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Abstract Atrial fibrillation (AF) is the most common cardiac arrhythmia and is sustained by
spontaneous focal excitations and re-entry. Spontaneous electrical firing in the pulmonary vein
(PV) sleeves is implicated in AF generation. The aim of this simulation study was to identify
the mechanisms determining the localisation of AF triggers in the PVs and their contribution
to the genesis of AE A novel biophysical model of the canine atria was used that integrates
stochastic, spontaneous subcellular Ca*" release events (SCRE) with regional electrophysiological
heterogeneity in ionic properties and a detailed three-dimensional model of atrial anatomy, micro-
architecture and patchy fibrosis. Simulations highlighted the importance of the smaller inward
rectifier potassium current (Ix; ) in PV cells compared to the surrounding atria, which enabled SCRE
more readily to result in delayed-afterdepolarisations that induced triggered activity. There was a
leftward shift in the dependence of the probability of triggered activity on sarcoplasmic reticulum
Ca’*" load. This feature was accentuated in 3D tissue compared to single cells (A half-maximal
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[Ca’T]sr = 58 uM vs. 22 uM). In 3D atria incorporating electrical heterogeneity, excitations pre-
ferentially emerged from the PV region. These triggered focal excitations resulted in transient
re-entry in the left atrium. Addition of fibrotic patches promoted localised emergence of focal
excitations and wavebreaks that had a more substantial impact on generating AF-like patterns
than the PVs. Thus, a reduced Ix;, less negative resting membrane potential, and fibrosis-induced
changes of the electrotonic load all contribute to the emergence of complex excitation patterns from

spontaneous focal triggers.

(Received 28 September 2023; accepted after revision 17 January 2024; first published online 19 February 2024)
Corresponding author M. A. Colman: School of Biomedical Sciences, Faculty of Biological Sciences, University of Leeds,
Leeds, UK.  Email: m.a.colman@leeds.ac.uk

Abstract figure legend Left: probability of cellular trigger activity or tissue focal excitation (Pra) as a function of
sarcoplasmic reticulum load ([Ca?*]sg) in isolated cells from the right atrium (RA) and pulmonary veins (PV) and in
homogeneous (all cells are modelled as RA) and heterogeneous 3D tissue models. The cellular differences are enhanced
in 3D, leading to a large shift in the half-maximal [Ca®*]sg observed (A[Ca?*]sg50). Right: temporal snapshots showing
the membrane potential (V},) in the 3D atria, corresponding to a focal excitation originating from the right pulmonary
vein.

Key points

® Focal excitations in the atria are most commonly associated with the pulmonary veins, but the

mechanisms for this localisation are yet to be elucidated.

We applied a multi-scale computational modelling approach to elucidate the mechanisms under-
lying such localisations.

Myocytes in the pulmonary vein region of the atria have a less negative resting membrane potential
and reduced time-independent potassium current; we demonstrate that both of these factors
promote triggered activity in single cells and tissues.

The less negative resting membrane potential also contributes to heterogeneous inactivation of
the fast sodium current, which can enable re-entrant-like excitation patterns to emerge without

traditional conduction block.

Introduction

Atrial fibrillation (AF) is the most common cardiac
arrhythmia, imposing a huge healthcare burden (Burdett
& Lip, 2022; Camm et al.,, 2010; Stewart et al., 2004).
AF is characterised by rapid and irregular electrical
activity in the atria, which can be underlain by multiple
structural, electrical and neurohormonal dysfunction at
the cellular and tissue scale. AF triggers are commonly
associated with the pulmonary vein (PV) sleeve region
of the left atrium, where abnormal intracellular Ca**
events and neurohormonal dysregulation may lead to
spontaneous electrical firing. Triggered ectopic electrical
waves (‘focal excitations’) may break down to generate
further sustained wave sources: re-entrant drivers
(‘rotors’). Substrates for re-entry and AF generation
include changes of the electrical excitation wavelength,
proliferation of fibrosis and complex arrangement of fibres
in atrial tissue (Nattel et al., 2014). Once established, AF
induces mechanisms for self-perpetuation (AF begets

AF’), with further structural, electrical and innervation
remodelling superimposed upon pre-existing pathologies
to produce more persistent and recurrent AF (Nattel et al.,
2014; Schotten et al,, 2011). The diversity of underlying
factors hampers the dissection of their relative roles in the
complex mechanisms of AF progression, and hence the
development of more effective treatments.

Biophysical modelling of the heart provides
a quantitative framework for integrating diverse
cell-to-organ data and for dissecting arrhythmogenic
behaviours that emerge from the complex interactions of
multiple underlying factors (Colman et al., 2022; Ddssel
et al,, 2021; Heijman et al, 2021; Lopez-Perez et al,
2015; Niederer et al., 2019; Vagos et al., 2018). Such an
integrative approach is extremely difficult to implement in
a purely experimental or clinical setting. Computational
models of the atria have provided important insights into
various mechanisms of AF, from cellular events to re-entry
in atrial tissues and various aspects of remodelling in the
entire 3D atria (Aslanidi et al., 2011; Cherry et al., 2007;
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Colman et al., 2013; Ddossel et al.,, 2012; Roney et al.,
2018). For example, detailed 3D biophysical models of
the atria have shown that tissue anisotropy and electrical
heterogeneity can lead to conduction blocks and the
initiation of re-entry, whereas AF-induced remodelling
decreases the wavelength and facilitates the sustenance of
re-entrant waves (Colman et al., 2014; Greene et al., 2022;
Morgan et al., 2016; Varela et al., 2016).

Triggers for the initial ectopic electrical waves,
governing the spontaneous transition from sinus rhythm
to an AF event, are significantly less studied (de Bakker
et al., 2002). They have been linked with the PV sleeves
(Haissaguerre et al., 1998; Sanders et al., 2005), but the
underlying mechanisms of such triggers are incompletely
understood. Paroxysmal AF can result in an increased
Ca*" transient amplitude without major changes in
atrial action potential duration (APD) in atrial cells
(Grandi et al.,, 2011; Voigt et al., 2014; Workman, 2010).
Enhanced ryanodine receptor (RyR) sensitivity can also
lead to abnormal diastolic Ca’" release, and subsequent
Ca*" extrusion from the cell via the sodium-calcium
exchanger current (Inac.), leading to cellular delayed
after-depolarisations (DADs). If of sufficient magnitude
to reach the threshold for activation of the fast sodium
current (In,), these DADs can elicit full triggered action
potentials (triggered activity, TA) in single cells, which
have the potential to induce focal excitations in tissue.
Indeed, experiments show that enhanced diastolic Inaca
following rapid pacing can link spontaneous Ca*"
transients with ectopic electrical activity (Henry et al,
2018; Patterson et al., 2005, 2006; Shiferaw et al., 2017),
including in the PVs specifically (Namekata et al., 2009).
However, Ca®" handling dynamics in atrial cells is not well
characterised, and detailed information on heterogeneity
in Ca’" handling between different regions of the atria is
limited in large animal models and humans.

Several characteristics of the atrial PV sleeves have been
linked to arrhythmia mechanisms. We and other groups
have previously shown that the APD gradient between the
PV and LA region can promote unidirectional conduction
block (Aslanidi et al., 2012; Colman et al., 2013; Roney
et al,, 2018). Combined with the anatomical openings of
the vein themselves, this can promote the development of
transient or sustained re-entry (Aslanidi, Colman, et al.,
2013; Cherry et al., 2007; Colman et al., 2014; Varela et al.,
2016). Moreover, the PVs generally display a less negative
resting membrane potential (RMP) than the surrounding
atria (Ehrlich et al., 2003; Jaeger et al., 2022; Mahida
et al., 2015; Namekata et al., 2009; Takahara et al., 2014),
which may substantially promote triggered activity: recent
studies have shown a highly sensitive dependence of the
magnitude of DADs and probability of TA on the inwardly
rectifying potassium current (Ix;) and RMP (Campos
et al., 2015; Colman, 2019). Some studies have further
revealed a higher propensity for spontaneous Ca** release
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events (SCRE), DADs and also early after-depolarisations
(EADs) in PV cells compared to the atria (Bond et al.,
2020; Rietdorf et al., 2014).

The PV region is also associated with high levels of
fibrosis, which can potentially promote focal excitations
through reducing inter-myocyte electrotonic interactions.
Previous studies have also shown that dimensionality is
a strong controller of focal excitations: they are easier to
induce in 1D strands than 2D slices, and in 2D slices
compared to 3D slabs (Campos et al., 2015; Colman, 2019;
Xie et al., 2010). Therefore, anatomical features that may
affect electrotonic interactions, such as anisotropy, fibrosis
and wall thickness, may all contribute to the development
of focal excitations.

The aim of this study was to evaluate the impact of these
multiple factors on the development of focal excitations
in silico, while controlling for the dynamics of SCRE. The
hypotheses underpinning the study are that (1) the less
hyperpolarised RMP and reduced Ix; in the PV region
preferentially locates focal excitations, and (2) fibrosis
promotes focal excitations and simultaneously provides
the substrate for them to generate transient or sustained
arrhythmia.

Methods

The overall approach of this study was to control for
the properties of SCRE dynamics (i.e. to control the
timing and magnitude of events) and assess the inter-
action of these trigger events with the differing cellular
and anatomical contexts in various regions of the atria.
To achieve this, we combined our previously developed
models of canine 3D atrial anatomy and heterogeneous
cell and tissue electrophysiology (Varela et al., 2016) with
models of spatial subcellular calcium handling and a
reduced model of SCRE (Colman, 2019).

Single cell models of heterogeneous canine atrial
electrophysiology

We updated our previously developed family of
heterogeneous canine atrial cell models (Varela
et al, 2016), which includes a distinct electro-
physiological description of four regions corresponding
to the right atrium (RA), left atrium (LA), crista
terminalis-Bachman’s bundle (CT-BB) and PVs
(Fig. 1Aa). The primary difference between the four model
variants is in the magnitude and formulation of key ion
currents, including the L-type calcium current (Ic,.) and
Iy (Varela et al., 2016). The CT and BB were considered
to have the same electrophysiology, as in the previous
study (Varela et al., 2016), because they shared similar
conductive bundle features distinct from the surrounding
atria, with only small electrophysiological differences

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWIWIOD SAIES1D) 3|qedlidde auy Ag peusenob e il VO ‘SN J0S8|NI 10J ARIqITaUIUQ AB]IM UO (SUONIPUOD-PUE-SWIRIALIOY A8 | I AReIq 1 pUTIUO//SANL) SUORIPUOD PUe S | 8U1 89S *[7202/80/T2] U0 Akeiqiauliuo Ao|iMm 'Ariq1 uousyloig 8y L Spse JO A1siBAIuN AQ 0F2S82dr/ETTT OT/I0p/woo A | im Ake.q1ut|uo-oosAud//sdny woi) pepeojumoa 'S ‘20z ‘€6..697T



M. A. Colman and others

Atrial cell and tissue models

T 1
200 400

o

Control activation maps

T 1
200 400
t(ms)
Fibrosis and connection maps

connection maps - control

anisotropic

isotropic

Figure 1. Canine atrial cell and tissue models

A, action potentials (@) and intracellular Ca?* transients (b) produced by the integrated canine atrial cell
models for the four distinct regions of the right and left atrium (RA, blue, and LA, green, respectively),
crista-terminalis—-Bachmann’s bundle (CT-BB, yellow) and the pulmonary vein sleeves (PV, orange). ¢, labelled
illustration of the segmented 3D canine atrial geometry, with unsegmented anatomical features labelled for clarity
(e.g. right and left atrial appendages, RAA, LAA, and the superior and inferior vena cava, SVC and IVC). d,
illustration of the myocyte orientation field from the same anatomical orientation. The colour scale indicates the
magnitude of the x-component of the orientation. B, activation patterns in the control model in anisotropic (a)
and isotropic (b) conditions. Asterisk indicates sinus rhythm pacing site, approximately at the location of the SAN.
C, illustration of the 2D anisotropic tissue model (a) and the connection maps associated with control (b) and
fibrosis/remodelled (c), further to the fibrosis patches in 3D (d) and the associated connection maps in control (e)
and remodelled (f). Connection maps show the magnitude of the connections between adjacent nodes in each of
the four directions (2D) and four selected directions (3D). See Supporting information, Text S2 for further details.
[Colour figure can be viewed at wileyonlinelibrary.com]
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observed between the two bundles (Burashnikov et al.,
2004; Feng et al., 1998). These ion current models were
then combined with our previously presented reduced
Ca*" handling model (Colman, 2019) that has been
designed to be suitable for integration with multi-scale
methods to describe stochastic spontaneous Ca®" release
(see details in ‘Spontaneous calcium release events’
below). Thus, all of the intracellular Ca’*t handling
equations in the original Varela et al. (2016) model were
replaced with those from the Colman (2019) model,
and the formulations of Ca®" currents (e.g. Ic,r, Inaca)
were updated accordingly (Supporting information, Text
S1). The PV model was further modified to capture
the large difference in RMP observed between PVs and
surrounding atria (Ehrlich et al., 2003; Takahara et al,
2014), by shifting the reversal potential of Ix; by 9 mV
(Supporting information, Text S1). The four updated
model variants display distinct action potential and Ca**
transient morphology (Fig. 1Aa, b), reflecting the atrial
heterogeneity observed in cellular experiments (Ehrlich
etal., 2003).

To induce Ca®* overload in the sarcoplasmic reticulum
(SR), which is known to promote SCRE (Eisner et al.,
2009, 2013; Landstrom et al., 2017; Nattel & Dobrev, 2012;
Voigt et al., 2014), a simplified model of sympathetic
regulation of atrial cells was implemented. This model was
parameterised to increase Ca®" influx to load the SR while
maintaining a similar APD to control, through an increase
in the current densities/maximal flux rates (Heijman et al.,
2011; Workman, 2010) of Ic,1, the SR Ca?* uptake pump
(Jup)> and the potassium channels I, and Ik (Supporting
information, Text S1).

Control 2D tissue and 3D atrial models

Idealised tissue models were implemented as iso-
tropic homogeneous 2D tissue slices with every
node assigned to a single cell type (each of the four
different regions). These 2D models were used to
study the parameters that promote the development
of focal excitations under various conditions (see
‘Simulation protocols’ below). Regional cell models
were then mapped onto broadly segmented regions
of a previously reconstructed 3D model of the canine
atria which includes realistic image-derived myofibre
orientations (Aslanidi, Nikolaidou, et al., 2013; Varela
et al., 2016). Briefly, atrial geometry was reconstructed
from contrast-enhanced micro-computed tomography
images, with the enhancement enabling local myo-
cyte orientation to be estimated. Thus, the model contains
representations of the anatomy of the atria, including local
myocyte orientation, with different regions segmented
to reflect the different cell models available, i.e. RA, LA,
CT-BB and PVs (Fig. 1Ac). Control pacing was induced
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by applying a stimulus to the sino-atrial node (SAN)
region of the right atrium (Fig. 1Ac). In order to assess
the influence of myocyte orientation-related anisotropy,
an isotropic model was also implemented, in which the
total activation time of the atria was matched (parameters
in Supporting information, Text S1) to the anisotropic
model to facilitate like-for-like comparisons (Fig. 1B).

Action potential propagation was modelled by solving
the monodomain equation using the finite differences
method (FDM). The model was solved with a spatial
integration step, Ax = 0.3 mm, a temporal integration
step, At = 0.01 ms, and diffusion conductivity parameters
Diongitudinal = 0.4 mm?/ms and Dyransverse = 0.04 mm?*/ms
(for the anisotropic models) and Dgjghar = 0.25 mm?/ms
(for isotropic simulations). This resulted in conduction
velocities of 0.962 m/s and 0.213 m/s parallel and trans-
verse to the local myocyte orientation, respectively, in
the RA model, consistent with experimental recordings
(Anyukhovsky et al., 2002; Guerra et al., 2006; Li et al.,
1999) and the previous, inherited model (Varela et al.,
2016).

Remodelled 2D and 3D atrial models with fibrosis

Patchy fibrosis was implemented according to our recently
proposed method: axial (longitudinal) and transverse
intercellular connections were differentially removed in
regions of fibrosis, representing its insulating impact (de
Jong et al., 2011). This cannot be directly implemented
using the FDM approach, and thus our recently proposed
network model (Colman & Benson, 2023) was used for all
fibrosis simulations. Briefly, this model involves creating
a network of axial and transverse connections between
nodes (derived from the local myocyte orientation), which
can later be selected for removal to simulate fibrosis (see
the original study for more details). In 2D, there are
eight directions in which nodes can be coupled, which
reduces to four when accounting for symmetry arguments
(Fig. 1Cb): the x-direction (gy), the y-direction (g,), the
diagonal where the sign on x and y is the same (g, ) and
the diagonal where the sign on x and y is opposite (g, ).
See Supporting information, Text S2 for further details
of the construction of this approach. The model reduces
to the same as FDM in idealised cases (fibre orientation
pointing directly along an axis) which enables comparable
parameters to be used for both FDM and network model
simulations (Supporting information, Text S2).

For 2D simulations, a spatially varying vector
field was used to define local myocyte orientation
(Fig. 1Ca). Control simulations were performed with
full connections retained. Fibrosis was implemented
by randomly removing 80% of transverse and 20% of
axial cellular connections throughout the whole of the
tissue (Fig. 1Cb, c), representing the preferential loss of
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connections transverse to fibre bundle orientation (de
Jong et al., 2011).

Patchy fibrosis in the 3D atria was assigned to regions
based on previously performed amplitude analysis of
electroanatomical mapping (EAM) data from canine
atria (Fig. 1Cd). Briefly, a neurostimulator (InterStim,
Medtronic Inc., Minneapolis, Minnesota, USA) was
implanted in a mongrel dog (~25 kg) and chronic AF was
induced with rapid atrial pacing (RAP) (Yamashita et al,,
2019). Persistent AF was defined as maintaining AF for
longer than 20 min following the removal of stimulation.
EAMs were acquired during sinus rhythm with CARTO
(Biosense Webster, Diamond Bar, CA, USA) using a
non-irrigated 3.5-mm-tip NaviStar (Biosense Webster)
catheter. Bipolar electrograms were acquired in the LA
with a high-pass filter of 30 Hz and a low-pass filter of
400 Hz. The amplitude of these signals was interpolated on
the dog’s atrial mesh using bicubic interpolation. Regions
with an amplitude below 0.5mV were labelled as fibrosis
(Jadidi et al., 2016). The fibrosis maps were registered to
the segmented atrial canine model (Varela et al., 2016)
using landmark alignment followed by affine registration
implemented using Image Registration Toolkit (IRTK)
(Varela et al., 2017). Axial and transverse connections
within the fibrotic patch regions were then removed
according to the same thresholds as in the 2D simulations,
resulting in heterogeneous connection maps (Fig. 1Ce, f).

Spontaneous calcium release events

Spontaneous Ca®' sparks and waves manifest at the
whole-cell level as transient activity of the RyRs, which
can trigger depolarisations of the membrane potential
(Fig. 2A). Modelling spatially resolved Ca®* spark
events at the whole-cell scale is computationally costly,
and therefore infeasible for whole-organ simulations
requiring hundreds of thousands or millions of cell
models. We therefore implemented a phenomenological
model that captures these dynamics at substantially
reduced cost through approximating the RyR waveforms
associated with whole-cell SCRE (Colman, 2019). We
define spontaneous release functions (SRF) that describe
the whole-cell RyR transient activity across the range
of behaviours, from slowly propagating, low-magnitude
Ca** waves through to almost synchronous whole-cell
release (Fig. 2Ba). SRFs are defined by two primary
controllable parameters: the duration (A, which inversely
correlates with the magnitude, as approximately the same
total amount of Ca?" is released during whole-cell events)
and the initiation (or latency) time, ;. To implement
these SRE the proportion of open RyRs in the cell model
can be clamped to this waveform, allowing the Ca*t
concentrations and Ca’"-dependent currents to respond
in the same way that they would during SCRE in a

J Physiol 602.5

detailed cell model. Thus, SCRE at different timing and
magnitudes can be controllably induced in efficient,
non-spatial cell models (Fig. 2Bb).

To capture the stochastic nature of SCRE (i.e. the
inherent randomness in the timing and magnitude of
events), the SRF parameters (A, #;) can be independently
randomly sampled from defined distributions (Fig. 2Bc).
Thus, we can define the statistics of SCRE and then impose
these properties in tissue models to study emergent
behaviour. The distributions that give the statistics of
each parameter can be described by two parameters
each: the centre and width of the distributions. Dynamic
dependence on the [Ca®*]sy load can be implemented by
defining these four distribution parameters as functions
of the junctional [Ca*"]sg (Fig. 2Bd). The model employs
an algorithm wherein, upon relaxation, the junctional
[Ca®t]sr is used to calculate the SRF distribution
parameters, from which SRF waveform parameters
are randomly sampled. On subsequent time steps, the
algorithm checks whether the [Ca?"]sz has changed by
more than a set threshold (>0.01 mM) since the SRF
were previously set. If it has changed by more than this
amount (but the SRF has not yet been initiated), then the
parameters are recalculated based on this new [Ca*"]sg
(Colman, 2019).

The impact of SCRE can therefore be assessed
at a constant [Ca®']sz against specific distribution
parameters (separating synchronisation and magnitude
considerations) or against varying [Ca*"]sg load (where
both synchronisation and magnitude vary together
according to the [Ca®"]sr input). This approach enables
independent cellular SCRE to be simulated in coupled
tissue models and the impact on membrane potential
studied (Fig. 2C).

Simulation protocols

At both cellular and tissue levels, for studies correlating
the probability of TA (Prs) with [Ca?t]sg, all cell models
were pre-paced at a cycle length of 400 ms with the
sympathetic regulation model implemented to promote
[Ca*"]sr loading. The exact desired [Ca*"]sr load (the
control variable) was set at a time just before the earliest
possible SCRE, in order to ensure any concentration drift
was avoided and that all data were being compared at the
[Ca’"]sg levels intended. The same process was followed
in idealised 2D tissue and in 3D atrial models, where
the model was run either with heterogeneous cell models
associated with each region, or with the whole tissue
described by the RA cell model (homogeneous model).
The Pry was simply given as the proportion of simulations
that did induce TA at each [Ca?*]g. TA was considered
to be when the membrane potential, V},, associated with
SCRE reached above a threshold of —25 mV, below which
deflections were considered as DADs.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UB017 SUOWIWIOD SAIES1D) 3|qedlidde auy Ag peusenob e il VO ‘SN J0S8|NI 10J ARIqITaUIUQ AB]IM UO (SUONIPUOD-PUE-SWIRIALIOY A8 | I AReIq 1 pUTIUO//SANL) SUORIPUOD PUe S | 8U1 89S *[7202/80/T2] U0 Akeiqiauliuo Ao|iMm 'Ariq1 uousyloig 8y L Spse JO A1siBAIuN AQ 0F2S82dr/ETTT OT/I0p/woo A | im Ake.q1ut|uo-oosAud//sdny woi) pepeojumoa 'S ‘20z ‘€6..697T



J Physiol 602.5 Mechanisms of focal excitations in the atria
(A Spatial single cardiomyocyte models
calcium sparks calcium waves b triggered spontaneous excitation

1.0

a

Nryr_OINgyr
o
o

() r
£ -
) s .
£ 0
3
e € b,
‘ 1004 | . . ,
0.1 0 500 1000 1500
l time (ms)
a RyR waveforms b Implementation
(spontaneous release functions) A=365ms A =200ms A=150 ms
<
o 5| A=
5| A ——
Short waveform (A < 300 ms) o
5
s I\ \

[Ca?*];

e
M Ao

Calcium dependence

Vim

Pscre 2 ti (s)

=)

Q

2 2

T

£

S

B

w [Ca?*]sr50 1
T T 1 T T 1 [ T 1
0.9 1.1 1.3 1.0 1.2 1.4 1.0 12 1.4
[Ca?* ]sr (MM) [Ca?* 1sr (MM) [Ca?* 1sr (MM)

(C Tissue models

calcium

voltage

Figure 2. lllustration of the spontaneous release functions

A, illustration of Ca%* sparks and waves in a spatially detailed model of the cell and the resulting RyR transient
(the proportion of open RyRs at each time point) and Vi, dynamics. Ba, example spontaneous release function
waveforms, describing the proportion of open RyR during spontaneous Ca?* release, illustrating both short (upper)
and long (lower) waveforms. Labelled parameters are the initiation time, t, time of the peak, t,, duration, A, and
final time, t;, the peak of the waveform (Ngyr_peak), and the plateau value, Ngyg plateau- b, illustration of the
implementation of waveforms at three different durations (1), integrated with the non-spatial electrophysiological
model. Note that amplitude of the proportion of RyRs is inversely proportional to A, corresponding to the same

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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total release of Ca2*. It can be seen that the RyR waveform underlies a Ca?* transient, which interacts with the
AP ¢, illustration of the distributions from which the waveform parameters, t and A, are sampled (the remaining
waveform parameters are derived from these). These distributions are defined by key parameters: & sep, fi w1,
and t \; median duration, M, and width of the duration distribution, Fiw. d, functions which determine the
distribution parameters from SR calcium concentration. The [Ca2*]sg50 corresponds to the [Ca%t]sz load at which
probability of a spontaneous release, Pscge, is 50%. C, illustration of the effect of SRF implemented in the 3D atrial
model, demonstrating how independent cellular SCRE (a) can lead to focal excitations (b). Yellow arrows point to
large local cellular SCRE occurring within the tissue. [Colour figure can be viewed at wileyonlinelibrary.com]

In single cells, for studies correlating A with the
magnitude of deflection in V,, to ensure comparable
influence of SCRE for each cell model, the [Ca?*]sg was
set to exactly 1.05 mM 1 ms prior to the implemented
SRE. The latency (t;) was kept constant, as synchronisation
is only a relevant factor in tissue simulations. In tissue
models, the median of the duration distribution was
varied (controlling 1) and the width of the ¢ distribution
was also varied to control synchronisation degree. More
details are provided in Supporting information, Text S1.

A strategy was implemented to facilitate efficiency and
feasibility of this large-scale study: single-cell models were
paced for 200 beats under each condition required, and the
state variables saved to file. These were the read-in to start
new simulations from this pre-paced state. In single cell
simulations, 100 runs were performed at each [Ca’"]sg
to calculate Pry. In tissue simulations, the single-cell state
files were originally read in, and five beats were applied to
the tissue model before saving the entire tissue state. This
was then read in to start new tissue simulations from a
pre-paced steady state. An initial pass of one simulation
was performed at each [Ca?* ]y to identify the threshold
region. 30 simulations were then performed in total at
each [Ca?"]sg around this threshold region in order to
calculate Prs. In results simulations, a single paced beat
was applied after reading in the state files, and the model
was then left quiescent for a total simulation time of
2000 ms to analyse the impact of SCRE occurring within
this time.

Results

SCRE manifests differently in different regional cell
models

In all cell models, Pty increased with higher [Ca®**]eg load
(Fig. 3Aa). Only small differences were observed between
the RA, LA, and CT-BB cell models, whereas PV cells
exhibited a lower [Ca?t]sr threshold for TA (defined as
the [Ca?T]gr at which Pty = 0.5; threshold = 1.186 mM
in the RA compared to 1.164 mM in the PVs). This is
reflected in the correlation of the magnitude of voltage
deflection against A (Fig. 3Ab), wherein PV cells exhibited
larger deflections and exceeded the threshold for TA at
longer durations than the surrounding atria. Cell models
of the RA, LA, and CT-BB all exhibited a stepwise

transition from DADs (Viymax < ~—60 mV) to TA
(Vinmax > ~—20 mV). Conversely, the PVs exhibited a
smooth transition from DADs to TA, wherein large, sub-
threshold DADs (those with a peak substantially above
—60 mV) were observed within a small window of A
(Fig. 3Ab, ¢).

Further investigation revealed that the RMP and
reduced Ix; contributed to both of these features (Fig. 3B).
Whereas both are related to Ix; activity in this study,
their impact can be considered separately (RMP could be
affected by modifying many currents other than Ix; ). First,
the less negative RMP means that the diastolic voltage in
PV cells is closer to the threshold for activation of Iy,
(~—60 mV) than the rest of the atria. Thus, a smaller
amplitude DAD was required to surpass this threshold.
Second, the smaller outward current opposing this DAD
as a consequence of reduced Ix; means that the same size
spontaneous Ca’" transient (and thus Iv,c. activation)
resulted in a steeper and larger amplitude DAD.

The relative contribution of reduced Ix; and less hyper-
polarised RMP were assessed by including these changes
separately and together in the RA cell model, i.e. by
imposing a voltage shift of Ix; (in the range 0-10 mV)
to change RMP (but preserve the magnitude of Ix; in
the RMP voltage range), and scaling of the magnitude
of Ix; (in the range 100% to 50%). Implementing either
factor individually reproduced the key features observed
in the PVs: left-ward shifted [Ca*"]sg dependence and
right-ward shifted A dependence. Implementation of
either individually led to shifts that were over halfway
between the control case and the case where both
were implemented together, indicating that the combined
effect is incrementally smaller than the initial effect of
either modification. Both effects show similar continuous
dependence on the parameter changes (Fig. 3C).

Cellular differences are enhanced in tissue

In idealised 2D tissue, the dependence of Py on [Ca®"]sg
was substantially steeper for all cell types compared to
single cells (Fig. 4Aa). The differences between the PV and
other regions were enhanced: the difference in [Ca*"]sg
threshold for SCRE was approximately double in 2D tissue
that of single cells (0.040 mM vs. 0.022 mM). This is a
consequence of the higher Pry at lower [Ca*"]sg in the
PV region, combined with a less constrained requirement

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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for the number of cells undergoing TA in PV tissue:
the threshold for tissue focal excitation in the PV model
occurred at a [Ca?*]s value that corresponded to a lower
cellular Py compared to the equivalent in the RA model.
In the PVs, the threshold for tissue excitation occurred at
1.165 mM, which corresponded to a cellular Pr4 of ~0.5;
in the RA it occurred at 1.205 mM, which corresponded
to a cellular Pry of ~0.75 (Fig. 4Aa, illustrated by the
dotted lines). In other words, in the PV tissue model, only
~50% of the nodes were required to undergo SCRE of
sufficient magnitude to induce cellular TA in order for
this to manifest in tissue, whereas in the RA, ~75% of the
nodes were required to do so. The change in magnitude of

Mechanisms of focal excitations in the atria 843

Ik has more impact than the RMP shift, compared to in a
single cell where they had similar impacts (Fig. 4Ab). The
increased propensity for PVs to undergo focal excitations
was independent of the level of synchronisation, although
large subthreshold DADs become more prominent as
synchronisation was reduced (Fig. 4B).

Cellular factors combine to preferentially locate focal
excitations to the PV sleeves

The dependence of Prsy on [Ca’"]sg was steep in the
3D atrial model, comparable to the 2D tissue models
(Fig. 5Aa). In the 3D homogeneous atria (wherein all
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Figure 3. Single-cell triggered activity

Aa, the probability of triggered action potentials, Pra, as a function of [CaZt]sg for the four cell types. Inset shows
the [Ca2t]sg50 (the [Ca?*]sg concentration at which Pra is 0.5) for each. b, the peak voltage as a function of A
(waveform duration); inset shows the threshold for TA (defined as Vim max > —25 mV). The dashed red box indicates
large non-TA-inducing DADs occurring in the PV but not in other regions. ¢, overlays of APs induced across the
range of A values for the RA and PV, illustrating the stepwise transition to TA in the RA vs. the continuous transition
in the PVs. B, illustration of the combined impact of reduced /k; and less hyperpolarised RMP on the development
of TA, through comparison of the PV dynamics vs. the LA. Double arrows show the proximity of the RMP to the
threshold for /v, activation, and block arrows indicate the impact of the different magnitudes of /g, operating
against the DAD in each condition. C, [Ca2t]sg50 (1) and A threshold (2) dependence on /kq scaling factor (100%
to 50%) and voltage shift (0-10 mV). [Colour figure can be viewed at wileyonlinelibrary.com]
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nodes are described by the RA cell model), all focal
excitations originated proximate to the SAN (Fig. 5Ab
and B). This is a direct consequence of the SAN being
the initial stimulus site. These regions undergo SCRE
earlier, since SCRE timing is relative to the previous
excitation time. Therefore, when SCRE is sufficient to
induce a focal excitation, it occurs preferentially from
these sites. Preliminary tests in which the pacing was
applied to a different region support this explanation: focal
excitations preferentially emerged from close to the pre-
vious stimulation site.

The inclusion of inter-cellular heterogeneity in 3D
atrial models resulted in a large leftward shift of the
[Ca’*"]sr dependence of focal excitations, almost double
the difference observed in 2D tissue (Fig. 5Aa). Focal
excitations were now preferentially localised in the PVs
(Fig. 5Ab). In these simulations, all focal excitations
originated either from the PVs (at lower [Ca®"]sg, where
cellular heterogeneity is most important) or proximate
to the SAN (at higher [Ca**]sr, where the timing
considerations described above become important).

J Physiol 602.5

Excitations could originate from either PV, and were also
occasionally observed at both simultaneously (Fig. 5B).

Further focal locations were observed in homo-
geneous simulations that varied the synchronisation
and A distributions at a fixed [Ca’"]sg (Fig. 5Ab
and B). Under these conditions, RAA focal locations
were more common than in the [Ca’']sz-dependent
simulations, and additional sites at the LAA and PVs
also emerged. Under heterogenous conditions, focal
excitations emerged only from the PVs or SAN regions,
as in the [Ca?*]sz-dependent conditions.

Inclusion or exclusion of anisotropy had a small impact
on determining the specific locations of focal sources but
did not affect the pattern observed or change the pre-
ference towards the PVs (not shown).

Emergence of unidirectional conduction patterns

In a small subset of simulations, large, subthreshold DADs
were observed in the PVs. These could propagate into the
LA, inducing a focal excitation (Fig. 6Aa, b; Supporting
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Figure 4. Spontaneous arrhythmia triggers in 2D idealised tissue models

Aa, dependence of the probability of focal excitation on [Ca2t]sg for homogeneous tissue models comprising
the RA or PVs. Single-cell and tissue dependence are both shown for clarity and comparison. Inset shows the
A[Ca%t]sg50 between RA and PV in single-cell and tissue. The dotted horizontal lines indicate the cellular Pra
at the [Ca?*]sg corresponding to the observed tissue [Ca?*]sg50 for each region. b, [Ca?t]sg50 for /kq scale and
shift. B, dependence of voltage deflection magnitude on A at different synchronisation amounts (timing distribution
widths). [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Spontaneous arrhythmia triggers in full 3D canine atria

Aa, [Ca?t]sg dependence in homogeneous atria (all cells described by the RA cell model) and heterogeneous atria,
with RA and PV single-cell TA shown for reference. b, locations of focal source in homogeneous and heterogeneous
tissue, at low (dark blue circles) and high (pink circles) [Ca?t]sg concentration, and with the [Ca2*]sg held constant
while SCRE dynamics were varied (light blue circles). B, voltage snapshots illustrating focal excitations emerging
from the various locations observed in this study. Each focal excitation occurred over a different temporal range and
the figure illustrates the qualitative excitation patterns that emerge; the specific snapshot timings have therefore
been omitted for the purpose of clarity in the figure. [Colour figure can be viewed at wileyonlinelibrary.com]
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information, Video S1). Through this mechanism, focal
excitations could emerge unidirectionally: inactivation of
Ina due to these large DADs (observed exclusively in the
PV region, Fig. 3Ac) prevented a full excitation emerging
in this region; however, the voltage deflections could
be of sufficient magnitude that they could induce a full
focal excitation at the border of the PVs and LA that
then propagated throughout the LA, while being initially

J Physiol 602.5

prevented from entering the PVs. This mechanism was
further demonstrated in an idealised scenario (Fig. 6B):
in homogeneous 2D tissue comprising only PV cell
models, SCRE was assigned only to an inner region of
the tissue, such that the outer region does not undergo
SCRE and therefore no inactivation of Iy, occurs. In
these simulations, large DADs were observed in the SCRE
region but did not induce a focal excitation in this

A DAD-conduction block and unidirectional patterns in 3D
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Aa, voltage snapshots of a unidirectional conduction pattern that emerges from subthreshold DADs in the PVs
travelling into the LA in the 3D canine atrial model. b, corresponding activation pattern from multiple views. c, AP
traces (upper) and Iy, inactivation state (lower) from a node in the LA and PV region, illustrating non-excitation
DADs in the PV. Iy, inactivation state is the combination of the inactivation gates, corresponding to h x j in
traditional terminology (Ina_vi 1 X INa_vi 2 Using the terminology conventions implemented in the associated source
code). B, demonstration of the same mechanism occurring in idealised 2D tissue in which SCRE were not induced
in the boundary regions. This simulation shown also included fibrosis as the slowed conduction promoted the
re-entrant pattern which best illustrates the potential consequences of this mechanism. [Colour figure can be

viewed at wileyonlinelibrary.com]
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region. When these DADs reached the non-SCRE region,
they emerged as a focal excitation which propagated

asymmetrically in a re-entrant-like circuit.

Impact of fibrosis on focal and re-entrant excitations

Mechanisms of focal excitations in the atria

847

the inclusion of fibrosis left-shifted the dependence of
focal excitations on [Ca’"]sg (Fig. 7Aa). It also resulted
in the emergence of lower probability events at low
[Ca’"]sr loads (Fig. 7Ab), compared to the stepwise
dependence observed in control tissue. At higher [Ca** ]sg
loads, trigger-substrate interactions, wherein DADs in
one region could block focal excitations emerging from

The inclusion of fibrosis had a marked impact on the
vulnerability to focal excitations as well as the dynamics
that result from such excitations. In 2D in the RA model,

Impact of fibrosis in 2D

another region, led to complex, re-entrant-like excitation
patterns (Fig. 7Ac-d; Supporting information, Video S2).

Impact of fibrosis in 3D
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Figure 7. Impact of fibrosis on atrial excitation patterns
Aa, impact of fibrosis in homogeneous 2D sheets on the [Ca?t]sz dependence of focal excitation. b, voltage
snapshots observed in two different simulations in the [Ca2* g region in which TA exhibited probabilistic dynamics,
showing a failed excitation (upper) and full focal excitation (lower). d, illustration of more complex excitation
patterns emerging in the presence of fibrosis at higher [Ca?*]sg, illustrating two independent simulations. Ba,
impact of fibrosis in the 3D atrial model on the [Ca2*]sz dependence of focal excitation. b, locations of focal
excitations in heterogeneous and homogenous 3D atrial models within the [Ca?*+]sg ranges illustrated. c, activation
patterns associated with different focal locations. d, example of a complex, multi-foci activation sequence occurring
in the presence of fibrosis. [Colour figure can be viewed at wileyonlinelibrary.com]
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These results were reflected in the 3D atrial model.
In the homogeneous scenario, the presence of fibrosis
resulted in lower probability events that left-shifted the
[Ca’"]sr dependence (Fig. 7Ba). At these lower [Ca®t]sr
loads, focal excitations emerged preferentially from the
various fibrosis patches throughout the atria; at higher
[Ca’*"]sr loads, excitations emerged preferentially from
fibrosis patches near the initial stimulus site at the SAN
(Fig. 7Bb, c). In heterogeneous tissue, fibrosis had a smaller
impact on the [Ca>" ]z dependence but did preferentially
locate the focal excitations to fibrosis patches within the
PVs (Fig. 7Ba, c).

Complex re-entrant patterns were not observed in our
simulations in the 3D atrial model to the same degree
as in the 2D model (i.e. there were no clear re-entrant
circuits). However, complex, multi-focal patterns with
some degree of wavebreak were observed (Fig. 7Bd;
Supporting information, Video S3).

Discussion

Summary of main findings

The main findings of our analysis are: (1) the lower
expression of Ix; and less hyperpolarised RMP in the PV
preferentially locates focal excitations to the PV region
in electrically heterogeneous 3D atria (Figs 3-5); (2)
inactivation of Iy, as a consequence of the less hyper-
polarised RMP promoted large, subthreshold DADs in
the PV region that could lead to complex, unidirectional
excitation patterns that did not depend on refractoriness
(Fig. 6); (3) anatomical features played a much less
important role than electrophysiology in controlling focal
excitation location in the structurally healthy 3D atria
(Fig. 5); and (4) fibrosis in structurally remodelled atria
promoted localised focal excitations and wavebreaks,
generating AF-like excitation patterns (Fig. 7).

RMP and I, in the PVs can explain the localisation of
AF triggers in this region

AF sources are commonly associated with the PV sleeves
(Haissaguerre et al., 1998; Sanders et al., 2005). In previous
studies, we and others have demonstrated that local APD
gradients and the shorter APD of the PVs compared to
the surrounding atria could promote sustained re-entrant
excitation anchored to the PVs (Aslanidi, Colman, et al.,
2013; Cherry et al., 2007; Colman et al., 2013; Roney et al.,
2018; Varela et al., 2016). The present study demonstrates
that electrophysiological features of the PV's also promote
the emergence of focal excitations from this region, which
can trigger the subsequent re-entrant excitations. This was
aresult of RMP differences and Ix; heterogeneity between

J Physiol 602.5

the PVs and atria. No other features were required to
locate focal excitations to the PVs, demonstrating that
these RMP differences in combination with cellular SCRE
are sufficient conditions to promote AF triggers in the
PVs. Other features, such as local innervation (Chen et al.,
2014; Linz et al.,, 2014) or stretch (Egorov et al., 2019;
Gottlieb et al., 2023; Varela et al., 2021), may or may not be
more important for the induction of AF, but they are not
required to reproduce our observations.

It is important to bear in mind that RMP and I, are
closely related, and that in the present study, either the
magnitude or reversal potential of Ix; was used to control
the RMP. However, these are considered separately as
they result in two different, important features: distance
between RMP and activation threshold for Ly,, and the
magnitude of current opposing the DAD, respectively.
In the atria, and in particularly in the context of the
PVs, Ik indeed dominates both features (Ehrlich et al.,
2003). However, in other regions of the heart or disease
conditions, both features could be impacted by currents
other than I;, and the mechanisms can be generalised to
other factors that may be more important in modulating
RMP. The mechanisms we have revealed, we argue, are
a consequence of RMP and magnitude of current that
opposes a DAD, and not specifically only applicable in the
context of Ix; function.

Inactivation of Iy, due to higher RMP enables large
but subthreshold DADs

Recent studies have shown that DADs which inactivate
Ina can simultaneously cause both focal excitations and
conduction block, highlighting the importance of this
novel mechanism (Campos et al., 2017, 2018, 2022; Liu
et al, 2015). Our study adds further weight to the
impact of subthreshold DADs, while also revealing a novel
mechanism of non-refractory induced unidirectional
conduction block: the propagation of subthreshold DADs
in one region that emerge as full excitations into another
adjacent region. These DADs occur near the threshold
for SCRE, which is a less constrained condition than that
required for suprathreshold DADs. The latter would be
required for a rapidly timed focal excitation that interacts
with cellular refractoriness within a small vulnerability
window to induce unidirectional conduction. This sub-
threshold DAD mechanism may therefore loosen the
constraints on the conditions that are required to induce
arrhythmia. This feature is also unique to the PVs in the
structurally normal atria (i.e. no structural remodelling
or fibrosis), providing yet another mechanism that can
contribute to the preferential localisation of AF triggers in
the PV region, especially in paroxysmal AF (Haissaguerre
et al., 1998).

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Fibrosis promotes focal excitations and
trigger-substrate interactions

Fibrosis has long been associated with structural
remodelling of the atria (Akoum et al., 2011), as well
as changes of the gap junction distribution in atrial tissue
during AF (Kostin et al., 2002), and therefore changes in
atrial conduction patterns (McDowell et al., 2013). The
loss of inter-cellular connectivity associated with fibrosis,
in particular in the transverse direction (de Jong et al,,
2011), also promoted the emergence of focal excitations in
our 2D and 3D atrial models. Specifically, preferential loss
of transverse connections created a condition wherein
the tissue structure was characterised by multiple, loosely
connected 1D strands (Xie et al., 2010). The lesser electro-
tonic suppression observed in 1D strands compared to
3D fully connected tissue enabled SCRE of a given size to
result in larger-amplitude DADs. The latter more easily
reached the threshold for focal excitations, resulting in
a leftward shift of the [Ca*"]sg dependence in homo-
geneous tissue. This effect was markedly largest in atrial
tissue compared to the PVs, where significantly less
hyperpolarised RMP overrides the impact of this reduced
electrotonic coupling.

It is notable that the impact of fibrosis in the entire
3D atria was smaller than that observed in 2D atrial
tissues. This observation could be explained by the relative
different proportions of fibrotic tissue in the 2D vs. 3D
models: in 2D, the whole of the tissue was treated as being
in a fibrotic state (see Methods), whereas in the 3D atrial
model, the assigned patches of fibrosis based on EAM data
made up a relatively small proportion of tissue (Fig. 1Cd).

The emergence of larger-amplitude DADs in fibrotic
atrial regions outside of the PVs could inactivate Iy,
and block incoming focal excitations from other regions,
through the same mechanism as described in the pre-
vious sections for the PVs. These conduction blocks can
lead to the emergence of complex and re-entrant-like
excitation patterns (Fig. 7). In both homogenous and
heterogeneous tissues, focal excitations and the resultant
re-entrant-like patterns were preferentially located in the
regions of patchy fibrosis.

Limitations

This study was aimed at assessing the inter-
action of cellular triggers with the tissue
electrophysiological-anatomical substrate in AF, with
the SCRE trigger events implemented using our recently
proposed multi-scale method (Colman, 2019; Colman
et al,, 2021). This involved applying the statistics and
dynamics of SCRE homogeneously throughout the
atria, and therefore cellular electrophysiology differences
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that may promote SCRE in specific regions were not
accounted for. Our results could potentially be enhanced
by considering such cellular heterogeneity. For example, if
the PVs were more prone to SCRE than the surrounding
atria, as has been suggested by recent studies (Bond et al.,
2020; Namekata et al., 2009; Rietdorf et al., 2014), then we
would expect to see larger differences in the vulnerability
to focal excitations between these regions than observed
in this study. There are multiple factors, especially in the
remodelled atria, which could lead to a local increase in
SCRE, such Ca’" handling remodelling (Molina et al.,
2018), that need to be investigated in more detail at the
cellular level before they can be implemented in tissue
models.

Our study did not include progressive AF remodelling
effects on ionic channels (Grandi et al., 2011; Varela et al.,
2016; Workman et al., 2001), which may have important
implications due to its reported impact on Ix; and hyper-
polarisation of the RMP (Nattel et al., 2008). Inclusion
of such remodelling adds complexity but would enable
a more complete analysis of the genesis of AE, including
the conditions that promote both focal excitations and
sustained re-entrant activity.

Atrial anatomical microstructure can also play an
important role in sustaining re-entrant drivers for AF
(Hansen et al., 2015). The necessary downsampling of the
original imaging data into the simulation geometry (to the
uniform resolution of Ax = 0.3 mm) in this study may
obscure higher resolution features in our simulations that
could be important, for example micro-re-entrant drivers
or local synchronisation of triggers. Future studies could
focus on smaller areas of tissue using higher resolution
reconstructions (available in the original imaging data
of Aslanidi, Nikolaidou, et al., 2013) to study these
features in more detail. Moreover, structural remodelling
was only implemented based on patchy fibrosis from a
single sample. Future studies could include remodelling
of atrial anatomy, anisotropy and fibroblast-myocyte
coupling, which have been shown to be important for
re-entrant dynamics (McDowell et al., 2013; Morgan et al.,
2016).

Conclusions

Simulations of 3D canine atria revealed that electro-
physiological features of PV myocytes, such as the
RMP, preferentially locate focal excitations to this region
and promote the emergence of complex, re-entrant-like
excitation patterns that do not depend on refractory
properties. Fibrosis further promotes these focal triggers,
in addition to the known effect of sustaining re-entrant
drivers for AF.

© 2024 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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