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Abstract

Distinct electrophysiological phenotypes are exhibited by biological cells that have dif-
ferentiated into particular cell types. The usual approach when simulating the cardiac
electrophysiology of tissue that includes different cell types is to model the different
cell types as occupying spatially distinct yet coupled regions. Instead, we model the
electrophysiology of well-mixed cells by using homogenisation to derive an exten-
sion to the commonly used monodomain or bidomain equations. These new equations
permit spatial variations in the distribution of the different subtypes of cells and will
reduce the computational demands of solving the governing equations. We validate
the homogenisation computationally, and then use the new model to explain some
experimental observations from stem cell-derived cardiomyocyte monolayers.

Keywords Homogenisation - Monodomain - Bidomain - Cardiac electrophysiology -
Stem cell-derived cardiomyocytes

1 Introduction

Since its inception in the 1960s, the field of computational cardiac electrophysiol-
ogy has contributed to many advances in understanding the links between the flow
of ions, transmembrane potential and electromechanical activity of the heart under
control, pathological and drug-influenced conditions. In particular, much attention
has been devoted to modelling the action potential within cardiac tissue—that is, the
transmembrane potential at a given location, as a function of time, during a given
cardiac cycle—and the extracellular potential, allowing simulation of electrocardio-
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Fig. 1 Simulated action potentials of atrial-like and ventricular-like human stem cell-derived cardiomy-
ocytes, generated using the Paci et al. (2013) model. Two properties of the action potentials are indicated.
The maximum diastolic potential, MDP, is the most hyperpolarised potential. The action potential duration,
APDg), is the time taken to achieve a given percentage (here, 90%) of repolarisation following the upstroke

grams. Mathematical models are now available of the action potentials observed in
many different species and cardiac cell types (Noble and Rudy 2001; Fink et al. 2011).

In this paper, we develop methods for simulating a system that is of particular inter-
est for safety pharmacology—monolayers of human stem cell-derived cardiomyocytes
(hSC-CMs). The Comprehensive in vitro Proarrhythmia Assay (CiPA) initiative has
proposed a series of complementary cardiac safety assays to improve upon the cur-
rent methods of assessing the arrhythmic risk associated with novel pharmaceutical
compounds (Sager et al. 2014; Gintant et al. 2016). The use of hSC-CMs will form
a key component of the CiPA paradigm through multi-cellular assays such as the
micro-electrode array (Harris et al. 2013; Clements and Thomas 2014).

The action potentials of hSC-CMs are often classified into one of the three subpop-
ulations, or phenotypes, two of which are shown in Fig. 1. The consequences of having
different phenotypes of cell within a small tissue sample are difficult to investigate
experimentally. We therefore propose simulation as a method by which the impact of
variation in cell type on the cardiac safety assessment process may be investigated.
In this paper, we compare two methods of simulating a system that contains variable
cellular populations, with our primary focus on a future application to simulation of
multi-cellular hRSC-CM cultures.

1.1 Characteristics of Human Stem Cell-Derived Cardiomyocytes

Human stem cell-derived cardiomyocytes are electrophysiologically and structurally
immature, with some of their properties resembling neonatal cells rather than their
adult counterparts. They are small and rounded, with diameters of approximately 10—
50um [see for example Snir et al. (2003), Gherghiceanu et al. (2011) or Fig. 1 in
Maet al. (2011)]. hSC-CMs typically beat spontaneously, with multi-cellular cultures
exhibiting a focus of activation, or pacemaker region, which triggers excitation in
the remainder of the culture. The activation wavefronts travel at slower speeds than
observed in adult cardiac tissue, usually in the region of 2-20cm/s (Burridge et al.
2011; Mehta et al. 2011; Lee et al. 2012).
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As this system is made up of coupled oscillators, from a mathematical perspective
we might expect to observe synchronous activation throughout the monolayer (Mirollo
and Strogatz 1990). However, finite conduction velocities are observed.

Analysis of hSC-CM action potentials from single cells has indicated that three
subpopulations, or phenotypes, may be present within a given sample of cells: atrial-
like, ventricular-like and nodal-like (He et al. 2003; Zhang et al. 2009; Ma et al. 2011).
The phenotypes are named to reflect the similarity with the action potentials found in
the respective regions of the adult heart, and are usually defined in terms of metrics
based on the duration of the action potential, although alternatives have also been
proposed (Lopez-Redondo et al. 2016). Precise statistics on the relative abundance
of each phenotype are difficult to obtain due to different methods of classification
and inherent variability within each of the phenotypes (Pekkanen-Mattila et al. 2010).
At the present time, there are differing views on the spatial organisation of these
phenotypes within tissue. Zhu et al. (2016) and Vestergaard et al. (2017) reported
regions of different action potential morphology within some, but not all, clusters of
human embryonic stem cell-derived cardiomyocytes. However, Du et al. (2015) did
not detect such spatial organisation in their studies of monolayers of human-induced
pluripotent stem cell-derived cardiomyocytes, instead reporting a spectrum of action
potential morphologies throughout the tissue.

1.2 Existing Methods for Tissue Simulations Containing Multiple
Electrophysiology Phenotypes

Tissue-level cardiac electrophysiology is usually modelled using the monodomain or
bidomain equations (Keener and Sneyd 2009). When modelling multiple phenotypes,
the tissue is usually partitioned into regions containing only one phenotype. However,
this method becomes computationally infeasible if the phenotypes are well-mixed
within the tissue, as the tissue must be partitioned into many very small regions where
just a single phenotype is present. Under these conditions, we may utilise the extended
bidomain (or tridomain) model. The extended bidomain model adds a second intra-
cellular domain for a second phenotype and has been used to simulate mixtures of
cardiomyocytes and fibroblasts (Sachse et al. 2009) and gastrointestinal electrophys-
iology (Buist and Poh 2010). The two intracellular domains represent continuously
linked regions of each of the two types of cell; a third intracellular domain would be
required if it were to be used for simulating the three cell types reported in hSC-CM
cultures. The extended bidomain model is well-suited for simulating thoroughly mixed
cell types (Corrias et al. 2012), with the two interconnected intracellular domains pro-
viding a natural method by which two cell types can be considered to occupy a small
unit of space. To model spatial variation in phenotype proportions in the extended bido-
main model, we could adjust the surface area of each domain per unit volume of tissue
(x). But, as Sachse et al. (2009) observed, “it is unclear [how we should adjust the
intra- and inter-domain gap junction conductivities to model] the density and arrange-
ment of myocytes and fibroblasts”. These authors linearly scaled the conductivities in
each domain from values in tissues with 100% myocytes or 100% fibroblasts accord-
ing to volume fraction of each phenotype. Based on the assumption that within each
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domain there are always connections between cells of a given phenotype, the number
of connections is proportional to the volume fraction. These assumptions may not hold
in regions with low proportions of a phenotype: with only say 10% of a given cell type
present, a typical cell of that type does not ‘touch’ and share gap junctions with any
cells of the same type, there may be no continuous domain of this cell type through
which currents can flow.

We therefore take an alternative and perhaps simpler approach and develop a mod-
ified derivation of the bidomain equations that assumes a mixture of cell types within
the repeating homogenisation unit that is used in their derivation.

1.3 Outline of Study

The overall goal of this study is to model the electrophysiological properties of cardiac
tissue containing multiple cellular subpopulations by extending the derivation of the
standard bidomain equations to permit the modelling of more than one cell type.
The equations governing this model are derived in “Appendix A” and summarised in
Sect. 2. In Sect. 3, we propose a suite of simulations, designed with two aims in mind: to
verify the derivation of the model, and to illustrate some key properties of systems that
contain more than one cellular population. We present the results of the simulations
in Sect. 4. Finally, in Sect. 5, we conclude by discussing how these simulations can
inform investigation of hSC-CM monolayers in a two-dimensional domain.

2 The Mathematical Model

As explained in Sect. 1.1, we require a mathematical model that includes more than
one cellular phenotype. We consider two possibilities: tissue that may be partitioned
into distinct regions that each contain only one cellular phenotype; and tissue where all
phenotypes are well-mixed. These two situations are shown in Fig. 2. The derivation of
this model (including all assumptions made) may be found in “Appendix A”, where the
equations are written in nondimensional form. In dimensional form, these governing
equations are

X <C% + Imn> — V(5 40 (1)

0=V -(ZVV+ (X + X,)Ve,), 2)

where V is the transmembrane potential, ¢, is the extracellular potential, yx is the ratio
of cell membrane area to volume, C,, is the capacitance of the membrane, [y, is the
ionic current per unit area (specified by the solution of a system of ordinary differential
equations at each point in space), and X;, X, are the intracellular and extracellular
conductivity tensors. The surface area of the cell mebmrane consists of a fraction p;
of phenotype 1, and a fraction p» = 1 — p; of phenotype 2. If the capacitance of these
phenotypes are C,,1, Cp2, and the ionic current densities per unit area are fion, 1, fion,2
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Fig. 2 Different spatial distributions of cellular phenotype. The case on the left may be divided into two
partitioned regions, each containing a single type of cell. Partitioning the case on the right into single-
phenotype regions would result in many tiny partitions. Performing the homogenisation process over regions
containing both types of cell is therefore preferable

we have
Cp = p1 Ciu1 + p2 Ci2, 3)

Lion = p1 Iion,l + 02 1i0n,2- “4)

When modelling hSC-CMs, both the intracellular and extracellular conductivity ten-
sors may be approximated as isotropic. As a consequence X; = o X, and the bidomain
equations simplify to the monodomain equation (Keener and Sneyd 2009):

aVv ad aVv
X <Cm ar + Lion(V; u)) ax ( 8x> 0, (5)

where

o
F=5 (45 Te=——2%..
1+«

When the cells are not well-mixed, we may instead partition the tissue region into
regions where only one phenotype is present and solve the monodomain equations on
each of these regions; we refer to this model as the partitioned phenotypes (PP) model.

3 Description of Simulations
Our initial simulations validate the governing equations by comparing several prop-

erties of the action potential, for both the PP and HP models, in the limit that the
separation of scales parameter [defined in Eq. (22)] § — 0. We then demonstrate that
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the HP model may be used to reproduce experimental observations. Our simulations
are all of a single fibre in one spatial dimension. Our boundary conditions enforce no
flow of current across either end of the fibre and may be written

aVv

I =0, at both ends of the fibre. (6)
X

This fibre is made up of two different cell types. In the absence of experimental

evidence indicating any variation in conductivities, we assume constant intra- and

extracellular conductivities throughout the fibre.

3.1 Simulation Sets

The simulations may be divided into six sets. In the first five sets, we use the phe-
nomenological FitzHugh—-Nagumo (FHN) action potential model (FitzHugh 1961;
Nagumo et al. 1962) where

Lon(Viw) = VIV —a)(1-V) —w, @)
dw eV g
Frinhiae Bw. (8)

This model is described by only three parameters, «, 8, €, which are allowed to vary
spatially to take account of different phenotypes. In particular, the model is self-
exciting (i.e. does not require a stimulus to excite) if « < 0, and excitable (i.e. requires
a sufficiently large external stimulus to excite) if @ > 0. The linearity of the model in
a, B and € allows the parameters for the HP model to be calculated very easily using
Eq. (4). For example, a parameter « appears in the FHN model in Eq. (7). In the HP
model, we denote this parameter by 'y, and see that it takes the value

o0 = p1o] + 20 )

The values of By and €p (the values of 8 and € used in the HP model) may be
calculated in a similar manner. As such, the FHN model allows us to compare the
predicted excitability properties of the HP model very effectively. In the final set
of simulations, we use the physiological Paci et al. (2013) models of atrial-like and
ventricular-like hSC-CM electrophysiology to investigate our intended use-case of
simulating a monolayer of hSC-CMs, as used in safety pharmacology assays.

Set 1 This set of simulations is designed to test whether the action potentials of the PP
model tend towards those of the HP model as the size of the unit that we homogenise
over is decreased; that is, in the limit § — 0, where § is defined in “Appendix A”.
This is achieved by varying n, the number of repeating units that the domain is divided
into. The layout of phenotypes is shown in Fig. 3. Four different combinations of
parameterisations of the FitzZHugh—Nagumo model are investigated, with each pair
having different combinations of positive or negative « values. The simulations are
run until the action potential on each cardiac cycle is identical to that on the previous
cycle.
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Set 1: Variation in the size of the partitioned unit

RRRRRRRRRNRNNND =30
UL T T L e
NI »—eo
N - =50
I = 120
I = 10
O = 192
A = 240
PO pi=pa =05 HPmodel

PP model

Set 2: Beat rate and excitability condition

Ratio PP model, n = 60 HP model p1
LR T T O O O O 0.20
B rrrrrrrrreetnnl 025
2 PREEEEnnnennnnntnl 0.33
cr JHEnmn o 050
21 BIINENRNENENnnnnnnnn e 0.67
31 HE ERNERRNER e 075
41 HINAEEEEENEEN I o.80

The PP model simulations were also repeated with n = 240.

Set 3: Boundary effects in the PP model

FOURRNRNEEEREBRERRERE n=30 Left phenotype 1, right: phenotype 2.
11111 BERREREREE #»n=31 Leftandright: phenotype 1.
DEURERRRAERAERREREREE n=31 Leftandright: phenotype 2.

HITHHInmmme - =60
HIHnmmmmmnm . =61
I =1

(AR 2= 120
(AR ARRARARARAREARARANAI 2 = 221
AR ARARARCARARARAIRARAN e = 121

[ ARAARAMARAMARARAMAN 2 = 240
(AN~ 2 = 241
AN~ 72 = 241

Fig. 3 Spatial layout of the different phenotypes in the first three sets of simulations. The dark and light
shades represent regions within which one of two cellular phenotypes is exclusively present. The cellular
electrophysiology models that represent the two cell types are chosen from the six parameterisations of
the FitzHugh—Nagumo model described in the main text. Intermediate shades denote the HP model with
appropriate values of p; and pj (the relative contributions of each phenotype). The value of n indicates the
number of regions into which the domain was partitioned when the PP model was used
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Set 2 In a further stage of verification of the homogenisation, we use a small size of
partitioned unit and alter the relative proportions of the two model phenotypes, p; and
02, throughout the series of simulations, and compare the beat rates from both models.
We see in Eq. (9) that varying p; and p, alters the excitability properties of the HP
model, and so this set of simulations allows us to verify that the excitability properties
of the HP model are correctly predicted. The layout of phenotypes is shown in Fig. 3.

Set 3 We will see later that the first two sets of simulations exhibit some localised
behaviour in the vicinity of boundaries. Our third set of simulations investigates these
effects through varying the distribution of phenotypes close to the boundary, as shown
in Fig. 3.

Set 4 Until now, our investigations have assumed constant proportions of the two model
phenotypes throughout the fibre at the macroscale. This assumption is, however, likely
to be unrealistic. We therefore consider a fibre where the values of p; and p; used in
the HP model are given by

p1(x) = 0.5 + Asin (Z”Tx) , (10)

m(x) =1—p1(x), (11)

where L is the length of the fibre, and A is the amount of variation in p1 and p;, with
A < 0.5sothat 0 < py, pp < 1. In the PP model, the fibre is first divided into » units.
In each unit, both p; and p; are calculated at the mid-point of the unit using Egs. (10)
and (11). The first fraction p; of the unit is designated as phenotype 1; the remainder
is designated as phenotype 2, as illustrated in Fig. 4.

Set 5 In these simulations, the values of p; and p; used in the HP model are identical to
those described in Set 4. We introduce some random variation into the values of p; and
p2 used in the PP model. We first generate n uniformly distributed random numbers,
R1, Ra, ..., R,,between 0 and 1, where n is the number of partitioned units. Let x,,, be
the x-coordinate of partitioned unit m. We then assign partitioned unit m as phenotype
1if

2
R, 50.5+Asin( anm) (12)

and phenotype 2 otherwise. We also impose the restriction that an equal number of
units with each of the two phenotypes are present in the fibre by rejecting any pheno-
type layout if this restriction is not met. For each of our choices of parameter A, we
simulate 15 different arrangements of model phenotypes. Some example distributions
of phenotypes are given in Fig. 4.

Set 6 Our final set of simulations closely follows the design of those in Set 5, but a
physiological cell model is used rather than a phenomenological model. The first cell
model is the ventricular-like model of Paci et al. (2013), while the second model is
the atrial-like model from the same paper. In addition to altering the parameter A, we
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Set 4: Regular spatial variation in phenotype proportion

HP model, with 0.0 < p;,p2 < 1.0
PP model, with n = 60

PP model, with n = 120

PP model, with n = 240

HP model, with 0.2 < py,p2 < 0.8
PP model, with n = 60

PP model, with n = 120

PP model, with n = 240

HP model, with 0.4 < py,p2 < 0.6
PP model, with n = 60

PP model, with n = 120

PP model, with n = 240
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NI (0T 11 NN DUMALRITT BN

Set 5: Random spatial variation in phenotype proportion

HP model, with 0.0 < py,ps < 1.0

PP model, with n =120 (2 of 15 shown)
0.0 < P(unit is phenotype 1) < 1.0

HP model, with 0.2 < py,p> < 0.8

PP model, with n =120 (2 of 15 shown)
0.2 < P(unit is phenotype 1) < 0.8

HP model, with 0.4 < py,ps < 0.6

PP model, with n =120 (2 of 15 shown)
0.4 < P(unit is phenotype 1) < 0.6

A=05 [NNNEEENNTT] [TTH
I i -
IS R i
I .1 |

Set 6: Random spatial variation in phenotype proportion, using the Paci et al. (2013) cell model

HP model, with 0.0 < py,p4 < 1.0

PP model with n =20 (2 of 15 shown)
0.0 < P(unit is atrial-like) < 1.0

PP model with n =30 (2 of 15 shown)
0.0 < P(unit is atrial-like) < 1.0

. 11 | }
{1 QTRTCT T | PP model with n = 120 (2 of 15 shown)
(| | (111 0.0 < P(unit is atrial-like) < 1.0

Simulations were also performed with A = 0.3 and A = 0.1. The layout of
model phenotypes in these cases follows those shown in the middle panel.

Fig. 4 Spatial layout of the different phenotypes in the final three sets of simulations. As in the previous
figures, the dark and light shades represent two different phenotypes. In Sets 4 and 5, we utilise the param-
eterisations of the FitzHugh—Nagumo model that are listed in the main text, while in Set 6 we use atrial-like
and ventricular-like models of hSC-CM electrophysiology (Paci et al. 2013)
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Table 1 Values of the FitzZHugh—-Nagumo model parameters o, 8 and €

Name o B € Rate APDgq MDP

Model S1 —0.12 2% 1077 0.002 0.0019 122 —0.433
Model S2 —0.08 3% 1077 0.003 0.0027 81.3 —0.410
Model S3 —0.06 4 x 1077 0.004 0.0034 61.6 —0.400
Model E1 0.12 2% 1077 0.002 N/A 84.6 —0.281
Model E2 0.08 3x 1077 0.003 N/A 67.1 —0.310
Model E3 0.06 4 x 1077 0.004 N/A 54.3 —0.326

These sets of parameters were used to produce the different action potentials as shown in Figure 5. Alongside,
we list the dimensionless values of spontaneous beat rate, action potential duration (APDg()) and maximum
diastolic potential (MDP) for each model

Self-exciting

models, S

N7
3
E
g 0 | | | , -
§ Lr Excitable models, E —— Model 1
= (stimulated) —— Model 2
> 05r Model 3

0 100 200 300 400 500 600 700

time [dimensionless]

Fig. 5 Action potentials of the six parameterisations of the FitzZHugh—-Nagumo model. The three self-
exciting models (top) beat at their natural frequencies, while the excitable models (bottom) are stimulated
every 500 time units. Upstroke times have been aligned at time = 0

also alter the number of units, n, that the fibre is partitioned into. Example phenotype
distributions can be found in Fig. 4.

3.2 Parameters Used in the Simulations

We define six sets of the «, B and € parameters for three self-exciting (S1-S3) and
three excitable (E1-E3) models. The parameters chosen for these models result in
action potentials with clearly different beat rates and action potential durations and
have a range of positive and negative « values. The parameters of the six forms of the
FHN model are listed in Table 1, producing the action potentials shown in Fig. 5.

In our final set of simulations, we use the Paci et al. (2013) physiologically based
cellular electrophysiology model, with other parameters given in the right-hand col-
umn of Table 2.
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Table 2 Tissue-level parameters for monodomain simulations

Parameter Value (FHN simulations) Value (Paci et al. (2013) simulations)

Cn 1 1nF cm™2

X 1 1400 cm ™!

) 1 0.3mScm™!

x-domain 0—100 0—1lcm

x-step 0.013 0.00052cm

Simulation duration 8000 20s

Time step (PDE) 2-10 25x%x 10745

Time step (ODE) 210 5x107%s

Initial conditions v=1x1073 As listed in the supplement of
w=0 Paci et al. (2013)

Stimulus period 500 N/A

Stimulus duration 2 N/A

Stimulus magnitude —0.4at0 < x < xeng/30 N/A

The stimulus was only applied when the model combinations present in the fibre would not otherwise
spontaneously activate. All quantities in the FHN simulations are dimensionless. Values of x-step were
chosen so that at least 32 or 16 [FHN and Paci et al. (2013) simulations, respectively] finite elements were
present in the smallest size of partitioned unit

The monodomain problem was solved numerically using a custom implementation
of the piecewise linear finite element method in MATLAB. The systems of ordinary
differential equations from either the FitzHugh—Nagumo or Paci et al. (2013) models
were solved using the Forward Euler method. Accuracy of the solver was checked
by comparing output against the analytical solution of an example one-dimensional
monodomain problem from Pathmanathan and Gray (2014). Convergence studies were
performed on systems based on the first set of simulations. The selected values of
the space and time-steps are listed in Table 2, along with other relevant simulation
parameters.

4 Results of Simulations

We now perform the simulations described in Sect. 3.

4.1 Set 1: Variation in the Size of the Partitioned Unit

As we described in Sect. 3.1, the primary aim of these simulations is to validate
our homogenisation procedure. We do this by examining two cell-level properties of
the action potential, APDgg and maximum diastolic potential, and one tissue-level
property, conduction velocity. We use the layout of phenotypes shown in the top panel
of Fig. 3 with four different combinations of the cellular electrophysiology models
described in Sect. 3.2, given by:

@ Springer



L. A. Bowler et al.

— Models S1 and S3 Both self-exciting, with g = —0.09;

— Models S1 and E2 Self-exciting and excitable, respectively, with oy = —0.02;
— Models S3 and E2 Also self-exciting and excitable, but with oy = 0.02; and
— Models EI and E3 Both excitable, with oy = 0.09.

Using p; = p2 = 0.5 in these initial simulations, we therefore expect the first two
combinations to be self-exciting in the PP model in the limit that the number of com-
partments n increases; for the second two combinations, a stimulus will be required.
A stimulus at the left-hand end of the fibre was used for combinations that were not
self-exciting.

4.1.1 APDgg and Maximum Diastolic Potential

In Fig. 6, for each of the four different combinations of model phenotype, we plot the
action potential duration for the PP simulations with varying numbers of partitioned
units, 7, and the HP simulations. On the left of the figure, we plot the APDgg along the
entire fibre for: the HP model; the PP model with small partitioned units (n = 240);
and the PP model with large partitioned units (n = 30). On the right-hand side, we plot
the minimum and maximum values of the APDgg that occur over the central region of
the fibre as n varies. As the stimulus can have a substantial effect on the value of the
APDyq and other properties of the action potential, only the values between x = 35
and x = 65 are taken into account in these plots. In Fig. 7, we plot the maximum
diastolic potential (MDP) in a similar manner to the APDgg values that are plotted in
Fig. 6.

The results shown in Figs. 6 and 7 generally follow a smooth trend in that, as the
size of the partitioned unit decreases, the APDgy and MDP of the PP model approach
those of the HP model. This confirms that the homogenisation process has worked as
expected.

In Figs. 6 and 7, we note that the APDgy and MDP vary across the fibre. This
variation becomes more marked near to the boundaries. This is because a travelling
wave action potential, i.e. V = f(x — ct) (where ¢ may depend on all variables and
parameters in the model) is unable to satisfy the boundary condition given by Eq. (6),
as has previously been noted by Cherry and Fenton (2011) in a single-phenotype
study. We investigate this phenomenon in more detail in Sect. 4.3, but first make some
comments that may be explained using these initial simulations.

There are two reasons for the boundary effects that can be observed in plots of
APDyq across the domain in Fig. 6 where we have spatially alternating phenotype
partitions. Initially we consider regions distant from any boundaries. If a phenotype
A has a longer single-cell APDgg than a phenotype B then, upon repolarisation in the
PP tissue simulation, current flows from more depolarised to less depolarised regions,
which means that phenotype B’s repolarisation is delayed by both its neighbouring A
phenotypes. The same currents cause phenotype A’s repolarisation to be encouraged
by both its neighbouring B phenotypes, and the overall effect is to smooth the APDg
along the fibre. However, a phenotype on the boundary has just one neighbouring
phenotype partition, with a no-flux boundary condition at the other side, which means
that these smoothing effects are reduced and its APDgp phenotype can become more
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Variation in APDy, with z Min/max values of APDy,
90 ' " S1-83 ' ]
8¢ Xy — — s
80 1
70 ¢ ) ) ) ) : X
% g " S1E2 ' ] 87
38K — X —
£ 75t , , , , x 1% 2
A - - — - m
60 | 4
\ X 55
50 ) ) ) ) - X
75 E1-E3 (stim) ' : % 160
L X
65 . === s
X
55 | . . . . x 158
0 20 40 60 80 100 0 2 4
T length of partitioned unit
—— PP model, large units (n = 30) — — HP model
—— PP model, small units (n = 240) x PP model

— — HP model

Fig. 6 Variation in APDg( (time to achieve 90% repolarisation) during the final beat in Set 1 simulations.
The panels on the left show the variation in APDg( across the fibre during the final complete beat for three
selected cases: those of the PP model with the largest and smallest partitioned regions, and the HP model.
The panels on the right show the minimum and maximum values of APDg( across the central region of
35 < x < 65 during the final complete beat of all Set 1 simulations. Values from the PP model are shown
using crosses, while those from the HP model are indicated with the dotted line

dominant. The difference between the single-cell APDggy values of the phenotypes
themselves (APDgg shown in Table 1) then dictates the magnitude of this effect (S1-
E2 have a large APDgq difference of approximately 55ms, and large edge effects;
whereas S3-E2 have a difference of only 5.5 ms and much smaller edge effects).

We also see edge effects due to wave propagation: an action potential reaching
a boundary exhibits a shortened APDgy due to the no-flux condition instead of the
presence of a more depolarised wave ahead; and conversely prolonged APDgy when
an action potential originates on a boundary (as studied in detail by Cherry and Fenton
(2011)). This second effect occurs in a homogenous phenotype situation as well, and
so we deduce it is the dominant cause of the boundary effects in the lower two cases
of Fig. 6 as both the HP and PP models exhibit similar edge effects.

As the MDP is a property of the action potential during the hyperpolarised or
resting phase, the influence of the pacemaker location on its value is smaller than for
the APDgg. As we observed for the APDg, the nature of the boundary conditions pulls
the MDP higher or lower than would otherwise be expected at the boundary. The one
exception is again related to the pacemaking site, with the minimum value of MDP
being slightly higher than expected at the right-hand side of the S1-S3 fibre.
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Fig.7 Variation in maximum diastolic potential (MDP) from Set 1 simulations. As in the previous figure,
the panels on the left show the MDP across the entire fibre for selected cases. Panels on the right provide a
summary of the minimum and maximum values of MDP recorded in all simulations

There are, however, two exceptions to the smooth trends that we now explain. The
first exception is in the two lower plots on the right-hand side of Fig. 6. We note
that the APDgp seen across the region 35 < x < 65 does still exhibit variations,
albeit small variations, as the size of the partitioned unit decreases. This is because
both of these simulations are excitable, rather than self-exciting, and therefore require
a stimulus (artefact of stimulus edge can be seen on far left). Since the subsequent
behaviour is asymmetric the influence of the stimulus prolongation can still be seen
in the 35 < x < 65 domain.

The second exception is in the third panel down on the right of Fig. 6, where
we see an outlying result. For a large partitioned unit, where we may not expect the
homogenisation to be valid, this PP model was self-exciting despite oy being positive.
The region of the self-exciting Model S3 closest to the boundary was able to sponta-
neously depolarise as it was separated from the influence of non-self-exciting Model
E2 by the entire large length of the partitioned unit. As a stimulus was also applied,
the action potentials switched between spontaneous and stimulated. The change in
effective beat rate has an impact on the APDgg, which can be seen in Fig. 6: the final
beat in the simulation with the second-largest partitioned unit was spontaneous rather
than triggered by the stimulus.
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Fig.8 Conduction velocity of the travelling waves in the Set 1 simulations. Activation times in cases where
the HP model was used to simulate a spontaneously activating system (i.e. models S1-S3 and S1-E2 in the
top panels) were synchronous, leading to an infinite conduction velocity

4.1.2 Conduction Velocity

In Fig. 8, we plot the conduction velocity of the HP and PP models when the four
phenotype combinations were used. The conduction velocity was calculated through
the region 35 < x < 65. When the HP model was used for the self-exciting systems,
full synchronisation occurred and the activation time was identical throughout the
entire fibre, and so conduction velocity is evaluated as infinite. Consequently, the top
two panels do not contain lines for the conduction velocity of the HP model. As the
length of the partitions in the PP model case decreases towards zero, we expect to
tend towards the synchronised HP case (where each point in space has each model
present). Indeed, we see the effective conduction velocity increase to high above the
stimulated case, as synchronisation effects occur and begin to dominate. We note
that the magnitude of the increase in conduction velocity observed in these simulated
systems is far greater than that typically reported as a result of restitution effects (Yue
et al. 2005; Zhang et al. 2012).

In the non-self-exciting stimulated fibres (the lower panels of Fig. 8), we observe
good agreement between the conduction velocity for the HP and PP models for all
lengths of partitioned unit.

4.2 Set 2: The Beat Rate and Excitability Condition When Phenotype Proportions
Vary

In our second stage of the verification of the homogenisation, we investigate whether
the beating condition of the FitzHugh—Nagumo model (¢ < 0 for spontaneous beating)
holds, and compare the beat rates of fibres simulated using the PP and HP models.
We pair each self-activating action potential model (S1, S2, S3) with each of the
excitable models (E1, E2, E3). We alter the relative proportions of the two models, p;
and p,, in both the HP and PP fibres, giving us a range of model combinations with
different values of the homogenised parameter oy = pro; + p2a2. We perform two
sets of simulations with the PP model, one with mid-sized partitioned regions (n = 60)
and another with much smaller partitioned regions (n = 240). The partitioned units are
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Fig.9 Beat rate from Set 2 simulations. The beat rates of fibres simulated using the PP model are compared
to those of fibres simulated using the HP model with equivalent proportions of the two phenotypes. With
both sizes of partitioned units, the discrepancies between the HP and PP models (indicated by the proximity
of the cross-dot pairs) are generally small. The discrepancies are noticeably smaller in the lower panel,
where the smaller partitioned units are used. The major difference between the small and large partitioned
unit simulations may be seen around az; = 0. The HP model is quiescent at this value of a g, as are all
instances of the PP model with small partitioned units. However, spontaneous beating is still seen in some
of the simulations that utilise the PP model with larger partitioned units (Color Figure Online)

assigned a model phenotype in a regular pattern. Rather than alternating the phenotype
of each partitioned unit, the precise layout is determined by the relative proportions
of the two phenotypes (see Fig. 3 for further details).

We first examine the discrepancy in beat rate between the HP and PP models in
both panels of Fig. 9. The beat rates of the HP and PP models differ more when the
partitioned units are large (top panel) than when the partitioned units are small (bottom
panel). In general the condition that the PP model is self-exciting only when oy > 0
is adhered to. The only places where this condition is not met is around g = 0, for
the case where n = 60. This problem disappears when n = 240, i.e. when the size of
the partitioned unit decreases and § approaches zero, and we are closer to the limit in
which our homogenisation is valid.

4.3 Set 3: Boundary Effects

In Sect. 4.1.1, we noted the presence of boundary effects in both the PP and HP models.
To examine this effect, we alter the model phenotype that is located at the boundary
of three otherwise similar phenotype layouts for the PP model. We use Models S1 and
S3 for this investigation as their spontaneous activity is representative of the beating
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Fig. 10 Activation times of all recorded beats in PP model simulations (Set 3) with equally sized partitions.
The activation times are normalised so that the earliest activation time during each beat is set to 0. Model
S1 has a slower natural beat rate than Model S3, and so propagation spreads from regions where Model
S3 can dominate. As the number of partitions increases, the apparent conduction velocity increases due to
synchronisation effects as we tend to the homogenised case (Color Figure Online)

of hSC-CMs. In the first case, where we have an even number of partitioned units, the
outer model phenotype on the left-hand side of the fibre is Model S1 (with a slower
natural frequency), while that at the right is Model S3 (with a faster natural frequency).
In the other two cases, we have an odd number of units (one more than in the even-
n cases). In one of these, Model S1 is present at both boundary units, while in the
other Model S3 is present at both boundaries. We test these three patterns of model
phenotypes with partitioned units in a range of sizes.

We plot the activation times of every beat in each of the three cases in Fig. 10.
In each row of the figure, we move to a smaller size of the partitioned unit: at the
top, we have 30 or 31 units, with 60 or 61, 120 or 121, and 240 or 241 in the rows
below. In all cases plotted in Fig. 10, several beats occur before activation settles into
a steady pattern. As we start off with identical initial conditions across the entire fibre,
the first beat occurs near-simultaneously across the entire fibre before the dominant
pacemaker begins to take over. While the process of the pacemaker settling to a steady
state is induced by the initial conditions in this case, similar effects have been reported
in experimental systems following other forms of perturbation (Kienast et al. 2014).

Throughout the simulations shown in Fig. 10, the origin of activation is consistent
as the number of partitioned units is increased. The activation wave always originates
from a region of the faster-beating model phenotype; if Model S3 is present at one
of the boundaries, the activation wave originates there. In the central case, activation
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Fig. 11 Activation time of the final beat for Set 4 simulations. We compare the homogenised phenotypes
(HP) model (black line) to the partitioned phenotypes (PP) model with 60, 120 and 240 partitioned units.
Parameter A controls the extent of variation in phenotype—with more variation in phenotype there is
a slower wave speed in both HP and PP models and a more noticeable difference between the HP and
large-unit PP models. See Fig. 4 for the underlying phenotype arrangements across this domain

begins at the central instance of Model S3, as the slower-beating Model S1 takes
longer to reach the activation threshold at the boundaries than it does elsewhere. The
increase in conduction velocity as the size of the partitioned unit decreases shows that
the action potentials tend towards synchronisation in the homogenised limit, as we
saw in Fig. 8.

4.4 Set 4: Regular Spatial Variation in Phenotype Proportion

In Fig. 11, we plot the final activation time from a series of simulations where p; and
p2 are allowed to vary spatially. We alter the parameter A from Eqs. (10)—(12) across
our three investigations, to give us three distributions of the two model phenotypes
with different amounts of variability across the fibre (see Fig. 4 for details). This series
of simulations shows that as the size of the partitioned unit is decreased, the PP model
tends towards the HP model.

4.5 Set 5: Random Spatial Variation in Phenotype Proportion
In Sect. 4.4, we investigated a smooth variation in p; and p;. We now add a random

perturbation onto this smooth distribution, as described in Sect. 3.1. In Fig. 12, we
plot the activation time of the final beat in as a bold black line for the homogenised
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Fig. 12 Activation times of the final beat in the Set 5 simulations. The bold black line shows the activation
time from the homogenised phenotypes model. The thinner grey lines show the activation time from the 15
randomly assigned partitions for the PP model [probabilities given by Eq. (12)], so that each has a slightly
different phenotype layout, examples of which may be seen in Fig. 4. The HP model and PP model wave
speeds are in good agreement (the same gradients are seen in these activation time plots), but the random
arrangement of phenotype partitions can change the location of the emergent ‘pacemaker’ site(s) in the PP
model

case and grey thin lines for the partitioned cases. We have 15 repeats of the PP model
simulations due to the different random arrangements of model phenotypes, as shown
in Fig. 4, where n = 120.

In contrast to the simulations for a regular variation in p; and p, shown in Fig. 11,
we see that introducing randomness into p; and p; can induce differences between
the PP and HP models. Specifically, the location of the pacemaker region may differ
between these models, particularly in the simulations where the smooth variation is
small (i.e. A is small), as the variations due to random error are then relatively large
when compared to A. We note, however, that the gradients of all activation plots are
very similar. Hence, although the pacemaker region may not be accurately located
using the HP model, the conduction velocity is consistent. We return to this point
when considering a physiological cell model in Sect. 4.6.

4.6 Set 6: Simulations with Physiological Action Potential Models

In this set of simulations, we extend the simulations in Sect. 4.5 to use the Paci
et al. (2013) models of atrial-like and ventricular-like hSC-CM electrophysiology.
The atrial-like model has a faster beat rate and shorter APDg than the ventricular-like
model, as is shown previously in Fig. 1. We arrange these two phenotypes in a similar
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Fig. 13 Activation times of the final beat of simulations in the Set 6 simulations. The two cell types are
represented by the Paci et al. (2013) models of ventricular-like and atrial-like hSC-CM electrophysiology.
Results from the homogenised phenotypes model are shown as a bold black line; the thin grey lines represent
the 15 randomly generated partitions according to Eq. (12). Each repeat has a slightly different phenotype
layout; see Fig. 4 for examples of the underlying phenotype arrangements across this domain. As we noted
in the previous set of simulations, the HP model and PP model wave speeds are in good agreement and we
observe that the random arrangement of phenotype partitions can change the emergent ‘pacemaker site’ in
the PP model

manner to that used in the previous series of simulations, which can be seen in the
second panel of Fig. 4. We investigate the impact of varying the parameter A, which
sets the amount of variation in phenotype across the fibre.

In Fig. 13, we plot the final activation times of the simulations with varied numbers
of partitioned units and values of A. From left to right, the figure shows the activation
times of fibres divided into 20, 30 and 120 partitioned units. As we are now dealing with
a dimensional simulation, this corresponds to patches of cells that are approximately
500, 330 and 80 um across. The typical size of a hSC-CM varies, but even the smallest
size of partitioned unit that is tested here would correspond to at least two cells. As in
the previous section, we decrease the amount of variability in phenotype from top to
bottom of the figure, with parameter A set to 0.5, 0.3 and 0.1 in each row.

In the previous section, we noted that the HP model is able to capture the overall
behaviour of the PP model very well when there is substantial variation in phenotype,
i.e. a high value of A. We make similar observations to those made in Fig. 13—as
A is progressively increased, keeping n fixed, we see that the pacemaker region is
accurately located by the HP model. Even if the pacemaker region is not accurately
located, it is seen that the conduction velocity is accurately predicted, as can be seen
by the gradient of the plot of activation times. We also observe that the pacemaker
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region is more accurately located as n increases, as expected. Finally, we note from
the gradient of the activation plots that the conduction velocity is around 19 cm/s for
all values of A, which is similar to that discussed in Sect. 1.1.

5 Conclusions

We have investigated two models for including multiple cellular phenotypes within
simulations of cardiac tissue. In the partitioned phenotypes (PP) model, the simulated
domain contains distinct regions where a single-model phenotype is present. The
homogenised phenotypes (HP) model assumes a well-mixed sample of cells, which
we represent as a homogenised system. We have verified that the electrical activity
generated by the PP model tends towards that of the HP model as the size of the
partitions decreases. The HP model is therefore a good approximation to the PP model
when the length scale of regions containing a mixture of cell types is small.

Use of the PP model requires that the mesh is sufficiently fine in order to capture
the geometry of the partitioned regions as closely as possible. For realistic two- and
three-dimensional simulations with small regions of distinct cell types, this will result
in a very large number of nodes, and simulations using this mesh may not be compu-
tationally feasible. An advantage of the HP model is that it does not require the mesh
to explicitly model the geometry of the partitioned regions, thus significantly reducing
the number of nodes in the mesh and eliminating the need for customised versions of
the mesh when simulating the same domain with different arrangements of cell types.

Our simulations have demonstrated some experimentally observed properties of
hSC-CM monolayers. The first two sets of simulations involved fibres with regularly
repeating units of alternating phenotype, tending towards a fully mixed system. We
observed that changes in values of APDgg and MDP were apparent across the fibre, with
the changes being gradual despite clear division between cell types in the PP model.
The conduction velocity of the activation wave increased rapidly when a self-activating
cell model was present in fibres simulated with the small-unit PP model or the HP
model. More realistic conduction velocities were seen in simulations where there was
spatial variation in the distribution of phenotypes. The lack of a dramatic variation in
conduction velocity in experimental hSC-CM systems, such as those described in Lee
et al. (2012), suggests that spatially homogeneous cellular phenotypes are unlikely to
occur in cultures of hNSC-CMs; and that there must be variation in the intrinsic beat rate
of hSC-CMs in these multi-cellular cultures. This prediction is consistent with two
other recent modelling studies: Abbate et al. (2018) and Tixier et al. (2018) propose
that there must be spatial variation in phenotype in hSC-CMs to provoke signals of the
magnitude observed in micro-electrode array experiments. In these papers, different
phenotypes were introduced with a partitioned phenotype, and with a smoothly varying
parameter set within one model, respectively.

The final three sets of simulations demonstrated how local spatial variability in the
relative proportions of the two phenotypes introduced a stable pacemaker region in the
HP and small-unit PP models. This observation provides a mechanism by which stable
propagation of the activation wave can occur in hSC-CMs, even in cultures that only
exhibit small amounts of variation in phenotype. The sixth set of simulations utilised
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physiologically based models of atrial-like and ventricular-like hRSC-CM electrophys-
iology. We demonstrated similar conduction velocities in cases where both large and
small amounts of phenotypic variation were simulated, in the region of values observed
experimentally, which vary from approximately 1 cm/s to 20 cm/s depending on matu-
rity (Mehta et al. 2011; Lee et al. 2012; Zhu et al. 2017). We can therefore propose
that even a small amount of phenotypic variation removes the system from the fully
synchronous regime observed when the HP model was used in the first set of simula-
tions. However, synchronisation may still play a small role in the value of conduction
velocity: our observations lead us to the prediction that paced hSC-CM monolayers
may show slower conduction velocities than they do when left to self-excite.

In future work, we will compare two-dimensional simulation results using this
model with experimental measurements from approximately two-dimensional mono-
layers of stem cell-derived cardiomyocytes. Such experiments typically use micro-
electrode arrays to record extracellular potential at a number of sites in the centre of
a monolayer in a circular well, and so provide some information on the direction and
speed of propagating waves.

In addition to our main focus of human stem cell-derived cardiomyocytes, the
homogenised phenotypes model may also be useful in other types of cardiac simulation
where two or more cell types are present, such as in sino-atrial node where cellular
properties are reported to vary based on their position within the pacemaking region.
The current interest in uncertainty quantification and variability in biological systems
is driven by the need to understand how these factors can affect model output, thus
influencing the utility of these models to complement experiments (Elkins et al. 2013;
Mirams et al. 2016). Our proposals for simulation of multiple cell types will enable
detailed investigation of the impact of variable spatial distributions of cell type on the
signals recorded from monolayer cultures of human stem cell-derived cardiomyocytes
that are part of the proposed Comprehensive in vitro Proarrhythmia Assay initiative
(Sager et al. 2014).
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A Derivation of the Mathematical Model

The derivation of the HP model is very similar to the derivation of the bidomain equa-
tions given by other authors (Neu and Krassowska 1993; Keener and Panfilov 1996;
Keener and Sneyd 2008; Hand and Griffith 2010, 2011; Richardson and Chapman
2011; Bruce et al. 2014). By including different cell types in the spatial unit that
we homogenise over, we must take account of cell parameters that depend on the
microscale coordinate. We therefore follow the approach of Bruce et al. (2014) who
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allowed some cell parameters to vary when modelling gap junctions. The derivation
of the PP model is simpler than that of the HP model and follows naturally from the
derivation of the latter. We therefore describe the derivation of the HP model first, and
then explain how this may be modified to obtain the PP model.

In Sect. A.1, we begin by writing down a discrete model that partitions cardiac
tissue into an intracellular region and an extracellular region, and nondimensionalise
the governing equations in Sect. A.2. We then set the scene for the homogenisation
by defining the macroscale and microscale coordinates, and the periodic unit that we
homogenise over, in Sect. A.3.1. We proceed with the derivation of the homogenised
equations in intra- and extracellular space in Sects. A.3.2 and A.3.3 allowing us to write
down the HP model for well-mixed cellular phenotypes in Sect. A.4. The collapse of
the HP model to the PP model is described in Sect. A.5.

A.1 The Discrete Domains Model

We assume that cardiac tissue occupying a region can be partitioned into an intra-
cellular region denoted by £2;, and an extracellular region denoted by £2,. These two
regions are separated by the cell membrane, assumed to be of negligible thickness,
denoted by I73,. The intracellular space and extracellular space have scalar conduc-
tivities o; and o,, respectively. We will allow o; to vary spatially to take account of
different cell types, but will assume that o, is constant. By Ohm’s law, the intracellular
and extracellular currents are given by

i =—0o;Vei, x€82,
ip = —0. Ve, X € $2,

where ¢;, ¢, are the intracellular and extracellular potentials. Conservation of current
in the intracellular and extracellular space then gives

V~(o,-V¢,-) =0, X € .Q,', (13)
V. (0.V¢e) =0, xe€ 8. (14)

The boundary conditions that model the flux of current across the cell membrane may
be written

—o; Ve -n =1, —0Ve -1 = —1Ip, X € Iy, (15)

where n is the unit vector, normal to [7,, that points from the intracellular space into
the extracellular space, and I, is the transmembrane current per unit area flowing into
the intracellular space from the extracellular space. Modelling the cell membrane as
a capacitor, I, is given by

ov
Im = Cma + Iion’ (16)
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where C,, is the capacitance of the membrane per unit area, v = ¢; — ¢, is the
transmembrane potential, ¢ is time, lion(v; w) is the net current per unit area due to
the flux of ions across the membrane, and u contains quantities that are specified by a
model of the flow of ions across the cell membrane. As we are modelling more than
one cell type we allow both Cy, and [ion to vary spatially.

A.2 Nondimensionalisation

We nondimensionalise the equations given in Sect. A.1 using the following scalings:

¢ = qj(iia Pe = ¢$€7 v =P, Cn = C_‘ém Lion = I_ii()l’la

where T is a typical timescale, L is a typical lengthscale for the solution (rather than
the length of a myocyte), X is representative of the scalar conductivities, @ is represen-
tative of the potential difference across the cell membrane, C is representative of the
capacitance, and I is representative of the ionic current per unit area. Equations (13)
and (14) may then be written in nondimensional form as

V. (&I-vés,-) —0, e, (17)
v. (&evée) —0, %e, (18)

and we can reformulate the boundary conditions of Eq. (15) using the definition of 7,
from Eq. (16) to give

A on A 0D - .

—0o;V; -n = Acmg + Blion, X € I, (19)
T S

—0.V - = _-Acmg — Blion, X € Iy, (20)

where the nondimensional constants .4 and B are given by

CL IL
= —, B=——. 2D
TX (D)
For the remainder of Sect. A, we use the nondimensional equations (17)—(20) presented
above, dropping hats for clarity.

A.3 Derivation of the Homogenised Equations

To allow us to homogenise the equations presented in Sect. A.2, we make the assump-
tion that cardiac tissue is a periodic lattice of repeating cuboid units, where each unit
contains a small number of cardiac cells. We show a representation of this lattice in
two dimensions in Fig. 14. No assumptions are made regarding the type of cells within
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Phenotype 1

Phenotype 2
\\ o

Fig. 14 Cells of two different phenotypes in the HP model. The repeated unit is made up of both cell types;
it should be noted that the two types do not have to be present in the same proportions. §2; and §2, denote
the intracellular and extracellular domains, respectively. The surface area of the cell membrane within the
repeated unit is given by I, = I},;1 + I;;2. The lengthscale of the solution, L, is assumed to be much
larger than the lengthscale of the repeated unit, /

each unit of the lattice: we allow the cells to have different shapes, sizes, capacitances
and conductivities, and also allow the ionic current passing through the cell membrane
to take different functional forms depending on which cell type the membrane belongs
to.

A.3.1 The Domains and Coordinate Systems

We assume that the lengthscale for the solution, L, is much greater than the lengthscale
of each unit in the lattice, /. We then define the nondimensional parameter & by

__ lengthscale of unit we homogenise over (= /)

. ; (22)
lengthscale for solution (= L)

and note that our assumptions on the lengthscales imply that § < 1.

Before deriving the bidomain equations, we first verify that our assumption that
8 <« 1isvalid. In Sect. 1.1, we explained that hSC-CMs are small and rounded, with
diameters of approximately 10—50um. Setting / = 200 um allows us to homogenise
over a unit containing several cells. Further, L = 2000 um is a representative length-
scale of the solution, yielding § = 0.1, and 7 = 10~ s is a representative timescale
of the solution. Other parameters that appear in the nondimensional constants .4 and
B defined by Eq. (21) are: C= 1uF cm™2 (from Table 2); £ = 0.3 mScm ™! (from
Table 2); I = 2 x 1073 Acm ™2 [from Paci et al. (2013)];and @ =7 x 1072V [from

(Paci et al. 2013)]. We may then deduce that the nondimensional constants 4 and 55
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defined by Eq. (21) satisfy A = O(3) and B = O(S), and write
A= A8, B = B3, (23)

where A; = O(1), and B; = O(1). This is identical to the distinguished limit inves-
tigated by Richardson and Chapman (2011) when deriving the tissue scale bidomain
equations and is consistent with the parameters used in typical bidomain simulations;
see, for example, Morgan et al. (2009) and Bishop and Plank (2012).

We will utilise the separation of scales described above by introducing a microscale
coordinate z, defined by

Z= -X, (24)
where x is the macroscale coordinate used in Sect. A.1.

A.3.2 Derivation of the Homogenised Equation in Intracellular Space

We write ¢; = ¢;(X, z,t), where ¢; is periodic in z. Using the definition of the
microscale and macroscale coordinates given by Eq. (24), we see that

V@ = Vi + észl)i, (25)

where Vyx and V, are the gradient operators with respect to the x and z coordinates,
respectively. We then write ¢; as a regular asymptotic expansion in the parameter §:

pix. 2,0 = ¢V x, 2,0 + 56" (%, 2,0 + 62V X, 2.0+, (26)
where all functions in the expansion are periodic in z. We assume that o; = 0;(z)

to allow for different conductivities should cell types with different conductivities
be present in the unit that we homogenise over. Substituting Eqgs. (25) and (26) into
Eq. (17) and collecting equal powers of § gives, for z € £2;.

572 Vv, [o,- (z)vl¢(()in)] —0. 27)

57l v [gi (z)vqug“)] 4V, |:0i (@) (vxqsg“) + qub?“))] —0, (28)

81 V[ (Vg + V™) | + Vi [or@) (Vaol™ + Vig™) | = 0.
(29)
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Similarly using Eq. (19) and using Eq. (23), we may equate powers of § to generate
the following boundary conditions:

571 —oi@ Ve n =0, (30)

8 —oi@ (Vugy” + Vie") =0, 31)
v

o' —oi(0) (VaoV + Vag") = G 4 Bilion.  (32)

The differential equation Eq. (27), and boundary condition (30), are satisfied by
B = )" (x. 1), (33)

and so there is no z dependence in the solution for ¢; at leading order, as expected. We
now turn our attention to the differential equation Eq. (28), and boundary condition
(31). Equation (33) allows us to deduce that the first term on the left-hand side of
Eq. (28) is zero. The structure of this equation and boundary condition suggests seeking
a solution

¢(1n)

(in)
¢ +W3‘“)() e

¢

P\ (x,z,1) = W (z )t Wi (g )

for functions W(m) Wz(in) , W3(in) to be determined. The differential equation and bound-
ary condition given by Eqs. (28) and (31) are then satisfied providing, for j = 1, 2, 3,

(in) do;
vV, (o;@V, W) = ——, z € $2;, (3%
z ( 2 ' ) aZj i
(a,- (z)VzW;in)) ‘n=—oinj, Z€ Iy, (36)

where Wl(in) , Wz(in), W3(in) are periodic in z, and n; is component j of n, j =1, 2, 3.
Integrating Eq. (29), the differential equation at order 8°, over the intracellular space
component of the unit we are homogenising over (denoted by £2;) yields

. (in) (in) (in) (in) —
/{}i Y, - [a,(z) (vx¢ + V.0 )] de-i—/é [a,(z) (vx¢ + V) )] dv, = 0.
Applying the divergence theorem to the second integral in the equation above gives
Va- [0i@) (Vao)” + Vi) | dV, +/ i(2) (Vs + V203") | -mdv, =0.
[, 5o (s )] i [ [ (-]
Using the boundary condition given by Eq. (32) and periodicity in z then gives

in in av
/: Vx [Gi (z) ( x¢( ) + Vz¢( ))] dv, = / ~A1 Cma_ + B Lion dSz. (37)
fo T 4

@ Springer



L. A. Bowler et al.

Denoting the volume of the repeating unit by |£2|, Eqs. (33) and (34) then allow us to
write

v
(in)
Vx (2 Vx¢, ) 2 /m (A]C T “rBlIlon) dSg, (33)
Jwn)
with X; = ﬁ/h 0;(z) (I+ 0z > dVvy, (39)
£2;

where Z is the identity matrix, and the matrix dWU™ /3z has entries given by

: (in)
JWn IW;
< ) = ) N j, k = 1, 2, 3
jk

0z 0Zk

We note that the homogenised conductivity tensor would not be calculated in practice
using Eq. (39) as this would require extremely high-resolution imaging in three-
dimensional space to determine the domain occupied by a cell. Rather, Eq. (38) serves
to demonstrate the structure of the differential equation satisfied by the leading order
intracellular potential. The entries of the homogenised conductivity tensor are deter-
mined by fitting to experimental values of conduction velocity.

A.3.3 The Homogenised Equation in Extracellular Space

Using a similar argument, we may also write ¢, as a regular asymptotic expansion in
the variable §:

be(x,2,1) = ¢SV (x, 2, 1) + 8¢\ (x, 2, 1) + 2TV (x, 2, 1) + - -,

where all functions in the expansion are periodic in z, and deduce that

1
Vo (ZeVagf) = - (Alc +611m) ds,. (40)
R
1 IWE
where ¥, = —/ o. | Z + dv,, 41
|82] 2, 0z

where £2, is the extracellular space component of the unit we are homogenising
over. Remembering that o, is assumed to be constant, the equations for the func-
tions Wl(ex) Wz(ex) W(ex) satisfy simpler differential equations than the corresponding
functions W(m) Wz(m) Wg(m) for the intracellular space, defined by Eqs. (35) and (36).

In this case, the functions Wlex) erx> W3ex>, periodic in z, satisfy

VIW =0,  ze.,

VZWJ(.GX) n=-n;, z€ly.
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A.4 The Homogenised Phenotypes Model

Before we can write down the bidomain equations, we need to evaluate the integral
that appears on the right-hand side of Egs. (38) and (40) when the repeating unit that
we homogenise over comprises two distinct varieties of cardiac cell. We write v as the
asymptotic expansion given by

v(X,Z,1) = V(X, 1) + 8v1(X, 2, 1) + 820y (X, 2, 1) + -+, (42)

We first partition the cell membrane into two regions, I;,1 and I3,2, where I,
represents the membrane between the first cell type and the extracellular space, and
I,» represents the membrane between the second cell type and the extracellular space.
These two cell types have capacitances Cy,,, Cy,,, and ionic currents fion, 1, fion,2. We
may then write the integral on the right-hand side of Egs. (38) and (40) as

v
Al Cm_ + Bl Iion dSz
T ot

v v
= / A1Cmy— + Bilion,1(v; u1) dS; + / A1Cpy — + Bilion2(v; w2) dS;.
Tl Jat T2 ot

The surface area, S, of the membrane within the unit that we homogenise over
is partitioned in the proportions p1, p2 of the two cell types. Using the asymptotic
expansion of v given by Eq. (42), we obtain, to leading order,

dv aVv
/ A1Cip— + BiLion dSz = S(plcml + ,02Cm2)_
T ot ot

+S(p1Lion 1 (Vi u) + p2Lion2(Viwp)).  (43)

Using Egs. (38), (40) and (43), we may write down the bidomain equations for our
homogenised system,

in v

V. <EiV¢(() )) = X(-Al Cm? + B Iion), (44)
A%

V- (£vef) = - x (Alcmg + Bllion), (45)

where the homogenised forms of C,, and [jo, are defined by

Cin = p1 Cin1 + p2 Cin2, (46)
Lion = p1 Lion,1(V;u1) + 02 fion2(V; up), “47)
so that both the homogenised capacitance and ionic current are the proportional con-
tributions from the two cell types, and we have y = S/|£2|. Note that extending this

approach to further cell types would be a simple extension of Egs. (46) and (47) to
add further terms and proportions of each phenotype.
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When using the bidomain equations in practice, it is common to eliminate qﬁ(m)

from Eqs. (44) and (45), giving

<A1 Cm— + B 1) V. 2 V(V + ¢(C")>) ,

0=V. <2vv+(2 +2)v¢‘e")).

A.5 The Partitioned Phenotypes Model

When using the partitioned phenotypes model, we are able to partition the tissue into
one set of regions containing only the first phenotype, and another set of regions where
only the second phenotype exists. In the first of these regions, we have p1 = 1, pp =0
allowing us to deduce that C,, = C,,1 from Eq. (46) and that lion = Iion,1 from
Eq. (47). Similarly, in the second region we have p; = 0, p» = 1 andso C,, = Cy2 and
Lion = Iion2- The solutions to the bidomain equations in these regions are then coupled

by demanding that ¢(m) ¢(ex) and the homogenised intracellular and extracellular
currents are continuous across the partition between these regions, i.e.:

(2 V¢(‘“)) and (2 V¢(°*))
are continuous across the partition boundary, where n is a normal vector to the partition.

References

Abbate E, Boulakia M, Coudire Y, Gerbeau JF, Zitoun P, Zemzemi N (2018) In silico assessment of the
effects of various compounds in MEA/hiPSC-CM assays: modeling and numerical simulations. J
Pharmacol Toxicol Methods 89(Supplement C):59-72

Bishop MJ, Plank G (2012) The role of fine-scale anatomical structure in the dynamics of reentry in
computational models of the rabbit ventricles. J Physiol 590(18):4515-4535

Bruce D, Pathmanathan P, Whiteley JP (2014) Modelling the effect of gap junctions on tissue-level cardiac
electrophysiology. Bull Math Biol 76(2):431-454

Buist ML, Poh YC (2010) An extended bidomain framework incorporating multiple cell types. Biophys J
99(1):13-18

Burridge PW, Thompson S, Millrod MA, Weinberg S, Yuan X, Peters A, Mahairaki V, Koliatsos VE, Tung L,
Zambidis ET (2011) A universal system for highly efficient cardiac differentiation of human induced
pluripotent stem cells that eliminates interline variability. PLoS ONE 6(4):e18,293

Cherry EM, Fenton FH (2011) Effects of boundaries and geometry on the spatial distribution of action
potential duration in cardiac tissue. J Theor Biol 285(1):164-176

Clements M, Thomas N (2014) High-throughput multi-parameter profiling of electrophysiological drug
effects in human embryonic stem cell derived cardiomyocytes using multi-electrode arrays. Toxicol
Sci 140(2):445-461

Corrias A, Pathmanathan P, Gavaghan DJ, Buist ML (2012) Modelling tissue electrophysiology with mul-
tiple cell types: applications of the extended bidomain framework. Integr Biol 4(2):192

Du DTM, Hellen N, Kane C, Terracciano CMN (2015) Action potential morphology of human induced
pluripotent stem cell-derived cardiomyocytes does not predict cardiac chamber specificity and is
dependent on cell density. Biophys J 108(1):1-4

@ Springer



Representation of Multiple Cellular Phenotypes Within...

Elkins RC, Davies MR, Brough SJ, Gavaghan DJ, Cui Y, Abi-Gerges N, Mirams GR (2013) Variability
in high-throughput ion-channel screening data and consequences for cardiac safety assessment. J
Pharmacol Toxicol Methods 68(1):112-122

Fink M, Niederer SA, Cherry EM, Fenton FH, Koivumki JT, Seemann G, Thul R, Zhang H, Sachse FB,
Beard D, Crampin EJ, Smith NP (2011) Cardiac cell modelling: observations from the heart of the
cardiac physiome project. Prog Biophys Mol Biol 104(13):2-21

FitzHugh R (1961) Impulses and physiological states in theoretical models of nerve membrane. Biophys J
1(6):445-466

Gherghiceanu M, Barad L, Novak A, Reiter L, Itskovitz-Eldor J, Binah O, Popescu L (2011) Cardiomyocytes
derived from human embryonic and induced pluripotent stem cells: comparative ultrastructure. J Cell
Mol Med 15(11):2539-2551

Gintant G, Sager PT, Stockbridge N (2016) Evolution of strategies to improve preclinical cardiac safety
testing. Nat Rev Drug Discov 15(7):457-471

Hand PE, Griffith BE (2010) Adaptive multiscale model for simulating cardiac conduction. PNAS
107(33):14,603-14,608

Hand PE, Griffith BE (2011) Empirical study of an adaptive multiscale model for simulating cardiac
conduction. Bull Math Biol 73(12):3071-3089

Harris K, Aylott M, Cui Y, Louttit JB, McMahon NC, Sridhar A (2013) Comparison of electrophysiological
data from human-induced pluripotent stem cell-derived cardiomyocytes to functional preclinical safety
assays. Toxicol Sci 134(2):412-426

He JQ, Ma Y, Lee Y, Thomson JA, Kamp TJ (2003) Human embryonic stem cells develop into multiple
types of cardiac myocytes: action potential characterization. Circ Res 93(1):32-39

Keener J, Sneyd J (2008) Mathematical physiology: I: cellular physiology. Springer, Berlin

Keener J, Sneyd J (2009) Mathematical physiology: II: systems physiology. Springer, Berlin

Keener JP, Panfilov AV (1996) A biophysical model for defibrillation of cardiac tissue. Biophys J
71(3):1335-1345

Kienast R, Stger M, Handler M, Hanser F, Baumgartner C (2014) Alterations of field potentials in isotropic
cardiomyocyte cell layers induced by multiple endogenous pacemakers under normal and hypothermal
conditions. Am J Physiol Heart Circ Physiol 307(7):H1013-H1023

Lee P, Klos M, Bollensdorff C, Hou L, Ewart P, Kamp TJ, Zhang J, Bizy A, Guerrero-Serna G, Kohl P,
Jalife J, Herron TJ (2012) Simultaneous voltage and calcium mapping of genetically purified human
induced pluripotent stem cell-derived cardiac myocyte monolayers. Circ Res 110(12):1556-1563

Lopez-Redondo F, Kurokawa J, Nomura F, Kaneko T, Hamada T, Furukawa T, Yasuda K (2016) A distri-
bution analysis of action potential parameters obtained from patch-clamped human stem cell-derived
cardiomyocytes. J Pharmacol Sci 131(2):141-145

Mal, Guo L, Fiene SJ, Anson BD, Thomson JA, Kamp TJ, Kolaja KL, Swanson BJ, January CT (2011) High
purity human-induced pluripotent stem cell-derived cardiomyocytes: electrophysiological properties
of action potentials and ionic currents. Am J Physiol Heart Circ Physiol 301(5):H2006-H2017

Mehta A, Chung YY, Ng A, Iskandar F, Atan S, Wei H, Dusting G, Sun W, Wong P, Shim W (2011)
Pharmacological response of human cardiomyocytes derived from virus-free induced pluripotent stem
cells. Cardiovasc Res 91(4):577-586

Mirams GR, Pathmanathan P, Gray RA, Challenor P, Clayton RH (2016) Uncertainty and variability in
computational and mathematical models of cardiac physiology. J Physiol 594(23):6833—-6847

Mirollo R, Strogatz S (1990) Synchronization of pulse-coupled biological oscillators. SIAM J Appl Math
50(6):1645-1662

Morgan SW, Plank G, Biktasheva IV, Biktashev VN (2009) Low energy defibrillation in human cardiac
tissue: a simulation study. Biophys J 96(4):1364-1373

Nagumo J, Arimoto S, Yoshizawa S (1962) An active pulse transmission line simulating nerve axon. Proc
IRE 50(10):2061-2070

Neu JC, Krassowska W (1993) Homogenization of syncytial tissues. Crit Rev Biomed Eng 21(2):137-199

Noble D, Rudy Y (2001) Models of cardiac ventricular action potentials: iterative interaction between
experiment and simulation. Phil Trans R Soc A 359(1783):1127-1142

Paci M, Hyttinen J, Aalto-Setala K, Severi S (2013) Computational models of ventricular- and atrial-like
human induced pluripotent stem cell derived cardiomyocytes. Ann Biomed Eng 41(11):2334-2348

Pathmanathan P, Gray RA (2014) Verification of computational models of cardiac electro-physiology. Int
J Numer Meth Biomed Eng 30(5):525-544

@ Springer



L. A. Bowler et al.

Pekkanen-Mattila M, Chapman H, Kerkel E, Suuronen R, Skottman H, Koivisto AP, Aalto-Setl K (2010)
Human embryonic stem cell-derived cardiomyocytes: demonstration of a portion of cardiac cells with
fairly mature electrical phenotype. Exp Biol Med 235(4):522-530

Richardson G, Chapman S (2011) Derivation of the bidomain equations for a beating heart with a general
microstructure. SIAM J Appl Math 71(3):657-675

Sachse FB, Moreno AP, Seemann G, Abildskov JA (2009) A model of electrical conduction in cardiac
tissue including fibroblasts. Ann Biomed Eng 37(5):874-889

Sager PT, Gintant G, Turner JR, Pettit S, Stockbridge N (2014) Rechanneling the cardiac proarrhythmia
safety paradigm: a meeting report from the cardiac safety research consortium. Am HeartJ 167(3):292—
300

Snir M, Kehat I, Gepstein A, Coleman R, Itskovitz-Eldor J, Livne E, Gepstein L (2003) Assessment of
the ultrastructural and proliferative properties of human embryonic stem cell-derived cardiomyocytes.
Am J Physiol Heart Circ Physiol 285(6):H2355-H2363

Tixier E, Raphel F, Lombardi D, Gerbeau JF (2018) Composite biomarkers derived from micro-electrode
array measurements and computer simulations improve the classification of drug-induced channel
block. Front Physiol 8:1096

Vestergaard ML, Grubb S, Koefoed K, Anderson-Jenkins Z, Grunnet-Lauridsen K, Calloe K, Clausen C,
Christensen ST, Mllgrd K, Andersen CY (2017) Human embryonic stem cell-derived cardiomyocytes
self-arrange with areas of different subtypes during differentiation. Stem Cells Dev 26(21):1566-1577

Yue AM, Franz MR, Roberts PR, Morgan JM (2005) Global endocardial electrical restitution in human
right and left ventricles determined by noncontact mapping. J Am Coll Cardiol 46(6):1067-1075

Zhang J, Wilson GF, Soerens AG, Koonce CH, Yu J, Palecek SP, Thomson JA, Kamp TJ (2009) Functional
cardiomyocytes derived from human induced pluripotent stem cells. Circ Res 104(4):e30—e41

ZhangJ, Klos M, Wilson GF, Herman AM, Lian X, Raval KK, Barron MR, Hou L, Soerens AG, YuJ, Palecek
SP, Lyons GE, Thomson JA, Herron TJ, Jalife J, Kamp TJ (2012) Extracellular matrix promotes highly
efficient cardiac differentiation of human pluripotent stem cells. Circ Res 111(9):1125-1136

Zhu H, Scharnhorst KS, Stieg AZ, Gimzewski JK, Minami I, Nakatsuji N, Nakano H, Nakano A (2017)
Two dimensional electrophysiological characterization of human pluripotent stem cell-derived car-
diomyocyte system. Sci Rep 7(43):210

Zhu R, Millrod MA, Zambidis ET, Tung L (2016) Variability of action potentials within and among cardiac
cell clusters derived from human embryonic stem cells. Sci Rep 6(18):544

@ Springer



	Representation of Multiple Cellular Phenotypes Within Tissue-Level Simulations of Cardiac Electrophysiology
	Abstract
	1 Introduction
	1.1 Characteristics of Human Stem Cell-Derived Cardiomyocytes
	1.2 Existing Methods for Tissue Simulations Containing Multiple Electrophysiology Phenotypes
	1.3 Outline of Study
	2 The Mathematical Model
	3 Description of Simulations
	3.1 Simulation Sets
	3.2 Parameters Used in the Simulations

	4 Results of Simulations
	4.1 Set 1: Variation in the Size of the Partitioned Unit
	4.1.1 APD90 and Maximum Diastolic Potential
	4.1.2 Conduction Velocity

	4.2 Set 2: The Beat Rate and Excitability Condition When Phenotype Proportions Vary
	4.3 Set 3: Boundary Effects
	4.4 Set 4: Regular Spatial Variation in Phenotype Proportion
	4.5 Set 5: Random Spatial Variation in Phenotype Proportion
	4.6 Set 6: Simulations with Physiological Action Potential Models


	5 Conclusions
	Acknowledgements
	A Derivation of the Mathematical Model
	A.1 The Discrete Domains Model
	A.2 Nondimensionalisation
	A.3 Derivation of the Homogenised Equations
	A.3.1 The Domains and Coordinate Systems
	A.3.2 Derivation of the Homogenised Equation in Intracellular Space
	A.3.3 The Homogenised Equation in Extracellular Space

	A.4 The Homogenised Phenotypes Model
	A.5 The Partitioned Phenotypes Model
	References






