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Abstract— Mouse models are widely used in studies of vari-
ous forms of transcranial electric stimulation (TES). However,
there is limited knowledge of the electric field distribution in-
duced by TES in mice, and computational models to estimate
this distribution are lacking. This study examines the electric
field and current density distribution in the mouse brain in-
duced by TES. We created a high-resolution finite element
mouse model incorporating ear clip electrodes commonly used
in mouse TES to study, for example, electroconvulsive therapy
(ECT). The electric field strength and current density induced
by an ear clip electrode configuration were computed in the
anatomically realistic, inhomogenous mouse model. The results
show that the median electric field strength induced in the brain
at 1 mA of stimulus current is 5.57 V/m, and the strongest field
of 20.19 V/m was observed in the cerebellum. Therefore, to
match the median electric field in human ECT at 800 mA cur-
rent, the electrode current in mouse should be set to approxi-
mately 15 mA. However, the location of the strongest electric
field in posterior brain regions in the mouse does not model well
human ECT which targets more frontal regions. Therefore, the
ear clip electrode configuration may not be a good model of
human ECT. Using high-resolution realistic models for simu-
lating TES in mice may guide the establishment of appropriate
stimulation parameters for future in vivo studies.

I. INTRODUCTION

RANSCRANIAL electric stimulation (TES) para-

digms—including electroconvulsive therapy (ECT),
transcranial direct current stimulation, transcranial alternating
current stimulation, and others—achieve neuromodulatory
effects by stimulating the brain with electric current delivered
by electrodes placed on the scalp. Electroconvulsive therapy
(ECT), the most widely used form of TES, is currently the
most effective treatment for major depression [1]. In TES, as
current flows through the scalp, skull, and cerebrospinal fluid
(CSF) before entering the brain, the induced electric field
depends upon the geometries and conductivities of the bio-
logical structures present in the subject [2]-[4]. In order to
understand the biophysical effects of TES, a computational
model is valuable for optimizing TES techniques and can be
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used to estimate the induced electric field strength and dis-
tribution in the brain as a result of stimulation.

TES techniques have been widely applied to mouse models
in vivo. For example, in vivo mouse TES models have been
used to study cortico-cortical connections, immunoreactivity
in hippocampus and hypothalamus, motor excitation, effects
of antiepileptic drugs, as well as epigenetic changes resulting
from brain stimulation [5]-[9]. Therefore, in order to interpret
and optimize mouse TES studies as well as to compare and
match dosing between mouse and human paradigms studies,
there is a need for computational models that predict the
strength and distribution of the electric field during TES in
mice.

Finite element models have been previously used to in-
vestigate the effects of other brain stimulation paradigms in
rodents. Gasca et al. used a finite element model to investi-
gate the electric field resulting from transcranial current
stimulation in rats [10]. Salvador et al. created a finite ele-
ment model to simulate transcranial magnetic stimulation in
mice [11]. Despite these efforts, there has not been a model to
compute the biophysical effects of TES in mice using a real-
istic high-resolution geometry.

One of the most common electrode montages used in mice
is the ear clip configuration [12], preferred for its relative ease
of application. However, since this paradigm is not com-
monly used in humans, and due to the vast anatomical dif-
ferences between mice and humans, the resulting electric
field and how it differs from human stimulation paradigms
are unknown.

In this paper, we present a realistic, whole-body, inhomo-
geneous, high-resolution finite element mouse model incor-
porating ear clip electrodes commonly used in rodent TES.
We simulate the electric field strength and current density
induced by this TES configuration, and examine their char-
acteristics including overall strength and distribution in the
brain. This study demonstrates the utility of realistic compu-
tational models to guide optimal stimulation parameters for
future mouse TES studies, and may offer insight into how
well these experiments mimic human TES.

II. METHODS

A. High-resolution Finite Element Model Generation

An anatomically realistic finite element mouse model was
derived from computed tomography (CT) data. The labeled
atlas data of a nude normal male mouse was acquired from the
Biomedical Imaging Group at University of Southern Cali-
fornia, http://neuroimage.usc.edu/Digimouse.html [13], [14].
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Fig. 1. (a) Three dimensional rendering of the mouse model with the ear clip electrodes highlighted in blue. (b) Three dimensional rendering of the mouse
with transparent skin, showing the internal structures including the brain which is highlighted in yellow. (c) The full finite element mesh with approximately
2 million elements. (d) The front half of the finite element mesh with the ear clip electrodes in blue.

The whole body mouse atlas data included 21 tissue seg-
mentation regions with cubic voxel size of 0.1 mm and a
matrix dimension of 380%992x208. We further refined this
segmentation atlas using manual segmentation editing tools
in the ITK-SNAP software [15]. Specifically, we included a
layer of highly conductive CSF, ears, as well as air-filled
sinuses based on the provided CT data and cryosection data
from the Biomedical Imaging Group at the University of
Southern California, and the Golgi atlas of the postnatal
mouse brain [16]. We also modeled the two clip electrodes
and positioned them on each ear as commonly used in rodent
TES studies (see Fig. 1). The complete mouse whole-body
model incorporating the TES electrodes was adaptively
meshed using the restricted Delaunay triangulation algorithm
[17], [18], resulting in a finite element model of the whole
mouse body and electrodes consisting of approximately 2
million tetrahedral elements.

B. Electric Field Simulation

The finite element mouse model was imported into
COMSOL Multiphysics (COMSOL Inc., Burlington, MA,
USA). We acquired the electric field solutions by solving the
quasi-static Laplace equation

V-(cVV)=0 (1)

where V and o denote the electric potential and tissue elec-
trical conductivity, respectively.
All tissue compartments were treated as isotropic. The iso-

TABLE 1
TISSUE ELECTRICAL CONDUCTIVITIES (S/M)
Tissue Conductivity
Soft tissue 0.33
Bone 0.0083
Cerebrospinal fluid 1.79
Brain 0.33
Eye 0.5
Air 0
Steel Electrode 9.8x10°

tropic conductivity values were assigned as given in Table I
[19].0ne electrode in the model was assigned to ground
potential, and the other was assigned a fixed voltage relative
to ground. The normal current density was integrated over a
saggital plane between the electrodes to calculate the total
electrode current, and the voltage between the electrodes was
scaled to inject a total current of 1 mA. The linear equation
system of the finite element method was solved using the
Multifrontal Massively Parallel Sparse Direct Solver
(MUMPS) within COMSOL. Solving the model which con-
tained approximately 3 million degrees of freedom took un-
der 30 minutes on a computer with 16 GB RAM and a 4 core
3.4 GHz processor.

III. RESULTS

Fig. 1 shows 3-D renderings as well as finite element
meshes of the mouse model depicting the location of elec-
trodes, the detail of exterior and interior structures, as well as
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Fig. 2. Left column: 3-D rendering of the mouse brain with corresponding surface electric field map. Right: four coronal slices of the mouse head segmentation

(top) with their corresponding electric field distributions (bottom).

the high density of the mesh.

Fig. 2 shows a 3-D rendering of the mouse brain and its
corresponding electric field map, as well as four evenly
spaced coronal slices of both the tissue segmentation as well
as the electric field distributions calculated for these slices.
The slices were taken at 17.5, 20, 22.5, and 25 mm from the
tip of the nose of the mouse model. As expected, the electric
field in the scalp overlaying the skull is strongest due to the
high electrical impedance of the skull. The electric field is
strongest in superior and posterior regions of the brain. Spe-
cifically, the strongest electric field appears on the dorsal
surface of the posterior cerebrum and the cerebellum.

Fig. 3 shows a histogram depicting the distribution of
electric field strengths across the nodes in the model of the
mouse brain. Table II gives a summary of the electric field
and current density values occurring in the mouse brain for 1
mA of stimulating current.

Fig. 4 compares regions outside the cerebellum with the
electric fields in the cerebellum. As expected from the electric
field maps in Fig. 2, the cerebellum experienced a higher
electric field strength than the rest of the brain, with a median
value of 8.38 V/m compared to 5.03 V/m, respectively. Ad-
ditionally, the highest electric field strength experienced by
the mouse brain was 20.2 V/m, occurring in the cerebellum.

IV. DISCUSSION

We described the creation of a high-resolution finite ele-
ment model of a mouse and its use to simulate the electric
field distributions in the mouse brain generated by TES with
an ear clip electrode montage. The model allows the estima-
tion of the electric field direction and magnitude per unit
electrode current in various brain regions. For example, this
computational model can be used to determine approximate
parameters for rodent ECT by scaling stimulation currents to
match the strength of the induced electric field in human
ECT. For stimulation current of 800 mA conventionally used
in clinical ECT, bilateral ECT induces a median electric field

TABLE II
ELECTRIC FIELD STRENGTH AND CURRENT DENSITY IN MOUSE BRAIN
AT 1 MA STIMULUS CURRENT

Statistic Electric Field Strength (V/m) | Current Density (A/m?)
Median 5.57 1.99
Mean 6.02 1.83
Standard Deviation 2.78 0.92

of 85 V/m in the human brain [20]. Using the median electric
field of 5.57 V/m for 1 mA current reported in this study,
electrode current of 15.3 mA would be necessary to induce
comparable electric field magnitude in the mouse brain as in
the human brain. This estimate is close to the current strength
(18-25 mA) used in in vivo electroconvulsive shock studies in
mice [9], [6].

Importantly, however, for appropriate modeling of human
ECT in a mouse model, not only the overall electric field
strength, but also the electric field spatial distribution should
be approximated. This is because the therapeutic efficacy as
well as side effects of ECT are highly dependent on the
electrode placement, in addition to the stimulus current pa-
rameters [21]. Our mouse simulation showed that the electric
field is strongest towards the midbrain, and in the cerebellum.
The cerebellum is not a known target for ECT in humans;
rather human ECT targets more frontal brain structures [16].
Therefore, the ear clip electrode configuration in mouse,
inducing strongest electric field in posterior-superior brain
regions including the cerebellum, may not be an accurate
model for human ECT.

A limitation of this model is that the brain was approxi-
mated as a homogeneous conductor with an isotropic con-
ductivity of 0.33 S/m. As different regions in the brain have
different conductivities (e.g. gray matter and white matter), a
more detailed brain segmentation could be useful for in-
creasing the accuracy of the results.

In conclusion, the high-resolution finite element mouse
model presented in this study provides a useful method for
investigating the biophysical effects of various TES para-
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Fig. 3. Histogram of the electric field magnitude at the finite element mesh
nodes comprising the mouse brain at 1 mA stimulus current.

digms, including ECT. The stimulus current for an ear-clip
electrode montage should be set to ~15 mA to approximate
the overall stimulation strength of human ECT. However, the
strongest electric field was induced in the midbrain and cer-
ebellum of the mouse. Thus, the ear clip electrode montage in
mice may not be a good model of human ECT which con-
ventionally targets more frontal regions.
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Fig. 4. Comparison of the electric field magnitude in the whole brain without
the cerebellum and in the cerebellum at 1 mA stimulus current.
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