50% of D

Figure 1. Geometry of the four-layer spherical head model when
the inter-electrode distance is 50% D and the area of the electrodes
is 1 cm? for E1 and 35 cm? for E2. In the other electrode montages
considered in this study the area of electrode E1 varied between

1 and 35 cm?, whereas the area of electrode E2 was fixed at 35 cm?.
The inter-electrode distance varied between 20% D and 80% D. See
the main text for a definition of D, S, A1, A2 and P.

2. Methods

2.1. Spherical head model

The spherical head model proposed by Rush and Driscoll
(1968) was adapted in order to implement a four-layer
spherical head model consisting of four homogeneous and
isotropic concentric spheres. The values for the radius and
electrical conductivity of the brain, CSF, skull and scalp were
the following: rprin = 7.9 cm, resp = 8.1 cm (Manola et al
2005, Stok 1987), rgwn = 8.6 cm and rgcap = 9.2 cm (Nunez
and Srinivasan 2006); 0 prain = O scap 0.332°S m~! (Goncalves
et al 2003), o csp = 1.79 S m~! (Baumann et al 1997), o g =
0.0083 S m~! (Goncalves et al 2003, Nunez and Srinivasan
2006). Note that 0 pain/0 skun = 40 in this model. The use of
conductivity values taken from the EEG literature was deemed
appropriate since tDCS and EEG are linked by the reciprocity
theorem (Rush and Driscoll 1969).

2.2. Electrode models

In this study, we modeled circular sponge electrodes
similar to the ones supplied by Amrex-Zetron, Inc.
(www.amrex-zetron.com). Each electrode consisted of a metal
mesh held over a 1 cm thick sponge by a rubber frame. The
sponge is soaked in saline solution prior to application on the
scalp; its electrical conductivity was taken to be equal to that
of the scalp (¢ = 0.332 S m~'). The metal meshes were
modeled as isopotential surfaces. These electrode models
are similar to those described in Miranda et al (2006), with
the addition of a 1 mm radius fillet on the edge of the contact
surface between the electrode and the scalp (inset in figure 1).
This fillet provides a more realistic representation of this edge

in the presence of saline solution and improves the accuracy
of the numerical calculations in its vicinity. In this study, the
values used for the area of the sponge in contact with the skin
were 1, 3.5, 7, 12, 25 and 35 cm?.

2.3. Numerical calculation

In the steady state, the divergence of the current density is
equal to_zero and therefore the electric potential, V, obeys
Ve(o VV) = 0, where v represents the gradient operator
and o is the electrical conductivity of the volume conductor.
To obtain a solution for this partial differential equation, the
following boundary conditions were imposed: (1) the upper
surface of each electrode was considered to be at a uniform
constant electric potential and the potential difference between
the two electrodes was adjusted so that the injected current
had the required value, (2) the external surfaces were treated
as insulated, i.e. 7 « J = 0, where # is the vector normal to the
surface and J represents the current density; and (3) on all
the inner surfaces of the model we imposed the
contlnulty of the normal component of the current density:
ne (J 1+1) = 0, where i and i+1 are mdexes referring
to adjacent subdomains. The electric field, E was derived
from the scalar potential as E = —VV and the current density
calculated from the electric field using Ohm’s law, J=0E.
Following the approach outlined above, we calculated
the 3D distribution of the current density in the spherical
head model for various electrode montages using a finite
element software package (Comsol 3.3a, with AC/DC module,
www.comsol.com). The mesh consisted of approximately
700000 tetrahedral Lagrangian second-order elements. The
resulting set of equations was solved with an iterative
linear solver—GMRES—which demanded the use of a
preconditioner—Incomplete LU, with a drop tolerance set to
0.005. The resolution of the finite element mesh represents
a compromise between accuracy and computation time. In
order to ensure accurate results, the numerical solution from
the finite element model was validated by comparing it to the
analytical solution derived by Rush and Driscoll for point
electrodes, and the maximum difference between the two
solutions was 2.5% for distances from the point electrodes
greater than 1 mm. Other mesh refinements and solvers were
tried, without significant improvement. For finite electrodes,
a mesh refinement at the edges of the electrode in contact with
the scalp was performed by setting the maximum element size
to 0.05 cm, to improve accuracy at these edges.

2.4. The effect of electrode area and inter-electrode distance
on tDCS

In this study, we investigated six different values for the area of
one of the electrodes and seven values for the inter-electrode
distance, giving a total of 42 different electrode montages.
The values considered for the area of electrode 1 (E1) were
1, 3.5, 7, 12, 25 and 35 cm?, while the area of the electrode
2 (E2) was fixed at 35 cm?. To set the distance between
the two electrodes, we first measured the average distance
along the scalp between the nasion and the inion in ten subjects:
D =39.6 & 1.6 cm. We then spaced the center of the electrodes
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by 20%, 30%, 40%, 50%, 60%, 70% and 80% of D, which
corresponds to a range of 7.9-31.7 cm, measured along an arc
of a great circle. Note that D is used merely as a convenient
unit for setting the range and step for inter-electrode distances
in the spherical head model; it does not provide an accurate
means for extrapolating the results obtained here to real heads.

Figure 1 shows the geometry of the model, with the two
electrodes placed 50% of D (50% D) apart and with areas of
1 and 35 cm?, respectively. A straight radial line (S) and two
arcs of great circles were drawn on the surface of the brain:
S passes through the center of E1, Al passes under the center
of both electrodes and extends 20% D beyond the center of
each electrode and A2, orthogonal to Al, passes under the
center of El and its arc length is three times the diameter of
this electrode. P is the target point on the surface of the brain
under the center of the electrode E1.

To study the focality of each electrode montage we
considered the area of the surface of the brain and the brain
volume in which the magnitude of the current density was
within 50% of its maximum power on the brain surface, i.e.
J > J\"‘g , as described in Carbunaru and Durand (2001). We
refer to these values as the half-power area, Asg, and the half-
power volume, Vsy. They are independent of the intensity
chosen for the injected current because for a given electrode
montage the current density in the volume conductor is linearly
proportional to the injected current.

The choice of a current density ‘threshold’ for calculating
measures of focality is somewhat arbitrary in tDCS since the
effect of stimulation on the neuronal membrane varies linearly
with stimulation intensity (Bikson e al 2004). Itis conceivable
that the effect of stimulation at a sufficiently low intensity may
not outlast the stimulus, even for long stimuli. In that case,
the desired after-effect would not have been achieved. Since
these ‘threshold’ conditions are not known, we opted for the
half-power region.

In the traditional electrode montage, E1 is placed over the
hand representation in the left primary motor cortex and E2
above the contralateral eyebrow (see, for instance, Nitsche
and Paulus (2000)). In this case, the centers of the two
electrodes are placed roughly 19 cm apart, which corresponds
approximately to an inter-electrode distance of 50% D in our
study. Also, in many studies both electrodes have an area of
35 cm? each. This montage was considered as the reference
montage. When the potential difference between these two
electrodes was adjusted so that the total dc current passing
through them was 1 mA, the magnitude of the current density
at the reference point P was calculated to be 0.073 A m~2.
Since a similar electrode montage was shown to modify the
excitability in the human brain (Nitsche and Paulus 2000,
2001), we considered this value as a reference current density
value. In all the other electrode montages the injected current
was adjusted so as to obtain the same current density as at point
P. The aim of this normalization procedure was to compare
the spatial characteristics of the current density distribution due
to the different electrode montages when the current density
at the reference point was the same. This makes it easier to
see how the electrode area affects the rate of decay of the
current density in the brain with distance from the reference
point.

P Faria et al

& 0.07 \ —H—35-35,1.0mA |
£ S —%— 25-35, 0.88 mA
= TRV —&— 12-35,0.70 mA
< 0.06 F N — G 735062mA |]
z —&— 3.5-35, 0.56 mA
£0.05} —— 1-35,0.51 mA

=

5 0.04 |

=

5

o 0.03¢

=

[

S 0.02¢

[

=

2

= 0.01¢} )
<T1}

S 50% D
= 0.00 .

0 1 2 3 4 5 6 7
Radial distance from brain surface (cm)

Figure 2. Effect of decreasing electrode size on the variation of the
magnitude of the current density (A m~2) with depth along the radial
line S, while maintaining the current density at point P constant. The
electrodes were 18.8 cm apart (50% D). The legend gives the area
(cm?) of the electrodes E1 and E2, and the current intensity (mA).

We also calculated the average magnitude of the current
density along the edges of the electrodes in contact with the
scalp. In addition, we quantified the shunting effect of the
scalp, the skull and the CSF using an expression of the form
100 x (lin—Iout)/Iin, Where [, is the current that penetrated a
given layer and /,, is the current that penetrated the next inner
layer.

3. Results

In this section, we report some of the more representative
results obtained in this study. A comprehensive
description of the results for all electrode montages
can be found in the supplementary material available at
stacks.iop.org/INE/8/066017/mmedia, in the form of figures
and tables.

3.1. The variation of the current density with depth

Figure 2 shows the effect of electrode area on the variation of
the magnitude of the current density in the brain with depth
along a straight radial line (S) passing through the center of
E1l, when the inter-electrode distance is 50% D. The results
show that the reference current density value (0.073 A m~2
at point P) can be attained with less injected current as
the electrode area becomes smaller: as the electrode area
varies from 35 to 1 cm?, the injected current decreases from
1.00 to 0.51 mA. However, the current required to attain the
reference current density value is not linearly proportional
to the electrode area. Also, the current density decreases
more rapidly with depth as the electrode area diminishes. The
graphs for the other inter-electrode distances showed a similar
trend, with the magnitude of the current density decreasing
more rapidly with depth as the inter-electrode distance
decreased.

We also calculated the radial and the tangential
components of the current density along line S for all electrode
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Figure 3. Effect of decreasing electrode size on the variation of the
magnitude of the current density (A m~2) on the surface of the brain
along A1, while maintaining the current density at point P constant.
The electrodes were 18.8 cm apart (50% D). The shaded rectangles
on the left of the horizontal axis represent the six diameters chosen
for the E1 electrode.

montages. As expected, the radial component was always
much larger than the tangential one. For instance, when the
electrodes were 50% D apart and the area of electrode E1 was
1 or 35 cm?, the radial component of the current density at a
point of S placed 1 cm below the inner surface of the skull
was 64% and 87% of the maximum magnitude in the brain,
respectively, whereas the tangential component was 6% and
11%, respectively.

3.2. The distribution of the current density along the arc Al
that passes through both electrodes

Figure 3 represents the distribution of the magnitude of the
current density on the surface of the brain along Al for
different E1 areas, when the electrodes were 50% D apart.
For all the electrode montages the current density along
A1l decreases more rapidly with distance from the center
of El as the area of this electrode becomes smaller. The
current density maxima were located not immediately below
the center of each electrode but slightly displaced in the
direction of the other electrode. This effect is more apparent
when the area of El is larger. The values of the current
density at the maxima and the positions of the maxima
can be found in the supplementary material available at
stacks.iop.org/INE/8/066017/mmedia.

For inter-electrode distances ranging from 30% to 80% D,
the graphs obtained for the distribution of the magnitude of the
current density along A1l followed the same trend as shown in
figure 3, with two maxima of the current density on the brain
surface. These maxima were located roughly under the center
of each electrode when the electrodes were 60% to 80% of D
apart. Their displacement, along A1, was more evident when
the inter-electrode distance was 50% or less and it increased
as the inter-electrode distance diminished.

When the electrodes were 20% of D apart there was only
one maximum of the current density along Al, as shown
in figure 4. This maximum was located between the two
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Figure 4. Effect of decreasing electrode size on the variation of the

magnitude of the current density (A m~2) on the surface of the brain
along A1, while maintaining the current density at point P constant.

The electrode centers were 7.9 cm apart (20% D).
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Figure 5. Effect of decreasing electrode size on the variation of the
radial component of the current density (A m~2) on the surface of
the brain along A1, while maintaining the current density at point P
constant. The electrodes were 18.8 cm apart (50% D).

electrodes, but it moved along A1 in the direction of E1, as the
area of E1 became smaller.

The radial component of the current density along Al
peaked under both electrodes and was zero near the center of
Al, as can be seen in figure 5 for the case where the electrodes
were 50% D apart. The absolute value of the radial component
of the current density decreased more rapidly with distance
from the electrode center as the electrode area became smaller.
For all electrode montages considered the radial component
followed the same trend.

The variation of the tangential component along A1 when
the inter-electrode distance was 50% of D is shown in figure 6.
This component was zero under both electrodes and increased
with distance from the center of the electrodes. Away from the
electrodes, this component increased as the area of electrode
El increased. When the inter-electrode distance was higher
than 40% of D, the variation of the tangential component
distribution along Al followed the same trend as shown in
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Figure 6. Effect of decreasing electrode size on the variation of the
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of the brain along A1, while maintaining the current density at point
P constant. The electrodes were separated by 18.8 cm (50% D).

0.08

T T
------- 35-35, 1.0 mA
—%— 25-35, 0.88 mA
--------- 12-35, 0.70 mA
7-35,062 mA

3.5-35,0.56 mA
1-35, 0.51 mA

0.07 ¢

0.06
0.05}
0.04 ¢
0.03¢

0.027 -

. . T 30%0

5 -10 -5 0 5 10 18
Distance along arc A2 to point P (cm)

Magnitude of the current density (A/m?)

0.01
-1

Figure 7. Effect of decreasing electrode size on the variation of the
magnitude of the current density (A m~2) on the surface of the brain
along A2, while maintaining the current density at point P constant.
The electrodes were separated by 18.8 cm (50% D).

figure 6, with a local minimum at the center of Al surrounded
by two maxima that became more evident as the inter-electrode
distance increased. When the electrodes were 20% and 30% of
D apart, the distribution of this component showed a different
trend, as the previous maxima overlapped creating a local
maximum halfway between the two electrodes.

3.3. The distribution of the current density along an arc A2
that passes below the center of EI1 and is orthogonal to Al

Figure 7 shows the effect of decreasing electrode size on
the distribution of the magnitude of the current density
(Am™?) along A2, when the inter-electrode distance was 50%
D. Due to the symmetry of the geometry, the maximum value
of the current density along arc A2 is always located under the
center of E1. The width of the current density curve decreased
monotonically with electrode size. The graphs obtained for
all other inter-electrode distances showed a similar trend. As
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Figure 8. Area of the surface of the brain (cm?) in which the
magnitude of the current density is within 50% of its maximum
power at the surface of the brain (As).

the inter-electrode distance decreased, the magnitude of the
current density decreased more rapidly with the distance to
the center of the electrode.

The radial and the tangential components followed the
same trend for all the electrode montages. The former
peaked under E1 and decreased rapidly with distance from
the center of this electrode at a rate that increased as the
electrode area decreased. The latter had a minimum under
the center of E1 and two symmetric peaks on either side of the
minimum. The value at the maxima increased as the El area
increased.

3.4. Comparison of the focality of tDCS at the surface of the
brain

The total area of the brain surface in which the magnitude of the
current density was within 50% of its maximum power on the
brain surface, Asy, was calculated for all electrode montages
and the results are shown in figure 8. For all the inter-electrode
distances considered, Asy decreased as the E1 area decreased.
For inter-electrode distances greater than 50% D or when the
area of E1 was less than or equal to 7 cm?, Asy remained
approximately independent of inter-electrode distance. For
the 25 and 35 cm? electrodes, a small increase in Asy was
observed for an inter-electrode distance of 40% D, followed
by a larger decrease for shorter inter-electrode distances. For a
given inter-electrode distance, Asy does not decrease linearly
as the electrode area decreases from 35 to 1 cm?2. For example,
for inter-electrode distances greater than or equal to 50% D,
Aso decreases rapidly as electrode area decreases from 35 to
12 cm? but decreases slowly as electrode area decreases from
12 to 1 cm?.

The total area Asy was made up of one or two separate
regions, depending on the area of electrode E1 and on the
inter-electrode distance. This can be seen in figure 9, which
illustrates the magnitude and the direction of the current
density in the brain in a plane that passes through the center of
the sphere and the centers of the two electrodes. When the two
electrodes are far apart and have similar areas, Asq is made up



J. Neural Eng. 8 (2011) 066017

P Faria et al

%D
E1

70%

A/m?2

2
) 0.08
35
0.07
1=0.99 mA
1006
7.0 ;
1005
1=0.64 mA 1=0.62 mA 1=0.62 mA
. : 10.04
35
0.03
1=0.58 mA 1=0.56 mA 1=0.55 mA 0.02
1.0

1=0.53 mA

1=0.51 mA

0.01

I=0.51 mA

Figure 9. Magnitude (color scale) and direction (arrows) of the current density in the brain when the inter-electrode distance is 30%, 50%
and 70% of D and the area of E1 is 1, 3.5, 7 and 35 cm?. The rows show the effect of inter-electrode distance whereas columns display the
effect of electrode area. The legend under each graph gives the current intensity required to maintain the current density at point P constant.

of two separate regions, one under each electrode as shown
in the top-right corner of the figure. If the two electrodes
are close together and have similar sizes, Asg is made up of
a single region located under both electrodes, as shown in
the top-left corner of figure 9. In particular, when the inter-
electrode distance was 40% D, the two regions merged into
one when the E1 area was higher than or equal to 25 cm? and
consequently Asq increased (figure 8). Finally, if one of the
electrodes is sufficiently smaller than the other, Asy is made
up of a single region located under the smaller electrode, as
shown in the bottom three rows of the figure.

The variation of the volume of the brain in which the
magnitude of the current density was within 50% of its
maximum power in the brain, Vs, was similar to that obtained
in the area study.

3.5. The current density on the edge of the electrodes in
contact with the scalp

The average magnitude of the current density along the edge
of the electrodes in contact with the scalp varied little with
the inter-electrode distance but changed significantly as the
El area decreased. Figure 10 shows the results obtained when
the inter-electrode distance was 20%, 50% and 80% of D and
the area of E1 was equal to 1, 7 and 35 cm?, respectively. For
all inter-electrode distances, the current density on the edge
of electrode El increased considerably as its area decreased,
despite the reduction in current intensity to ensure a constant
current density at the reference point P. The average current
density on the edge of E2 decreased slightly as the area of
El decreased. As the area of El increased toward 35 cm?,
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Figure 10. Average magnitude of the current density on the edges
of the electrodes in contact with the scalp when the electrodes are
20%, 50% and 80% of D apart and the area of E1 is 1, 7 and 35 cm?.

the magnitude of the current density on the edges of both
electrodes became equal. These calculations indicate that the
current density on the edge of E1 in contact with the scalp may
be up to a factor of 6 larger when its area is 1 cm? than when
it is 35 cm?, for all the inter-electrode distances.

3.6. The shunting effect of the skull and the CSF

The percentages of the injected current that entered the skull,
the CSF and the brain were obtained for all the electrode
montages. These values were used to calculate the percentage
of the current that was shunted through the scalp, the skull and
the CSF, as well as by the three layers together (total). This
percentage varied little with E1 area but increased rapidly as
the inter-electrode distance decreased below 50% D (about
19 cm) as can be seen in figure 11. As expected, the shunting
effect of the skull was negligible in this model, <1.5%, and
is not shown. For inter-electrode distances shorter than 50%
D, more current is shunted through the scalp than through the
CSF, whereas for inter-electrode distances greater than 50% D
the two tissues have similar shunting effects.

4. Discussion

The results presented in this paper illustrate the effect that
electrode area and inter-electrode distance may have on the
current density distribution during tDCS. The results also apply
to transcranial AC stimulation inasmuch as the quasistatic
approximation holds (Roth et al 1991).

For all montages, the injected current was adjusted so as to
maintain the magnitude of the current density at the reference
point in the brain constant. Since the current density is linearly
proportional to the injected current, all current density plots
in this paper can be scaled appropriately to obtain current
density values for other current intensities. In future work, a
physiological more meaningful alternative would be to adjust
the current intensity so that the average current density in a
predefined brain region is kept constant for all montages.

8- Total, 1 cm?
—— Total, 35 cm? |]
—— Scalp, 1 cm?
—%— Scalp, 35 cm?
—O— CSF, 1 cm?
—<}— CSF, 35 cm?

Shunted current (%)
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Figure 11. Percentage of the current shunted by the scalp, the CSF
and the three outer tissues (including skull) when the E1 area was 1
and 35 cm?.

We found that when the area of one of the electrodes is
reduced below the 25-35 cm? range often used in tDCS there
is a significant decrease in the extent of the region where the
magnitude of the current density reaches a significant fraction
of its peak value, both in depth and on the brain surface
(figures 2 and 3). This is corroborated by the values of
the half-power areas, Asg, shown in figure 8, for inter-electrode
distances greater than about 12 cm (30% D). The same figures
also indicate that once the area of the smaller electrode is less
than 12 cm?, then further reductions in electrode area lead to
diminishing improvements in focality. This effect is due to the
low conductivity of the skull.

The increase in focality in the brain achieved by smaller
electrodes is accompanied by an increase in the current density
in the scalp, even after adjusting the current intensity to obtain
the reference current density value at the reference point.
Under the edge of the electrode in contact with the scalp, the
current density may be as high as 6 A m~2 fora 1 cm? electrode
compared to about 2 A m~2 for a 7 cm? electrode and 1 A m~2
for a 35 cm? electrode (figure 10). It is therefore essential
to minimize electrode—scalp impedance using the usual EEG
techniques of scalp preparation and impedance monitoring,
when using small electrodes. In addition, adverse effects on
the skin can be minimized by appropriate choices of electrode
material and gel (Minhas et al 2010).

High current densities on the scalp may render tDCS
intolerable or may make sham stimulation (Gandiga et al
2006) impracticable. Given that smaller electrodes produce
more focal distribution at the cost of increasing current density
on the scalp, in the manner shown in figures 8 and 10, there
should exist an optimal electrode size that maximizes focality
and minimizes scalp current density, i.e. minimizes the product
of Asg and the current density on the edges of the electrode. In
our modeling study, for an inter-electrode distance of about 19
cm (50% D) and with the injected current adjusted as explained
before, this product exhibits a broad minimum between
3.5 and 12 cm?. Electrodes with sizes in this range may
be useful in applications where a more focal stimulation is
important. For example, a 3.5 cm? electrode and a current
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intensity of 0.1 mA have been used to selectively modulate the
cortical excitability of the representation of the abductor digiti
minimi without affecting the first dorsal interosseus (Nitsche
et al 2007).

The current intensities presented in figure 2 confirm that
smaller electrodes require less injected current to achieve
a given current density on the brain under the electrode.
However, the required current intensity is not proportional
to electrode area, which implies that stimulus intensity does
not scale as the ratio of the current intensity and the electrode
area (Miranda et al 2009). Given the lack of a simple rule, how
should the current intensity be set for different electrode areas?
The current intensities in figure 2 could be taken as initial
estimates. However, these estimates could also be verified
experimentally by quantifying a physiological aftereffect, such
as the change in magnitude of the motor evoked potential.

The last three rows of figure 9 show that when the area
of the smaller electrode drops below 12 cm?, and the area
of the larger electrode is fixed at 35 cm?, the current density
distribution has a single half-power region located under the
smaller electrode. Thus, a mixed electrode montage, using
two electrodes with different areas, should help to increase
the focality of cortical stimulation in the sense that it allows a
decrease in the stimulated region under the smaller electrode
as well as a significant reduction of the functional effects of
the stimulation under the larger one, as suggested by Nitsche
et al (2007).

The ratio of the maximal current densities under El
and E2 increases from 1:1 in the standard montage (two 35
cm? electrodes) to 1.9:1 when the area of El is reduced to
1 cm?, independently of the current intensity. This is a modest
increase considering that the ratio of electrode areas increased
from 1:1 to 35:1. Slightly higher ratios can be obtained by
increasing the area of the largest electrode but this may become
difficult to handle. A more efficient way is to replace the
larger electrode by n electrodes of the same size as the smaller
one and which are all connected to the same terminal of the
stimulator. Some calculations have already been performed
with multiple return electrodes (Datta et al 2009, Faria et al
2009). Provided that the n electrodes are well separated on
the scalp and approximately equidistant from El, this should
increase the current density ratio to about n:1.

Both electrode area and inter-electrode distance influence
the position of the maximum of the current density magnitude
in the brain. As the electrode area increases, the maximum
shifts from under the center of the electrode toward the other
electrode. Although the shift can be large, up to several
centimeters, the difference between the magnitude of the
current density under the center of the electrode and its
maximum value remains small, in relative terms, when the
electrodes are far apart (figure 3). When these electrodes
are close together, i.e. when their centers are less than 8 cm
(20% D) apart, the maximum can be located between the two
electrodes (figure 4). Our results suggest that when using large
electrodes, 25-35 cm?, the current density in the target region
may be increased slightly by placing the electrode’s front edge
(the edge closer to the other electrode) over the target region,
instead of placing its center over the target region as is currently
done.

The high conductivity of the scalp relative to that of the
skull and the high conductivity of the CSF relative to those
of the skull and the brain constrain a significant percentage of
the injected current to flow tangentially in these tissues and
never reach the brain. Even so, at least 35% of the injected
current may reach the brain if the electrodes are 8 cm (20%
D) apart and 60% or more for inter-electrode distances greater
than 20 cm (50% D). The current shunted through the scalp
and the CSF is unlikely to be harmful but if too much current
is shunted through the scalp then stimulation may become less
well tolerated.

The use of a spherical head model enabled us to investigate
the effect of electrode size and inter-electrode distance on
the current density distribution, independently of detailed
anatomical information. Even though the more general
features of this distribution, such as the nonlinear variation
of Asy with electrode area, are likely to remain valid when
considering a more realistic head model, it is also clear
that significant differences may arise. This is due to the
heterogeneity of the brain tissues and the convoluted nature
of the cortical sheet, which, in combination, have a complex
effect on the current density distribution. Thus, the location
of current density peaks in a realistic head model will be
determined by the local cortical geometry as well as the size
and the position of the electrodes on the scalp. Also, our
model does not include the various openings that exist in
the skull and which may affect the current density in the
nearby cortex (Paulus 2010, Schutter and Hortensius 2010). In
addition, the analysis of focality was based on the distribution
of the magnitude of the current density, and does not take
into account the relative orientation of the current density
and the neuronal cells. Some information on this issue
may be gathered from the plots of the radial and tangential
components of the current density, such as those shown in
figures 5 and 6, if the orientation of the target cells in the brain
is known. All these limitations should be addressed using
more realistic, albeit more demanding, head models featuring
accurate representations of the grey and white matter surfaces.
Even so, knowledge of the predictions of the spherical head
model will be important for a critical appreciation of the more
complicated results obtained with a realistic head model.

Despite the abovementioned limitations, the results
presented in this paper indicate clearly that small electrodes
can stimulate the cortical surface efficiently and focally. This
suggests the implementation of a versatile multi-electrode
system based on small electrodes that could be used to target
different brain regions, simultaneously or sequentially, by
choosing appropriate combinations of two or more electrodes
(see, for example, Dmochowski et al 2011). Such a system
could be based on the use of EEG electrodes and an EEG
cap, to place the electrodes in standard positions, such as
those defined in the 10/10 International System (Faria et al
2009). Each electrode could be used either to inject current
or to record an EEG signal. Large tDCS electrodes could be
simulated by linking together several neighboring electrodes.
Electrode impedance could be easily monitored and the EEG
gel could provide a uniform and stable electrical contact. Such
a combined tDCS and EEG system could be used to monitor
the effect of the stimulation on the brain’s activity during or
immediately after tDCS.
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