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Abstract— The papers discusses numerical simula-
tion of electroconvulsive therapy (ECT). A realis-
tic finite element model of human head with differ-
ent models of stimulating electrodes is be presented.
Special attention is paid to the influence of the model
of electrodes on the results of simulation.

I. INTRODUCTION

UMERICAL simulation of the electroconvul-
sive therapy applied to the human head seems
to be relatively easy. During this treatment electric
currents are passed through the head between two
electrodes placed on the patient’s head. The time
variation of the stimulus is a square pulse of less
than millisecond width, repeated with frequency
of dozens Hz. The Fourier spectrum of the stim-
ulus can be limited to 20kHz. This allows us to re-
duce equations describing field to the single Laplace
equation with Dirichlet boundary conditions on
electrodes and uniform Neumann boundary condi-
tion on the rest of the skin surface. The numer-
ical models of ECT with realistic models of the
human head were already presented elsewhere [3],
[2]. These research have confirmed the obvious in-
sight that during ECT the extreme values of the
electric field (and current density) appear near the
electrodes. As a result of this observation one could
ask how important is the model of the stimulating
electrodes? The realistic models of the head does
not contain electrodes. Need for investigation of dif-
ferent positions of the electrodes suggests external
application of these electrodes to the head model.
The goal of this paper is to discuss the influence
of the electrodes model on the results of stimu-
lation. The universal model of the metallic elec-
trode, which can be applied externally to the exist-
ing FEM model of the head will be presented. Dif-
ferent application of the boundary conditions and
realistic simulation of the contact potential will be
investigated.

II. MODEL OF THE HEAD

The creation of the 3D FE grid in a head was
based of head cross-sections. The sample data used
in this paper was taken from the public domain
Internet data base Visible Human [4]. 219 cross-
sections of the head in JPG format were made res-
olution of 162 x 182 pixels.

Using tools based on digital image processing the-
ory, a surface mesh that outlines the head struc-
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Fig. 1. Realistic model of the head built using data from
the Visible Human database with electrodes simulated with
the methodology described in this paper

ture had been constructed with help of Amira soft-
ware [9]. The advanced front algorithm is used to
generate 3D model of the head. Our experiments
have shown that surface mesh with 50000 triangles
gives reasonable, exact model consisting of 674807
tetrahedra elements and 119290 nodes. The final
volume grid of the head is shown in Fig. 1.

III. MODEL OF ELECTRODES
A. The motivation

The process of the head model creation is time
consuming and it would be advantageous to be able
to apply model of electrodes to the ready model of
the head. Thus the same model of the head could
be used for many simulations with electrodes of dif-
ferent shapes and positions.

To obtain the field distribution the following
Laplace equation with Dirichlet boundary condi-
tions have to be solved:

V-4V =0. (1)

The simplest approach to simulation of electrodes
applied on the skin surface is to set the Dirich-
let (¢ = @) boundary condition in some exter-
nal nodes of the FE grid. The main advantage of
this approach is simplicity, the main drawback—the
poor quality of the solution, especially in the vicin-
ity of electrodes. This drawback can be observed
in Fig. 2, where electric potential near of the sim-
plest model of electrode is shown. It is obvious that
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Fig. 2. The electric potential ¢ near of the simplest model of
electrode. Potential is shown with shades of gray. Electrode
contour is shown with dashed line. Nodes at which Dirichlet
BC is set are marked.

the electrode model shown in Fig. 2 is not correct,
because the real shape of the electrode can be very
different than the simulated one and extreme values
of the electric field which can appear if the bound-
ary of “electrode” is sharp can seriously influence
the field in the whole head.

The straightforward solution of the problem
shown in Fig. 2 is to modify the FE grid in area
where the potential is to be applied. Moving ex-
ternal nodes to the circle corresponding to elec-
trode boundary, as shown in Fig. 3 allows one to
smoothen the Dirichlet boundary and to make so-
lution more realistic. However it needs modification
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Fig. 3. The electric potential ¢ near of the more realistic,
2D model of electrode

of the FE grid. For sake of brevity from now we will
call this approach “2D model of electrode”. It seems
that such modification of the grid is necessary, but
one can ask if such model of electrode is sufficient
to obtain the exact values of the stimulus within
the brain.

B. Model of electrode-skin contact

Combination of the human skin, metal electrodes
and electrode jelly seems to be relatively simple.
Unfortunately deeper investigations unveils that
this sandwich is, in fact, a little bit complicated.
We can distinguish the following layers (see Fig. 4):
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electrode — round metal plate, very good
conductor,

electrode jelly — special gel used to reduce con-
tact resistance between skin and
electrode,

epodermis — external part of skin, very thin,
isolating layer,

epidermis — main part of skin, low conduct-

ing.

N

Contact surface

electrode
jelly

epidermis epodermis

Fig. 4. Cross-section of the electrode applied to the skin

Analysis of Fig. 4 results in the following re-
marks:
o Electrode and jelly are very good conductors and
we can assume, that electrical potential ¢ is con-
stant there. There is no need to simulate them, but
it is enough to set proper Dirichlet boundary condi-
tion on the “Contact surface” shown with the thick
line in Fig. 4.
« Shape of electrode jelly is a problem. If there are
not too much jelly, it can be assumed that it has the
same shape of the electrode (usually it is a circle).
o Electrode is applied with some force F , hecessary
to assure good contact with the skin. As the result
of this force some deformation of the skin is ob-
served. We simulate this deformation by flattening
the skin surface under electrodes.
o Epodermis is the hardest problem here. This
lifeless part of body is protecting soft tissues from
external conditions, such as temperature, physical
contact with other objects, and also gives good pro-
tection against external electric field. Epodermis
should be modeled as very thin isolator, and its
small thickness makes generation of the finite ele-
ment mesh very difficult. Thus the authors decided
to model only this part of epodermis, which is just
under the electrode.
o Epidermis is main part of skin. It’s size is compa-
rable to other parts of head, so it is simply treated
as separate, external layer in our head model (as
shown in Fig. 1).

C. Discretization

We assume that electrode has shape of thin cylin-
der. The basis for transformation is constructing
a sphere S, which has same center and radius as
electrode base. Nodes on the surface of head model
which are inside the sphere have direct contact with
electrode. To obtain circular shape of electrodes all
surface edges which intersected with sphere had to
be eliminated. This was done by translating one
node of each edge so its new position was on the
sphere surface. Next copies of all selected nodes
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translated by a vector parallel to the electrode axis.
This forms a very thin (as thin, as the epodermis
layer) cylinder “glued” to the head. As a last step
a layer of elements between selected and doubled
nodes was created.

The idea of transformation can be more formally
described in the following steps:
o Construct sphere S with same radius and center
as the base of the electrode.
o Add special boundary indicator By to all external
nodes of the head which have contact with electrode
(i.e. are inside of S).
o Create a set .S, of nodes which belong to at least
one surface edge intersecting with sphere and have
boundary indicator Bs. (The S,, creates a rounded
bounding box of nodes with By.)
o Eliminate edges which intersect with sphere—this
allows to obtain regular shape of electrode:

— Loop 1: For each node Ni from S, select the
edge along which distance between Nj and sphere
surface is minimal. If the distance is less than 0.5 of
edge length, then translate this node to the surface.

— Loop 2: For each node Nj from S,, which was
not translated, select the edge which opposite node
N, is the nearest to the sphere surface. If the dis-
tance is less than 0.5 of edge length, the node N,;
is translated to the surface.

« Create a set Sy of surface faces, which contains
all faces of elements which have direct contact with
electrodes.

o For each face calculate the normal vector.

e For each node of S, create a normal vector which
is calculated as average from all normal vectors
from adjacent faces (Sy).

o For each node of S, create a “twin” node which is
translated of original node by vector of length 3 mm
(thickness of epodermis) and direction calculated in
previous step. Set a special boundary indicator at
this node. This boundary indicator will be used for
simulation of external side of electrodes.

o Generate grid of elements between original set of
nodes S,, and created “twin” nodes. The original
and “twin” face create a prism, which can be easily
filled with elements.

— To facilitate the generation process, extra node
in the middle of the prism is created.

— For each prism 8 elements are created filling en-
tirely the volume between original face and “twin”
face.

The realistic 3D model of the electrode (epoder-
mis layer) is shown in Fig. 5.

D. Electrical parameters of model

The electric parameters of the model are shown in
Table I). Average contact resistance of human skin
and metallic electrode is equal: R=100 [€2/cm?] [6].
We simulate this resistance by additional, 3 mm
thick layer (the epodermis). The equivalent con-
ductivity of this layer 7. = 0.33 [S/m] was calcu-
lated to give 100 Ohms of equivalent resistance for
1 ecm? of electrode.

The boundary conditions were basically enforced

Fig. 5. 3D layer of epodermis “glued” to the head model

TaBLE [
ELECTRIC PARAMETERS OF MODEL LAYERS

’ Tissue ‘ ~ [S/m] ‘
Skin & CSF 0.33
Bone (Cortical) 0.02
Eyes 0.33
Cortex 0.33
Sinus 0.0001
Electrode 0.33

on the external surfaces of the electrodes, but for
comparison the solution with potential applied di-
rectly to the skin surface was also calculated.

IV. RESULTS OF EXPERIMENTS

To study the influence of the electrode model
on the simulation results the following experiments
were done: i) simulations with boundary condi-
tions applied directly on the external surface of the
head model (no epodermis) (see Fig. 6), ii) simula-
tions with boundary conditions applied on external
boundary of electrode (model of epodermis with dif-
ferent values of v.)—see Fig. 7, iii) simulations for
different radius of electrodes (contact area).

The examples of the simulations results are
shown on Fig. 6-8 and summarized in Table II. The
total power dissipated in the head, calculated by

_ 2 0w
Pf/vnyd (2)

allowed us to asses the equivalent resistance R seen
from the source of potential as R = U?/P.

V. DISCUSSION AND CONCLUSIONS

The simulation needs to solve a relatively sim-
ple Laplace equation with Dirichlet boundary con-
dition. However, due the size of the grid, solution
of the equation system was not so easy. We have
used iterative solvers (BiConjugate Gradient and
GMRES) and Jacobi preconditioner from the Diff-
pack library [5]. For the grids of 674807 tetrahedra
elements and 119290 nodes the solvers converged in
300-500 iterations.

Results of simulation allow to state that introduc-
tion of electrodes to realistic head model increases
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Fig. 6. Cross-section of potential distribution with Dirichlet
conditions applied directly on head surface (no epodermis).
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Fig. 7. Cross-section of potential distribution with Dirichlet
conditions applied on external boundary of electrodes (epo-
dermis approximation).

precision of simulation approximation. Comparing
Fig. 6 and Fig. 7 one can easily notice, that model of
electrode seriously influences results of simulation.

It is not easy to verify the results, however, com-
paring the values of the equivalent resistance of the
head, as seen from the ECT supply terminals we
see a good agreement with resistance of about 300
Ohms for electrodes of 2.5 cm diameter.

The presented method of addition of electrodes
to existing model is relatively easy and does not
require any effort in system matrix formulation.
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