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Fibrosis has been mechanistically linked to arrhythmogenesis in multiple car-
diovascular conditions, including atrial fibrillation (AF). Previous studies
have demonstrated that fibrosis can create functional barriers to conduction
which may promote excitation wavebreak and the generation of re-entry,
while also acting to pin re-entrant excitation in stable rotors during AF. How-
ever, few studies have investigated the role of fibrosis in the generation of
AF triggers in detail. We apply our in-house computational framework to
study the impact of fibrosis on the generation of AF triggers and trigger—
substrate interactions in two- and three-dimensional atrial tissue models.
Our models include a reduced and efficient description of stochastic, spon-
taneous cellular triggers as well as a simple model of heterogeneous inter-
cellular coupling. Our results demonstrate that fibrosis promotes the emer-
gence of focal excitations, primarily through reducing the electrotonic load
on individual fibre strands. This enables excitation to robustly initiate
within these single strands before spreading to neighbouring strands and
inducing a full tissue focal excitation. Enhanced conduction block can allow
trigger—substrate interactions that result in the emergence of complex, re-
entrant excitation patterns. This study provides new insight into the mechan-
isms by which fibrosis promotes the triggers and substrate necessary to
induce and sustain arrhythmia.

1. Introduction

Fibrosis has been identified as a key component that drives dysfunction of the
heart in multiple cardiovascular conditions [1,2] including atrial fibrillation
(AF). Increased fibrosis can stiffen cardiac tissue, contributing to contractile dys-
function, and interrupt inter-cellular electrical coupling, contributing to electrical
dysfunction, i.e. arrhythmia [3-6]. The contribution of fibrosis to arrhythmia may
be particularly relevant for its role in AF. Characterized by rapid and irregular
activation of the atria, AF is the most prevalent sustained cardiac arrhythmia
that imposes a significant healthcare challenge in ageing societies [7,8]. Multiple
studies have observed increased fibrosis in AF patients [9,10]. Fibrosis can lead to
localized slowing of the excitation wavefront, functional conduction block, wave-
front breakup, and potentially the generation of transient or sustained re-entrant
circuits [4,11-13]; indeed, multiple studies have demonstrated that the specific
patterns of arrhythmia can strongly depend on individual geometry and fibrosis
distribution [6,14,15]. Thus, fibrosis has been comprehensively suggested to play
a large part in the arrhythmia substrate associated with AF.

Whereas many studies have investigated the impact of fibrosis on the
arrhythmia substrate, and more recently, on approaches for mapping fibrosis
distributions and electrical excitation patterns [16,17], only a few have assessed
its impact on arrhythmia triggers [18-20]. Triggers for arrhythmia can arise
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Figure 1. Single cell action potential models of the human atrial myocyte. Action potentials produced by the cellular models used in this study at a cycle length of
1000 ms are shown for the minimal model (A) and (mCRN) [27] model (B) for a range of conditions: control and AF (solid lines), and 1SO and 1SO + AF (dotted

lines), without (a) and with (b) fibroblast coupling.

from various factors, including cellular spontaneous calcium
release events (SCREs). SCRE can result in a whole-cell spon-
taneous calcium transient that activates the sodium—calcium
exchanger (NCX), causing an inward current that can lead
to a delayed after depolarization (DAD). If of sufficient mag-
nitude, this DAD can cause the membrane potential to reach
the activation threshold for the fast sodium current, Iy, and
triggered activity (TA) may be observed. Previous studies
have shown an important role of cellular connectivity in con-
trolling the emergence of cellular SCRE as focal excitations in
tissue [21-23]. Whereas the relationship between inter-cellu-
lar coupling and arrhythmia triggers is not entirely trivial,
it is clear that reduced coupling (e.g. due to fibrosis) can
help these independent cellular events overcome neighbour-
ing electrotonic load and induce a full triggered excitation
[18-20,23].

There are multiple presentations of fibrosis in the heart
which may have differing implications for mechanical and elec-
trical function [1]. For example, compact or replacement fibrosis
involves regions of tissue where fibrosis has entirely replaced
cardiomyocytes, substantially reducing contractility and lead-
ing to large permanent barriers to conduction. Patchy or
interstitial fibrosis, commonly observed in AF patients, involves
the separation of myocardial bundles which can increase local
conduction heterogeneity and anisotropy [24,25]. This may be
conducive to arrhythmia generation through the formation of
temporary, functional barriers to conduction. Such an under-
lying conduction substrate could promote breakup of the
excitation wavefront which may lead to self-sustaining re-
entry, as has been indicated in previous studies (e.g. [4]). More-
over, the transformation of the underlying tissue structure from
a continuous syncytium to a loosely connected collection of
one-dimensional strands or bundles [18] may have significant
implications on the electrotonic load interactions that control
the emergence of focal excitations and the subsequent evolution
of the excitation pattern to form a sustained arrhythmia.

This study aims to explore multiple factors that underlie
the generation of arrhythmia in the presence of fibrosis. We
will elucidate the mechanisms that underlie arrhythmogen-
esis, with a focus on DAD-mediated triggers and their
potential interaction with the arrhythmia substrate. To
achieve this, we combine our reduced model of stochastic
cellular SCRE [23] with our recently presented model of het-
erogeneous inter-cellular coupling [26]. These models enable
feasible simulations to be performed while fully controlling
for the inter-cellular coupling condition and SCRE dynamics,
and therefore facilitate rigorous correlation between these
features and emergent behaviour.

2. Methods
2.1. Models of cellular electrophysiology

All simulations were performed using our previously presented
framework in C++ [23]. This framework integrates detailed
spatial cellular models, reduced models of SCRE, traditional
non-spatial cellular models and tissue models into a consistent
package. For use in this study, the reduced models of SCRE are
required to efficiently simulate spontaneous activity and there-
fore all cell models must be integrated with the structure of the
intracellular calcium handling system presented in that model.
First, we implement the minimal model which was designed to
have as few components as possible while still being suitable
for integration with biophysically detailed models of the calcium
currents that are coupled to the intracellular calcium handling
system. The model can be parameterized to represent the electro-
physiology of the atrial working myocardium (figure 1Aa).

To investigate dynamics under a variety of conditions, simple
models of AF remodelling and sympathetic stimulation (ISO)
were also included (see electronic supplementary material, S1—
Model description for further details). AF remodelling was
included primarily for investigation of the arrhythmia substrate,
where inducibility of sustained re-entry is an important factor
to quantify. ISO was used to help maintain high loads of the
sarcoplasmic reticulum (SR) calcium concentration, [Ca2+]SR,
especially in the context of AF remodelling (which reduces the
[Ca2+]sR and magnitude of the intracellular calcium transient com-
pared to control). This was primarily implemented in investigation
of [Ca®*]sg dependence or to study the interaction between re-entry
and triggers, such that [Ca®*lsg load can be maintained even
during rapid pacing (see Methods—Simulation protocols, below).
Simulations were performed across this parameter spectrum to
ensure all behaviour was captured. In order not to convolute the
story of results, those selected for visualization and presentation
were primarily in control and non-ISO conditions, except in
cases where the introduction of remodelling or ISO had important
impacts on dynamics; in these cases, this will be clearly stated.

Furthermore, modelling studies have previously shown that
electrical coupling between fibroblasts (a component of fibrosis)
and cardiomyocytes can act to raise the resting potential of the
latter [19,28-32]. Resting potential is an important determinant
of TA, governing both the size of DAD required to reach the
INa threshold and the degree of inactivation of Iy, when this
threshold is met. Therefore, we also include a simplified model
of myocyte—fibroblast coupling that reproduces this impact on
cellular resting membrane potential (figure 1Ab), but without
the biophysical detail of coupling myocytes to excitable fibro-
blasts that has been included in other studies (e.g. [4,16,28]).

To supplement these simulations, we also implemented a sim-
plified and modified version of the Courtemanche et al. [27] human
atrial cell model (mCRN): the main ion currents were extracted
from the original model and merged with the calcium handling
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system of our model, with some parameters adjusted accordingly.
AF remodelling, ISO and fibroblast coupling were implemented
into this model in the same way as the minimal model
(figure 1B). This model was used to verify observations in the mini-
mal model. Results from this model are generally not presented,
except for in cases where it resulted in different behaviour to the
minimal model. Please see electronic supplementary material,
S1—Model description for further details of model construction.

2.2. Reduced model of spontaneous calcium release
and delayed after depolarizations

A reduced and computationally efficient model that captures the
underlying stochasticity and variability of SCRE is required to
feasibly perform tissue simulations. We implement our pre-
viously presented approach [23,33] which involves the use of
fully controllable spontaneous release functions (SRFs). It is
worth first considering the behaviours that the reduced models
aim to capture. Spontaneous calcium sparks (figure 2Aa) may
manifest as whole-cell calcium waves or multiple wavelets
(figure 2AD). This is underlain by a transient opening of the rya-
nodine receptors (RyR; figure 2Ac), the channels responsible for

intracellular calcium release, which results in a spontaneous cal-
cium transient that can activate NCX and lead to DADs or TA
(figure 2Ad). It is the range of waveforms of this transient RyR
activity that the reduced model aims to capture. By defining
simple analytical functions (the SRF) that describe the under-
lying RyR waveforms (figure 2Ba), it is possible to impose
SCRE in non-spatial cell models (figure 2Bb). For a simple,
spike-like morphology, the waveform is given by [23]

NRryr.o = les,ﬁio[(l e L T L (2.1)

t =t + 0.5, — 1), (22)

b = t, + 0.5t —t,), (2.3)

ki = 0.1689(t, — t;) + 0.00255, (2.4)
and  ky = 0.1689(t — £,) + 0.00255, (2.5)

where t; is the initiation time of the SCRE, t;is the end time (dur-
ation, 4, thus =t _t)), t, is the time of the peak of the waveform
and NER o is the peak of open proportion RyR. The function
for the plateau-like waveform (corresponding to durations
longer than 300 ms) is defined similarly

Nplateau[(l + e—(t—(f,-+17,5))/5946)(1 + e(t—(ff7175))/5.946)]*1+

RyR_O
Nryr.o =

RyR

where N| I;Itf}‘)‘ is the amplitude of the plateau. The waveform is,
therefore, completely described by four or five parameters: (i)
initiation time, t; (ii) duration, A =t;_t; (iii) peak time, t, and
(iv,v) amplitude (Nﬁifiio; 1;&*’?8). To maintain simplicity in con-
trollability, the peak time can be defined from A and t;, and the
amplitudes (NRSK 0; NRyk®) can both be defined by the A.
Therefore, the model is reduced to take two input parameters
from which everything else is defined: 4 and t;.

By randomly sampling these two parameters, it is possible to
capture the underlying stochasticity and variability of SCRE in a

F(t;)

where t; ., and the independent gradient parameters (kr; and
kr,) are used to account for the skewness of the distribution.
The function is defined by the value of ¢; g, the cumulative fre-
quency at this value (CFy_sep), and the gradient parameters for
each region. The inverse function, to return a f; from a given
random input, is

ZCFh,st
—kPl .In and -1+ ti_sep

= 2(1 - CF,.)
_sz In|l —MM =P~
rand + 1 — 2CF;,,

rand < CF;

iSep

— 1) + tisep rand > CFy,, .
(2.8)

The same process is followed for 4 (electronic supplementary
material, S1—Model description section, S3.2 and 53.5), enabling
the values of both parameters to be randomly sampled with
appropriate, defined probabilities.

To simplify for analysis and interpretation purposes, we
introduce two parameters to control these distributions

(Ng;a_l; _ Nplaigau)[(l 4 et (5,-25)/5.946Y(1 4 e(t—(tp+l75))/5.946)]’1 !

Fi(t) = QCFy,, )1 + e tise)/kn ) ™!
Fa(t) = (1 — CF, )1 + e~ hs/bin)™ 1 4 oCF, [ B2 fisep

(2.6)

fully controllable manner. The distributions from which these
parameters are sampled can be varied independently of each
other and are typically non-normal (electronic supplementary
material, S1—Model description section, S3.2). Sigmoidal func-
tions are used to describe the corresponding cumulative
frequencies, such that a random number passed into the inverse
function will return the parameter value with the appropriate
probability. For example, for #, the sigmoid describing the
cumulative frequency is given by

ti < ti,Sep

independently (figure 2C): the t; control variable, o, and the 4
control variable, ¢;. Both vary from 0 (widest distributions and
longest median duration) to 1.0 (tightest distributions and short-
est median duration). Simple linear equations were used to relate
the input parameters (o; and o;) to the SRF distribution
parameters (electronic supplementary material, S1—Model
description section, 53.3.1 and table S9). The probability of
SCRE was set to 1.0 for all of these conditions.

Alternatively, the distributions can be defined as a function of
[Ca®*]sg to enable the model to respond dynamically to environ-
mental variables (figure 2D). Here, all parameters are nonlinear
functions of [Ca**Isg (electronic supplementary material, S1—
Model description section, S3.4, figure 52 and table S10). In
these conditions, the probability of SCRE transitions from 0.0
to 1.0 around a defined [Ca®*]gk threshold (figure 2Da).

In all simulations, SCRE distributions are homogeneous
across the whole tissue, ie. whereas individual nodes
will have their own randomly sampled parameters to describe
SCRE, these parameters are all sampled from the same
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Figure 2. Reduced model of spontaneous calcium release. (A) lllustration of calcium sparks (a) and waves (b), and the whole-cell RyR waveform (c) and voltage
deflection that results (d). (B) Illustration of the RyR waveform with labelled parameters (a) and the impact of implementing waveforms with different parameters
into the cell model (b). (C) lllustration of the independently controlled distributions from which waveform parameters are randomly sampled, showing the dis-
tributions at varying values of the input control parameters, oy; and ;. (D) Dependence of distribution parameters on [Ca®*]sg for dynamic simulations.

distributions throughout the tissue; the distributions themselves Simulations in the [Ca**]gr threshold region will also contain
are the control variable against which observations are related. conditions where the probability of cellular SCRE is below
Note that this does not mean every node will necessarily 1.0, in which case, only a proportion of the nodes will actually
undergo SCRE within the time of the simulation, as the undergo SCRE (although each node has an equal probability of

sampled initiation time could be beyond the simulation time. doing so).
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2.3. Tissue and fibrosis models

The majority of simulations were performed in idealized two-
dimensional tissue models, which readily facilitate full control
over the various parameters of tissue structure and enable
correlation between observed dynamics and underlying microstruc-
ture. Three baseline two-dimensional tissue models were
implemented in this study, with different structures of myocyte
fibre orientation. The first model is fully idealized and contains myo-
cyte orientation globally pointing in the y-direction, referred to as
‘OY’ (figure 3Aa). The other two models employ spatially varying
orientation fields corresponding to a ‘control’ model, which contains
smooth changes to orientation (figure 3Ab), and a ‘remodelled’
model, which contains abrupt changes to myocyte orientation,
representing fibre disorganization associated with AF (figure 3Ac).
The specific fibre structures of these tissue models were not con-
sidered in detail and were not directly validated; the purpose of
these different models was to explore whether fundamentally differ-
ent types of structure (fully ideal, smoothly varying, abrupt
changes) would impact dynamics in a relevant way.

Patchy fibrosis was implemented into these two-dimensional
tissue models to describe a variety of conditions regarding patch
size and total area occupied by fibrosis. Gaussian random fields
were used to generate spatially varying patterns (e.g. [12,34]),
and thresholds were then applied to impose a total fibrotic
area of either 25% or 50% of the tissue. This allowed small
(seed =10) and large (seed =50) fibrosis patches to be imposed
at each desired total fibrosis area (figure 3B).

Two three-dimensional late gadolinium enhanced (LGE)-MRI
clinical data were sourced from patients with AF at Waikato Hos-
pital, Waikato, New Zealand, between June 2017 and February
2020 (Health and Disability Ethics Committee, Ref: 16/STH/
130). The three-dimensional computer models incorporated
LGE-MRI-derived atrial anatomies, fibrosis distributions and
three-dimensional rule-based fibre orientations (figure 3C). The
rule-based fibres were generated through a semi-automatic
approach that used a weighted distance function of orientation
indicating vectors, as discussed in the original study from which
these geometries were provided [35].

Our recently proposed network model of inter-cellular coup-
ling was implemented in the present study due to its ability to
easily and directly control inter-cellular connections, differen-
tially in the longitudinal and transverse directions [26]. The
reader is referred to the original study and electronic supplemen-
tary material, S2 for full details on the method, which will be
only briefly described here. The model is most clearly illustrated
in the two-dimensional models. Nodes can be connected to up
to eight other neighbouring nodes (in a regular, structured-
grid geometry), representing four independent directions
(figure 4Aa). The direction of the myocyte orientation vector is
used to generate weighted axial and transverse connections
between neighbouring nodes (figure 4Ab). Connection maps in
simple cases where the orientation points globally either in axis
or between axes are illustrated (figure 4Ac). Note that only two
directions are non-zero in the case where the orientation points
exactly along an axis or diagonal, whereas all four directions
are non-zero when the orientation is not exactly along an axis
or diagonal. Within fibrosis patches, 80% of transverse connec-
tions and 20% of longitudinal connections were randomly
removed (figure 4B) to represent the separation of myofibre bun-
dles [1,24,25,36]. Inter-cellular connections, therefore, depend on
both local myocyte orientation and fibrosis-condition (figure 4C).

All two-dimensional tissue models are 300 x 300 nodes large
with an inter-nodal spacing, Ax, of 0.3125 mm (to match the
three-dimensional models). All simulations were performed
with an integration time step, At, of 0.01 ms, which was demon-
strated to be comfortably within the range for stability and model
convergence while also enabling practical simulation times at the
spatial step implemented. Inter-cellular coupling strength in the

axial direction, g, was 1.28 nS/pF and the anisotropy ratio was “

set to 7:1, giving a transverse coupling strength, g of
0.183 nS/pE resulting in conduction velocities of 1.27 and
0.4 mm ms™" and an overall activation time in control, anatomically
detailed atria of approximately 130 ms [37].

2.4, Simulation protocols and conditions
Single cell models were pre-paced at multiple cycle lengths until
they reached steady-state, at which point the state variables were
saved. Multiple cycle lengths were used because different aspects
of our analysis and protocols required different pacing rates. The
majority of simulations used a cycle length of 400 ms. This rela-
tively fast pacing rate was used as it ensured a reasonably large
[Ca**Isg load during steady-state, which is important for SCRE
magnitude. However, in investigations of the arrhythmia substrate,
faster pacing rates were used (corresponding to cycle lengths of
150, 200 and 250 ms); in investigations of the interaction between
sinus pacing and spontaneous triggers, a slower pacing rate was
implemented that corresponds to sinus rhythm (cycle length=
1000 ms) and provides time for SCRE to occur between paced
beats. Stimuli were applied by injecting a current of magnitude
—12.5 pA/pF for five ms at regular intervals defined by the cycle
length. In two dimensions, stimuli were either applied to the
centre of the tissue (most simulations) or to the inferior edge
(rapid pacing for substrate simulations). In three-dimensional
models, stimuli were applied to a region of the right atrium near
the superior vena cava, approximately correlating with the location
of the sino-atrial node (SAN). Tissue models were paced for five
beats, initially using the saved state variables from the single cell
models, to enable the tissue rapidly to reach a steady-state.
Simulations were performed by reading in the steady-state
tissue variables, applying one stimulus and letting the model
evolve following the application of the SRF. Some simulations
involved applying multiple stimuli, which will be clarified in
the relevant results section. Given that the steady-state [Ca*Isg
differs between each model and condition, it is important to con-
trol for this variable due to the impact that this has on the
magnitude of calcium release for a given SRF profile (the magni-
tude of calcium release for a given Nryr open profile is positively
correlated with [Ca?*lsg). To avoid this heterogeneous impact
and ensure that behaviour can be confidently related to the SRF
parameters themselves, the [Ca2+]SR was set to exactly 1.0 mM
after refilling from the first paced beat but before any SCRE
were initiated. In simulations directly relating [Ca**lsg to the
onset of focal excitations, the corresponding [Ca**lsg was set to
exactly the value desired, rather than 1.0 mM, in the same way.
In simulations focusing on the emergence of focal triggers, the
probability of triggered activity was given as the number of simu-
lations in which a spontaneous focal beat occurred as a proportion
of the total number of simulations for each condition (that is, each
individual combination of cell model, tissue model, and SRF control
variables or [Ca®*]sg input) To make this a computationally tractable
study, a strategy was implemented in which the first pass over all
conditions was just a single simulation. This was used to identify
the threshold region for each condition. Then, a further 29 simu-
lations were performed (giving 30 overall) in a broad parameter
range that fully encapsulated the threshold region for determining
the probability of focal excitation for each condition. The priority
was to ensure that the entire region where the probability transi-
tioned from zero to one was captured, and therefore many
simulations at the edges of this region were essentially redundant
(all 30 giving either one behaviour or the other). Despite this strategy,
the number of simulation hours required to perform such a study is
still exceptionally high. Simulations were, therefore, performed
using ARC3 and ARC4, part of the High Performance Computing
facilities at the University of Leeds, UK, and would not have been
feasible without access to these facilities.
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Figure 3. Tissue models. (A) Two-dimensional tissue models used in this study, showing the myocyte orientation in the three different models corresponding to the
model where all fibres point in y (a, referred to as ‘Y’ for brevity in the manuscript), and the vector field models representing control (b) and remodelled (c) fibre
structure. The colour scale corresponds to the magnitude of the y-component of the orientation vector, and streamlines are shown to illustrate fibre structure itself.
(B) Various fibrosis distributions used in the two-dimensional tissue models, corresponding to different patch size seeds (left to right) and different total area of
fibrosis (upper and lower). (C) Three-dimensional, anatomically detailed tissue models implemented in this study, showing the two atria from three different views.
Myocyte orientation is illustrated with white streamlines on the upper panels, with various regions labelled for context and clarity (note that the electrophysiology
was homogeneous in simulations in this study); lower panels show patient specific fibrosis distribution in pink.
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Figure 4. Models of fibrosis. (A) lllustration of the network model of inter-cellular coupling implemented in this study, showing the connection directions (a),
orientation weighting (b) and the magnitude of the network connections in two idealized fibre conditions (c and d). Here, individual nodes and connections
between nodes in all directions are shown on a single panel. (B) Connection maps illustrated for control and two different fibrosis distributions in the OY and
remodelled fibre orientation models. Here, the magnitude of connection is shown for each direction on its own panel due to the larger tissue size. For the
0Y condition, connections are only non-zero in the x- and y-directions and so only these are shown; for the remodelled fibre orientation condition, connections
are present for all four coupling directions and are all shown explicitly. Colours represent the strength of the connection between two adjacent nodes at each location
and in each direction; the pattern is determined by both local orientation and fibrosis distribution. (C) Zoomed view of the connection maps and relation to myocyte
orientation in control and the two fibrosis models, showing only the map in the y-direction. Orientation streamlines are shown to help relate coupling strength to
both fibrosis and orientation.
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Figure 5. Activation maps in the two-dimensional tissue models. Activation maps are shown for all of the fibrosis models in the three two-dimensional geometries (A—
(). The orientation field is shown for completeness above the control activation pattern. The colourmap for activation times is the same for (A) and (B), illustrated below
(B), with (C) having its own colourmap. Results shown are for the minimal cell model in control conditions without 150, and a pre-pacing cycle length of 400 ms.

3. Results

3.1. Effect of patchy fibrosis on activation time and

activation wavefronts

The presence of patchy fibrosis had notable effects on the
overall activation time and activation wavefront patterns
(figure 5). The regions with fibrotic tissue exhibited a slowing
down of conduction, particularly when the wavefront was

perpendicular to the myocyte orientation, manifesting as
areas of conduction delay. This resulted in more hetero-
geneous activation wavefronts across the tissue. Overall
activation time and conduction velocity in the direction par-
allel to the fibre structure was largely unchanged in the
models, whereas in the transverse direction it was markedly
reduced, by a factor of up to approximately two.

Fibre orientation remodelling had distinct effects on the
conduction properties (figure 5B). In the remodelled
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condition, abrupt changes to the fibre orientation were
observed as well as a more substantial representation of
orientation pointing in the x-direction (transverse to the
global average of y). This led to more spatially heterogeneous
patterns of conduction, but an overall reduction in the acti-
vation time due to the increased lateral conduction.

In the fully idealized model (OY), where all fibres were
entirely oriented in the y-direction, the effects of fibrosis
were significantly emphasized and exaggerated (figure 5C).
This idealized arrangement of fibres oriented in one direction
led to substantial conduction block in the transverse (x) direc-
tion when fibrotic regions were present. This contributed to
substantial conduction delay, and also led to the failure of
excitation to reach some regions of tissue where no robust
connections to neighbouring tissue were present. The same
features were observed across all model conditions investi-
gated (i.e. with and without remodelling or ISO and in
both the minimal and mCRN cell models).

3.2. Fibrosis promotes the emergence of focal
excitations

Across all fibrosis models, the requirements on the duration
and timing of SCRE to induce a focal excitation were less con-
strained compared to the control scenario (figure 6A). No
clear pattern correlating the size of the fibrotic patches with
focal excitation vulnerability was observed; rather, the
specific pattern and relation to activation pattern may be
more important. However, the overall percentage of fibrosis
within the tissue had a marked impact on the probability of
focal excitations: higher fibrosis percentages were associated
with an increased likelihood of focal excitations occurring.

The presence of fibrosis also induced more substantial
probabilistic regions compared to the control scenario. In con-
trol, the emergence of focal excitations was typically
characterized by an ‘all-or-nothing’ response. By contrast,
the introduction of fibrosis led to a broader spectrum of prob-
abilities for focal excitations near the threshold region.
However, this threshold region was still narrow in all simu-
lations. The idealized OY model once again exaggerated the
impact of fibrosis compared to the spatially varying fields
(figure 6AD versus Ba). This aligns with the proposed mech-
anism by which fibrosis promotes arrhythmia triggers (next
section).

The focal patterns that emerged at either end of the SCRE
threshold region exhibited similar characteristics (figure 6B,
electronic supplementary material, video S1). For scenarios
with the loosest constraints on timing and tightest on dur-
ation, or vice versa, a single focus emerged from within a
fibrotic patch. Additionally, we observed that edge effects
were significant in influencing focal excitation patterns.
Under parameter combinations that did not induce focal
excitations in the control model, excitations in fibrosis simu-
lations were always localized to fibrotic patches. When
SCRE parameters were significantly above the excitation
thresholds, the focus location was consistently found to be
close to the original stimulus location. This proximity can
be attributed to the increased waiting time at the stimulus
site due to its earliest activation: this region undergoes
SCRE at the earliest time, and if this is sufficient to induce
a focal excitation, it will do so from here. While the focal
location still showed a relation to the fibrosis pattern, it was
not entirely localized to these patches, and focal excitations

were also observed without fibrosis under these parameter [ 9 |

combinations. These results were reflected in the three-
dimensional anatomically detailed atrial models, where
focal excitations were preferentially located to regions of
fibrosis (figure 7). Close to the threshold, focal locations
were observed across many regions of the right and left
atria; far above this threshold, focal locations were primarily
observed proximal to the original pacing site. Edge effects
were also important near the threshold regions: here, focal
excitations were preferentially located near edges of the
tissue such as proximal to the valves or openings of the veins.

3.3. Loss of transverse connections is the primary
mechanism that promotes focal excitations

The mechanism by which fibrosis promotes arrhythmia
triggers is most clearly illustrated in the idealized OY tissue
model (figure 8, electronic supplementary material, video
S2), where individual fibre ‘strands’ can be easily visualized
(all connections in y are along a strand and all connections
in x are transverse to it). The ectopic focal excitation orig-
inates from a small region of tissue before spreading
throughout the whole tissue. By zooming in on this local
region, it is clear that excitation was initiated from a short
strand that contained very few transverse connections
(figure 8C). These regions, characterized by a scarcity of
cross-fibre connections, provide an environment where
DADs more easily manifest as TA [18,19]. Consequently, the
TA propagates along the almost isolated one-dimensional
strand formed by the fibrotic patch before eventually reach-
ing transverse connections and ‘jumping’ to the adjacent
strand. In this case, the excitation then travels upwards
along this second strand, before jumping over to a third
strand and eventually propagating into the remaining tissue
sufficiently to induce a full focal excitation.

3.4. Fibrosis promotes arrhythmia substrate through
heterogeneously slowed conduction

Numerous previous studies have provided evidence that
fibrosis promotes the formation of re-entrant circuits that
drive arrhythmia (e.g. [4,11,12]). Because these findings are
well-established, we will not perform extensive simulations,
but rather will simply demonstrate these dynamics in our
model (figure 9). By applying rapid pacing (five beats at a
cycle length of 150 ms) in the context of AF remodelling, it
was possible to induce re-entry in the fibrosis models
(figure 9). Breakup of the excitation wavefront could degener-
ate into transient or sustained re-entry with multiple
emergent patterns: (i) no re-entry, (ii) transient re-entry that
self-terminates, (iii) sustained re-entry that dynamically
evolves before eventually settling into a stable pattern
(figure 9B) and (iv) sustained re-entry that quickly finds a
stable driver (figure 9C). Different re-entrant patterns were
observed, including single scroll waves, figure-of-eight
waves (two scroll waves rotating in opposite directions),
and dual rotating waves that repeatedly detach and re-
attach (figure 9C, electronic supplementary material, video
S3). In all cases, the conduction patterns were highly corre-
lated with fibrosis structure. Fibre structure remodelling
also promoted the generation of sufficient conduction block
that could lead to re-entry.
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Figure 6. Impact of fibrosis on the conditions required for a focal excitation. (A) Probability of a focal excitation (P(TA)) at different combinations of the distribution
control parameters (oy; and o) for all fibrosis models in the control (a) and QY (b) tissue geometries. Colourmap indicates P(TA). (B) Example activation patterns for
the paced beat (a) and four different focal excitations (b—e), corresponding to different regions of the parameter space; temporal voltage snapshots and activation
map are shown. These regions are indicated in A by the coloured triangular markers. White arrows indicate regions of large cellular TA that may or may not fully
induce a focal excitation, and fibrosis patches are shown in semi-transparent dark red for context and relation of spatial properties. Results shown are for the minimal
cell model in control conditions without 150, and a pre-pacing cycle length of 400 ms.
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Figure 7. Focal locations in three-dimensional anatomically detailed atrial models. Indications of the location of focal sources across heart 1 (A) and heart 2 (B) from
three different views (the same as those in figure 3). Each cirdle marker corresponds to the locus of a spontaneous focal excitation. Markers in green are from
simulations with SRF parameters that are close to the threshold for focal excitation; yellow markers indicate simulations wherein the SRF parameters were far
above the threshold. Fibrosis is shown as pink regions with dotted outlines.
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Figure 8. lllustration of the mechanism of induction of a focal excitation. (A) Voltage and calcium traces from a simulation in control and fibrosis that have the same
spontaneous calcium release parameters. (B) Voltage snapshots for both simulations, illustrating DADs that do not induce a focal excitation in control (a) and the
induction of a focal excitation in fibrosis (b). (C) Zoomed view to illustrate the mechanism. Connection maps are shown for the zoomed region for context (a), with a
small one-dimensional strand highlighted. White arrows point to lateral connections that are relevant for the excitation pattern. Panel (b) shows temporal snapshots
of this zoomed region. Blue arrows show direction of wavefront propagation while white arrows with the triangular arrowhead indicate important features/regions.
Results shown are for the minimal cell model in control conditions without ISO, and a pre-pacing cycle length of 400 ms.
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Figure 9. Rapid pacing leads to re-entry. lllustration of different behaviours following rapid pacing, showing action potential traces (A) and voltage snapshots (B,C)
in different conditions. Blue arrows indicate the direction of wavefront propagation and blue lines represent regions of conduction block, and fibrosis patches are
shown in semi-transparent dark red for context and relation of spatial properties. Vertical ellipses indicate a jump in time between rows of snapshots. Fibrosis is
shown in the dark, semi-transparent red and is most easily seen in the first snapshot of each panel. Snapshots in (B) correspond to the fibrosis case of patch seed =
10 and total area = 25%; (C) corresponds to seed = 50 and area = 25%, as indicated by the colour of the triangular marker that corresponds to the colour of the
traces in (A). It may be clearer to relate the voltage patterns observed to the fibrosis patterns as shown in figure 3B and in electronic supplementary material, video
S3. Results shown are for the minimal cell model with AF remodelling and without 150, and a pacing cycle length of 150 ms.
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Figure 10. Interruption of sinus rhythm. Various simulations in which sinus rhythm was interrupted are shown, for two different behaviours of focal beats occurring
between sinus pulses (A) and focal beats that can override sinus pulses (B), showing action potential traces (a) and voltage snapshots (b). Black arrows indicate
applied stimuli (also shown by the alternating shading) and red arrows point to relevant features. Fibrosis patches are shown in semi-transparent dark red for
context and relation of spatial properties. The rhythm (activation intervals) is shown below each panel, indicated by *. Results shown are for the minimal cell

model in control conditions without 150, and a pacing cycle length of 1000 ms.

3.5. Fibrosis-induced focal excitations can interrupt

normal pacing

Our investigation revealed that fibrosis can lead to focal exci-
tations occurring occasionally within normal sinus rhythm
(figure 10, electronic supplementary material, video S4;
cycle length =1000 ms). Depending on the SRF parameter
distributions, focal excitations may occur between sinus
beats, either as isolated occurrences or between multiple con-
secutive beats (figure 10A). The timing and pattern of these
focal excitations can also lead to the suppression of the
sinus beat (figure 10B). Both forms of interruption resulted
in abnormal rhythms characterized by variability in the exci-
tation interval, with both shorter and longer intervals
observed.

3.6. Fibroblast coupling provides the substrate for
spontaneous generation of arrhythmia

In a subset of simulations, complex excitation patterns
emerged comprising multiple foci and DAD regions that
interact to cause conduction block and re-entrant-like
excitation patterns (figure 11, electronic supplementary
material, video S5). This behaviour was only observed
using the mCRN model, and simulations visualized in

figure 11 were all using the control cell model with ISO
implemented (see Discussion—Non-refractory mechanisms
for unidirectional conduction for further discussion). These
conditions were not sufficient, in our simulations, to lead to
sustained re-entry on their own. However, the inclusion of
fibroblast coupling did provide the substrate to both generate
and sustain re-entry.

The positive shift in resting membrane potential as a
result of fibroblast coupling (figure 1) promoted focal exci-
tations compared to both the control and fibrosis without
fibroblast coupling models. This is best illustrated in the
left-ward shift of the dependence of triggered activity on
[Ca®** sk (figure 12A). Moreover, the inactivation of Iy, associ-
ated with the resting membrane potential depolarization
(figure 12Ba,c) enabled large DADs that did not manifest as
full excitation in the fibrosis region. These DADs could, how-
ever, excite the normal working myocardium at the border
zone, emerging as a unidirectional wavefront (figure 12Bb,
). Under the right conditions, this unidirectional wavefront
could re-enter into the fibrosis region and lead to sustained
re-entrant excitation (figure 12C, electronic supplementary
material, video S6). This mechanism is confirmed in the
three-dimensional models (figure 13 and electronic sup-
plementary material, video S7) although a full re-entrant
circuit was not observed in any conditions that we tested.
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Figure 11. Complex excitation patterns emerging from trigger—substrate interactions. (A—E) show different simulations in which complex focal excitation patterns
were observed, driven by interactions between DADs and TA. Blue arrows indicate wavefront propagation, dotted lines indicate regions of temporary conduction block
and fibrosis patches are shown in semi-transparent dark red for context and relation of spatial properties. Results shown are for the mCRN cell model in control

conditions with 150, and a pre-pacing cycle length of 400 ms.

When SCRE parameters were set to be rapid (early
initiation time with tight synchronization), complex excitation
patterns and spontaneous arrhythmia readily emerged in the
presence of fibrosis and fibroblast coupling (figure 14A).
Multiple focal excitations interacted with each other to pro-
mote substantial breakup of the wavefront that could
degenerate into re-entry. If sufficiently rapid, focal excitations
could occur during the re-entrant timeframe (figure 14B)
leading to a complex pattern of wave breakup, emergence
of re-entrant circuits, wave collision and termination of re-
entrant circuits and regeneration of focal activity, that all
interplay to drive complex fibrillatory dynamics (best
appreciated by viewing electronic supplementary material,
video S8). During this time, different quasi-stable re-entrant
patterns emerged, before being interrupted by focal
excitations, with the global pattern continuing to evolve.

4. Discussion

4.1. Summary of major findings

In this study, we applied novel computational models to
investigate the impact of fibrosis on arrhythmia mechanisms.
We focused on the role of fibrosis in promoting focal
excitations and the interactions of those triggers with the
arrhythmia substrate. Through this we have demonstrated
that:

1. Patchy fibrosis led to an overall slowing down of acti-
vation time and increased heterogeneity in activation
wavefronts.

2. The heterogeneously slowed conduction resulted in waveb-
reaks, providing a substrate for transient or sustained re-
entry, with clear correlations between wavebreak locations
and fibrosis patches.

3. Patchy fibrosis promoted the emergence of focal exci-
tations by reducing electrotonic load but enabling
propagation of initiated electrical waves; focal excitations
were preferentially localized to fibrotic patches.

4. Both synchronization and magnitude constraints were
substantially reduced by fibrosis.

5. Patch size was less important than total fibrosis area,
implicating that relatively small fibrotic patches are suffi-
cient to promote focal excitations.

6. Fibrosis also led to low probability events that had the
potential to irregularly interrupt sinus rhythm.

7. Fibrosis promoted complex trigger—substrate interactions
that could readily result in non-refractory mediated
unidirectional conduction patterns.

8. The presence of myocyte—fibroblast coupling provided the
most pro-arrhythmogenic condition, wherein large
subthreshold DADs could unidirectionally emerge into
healthy tissue and spontaneously generate transient or
sustained arrhythmia.

4.2. Model of fibrosis

Many modelling and experimental studies have demonstrated
that fibrosis results in increased conduction anisotropy and
the introduction of substantial transverse conduction delay,
with longitudinal conduction largely unchanged [1,16,17,36].
Increased collagen deposits preferentially occur between
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Figure 12. Impact of fibroblast coupling: unidirectional conduction patterns and spontaneous re-entry. (A) Impact of the inclusion of fibroblast coupling on the
vulnerability to focal excitations. (B) Illustration of the mechanism by which inactivation of /y, prevents TA in fibrosis regions. (C) Examples of unidirectional acti-
vation patterns that emerge from fibrosis regions when fibroblast coupling was included. (D) Example of spontaneously initiated sustained re-entry that emerges as
a result of this unidirectional conduction. White arrows indicate regions of emergence, blue arrows indicate wavefront propagation and fibrosis patches are shown in
semi-transparent dark red for context and relation of spatial properties. Results shown are for the minimal cell model with AF remodelling and IS0, and a pre-pacing

cyde length of 400 ms.

myocytes in the lateral direction, resulting in a collection of
largely separated myofibre bundles [24,25]. These features
were incorporated into our model through the random
removal of 80% of transverse and 20% of longitudinal inter-
nodal connections. The choice of these parameters resulted
in only small changes to the activation time and average con-
duction velocity in the longitudinal direction, with much
more substantial increase in the activation times in the trans-
verse direction. Whereas this depended on the specific fibrosis
structure, as well as the total tissue area fibrosis occupied,
these features are comparable to the reduction in transverse
conduction velocity observed in experiment. For example,

de Bakker et al. [36] observed that conduction velocity in the
perpendicular direction to myocyte orientation could be less
than 10% that observed longitudinally; our results were
closer to 20% than 10%, ensuring that our model does not rep-
resent an extreme of the condition. Whereas we estimated
specific parameter values of 80% and 20% removal, we con-
sider that replicating these critical features, pertaining to the
significant reduction in transverse conduction, minor
reduction to longitudinal conduction and an underlying struc-
ture of loosely connected one-dimensional strands, as a valid
and valuable model for studying the effects of fibrosis on
electrical excitation.
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Figure 13. Complex three-dimensional excitation pattern occurring with fibroblast coupling. Temporal snapshots of membrane potential in the three-dimensional atria
(heart 1) for a simulation implementing fibroblast coupling in the fibrosis regions. Excitation emerges unidirectionally (t =925 ms) and propagates in a re-entrant like
pattern around the fibrosis region. The white arrow indicates the point at which excitation emerges into the non-fibrotic atria, and the blue arrows indicate wavefront
propagation. This simulation was performed with the minimal model, implementing AF remodelling and fibroblast coupling, with ;; =0.1 and o, =0.5.

4.3. Mechanism of DAD-mediated focal triggers in

fibrotic tissue

The precise mechanisms by which independent cellular SCRE
can induce DADs that are sufficient to overcome the source-
sink mismatch and manifest as a focal excitation in
tissue have long been debated [18]. Simulation studies have
recently begun to address these questions, highlighting mech-
anisms that enable the manifestation of these independent
cellular events in whole-organ [21,38]. In our previous study,
we demonstrated that electrotonic interactions play a dual
role in supressing TA but also propagating DADs, which
enables later timed SCRE to more easily overcome this mis-
match [23]. However, in these simulations, a large volume of
tissue undergoing relatively synchronized and large magnitude
SCRE was generally required to induce a tissue-wide event.

In the present study, supporting previous results
[18,20,39], we have demonstrated that fibrosis reduces the
constraints required for a focal excitation. Xie et al. [18]
showed that a loss of cellular connections substantially
reduced the number of cells undergoing a DAD required
for a focal excitation (from thousands to hundreds). They
posited the explanation that fibrosis shifts the underlying
tissue substrate from well-connected three-dimensional
tissue to loosely connected one-dimensional strands, redu-
cing the electrotonic load and enabling the overcoming of
the source-sink mismatch. However, this study was con-
ducted in the context of simultaneous, deterministic DADs
that shared magnitude and timing, with the focus being on
the number of cells undergoing these dynamics that are
required to manifest in tissue. Campos et al. [20] included sto-
chastic variability (i.e. cellular independence) of DADs in
their study, in the context of an idealized isthmus within a
scar region, demonstrating this provided the conditions for
DAD-mediated conduction block and re-entry.

We have applied stochastic variability in the context of
multiple fibrosis structures, with a microscopically detailed
model of fibrosis. This approach enabled us to explore the

impact of fibrosis distribution and patch size in combination
with considerations on the variation of both timing and mag-
nitude of SCRE. Our results, therefore, reveal the electrical
patterns that underlie the emergence of a focal excitation
driven by independent cellular events.

Our results demonstrated that a larger total proportion of
fibrotic tissue promoted the emergence of focal excitations
but that the size of the patches themselves had very small
impact. The first result is easily explained: the constraints
on supra-threshold dynamics in fibrotic tissue are less than
in control tissue, and a larger area of fibrotic tissue increases
the probability that supra-threshold SCRE dynamics occur
within a fibrotic region. This also enhanced the probabilistic
nature of induced focal excitations, leading to parameter
regions where low probability TA was observed, compared
to the sharp transition from 0% to 100% probability that is
observed in control.

The observation that patch size had very little impact on the
vulnerability to focal excitations implies that the smallest patch
size we implemented (average size of approximately 44 mm?
for patch seed 10 in the 25% total area model) provided suffi-
cient space for a focal excitation to emerge. Note that this is
not the same statement that this area of tissue (approximately
49 nodes) was sulfficient to induce a focal excitation on its
own, as these areas of tissue are still influenced by DADs pro-
pagating from healthy regions that help raise the resting
potential and bring the tissue region closer to the threshold
for full excitation, even before any localized SCRE occurs. How-
ever, it does highlight how substantially the constraints are
reduced by fibrotic tissue. Future studies could investigate
even smaller patches, although we argue that this begins to
transition into globally diffuse or interstitial fibrosis as opposed
to the patchy fibrosis that is the focus of this manuscript.

We demonstrated that these results translate across both
synchronization and magnitude variation: large magnitude
and unsynchronized events, or small magnitude and highly
synchronized events, were both sufficient to generate focal
excitations in fibrotic regions.
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Figure 14. Spontaneous generation of arrhythmia. Two examples are shown of spontaneous arrhythmia generation that is driven by complex trigger—substrate
interactions. (A) A simulation in which a stable re-entrant pattern emerges. (B) A simulation in which re-entry and focal excitations continuously interact. White
arrows indicate regions of large cellular TA that may or may not fully induce a focal excitation, blue arrows indicate wavefront propagation, dotted lines indicate
regions of temporary conduction block, and fibrosis patches are shown in semi-transparent dark red for context and relation of spatial properties. Results shown are
for the minimal cell model with AF remodelling and 150, and a pre-pacing cycle length of 400 ms.

4.4, Differential loss of transverse and longitudinal focal excitations (previous section) by providing both

. . . robust coupling within one-dimensional strands and
connections is a relevant controller of arrhythmla reduced electrotonic load between strands. This supports

dynamics the original study of Xie et al. [18] that found the loss of
In the present study, it was demonstrated that preferential transverse connections specifically to be the most arrhyth-
loss of transverse connections [1,24,25,36] helped promote mogenic. This heterogeneity also promoted functional
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conduction block during rapid pacing, which contributed to
the generation of re-entry and played an important role in
complex excitation emerging from trigger-substrate inter-
actions. The importance of reduced transverse coupling
has been demonstrated in a previous study of the co-authors
[40], where it was shown that these connections determined
transverse conduction delay and affected the importance of
both In, and Ic,L to successful propagation. Together with
other previous implementations of highly heterogeneous
conduction media associated with fibrosis (e.g. [11,41]),
these studies collectively highlight the importance of captur-
ing this underlying and complex coupling heterogeneity in
computational models of fibrosis, as these features are not
well reproduced in simpler models of fibrosis that rely on
reducing the diffusion coefficient and/or increasing the ani-
sotropy ratio.

4.5. Non-refractory mechanisms for unidirectional
conduction and re-entry

Previous studies have highlighted novel mechanisms by
which SCRE and DADs may promote the development of
arrhythmia, beyond the established mechanisms of focal exci-
tations that interact with cellular refractoriness, leading to
unidirectional conduction block and re-entry. Liu et al. [21]
demonstrated that DADs in one region of tissue could inacti-
vate In, and block the excitation wavefront emerging from
another region of tissue, leading to both unidirectional con-
duction patterns and re-entry. In Campos et al. [42], it was
demonstrated that subthreshold DADs in the isthmus
within a scar could provide the necessary conditions for
both conduction block of the incoming wavefront and the
degeneration into re-entry.

This present study contributes to the growing under-
standing of these mechanisms by elucidating how triggers
and substrates can interact to form complex excitation pat-
terns. Similar to Liu ef al. [21], we observed conditions
wherein DADs and TA simultaneously exist and interact
to lead to complex and re-entrant-like excitation patterns;
these conditions were substantially promoted by the pres-
ence of fibrosis. In particular, the heterogeneity induced by
patchy fibrosis promoted localized regions of TA-inducing
DADs (within fibrotic patches) and non-TA-inducing
DADs (in non-fibrotic regions). These more complex
dynamics were observed primarily using the mCRN
model and not in the minimal model. This was attributed
to the differing resistance to a DAD in each model. The
minimal model had less opposing current and subsequently
full TA was induced with lower magnitude SCRE than in the
mCRN model. It was these larger magnitude but subthres-
hold SCRE that were required to sufficiently induce In,
inactivation and result in conduction block; in the minimal
model, there was no parameter region that we could find
where substantial conduction block and focal excitations
simultaneously occurred. Such results highlight one limit-
ation of using a minimal model that does not contain all
of the relevant components that act in the resting potential
region. However, this was the only result that differed
qualitatively between the minimal and mCRN models.

Additionally, the introduction of fibroblast coupling
(which, in this present study, was implemented simply as
a positive shift in the resting membrane potential) provided
a substrate that readily facilitated unidirectional and

re-entrant-like conduction patterns. The elevation of resting
membrane potential inactivated Iy, enabling much larger
DADs that do not trigger full activation of Iy, and therefore
do not lead to cellular TA. These DADs could propagate
asymmetrically in the fibrotic region and, upon reaching
the border zone with the surrounding healthy tissue, they
could emerge into this tissue as a full excitation. This often
occurred unidirectionally, as the excitation wave was
frequently only initiated at one location of the border zone
and could not initially enter the fibrotic region due to Iy,
inactivation. The wave would then propagate throughout
the remainder of the tissue, travelling along the border
zone of the fibrotic region, until it was able to enter this
region fully if it had sufficiently recovered within this time-
frame. This provided the most vulnerable substrate for the
spontaneous development of re-entry.

Notably, this novel mechanism, which relies on heteroge-
neously inactivated Iy, requires less extreme SCRE than a
rapidly timed ‘S2’ stimulus occurring in a small spatio-tem-
poral window, as is required for the more established
mechanisms of conduction block. As a result, we speculate
that it is possible that these mechanisms may be more
common in the calcium-induced, DAD-mediated spontaneous
generation of arrhythmias compared to the traditional refrac-
tory-based conduction block mechanisms. Novel treatment
strategies that aim specifically to inhibit this mechanism may
lead to more effective options than those currently available,
in particular, in patient populations for whom the current
treatment strategies are not efficacious. The validity and rel-
evance of these novel mechanisms requires confirmation in
both experiment and the clinic before these ideas are pursued
further. We note that a recent study found that myocyte—fibro-
blast coupling in scar regions to be highly arrhythmogenic [32]
and it may be that the mechanism described above is relevant
for these observations.

5. Limitations

Relatively large tissue sizes were implemented in the two-
dimensional simulations of this study that may be larger in
total surface area than the healthy human atria. This choice
was made to provide sufficient space for sustained re-entrant
excitation and for complex fibrosis patterns to be imposed.
We note that the total activation time in the two-dimensional
tissue models (approximately 110 ms) was similar to the
three-dimensional anatomically detailed models and that
expected in human atria. Whereas this is not a direct compari-
son (two-dimensional models were paced from the centre of
the tissue, whereas the pacemaker of the atria, the SAN, is
not centrally placed), it confirms that the excitation wave-
length is approximately the correct size in relation to the
total tissue area. Moreover, many conditions and diseases
in which AF occurs are associated with an enlargement of
the atria (e.g. due to hypertrophy or dilatation) beyond the
total surface area implemented in our two-dimensional
simulations.

It is also worth clarifying the nature of the fibre orien-
tation models implemented in two dimensions. These
models were not rigorously developed or based on detailed
data describing remodelling. Rather, the intention of these
three models was to identify if the organization of fibre orien-
tation had an impact on either trigger or substrate dynamics.
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For this purpose, the control varying field was to ensure a
more realistic context than the perfectly idealized case (the
importance of which can be seen in the activation patterns)
and the remodelled field was to introduce areas of abrupt
changes in fibre angle that were not present in the control
model. It would take substantially more work, beyond the
scope of the aims of this study, to develop well-validated
fibre structure models, and it would then also be prudent
to include multiple models of fibre structure to avoid any
model-specific conclusions. This would have added substan-
tial simulation time to the already intensive requirements of
this study. However, we note that the fully idealized con-
dition is a common way of performing two-dimensional
simulations (e.g. [16]), and therefore we believe that introdu-
cing some variation in fibre structure, even if it has not been
rigorously validated, still offers more realism than relying on
such an idealized case.

Currently, our models lack the implementation of
regional differences in electrophysiological properties that
have been included in numerous previous studies (e.g.
[43,44]). Moreover, the fibrosis model used in our study is
still relatively simple (random removal of a set proportion
of axial and transverse connections within fibrosis regions).
A more detailed model which incorporates data-informed
connection maps at the cellular scale may offer more
insights. Previous studies have indicated that intramural
conduction in the atria could be an important regulator of
arrhythmia dynamics, particularly in the presence of fibrosis
(e.g. [13,45,46]). These intramural properties were not
accounted for in the present model, but could be particu-
larly relevant for focal excitations and the interaction
between focal excitations and re-entry.

In addition to fibrosis, connexin remodelling and the
dynamics of gap junctions may also play significant roles in
arrhythmia development [24,25,47,48]. For example, lateraliza-
tion of connexins could somewhat counteract the loss of
transverse coupling introduced by increased collagen between
myofibre bundles, although it is likely these concomitant
changes still result in increased anisotropy in the remodelled
atria. Considering these factors in future models could offer
further insights into the mechanisms underlying arrhythmia
induction and progression. While our fibroblast model repro-
duced the impact of resting potential homogeneously within
fibrotic regions, a more detailed model considering the
actual coupling of a varied number of fibroblasts to
cardiomyocytes may introduce additional heterogeneities,
providing a more accurate depiction of fibrosis-induced effects
on cardiac electrophysiology.

Our results where focal excitations interacted with, and
sometimes suppressed sinus rhythm, were performed in
the context of applied stimuli. The natural pacemaker poten-
tials of the SAN were not included in the present model.
This would be a necessary inclusion to further understand
the interaction of focal beats and sinus rhythm. For example,
if a focal beat were received by the SAN, inducing an AP in
this region, then this would delay the next sinus beat in a
way that was not captured by the predefined stimulus
times implemented in the present study. Such interactions
may offer valuable insights into the generation of
arrhythmia.

Additionally, the current computational simulations have
limitations in terms of efficiency, particularly for full three-

dimensional simulations over extended time periods (more
than 10s of simulation time). In combination with the
requirement for a high volume of simulations necessary to
characterize the statistics of these probabilistic events as
well as ensure all behaviour is captured, this presents numer-
ous challenges for feasible delivery of simulation results in a
reasonable timeframe. Developing a more efficient method
for conducting full three-dimensional simulations would be
highly valuable and would enable more complex, long-term
behaviours to be considered.

6. Conclusion

In this study, we have demonstrated that patchy fibrosis
promotes arrhythmia triggers, substrate and trigger—
substrate interactions that can both generate and maintain
AF. In particular, a loss of cellular connections facilitates
the emergence of focal excitations (arrhythmia triggers)
while also promoting complex excitation patterns that can
lead to wavebreak and re-entry (substrate). The simul-
taneous presence of both features enabled subthreshold
release events and focal excitations to coexist and interact
to develop into re-entry without the requirement for refrac-
tory-based conduction block. Fibroblast coupling enhanced
these interactions by enabling localized large subthreshold
release events that can emerge unidirectionally into the sur-
rounding atria. This study has, therefore, revealed the
mechanisms by which fibrosis promotes arrhythmia triggers
while also revealing novel mechanisms of arrhythmia
induction that could be important for clinical management
of the condition.

Ethics. This work did not require ethical approval from a human
subject or animal welfare committee.

Data accessibility. Model code, including simulation geometries and
fibrosis maps, can be found on Zenodo: Colman, M. A. (2023).
Multi-scale Cardiac Simulation Framework (Version 1.4). Michael
Colman https://doi.org/10.5281/zenodo.10204625 [49].
Supplementary material is available online [50].
Declaration of Al use. We have used Al-assisted technologies in creating
this article.
Authors” contributions. M.A.C.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, project
administration, resources, software, validation, visualization,
writing—original draft, writing—review and editing; R.S.: data cura-
tion, investigation, resources, writing—review and editing; O.V.A.:
conceptualization, writing—review and editing; J.Z.: data curation,
formal analysis, funding acquisition, resources, supervision,
writing—review and editing.
All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was supported by a Medical Research Council,
United Kingdom, Strategic Skills Fellowship (grant no. MR/
M014967/1) and Career Development Award (grant no. MR/
V010050/1) awarded to M.A.C., by the Heath Research Council of
New Zealand and Heart Foundation New Zealand (J.Z.), and by a
project grant from the British Heart Foundation, United Kingdom,
awarded O.A. (grant no. PG/15/8/31130).

Acknowledgements. We would like to acknowledge Dr Martin K. Stiles in
Waikato Clinical School, The University of Auckland, for providing
the LGE-MRIs from Waikato Hospital. This work was undertaken
on ARC3 and ARC4, part of the High Performance Computing facili-
ties at the University of Leeds, UK, and would not have been possible
without such a facility.

LY00£Z0T €L Smo4 dxpuaiu)  sisi/jeuinol/biobuiysiigndfianosjesol E


https://doi.org/10.5281/zenodo.10204625

Downloaded from https://royal societypublishing.org/ on 19 December 2023

References

de Jong S, van Veen TAB, van Rijen HVM, de Bakker
JMT. 2011 Fibrosis and cardiac arrhythmias.

J. Cardiovasc. Pharmacol. 57, 630-638. (doi:10.
1097/FJC.0b013e318207a35f)

Hinderer S, Schenke-Layland K. 2019 Cardiac fibrosis
— a short review of causes and therapeutic
strategies. Adv. Drug Deliv. Rev. 146, 77-82.
(doi:10.1016/j.addr.2019.05.011)

Akutsu Y, Tanno K, Kobayashi Y. 2012 The role of
atrial structural remodeling in atrial fibrillation
ablation: an imaging point of view for predicting
recurrence. J. Atr. Fibrillation 5, 509.

Morgan R, Colman MA, Chubb H, Seemann G,
Aslanidi OV. 2016 Slow conduction in the border
zones of patchy fibrosis stabilizes the drivers for
atrial fibrillation: insights from multi-scale human
atrial modeling. Front. Physiol. 7, 1-15. (doi:10.
3389/fphys.2016.00474)

Boyle PM et al. 2018 The fibrotic substrate in
persistent atrial fibrillation patients: comparison
between predictions from computational modeling
and measurements from focal impulse and rotor
mapping. Front. Physiol. 9, 1151. (doi:10.3389/
fphys.2018.01151)

Roy A, Varela M, Chubb H, MacLeod R, Hancox JC,
Schaeffter T, Aslanidi 0. 2020 Identifying locations of
re-entrant drivers from patient-speific distribution of
fibrosis in the left atrium. PLoS Comput. Biol. 16,
€1008086. (doi:10.1371/journal.pcbi.1008086)
Camm AJ et al. 2010 Guidelines for the
management of atrial fibrillation: the Task Force for
the Management of Atrial Fibrillation of the
European Society of Cardiology (ESC). Eur. Heart J.
31, 2369-2429. (doi:10.1093/eurheartj/ehq278)
Burdett P, Lip GYH. 2022 Atrial fibrillation in the
UK: predicting costs of an emerging epidemic
recognizing and forecasting the cost drivers of atrial
fibrillation-related costs. Eur. Heart J. — Qual. Care
(lin. Outcomes 8, 187—194. (doi:10.1093/ehjqcco/
caa093)

Dzeshka MS, Lip GYH, Snezhitskiy V, Shantsila E.
2015 Cardiac fibrosis in patients with atrial
fibrillation: mechanisms and dlinical implications.
J. Am. Coll. Cardiol. 66, 943—959. (d0i:10.1016/j.
jacc.2015.06.1313)

Ma J, Chen Q, Ma S. 2021 Left atrial fibrosis in atrial
fibrillation: mechanisms, clinical evaluation and
management. J. Cell. Mol. Med. 25, 2764-2775.
(doi:10.1111/jcmm.16350)

Kazbanov IV, ten Tusscher KHWJ, Panfilov AV. 2016
Effects of heterogeneous diffuse fibrosis on
arrhythmia dynamics and mechanism. Sci. Rep. 6,
20835. (doi:10.1038/srep20835)

Clayton RH. 2018 Dispersion of recovery and
vulnerability to re-entry in a model of human atrial
tissue with simulated diffuse and focal patterns of
fibrosis. Front. Physiol. 9, 1052. (doi:10.3389/fphys.
2018.01052)

Hansen BJ et al. 2020 Unmasking arrhythmogenic
hubs of reentry driving persistent atrial fibrillation

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

for patient-specific treatment. J. Am. Heart Assoc. 9,
e017789.

Deng D, Murphy MJ, Hakim JB, Franceschi WH,
Zahid S, Pashakhanloo F, Trayanova NA, Boyle PM.
2017 Sensitivity of reentrant driver localization to
electrophysiological parameter variability in image-
based computational models of persistent atrial
fibrillation sustained by a fibrotic substrate. Chaos
Interdiscip. J. Nonlinear Sci. 27, 093932. (doi:10.
1063/1.5003340)

Ni H, Morotti S, Grandi E. 2018 A heart for diversity:
simulating variability in cardiac arrhythmia research.
Front. Physiol. 9, 958. (doi:10.3389/fphys.2018.
00958)

Celotto C, Sanchez C, Mountris KA, Laguna P, Pueyo
E. 2021 Location of parasympathetic innervation
regions from electrograms to guide atrial fibrillation
ablation therapy: an in silico modeling study. Front.
Physiol. 12, 674197. (doi:10.3389/fphys.2021.
674197)

Riccio J, Alcaine A, Rocher S, Martinez-Mateu L,
Laranjo S, Saiz J, Laguna P, Martinez JP. 2021
(Characterization of atrial propagation patterns and
fibrotic substrate with a modified omnipolar
electrogram strategy in multi-electrode arrays. Front.
Physiol. 12, 674223. (doi:10.3389/fphys.2021.
674223)

Xie Y, Sato D, Garfinkel A, Qu Z, Weiss JN. 2010
So little source, so much sink: requirements

for afterdepolarizations to propagate in tissue.
Biophys. J. 99, 1408-1415. (doi:10.1016/j.bp;j.2010.
06.042)

Nguyen TP, Xie Y, Garfinkel A, Qu Z, Weiss JN. 2012
Arrhythmogenic consequences of myofibroblast—
myocyte coupling. Cardiovasc. Res. 93, 242-251.
(doi:10.1093/cvr/cvr292)

Campos FO, Shiferaw Y, Weber dos Santos R, Plank
G, Bishop MJ. 2018 Microscopic isthmuses and
fibrosis within the border zone of infarcted hearts
promote calcdum-mediated ectopy and conduction
block. Front. Phys. 117, 2361-2374. (doi:10.1016/j.
bpj.2019.08.008)

Liu MB, de Lange E, Garfinkel A, Weiss JN, Qu Z.
2015 Delayed afterdepolarizations generate

both triggers and a vulnerable substrate
promoting reentry in cardiac tissue. Heart

Rhythm. 12, 2115-2124. (d0i:10.1016/j.hrthm.
2015.06.019)

Campos FO, Shiferaw Y, Vigmond EJ, Plank G. 2017
Stochastic spontaneous calcium release events and
sodium channelopathies promote ventricular
arrhythmias. Chaos Interdiscip. J. Nonlinear Sdi. 27,
093910. (doi:10.1063/1.4999612)

Colman MA. 2019 Arrhythmia mechanisms and
spontaneous calcium release: bi-directional coupling
between re-entrant and focal excitation. PLoS
Comput. Biol. 15, €1007260. (doi:10.1371/journal.
pcbi.1007260)

Kostin S, Klein G, Szalay Z, Hein S, Bauer EP,
Schaper J. 2002 Structural correlate of atrial

25.

26.

2].

28.

29.

30.

3N

32.

33

34.

35.

fibrillation in human patients. Cardiovasc. Res. 54,
361-379. (doi:10.1016/50008-6363(02)00273-0)
Burstein B, Comtois P, Michael G, Nishida K,
Villeneuve L, Yeh Y-H, Nattel S. 2009 Changes in
connexin expression and the atrial fibrillation
substrate in congestive heart failure. Circ. Res.
105, 1213-1222. (doi:10.1161/CIRCRESAHA.108.
183400)

Colman MA, Benson AP. 2023 A simple approach for
image-based modelling of the heart that enables
robust simulation of highly heterogeneous electrical
excitation. Sci. Rep. 13, 15119. (doi:10.1038/541598-
023-39244-w)

Courtemanche M, Ramirez RJ, Nattel S. 1998 lonic
mechanisms underlying human atrial action
potential properties: insights from a mathematical
model. Am. J. Physiol. 275, H301-H321.
MacCannell KA, Bazzazi H, Chilton L, Shibukawa Y,
Clark RB, Giles WR. 2007 A mathematical model of
electrotonic interactions between ventricular
myocytes and fibroblasts. Biophys. J. 92,
4121-4132. (doi:10.1529/biophysj.106.101410)
Ongstad E, Kohl P. 2016 Fibroblast-myocyte
coupling in the heart: potential relevance for
therapeutic interventions. J. Mol. Cell. Cardiol. 91,
238-246. (doi:10.1016/j.yjmcc.2016.01.010)

Gao Y, Gong Y, Xia L. 2017 Simulation of atrial
fibrosis using coupled myocyte-fibroblast cellular
and human atrial models. Comput. Math. Methods
Med. 2017, ¢9463010.

Sanchez J, Gomez JF, Martinez-Mateu L, Romero L,
Saiz J, Trenor B. 2019 Heterogeneous effects of
fibroblast-myocyte coupling in different regions of
the human atria under conditions of atrial
fibrillation. Front. Physiol. 10, 847. (doi:10.3389/
fphys.2019.00847)

Wang Y et al. 2023 Fibroblasts in heart scar tissue
directly regulate cardiac excitability and
arrhythmogenesis. Science 381, 1480-1487.
(doi:10.1126/science.adh9925)

Colman MA, Perez Alday EA, Holden AV, Benson AP.
2017 Trigger vs. substrate: multi-dimensional
modulation of QT-prolongation associated
arrhythmic dynamics by a hERG channel activator.
Front. Physiol. 8, 757. (doi:10.3389/fphys.2017.
00757)

Holmes M, Hurley ME, Sheard TMD, Benson AP,
Jayasinghe |, Colman MA. 2022 Increased SERCA2a
sub-cellular heterogeneity in right-ventricular heart
failure inhibits excitation-contraction coupling and
modulates arrhythmogenic dynamics. Phil.

Trans. R. Soc. B 377, 20210317. (doi:10.1098/rstb.
2021.0317)

Sharma R et al. 2023 Computerized analysis of the
human heart to guide targeted treatment of atrial
fibrillation. In Statistical Atlases and Computational
Models of the Heart. Regular and CMRxMotion
Challenge Papers: 13th International Workshap,
STACOM 2022, Held in Conjunction with MICCAI
2022, Singapore, September 18, 2022, Revised

LY00£Z0T €L Smo4 dxpuaiu)  sisi/jeuinol/biobuiysiigndfianosjesol E


http://dx.doi.org/10.1097/FJC.0b013e318207a35f
http://dx.doi.org/10.1097/FJC.0b013e318207a35f
http://dx.doi.org/10.1016/j.addr.2019.05.011
https://doi.org/10.3389/fphys.2016.00474
https://doi.org/10.3389/fphys.2016.00474
http://dx.doi.org/10.3389/fphys.2018.01151
http://dx.doi.org/10.3389/fphys.2018.01151
http://dx.doi.org/10.1371/journal.pcbi.1008086
http://dx.doi.org/10.1093/eurheartj/ehq278
http://dx.doi.org/10.1093/ehjqcco/qcaa093
http://dx.doi.org/10.1093/ehjqcco/qcaa093
http://dx.doi.org/10.1016/j.jacc.2015.06.1313
http://dx.doi.org/10.1016/j.jacc.2015.06.1313
http://dx.doi.org/10.1111/jcmm.16350
http://dx.doi.org/10.1038/srep20835
http://dx.doi.org/10.3389/fphys.2018.01052
http://dx.doi.org/10.3389/fphys.2018.01052
http://dx.doi.org/10.1063/1.5003340
http://dx.doi.org/10.1063/1.5003340
http://dx.doi.org/10.3389/fphys.2018.00958
http://dx.doi.org/10.3389/fphys.2018.00958
http://dx.doi.org/10.3389/fphys.2021.674197
http://dx.doi.org/10.3389/fphys.2021.674197
http://dx.doi.org/10.3389/fphys.2021.674223
http://dx.doi.org/10.3389/fphys.2021.674223
http://dx.doi.org/10.1016/j.bpj.2010.06.042
http://dx.doi.org/10.1016/j.bpj.2010.06.042
http://dx.doi.org/10.1093/cvr/cvr292
http://dx.doi.org/10.1016/j.bpj.2019.08.008
http://dx.doi.org/10.1016/j.bpj.2019.08.008
http://dx.doi.org/10.1016/j.hrthm.2015.06.019
http://dx.doi.org/10.1016/j.hrthm.2015.06.019
http://dx.doi.org/10.1063/1.4999612
http://dx.doi.org/10.1371/journal.pcbi.1007260
http://dx.doi.org/10.1371/journal.pcbi.1007260
http://dx.doi.org/10.1016/S0008-6363(02)00273-0
http://dx.doi.org/10.1161/CIRCRESAHA.108.183400
http://dx.doi.org/10.1161/CIRCRESAHA.108.183400
http://dx.doi.org/10.1038/s41598-023-39244-w
http://dx.doi.org/10.1038/s41598-023-39244-w
http://dx.doi.org/10.1529/biophysj.106.101410
http://dx.doi.org/10.1016/j.yjmcc.2016.01.010
http://dx.doi.org/10.3389/fphys.2019.00847
http://dx.doi.org/10.3389/fphys.2019.00847
http://dx.doi.org/10.1126/science.adh9925
http://dx.doi.org/10.3389/fphys.2017.00757
http://dx.doi.org/10.3389/fphys.2017.00757
http://dx.doi.org/10.1098/rstb.2021.0317
http://dx.doi.org/10.1098/rstb.2021.0317

Downloaded from https://royal societypublishing.org/ on 19 December 2023

36.

37.

38.

39.

40.

Selected Papers, pp. 317-329. Berlin, Germany:
Springer.

de Bakker JM, van Capelle FJ, Janse MJ, Tasseron S,
Vermeulen JT, de Jonge N, Lahpor JR. 1993 Slow
conduction in the infarcted human heart. ‘Zigzag'
course of activation. Circulation 88, 915-926.
(doi:10.1161/01.CIR.88.3.915)

Lemery R, Bimie D, Tang ASL, Green M, Gollob M,
Hendry M, Lau E. 2007 Normal atrial activation and
voltage during sinus rhythm in the human heart:
an endocardial and epicardial mapping study in
patients with a history of atrial fibrillation.

J. Cardiovasc. Electrophysiol. 18, 402—408. (doi:10.
1111/j.1540-8167.2007.00762.x)

Campos FO, Shiferaw Y, Prassl AJ, Boyle PM,
Vigmond EJ, Plank G. 2015 Stochastic spontaneous
calcium release events trigger premature ventricular
complexes by overcoming electrotonic load.
Cardiovasc. Res. 107, 175-183. (doi:10.1093/cvr/
w149)

Nguyen TP, Qu Z, Weiss JN. 2014 Cardiac fibrosis
and arrhythmogenesis: the road to repair is paved
with perils. J. Mol. Cell. Cardiol. 70, 83-91. (doi:10.
1016/j.yjmcc.2013.10.018)

Zhao J, Schotten U, Smaill B, Verheule S. 2018 Loss
of side-to-side connections affects the relative
contributions of the sodium and calcium current to

41.

42.

43.

transverse propagation between strands of atrial
myocytes. Front. Physiol. 9, 01212. (doi:10.3389/
fphys.2018.01212)

Vandersickel N, Watanabe M, Tao Q, Fostier J,
Zeppenfeld K, Panfilov AV. 2018 Dynamical
anchoring of distant arrhythmia sources by fibrotic
regions via restructuring of the activation pattern.
PloS Comput. Biol. 14, e1006637. (doi:10.1371/
journal.pchi.1006637)

Campos FO, Shiferaw Y, Whitaker J, Plank G, Bishop
MJ. 2022 Subthreshold delayed afterdepolarizations
provide an important arrhythmogenic substrate in
the border zone of infarcted hearts. Heart Rhythm.
20, 299-306. (doi:10.1016/j.hrthm.2022.10.026)
Colman MA, Aslanidi OV, Kharche S, Boyett MR,
Garratt C, Hancox JC, Zhang H. 2013 Pro-
arrhythmogenic effects of atrial fibrillation-induced
electrical remodelling: insights from the
three-dimensional virtual human atria. J. Physiol.
591, 4249-4272. (doi:10.1113/jphysiol.2013.
254987)

Varela M, Colman MA, Hancox JC, Aslanidi OV. 2016
Atrial heterogeneity generates re-entrant substrate
during atrial fibrillation and anti-arrhythmic drug
action: mechanistic insights from canine atrial
models. PLoS Comput. Biol. 12, e1005245. (doi:10.
1371/journal.pchi.1005245)

46.

47.

48.

49.

50.

Hansen BJ et al. 2015 Atrial fibrillation driven by
micro-anatomic intramural re-entry revealed by
simultaneous sub-epicardial and sub-endocardial
optical mapping in explanted human hearts. Fur.
Heart J. 36, 2390-2401. (doi:10.1093/eurheartj/
ehv233)

Hansen BJ, Zhao J, Fedorov VV. 2017 Fibrosis and
atrial fibrillation: computerized and optical
mapping; a view into the human atria at
submillimeter resolution. JACC Clin. Electrophysiol. 3,
531-546. (doi:10.1016/}.jacep.2017.05.002)
Bragard J et al. 2021 Conductance heterogeneities
induced by multistability in the dynamics of
coupled cardiac gap junctions. Chaos

Interdiscip. J. Nonlinear Sci. 31, 073144. (doi:10.
1063/5.0053651)

Ly C, Weinberg SH. 2022 Automaticity in ventricular
myocyte cell pairs with ephaptic and gap junction
coupling. Chaos Interdiscip. J. Nonlinear Sdi. 32,
033123. (doi:10.1063/5.0085291)

Colman MA. 2023 Multi-scale Cardiac Simulation
Framework (Version 1.4). Michael Colman. (doi:10.
5281/zen0do.10204625)

Colman MA, Sharma R, Aslanidi OV, Zhao J. 2023
Patchy fibrosis promotes trigger—substrate interactions
that both generate and maintain atrial fibrillation.
Figshare. (doi:10.6084/m9.figshare.c.6956828)

LY00£Z0T €L Smo4 dxpuaiu)  sisi/jeuinol/biobuiysiigndfianosjesol E


http://dx.doi.org/10.1161/01.CIR.88.3.915
http://dx.doi.org/10.1111/j.1540-8167.2007.00762.x
http://dx.doi.org/10.1111/j.1540-8167.2007.00762.x
http://dx.doi.org/10.1093/cvr/cvv149
http://dx.doi.org/10.1093/cvr/cvv149
http://dx.doi.org/10.1016/j.yjmcc.2013.10.018
http://dx.doi.org/10.1016/j.yjmcc.2013.10.018
http://dx.doi.org/10.3389/fphys.2018.01212
http://dx.doi.org/10.3389/fphys.2018.01212
http://dx.doi.org/10.1371/journal.pcbi.1006637
http://dx.doi.org/10.1371/journal.pcbi.1006637
http://dx.doi.org/10.1016/j.hrthm.2022.10.026
http://dx.doi.org/10.1113/jphysiol.2013.254987
http://dx.doi.org/10.1113/jphysiol.2013.254987
http://dx.doi.org/10.1371/journal.pcbi.1005245
http://dx.doi.org/10.1371/journal.pcbi.1005245
http://dx.doi.org/10.1093/eurheartj/ehv233
http://dx.doi.org/10.1093/eurheartj/ehv233
http://dx.doi.org/10.1016/j.jacep.2017.05.002
http://dx.doi.org/10.1063/5.0053651
http://dx.doi.org/10.1063/5.0053651
http://dx.doi.org/10.1063/5.0085291
http://dx.doi.org/10.5281/zenodo.10204625
http://dx.doi.org/10.5281/zenodo.10204625
http://dx.doi.org/10.6084/m9.figshare.c.6956828

	Patchy fibrosis promotes trigger–substrate interactions that both generate and maintain atrial fibrillation
	Introduction
	Methods
	Models of cellular electrophysiology
	Reduced model of spontaneous calcium release and delayed after depolarizations
	Tissue and fibrosis models
	Simulation protocols and conditions

	Results
	Effect of patchy fibrosis on activation time and activation wavefronts
	Fibrosis promotes the emergence of focal excitations
	Loss of transverse connections is the primary mechanism that promotes focal excitations
	Fibrosis promotes arrhythmia substrate through heterogeneously slowed conduction
	Fibrosis-induced focal excitations can interrupt normal pacing
	Fibroblast coupling provides the substrate for spontaneous generation of arrhythmia

	Discussion
	Summary of major findings
	Model of fibrosis
	Mechanism of DAD-mediated focal triggers in fibrotic tissue
	Differential loss of transverse and longitudinal connections is a relevant controller of arrhythmia dynamics
	Non-refractory mechanisms for unidirectional conduction and re-entry

	Limitations
	Conclusion
	Ethics
	Data accessibility
	Declaration of AI use
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


