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Abstract

Conduction velocity in cardiac tissue is a crucial elec-
trophysiological parameter for arrhythmia vulnerability.
Specifically, pathologically reduced conduction velocity
facilitates arrhythmogenesis because such conduction ve-
locities 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 con-
duction within cells and between them have been studied
less. In this work, we study the relation of microscopic con-
duction patterns and clinically observable macroscopic
conduction using an extracellular-membrane-intracellular
model which represents cardiac tissue with these subdo-
mains at subcellular resolution. By considering cell ar-
rangement and non-uniform gap junction distribution, it
yields anisotropic excitation propagation. This novel kind
of model can for example be used to understand how dis-
continuous conduction on the microscopic level affects
fractionation of electrograms in healthy and fibrotic tis-
sue. Along the membrane of a cell, we observed a continu-
ously propagating activation wavefront. When transition-
ing from one cell to the neighbouring one, jumps in local
activation times occurred, which led to lower global con-
duction velocity than locally within each cell.

1. Introduction

Being one of the main reasons for sudden cardiac death,
which causes around 700,000 deaths per year in Europe
alone, cardiac arrhythmias remains a major public health
issues [1]. An important tissue property affecting arrhyth-
mia vulnerability is the conduction velocity (CV) of car-
diac 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 [2] and effect [3] of these quanti-
ties have been investigated in homogenised models. Such

models, however, do not directly consider myocyte size
and shape, an inhomogeneous arrangement of them, con-
nectivity patterns, and microscopic conduction from cell to
cell.

In this study, we investigate the distribution of LAT
and CV values using the recently proposed extracellular-
membrane-intracellular (EMI) model, which explicitly
represents the extra- and intracellular space, as well as the
membrane in the mesh [4,5]. To do so, we used a 3D
myocyte configuration embedded in a bath for which ex-
citation propagation is initiated for three different cases to
study purely longitudinal and transversal wave propaga-
tion, as well as a combination of them. We then deter-
mined LATSs 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 cell-
to-cell) and global behaviour of the excitation propagation.

2. Methods

We used the EMI model described in [4], which repre-
sents the extracellular medium €), the cell-to-cell mem-
branes I', the cell-to-extracellular membrane I'y, and the
intracellular domain €; explicitly in the mesh. Its model
equations read

V- (6iV¢) =0 in Q;,
V- (0eVe) =0 in Q,
Vin = ¢1 — ¢e onl',,
wg = ¢; — ¢, where j #k  only,
Cmvm + Iion = _nFJiVQSi = neoev¢e on va

Crg + Iy = —n;foiv(ﬁj =nyoiVey onTy,
(1)

where ¢ denotes the potential of the corresponding do-
main, while V},, describes the membrane voltage between
Q; and €2, and w, between two different cell domains,
2; and Q. n denotes the outer normal of the respec-
tive domain and the conductivities of the intra- and ex-
tracellular domains are o; = 0.3S/m and o, = 2.0S/m,



and the membrane capacitance is C,, = 107*F/m2. To
model membrane dynamics, we used the Aliev-Panfilov
model [6] with its ion current given by

Iion(Vma U) = gan(Vm - a)(Vm - 1) + Vm’Ua (2)
and the gating dynamics being governed by

v 1
E = _Zg(vma U)(’U + gst(Vm —a-— ]-))a (3)

where e(Vin,v) = g9 + 10/ (Vin + p2), 9o = gs = 8.0,
a = 0.1, g9 = 0.01, g3 = 0.07 and g2 = 0.3. Being
purely phenomenological, the normalised state variables
of the dynamics V},, and v are restricted to [0,1]a.u. Sim-
ilar to [7], we used a linear (Ohmic) relationship between
the current through the gap junctions and the respective
voltage between the two cells:
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where Ry = 4.5-10~* Qm?. This system was solved using
the Kaskade 7 finite element toolbox [8].

The 3D mesh, generated by the Mmg remeshing soft-
ware [9], is shown in Fig. 1. Its dimensions are 400 pm x
240 umx 240 um and it consists of approximately 5 - 10°
tetrahedral mesh elements. The intracellular domain, €,
comprises 1, X Ny X n, = 7 X 3 x 7 = 147 myocytes.
The myocytes’ largest extension (i.e., preferential orien-
tation) is along the x-axis, which is thus the direction of
fastest propagation and may be referred to as longitudi-
nal direction. For transversal direction, we consider the
y-axis. The intercalated discs with the gap junctions are lo-
cated at x = 150, 250um 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 simula-

Figure 1: Myocyte arrangement used for the simulations
embedded in {2, (semi-transparent purple box). Different
colours correspond to different cells.

tions with different initial conditions leading to different
excitation dynamics: a) initial depolarisation of all left-
most 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 transver-
sal propagation, bottom case) and c¢) depolarisation of one
cell in the corner of the myocyte configuration (longitudi-
nal and transversal propagation, single case).

To quantify the spatial propagation of the excitation along
the cell membrane (quantified via Vi, (z, t)) and the intra-
cellular potential (¢;(x, t)), where € R? denotes the po-
sition, we chose Vrflh = 0.5a.u and ¢§h = 0.45a.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 = or y, we then defined lon-
gitudinal and transversal CVs as:
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3. Results

We first analyse LATs obtained from Vi, (z,t), along
the propagation directions. The projections of LAT values
along these axes are given in Fig. 2. For all cases, we fit-
ted 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 cen-
tral and right myocyte columns onto the z-axis (i.e. the
axis of propagation). Both values grow linearly in prop-
agation direction distance with a jump at the intercalated
disc (z = 250um). The upper right panel illustrates the
distribution of LAT values along the transversal axis ob-
tained 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 depolari-
sation 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. 2, respectively. While the LATs
in transversal direction show linear growth 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 propa-
gation 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 AL AT are given
in Tab. 1.

The local and global CVs defined as the inverse slopes
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Figure 2: Spatial distribution of LAT values on the mem-
branes as projections onto the axis of propagation. Green
lines indicate the linear regression of LAT values within
one column of myocytes and the red line the linear regres-
sion 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 y-
axis. Bottom row: diagonal excitation starting from a sin-
gle myocyte in the bottom left corner of the mesh.

propagation ALAT (ms)
fully long. 0.8
fully trans. 1.7£09
long. (single) -02£0.5
trans. (single) 1.6 +0.7

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

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 deter-
mined ones.

4. Discussion

We have analysed local CV values in the EMI model [4,
5], which explicitly represents intra- and extracellular me-
dia, as well as the membrane separately in the mesh. As
opposed to what would be possible with homogenised
models as the frequently used monodomain or bidomain
models [10], this allowed studying the the local behaviour
of the potential propagation. We have shown that LATs
undergo jumps when the wave transitions from one my-

propagation loc. CV (m/s) glob. CV (m/s)
fully long. 0.0839 £ 0.0005 0.06
fully trans. 0.07 £ 0.04 0.01
long. (single) 1.2+3.0 0.1
trans. (single) 0.08 £ 0.07 0.01

Table 2: Mean and standard deviation of the single my-
ocyte layer LAT slopes and the global one along propaga-
tion direction x;.

ocyte 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 glob-
ally, which in turn can be explained by the time delay in
the order of few milliseconds caused at each cell-to-cell
transition. The absolute value of global and local CV is
a result of the choice of model parameters and gap junc-
tion distribution [11]. The setup used here motivated by
previous work led to CV values one to two orders of mag-
nitude smaller than typically observed in healthy human
tissue [2,12].

There are several limitations to this analysis. First,
the analysis of transversal and diagonal CV should be re-
fined by accounting for myocyte intertwining through lo-
cal analysis coordinate systems with respect to each my-
ocyte. Furthermore, we assumed the intracellular medium
to be homogeneous without considering potential conduc-
tion 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. It forms a basis for future work
analyzing for example the genesis of intracardiac electro-
grams in such microstructural models [13] or extending the
setup to pathological scenarios allowing for mechanistical
studies of the role of microscopic cell arrangement and dis-
tribution of e.g. fibrosis.
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