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Abstract

Variability in the efficacy of transcranial direct-current
stimulation (TDCS) may be affected by variations in
electric fields, which depend on both experimental
parameters and individual anatomical features of the head
and brain. Electrode configurations that minimize inter-
subject differences in electric fields would be useful for
controlling variability in experimental TDCS studies. This
study investigated the effects of electrode size and
configuration on the variability in the electric fields.
Individual MRI-based models of 44 subjects and the finite-
element method were used. Motor cortical TDCS was
modelled for four electrode montages.

1. Introduction

Transcranial direct current stimulation (TDCS) modulates
the brain activity by delivering weak direct currents to the
brain through electrodes attached to the intact scalp.
Because TDCS is well tolerable and affordable [1, 2], it is
promising as an alternative treatment strategy for diverse
neurological or psychiatric diseases [3]. For instance,
TDCS has shown effectiveness for drug-resistant
depression [4], chronic pain [3], or stroke recovery [5].

However, important limitations of TDCS are that its
mechanisms are not fully understood and there is a large
inter-individual variability in the responses to TDCS [6, 7].
Recent computational studies have suggested that inter-
individual differences in skull and brain anatomy may
contribute to this variability by creating varying electric
fields in each brain [8, 9]. In experiments, these variations
are problematic because the stimulus delivered to each
individual’s brain varies even in otherwise identical
experimental conditions. The variations in the electric
fields originate from factors such as individual anatomy of
the brain, cerebrospinal fluid (CSF), and skull [8, 9], and it
is difficult to take these factors into account without time-
consuming computer simulations.

Therefore, it would be beneficial to design an electrode
configuration that minimizes inter-individual variations in
the electric fields. The purpose of the present study was to
examine whether the variability in the TDCS electric fields
can be reduced by changing the electrode size or
configuration. To answer this question, we studied the

variability of the electric fields using MRI-based
individually-constructed computational models of 44
subjects. The target was the hand motor area of the primary
motor cortex.

2. Methods and Models

2.1 Subjects and Imaging

We used the T1 and T2 weighted MRI data of 44 subjects
(age: mean+SD: 23.3+4.5, range: 19-38 years, 12 female)
reported in our previous study [10]. All MRI scans were
acquired using a 3 T MRI scanner.

2.2 Cortical Reconstruction and Registration

We used a method described previously [10] to generate
surface representations of each subject’s brain which were
then registered with the Montreal Neurological Institute
(MNI) average brain template to allow mapping of
individually calculated electric fields to the standard brain
space. Briefly, cortical surfaces were reconstructed from
the MR images using the FreeSurfer image analysis
software [11, 12]. The individual subjects’ brain surfaces
were then registered using FreeSurfer to the default
FreeSurfer brain template (FS40). To present the results in
the standard space, FreeSurfer was used to generate the
brain surface of the MNI ICBM 2009a nonlinear
asymmetric template [13], which was then registered with
the FS40 template. The final mapping was generated by
combining the mappings from the individual brains to the
FS40 template and the inverse mapping from the FS40
template to the MNI template.

2.3 Volume Conductor Models

T1- and T2-weighted MRI of 44 subjects were segmented
using in-house software [8, 10]. The segmented models
consisted of 11 tissues, which were assigned the following
conductivity values (for references, see [10]): grey matter
0.2 S/m, white matter 0.14 S/m, blood 0.7 S/m, compact
bone 0.008 S/m, spongy bone 0.027 S/m, CSF 1.8 S/m,
muscle 0.16 S/m, skin 0.08 S/m, fat 0.08 S/m, eye humour
1.5 S/m, and dura 0.16 S/m.

2.4 Numerical Electric Field Modelling



The DC electric field can be represented as the gradient of
the electric scalar potential. The scalar potential ¢ satisfies
V-6V = —i, where o (S/m) is the conductivity and i (A/m?)
is the current source.

The equation was solved numerically using the finite-
element method using the voxels of the volume conductor
model as the elements and piecewise linear basis functions,
as described previously [14]. The degrees of freedom were
the values of the potential at the corners of each voxel. The
equation system was solved to the relative residual of 1075,
The electric fields were calculated from the gradient of the
scalar potential at each vertex of a polygonal surface
located 1 mm below the grey matter surface.

2.5 Electrode Montages

The electrodes were modelled based on a realistic two-
compartment model [20, 10]. They consisted of sponges
saturated with normal saline (thickness 6 mm, conductivity
1.6 S/m). A 1-mm thick rubber sheet (conductivity 0.1 S/m)
was inserted in the sponge. A connector modelled as a disk
with a radius 5 mm was placed on top of the rubber sheet,
serving as a current source, with a source or sink current
distributed uniformly on the disk.

Four electrode configurations were considered for each
subject. In the first configuration, the anode was a 5 cm x
7 cm rectangular sponge, which is the electrode type
proposed in the pioneering study of Nitsche and Paulus
[15], and the most commonly used electrode in subsequent
studies [16]. In the second and third configurations, the
anode was either a 3 cm x 3 c¢m rectangular or a 0.8-cm
diameter circular sponge. The rationale for using smaller
electrodes is that reducing the size of the electrode has been
shown to have a focusing effect on the physiological
responses to TDCS [17]. For all the above anode locations,
the cathode was a 5 cm x 7 cm rectangular sponge electrode
positioned over the contralateral (right) orbit, as is
commonly done in experimental TDCS studies [16]. In the
following, these electrode montages are denoted ‘large’,
‘medium’, and ‘small’, according to the size of the anode.
The fourth configuration was a high-definition TDCS
electrode montage, consisting of one anode surrounded by
a ‘ring’ of four cathodes placed at a distance of 3 cm from
the anode [18, 19]. The electrodes were small circular
sponges with a diameter of 0.8 cm. For all configurations,
the stimulating current was set to 1 mA.

2.6 Stimulation Target

The target of stimulation was the hand area of the primary
motor cortex (Fig. 1). The target site corresponded to the
centre of the characteristic ‘inverted omega’ shape of the
hand motor area. The target site in each subject was
determined using the mapping from the MNI template
brain to each individual brain. The centre of the anode was
placed at the closest point on the scalp to the target site in
the brain.

Figure 1. Target site in the MNI template brain.

3. Results

Figure 2 shows the four electrode configurations and the
calculated electric fields for three exemplary subjects. As
seen in the figure, reducing the electrode size had the effect
of increasing the electric field near the target site and
decreasing the electric fields elsewhere in the brain, thus
increasing the focality of stimulation. Using small
electrodes in the ring configuration reduced the electric
field compared to the small electrode with the contralateral
reference electrode. However, the ring configuration
effectively eliminated the electric fields in non-target brain
regions. It is notable that conventional large electrode
produced relatively large electric fields in the frontal
regions, and the maximum was not generally found near
the target site. Reducing the electrode size moved the
maximum towards the target site.

The inter-subject registration method was used to map the
individually calculated electric fields to the MNI brain
template. Figure 3 shows the mean and relative standard
deviation of the absolute value of the electric field
calculated over all 44 subjects. The tendency of increased
focality for smaller electrode sizes is clear. However, the
relative standard deviation data indicates the trade-off of
increased focality: as the electrode size is reduced, the
inter-subject variability of the electric fields in the target
area increases. The likely reason is that the electric fields
become more sensitive to small anatomical differences
near the anode. The ring configuration is particularly
sensitive to variations, doubling the relative standard
deviation near the target region compared to the
conventional configuration with a large anode.

At the target site (Fig. 1), the electric fields (mean+SD)
were 0.29+0.06 V/m, 0.44+0.11 V/m, and 0.62+0.18 V/m
for the large, medium and small anode sizes, and 0.39+0.16
V/m for the ring configuration. These values are different
from the maximum values shown in Fig. 3 because of
deeper location of the target site.
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Figure 3. Average electric fields of 44 subjects and the relative standard deviation for four electrode configurations.

In experiments, the ring electrode configuration has been
shown to produce comparatively similar effects to the
conventional montage with a large anode [19]. The results
herein show that the electric fields are relatively similar in
magnitude, especially in the deeper region where the target
site was located. In another experimental study [17], a
0.1 mA current applied through a 3.5 cm? anode has been
shown to produce more focal effects than a 1 mA current
with a 35 cm? anode. Therefore, based on the results
presented herein, there would have been a factor of five
difference in the magnitude of the electric field in addition
to differences in the field distribution.
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4. Conclusions

We confirmed that a smaller electrode size can be used to
improve the focality of TDCS electric fields. However, the
improvement comes at the cost of increased inter-subject
variability in the electric fields. Therefore, reducing the
electrode size does not appear to be an effective strategy to
reduce the variability observed in TDCS studies. This has
important implications for the planning of experimental
TDCS studies. Namely, if larger electrodes are used, the
electric fields are less variable, but the affected site in the



brain may be difficult to determine due to the spatial spread
of the electric fields. On the contrary, smaller electrodes
can focus the stimulation but inter-subject variability
becomes more difficult to control. An effective but time-
consuming strategy to control both focality and variability
would be to use small electrodes and tune the stimulation
current and the electrode location individually based on
computational modelling.
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