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Continuity of Microscopic Cardiac Conduction in a Computational Cell-by-Cell Model

Conduction velocity in cardiac tissue is a crucial electrophysiological parameter for arrhythmia vulnerability. Pathologically reduced conduction velocity facilitates arrhythmogenesis because such conduction velocities decrease the wavelength with which re-entry may occur. Computational studies on CV and how it changes regionally in models at spatial scales multiple times larger than actual cardiac cells exist. However, microscopic conduction within cells and between them have been studied less in simulations. In this work, we study the relation of microscopic conduction patterns and clinically observable macroscopic conduction using an extracellularmembrane-intracellular model which represents cardiac tissue with these subdomains at subcellular resolution. By considering cell arrangement and non-uniform gap junction distribution, it yields anisotropic excitation propagation. This novel kind of model can for example be used to understand how discontinuous conduction on the microscopic level affects fractionation of electrograms in healthy and fibrotic tissue. Along the membrane of a cell, we observed a continuously propagating activation wavefront. When transitioning from one cell to the neighbouring one, jumps in local activation times occurred, which led to lower global conduction velocities than locally within each cell.

Introduction

Being one of the main reasons for sudden cardiac death, which causes around 700,000 deaths per year in Europe alone, cardiac arrhythmias remain a major public health issue [START_REF] Chugh | Sudden cardiac death in 2017: Spotlight on prediction and prevention[END_REF]. An important tissue property affecting arrhythmia vulnerability is the conduction velocity (CV) of cardiac excitation waves, which can be derived from local activation times (LATs), defined as the moment at which the excitation wave front reaches a certain point in space. The spatial distribution [START_REF] Verma | Regional conduction velocity calculation from clinical multichannel electrograms in human atria[END_REF] and effect [START_REF] Azzolin | Personalized ablation vs. conventional ablation strategies to terminate atrial fibrillation and prevent recurrence[END_REF] of these two quantities have been investigated in homogenised models in which a model element averages over several hundreds of myocytes. Such models, however, do not directly consider myocyte size and shape, an inhomogeneous arrangement of them, connectivity patterns, and microscopic conduction from cell to cell which has been found to play a role in arrhythmogenesis [START_REF] De Bakker | Ventricular tachyrdia in the infarcted, Langendorff-perfused human heart: Role of the arrangement of surviving cardiac fibers[END_REF]. In this study, we investigate the distribution of LAT and CV values using the novel extracellular-membraneintracellular (EMI) model, which explicitly represents these three domains in the mesh [START_REF] Tveito | Modeling Excitable Tissue: The EMI Framework[END_REF][START_REF] Jaeger | From Millimeters to Micrometers; Re-introducing Myocytes in Models of Cardiac Electrophysiology[END_REF]. To do so, we used a 3D myocyte configuration embedded in a bath for which excitation propagation is initiated for three different cases to study purely longitudinal and transversal wave propagation, as well as a combination of them. We then determined LATs both on the membrane and the intracellular space and derived local CV, which were both analysed in terms of difference between the local (subcellular and cellto-cell) and global behaviour of the excitation propagation.

Methods

We used the EMI model described in [START_REF] Tveito | Modeling Excitable Tissue: The EMI Framework[END_REF], which represents the extracellular medium Ω e , intercalated discs Γ g , the cell-to-extracellular membrane Γ m and the intracellular domain Ω i = j Ω j consisting of individual myocyte domains, Ω j , explicitly in the mesh. Its model equations read

               ∇ • (σ i ∇ϕ i ) = 0 in Ω i , ∇ • (σ e ∇ϕ e ) = 0 in Ω e , V m = ϕ i -ϕ e on Γ m , w g = ϕ j -ϕ k where j ̸ = k on Γ g , C m Vm + I ion = -n T i σ i ∇ϕ i = n e σ e ∇ϕ e on Γ m , C m ẇg + I g = -n T j σ i ∇ϕ j = n k σ i ∇ϕ k on Γ g , (1) 
where ϕ denotes the potential in the corresponding domain, while V m describes the membrane voltage between Ω i and Ω e , and w g between two adjacent cell domains, Ω j and Ω k . n denotes the unit outer normal of the respective domain and the conductivities of the intra-and extracellular domains are σ i = 0.3 S/m and σ e = 2.0 S/m, and the membrane capacitance is C m = 10 -4 F/m 2 . To model membrane dynamics, we used the Aliev-Panfilov model [START_REF] Aliev | A simple two-variable model of cardiac excitation[END_REF] with its ion current given by

Computing in

I ion (V m , w g ) = g a V m (V m -a)(V m -1) + V m w g , (2) 
and the gating dynamics being governed by

∂w g ∂t = - 1 4 ε(V m , w g )(w g + g s V m (V m -a -1)), (3) 
where

ε(V m , w g ) = ε 0 +µ 1 w g /(V m +µ 2 ), g a = g s = 8.0, a = 0.1, ε 0 = 0.01, µ 1 = 0.07 and µ 2 = 0.3.
Being purely phenomenological, the normalised state variables of the dynamics V m and w g are restricted to [0,1] a.u. Similar to [START_REF] Chegini | Efficient adaptivity for simulating cardiac electrophysiology with spectral deferred correction methods[END_REF], we used a linear (Ohmic) relationship between the current through the gap junctions and the respective voltage between the two cells:

I g = w g R g , (4) 
where R g = 4.5•10 -4 Ωm 2 . This system was solved using the Kaskade 7 finite element toolbox [START_REF] Weiser | Higher-order time integration using spectral deferred correction method (SDC) in a cell by cell discretization of cardiac excitation[END_REF]. The 3D mesh [START_REF] Potse | A practical algorithm to build geometric models of cardiac muscle structure[END_REF] is shown in The myocytes' largest extension (i.e. preferential orientation) is along the x-axis, which is thus the direction of fastest propagation and may be referred to as longitudinal direction. For transversal direction, we consider the y-axis. The intercalated discs with the gap junctions are located at x = 150, 250 µm along the longitudinal axis, such that we have two planes (y, z) with gap junction properties given by Eq. 4.

In total, we ran three different simulations with different initial conditions leading to different excitation dynamics: a) initial depolarisation of all leftmost myocytes along the x-axis (causing an almost purely longitudinal propagation and referred to as the left case), b) depolarisation of all lowermost cells (purely transversal propagation, bottom case) and c) depolarisation of one cell in the corner of the myocyte configuration (longitudinal and transversal propagation, single case).

To quantify the spatial propagation of the excitation along the cell membrane (quantified via V m (x, t)) and the intracellular potential (ϕ i (x, t)), where x ∈ R 3 denotes the position, we chose V th m = 0.5 a.u and ϕ th i = 0.45 a.u. as thresholds to determine the local activation times (LATs). Using a projection of these LAT values onto the primary axis of propagation, i.e. either x or y, we then defined longitudinal (∥) and transversal (⊥) CVs as:

CV ∥ (x) = ∂LAT(x) ∂x -1 , (5) 
CV ⊥ (x) = ∂LAT(x) ∂y

-1 . ( 6 
)

Results

As already mentioned, LATs are obtained with the thresholds imposed on the time evolution of V m and ϕ i . An exemplary snapshot of ϕ i (x, t) is given in Fig. 2 for a purely longitudinal propagation. By determining the nearest neighbour nodes, we compared the LAT values obtained via V m and ϕ i . In all of the three simulations, the Pearson correlation was always ρ > 0.999, which is why we here look at both LAT datasets combined. The projections of these LAT values onto these axes are given in Fig. 3. For all cases, we fitted a linear function to a) the data within each "column" of cells (perpendicular to the propagation direction, green lines) and b) the complete data set (red line). The upper left panel shows the projection of LAT values of the central and right myocyte columns onto the x-axis (i.e. the axis of propagation). Both values grow linearly in propagation direction distance with a jump at the intercalated disc (x = 250 µm). The upper right panel illustrates the distribution of LAT values along the transversal axis obtained from the "bottom" case. Note that, in contrast to the fully longitudinal propagation, the separate myocyte planes overlap, since the cells are intertwined both along the y and z direction (Fig. 1). Finally, for the depolarisation of one cell in the corner, we can project the LATs onto both the longitudinal and transversal direction, given in the bottom row of Fig. 3, respectively. While the LATs in transversal direction show linear increase in propagation direction, both within the myocyte planes and globally, the longitudinal data for this initialisation does not show a clear trend and is broadly distributed. We now quantify the time delay of the activation propagation when transitioning from one myocyte to the next via the gap junctions in the intercalated disc. Both the mean and standard deviation of the LAT delays, ∆LAT, are given in Tab. 1.

propagation

∆LAT (ms) fully long. 0.8 fully trans.

1.6 ± 0.9 long. (single) -0.1 ± 0.3 trans. (single)

1.5 ± 0.7

Table 1: Mean and standard deviation of LAT delays on the membrane during transition from one cell layer to the neighbouring one.

The local and global CVs defined as the inverse slopes of the single myocyte column regressions and the inverse of the global slope, according to Eq. 6, are given in Tab. 2. Overall, the global CVs are smaller than the locally determined ones. 

Discussion

We have analysed local CV values in the EMI model [START_REF] Tveito | Modeling Excitable Tissue: The EMI Framework[END_REF][START_REF] Jaeger | From Millimeters to Micrometers; Re-introducing Myocytes in Models of Cardiac Electrophysiology[END_REF], which explicitly represents intra-and extracellular media, as well as the membrane separately in the mesh. As opposed to what would be possible with homogenised models, such as the frequently used monodomain or bidomain models [START_REF] Plank | The openCARP simulation environment for cardiac electrophysiology[END_REF], this allowed studying the the local behaviour of the potential propagation. We have shown that LATs undergo jumps when the wave transitions from one myocyte to the next. CVs, calculated by the inverse slope of the linearly fitted LAT values reveal that the potential and excitation propagation within a cell is faster than globally, which in turn can be explained by the time delay in the order of a few milliseconds caused at each cell-to-cell transition. This is in accordance with what has been theorised e.g. in [START_REF] Keener | Mathematical Physiology: I: Cellular Physiology[END_REF] and shown in 2D simulations using the EMI model [START_REF] Jaeger | Efficient, cell-based simulations of cardiac electrophysiology; The Kirchhoff Network Model (KNM)[END_REF]. The absolute value of global and local CV is a result of the choice of model parameters and gap junction distribution [START_REF] De Souza | Effect of Gap Junction Distribution, Size, and Shape on the Conduction Velocity in a Cell-by-Cell Model for Electrophysiology[END_REF]. The setup used here motivated by previous work led to CV values one to two orders of magnitude smaller than typically observed in healthy human tissue [START_REF] Verma | Regional conduction velocity calculation from clinical multichannel electrograms in human atria[END_REF][START_REF] Lubrecht | Automatic reconstruction of the left atrium activation from sparse intracardiac contact recordings by inverse estimate of fibre structure and anisotropic conduction in a patient-specific model[END_REF]. There are several limitations to this analysis. First, the method to calculate CVs used here is not suitable for the longitudinal propagation in the single cell initialisation case due to multimodal LATs, as can be seen in Fig. 3, and will have to be done node-wise. Furthermore, we assumed the intracellular medium to be homogeneous without considering potential conduction anisotropy due, to e.g., the nucleus or other organelles in the cell. The findings presented here provide a first insight into electrophysiological excitation propagation behaviour (CV) on a microscale quantitatively. If the model parameters are adjusted such that physiological CV values are obtained, it may form a basis for future work analyzing for example the genesis of intracardiac electrograms in such microstructural models [START_REF] Steyer | Simulated Excitation Patterns in the Atria and Their Corresponding Electrograms[END_REF] or extending the setup to pathological scenarios allowing for mechanistical studies of the role of microscopic cell arrangement and distribution of, e.g., fibrosis.
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Fig. 1 .

 1 Its dimensions are 400 µm × 240 µm × 240 µm and it consists of 507648 tetrahedral mesh elements. The intracellular domain, Ω i comprises n x × n y × n z = 7 × 3 × 7 = 147 myocytes.

Figure 1 :

 1 Figure 1: Myocyte arrangement used for the simulations embedded in Ω e (semi-transparent grey box) and an exemplary single myocyte (top) with edges indicated in white. Note that colours are used to discriminate between individual myocytes, not varying electrophysiological properties.

Figure 2 :

 2 Figure 2: Exemplary snapshot of a purely longitudinal propagation of ϕ i (t) initialised by depolarising all leftmost myocytes.

Figure 3 :

 3 Figure 3: Spatial distribution of LAT values on the membranes as projections onto the axis of propagation. Green lines indicate the linear regression of LAT values within one cell layer (see Fig. 2) and the red line the linear regression of all LATs along this axis. Dark grey background indicates intercalated disc regions, which are wider in the right column due to intertwining of myocytes along the yaxis. Bottom row: Diagonal excitation starting from a single myocyte in the bottom left corner of the mesh.

Table 2 :

 2 Mean and standard deviation of the single myocyte layer LAT slopes and the global one along propagation direction x i .
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