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Abstract—In this work an optimization-based method of
modeling the cardiac activity is presented. The method employs
a personalized anatomical 3D model of the patient’s thorax
provided by the segmentation of MRI data as well as an
electrophysiological model of the heart.

Cellular automaton is used to model the propagation of
depolarization and repolarization fronts through the
myocardium. The form of action potential (AP) curves was
previously derived from the coupled myocardium cell models
developed by Noble, Priebe-Beuckelmann and ten Tusscher.
The results provided by these three cell models are compared.

A series of body surface potential maps (BSPMs) is
calculated, the signals on the nodes representing the electrodes
are recorded, providing thus a simulated multichannel ECG. A
root-mean-square of the difference between simulated and
measured ECGs is taken as a criterion for optimization of
heart model parameters.

The method provides a time-dependent distribution of
transmembrane voltages within the heart muscle of a patient.
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1. INTRODUCTION

The development of a model for simulation of the
cardiac electrical activity of a patient is an important task of
mordern computational cardiology. Based on such a model,
the influence of various factors on the normal functioning of
the heart can be evaluated, covering both congenital (e.g.
caused by mutations) and acquired (e.g. infarction scars)
deseases.

Nowadays there exist several models of myocardium
cells [1,2,3,4], which describe the propagation of excitation
within the heart tissue. But the extremely large amount of
cells building the myocardium make the modeling of the
whole heart very time- and resource-consuming. Therefore a
macroscopic model is required to simplify the calculation.

A cellular automaton based heart model [5], on the other
hand, is comparatively simple, but problems appear while
modeling electrophysiological heterogeneity within the heart
muscle. A solution to this issue is suggested in this work.

A method of solving the forward problem of
electrocardiography efficiently as well as the optimization of
parameters describing the cellular automaton are shown in
details in [6]. In the present work especially the form of
QRS-complex, i.e. the propagation of depolarization wave
in the ventricles, is optimized, but the treatment of the whole
heart cycle is an important task for the future work.

Further improvement of the reconstruction results is
possible solving the inverse problem of electrocardiography.
The solution can be stabilized with the results provided by
the optimized cellular automaton taken as a priori
information. This can be done using, e.g., the Twomey
regularization [7].

II. METHODS

The method of generating the simulated ECGs,
comparing them with those measured on the patient and
optimizing the parameters of the cellular automaton are
described in [6]. In the present paper this algorithm will be
described shortly, the main stress will be made on the new
features.

A. Anatomical Model

The anatomical model of the patient was derived from
MR-images made with Siemens Magnetom Vision MRI-
scanner at the University Clinicum in Wiirzburg, Germany.
Images were segmented using the software developed at the
Institute of Biomedical Engineering, Universitit Karlsruhe
(TH), Germany. The resulting model had an interpolated
resolution of 1x1x1 mm for the heart and 2x2x2 mm for the
thorax. A simplified model is shown in fig. 1. It shows the
heart, lungs, liver and fat. The model taken for the
calculations contains also a layer of muscles. The anisotropy
of muscles conductivity is not considered.

An infarction scar was modeled in terms of three
concentric spheres within the ventricular wall, containing
ischemic, injured and necrotic tissue. Its position was set in
relation to the main axis of the left ventricle, the centre of
coordinates was set in the centre of mass of the left
ventricle.

The fiber orientation of ventricular muscles was

Fig. 1. Simplified model of the patient’s thorax.
Fat, lungs, liver and heart are shown.
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modeled in order to represent the excitation propagation
more precisely. The angle of fibers with respect to
circumferential vector of the spherical coordinate system
built within the left ventricle was set to vary between -70°
on the endocardium to +70° on the epicardium.

B. Cardiac Activity

The propagation of excitation within the heart tissue is
modeled by a cellular automaton [5]. The seed points of
excitation are introduced with a model of bundle branches as
points, where the branches contact with endocardium. The
right sequence of node activation is provided through the
tree-like structure of bundles, excited in the apex of the heart
and then leading the excitation with a fixed velocity
upwards. The velocity of excitation propagation in bundle
branches of each ventricle is a value that has to be
optimized.

When the excitation from bundle branches reaches
endocardium, the voxels surrounding the node are also
activated, and the excitation starts propagating through the
ventricular wall. The time course of the transmembrane
voltage value in each voxel is represented by an AP curve,
generated using different cell models.

The original version of the cellular automaton could
only use the cell model proposed by D. Noble, A. Varghese,
P. Kohl and P. Noble in 1998 [1]. The form of AP curve was
not varied for different regions of the myocardium, still
there was a possibility to scale this curve in time by
specifying a scaling factor for each voxel of the heart model.
This approach allows to assign different durations of AP to
different regions of the myocardium.

The simple and computationally effective time scaling
does not allow to describe all the features of AP that
undergo changes throughout the ventricular wall. For
example, a large variability in the spike-and-dome complex
in the beginning of the cell depolarization, caused by Iy,
current, is introduced.

Fig. 2 shows the distribution of AP curves along the
ventricular wall according to the Priebe-Beuckelmann model
[3]. The upper area represents the region of the
endocardium, the lower one — the epicardium. It can be seen,
that in the middle of the ventricular wall the AP curve has
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Fig. 2. Priebe-Beuckelmann ventricular cell model:
action potential curves for different layers of the ventricular tissue.
Dark area represents endocardium, light area — epicardium.
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the largest length, and becomes shorter near to the borders
of myocardium. This dependency is in a good agreement
with experimental results [8].

Another, more complex cell model proposed by ten
Tusscher in [2] is represented in fig. 3. Here again we see a
similar dependency of the AP curve on the position of a
voxel within the myocardium. In both cases the intercellular
coupling was taken into account, as it is described in [4].

C. Forward Problem Solution
The solution of the forward problem of

electrocardiography was undertaken in following steps:

1. A tetrahedron mesh was created on the basis of the
regular voxel-based structures resulting from the
processing of MRI-scans. Tissue classes are assigned to
each tetrahedron.

2. Each transmembrane voltage distribution simulated by
the cellular automaton is interpolated to the nodes of the
mesh. Bidomain equation is solved using the finite
element method in order to obtain the distribution of
current sources within the ventricular tissue.

3. The Poisson equation is solved on the model in order to
obtain the distribution of potentials on the nodes of the
mesh. Thus the BSPM resulting from a given
transmembrane voltages distribution is achieved.

The description of this algorithm can be found in [9] in more

detail.

D. Comparison

Simulated ECGs resulting from the solution of the
forward problem are compared with ECGs measured on the
patient. The measurements were made using a 64-channel
system manufactured by BioSemi (Amsterdam,
Netherlands). Electrodes are localized with Polhemus
Fastrack (Polhemus Inc., Vermont, USA). Each channel of
simulated ECG was normed with respect to its maximum
and multiplied by the amplitude of the measured signal of
the corresponding electrode. This was done to get rid of the
errors, brought into the calculations by the simplification of
the volume conductor model.

After being normalized the simulated data are compared
with those measured on the patient. The RMS value is

Fig. 3. Ten Tusscher ventricular cell model:
action potential curves for different layers of the ventricular tissue.
Dark area represents endocardium, light area — epicardium.
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calculated for each channel:

(1

RMS, = \ Lyi= U TV

Here index i represents the number of time sample,
index j — the number of electrode, a; and b, are the
measured and simulated signals on electrode j, N is the total
number of samples in the record.

The RMS values of all electrodes are averaged:

CN
" RMS,
DEV = %71\/ )

here CN is the number of channels.

E. Optimization.

Parameter DEV in equation (2) is used as a criterion for
optimization. In [6], the optimized parameters of the cellular
automaton are chosen to be the velocities of excitation
propagation in each class of bundle branches, such as
Tawara nodes and Purkinje fibers in both ventricles and
anterior and posterior fascicles in the left ventricle. In the
present work the velocities within the left Tawara node and
the anterior fascicle were coupled to other parameters due to
the anatomical symmetry of the model. Two coordinates of
infarction area as well as its size could be taken into
consideration instead. Thus the space of optimized
parameters was up to 7 dimensions versus 6 in [6].

III. RESULTS

The proposed method results in a set of transmembrane
voltage distributions within the heart muscle. The quality of
simulation is controlled through the comparison of
simulated and measured ECGs.

The patient considered in the present paper has an
infarction scar stretching from septum to the anterior wall of
the left ventricle (fig. 4). This results in a relatively large
signal detected during the QT-interval, which can be clearly
seen on the lead V3 (see fig. 5).

A. Transmembrane Voltage Distributions

In fig. 6 a set of transmembrane voltage distributions is
shown. Time instances for each distribution are marked in
fig. 5.

B. Body Surface Potential Maps

Figures 7-10 reproduce the BSPMs for the measured
data set as well as for the three cell models used in the
calculation.

C. Comparison Results

Since the infarction scar was modeled as a spherical
inhomogeneity within the ventricular wall, this simplified
assumption introduced a relatively large error in the
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Fig. 4. Infarction scar in the left ventricle.
Image is made using the late-enhancement technique.
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Fig. 5. Wilson lead V3 derived from
64-channel ECG measured on the patient.

Fig. 6. Transmembrane voltage distributions.
Time points correspond to those shown in fig. 5.

comparison results. If the DEV parameter defined in (2) was
equal to 0.05-0.06 in [6], for the new patient it increased up
to 0.11.

VI. DISCUSSION

Figures 7-10 show, that the propagation of the
depolarization front is already well reconstructed: during the
QRS-complex the distributions of body surface potentials
are quite similar both in the case of simulated and in the
case of measured ECGs. Only the Priebe-Beuckelmann
model failed to reconstruct this phase. This also indicates,
that the geometrical errors of the segmented heart and thorax
could be compensated with the optimization process.
Another situation is in the time of repolarization. Ten
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Fig. 7. Measured body surface potential maps. Fig. 9. Simulated body surface potential maps.
Time instances correspond to those shown in fig. 5. Priebe-Beuckelmann cell model is used. Time instances
correspond to those shown in fig. 5.
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Fig. 8. Simulated body surface potential maps.
Noble-Varghese cell model is used. Time instances
correspond to those shown in fig. 5.

Fig. 10. Simulated body surface potential maps.
ten Tusscher cell model is used. Time instances
correspond to those shown in fig. 5.

Tusscher and Priebe-Beuckelmann models succeeded to  heart muscle and computing the action potential curves
reproduce the negative T-wave, although its amplitude is too ~ using various cell models.

large. ST-interval has wrong polarization in all models,
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