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a cephalic reference electrode while tDCS with an extracephalic reference electrode evoked
a two-fold increase in current density in the spinal cord, the location of which is not very
distant from that of the brainstem, relative to the tDCS with a cephalic reference electrode.
The main reason for this difference is that the brainstem is located inside the skull, which
has much lower electrical conductivity than the skin. Previous simulation studies have shown
that most current is conducted via the skin, and only a little penetrates through the skull for
brain stimulation (Mirandat al2006 Holdeferet al2006 Im et al2008. Our result suggests

that the use of an extracephalic reference electrode does not signi cantly increase the amount
of current penetration through the skull. Interestingly, the current density in the spinal cord
was much stronger than that in the cerebral cortex in all simulations. These results indirectly
support the above explanations because the spinal cord is surrounded by vertebrae that have
many holes through which electric currents can ow, whereas the cerebral cortex is enclosed
by the skull. We also illustrated the energy density distribution on the skin surface when the
deltoid references were used ( gu#®. Our simulation led to an interesting result showing
concentrated energy density on the neck surface, but fortunately the maximum energy density
around the neck was still lower than that around the active and reference electrode locations,
demonstrating that the increased energy density around the neck would not provoke any
side effects on the skin. Summarizing our simulation results, we did not detect any evidence
suggesting that tDCS with an extracephalic reference electrode would be less safe than tDCS
with a cephalic reference electrode.

Our FE body model had a resolution corresponding to 2. 74w mmx 2.7 mm voxel
size, which was relatively lower compared to a recent study (Sadte#d 2010 where
1.1 mmx 1.1 mmx 1.4 mm regular voxels were used. Although our model was constructed
from 1 mmx 1 mm x 1 mm resolution MRI data, it was necessary for us to nd the
compromise between the solution accuracy and the computational load. Considering that
our model included a large portion of the body, it was dif cult to use a higher resolution
model for the practical eld analyses. In addition, we did not consider some complex tissue
structures including muscles and eyes due to the dif culty in modeling. Although the electrical
conductivities of those structures were not signi cantly different from the surrounding tissues
compared to that of fat or bone, such simpli cation might affect the accuracy of the eld
simulations to some extent, especially for the cases when extracephalic reference electrodes are
attached on the facial muscles. Therefore, it will be an interesting future topic to investigate the
in uences of modeling accuracy, model simpli cation, element shapes, and model resolution
on the solution accuracy of the electric eld analyses. Indeed, such studies have been
extensively carried out in the eld of electroencephalography (EEG) source imaging (e.g.
Ferguson and StroinkL.097).

In this study, we determined electrical conductivity values for each tissue based on
previously published results (Haueisetal 1997 Sadleiret al 2010 Oostendorpet al 200Q
Gabrielet al 19963 1996h Holsheimer1987). Since electric current ow is in uenced by
electrical conductivity values, it is obvious that an accurate estimation of tissue electrical
conductivity would enhance overall accuracy of the analysis results. Indeed, some researchers
even attempted to take tissue anisotropy into account for enhanced current density estimation
(Suhet al2009. Despite progress in medical imaging technology, the estimation of individual
conductivity pro les has not yet reached to a practical level (Woo and2868). Nevertheless,
considering that some EEG studies assumed large variations of individual conductivity values,
up to £ 50% of the mean value (Haueisehal 1997, it would be interesting to investigate
the in uences of individual tissue conductivity variations on the accuracy of 3D eld analysis
results.
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