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Abstract

This study presents a computational model for simulating excitation propagation in the human heart using a
Monodomain reaction-diffusion framework coupled with the Aliev-Panfilov model for the ionic reaction term. The
objective is to address the Forward Problem in cardiac electrophysiology by modeling how electrical activation initiated
at the conduction system propagates through the myocardium. Cellular and tissue-level dynamics are integrated using
diffusion tensor imaging (DTI)-derived anisotropy and conduction network structures. Two conduction system models
are evaluated, one based on trabecular muscle anatomy and another using diffusion volume (DV) metrics. Numerical
simulations demonstrate activation isochrones comparable to experimental data from Durrer et al.,, highlighting the
model's validity in capturing realistic ventricular excitation patterns. Visualization was achieved using OpenGL-based
C/C++ simulations.
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1. Introduction

There are two problems in modeling the electrophysiology of the heart: the Forward Problem and the Inverse Problem
[1]. The heart Forward Problem involves designing a model that is capable of determining the field on the surface of
known body (conductor) that is generated by electrical-sources inside the heart. Solving the Forward Problem requires
the development of electrical models which are capable of describing the bioelectrical criteria of the heart and the body
(Figure 1). The heart Inverse Problem [1] is to design a model that is capable of recovering the electrical-sources
locations in the heart from a measured field on the body surface. The forward problem of electrophysiology modeling
starts with modeling excitation propagation inside the heart’s myocardium and latter, it will be extended to generate
the electrical field on the surface of the body.

The conduction system represents the initial excitation points of the heart Myocardium. The scope of much of the work
deals with identifying the ventricular conduction system. The most common models that are used to identify the
ventricular conduction system are those described by Tawara [2], Massing et. al.[3], and Durrer et. al.[4].

Cell scale models have been used for modeling excitation propagation [5 - 7], while other models tend to employ tissue
scale models [8 - 13]. Some qualitative models for cellular excitation have also been developed [14 - 21] to model the
cardiac excitation.
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Figure 1 The Forward and the Inverse Problems of the heart electrophysiology [1]

2. Methods

2.1. Cardiac Excitation models

Modeling of the heart electrical excitation is presented on either the cellular scale or for the whole tissue. The cellular
scale models describe the cell action potential according to an individual cell. Cellular scale relates the effect of different
ions current to the variation in the action potential. The most famous model of this type of excitation model was
introduced by Hodgkin and Huxley [22]. It is considered the first quantitative model that describes the excitation of the
nerve cell. This model relates the effect of sodium ions, potassium ions, and leakage currents on the action potential that
is measured on the surface of the cell membrane with respect to time. Many other quantitative models that represent
the action potential in the cell scale have also been presented. These are mainly modified versions of Hodgkin-Huxley
(HH) model, which are capable of handling the different types of cell and ions currents. Nobel [23] introduced a model
that describes the excitation in Purkinje cells, which includes the sodium current and two potassium currents, the
depolarizing and the pace maker that is slowly increasing. Another model, the Beeler-Reuter (BR) model [24] introduces
the action potential of ventricular Myocardium cells, where four currents are included, the fast sodium current (voltage
and time dependent), a secondary slow current of mainly calcium (voltage and time dependent), outward potassium
current exhibiting inward-going rectification (time dependent), and another outward potassium current (voltage and
time dependent). The Lou-Rudy (LR) model [25] is a modified version of the BR model, which introduces information
about extracellular and intercellular domains.

Multi-cellular models have also been developed which describe the excitation propagation of action potential in the
whole tissue. They can be used in a single cell scale as well. The excitation propagation inside the heart can be described
by Bidomain equation of reaction diffusion or Monodomain equation of reaction diffusion. Modeling of Monodomain
equation for excitation propagation has been introduced in different research studies. However, using Bidomain models
requires more parameters and more computation time where Monodomain models require less parameters and less
computation time and the differences between the Monodomain and the Bidomain results were extremely small [26].

2.2. Aliev-Panfilove (AP) Model

The most used model was introduced by FitzHugh and Nagumo (FHN) [27], and represents the excitation by two
variables representing the depolarization and the repolarization of the cell membrane. This model is simplified and
presented in different forms [28, 29] but was updated by Aliev and Panfilove [30], where they modified the normalized
form of the FHN model to include the effect of Action Potential Duration (APD).
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where for the heart tissues, k=8, a=0.15, €o =0.002, H1-0.2 and H2=0.3.

2.3. Modeling of the Excitation Propagation of the Heart

The excitation propagation of the heart is modeled based on the Monodomain reaction-diffusion equation in its
normalized form namely [13]:

ou
—=V.(DVU)+ f +
o (DVu) g

where u and t represent the normalized transmembrance potential and the normalized time respectively, D is the
normalized effective conductivity tensor of the heart material, f is the function that represent the reaction term due to
ions exchange, and finally g represents the external applied input. For cardiac cells, u and t can be calculated as:

U= vV, +80

t(actual - time)
12.9 (6)

t(unit-time) =

and the normalized conductivity tensor can be written as:

1 00
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........... 7)
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where e represents the first eigenvector of the diffusion tensor, and oil and oit represent the intercellular conductivities
in longitudinal and traverse directions, respectively and I is the Identity Matrix. The longitudinal and the traverse
conductivities take the values cil =34.4 mS/mm, and cit =5.96 mS/mm, which make r = 0.17. Modeling of the reaction
part of the equation is accomplished using the Aliev-Panfilove [30] model.

The solution to equations (2) and (4) can be written in discrete form using Taylor expansion series as follows:
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where dt is the time step and Xt+1 and Xt represents the next and the current values of the variable respectively. Where
(Osus1)

The diffusion term can be written as:
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By applying Taylor’s expansion series such that
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where h’s are the displacements between nodes in each direction. These are given from the DTI dataset settings (hx =
0.4297 mm, hy=0.4297 mm, and hz=1.0 mm [31]). Deriving the first derivative as a central difference will provide less
solution error than the forward or backward difference [32]. The term dt[g(Ilapp)] is set to 1 when the desired location
is considered to be externally activated.

2.4. Heart Model for Generating Activation Isochrones

As heart activation is the base point to generate the Body Surface Potential Map (BSPM) on the developed human torso
[32], activation isochrones is generated based on the heart model which has been developed in an earlier stage [33]
using DTI scans [34]. Activation inside that model will be initiated using two models of conduction network [35]. The
first model of conduction network is built manually based on the Trabecular muscles locations and the other was
extracted using Diffusion Volume quantity (DV) [35 - 37].
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3. Results

The implementation of the Forward Problem solution was accomplished using the C/C++ programming language. The
OpenGL library was used in all of the implemented programs to visualize structural and Forward Model results for both
the body and the heart models. The excitation propagation (QRS complex only) of normal activation was implemented
for both proposed models of the conduction system. The excitation isochrones of both models are shown in Figure 2
and Figure 3.

Figure 3 Sample of Excitation Isochrones of Normal Activation using model 2 of conduction system

Employing the proposed conduction system models in human heart myocardium produce ventricular excitation
propagation isochrones similar to the measurements of Durrer et. al. [4] as shown in Figure 4.

(a) () ©)

Figure 4 Activation isochrones of the normal activation of ventricles (a) from Durrer et. al measurements [4] (b) using
the manual conduction system (Model 1) (c) using the proposed conduction system (Model 2)

The remarkable nature in this propagation is that the activation starts in the Endocardium wall and propagates towards
the Epicardium wall through the Myocardium. The anterior parts of the free walls are activated later than the posterior
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ones. The RV completes its depolarization later than the LV. However, these isochrones may not be identical, as the
conduction systems of different human hearts do not have exactly the same structure [3].

4., Conclusion

This work successfully models the excitation propagation of the human heart by solving the Monodomain equation with
an Aliev-Panfilov reaction model, incorporating anatomically-based anisotropy and conduction system structure. The
simulation results closely align with experimental isochrones reported in literature, confirming the accuracy of both
proposed conduction models. These findings validate the effectiveness of DTI-derived models in replicating
physiological excitation behavior and form a solid basis for future efforts in body surface potential mapping and inverse
problem solving in cardiac electrophysiology.
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