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Abstract— White matter in the brain exhibits strong
anisotropic conductivity, Modeling studies on electroen-
cephalography have found that such anisotropic conductivity
greatly influences the estimated dipole source. In this study,
we made a detailed comparison of the effects of conductivity
anisotropy using a computational model of electroconvulsive
therapy (ECT). The human head model was a high resolution
finite element model generated from MRI scans, implemented
with tissue heterogeneity and an excitable neural model in-
corporated in the brain. Results showed that anisotropy in
conductivity had minimal effects on the location of the brain
region that was maximally activated, but it had relatively large
effects on deep brain structures.

I. INTRODUCTION

White matter (WM) in the brain is known to exhibit
highly anisotropic electrical conductivity [1], [2], as water
molecules and ions inside nerve fibres can flow more easily
along the fibre tracts than transverse to them. Following the
assumption that the electric conductivity tensor shares the
same eigenvalues as the water diffusion tensor [3], the latter
can be measured by diffusion tensor magnetic resonance
imaging (DT-MRI). The linear relationship between the con-
ductivity tensor and diffusion tensor has been experimentally
validated [4], [5].

Modeling studies on electroencephalography (EEG) sug-
gest that such anisotropic conductivity greatly influences the
estimated dipole source [6]-[9]. Hence, WM with conduc-
tivity anisotropy should be incorporated in computational
models of the head whenever possible. Although several
simulation studies on transcranial stimulation have modeled
WM with anisotropic conductivity [10]-[13], a detailed com-
parison of the effects of WM anisotropy on brain activation
is still missing.

The objective of this study was to validate the effect of
WM conductivity anisotropy by comparing isotropic and
anisotropic computational ECT models. In this study, a finite
element (FE) model of the human head based on magnetic
resonance imaging (MRI) was used, with an excitable neural
model incorporated in the brain.
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Fig. 1. Detailed segmentation of the brain, including defined regions
for white matter (WM), grey matter (GM), anterior cingulate cortex,
(ACC), dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex (OFC),
amygdala and hippocampus (A&H), cerebellum (CB), brainstem (BS), and
cervical spinal cord (SP). ‘I’ and ‘r’ denote left and right sides of the brain
respectively.

II. METHODS
A. Image segmentation and finite element mesh generation

T1-weighted MR imaging of a healthy 35-year-old Asian
male subject was obtained from Neuroscience Research
Australia. The scan resolution was 1 mm in every direction.

The head tissue masks were obtained with BrainSuite2
(www.loni.ucla.edu/Software/BrainSuite) [14] for initial au-
tomated segmentation, and ScanIP (Simpleware Ltd., UK)
for manual correction and further segmentation. Later, to in-
crease computational efficiency, the images were downsam-
pled to a resolution of 1.5 x 1.5 x 1.5 mm?. Several regions
of interest (ROIs) in the brain considered important in ECT
therapeutic or adverse effects were manually segmented,
including the dorsolateral prefrontal cortex (DLPFC), or-
bitofrontal cortex (OFC), anterior cingulate cortex (ACC),
amygdala and hippocampus (A&H), as shown in Fig. 1.

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

B. White matter conductivity anisotropy

DT-MRI was performed on the same subject in 61 di-
rections. The slices were axially oriented with voxel res-
olution of 2.5 x 2.5 x 2.5 mm?. After registration to
the structural scans, the images were imported in FSL
(www.fmrib.ox.ac.uk/fsl/index.html) for diffusion tensor cal-
culation, which was performed using probabilistic tracking
algorithm in the software’s diffusion toolbox FDT [15]-
[17]. Eigenvectors and fractional anisotropy (FA) were then
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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 (except WM) 0.31
WM (isotropic) 0.14
WM (longitudinal) 0.65
WM (transverse) 0.065

calculated: the latter being widely used to denote the degree
of anisotropy and is typically greater than 0.45 for WM
[18]. Figs. 2a and 3a show the FA maps (before and after
threshold) of an axial and coronal slice in the brain.

The conductivity tensor o for WM was calculated from:

o = S diag(oy, 04, 0¢) ST, (1)

where S is the orthogonal matrix of unit eigenvectors of the
diffusion tensor, and o; and o, are the conductivities longitu-
dinal and transverse to the fibre directions respectively, with
o0 =10:1 [2], [19]. 07 and o4 were calculated using a
volume constraint [9], which retained the geometric mean of
eigenvalues and thus the ‘volume’ of the conductivity tensor,
ie.
4 4 4
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where o5, is the generic isotropic WM conductivity. Only
fibre conductivities with strong anisotropy signal (FA > 0.45)
were calculated.

C. Tissue properties

Head compartment conductivities, listed in Table I, were
based on experimental data from the literature [1], [20]-[23].
The conductivity of brain (except WM) was assigned to all
grey matter (GW) regions, as well as the cerebellum (CB)
and spinal cord (SC).

D. Field solver for volume conductors

ECT electrodes were defined mathematically on the scalp,
as described in Bai et al. [24]. The electrode configuration
used was bitemporal (BT), i.e. two bilateral electrodes placed
3 cm superior to the midpoint of a line on each side of
the head connecting the external ear canal with the lateral
angle of the eye. The electrode stimulus current was a
single monophasic square pulse of amplitude 800 mA and
pulsewidth 1 ms, with the left electrode being the anode and
right electrode the cathode.

Brain compartments including GM, WM and CB were
simulated using a modified bidomain ionic continuum model
based on the Hodgkin-Huxley formulation [25]. Remaining
head compartments were simulated as passive volume con-
ductors. Detailed descriptions of the model can be found in
Bai et al. [24].

TABLE I
AVERAGE E-FIELD (V/M) IN ROIS BETWEEN MODELS WITH AND
WITHOUT WHITE MATTER ANISOTROPY

E-field (V/m) % Difference

Compartment

with without (relative to
Anisotropy  Anisotropy  isotropic case)
whole brain 28.5 27.4 4.1%
DLPFC 42.8 41.0 4.6%
OFC 55.0 46.4 18.4%
ACC 11.4 6.82 67.3%
A&H 25.7 19.9 29.0%

When implemented, both the anisotropic and isotropic
WM models had more than 6 x 10° degrees of freedom.
They were solved using COMSOL Multiphysics (COMSOL
AB, Sweden) finite element software 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 1073 It took approximately 20 hours to solve
for a 6-millisecond simulation.

IIT. RESULTS

Figs. 2b and 2c compare the electric field magnitude (E-
field) and the maximal spatial extent of brain activation
between models with and without WM anisotropy in an
axial slice across the temporal lobe. Figs. 3b and 3c also
plot these in a coronal slice through the temporal lobe.
The comparison in E-field demonstrates that both models
exhibited maximal electric fields in the regions immediately
adjacent to the electrodes. The E-field in the anisotropic
model exhibited inhomogeneous regions of greater electric
field concentration compared to the isotropic case where
the electric field was slightly more uniform and diffuse. In
addition, the directionality of the E-field in the anisotropic
model also largely agreed with the FA map after threshold
(Fig. 2a and 3a). On the other hand, the comparison in
excitation reveals that there was only a small difference in the
spatial extent of brain regions that were maximally excited.

Table 2 shows the comparison in average E-field among
ROIs in the isotropic and anisotropic models. From the table,
it is evident that the average E-fields in the whole brain
and in DLPFC exhibited minimal difference, both less than
5%; while the difference in the ACC region was maximal at
greater than 50%.

IV. DISCUSSION

This study demonstrates the effect of WM electrical
anisotropy in transcranial stimulation by comparing BT ECT
models with and without anisotropic conductivity. Both the
distribution of E-fields and the spatial extent of brain ac-
tivation were examined. The major advantage of including
neuronal activation in our model, is that it allows the investi-
gation additional effects such as altered stimulus pulsewidth
on brain activation. If desired, our approach can also be
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Fig. 2. Results in an axial slice across the temporal lobe. a): FA map
before and after threshold (FA > 0.45); b): E-field distribution in the brain;
¢): maximum spatial extent of brain excitation, shown as neuronal membrane
potential plot.

extended to investigate the dynamic effects of longer stimulus
trains or even transcranial DC stimulation.

The strength of the E-field was found to be of same order
of magnitude as those in existing studies, while the spatial
profile slightly varied [11], [26]. This was likely due to the
non-zero current source arising from the neuronal elements
within the brain that contributed to the electric field in our
model [24].

Since a similar overall WM conductivity resulted from
the ‘volume constraint’ algorithm [9], the average E-field
in the entire brain exhibited only a minor difference be-
tween the isotropic and anisotropic models. On the other
hand, the E-field in the DLPFC also exhibited a small
difference, likely due to the fact that DLPFC, mostly GM,
lies on the lateral surface of the brain, and thus it was
minimally influenced by the WM anisotropy. However, the
further below the cortical surface, the greater the anisotropy
influence was shown, and hence the greater the difference
was seen. Therefore, deep brain structures were more likely
affected by the WM anisotropy. A similar conclusion was
also drawn from an existing comparison study on transcranial
magnetic stimulation (TMS) [10]. Furthermore, even though
OFC is also cortical GM, the relative difference was still
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Fig. 3. Results in a coronal slice across the temporal lobe. a): FA map
before and after threshold (FA > 0.45); b): E-field distribution in the brain;
¢): maximum spatial extent of brain excitation, shown as neuronal membrane
potential plot.

high compared to DLPFC, likely due to its longer distance
from the electrode. Therefore, electrode placement may also
add to the complex influence of anisotropy.

In addition, since direct brain activation was mainly fo-
cused on the cortex, the influence of WM anisotropy was not
prominent: the influence was revealed only when the excita-
tion reached deep regions. An additional reason for the small
difference in brain activation is that our continuum model
did not incorporate neuronal orientation and connectivity.
A revised model implemented with connections between
neurons also has the potential to model the seizure; however,
it will also be extremely computationally demanding.

As noted in Bai et al. [24], the parameters of our model
were adjusted based on limited imaging studies [27], [28]. It
is therefore highly desirable to undertake additional imaging
experiments to further refine and develop our 3D model of
brain activation.

V. CONCLUSION

This study investigated the effect of WM anisotropic
conductivity on transcranial current stimulation using a high
resolution finite element model generated from MRI scans,
implemented with tissue heterogeneity and excitable neu-
ronal model incorporated in the brain. Our results showed
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that the electric field distribution as well as the spatial extent
of brain activation remained relatively unchanged in both
isotropic and anisotropic models, while activation in particu-
lar deep brain structures was variable. These results suggest
that WM conductivity anisotropy plays an important role
in activation of deep brain structures, and such anisotropy
should be incorporated into computational head models of
transcranial stimulation wherever possible.
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