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Objective: To examine the relationship between the ratio of injected current to electrode area (I/A) and
the current density at a fixed target point in the brain under the electrode during transcranial direct cur-

Methods: Numerical methods were used to calculate the current density distribution in a standard spher-

I<€_yW0rd§-' ical head model as well as in a homogeneous cylindrical conductor.
:}'“1”,13“0“ Results: The calculations using the cylindrical model showed that, for the same I/A ratio, the current den-
ectric

sity at a fixed depth under the electrode was lower for the smaller of the two electrodes. Using the spher-
ical model, the current density at a fixed target point in the brain under the electrode was found to be a
Polarization non-linear function of the I/A ratio. For smaller electrodes, more current than predicted by the I/A ratio
Transcranial was required to achieve a predetermined current density in the brain.

tDCS Conclusions: A non-linear relationship exists between the injected current, the electrode area and the
current density at a fixed target point in the brain, which can be described in terms of a montage-specific
I-A curve.

Significance: I-A curves calculated using realistic head models or obtained experimentally should be used
when adjusting the current for different electrode sizes or when comparing the effect of different cur-
rent-electrode area combinations.

© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
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1. Introduction

The application of a weak DC current through electrodes on the
scalp, commonly referred to as transcranial direct current stimula-
tion or tDCS, has been shown to be able to modulate cortical excit-
ability in an effective and reproducible manner (Priori et al., 1998;
Nitsche and Paulus, 2000; Nitsche et al., 2005). All safety studies
carried out so far indicate that the application of a current with
an intensity of 1 mA for periods up to 20 min using electrodes
whose area is about 25-35 cm? has no significant adverse effects
(Nitsche et al., 2003; lyer et al., 2005; Poreisz et al., 2007). Because
it is considered safe and it is well tolerated, easy to apply and inex-
pensive, tDCS has already been used in a large number of studies.
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An overview of recent tDCS experiments and methodological is-
sues is presented in Nitsche et al., (2008).

An assumption that is often made in tDCS studies is that the ra-
tio of the injected current to the electrode area (I/A) determines the
magnitude of the stimulation effect. This assumption is implicitly
made when the I/A ratio is used to specify and compare stimulation
intensities, as it is currently done. In a recent study, Nitsche et al.
(2007) clearly demonstrated that a reduction in electrode area
can increase the focality of tDCS whereas an increase in electrode
area can render that electrode functionally ineffective. In this case
too, the underlying assumption was that by keeping the I/A ratio
constant while varying current intensity and electrode area, the ef-
fect in the brain was the same.

Given the widespread use of this assumption and its implica-
tions in terms of protocol design, interpretation of experimental
results and safety, we sought to determine its validity on phys-
ical grounds. We assumed that the current density at the target
location in the brain is a fundamental factor in determining
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stimulation efficacy. Other factors such as neuron orientation
relative to the applied electric field, neuronal electrophysiologi-
cal properties, neural network properties, etc. also play a critical
role in determining the outcome of stimulation. Thus, knowing
the current density distribution in the brain is a necessary,
but not sufficient, condition to predict tDCS efficacy. In this pa-
per, we address only aspects related to the current density
distribution.

2. Methods

The current density is a vector function, f(x, y,z) defined at
every point in a conductive medium, whose direction is that of
the current flow at the point under consideration and whose mag-
nitude is given by the current divided by the area perpendicular to
the flow, as this area tends to zero. The current density is obtained
from the electric field, E, by means of the relation J = oE where ¢ is
the electric conductivity of the tissue. In turn, the electric field is
determined by the spatial rate of change (gradient) of the electric
potential, ¢, i.e. E = —V. Finally, the potential inside the conduc-
tive medium is obtained by solving the continuity equation,
V - (6V¢) = 0, subject to the appropriate boundary conditions.

Following the approach outlined above, we calculated the current
density distribution in two different volume conductors for various
electrode configurations, using a finite element package (Comsol 3.3
with AC/DC module, http://www.comsol.com) to solve the continu-
ity equation numerically. Electrodes were modeled as square
sponges, 1 cm thick and with an electrical conductivity taken to be
equal to that of the scalp, ¢ = 0.332 S/m. The only exception was
the 100 cm? electrode, whose dimensions were 16.9 x 5.9 cm?.
The upper surfaces of the two electrodes were set to uniform electric
potentials, and the potential difference was chosen so that the total
injected current was equal to the desired value, e.g., 1 mA. The meth-
od is described in more detail in Miranda et al., (2006).

In both models the target point was located 12 mm below the
electrode-conductor interface, under the electrode’s center. This dis-
tance corresponds to the scalp-brain distance in the spherical model.

In the first model, one square electrode was placed centrally on
the upper base of a homogeneous cylindrical conductor
(6=0.332S/m) and an identical electrode was placed symmetri-
cally on the lower base. The current density distribution is shown
in a plane that passes through the center of the electrode and con-
tains the axis of the cylinder. Only the upper half of the distribution
is shown, as the lower half is the reflection of the upper half. The
purpose of these calculations was to investigate the effect of elec-
trode size on the current density distribution, without the con-
founding effects of tissue geometry and heterogeneity.

In the second model, two electrodes were placed on a standard
3-layer spherical head model with rcap=9.2 cm, Tgen = 8.5 cm,
Tbrain = 8.0 cm (Rush and Driscoll, 1969) and slightly different con-
ductivities, Gscaip = Obrain = 0.332 S/M, Cbrain/Tskun =40 (Goncalves
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et al.,, 2003). One electrode was placed over the motor cortex and
the other over the contralateral eyebrow. For convenience, the first
electrode will be referred to as the “stimulation” electrode and the
second one as the “reference” electrode, even though such terms
do not necessarily reflect their effective roles (Nitsche et al.,
2007). Either electrode can be the anode or the cathode; this choice
affects only the direction of the current in the head, not its magni-
tude. Three different sets of calculations were performed to inves-
tigate the effect of electrode size on the current density
distribution in the brain, taking into account tissue heterogeneity.

In the first set of calculations, the area of the reference electrode
was fixed at 35 cm? while the area of the stimulation electrode and
the injected current were varied in such a way as to keep I/A con-
stant at 1/35 mA/cm?. The magnitude of the current density at the
target point below the stimulation electrode is reported.

In the second set of calculations, the area of the stimulation
electrode and the injected current were kept constant at 35 cm?
and 1 mA, respectively, as the area of the reference electrode was
varied. The magnitude of the current density at the target point be-
low the reference electrode is reported.

In the third set, the area of the reference electrode was fixed at
35 cm? while the area of the stimulation electrode was varied. The
injected current was adjusted so as to fix the current density at the
target point at a constant value, 0.0087 mA/cm?, which is equal to
its value when the area of both electrodes is equal to 35 cm? and
the injected current is 1 mA. The intensity of the current injected
into the electrode is reported.

3. Results

For the cylindrical conductor, the current density distribution
was calculated for a pair of square electrodes with an area of
35 cm? each and an injected current of 1 mA (Fig. 1, left) and for
a pair of electrodes with an area of 35/4 cm? each and an injected
current of 1/4 mA (Fig. 1, right). In both cases I/A = 1/35 mA/cm?.
The magnitude of the current density at the target point is
0.016 mA/cm? under the larger electrode and 0.011 mA/cm? under
the smaller electrode. The color scale is common to both plots and
is maximal at 0.040 mA/cm? to facilitate the visual comparison of
the current density near the target point. The current density near
the electrode edges in contact with the cylinder reached values
higher than this, up to 0.086 mA/cm?, and they are all shown as
dark red. When the current injected into an electrode was doubled,
then the current density distribution remained the same but its
magnitude is doubled everywhere in the conducting volume, inde-
pendently of electrode size (not shown). Similar plots for the cur-
rent density distribution in a spherical model of tDCS of the
motor cortex can be found in Miranda et al. (2006).

The spherical head model used in this study is shown in Fig. 2,
with a 1 cm? electrode over the motor cortex and a 35 cm? elec-
trode over the right eyebrow. The color plot shows the magnitude
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Fig. 1. Effect of decreasing the electrode area on the current density distribution whilst maintaining a constant I/A ratio. At a target point at fixed depth of 12 mm (black dot),

the current density is lower for the smaller electrode.
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Fig. 2. Current density magnitude on the brain surface of a spherical head model. A
current of 0.39 mA was injected into a 1 cm? electrode placed over the motor
cortex, resulting in a current density of 0.0087 mA/cm? at the target point.

of the current density on the brain surface. The current was set to
0.39 mA, resulting in a current density of 0.0087 mA/cm? under the
center of the small electrode and 0.0034 mA/cm? under the center
of the large one.

The results for the spherical head model are shown in Figs. 3
and 4. The plot in Fig. 3a shows how the current density at the tar-
get point, on the brain surface under the center of the stimulation
electrode, varied as the electrode area was decreased and the in-
jected current adjusted so as to keep I/A constant and equal to 1/
35 mA/cm? (solid line). The expectation, according to the constant
I/A rule, was that the current density at the target point would re-
main constant and equal to its value for I=1 mA and A =35 cm?,
which in this model was 0.0087 mA/cm? (dotted line). In fact, the
current density dropped to 85% and 22% of this reference value
as the electrode area was decreased from 35 to 25cm? and
3.5 cm?, respectively. The plot in Fig. 3b shows the variation of
the current density at the target point under the reference elec-
trode as the electrode area was increased, and the injected current
was kept fixed at 1 mA (solid line). Since the current intensity was
kept constant, the expectation was that the current density at the
target point would decrease linearly with 1/A (dotted line). The de-
crease was slower than predicted: when the electrode area was in-
creased from 35cm? (1/A=0.029cm™2?) to 100cm? (1/
A=0.010 cm~2) the current density was calculated to decrease by
a factor of 0.43 only, instead of 0.35. In both plots, the data-point
represented by a larger circle corresponds to the standard configu-
ration: a current intensity of 1 mA and two 35 cm? electrodes.

Fig. 4 shows how the current injected into the stimulation elec-
trode had to be adjusted as a function of electrode area in order to
achieve a constant current density at the target point (solid line).
The expected behavior was that the required current would de-
crease linearly with electrode area (dotted line). According to these
calculations, more current than that predicted by the I/A ratio has
to be injected into electrodes smaller than 35 cm? in order to guar-
antee a constant current density in the brain. To a good approxima-
tion, points on the solid curve can be calculated using the equation
1=6.00 x 107% A* — 4.6 x 107* A> +2.69 x 1072 A+ 0.366, where |
is the current in mA and A is the electrode area in cm? and the four
constants have units of mA/cm® mA/cm?* mA/cm? and mA,
respectively.

4. Discussion

The calculations performed using the cylindrical model con-
firmed that, for a fixed electrode montage with fixed electrode
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Fig. 3. The magnitude of the current density, in mA/cm?, at the target point located
12 mm below the electrode center as a function of (a) stimulation electrode area,
keeping I/A constant; (b) the inverse of the reference electrode area, keeping the
current constant at 1 mA. The dotted lines show the behavior expected if a constant
I/A ratio implied a constant current density at the target point.

sizes, a change in the injected current results in a proportional
change in the current density at every point in the volume conduc-
tor. This is consistent with the observations reported by Nitsche
and Paulus (2000). However, when considering a target point at
a fixed depth below the electrode, the current density at that point
was not constant as the electrode area was varied and the injected
current adjusted so as to keep the I/A ratio constant. In general, the
current density at a fixed depth below the centre of the electrode
will always be less for a smaller electrode when the I/A ratio is kept
constant. The localized increase in current density that is visible in
Fig. 1 near the edges of the electrode in contact with the cylinder is
due to edge effects; such effects occur whenever the cross-section
for current flow changes.

The variation of the current density with electrode area and cur-
rent intensity can be described in simple terms only when either
very close to or very far from the electrode. Very near the electrode,
and in the absence of significant edge effects, the current density is
given by I/A. Very far from the electrode, the electrode is effectively
a point electrode and the current density is proportional to I and
independent of A. For intermediate distances, there is no simple
relationship between these three quantities. The existence of sig-
nificant edge effects, and of tissue heterogeneity in more complex
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Fig. 4. The current, in mA, that must be injected into the stimulation electrode in
order to achieve a constant current density at the target point 12 mm below its
center, as a function of electrode area. The calculations were based on a spherical
head model. The dotted line has the same meaning as in Fig. 3.

models, further complicates this relationship. Given the highly
symmetric geometry shown in Fig. 1, the current density plot on
the right is very similar to the plot on the left scaled down by a fac-
tor of . This is because the linear dimension of the electrode was
reduced by %2 and the injected current has been reduced by a factor
of 4. Thus the current density values are very similar on both plots
but their spatial distribution is very different. The point on the
right plot where the current density is the same as the reference
point on the left plot is located at about half the reference depth.
This explains why keeping I/A constant results in a reduced current
density at a fixed depth.

The calculations performed using the spherical head model also
showed that the current density at a fixed target point below the
stimulation electrode and for a fixed value of the I/A ratio was
not constant: it decreased non-linearly as the stimulation electrode
area decreased (Fig. 3a). This is consistent with the conclusions
drawn in the previous paragraph. Also, the current density at a
fixed target point below the reference electrode and for a fixed va-
lue of the injected current did not decrease as the inverse of the
reference electrode area: it decreased more slowly, i.e. doubling
the area of the reference electrode reduced the current density at
the target point by less than a factor of 2 (Fig. 3b).

The I/A ratio will systematically overestimate the current den-
sity in the brain when used to compute current values for smaller
electrodes and underestimate it when applied to larger electrodes.
In other words, for a constant current density at a target point in
the brain more current should be injected into smaller electrodes
and less current into larger electrodes than predicted by the I/A ra-
tio. This difference is less pronounced for larger electrodes than for
smaller ones, which suggests that increasing electrode size may in-
deed be a practical way to render the reference electrode function-
ally ineffective (cf. Fig. 2).

The data presented in Fig. 4 provides an alternative way of
determining the current that should be used for a range of elec-
trode areas, in order to achieve the same current density in the mo-
tor cortex under a smaller electrode as under the standard
arrangement (1 mA into 35 cm?). The accuracy of these data is lim-
ited by several assumptions that were built into the model, such as
the layered spherical geometry and the conductivity values used.
However, since we are only calculating ratios (e.g., by what factor
should the current be reduced when the electrode area is halved)
as opposed to absolute values (e.g., what is the current density va-
lue at the target point), the results should not depend too strongly

on those assumptions. We will refer to this type of data as the I-A
curve.

The I-A curve in Fig. 4 was obtained for a specific electrode
montage. It may hold to a good approximation for other electrode
montages where the distance between electrodes centers is similar
to the one used in this model, 18.8 cm measured on the scalp. Also,
the current intensities reported in Fig. 4 will scale linearly with the
current injected into the 35 cm? electrode. For example, if the aim
were to achieve the same current density in the brain as would be
achieved by injecting 2 mA into a 35 cm? electrode, then the cur-
rents in Fig. 4 should be doubled.

The use of more realistic head models based on MR images will
provide more accurate I-A curves, which may even be subject-spe-
cific. An additional advantage of having realistic head models
where the inner and outer cortical surfaces are faithfully repre-
sented is that the effect of the orientation of neural cells relative
to the applied electric field can be taken into account, since the ori-
entation of these cells is known to be predominantly either per-
pendicular or parallel to the cortical surfaces (Silva et al., 2008).

It may be possible to obtain the I-A curves experimentally. The
effect of the application of 1 mA into a 35 cm? electrode placed
over the motor cortex for a fixed duration can be quantified in
the usual way, as a shift in cortical excitability measured as a
change in the amplitude of the EMG response to a TMS stimulus
of fixed intensity relative to the motor threshold. Then, for a range
of smaller electrodes centered over exactly the same point on the
scalp, the current should be adjusted until the same shift in cortical
excitability is attained'. As the electrode area increases, the point
where the magnitude of the current density is largest on the brain
surface moves away from the center of the electrode in the direction
of the other electrode. For a 35 cm? stimulation electrode and the
montage used here, this shift may reach about 15 mm but the cur-
rent density at the new maximum is only about 2% higher than un-
der the center of the electrode. Thus, a clear departure from the
linear behavior predicted by the I/A ratio should be easily observed.
Experimental validation of I-A curves, such as the one shown in
Fig. 4, should be attempted before they are used clinically. Experi-
mental data will also provide an indication of the inter-individual
variability of the I-A curves.

We have shown that a non-linear relationship exists between
the injected current and the electrode area when keeping the cur-
rent density constant at a fixed target point in the brain, and that
this relationship can be described in terms of a montage-specific
I-A curve. I-A curves calculated using realistic head models or ob-
tained experimentally should be used when adjusting the current
for electrodes of different sizes or when comparing the effect of dif-
ferent current-electrode area combinations. These curves may be
particularly useful when adjusting the current intensity correctly
for smaller electrodes, as their use is likely to increase in the future,
either to improve focality or as part of more versatile multi-elec-
trode systems.
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! A similar procedure may also be used to normalize tDCS intensity across subjects
if standard stimulation conditions are defined in terms of electrode placement, shape
and area, and of stimulus duration. Then, the stimulation current is adjusted so as to
produce a standard percent increase in the amplitude of the EMG response to TMS at
a standard value above motor threshold. This procedure would probably have the
same advantages and limitations as the definition of a motor threshold in TMS.
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