
  

 

Abstract—The goal of this study is to investigate the influence 
of white matter conductivity anisotropy on the electric field 
strength induced by electroconvulsive therapy (ECT). We 
created an anatomically-realistic finite element human head 
model incorporating tissue heterogeneity and white matter 
conductivity anisotropy using structural magnetic resonance 
imaging (MRI) and diffusion tensor MRI data. The electric field 
spatial distributions of three conventional ECT electrode 
placements (bilateral, bifrontal, and right unilateral) and an 
experimental electrode configuration, focal electrically admi-
nistered seizure therapy (FEAST), were computed. A quantita-
tive comparison of the electric field strength was subsequently 
performed in specific brain regions of interest thought to be 
associated with side effects of ECT (e.g., hippocampus and in-
sula). The results show that neglecting white matter conductiv-
ity anisotropy yields a difference up to 19%, 25% and 34% in 
electric field strength in the whole brain, hippocampus, and 
insula, respectively. This study suggests that white matter con-
ductivity anisotropy should be taken into account in ECT elec-
tric field models. 

I. INTRODUCTION 

LECTROCONVULSIVE therapy (ECT) is a therapeutic 
intervention in which electric currents are applied 

through scalp electrodes to induce a generalized seizure in 
anesthetized patients [1]. Although ECT plays a vital role in 
the treatment of medication-resistant psychiatric disorders, 
such as major depression, its use has been limited by its 
cognitive side effects (particularly amnesia) [2] and cardiac 
complications [3]. The therapeutic action and adverse side 
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effects of ECT are dependent on the stimulus current para-
meters [4] and the electrode placement [5], but a complete 
mechanistic explanation for these relationships is lacking. For 
example, bifrontotemporal bilateral (BL) ECT causes higher 
cognitive side effects than right unilateral (RUL), putatively 
because BL ECT induces higher electric field strength in 
hippocampus and in other brain structures crucial for mem-
ory. Alternative ECT electrode configurations, such as bi-
frontal (BF) and focal electrically administered seizure 
therapy (FEAST), have been proposed with the goal of pre-
ferentially targeting prefrontal brain regions while avoiding 
stimulation in regions critical for amnestic side effects [6].  
 Previously, using an anatomically-realistic head model, we 
compared BL, RUL, BF, and FEAST ECT by quantifying the 
electric field in specific regions of interest (ROIs) with puta-
tive role in the therapeutic action and/or adverse side effects 
of ECT [7]. In that study we incorporated white matter ani-
sotropic conductivity but did not quantify how this affected 
the electric field strength compared to an isotropic model. 
Indeed, recent investigations have indicated that the incor-
poration of tissue anisotropy in volume conductor models has 
a significant effect on the simulation results in EEG/MEG [8], 
[9], transcranial direct current stimulation [10]-[12], deep 
brain stimulation [13], and transcranial magnetic stimulation 
[14]. However, the effect of white matter conductivity ani-
sotropy has not been quantified in ECT. In fact, other pub-
lished models of the electric field or current density generated 
by ECT have not incorporated tissue conductivity anisotropy 
[15]-[17]. Since the electric field induced by ECT is typically 
widespread and reaches deep brain regions, and since de-
pression itself is associated with regionally specific abnor-
malities in white matter fractional anisotropy [18], [19], it is 
reasonable to expect that the inclusion of anisotropic con-
ductivity of the white matter would have a significant effect 
of the electric field distribution.  
 In this study, geometrically-accurate finite element models 
of the human head and the applied ECT electrodes are gen-
erated with or without incorporating white matter anisotropic 
conductivity derived from diffusion tensor MRI. The electric 
fields in the anisotropic and isotropic head models are quan-
titatively compared globally and in specific brain ROIs, e.g., 
the hippocampus and insula which may be associated with 
adverse side effects of ECT. This computational study allows 
us to examine the degree to which the white matter conduc-
tivity anisotropy affects the accuracy of the electric field 
solution. Enhanced accuracy of the ECT electric field models 
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could make them a better guide for interpretation of ECT 
studies and for improvements of ECT technique. 

II. METHODS 

A. Finite Element Head Model   

To construct the realistic head model, structural MR im-
ages were segmented into five different sub-regions including 
scalp, skull, cerebrospinal fluid, gray matter, and white mat-
ter. BrainSuite2 [20] was used to extract brain tissue com-
partments and cerebrospinal fluid regions including the ven-
tricles. We then segmented the skull and scalp regions using 
the skull extraction algorithm based on a combination of 
thresholding and mathematical morphological operations 
including opening and closing [21].  

For finite element mesh generation, we utilized the Com-
puter Geometry Algorithm Library [22]. The mesh generator 
based on the labeled voxel-volume meshing technique allows 
generation of finite element tetrahedral meshes which contain 
one sub-mesh for each sub-domain and surface meshes which 
approximate the boundaries of the domain and sub-domains. 
This 3-D tessellation algorithm provides a discretized ap-
proximation of tissue compartments and their surface boun-
daries according to the restricted Delaunay tessellation para-
digm [22]. The resulting finite element model of the head and 
the electrodes consists of approximately 1.6 million tetrahe-
dral elements. 

B. Electrical Conductivity Assignment 

In the isotropic head model, the isotropic electrical con-
ductivities were 9.8105 S/m for the steel electrodes, 
0.35 S/m for scalp, 0.0132 S/m for skull, 1.79 S/m for cere-
brospinal fluid, 0.33 S/m for gray matter, 0.14 S/m for white 
matter [9]. In the anisotropic model, we estimated the white 
matter conductivity tensors under the assumption that the 
conductivity tenors share eigenvectors with the measured 
diffusion tensors [23]. The white matter anisotropic conduc-
tivity tensor was then modeled to be prolate rotational-
ly-symmetric tensor ellipsoid with a fixed anisotropy ratio of 
10:1 in each white matter voxel, yielding electrical conduc-
tivity estimates of 0.65 S/m and 0.065 S/m in the parallel 
(longitudinal) and perpendicular (transverse) to white matter 
fibers orientation, respectively [9]. 

C. ECT Electrode Configurations 

We modeled three standard ECT electrode placements 
(BL, BF, and RUL) and an investigational configuration 
(FEAST [6], [24]) (see Fig. 1). Standard round electrodes (5 
cm diameter) were modeled for the BL, BF, and RUL ECT 
configurations. For BL ECT, the two electrodes were cen-
tered bilaterally at the frontotemporal positions located 2.5 
cm above the midpoint of the line connecting the external 
canthus and tragus. For BF ECT, the electrodes were placed 
bilaterally 5 cm above the outer angle of the orbit on a line 
parallel to the sagittal plane. For RUL ECT, one electrode 
was placed 2.5 cm to the right of vertex and the second elec-
trode was in the right frontotemporal position. For FEAST, a 
larger rectangular electrode pad (2.5 cm  6.3 cm) was placed 
over the right motor strip and a small circular electrode (2 cm 
diameter) over the right eyebrow.  

D. ECT Simulation 

The electric field distribution was computed with the finite 
element method software ANSYS (ANSYS Inc., Canons-
burg, PA). For all electrode configurations, the current was 
set to 800 mA, corresponding to the conventional setting used 
with MECTA Spectrum 5000Q ECT devices (MECTA 
Corp., OR, USA). Since the frequencies used in ECT are 
relatively low (< 10 kHz), the electric field solution was 
obtained by solving the quasi-static Laplace equation with no 
internal sources [17], [25] 

0)(                  (1)  

where   and   denote the electrical potential and the tissue 
electrical conductivity tensor, respectively. The Neumann 
boundary conductions apply on the head surface 

0ˆ)(  n            (2) 

where n̂  is the unit vector normal to the outer surface of the 
head. For each of the electrode configurations, the system of 
linear equations of the finite element method was solved 
using the preconditioned conjugate gradient solver. The gra-
dient of the scalar potential   was then calculated to yield 
the electric field distribution inside the head.    

E. Comparison of Electric Field Strength: Isotropy vs. 
Anisotropy 

The electric field magnitudes were sampled in manually 
segmented ROIs thought to be relevant to adverse side effects 

 

  Fig. 1.  3-D finite element meshes for simulation of four ECT electrode configurations: (a) bilateral (BL), (b) bifrontal (BF), (c) right unilateral (RUL), and (d) 
focal electrically administered seizure therapy (FEAST). The models include six different compartments with distinct conductivities: five tissue layers (scalp, 
skull, cerebrospinal fluid, gray matter, and white matter) and the steel electrodes.  
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of ECT, including hippocampus and insula. We assessed the 
influence of white matter anisotropic conductivity on the 
induced electric field in these two regions and in the whole 
left and right hemispheres for the BL, BF, RUL, and FEAST 
electrode configurations. The difference between the electric 
field magnitude of the isotropic and anisotropic head models 
was quantified by a statistical measure of the relative error 
(RE) [10], defined as  
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where n is the number of samples in each of the ROIs, and 
iso
iE  and aniso

iE denote the electric field magnitude of the 

isotropic and anisotropic head model, respectively. 

III. RESULTS 

Fig. 1 shows the finite element model meshes for the BL, 
BF, RUL, and FEAST ECT electrode configurations. Fig. 2 
shows the electric field magnitude distributions for the var-
ious ECT electrode configurations in a representative coronal 
slice of the isotropic (left column) and anisotropic (right) 
models. Compared to the isotropic models, in the anisotropic 
models current flow across the white matter fibers generates 
stronger electric field due to reduced electrical conductivity, 
and current flow along the white matter fibers generates 
weaker electric field due to increased conductivity.  

Table I gives the results for RE in the left and right he-
mispheres and ROIs for the four ECT electrode configura-
tions. Considering the whole brain, BL ECT produces the 
maximal error of 19% in the left hemisphere when white 
matter conductivity anisotropy is neglected. The minimal 
error of 6.3% corresponds to BF ECT in the right hemisphere. 
In the hippocampus, FEAST results in a maximal RE value of 
25% in the right hemisphere, while the lowest error of 15% 
occurs with BL ECT in the left hemisphere. In the insula, 
RUL ECT results in the largest REs of 34% and 29% in the 
left and right hemispheres, respectively. The minimal error is 
15% in the right hemisphere for the FEAST configuration.  

IV. DISCUSSION AND CONCLUSIONS 

A. Influence of White Matter Conductivity Anisotropy  

We evaluated the influence of white matter conductivity 
anisotropy on the ECT electric field strength in the whole 
brain and in specific brain ROIs. Our results indicate that 
neglecting white matter conductivity anisotropy leads to a 
difference in the electric field strength up to 19% for the 
whole brain. In specific brain ROIs thought to be associated 
with side effects (hippocampus and insula), we found even 
higher differences—up to 34%. Errors of this size in ROIs 
with importance to the analysis of ECT paradigms motivate 
the inclusion of white matter conductivity anisotropy in 
computational electric field models.  

Another important observation from Table I is that gener-
ally the error in the electric field strength between the iso-
tropic and anisotropic models increases for brain regions that 
are farther away from the ECT electrodes. For example, 
although the overall RE in the brain is higher for BL than for 
BF, the RE in both hippocampus and insula is larger for BF 
than for BL. Notably, the BF electrodes are farther away from 
these brain regions compared to the BL electrodes. Similarly, 

  
Fig. 2.  (a) Cut-away 3-D rendering of the head model and the electric field 
magnitude spatial distribution in the isotropic (left column) and anisotropic
(right column) head models for BL (b,c), BF (d,e), RUL (f,g), and FEAST 
(h,i) electrode configurations with 800 mA current. L: left. 

TABLE I 
PERCENTAGE RELATIVE ERROR BETWEEN ELECTRIC FIELD STRENGTH OF 

ISOTROPIC AND ANISOTROPIC MODELS FOR FOUR ECT ELECTRODE 

CONFIGURATIONS AND BRAIN ROIS ON LEFT (L) AND RIGHT (R) 

HEMISPHERES 

ROI 
BL BF RUL FEAST 

L R L R L R L R 
Whole hemisphere 19 18 10 6.3 16 6.6 14 5.6 

Hippocampus 15 19 18 23 19 18 18 25 
Insula 25 23 27 24 34 29 25 15 
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in the lateralized electrode configuration (RUL and FEAST), 
the electric field error in the left hemisphere and ROIs tends 
to be higher than on the right side (where the electrodes are 
placed). The sole exception is the RE in hippocampus for the 
FEAST configuration. The general trend for increasing error 
away from the electrodes could be explained in terms of the 
longer paths the electrical current has to traverse from the 
electrodes to distant brain regions, which results in a larger 
cumulative error of all the differences in conductivity along 
the current path. Thus, the incorporation of tissue anisotropy 
in the ECT electric field models is particularly important for 
analysis of the electric field characteristics in brain regions 
we try to avoid stimulating by placing the electrodes away 
from them. Typically these are brain regions thought to be 
associated with side effects, and thus the degree to which they 
are stimulated is of particular relevance to studies that eva-
luate ECT techniques aimed at improving safety. This ob-
servation further supports the inclusion of tissue anisotropic 
conductivity in ECT models.   

B. Limitations  

Future studies should consider several factors for refine-
ment of the present model. In our anisotropic volume con-
ductor model, we adopted the volume constraint algorithm to 
estimate the white matter anisotropic conductivity tensors 
with the assumption of a fixed anisotropy ratio of 10:1 in each 
white matter voxel [9]. However, this approach may overes-
timate the actual ratio of the white matter anisotropic con-
ductivity tensors [8]. In reality, the ratio of the white matter 
anisotropic conductivity varies. In the present study, we did 
not examine alternative approaches for estimating the aniso-
tropic tensors to account for this variability. Another limita-
tion is the truncation of the head model at the level of the 
orbits, which affects the electric field strength and distribu-
tion [7]. However, this limitation is more relevant to the 
absolute electric field values, rather than the differential 
effects of anisotropic conductivity that are the focus of this 
paper. Nevertheless, to address this limitation, future models 
should be based on structural and diffusion tensor MRI data 
sets of the whole head. 
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