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Abstract. Many models of the cardiovascular system (e.g. cardiac elec-
trical activity, autonomous nervous system, ...) have been proposed for
the last decades. Research is now focusing on the integration of these
different models, in order to study more complicated physiopathological
states in clinical applications context. To get round the practical limita-
tions of existing models, multi-formalism modelling appears as a way to
ease the integration of these different models together.

This paper presents an original methodology allowing to combine differ-
ent types of description formalisms. This method has been applied to
define a multi-formalism model of cardiac action potential propagation
on a 2D grid of endocardial cells, combining cellular automata and a
set of cells defined by the Beeler-Reuter model. Results, obtained under
physiologic and ischemic conditions, highlight the improvements in term
of computing compared with mono-formalism systems, while keeping the
necessary explanatory strength for a practical clinical use.
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1 Introduction

Cardiac modelling and simulation have been the subject of important research
during the last three decades. Different models of the electrical activity have
been proposed for the main types of cardiac myocites in normal or pathological
conditions [1,2]. These models are defined at different levels of detail (i.e. taking
into account more or less independant ionic currents) and different formalisms
(usually ordinary differential equations for cellular defined models and cellular
automata for models defined at a wider scale).

Typically, individual models defined at a same level of detail and under the
same formalism are coupled in the form of 1D, 2D or 3D objects to represent
a given part of cardiac tissue, or to reproduce the whole cardiac anatomy. Ap-
plications range from the understanding of the cardiac function, in normal or
pathologic conditions (e.g. ischemia [3]), to the assistance in the definition of
new therapies [1]. However, none of the existing approaches allows a complete
consideration of whole cardiac activity and, choice and compromise have to be
done depending on the expected simulation.

After a short presentation of the main current cardiac modelling approaches,
this paper proposes an original modelling and simulation method based on a

The original publication is available at www.springerlink.com




generic multi-formalism approach. Relevant results obtained under normal or
pathologic (ischemia) conditions, highlighting the interest of the method in terms
of computational needs and clinical interpretation, are presented and discussed
on the remaining parts.

2 Current views of cardiac modelling problem

Two different approaches can be identified in the definition of computational
cardiac models, depending on the level of detail employed for their definition:
whole cardiac models at a cellular level and complete heart models developed
at the tissue or organ level [4,5]. Both views still suffer from difficulties that
reduce their clinical application: the former approach requires heavy computa-
tional resources while the later one is not able to reproduce certain pathologies
defined at different scales. A hybrid approach combining the two previous types
of description is now emerging.
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2.1 Cellular level

A number of cardiac models have been proposed at a cellular level [6, 7, 1]. In this
type of approach, systems are defined by a network of many ’atomic’ cells whose
description is usually implemented by means of models representing different
physiological aspects [8-11].

In general, a system of such cells is defined as follows [12,13,5]:
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T G(Pc) + K -7V (1)

where V; is the membrane potential of cell i, G is a function that depends on
a set of parameters Pc, K is a diffusion coefficient and 72 V, the Laplacian of
the membrane voltages of the neighbouring cells.

Usually, thousands of cells are coupled in a predefined geometry to represent
one or more cavities of the heart. Due to this extensive definition, models de-
fined at the cellular level require massive computing resources. Moreover, their
coupling with other models remains tricky and even with high performance cal-
culating resources, computational time limits their clinical application.

2.2 Tissue level

Models developed at the tissue level are based on a coupled network of macrostruc-
tures, often using a cellular automata (CA) approach, which represent specific
anatomical structures of the heart [14-16].
The state behaviour of each automaton of such an event-based approach can
be defined by [17,5]:
E = H(Pa) 2
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where FE is the state of the cellular automaton and H is the function governing in-
ternal state transitions, depending on parameters P4. When a given macrostruc-
ture reaches the depolarisation state, neighbouring tissues are activated by the
transmission of a flag (external state transition). Particular properties of car-
diac cells, such as the dependance of the depolarisation slope to the stimulation
frequency, have also been included in some CA models [17].

Due to their low computational costs, this kind of models has been used
in different clinical setups. Although some major cardiac rhythms can be repro-
duced and explained by these models, some difficulties remain when dealing with
complex rhythms and when simulating pathologies implying modifications at a
cellular or molecular level such as myocardial ischemia [17]. These difficulties are
inherent to the definition of the models at a macroscopic scale and, consequently,
to the inability of considering a physiopathological process at a cellular level.

2.3 Multi-formalism approach

In this context, one can easily think that a way to take advantage from the
benefits of each approach would be to selectively define different regions of the
modelled heart at different scale levels, depending on its physiological or patho-
logical state. Such a consideration is also legitimated by the practical clinical
diagnosis performed by the physician, which aims at refining progressively the
investigated region of the heart, going from a global consideration of healthy
parts to a precise analysis of pathological sources.

A similar problem of hybrid approach has been identified in other applica-
tions [18] and has led to specific researches and developments on multi-formalism
modelling (DEVS++, ATOMS, Modelica, ...). This type of modelling consists
in gathering components described in different ways (known as description for-
malisms), which can be basically summarised as discrete or continuous specifica-
tions. Although these approaches reveal efficient in traditional engineering fields,
few works have been done on specific modelling of natural processes, including
cardiac modelling.

This approach parallels recent works by Poole et al [19] which presented
preliminary results of a multi-formalism approach on 1D segments of cardiac
tissue, rather than an exhaustive use of supercalculation. They expanded the
general theory of synchronous concurent algorithms (SCA) which consists in
unifying the different types of models on a global clock measuring discrete time.
Indeed, the advantage of a multi-formalism method lies in the partial use of
discrete models (cellular automata) that require less computational resources
than corresponding continuous models (based on ODE definition). Nevertheless,
Poole’s work suffer from certain limitations: i) their use of SCA can be considered
as a cosimulation approach [18] limiting the gains in term of computing time,
ii) the way the different models are coupled is unclear and iii) used cellular
automata lack of dynamical properties.
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3 Proposed methodology

The proposed approach tries to go deeper in the way of dealing with a multi-
formalism definition. Based on Zeigler’s work [20], our main goal has been to
define a tool as generic as possible with ease of use in other fields than cardiol-
ogy and ease of implementing new types of models or new simulation algorithms.
The main difficulty associated with such a multi-formalism approach concerns
the definition of a unique but generalisable coupling criteria, particularly at the
interfaces between atomic models of different formalisms. Moreover, the propo-
sition of such a method should be accompanied by a quantitative method to
evaluate the differences between the multi-formalism approach and a monofor-
malism used as gold standard.

In our work, we have chosen to use a coupling function of the neighbouring
potential as performed for continuous models [5]. In our concern for developing as
generic as possible a system, using the same manner of coupling (same method in
the tissue model) for all the types of tissues allows to define a unique standard
coupling procedure. Adaptations of the methods will be done in each model
definition as follows:

Let ClF] . be an atomic cell component of a cardiac tissue, defined by a for-
malism F (where F. can be continuous F. or discrete F;). The generic coupling
behaviour can be extended from (1) as follows:

ij)k = Gr (P) + Coupr (K - 7?V) (3)
where Gr is the function of parameters P, Coupr the coupling method and K
as defined in (1). The coupling method can be defined as follows:

Coupn — thres if the cell model is discrete(F. = Fy) (4)
PE.=id  if the cell model is continuous(F. = F.)

where id is the identity function and thres a threshold function setting external
activation for the cellular automata if the input is greater than the limit value
necessary for depolarisation of an equivalent continuous model (Fig.1).

With this approach, the coupling between a set of cells of a tissue will always
be defined by the generic definition (3), whatever their description formalisms
are. This allows to keep into account the influence of the neighbouring cells
during the whole activation. Consequently, a minimum of information will be
lost during the propagation of depolarisation fronts, allowing not to alter the
clinical interpretation. Each specification of the methods will be done for each
model definition, in the sense of an object oriented approach.

4 TImplementation considerations

Traditional processing of the ’cable equation’ (1) is usually done using a cen-
tralised approach (Fig. 3(a)) where the whole simulation is done at the same level
and, usually, inside a unique simulation loop which can solve only one modelling
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Fig. 1. Peak membrane voltages for a Fig.2. Output of the proposed CA
Beeler-Reuter model, as a function of model, representing a piece-wise linear
a variable input current. The value re- fitting of the BR action potential.
tained for the activation threshold of cel-

lular automata is 3.5 mA.

formalism. An alternative to this approach, which is particularly adapted to
the multi-formalism case, has been proposed by Zeigler [20]. It is based on a
distributed simulator structure that parallels the model architecture (Fig. 3(b)).
The introduction of coordinator objects grouping different sub-models, eases the
use of a multi-formalism approach and can facilitate a parallel implementation
of the simulator.

Simulator CABR
Coupled
Atomi? Atomi
model model
(a)

BRSim

Atomi Atomi
e

‘ CA H BR ‘ ‘CASim

(b)

Fig. 3. Simulation approaches: a. classical mono-formalism centralised approach: the
link between the different components and the whole simulation are done in a unique
level; b. distributed multi-formalism approach: the coupled model represents the co-
ordinator with an associated simulator.

We have developed a generic library of modelling and simulation based on
this architecture. It consists of a list of different types of models inherited from
a standard mother class. By this definition, inherited classes can represent any
combination of elements (atomic element, structure of atomic elements, com-
plex structure mixing atomic elements and pre-existing structures, ...). Based
on Zeigler’s introduction of coordinator objects, simulation is done deepening
the level of the considered structure up to reaching only atomics elements and
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specific simulators, adapted to each atomic model’s formalism, are used. The
simulation of the global system is performed at the coordinator level whereas
each component is simulated at the model level.

5 Results

5.1 Experimental settings

The proposed generic method has been implemented on a 256 x 256 square tis-
sue of endocardial cells, corresponding to an average size of 10 mm x 10 mm.
The coupling coefficient K has been set in order to maintain a conduction ve-
locity of 0.5 m.s~1 in the case of healthy tissues.

Different types of tissues have been simulated: mono-formalism healthy (dis-
crete or continuous), multi-formalism healthy (discrete and continuous), mono-
formalism ischemic and multi-formalism ischemic. In the case of multi-formalism
tissues, peripheral cells are defined by a discrete approach while the 64 x 64 cen-
tral cells are continuous.

Cellular models fall in the two previous categories:

— Continuous models: Beeler Reuter (BR) model [9] is used in the case of
healthy tissues. Ischemic model used has been adapted from the Beeler
Reuter model by Sahakian [21] to take into account membrane current mod-
ifications. A different coupling coeflicient is also used with gradual transition
from normal to pathologic cells [21, 3,13].

— Discrete models: Cellular automata (CA) traditionally used are composed
of main action potential states (i) idle, ii) rapid depolarisation, iii) absolute
refractive period and iv) relative refractive period) but suffer from a lack of
dynamical properties. Contrary to those static models, our automata possess
two main dynamical properties: refractory period dependance to the stimu-
lation frequency as well as the response to premature activations [17]. The
CA output is defined by means of a piece-wise linear function fitting the
Beeler Reuter action potential, where each linear segment is associated to a
different state of the CA (Fig. 2).

5.2 Simulation results

Depolarisation fronts obtained for healthy tissues are presented in Fig. 4(a-c).
The differences between BR defined mono-formalism tissue and the two others
are quantified in Fig. 4(d-e).

Depolarisation fronts are coherent with the known behaviour of electrical
propagation on cardiac tissue. Slight differences that appear between BR tissue
and the two others (Fig. 4(d-e)) are due to the atomic behaviour of each model
and, especially, to the difference on the depolarisation slopes (Fig.2). Even if
the previous results are interesting only for validation purposes, it is important
to note that the clinical interpretation won’t be altered, from a qualitative point
of view, for discrete or hybrid tissues, presenting the same mean propagation
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t=8 ms t=12 ms t=16 ms

Fig. 4. Depolarisation fronts for healthy tissues: a. BR tissue, b. CA tissue, c. CABR
tissue. Greyscale ranges from black for resting potential (—84.5 mV') to white for a
depolarised potential (22 mV).

Differences in the depolarisation fronts for healthy tissues: a. between BR and CA,
b. between BR and CABR. Greyscale ranges from white where no difference appears
to black for the greatest differences.
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properties (i.e. conduction velocities). Moreover, experimental results show a re-
duction of the computing time in the case of multi-formalism approach compared
to mono-formalism one, highlighting the clinical interest of such a method.

Such a multi-formalism approach takes sense when dealing with ischemic
tissues. Results obtained for ischemic tissues are presented in Fig.5(a-b) and
the difference between mono and multi-formalism simulation are quantified in
Fig.5(c).

a) l 'I 1
b) l .I ’

c)

N__

[

t=8 ms t=12 ms t=16 ms

Fig. 5. Depolarisation fronts for ischemic tissues: a. BRIsch tissue, b. CAlsch tissue.
c. Differences in the depolarisation fronts for ischemic tissues.

Even if the spatial depolarisation fronts simulated by these two apporaches
are not strictly identical, similar behaviour can be observed in both tissues:

— Alteration of the propagation front linked with the presence of ischemic area.

— Abnormal and incomplete depolarisation of pathologic cells (note the small
difference in the 64 x 6/ centre square of Fig.5(c)): i) quicker depolarisation
in the border of the ischemia, ii) depolarisation block at the center of the
ischemic area, iii) modification of the depolarisation front in the shadow of
the ischemia.
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— Temporal correspondance of the simulated events.

These experimental results have brought out improvements in terms of comput-
ing time compared with mono-formalism systems, while keeping the necessary
qualitative explanatory strength for a practical clinical use.

6 Conclusion and perspectives

An original simulation method based on a multi-formalism approach has been
presented in this paper. Depolarisation fronts obtained from healthy or ischemic
tissues have highlighted that the qualitative clinical interpretations are not al-
tered despite the partial use of simpler description models (CA). Experiments
have also shown a reduction of the computing time that would ease a practical
use of such models.

One great advantage of this method is the possibility of simulating phys-
iopathological states even in a hybrid approach. Compared to other projects in
the same field [19], which use Aliev-Panfilov model (a morphological description
of the action potential), the proposed method lets us integrate physiologically
detailed models, such as the BR model, while still minimizing the global com-
puting expenses.

Current development consist in improvements of our simulation library: i) in-
tegration of more detailled models such as Luo and Rudy [10, 11] and ii) improve-
ment of our CA simulation method, by taking into account their specific state
transition properties. Future work will deal with the extension of these results to
a 3D cardiac volume obtained from current developments in our laboratory [22].
It will be based on a multi-scale description of the volume combined with the
presented multi-formalism approach, with the constant aim of not altering the
clinical interpretations by being able to reproduce the important physiological
markers of cardiac electrical activity.
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