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Abstract— Electroconvulsive therapy (ECT) is a highly ef-
fective treatment for severe depressive disorder. Efficacy and
cognitive outcomes have been shown to depend on variations in
treatment technique. A high resolution finite element model of a
human head was generated from MRI scans and implemented
with tissue heterogeneity and an excitable ionic neural model
incorporated in the brain. The model was used to compare
the effects of three common ECT electrode configurations,
including the spatial profiles of electric field and excitation in
the brain. The results showed that electrode placement has a
significant effect in determining the spatial extent of activation
in different brain regions, which would account for differences
seen in clinical outcomes.

I. INTRODUCTION

Electroconvulsive therapy (ECT) is an effective treatment
for severe medication-resistant depression and other psychi-
atric disorders. It involves passing biphasic brief-pulse cur-
rents through electrodes on the head producing a generalized
seizure [1]. Clinical research has demonstrated that variations
in ECT treatment technique (such as electrode configura-
tions) lead to different efficacy and side-effect outcomes
[2], [3]. For instance, right unilateral (RUL) ECT has been
shown to cause less short-term memory loss than bitemporal
(BT) ECT, but is less clinically effective when given at
the same electrical dose relative to seizure threshold [3].
Alternatively, some (but not all) studies have found bifrontal
(BF) ECT causes fewer cognitive effects than BT ECT [2],
[4], [5]. Nevertheless, the knowledge required to explain
these underlying differences is still limited.

A number of existing studies have investigated the possible
distribution of electric field (E-field) or current density within
the brain during ECT, using computational head models [6]–
[10]. However, none have compared the effects of various
ECT electrode configurations on neural activation by incor-
porating excitable neural elements in the brain.

Previously, we proposed a new computational model to
simulate and investigate direct brain excitation induced by
ECT, by adopting a modified bidomain Hodgkin-Huxley
formulation of ion currents [11]. But since the geometry
of the previous head model was derived from downsampled
computed tomography (CT) scans, the anatomical structure
of the brain was not accurate. Therefore, the model could
not account for local non-uniformities in current density
caused by the complex geometry of the brain and regional
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differences in tissue conductivity [12], [13]. In addition, the
skull was modeled as one homogeneous compartment with
anisotropic conductivity, which was unable to accurately rep-
resent its three-layered structure: a low resistance spongiform
layer between two high-resistive outer layers [14], [15].

In this study, a finite element (FE) model of the hu-
man head based on magnetic resonance imaging (MRI)
was utilized to simulate direct brain excitation, including
an excitable ionic neural model incorporated in the brain.
The objective of the study was to compare the effects
of three common ECT electrode placements by using this
anatomically-accurate head model.

II. METHODS

A. Image segmentation and finite element mesh generation

T1-weighted MRI scans of a healthy 35-year-old Asian
male subject were obtained from Neuroscience Research
Australia. The scans were sagittally oriented with voxel
resolution of 1 × 1 × 1 mm3.

Head tissue masks were obtained with a combination
of automated and manual segmentation softwares. Auto-
mated mask generation was performed using BrainSuite2
(www.loni.ucla.edu/Software/BrainSuite), and tissue com-
partments including skin, skull, cerebrospinal fluid (CSF),
grey matter (GM) and white matter (WM) were generated
from the MRI data. The information was then imported into
ScanIP (Simpleware Ltd., UK) for manual processing, with
a combination of different segmentation algorithms in the
software: Masks representing eyes, paranasal sinuses, larynx
and cervical vertebrae were separated from skin and skull,
as shown in Fig. 1. The brain masks consisted of GM, WM,
cerebellum (CB, with brainstem) and the cervical spinal cord
(SC). The skull was divided into three compartments includ-
ing compact bone tissue (with the jaw) and spongy bone
tissue, as shown in Fig. 2. Later, to increase computational
efficiency, the images were downsampled to a resolution of
1.5 × 1.5 × 1.5 mm3.

The +FE-Free meshing algorithm in ScanIP was chosen
to generate the mesh, resulting in 1,126,135 elements.

B. Tissue properties

All compartments were considered electrically homoge-
neous and isotropic. Compartment conductivities, listed in
Table I, were assigned mean values taken from multiple
studies [16]–[19]. Since the paranasal sinuses are air-filled,
their electrical conductivity was set to zero.
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Fig. 1. Segmentation of human head: skin, eye, paranasal sinuses (with
larynx), skull (including compact bone tissue and spongy bone tissue),
vertebrae, CSF and brain (including GM, WM, CB and SC).

Fig. 2. Segmentation of skull: compact bone tissue and spongy bone tissue.

C. Field solver for volume conductors

ECT electrodes patched onto the scalp were defined
mathematically, as detailed in Bai et al. [11]. Three typical
electrode configurations used in clinical ECT were simulated:
each utilizing two electrodes placed on the scalp, as shown
in Fig. 3.

Volume compartments including GM, WM and CB were
simulated by a continuum model based on the Hodgkin-
Huxley formulation of ionic currents [20], implemented with
Laplace’s equation with non-zero volume current source. All
remaining compartments were considered as passive volume
conductors. Detailed descriptions of the model can be found
in Bai et al. [11]. The electrode stimulus current waveform
was a single monophasic square pulse of amplitude 800 mA
and pulsewidth 1 ms, with electrode A being the anode and
electrode B the cathode (Fig. 3).

TABLE I
TISSUE CONDUCTIVITIES

Compartment Electrical Conductivity (S/m)
Scalp 0.41
Eye 0.5

Sinus (air-filled) 0
Skull (spongy bone) 0.028
Skull (compact bone) 0.006

Vertebrae 0.012
CSF 1.79

Brain (GM, CB and SC) 0.31
Brain (WM) 0.14

Fig. 3. Typical electrode placements used in clinical ECT application:
bifrontal (BF), bitemporal (BT) and right unilateral (RUL). ‘A’ and ‘B’ are
labels for the separate electrodes in each electrode placement.

The models had more than 6 × 106 degrees of freedom.
They were solved in COMSOL Multiphysics (COMSOL
AB, Sweden) using a segregated numerical solver on a
Windows 64-bit workstation with 24 GB RAM utilizing 4
processors. To solve the time-dependent equations, a variable
step backward differentiation formula (BDF) scheme was
utilized with an absolute error tolerance set to 10−3. It
took approximately 20 hours to solve for a 6-millisecond
simulation.

III. RESULTS

Fig. 4 demonstrates the E-field distributions in the brain
with three different electrode configurations shown in Fig. 3.
The distribution is shown with a lateral view of whole brain
and two coronal slices slicing through the frontal (Fig. 4a)
and temporal (Fig. 4b) lobes respectively. As expected, the
regions directly beneath the electrodes had a greater E-field
magnitude compared to the remainder of the brain; however,
the maximum E-fields were not found on the gyri, but at
the base of the sulci. Although the maxima were similar in
all three configurations, the average E-fields over the entire
brain volume were somewhat different: 25.4, 28.5 and 29.4
V/m for BF, BT and RUL respectively.

Fig. 5 shows the maximum extent of spatial activation of
the brain, and similar to Fig. 4, it depicts a view of whole
brain and two coronal slices at the same locations. Based
on the profile of E-field distribution, it was to be expected
that brain excitation in BF tended to cover the frontal lobe
and the anterior portion of the temporal lobe, while in BT
it was localized to the temporal lobe and the lateral-frontal
region. Nevertheless, the location of the excited region in
RUL shifted inferiorly towards the base of the right temporal
lobe compared to that in BT. In addition, CB was excited in
both BT and RUL, while the brainstem was activated only
in RUL.

IV. DISCUSSION AND CONCLUSION

Our study simulated direct excitation of the brain induced
by ECT, using an anatomically accurate head model. It com-
pared the effects of three different electrode configurations
in terms of the distribution of E-field and the spatial extent
of excitation in the brain.

The strengths of the E-field were found to be of the
same order of magnitude as those in prior studies [7],
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Fig. 4. Electric field magnitude (E-field) distribution in the brain with three ECT electrode configurations. The uppermost row shows the lateral view of
the whole brain, and the lower two rows show the coronal slices of the brain at the same scale. Dashed lines indicate locations of slice planes.

Fig. 5. Maximum brain excitation in each of the three electrode configurations, shown as the neural membrane potential throughout the brain in millivolts.
The uppermost row shows the lateral view of the whole brain, and the lower two rows show the coronal slices of the brain at the same scale. Dashed lines
indicate locations of slice planes.

[9]. In addition, the local non-uniform E-field profile was
also supported by other studies, which was likely due to
regional differences in conductance and to the presence of
cortical foldings [12], [13]. As a result of the local focus of
currents near the electrodes, maximum E-fields were similar
among all three configurations. However, because of the
closer distance between electrodes in BF, average E-field was
smaller in comparison with BT and RUL.

As noted in Bai et al. [11], it was further demonstrated
in then present study that each electrode placement plays
an important role in which brain regions are maximally

activated. Regions directly beneath the electrodes were found
to be most excited by the applied stimulus, and the location
of excitation was thus related to the spatial profile of the
E-field in the brain. It should be noted that even though
BT and RUL shared the same temporal electrode placement
(electrode B in Fig. 3), and possessed similar E-field dis-
tributions in the temporal lobe, the location and extent of
excitation differed. It is possible that such differences may
influence clinical outcomes, given that with RUL less volume
in the frontotemporal regions will be activated. These regions
are postulated to play a critical part in mediating the effects
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of antidepressant treatment [21].
Furthermore, it was unexpected that excitations were

found in the CB with BT and RUL as well as in the brainstem
with RUL. However, the result that the brainstem was excited
in RUL concurs with recent findings indicating that RUL
has greater effects on heart rate than bilateral forms of
ECT [22], [23]. Also, imaging studies have found that CB
was also selectively activated by ECT [24], [25], in good
agreement with our results. The absence of CB excitation in
our previous study [11] again demonstrated the importance
of anatomical accuracy in model geometry.

Several factors may contribute to future improvements of
this model. WM exhibits highly anisotropic conductivity due
to axonal fibre orientation [19], [26], and therefore it is likely
to enhance the complexity of spatial profiles of E-field and
excitation. Another limitation is that the stimulus in this
study was a monophasic pulse. However, due to the biphasic
nature of the clinical ECT stimulus, an additional reverse
pulse may provide more complex modes of activation. And
finally, the skull produces low signals in T1-weighted MRI,
and thus it is difficult to distinguish from neighboring tissues.
A set of co-registered CT or photon density weighted MRI
scans would be able to increase the precision in skull
segmentation.
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