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Phase space reconstruction of an experimental model of cardiac field potential in normal and arrhythmic conditions

Cardiac arrhythmias are one of the most important death causes in the world. Compared to the numerical models, the experimental ones provide a more realistic tool to study the mechanisms of cardiac arrhythmias. The in vitro culture of cardiac cells developed on the Multi-Electrodes Array (MEA) constitutes a suitable model in this context. The extracellular field potential (EFP) acquired from the MEA can be used to measure the electrophysiological parameters of action potential. In this article, the stability of this experimental model is investigated using the phase space reconstruction in normal and in arrhythmia conditions. The results show that the embedding dimension of signal EFP changed slightly in both cases (normal conditions and arrhythmia). The parameter time lag τ in the normal conditions is lower than in the arrhythmia. The shape of attractors remains similar but disturbed in case of arrhythmia compared to the normal conditions.

Introduction

According to the recent report from the World Health Organization, the annual number of deaths due to cardiovascular disease will increase from 17 million in 2008 to 25 million in 2030 in the world. Among the death due to the cardiac problems, the arrhythmias play a major role, particularly in the atrial disorders. Facing to this challenge, many researches have been investigated in this field in order to understand the mechanism of these diseases. To achieve this goal, experimental models are much appreciated. They provide a more realistic situation than simulated ones. Ideally, it is better to conduct some in vivo studies in the heart. However, this is not always available and quite restricted by laws. Another serious problem of the in vivo studies is the heart beating. In order to overcome the limitations of the in vivo studies in the heart, the cardiac in vitro cultures are good alternatives and they permit even to study the arrhythmia at cellular level which could provide a better understanding of the mechanisms of arrhythmia generation and termination.

One of the technologies related to cardiac cultures is the MEA (Micro-Electrodes Array) which enables to monitor the culture for a longer time and is also less invasive compared to conventional electrophysiological methods as intracellular recording and patch-clamp. In a series of works [START_REF] Athias | Excitation spread in cardiac myocyte cultures using paired microelectrode and microelectrode array recordings[END_REF][START_REF] Jacquir | Paired microelectrodes and microelectrode array analysis of cardiac impulse propagation in cardiomyocyte cultures[END_REF], we use our platform MEA to study the electrical impulse propagation (extracellular field potential, EFP) in cardiomyocytes culture under basal conditions. The results showed that in normal conditions, the electrical activities in the culture can be represented by the propagation of planar waves (action potential). In later studies [START_REF] Jacquir | Investigation of micro spiral waves at cellular level using a microelectrode array technology[END_REF][START_REF] Athias | In vitro simulation of spiral waves in cardiomyocyte networks using multi-electrode array technology[END_REF], cardiac arrhythmias (spiral waves, SW) have been induced in the cardiomyocytes culture by electrical stimulations, in agreement with results in [START_REF] Kondratyev | Dynamic changes of cardiac conduction during rapid pacing[END_REF] which showed that a rapid stimulation could alter cardiac conduction and induce then arrhythmias. These results showed that this experimental model provide an excellent tool to study the cardiac arrhythmias itself and the effect of electrical stimulation on it. In order to study the behavior and the stability of the experimental model, non-linear methods are applied to the acquired signals. As the physiological signals, generally acquired as time series, are often marked by significant non-linearity that conventional analysis methods often fail to identify. It is more suitable to use non-linear methods. One of the popular nonlinear methods is phase space reconstruction, which is a valuable tool for the studies of this kind of signals. For a dynamical system, the phase space consists of a set of points (every point corresponds to a system state) which forms trajectories of the system. It shows information such as the existence of an attractor for selected parameter values. So this paper is aimed to determine the system dimension of this experimental model and to characterize it by reconstructing its phase space, in two cases: normal condition and under electrical stimulations.

The paper is organized as follows. The Section 2 presents the cardiomyocytes culture preparing and the electrical stimulation to the culture to obtain arrhythmic phenomenon. The system dimension determination and the reconstruction of phase space are discussed in Section 3.

Experimental models and system

Extracellular field potentials

The MEA consists of 60 electrodes aligned in a matrix form 8 × 8 with an inter-electrodes distance of 100 µm. The planar electrodes have a diameter of 30 µm. The cultures from cardiac muscular cells were developed directly on the MEA [START_REF] Athias | Development of cardiac physiopathological models from cultured cardiomyocytes[END_REF]. Every acquired signal is in fact a local extracellular field potential (EFP), since it comes from several cells around the electrode. They correspond to the combination the 1st and 2nd order derivative of the action potential. In basal conditions, the EFP signals are quite regular (Fig. 1).

Figure 1: EFP in basal conditions. Every panel corresponding to an acquisition of 8 s from the real position of an electrode. (sampling frequency 500 Hz)

Arrhythmic signals in cardiomyocytes culture induced by electrical stimulation

To induce arrhythmia in heart or in cardiomyocytes culture, there exist generally two methods : by injection of specific drugs such as aconitine and acetylcholine etc. [START_REF] Allessie | Experimental evaluation of moe's multiple wavelet hypothesis of atrial fibrillation[END_REF] and by vagal or electrical stimulation. We are interested in the method of electrical stimulation as rapid pacing with low energy can induce arrhythmia and promote it in isolated heart or in cardiac cultures [START_REF] Jacquir | Investigation of micro spiral waves at cellular level using a microelectrode array technology[END_REF][START_REF] Athias | In vitro simulation of spiral waves in cardiomyocyte networks using multi-electrode array technology[END_REF]. In fact, these electrical stimulations can also be a potential method of atrial defibrillation. In recent years, the concept of sub-threshold stimulation with low amplitude and high frequency becomes more and more known and accepted [START_REF] Osipov | Controlled movement and suppression of spiral waves in excitable media[END_REF][START_REF] Shajahan | Spiral-wave turbulence and its control in the presence of inhomogeneities in four mathematical models of cardiac tissue[END_REF][START_REF] Xu | A hybrid stimulation strategy for suppression of spiral waves in cardiac tissue[END_REF]. In order to study experimentally the sub-threshold defibrillation, it is better to understand firstly the culture model itself under electrical stimulation. By electrical stimulation, cardiac arrhythmia can be induced in cardiac cultures (Fig. 2). 

Phase space reconstruction

The principle of phase space reconstruction is to transform the properties of a time series into topological properties of a geometrical object which is embedded in a space, wherein all possible states of the system are represented, each state corresponds to a unique point, and this reconstructed space sharing the same topological properties as the original space. Mathematically, the states of a m dimensional dynamic system can only be characterized by m independent quantities. Such a set of m independent quantities represents the coordinates of the phase space (more exactly: the coordinates in a m dimensional space).

One of the most used methods of phase space reconstruction is the time delay embedding. Since this method does not require that the treated system could be mathematically defined, explicitly, it fits well with 1D time series.

X(m, τ) = [x(t), x(t + τ), . . . , x(t + τ(m -1))],t = 0, 1, 2, . . .
where X denotes the system states of time series x(t), a function of its embedding dimension m and time lag τ. The reconstruction preserves the properties of the dynamic system that do not change under coordinate changes, that is to say, it keeps only the topological aspect instead of the geometric shape in phase space. To better present these signals in their phase space, the m and τ should be determined very carefully. This is the purpose of the following paragraphs.

Embedding dimension m

As previously mentioned, a well-defined embedding dimension is essential to a phase space. For experimental data, we do not unfortunately know a priori the dimension of the studied system. The phase space reconstruction is based on the principle of connecting the state points to create attractor trajectories of the system, if m is not large enough, the states points on the trajectories would be very close, there will be intersections between the trajectories of the attractor. A higher value of m, theoretically, is possible by just creating a larger space that contains minimal space. However, this will cause not only redundant problems, but also an efficiency issue, as it requires a much important and unnecessary computation power. The most common method used to estimate the embedding dimension is the method of False Nearest Neighbor (FNN) [START_REF] Kennel | Determining embedding dimension for phase-space reconstruction using a geometrical construction[END_REF]. The criterion for choosing the value of m corresponds to the minimum value of m for which the FNN pass into is close to zero.

By the method on FNN, it is found that in normal condition and in case of arrhythmia, the embedding dimension of EFP depends on signals itself (Figures ??). The obtained values are all in the range of embedding dimension reported by others studies for cardiac signals [START_REF] Fell | Nonlinear analysis of continuous ECG during sleep I[END_REF]. Even m changed slightly, it remains globally stable, which implies that the model is robust and stable. 

Time lag τ

Non-linear variables change of a dynamic system will act as bases of coordinates. Ideally, this database should be independent of selected time lag τ. The goal is to find the largest value of τ so that the resulting coordinates are relatively independent. If τ is too small, the trajectories of x(t) and x(t + τ) close to one another, could even be indistinguishable and it will create redundant coordinates. For this reason, the basic criterion for choosing τ is that x(t) and x(t + τ) should be independent. On the other hand, if τ is sufficiently too large, the two coordinates are statistically independent. This implies that the trajectories of attractor projected on the two axes are not correlated, which makes the reconstruction phase space useless. Without a priori knowledge of the system, especially for experimental data, it is not obvious to properly determine this parameter. The method by autocorrelation function is used here [START_REF] Albano | Singular-value decomposition and the grassbergerprocaccia algorithm[END_REF]. According to correlation theorem , it is known that under certain conditions two observations of the same process (x(t 1 ), x(t 2 )) or two functions (x 1 (t), x 2 (t)) to describe this process may be identical, which means x(t 1 ) = x(t 2 ) or x 1 (t) = x 2 (t). Basically, the autocorrelation function C(τ) defines the similarity of a signal to itself but temporally shifted by τ which depends on the properties of treated data, necessary always to examine it by several methods in order to obtain a better estimation. Taking the signals that are previously studied, the estimation results of τ are presented in Fig. 5. By comparing these signals, we find that the values of τ for arrhythmic signals (39 ± 8) is higher than the ones for normal signals 22 ± 6. τ may serve as an indication of arrhythmia.

Phase space reconstruction

The reconstructed phase space are presented in Fig. 6 for regular signals and in Fig. 7 in case of cardiac arrhythmia. As shown in Fig. 6, the trajectories of the normal signals illustrate the existence of an attractor in their phase spaces. The global forms of these trajectories are rather triangular; the widths of the trajectories are relatively narrow, which means that the trajectories are stable. In case of arrhythmias (Fig. 7), the reconstructed phase space become very disturbed and are no longer regular. The differences are remarkable. However, the same attractors as the ones for regular signals are more or less found. Actually, if one compares the regular signals and arrhythmic signals, despite some variations in amplitude and periods, arrhythmic signals can be considered as "stable".
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Conclusion

In our previous work [START_REF] Jacquir | Investigation of micro spiral waves at cellular level using a microelectrode array technology[END_REF], inducing cardiac arrhythmia by electrical stimulation is confirmed by our experimental studies. It showed by the resulting period-doubling route to chaos that in case of arrhythmia, EFP signals become chaotic. To reveal more information embedded in the time series, nonlin- ear methods for physiological signals are more suitable than linear ones.
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In case of arrhythmias induced by electrical stimulations, the embedding dimension of EFP signals changed slightly, but generally stable, which is a sign of the model stability. However, for the parameter "time lag" τ, it is in opposite situation. For arrhythmic signals, the values of their τ are increased. So the change from normal situation to arrhythmia could be identified by m and τ, which would provide potential index for arrhythmia detection / identification.

The experimental model can be considered as "stable" : after the electrical stimulation, the global trajectories of EFP signals in the reconstructed phase space remain similar. In normal conditions, the signals are regular, their phase spaces have a triangular form, and the widths of the trajectories are relatively narrow. "Attractors" are formed at the upper part in the phase space. With the electrical stimulation, the trajectories of the model are very disturbed. They became much wider. However, their forms are more or less the same as in normal conditions; the global triangular form is kept, which reflected that the system dynamics of this model is generally stable.

In conclusion, the cardiomyocytes cultures are quite stable. The arrhythmic signals can be easily identified by time delay τ. The electrical stimulation does not modify the global dynamics of the experimental model, which makes it be a robust tool for studying the mechanism of cardiac arrhythmia and the defibrillation by sub-threshold electrical stimulation.
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 2 Figure 2: Arrhythmic signals after electrical stimulations.
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 3 Figure 3: Estimation of m by FNN, regular signals' examples, electrodes 11 and 54.
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 4 Figure 4: Estimation of m by FNN, arrhythmic signals.
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 5 Figure 5: Comparison of τ by autocorrelation function (first 1/e acrossing) for two type of EFP signals: regular signals and arrhythmic ones. τ is used as samples (sampling frequency 500 Hz).
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 6 Figure 6: Phase space reconstruction for regular signals (from electrodes 5, 15, 20 and 29).As shown in Fig.6, the trajectories of the normal signals illustrate the existence of an attractor in their phase spaces. The global forms of these trajectories are rather triangular; the widths of the trajectories are relatively narrow, which means that the trajectories are stable. In case of arrhythmias (Fig.7), the reconstructed phase space become very disturbed and are no longer regular. The differences are remarkable. However, the same attractors as the ones for regular signals are more or less found. Actually, if one compares the regular signals and arrhythmic signals, despite some variations in amplitude and periods, arrhythmic signals can be considered as "stable".
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 7 Figure 7: Phase space reconstruction for arrhythmic signals (from electrodes 5, 15, 20 and 29).
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