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Abstract figure legend Illustration of spatial calcium dynamics (left panels) and the state cycle approximation (middle
panel) that enables reduced simulation of spatially dependent dynamics without explicit description of space (right
panels). The selected example here illustrates a spontaneous calcium wave, showing temporal snapshots of local calcium
concentration in the cell (left) and the reducedmodel’s reproduction of the spontaneous calcium transient that underlies
a delayed after depolarisation and initiates a triggered action potential (right).

Abstract Spatial properties of subcellular calcium handling in cardiac myocytes underpin both
normal and abnormal functions. The structure and density of the transverse and axial tubular system
(t-system) strongly determine the spatiotemporal synchrony of calcium-induced-calcium-release,
and arrhythmogenic behaviours such as calcium transient alternans and subcellular calcium
waves inherently depend on stochastic calcium spark initiation and spatial diffusion. Although
detailed three-dimensional cellular models can reproduce these processes, they are computationally
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prohibitive for the tissue-scale simulations required to investigate arrhythmiamechanisms or inform
patient-specific modelling.
In this study, we develop a computationally efficient model that reproduces a broad range of spatially
dependent subcellular calcium-handling phenomena. The model tracks the population occupancy
of distinct states of calcium release units (CRUs), with activation rates that capture the different
mechanisms of calcium spark initiation (triggered, spontaneous and spatially recruited). The model
has been designed as an independent module that can be integrated into existing cell models and
enables the simulation of variable t-system density.
We demonstrate in three established cell models that this framework captures normal and abnormal
pacing dynamics, including centripetal calcium waves in cells lacking a robust t-system, multiple
mechanisms of calcium transient alternans, delayed triggered calcium sparks, and spontaneous
calcium release mediated early and delayed after depolarisations. The model achieves this while
maintaining a computational efficiency sufficient for large-scale tissue simulations, suitable for
mechanistic and clinical applications.

(Received 18 November 2025; accepted after revision 7 April 2026; first published online 30 May 2026)
Corresponding author M. A. Colman: Department of Biomedical Sciences, Faculty of Biological Sciences, University
of Leeds, Leeds, West Yorkshire, UK. Email: M.A.Colman@leeds.ac.uk

Key points
� Spatial features of sub-cellular calcium handling are integral to physiological and
pathophysiological dynamics. This is particularly true for myocytes without a robust sub-cellular
transverse and axial tubule system.

� Traditional computational models of cardiac myocytes do not capture these important features;
detailed spatiotemporal models of sub-cellular calcium handling are computationally intensive
and unsuitable for large-scale tissue simulation.

� We develop a novel model that captures spatial features of the sub-cellular calcium handling
system without requiring explicit spatial modelling.

� The model was capable of reproducing normal and abnormal calcium handling dynamics,
including centripetal calciumwaves, calcium transient alternans, and spontaneous calcium sparks
and waves, while being sufficiently efficient to perform tissue-scale simulations.

Introduction

Intracellular calcium handling in cardiomyocytes under-
lies many vital processes of cellular signalling. A primary
function is excitation-contraction coupling (EC coupling),
providing the link between electrical excitation and
cellular contraction that enables organised rhythmic
heartbeats (Bers, 2002; Stern et al., 1999). This is under-
pinned by calcium-induced-calcium-release (CICR), a
processwhere an influx of calcium ions through the L-type
calcium channels (LTCCs) during the action potential
(AP) triggers the opening of the type-2 ryanodine
receptors (RyR2s) that induces a much larger release
of calcium from the intracellular calcium store, the
sarcoplasmic reticulum (SR), into the intracellular space.
The elevated intracellular calcium concentration initiates
a cascade of processes that result in contraction of
the cardiomyocyte.

Cardiac myocytes contain spatially heterogeneous
structures that facilitate CICR throughout the intracellular
volume to deliver homogeneous cell-wide contraction.
The transverse and axial tubule system (t-system)
comprises invaginations of the surface membrane that
penetrate deep into the cell interior, ensuring delivery
of the AP and hence LTCC trigger for CICR throughout
the cell volume (Dibb et al., 2022; Ferrantini et al., 2013;
Setterberg et al., 2021). Healthy ventricular myocytes
contain a dense and robust t-system that ensures optimal
cellular and tissue contraction. However, atrial myocytes
of small mammals are largely devoid of a t-system, and,
where atrial myocytes of large mammals do contain
a t-system, it is less dense and more variable than in
ventricular myocytes (Dibb et al., 2009; Richards et al.,
2011). Remodelling of t-system structure, including
axialisation (a shift to primarily longitudinally rather
than transversally oriented tubules) and detubulation

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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(a reduction or almost entire loss of the t-system), has
been linked to the mechanisms that underlie a loss of
synchronisation of CICR, and hence reduced contractile
performance, in multiple cardiac conditions (Dibb et al.,
2022; Louch et al., 2004).

Spatial features of sub-cellular calcium handling are
also central for multiple mechanisms of arrhythmia.
Spontaneous calcium release events, including calcium
sparks and waves, are inherently spatial phenomena and
can result in early and delayed after depolarisations (EADs
and DADs, respectively) that promote both trigger and
substrate for arrhythmia (Eisner et al., 2009; Liu et al.,
2015; Shiferaw et al., 2018). Calcium transient alternans,
where the amplitude of the calcium transient alternates
on a beat-by-beat basis in regular or irregular cycles, can
result in abbreviated cellular contraction and may also
lead to arrhythmia by introducing spatial heterogeneities
of the AP duration that can promote wavebreak and the
development of re-entry (Aistrup et al., 2009;Clusin, 2007;
Kanaporis et al., 2023;Mora et al., 2019). Recentmodelling
studies have highlighted the important role that spatial
features of calcium handling play in the mechanisms of
calcium transient alternans (Alvarez-Lacalle et al., 2015;
Holmes et al., 2022). The intracellular calcium handling
system is therefore amajor component of cardiac function
relevant for both contractile performance and arrhythmia;
detailed elucidation of its underlying mechanisms is vital
to underpin better diagnostic and treatment strategies to
manage a multitude of cardiac conditions.

This presents a major research challenge, not only
because of the multitude of different presentations of
cardiac dysfunction, but also in understanding how
these (sub) micron-scale processes ultimately result in
dysfunction of the whole-organ (Colman et al., 2022;
Eisner et al., 2009; Xie et al., 2010). It is not currently
possible through experimental approaches to study
simultaneously sub-cellular and whole-heart function,
and integration of concepts and mechanisms between
these scales is far from trivial. Recent experimental
approaches are helping to close this gap, for example,
in the simultaneous sub-cellular imaging of multiple
myocytes in tissue slices (Borile et al., 2021; Kazakova
et al., 2025; Pitoulis et al., 2020;Wang et al., 2015). Despite
the translational promise of these approaches, they are
still substantially limited in spatial scale compared to the
whole heart.

Computational modelling provides a powerful
complementary approach that enables controlled and
clean dissection of different physiological processes in
single-cell and whole-organ scale simulations (Colman
et al., 2022; Heijman et al., 2021; Niederer et al., 2019;
Roney et al., 2018). However, the traditional non-spatial
‘common pool’ computational models of cellular electro-
physiology, that are suitable for tissue-scale simulation,
do not capture the important features and processes that
depend on spatial calcium handling. Highly detailed

models of spatial calcium handling in 3D offer a powerful
approach to capture these important spatial features in
both health and disease (Colman et al., 2017; Nivala
et al., 2012; Restrepo et al., 2008; Shiferaw et al., 2017;
Zhong & Karma, 2024), indeed helping to uncover the
mechanisms of calcium spark initiation and propagation
associated with normal EC-coupling, calcium transient
alternans, and spontaneous sparks and waves. These
models, however, are too computationally intensive to
be applied in the large-scale tissue simulations required
to understand arrhythmia mechanisms or for clinically
focused, patient-specific image-basedmodelling (Colman
et al., 2022; Xie et al., 2010).
Recent modelling developments have sought to bridge

these scales, including independent approaches developed
by the authors of this present study (Colman, 2019;
Shiferaw et al., 2018) and others (Campos et al., 2023;
Liu et al., 2015). Summarised in our recent review
(Colman et al., 2022), these phenomenological approaches
can be broadly considered to fit into two categories:
‘spontaneous release functions’ (Colman, 2019), where
analytical waveforms with randomly sampled parameters
enable modelling of the statistics and dynamics of
spontaneous calcium release, and ‘population dynamics’
approaches (e.g. Shiferaw et al., 2018), where the cell
comprises a discrete number of CRUs, and the number of
active units, corresponding to calcium sparks, is tracked
with stochastic algorithms. The spontaneous release
function approach is ideally suited to the controllable
exploration of the mechanisms of the synchronisation
of DADs and spontaneous focal excitations, whereas
the population dynamics approach has more general
applicability in potentially being able to also model
calcium transient alternans, EADs, and CICR in cells
without a robust t-system.
In this study, we present a novel non-spatial, population

dynamics model of calcium spark activation and
recruitment that captures a variety of spatial calcium
handling phenomena. Amechanisticallymotivatedmodel
structure, with populations separated into those that are
coupled and not coupled to the t-system, enabled a robust
reproduction of normal CICR, rate dependence, calcium
spark spatial recruitment, spontaneous calcium release
hierarchy and multiple mechanisms of calcium-transient
alternans, in the context of a fully variable t-system
density. The model was constructed with portability as a
primary motivation, providing intuitive, physiologically
driven control parameters that enable implementation
into cell models with markedly different calcium handling
system formulations and dynamics.

Methods

In this section core concepts of subcellular calcium
handling are first discussed. The development and

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP290572 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [02/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 J Physiol 0.0

structure of the ‘spark-population’ model then outlined,
and the physiological interpretation of the control
parameters is discussed. The portability of the model
is demonstrated by integrating it into three contemporary
common-pool models of cellular electrophysiology and
calcium handling. Full equations are provided in the
Appendix, but we do provide sufficient detail below to
understand every aspect of how the model works.

Ethical approval

Experimental data were only used for minimal illustrative
purposes in this study. All experiments were performed
according to the United Kingdom Animals (Scientific
Procedures) Act of 1986 and approved by the local Animal
Welfare and Ethical Review Body (UK Home Office PPL
No 70/8399). Male adult (150–200 g) Wistar rats were
obtained from Central Biomedical Services, University of
Leeds, and housed according to the Guide for the Care
and Use of Laboratory Animals. Animals were bred and
aged in-house at 20-22°C with 50% relative humidity
on a 12-h light/dark cycle. Animals had no additional
intervention, with ab libitum access to regular chow and
water. Animals were euthanised by concussion followed
by cervical dislocation.

Concepts of spatial subcellular calcium handling

Calcium sparks. Calcium sparks (Fig. 1Aa) are the
elementary unit of the cellular calcium transient (Cheng
et al., 1996; Stern et al., 1999). They are underpinned
by the activity of clusters of RyR2s on the membrane
of the SR that mediate a substantial release of calcium
into the cytosolic space (Fig. 1Aa–c). RyR2 clusters are
spatially distributed throughout the intracellular volume
(Fig. 1Ab,d), and calcium sparks are an inherently local
phenomenon, on spatial scales of a few microns; the
whole-cell calcium transient associated with cell-wide
CICR is the sum of thousands of spatially distributed
calcium sparks within the cell.
Gating of RyR2s is sensitive primarily to cytosolic

calcium concentration. Because open RyR2s release
calcium into the local space of the cluster, this presents
a feedback mechanism for the activation of neighbouring
channels within the local cluster neighbourhood, under-
lying a full calcium spark. The calcium load in the SR
determines the magnitude of calcium released through
open RyR2s and therefore strongly influences the strength
of this feedback. During CICR, calcium sparks are
robustly triggered through the activity of the LTCCs
that underlie the L-type calcium current (ICaL). LTCCs
are co-located with the RyR2s in junctional complexes
(Fig. 1Ab,c) and the calcium influx associated with ICaL
during the AP sufficiently elevates cytosolic calcium

concentration to initiate calcium sparks throughout
the cell.
Calcium sparks can also occur without the LTCC

trigger acting on a local cluster, through spontaneous
activity and spatial recruitment. Spontaneous calcium
sparks occur due to stochastic RyR2 openings during
diastole and are enhanced at high SR calcium loads.
Active calcium sparks may elicit calcium sparks in
neighbouring clusters through spatial calcium diffusion.
Diffusion is highly buffered, and propagation of calcium
within the cell is driven primarily by subsequent
recruitment of neighbouring clusters in a ‘fire-diffuse-fire’
mechanism (Thul et al., 2015). Thus in a practical sense,
calcium sparks can be considered to have three distinct
mechanisms of activation: triggered by ICaL, spontaneous
and recruited by neighbours.

The calcium release unit. In a simplified conception of
the structure-function relationships underlying CICR in
cardiomyocytes, one can consider single CRUs that are
the local sub-cellular complexes comprising the junction
coupling the LTCCs with the RyR2s and the surrounding
intracellular and SR spaces (Fig. 1Ad). Crudely, cardiac
myocytes can be considered as a 3D grid of spatially
discrete CRUs, each comprising RyR2 clusters, LTCCs
(where cell membrane is present) and local intracellular
and SR calcium concentrations and other fluxes (Fig. 1Ae).
In this simplification a calcium spark is localised to a single
CRU and calcium spark propagation occurs through the
recruitment of neighbouring CRUs.

The functional CRU cycle. We develop a stochastic model
that is constructed on a mechanistic description of the
temporal evolution of the functional states of a CRU
associated with a calcium spark. A CRU can be considered
to evolve through five functionally distinct states during a
calcium spark (Fig. 1B; Table 1):
(1) Available: There is currently no activity of the CRU:

All RyR2s within the cluster are closed; local cytosolic
calciumconcentration is low, at diastolic resting levels, and
junctionalCaSR is high (i.e. filled). The CRU is ready to be
activated by any of the initiation mechanisms.
(2) Excited: A spark has been initiated, and the

CRU is in its first active state. RyR2 opening generates
intracellular calcium release flux, Jrel, and the local
calcium concentration rises. At this stage, there
has been insufficient time for calcium to diffuse to
neighbouring CRUs, so the spark does not yet contribute
to spatial recruitment.
(3) Recruiter (Jrel): After a short period, on the order

of a few ms, the calcium concentration in the CRU may
be sufficiently elevated to initiate a calcium spark in a
neighbouring CRU. The CRU contributes both to intra-
cellular calcium release and to spatial recruitment.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 5

Figure 1. Illustration of calcium sparks and calcium release unit dynamics.
Aa, illustrative space-time plot of a calcium spark (produced through simulation). Inset – super resolution
reconstruction of RyR2 distribution in a cluster underlying a calcium spark. Reproduced with permission from

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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6 J Physiol 0.0

Sheard et al. (2019). b,c, Illustration of the structural complex that couples ryanodine receptors (RyR2s) and L-type
calcium channels (LTCCs) and underlies a calcium spark. Electron microscope reconstruction in b modified with
permission from Pinali & Kitmitto (2014) whereas c shows a schematic illustration of RyR2-LTCC coupling in this
structure. d, illustration of cell-wide t-system structure. Confocal image from unpublished data from the lab and
provided for illustrative purposes only; indeed the annotations do not correspond to the real underlying data. The
panel highlights a few transverse and axial tubules and illustrates RyR2 cluster distribution in calcium release units
(CRUs) that can be approximated as a 3D grid (e) to represent the cell volume. B, illustration of the state cycle of a
CRU associated with a calcium spark, overlaying the CRU waveforms for intracellular calcium release, Jrel, and the
cytosolic calcium transient, Cai, on the different states of the outlined cycle. Numbers correspond to those in the
main text description of this cycle. C–E, illustration of different calcium handling phenomena using the CRU grid
concept. Top panels illustrate longitudinal (in C), and transverse (in D), calcium linescans or temporal snapshots of
spatial calcium concentration (in E); a–f, temporal snapshots of each phenomenon on a CRU grid.

Table 1. Functional contributions of the different CRU states.

State Contributes to Jrel Contributes to
recruitment

Approx. duration Rate constant for
transition to next

state

(1) Available No No — α

(2) Excited Yes No 10 ms β

(3) Recruiter (Jrel) Yes Yes 30 ms γ

(4) Recruiter (non-Jrel) No Yes 10–20 ms δ

(5) Refractory No No 50–100+ ms ε

(4) Recruiter (non-Jrel): Calcium release is typically a
relatively short process, on the order of tens of ms, after
which local SR calcium is depleted, RyR2s close and Jrel
terminates. Average concentration in the CRUmay still be
sufficiently large to recruit neighbours.
(5) Refractory: Finally, the spark has terminated. The

CRU is no longer active and does not contribute to Jrel or
spatial recruitment, but the junctionalCaSR concentration
is initially still depleted, and the CRU is unable to undergo
a newly elicited calcium spark. After some time, the
junctional CaSR has sufficiently refilled, and the CRU can
be considered fully recovered, available for the initiation
of another calcium spark.
This simplification of the cardiac myocyte as a 3D

grid of CRUs that each undergo this cycle during
a calcium spark provides an intuitive framework for
the understanding and visualisation of spatial calcium
handling associated with different phenomena, including
normal cell-wide CICR, centripetal calcium waves in
detubulated cells, and spontaneous calcium sparks and
full-cell propagating waves (Fig. 1C–E).

Overview of the spark-population model

The intention of the model developed in this study was to
achieve the goal of incorporating the three mechanisms
of calcium spark initiation (triggered, spontaneous
and spatially recruited) into traditional, common-pool
models of cardiac myocyte electrophysiology and calcium
handling. This was achieved by formulating a model that

describes the state occupancy of a discrete population
of Ntot CRUs, representing a 3D cell. The model does
not directly describe RyR2 gating nor local calcium
concentration; instead, it tracks the number of CRUs that
are in each state of the functional cycle.
The model is implemented as a standalone module that

can be integrated into biophysically detailed cell models.
At each timestep, it receives ICaL and CaSR as inputs
and returns the proportion of the total CRU population
contributing to Jrel, replacing the native RyR2 formulation
of the host cell model. Calcium concentrations in the
host model then evolve according to Jrel and its own
calcium-handling formulations.
A five-state unidirectional cycle describing CRU

evolution was defined based on the mechanistic
framework outlined previously (Fig. 2Aa; Table 1). At
each timestep, the model calculates the number of CRUs
that transition between connected states. To preserve
the probabilistic nature of these transitions in a discrete
population of Ntot CRUs, transitions are determined
by random binomial sampling. The number of trials
corresponds to the population available for the given
state transition. The resulting sample therefore provides
a probabilistic estimate of the number of CRUs that
undergo each transition at a given timestep. In general:

�+Nstate = B
(
p,Navailable

)
where �+ refers to the number of CRUs that have trans-
itioned to a given state, and B

(
p,N

)
refers to the random

binomial sample with probability p and population N.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 7

Figure 2. Fundamental model construction.
Aa, illustration of the five-state cycle of a CRU and the transition rates associated with each state. b, The full state
cycle with the different pathways representing different spark activation mechanisms. The red arrows indicate
that these states determine the available population for activation of the wavelet or wave states and are not
themselves state transitions. B, Forms of the functions that determine the ICaL andCaSR dependence of the α trans-
ition rates and illustration of the impact of the controlling parameters. a–d illustrate the functions that control the
activation of triggered calcium sparks. Different coloured lines correspond to different values for the parameters
in the parentheses of each panel title. Dotted lines indicate where the functions equal unity at the normalised
ICaL or CaSR values. Grey line in d illustrates the f trig2 function that scales the response at low ICaL. e,f show the
CaSR-dependent functions controlling spontaneous and wavelet activation rates illustrating the impact of varying
the half-maximal activation constant,CaSR50 , and the gradient parameter, kCaSR. g–h illustrate the functions under-
pinning full-cell wave initiation and self-propagation. The thin coloured step-functions in g show the fwave

2 function
at different thresholds (CaSR0 ).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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The probability is given as the product of the integration
timestep, �t , and the relevant transition rate, α, β , γ ,
δ or ε that corresponds to the physiological processes
associated with each functional state (Fig. 2Aa). The
activation transition rates (α) represent the different
mechanisms through which a spark can be initiated
and are examined in detail in the next sections. The
remaining transition rates are constants in this initial
implementation and can be conveniently derived from
parameters that describe the approximate duration of each
state (Table 1). The transition rate from the excited to the
recruiter state (β) corresponds to the time between a spark
being initiated and it being able to recruit neighbours
(twavedelay), which effectively determines the calcium wave
propagation velocity:

β = ln (2)
0.5 · twavedelay

The rate describing the transition from the recruiter
(Jrel) to recruiter (non-Jrel) states, γ , is derived from the
total duration of Jrel (tJrel):

γ = ln (2)
0.5 · (tJrel − twavedelay)

The rate describing the transition from the recruiter
(non-Jrel) to the refractory state, δ, is defined from the total
time that CRUs may recruit neighbours (trecruit):

δ = ln (2)
0.5 · (trecruit − tJrel )

Finally, the rate ε controls the total refractory or
recovery time, determining how rapidly CRUs in the
refractory state transition to the available state, and is
simply set to a constant rate. Note that this cycle is not a
five-state Markov chain model, and CRUs can only trans-
ition in one direction.

Mechanisms of spark initiation

To represent the distinct mechanisms of spark activation,
and the potentially different behaviour of these sparks,
we separate the active states into four distinct populations
(Fig. 2Ab):

(1) Triggered sparks refer to those activated by ICaL.
(2) Spontaneous sparks refer to sparks that are not

related to an external trigger.
(3) Wavelet sparks refer toCRUs that have been activated

through recruitment by neighbouring CRUs as part of
a small wavelet but not a full-cell calcium wave.

(4) Wave sparks refer to those that are part of a full-cell,
robustly propagating calcium wave, with a wavefront
size determined by cellular geometry.

In this framework, the number of CRUs in the recruiter
states determines the population capable of recruiting
neighbours. Consequently, the model captures the
hierarchy from local to cell-wide calcium release: a
currently active CRU (triggered or spontaneous) may
activate a neighbour (wavelet), which can in turn
recruit additional CRUs, potentially leading to a global
calcium wave.
Wavelets and waves were treated separately for two

reasons. First, it allows self-propagation of wavelets
to remain controlled, preventing unstable dynamics
and uncontrolled growth of the active population.
Second, it permits explicit control of wavefront size
for full-cell waves based on cell structure. Details of this
formulation are provided later in Methods (‘Activation
and propagation of full-cell calcium waves’) and in the
Appendix. This set-up enables mechanism-dependent
transition rates and provides a straightforward means to
track the population of each state for analysis and inter-
pretation.

General functional form of ICaL and CaSR dependence.
The spark activation rates are dependent on ICaL and/or
CaSR, with specific dependencies defined by the under-
lying mechanism of spark initiation. Throughout the
model, the same general approach is used to describe this
ICaL andCaSR dependence. Logistic sigmoidal functions of
the following general form are utilised:

f = A

1 + b(x−(x50+x50shift ))/k

where x refers to the variable (ICaL or CaSR), b is
the exponential base (either e or 10), x50 is the basal
half-maximal activation constant, x50shift is an applied
modulation shift to the half maximal activation constant,
k is the slope parameter and A is the amplitude. This
formulation allows intuitive control over both the range
of ICaL or CaSR values for which the transition rates
are dynamic, and the steepness of this dependence,
through the x50 and k parameters. Thus, the physiological
characteristics of calcium spark initiationmechanisms are
captured through the choice of these parameters and the
nature of their functional dependencies.

Normalisation and parameterisation. To facilitate
portability and comparable interpretation of the trans-
ition rate constants across cell models with different
ICaL and CaSR dynamics, functions are normalised to
defined factors obtained from normal pacing of the
native cell models. In the present study, normal pacing
was considered as pacing to steady state under basal
conditions at a cycle length of 1000 ms, but this cycle
length should be adjusted based on the species of model

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 9

being developed. The normalised variables are defined as:

ICaL = ICaL
IpeakCaL

CaSR = CaSR
CadiastolicSR

Here IpeakCaL refers to the peak ICaL observed during
an AP, and CadiastolicSR refers to the end diastolic CaSR
load. Both quantities are empirically determined from
simulations using the original cellmodels. These reference
values need not be exact, nor strictly maintained during
steady-state pacing in the integrated model; rather they
serve to normalise all functions relative to ICaL and CaSR.
This allows the parameters governing rate constants,
gradients and half-maximal activation to be expressed
on a comparable scale across models, thereby facilitating
both model development and inter-model comparison.
For brevity in this description assume all ICaL and CaSR
values in the functions described below refer to these
normalised values.

The ICaL and CaSR-dependent functions are defined
such that they return a value of unity when the input
equals its reference value (i.e. the normalised ICaL or
CaSR equals one). To achieve this, the amplitude of each
sigmoidal function is rescaled based on its half-activation
and slope parameters. This ensures that variations in these
parameters alter only the steepness and non-linearity of
the functions without affecting the basal rate. This is
convenient both for isolating the functional implications
of these parameters and for comparisons betweenmodels.
Applied shifts to the half-maximal activation values, for
example, for modulation or disease conditions, are not
included in the amplitude calculation and thus candirectly
affect basal spark rate as a consequence of shifting the ICaL
orCaSR dependence.

Triggered sparks. For triggered sparks, the total number
available for activation is simply the total number
currently in the available state. The number of newly
excited triggered CRUs at a given timestep is calculated
by:

�+Ntrig
excited = B

(
�tαtrig,Navailable

)
The activation rate, α, depends on both ICaL (trigger) and
CaSR (feedback):

αtrig = Ctrig
α f trigICaL f

trig
2 f trigCaSR

where Ctrig
α is the transition rate constant. The L-type

calcium current dependence is defined as (Fig. 2Ba–b):

f trigICaL = Atrig
ICaL

1 + e
(
ICaL−

(
ICaL50+ICaL, offset+ICaL50, shift

))
/kICaL

f trig2 = 2
1 + e(ICaL−0.05)/−0.1 − 1

where ICaL refers to the normalised value at the given
timestep of the model, and ICaL50 , ICaL, offset and kICaL are
all constants. ICaL, offset shifts the half maximal activation
pre-normalisation, to control the shape of the response to
ICaL (Appendix Fig. A1; it can be assumed to be zero for
understanding of model set-up). f trig2 is present to impose
that the response is robustly zero at low ICaL, independent
of the gradient of the main function (Fig. 2Bd). ICaL50, shift
is a modulation parameter with a default value of 0. The
amplitude coefficient,Atrig

ICaL , is calculated based on ICaL, offset
and the gradient, kICaL:

Atrig
ICaL = 1 + e−ICaL, offset/kICaL

In the full implementation, ICaL50 is defined as a function
of CaSR and used to impose CaSR-dependent control over
the shape of the response. This is described in detail in the
Appendix but is not necessary to understand the workings
of the model; we consider it to be a constant set to 1.0 in
this description. The gradient parameter kICaL is therefore
the primary control parameter to determine the steepness
of the response to ICaL (Fig. 2Bb).
TheCaSR dependence is defined by:

f trigCaSR = Atrig
CaSR

1 + 10
(
CaSR−

(
CatrigSR50

+CatrigSR50, shift

))
/ktrigCaSR

where the amplitude coefficient,Atrig
CaSR, is also calculated to

impose the function equalling unity at normalisedCaSR:

Atrig
CaSR = 1 + 10

(
1−CatrigSR50

)
/ktrigCaSR

ktrigCaSR and CatrigSR50
are both constants that form control

parameters for the impact of CaSR load feedback on
triggered calcium sparks (Fig. 2Bc) and CatrigSR50, shift

is a
modulation parameter with a default value of 0. Thus, the
model contains a controllable shape of response to ICaL
that also includes feedback amplification by theCaSR load
(Fig. 2Bd).

Spontaneous sparks. The creation of spontaneous sparks
is dependent solely on CaSR and has a similar functional
form to theCaSR dependence of triggered sparks:

�+Nspont
excited = B

(
�tαspont,Navailable

)
αspont = Cspont

α f spontCaSR

f spontCaSR = Aspont
CaSR

1 + 10
(
CaSR−

(
CaspontSR50

+CaspontSR50, shift

))
/kspontCaSR

Aspont
CaSR = 1 + 10

(
1−CaspontSR50

)
/kspontCaSR

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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10 J Physiol 0.0

where Cspont
α is the transition rate constant and CaspontSR50

,
kspontCaSR and Aspont

CaSR have equivalent interpretations to their
triggered spark counterparts.
The parameter CaspontSR50

determines the degree of
non-linearity in the dependence on CaSR in the basal
load region (Fig. 2Be). If this parameter is set to one, the
response is approximately linear in thisCaSR region; larger
values (e.g. 1.5) produce a predominantly exponential
dependence. In general this parameter is set to around
1.5 to preserve the non-linearity of calcium response
observed, but this may be adjusted if desired. The gradient
parameter kspontCaSR controls the steepness of the relationship
(Fig. 2Bf).

Wavelet sparks. Wavelet sparks may be activated only
by CRUs currently in the recruiter states. The number
of CRUs available for activation is therefore not equal to
the total population of available CRUs but is defined by
the product of the number of CRUs in the recruiter states
and the number of neighbours that each CRU may excite,
nstateneigh.
To preserve independent control over the dynamics of

each spark mechanism, recruitment by each type of spark
(triggered, spontaneous, or wavelet) is treated separately,
each with its own transition rate constant. The number of
newly excited wavelet CRUs at each timestep is given by:

�+Nwavelet
excited = �+Nwavelet-trig

excited + �+Nwavelet-spont
excited

+ �+Nwavelet-wavelet
excited

where:

�+Nwavelet-trig
excited

= B
(
�tαwavelet-trig, n

trig
neigh

(
Ntrig
recruiter (Jrel ) + Ntrig

recruiter (non-Jrel )

))
�+Nwavelet-spont

excited

= B
(
�tαwavelet-spont, n

spont
neigh

(
Nspont
recruiter (Jrel ) + Nspont

recruiter (non-Jrel )

))
�+Nwavelet-wavelet

excited

= B
(
�tαwavelet-wavelet, nwaveletneigh

(
Nwavelet
recruiter (Jrel ) + Nwavelet

recruiter (non-Jrel )
))

where the functional form for the transition rates is
identical for the three different mechanisms:⎡
⎣ αwavelet-trig

αwavelet-spont
αwavelet-wavelet

⎤
⎦ =

⎡
⎣ Cwavelet-trig

α

Cwavelet-spont
α

Cwavelet-wavelet
α

⎤
⎦ f waveletCaSR f wavelet2

f waveletCaSR = Awavelet
CaSR

1 + 10
(
CaSR−

(
CawaveletSR50

+CawaveletSR50, shift

))
/kwaveletCaSR

f wavelet2 = 2

1 + e
(
CaSR−CawaveletSR0

)
/−0.0001

− 1

Awavelet
CaSR = 1 + 10

(
1−CawaveletSR50

)
/kwaveletCaSR

where Cwavelet-trig
α , Cwavelet-spont

α and Cwavelet-wavelet
α are the

transition rate constants for the activation of wave-
lets by triggered, spontaneous or other wavelet CRUs,
respectively. The number of neighbours, nstateneigh, is a
constant (set to 2 for triggered and wavelet sparks, and
6 for spontaneous sparks). The CaSR dependence follows
that of spontaneous sparks, with the additional function
f wavelet2 that imposes a propagation threshold (CawaveletSR0

)
below which the probability of excitation is zero. The
number of available CRUs for each of these activations is
necessarily constrained by the overall population size to
ensure population stability. In practice this constraint is
unlikely to require implementation.

Activation and propagation of full-cell calcium waves.
Wave CRUs may be activated by either wavelet CRUs
(wave initiation) or other wave CRUs (wavefront
propagation):

�+Nwave
excited = �+Nwave-wavelet

excited + �+Nwave-wave
excited

The wavefront size is defined from the cell
cross-section in CRUs (i.e. Nx × Ny where Nz defines
the cell length and Nx × Ny × Nz defines the total
population, Ntot). The actual size of the wavefront (WF)
is taken as a proportion of this cross section (WF = 0.7
× Nx × Ny) reflecting that not every CRU along the
cross section will be activated. Excitation of a wavefront is
handled as an essentially binary process:When anewwave
is created, two full wavefronts are created instantaneously
to represent propagation from the nucleation site in
each direction of the cell (as illustrated in Fig. 1E). The
number of wave CRUs excited by initiation from wavelets
is therefore:

�+Nwave-wavelet
excited = 0.7NxNy

B
(
�tαwave-wavelet,Nwavelet

recruiter (Jrel ) + Nwavelet
recruiter (non-Jrel )

)
αwave-wavelet = Cwave

α f waveCaSR f
wave
2

f waveCaSR = 1

1 + 10
(
CaSR−

(
CawaveSR50

+CawaveSR50, shift

))
/kwaveCaSR

f wave2 = 2

1 + e
(
CaSR−Cainit, waveSR0

)
/−0.0001

− 1

where Cwave
α is the transition rate constant describing

wave initiation. Note that f waveCaSR is not scaled by an
amplitude coefficient (unlike the other CaSR-dependent
functions); therefore in this case the rate constant Cwave

α

sets themaximal possible rate of wave creation fromwave-
lets rather than the rate at basal values (Fig. 2Bg). The
function f wave2 imposes an initiation threshold (Cainit, waveSR0

)

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 11

belowwhich waves cannot be initiated. The comparatively
modest growth of f waveCaSR at high CaSR is intentional: the
strong non-linearity of full-cell wave creation is already
inherited from the dependence of wave initiation on the
number of active wavelet CRUs.

Robust propagation of the wavefront aims to
approximate a near one-to-one mapping of CRU
activation along a homogeneous travelling wavefront.
Rather than using a continuous transition rate to model
neighbour recruitment, propagation is handled via an
explicitly defined probability that a recruiter wave CRU
will successfully recruit a neighbour over its active
lifetime. Using a lifetime probability avoids repeatedly
sampling a small per-timestep probability and better
captures the one-to-one propagating nature of a wave-
front. For variability in the travelling wavefront, the
maximum per-lifetime recruitment probability is set to
0.5, and each recruiter CRU is allowed to attempt to
activate up to two neighbours. Because this is a lifetime
probability (not a per-timestep rate) the binomial draw is
performed once per newly created set of recruiter wave
CRUs. Thus the number of excited CRUs due to wavefront
propagation is:

�+Nwave-wave
excited = B

(
P(wave-wave), 2�+Nwave

recruiter
)

P(wave-wave) = 0.5

(
2

1 + e
(
CaSR−Caprop, waveSR0

)
/−0.0001

− 1

)

This simple step function returns a probability of 0.5 above
the propagation threshold, Caprop, waveSR0

, and zero below it
(Fig. 2Bh).

The model does not explicitly represent spatial
boundaries and therefore the current implementation
theoretically allows for infinitely traveling calcium waves
(all available CRUs are ‘seen’ by the wavefront as there is
no spatial restriction). Wavefront termination is handled
by two mechanisms:

(1) Due to CaSR threshold for self-propagation; if CaSR
is sufficiently depleted by the wave, then the imposition of
this threshold will terminate wave propagation.

(2) Through imposed stochasticwavefront termination.
A termination algorithm probabilistically terminates
wavefronts with probability dependent on cell length
and the number of concurrently active wavefronts. This
reproduces effects such as wavefront collision (multiple
waves) and single-front termination when a nucleation
site is non-central. Termination is implemented by
transitioning N = WF wave CRUs from the excited
state into the recruiter (Jrel) state without including
them in the �+Nwave

recruiter pool used to calculate wave-
front self-propagation. These CRUs therefore continue
to contribute to Jrel but are no longer able to propagate
the wave. Due to this stochastic wavefront termination
algorithm, one of the two created wavefronts may be

randomly rapidly terminated. This corresponds to a
nucleation site located near one cell edge, such that only
a single wavefront propagates. An extension to the model
could be included to permit the explicit generation of
singular wavefronts to represent nucleation occurring
directly at a cell end, if this feature is determined
important for future investigations.

Other state transitions and state occupancy

All remaining transitions around the CRU cycle are
determined by a simple product of the transition rate
constant and the occupancy of the originating state (e.g.
the number of CRUs available for transition to a given
recruiter state is set by the current number in the excited
state). Full equations for all state transitions are provided
in the Appendix.
The available and refractory CRUs are common to all

mechanisms, whereas the activated CRUs are tracked in
the distinct pathways around the cycle. The net changed
in occupancy of each state at a given time-step is therefore
described by:

�Navailable = �+Navailable − �+Ntrig
excited − �+Nspont

excited

− �+Nwavelet
excited − �+Nwave

excited

�Ntrig
excited = �+Ntrig

excited − �+Ntrig
recruiter (Jrel )

�Nspont
excited = �+Nspont

excited − �+Nspont
recruiter (Jrel )

�Nwavelet
excited = �+Nwavelet

excited − �+Nwavelet
recruiter (Jrel )

�Nwave
excited = �+Nwave

excited − �+Nwave
recruiter (Jrel )

�Ntrig
recruiter (Jrel ) = �+Ntrig

recruiter (Jrel ) − �+Ntrig
recruiter (non-Jrel )

�Nspont
recruiter (Jrel ) = �+Nspont

recruiter (Jrel ) − �+Nspont
recruiter (non-Jrel )

�Nwavelet
recruiter (Jrel ) = �+Nwavelet

recruiter (Jrel ) − �+Nwavelet
recruiter (non-Jrel )

�Nwave
recruiter (Jrel ) = �+Nwave

recruiter (Jrel ) − �+Nwave
recruiter (non-Jrel )

�Ntrig
recruiter (non-Jrel ) = �+Ntrig

recruiter (non-Jrel ) − �+Ntrig
refractory

�Nspont
recruiter (non-Jrel ) = �+Nspont

recruiter (non-Jrel ) − �+Nspont
refractory

�Nwavelet
recruiter (non-Jrel ) = �+Nwavelet

recruiter (non-Jrel ) − �+Nwavelet
refractory

�Nwave
recruiter (non-Jrel ) = �+Nwave

recruiter (non-Jrel ) − �+Nwave
refractory

�Nrefractory = −�+Navailable + �+Ntrig
refractory

+ �+Nspont
refractory + �+Nwavelet

refractory

+ �+Nwave
refractory

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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12 J Physiol 0.0

Table 2. List of control parameters and their implications. Note that the half-maximal activation constants, the gradients and the
thresholds are dimensionless because they are relative to the normalised ICaL or CaSR values.

Parameter Units Grandi atria Grandi ventricle CRN atria Functional implications

Model fitting Ipeak normal pacing
CaL pA/pF −8.5 −2.25 −4 Model fitting (ICaL dependence)

Cadiastolic normal pacing
SR mM 0.5 0.55 1.1 Model fitting (CaSR dependence)

NRyR2orescale — 0.00342965 0.0064 0.075 Model fitting (Jrel magnitude)

twavedelay ms 10 10 10 Defines β and sets recruitment speed

tJrel ms 40 30 15 Defines γ and Jrel active time

trecruit ms 41 40 40 Defines δ and total recruiter time

Triggered sparks Ctrig
α ms-1 0.09 0.05 0.15 Triggered spark activation rate constant

ktrigICaL — −0.25 −0.4 −0.35 Gradient parameter (ICaL dependence)

ktrigCaSR — −0.375 −0.5 −1.5 Gradient parameter (CaSR dependence)

CatrigSR50
— 1.5 1.5 1.5 Half maximal activation constant (CaSR)

Spontaneous sparks Cspont
α ms-1 0.000002 0.000002 0.000002 Spontaneous spark activation rate constant

kspontCaSR — −0.1 −0.1 −0.2 Gradient parameter (CaSR dependence)

CaspontSR50
— 1.5 1.5 2.5 Half maximal activation constant (CaSR)

Wavelet sparks Cwavelet-trig
α ms-1 0.01 0.01 0.01 Rate constant (activation from triggered)

Cwavelet-spont
α ms-1 0.005 0.005 0.005 Rate constant (activation from spontaneous)

Cwavelet-wavelet
α ms-1 0.01 0.01 0.01 Rate constant (activation from wavelet)

kwavelet
CaSR — −0.5 −0.75 −2.0 Gradient parameter (CaSR dependence)

Cawavelet
SR50

— 1.5 1.5 1.5 Half maximal activation constant (CaSR)

Cawavelet
SR0

— 0.5 0.3 0.1 Wavelet activation threshold

Wave sparks Cwave
α ms-1 0.00004 0.00004 0.00004 Wave activation rate constant

kwave
CaSR — −0.2 −0.2 −0.5 Gradient parameter (CaSR dependence)

Cawave
SR50

— 1.2 1.18 1.27 Half maximal activation constant (CaSR)

Cainit, wave
SR0

— 0.9 0.9 0.9 Wave initiation threshold

Caprop, wave
SR0

— 0.7 0.5 0.1 Wave self-propagation threshold

Integration into biophysically detailed models

This formulation introduces a set of physiologically
grounded control parameters that can be tuned to
different cell models or experimental conditions. The
most important of these parameters are summarised in
Table 2, and the full parameter list is in Table A1.

Coupling between the spark-population model and host
cell models. The spark-population model was integrated
into contemporary cell models through replacing the
RyR2 model that governs intracellular calcium release,
Jrel. Three cell models were chosen: The Grandi et al.
(2010) model of the human ventricle and Grandi
et al. (2011) human atrial model were chosen due to

their detailed and robust intracellular calcium handling
system, referred herein as Grandi ventricle and Grandi
atria. The Courtemanche et al. (1998) atrial cell model
(‘CRN’ model) was chosen as an alternative model
which is widely used for studies of human atrial
tissue dynamics. It features a simplified calcium-handling
system with markedly different behaviour from the
Grandi models, providing a useful contrast for assessing
model integration.
Activation rates in the spark-population model were

set such that approximately 50% of CRUs became
activated during basal pacing at full t-system density. This
corresponds to a peak value of roughly 0.5 for the RyR2
open-state variable, which may differ from the peak RyR2

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 13

open proportion in the original cell models. To maintain
the correct magnitude of Jrel, a scaling factor NRyR2orescale
was introduced to adjust the resultant release flux tomatch
the expected dynamics of each host model. Jrel in the host
cell model is therefore calculated by:

Jrel = grelNRyR2orescale

Ntot
excited + Ntot

recruiter (Jrel )

Ntot
(CaSR −Cai )

where

Ntot
excited = Ntrig

excited + Nspont
excited + Nwavelet

excited + Nwave
excited

Ntot
recruiter (Jrel ) = Ntrig

recruiter (Jrel ) + Nspont
recruiter (Jrel )

+ Nwavelet
recruiter (Jrel ) + Nwave

recruiter (Jrel )

grel refers to the conductance parameter and the specific
variables for Cai and CaSR will depend on the host cell
model. Only a basic parameterisation was performed in
this study for integration with the three cell models, aimed
at reproducing normal cell behaviour observed in the
original cell models, with a focus on maintaining CaSR
load under basal pacing conditions.

Initial model parameterisation. A full practical guide
to parameterisation of the spark-population model for
integration in contemporary cell models accompanies
the source code in the related Zenodo repository.
Briefly, parameterisation was performed using an ad hoc
optimisation procedure. The basal cell models were first
paced to steady state to determine the characteristic IpeakCaL ,
CadiastolicSR , Npeak

RyR,O and the Jrel time course. These quantities
define the normalisation variables, the rescaling factor
(NRyR2orescale ) and the Jrel decay time parameters. The
modified model was then paced, and parameters were
adjusted to give the peak proportion of active CRUs
during CICR as approximately 0.5 while preserving the
Jrel time course and CaSR dynamics observed in the
basal model, through tuning the LTCC sensitivity and
Jrel kinetics. Spontaneous spark and wave propagation
rates, together with their steepness, were subsequently
adjusted to reproduce expected or experimentally
observed behaviour.

Because the formulation is expressed in terms of
normalised CaSR, the gradient parameters are expected
to be broadly similar across models, but should be set
to reflect the underlying basal dynamics corresponding
to the extent of SR depletion during CICR and the
degree of SR loading under different conditions. Models
exhibiting limited SR depletion and relatively small
load variation require a steeper gradient, reflecting the
narrow operating range of CaSR, whereas models with
larger depletion and wider load variation require a
shallower gradient to represent the broader concentration
range. These parameters are therefore constrained by the

intrinsic model dynamics and determine the imposed
rate-dependent behaviour. This process is somewhat
subjective and should be informed/constrained by all
available information, such as spark and wave rates at
different pacing frequencies and conditions.
The parameters (Table 2)were chosen to ensure calcium

handling properties remained within physiological ranges
and comparable to the original models. These values are
sufficient for demonstrating the mechanistic operation of
the spark-population model presented. It is intended that
future applications of this model will develop the various
parameters based on experimental observations (such
as calcium transient amplitude, spark and wave rates,
etc.) or 3D spatial cell simulations in specifically focused
studies. Modification of the parameters to reproduce
disease conditions is considered further in Discussion
– Modelling regulation of calcium handling, with ‘toy’
disease conditions considered in the results section to
demonstrate the impact of themodification of parameters.
The intention was to avoid having to modify any

parameters of the original, host models. However
due to differences in the time of the upstroke of
the calcium transient observed between the original
and spark-population implementation of the Grandi
models (see Results – ‘Integration into the three
biophysically detailed cell models’) it was necessary
to slightly reduce the rate constant that governs
calcium-induced inactivation of ICaL. No other
modifications were performed.

Variable t-system density

Variable t-system density was implemented by
constructing two parallel populations encompassing
the full CRU state cycle: one coupled to the t-system
and one uncoupled. This required the modification
of the host cell models to include a second set of
calcium compartments associated with the non-t-system
population. These additional compartments retained
all SR fluxes from the original model but excluded
membrane fluxes. Calcium concentrations in the bulk
cytosolic space and the network SR were coupled between
the two sets of compartments, but the recruitment of
CRUs through the spark-population model provided
the primary mechanism for calcium-wave propagation
into non-t-system regions. Coupling between the two
populations was achieved through the ability of recruiter
CRUs in either population to activate new wavelet CRUs
in the other.
The relative sizes of the t-system and non-t-system

populations were determined by the number of inter-
ior CRUs and the specified t-system density. First the
number of surface and interior CRUs were calculated
from the cell dimensions. The t-system density, which

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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14 J Physiol 0.0

varies between 0 and 1, then defined the proportion
of interior CRUs coupled to the t-system. Note that
this definition does not numerically correspond to
experimental estimates of t-system density derived from
pixel-based area or volumetric analysis, as it is at the
scale of a CRU. The total t-system population is given
by the sum of surface CRUs and the proportion of
interior CRUs defined by the t-system density, with
the remainder assigned to the non-t-system population.
The present formulation does not distinguish between
surface and interior CRUs coupled to the membrane;
however, such differentiation could readily be introduced
in future implementations by defining a third population
representing surface-membrane CRUs.

Results

Integration of the spark-population model into
biophysically detailed cell models is first demonstrated.
Dynamics associated with variable t-system density
are then examined and compared with experimental
observations under different conditions. Finally the
mechanisms underlying calcium transient alternans
and the hierarchy of spontaneous calcium release are
explored, including the influence of t-system density on
these phenomena.

Integration into the three biophysically detailed cell
models

Under ICaL voltage clamp (holding potential of −80
mV, stepped to test voltages for 500 ms and returned
to −80 mV), the relationship between ICaL and intra-
cellular calcium release in the models is revealed. The
spark-population implementation reproduced the basal
CaSR dependent Jrel-ICaL relationship observed in the
original cell models (Fig. 3). One notable difference was
that in the Grandi models, the fraction of open RyR2s is
small, providing substantial reserve for larger responses
at elevated CaSR loads. In contrast the spark-population
model exhibits approximately 50% CRU activation at
basal values, resulting in less dynamic range for further
increases (Fig. 3c, upper vs lower panels).
AP and intracellular calcium transient features

during normal pacing were well preserved following
the integration of the spark population dynamics model
(Fig. 4). In both Grandi-based models the primary
difference was a more immediate Jrel response to
ICaL, producing an earlier calcium transient upstroke
(Fig. 4Ac,d, Bc,d). The delayed onset of Jrel in the original
models has been noted as a limitation (Tomek et al.,
2025), and therefore this was not corrected for in the
spark-population model. Rate dependence of the calcium
transient and CaSR load were also largely preserved in

the updated models (Fig. 4e–h). Importantly no major
differences were observed in diastolic or post-pacingCaSR
between the models, indicating that any parameters based
on the range of CaSR will remain suitable (Fig. 4f,h). It is
worth noting that the CRN model exhibits the opposite
rate dependence of the calcium transient peak than
the Grandi models in both the original and updated
cell models.
Computational efficiency was modestly reduced in the

spark-population implementation relative to the basal cell
models, remaining within the range typical for single-cell
simulations. The time required to compute one simulated
second increased from 0.04 s to 0.10 s in the CRN atrial
cell model, from 0.06 s to 0.16 s in the Grandi atrial
cell model, and from 0.15 s to 0.33 s in the Grandi
ventricular cell model, corresponding to an approximately
2-2.5-fold increase in cost. This remains substantially
more efficient than a stochastic, spatial 3D cell model that
may contain 20,000 explicitly described CRUs, with an
average of 100 RyRs and 15 LTCCs each, which was four
orders of magnitude slower when executed on a single
core (1428 s per simulated second). This comparison is
particularly relevant for tissue-scale simulations, in which
parallelisation is applied across cells rather thanwithin the
subcellular spatial domain.

Spark model state occupancy

Inspection of CRU population state occupancies
highlights the underlying dynamics of the
spark-population model system (Fig. 5). The three
models represent the range of ways that the duration
of Jrel can be varied to fit within the contextual calcium
handling system of each cell model. Recall (Methods –
‘Spark-population model states’) that the Jrel activity
time course must fit within the lower limit of the ‘wave
delay’ (the time to transition from excited to recruiter
state; time fixed to 10 ms in the present study) and the
upper limit of the total time that sparks are able to recruit
(time fixed to 40 ms in the present study), but may
be freely varied within this range. This produces three
characteristic behaviours:

(1) Jrel decay time is comparable to the total active time,
in which case the model will very rapidly transition
through the recruiter (non-Jrel) state to the refractory
state, as in the Grandi atrial model (Fig. 5Aa).

(2) Jrel decay time lies centrally within the range, in
which case themodel spends comparable time in both
recruiter (Jrel) and (non-Jrel) states, as in the Grandi
ventricle model (Fig. 5Ab).

(3) alternatively, the Jrel decay time can be comparable
to the wave delay time, in which case the model will
rapidly transition through the recruiter (Jrel) state to

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 15

Figure 3. Comparison of response to ICaL voltage clamp between the original and updated cell models.
For the three cell models (A, Grandi atria; B, Grandi ventricle; C, CRN atria) are shown ICaL current–voltage
relationships and corresponding intracellular calcium transient peak (a), calcium transient traces across the range
of voltage steps (b) and calcium transient magnitude as a function of voltage step potential (c), and ICaL peak (d) at
multiple CaSR loads.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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16 J Physiol 0.0

Figure 4. Comparison of model behaviour during normal pacing.
For the three cell models (A, Grandi atria; B, Grandi ventricle; C, CRN atria) are shown the APs (a),CaSR and calcium
transients (b,c), Jrel time course (d), and rate-dependence of the intracellular (e, g) and CaSR (f, h) dynamics for the
original and updated (spark-population) models.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 17

the recruiter (non-Jrel) state, as in the CRN model
(Fig. 5Ac).

Across all models, the total active profile has similar
duration and peaks at approximately half of the total
population. The occupancies also reveal the small
contribution of diffusively activated CRUs (wavelets)
during normal pacing (Fig. 5B) and the presence of
spontaneous calcium sparks mediated by the spontaneous
and wavelet populations (Fig. 5B, inset).

Variable t-system density

Simulations were first performed using parameters
that produced robust propagation of calcium into
non-t-system regions, consistent with the centripetal
‘U’ or ‘V’ waves observed experimentally in the absence
of interior t-system (Brette et al., 2004; Dibb et al., 2022;
Greiser et al., 2014; Greiser, 2017). Coupling between
the t-system and non-t-system populations, described
by the rate constants for non-t-system wavelet CRUs
to be activated by t-system CRUs, was identical across
all three cell models. In these simulations t-system
density determined the whole-cell calcium transient
upstroke and amplitude (Fig. 6a,e): as density decreased
from 1.0 to approximately 0.5, the magnitude of the
whole-cell-averaged transient was largely preserved,
whereas the time to peak increased; as t-system density

was further reduced below 0.5 towards zero, the transient
amplitude progressively decreased and the time to peak
increased further.
Examination of CRU dynamics in the t-system and

non-t-system populations (Fig. 6b–d) shows that active
CRUpropagation in the non-t-system regionunderlies the
slower upstroke and smaller amplitude of the whole-cell
transient (Fig. 6b). Total CRU activation was largely
maintained at moderate reductions of t-system density,
and decreased by a small degree at low densities (Fig. 6c,d,
inset); this reflects whole-cell activation associated with
robust U- and V-wave propagation. For comparison,
simulations were performed with the coupling between
t-system and non-t-system populations reduced to 50%
and 0%, demonstrating whole-cell calcium transients in
the absence of effective centripetal wave propagation
(Fig. 6e). In these cases time to peakwas largely insensitive
to t-system density, whereas the amplitude progressively
declined as density was reduced.
Model behaviour under different conditions was

compared with experimental observations of calcium
handling in myocytes with reduced or absent t-system.
A primary motivation for this model is to be able to
capture the variable t-system density in healthy atrial
cells. Experiments by Greiser et al. (2014) observe robust
centripetal U wave propagation in transverse linescan
calcium imaging (Fig. 7A). Under the default parameters
(as used in the previous Fig. 6) the spark-population

Figure 5. CRU state occupancy.
A, Occupancy of the different states, shown for the three different cell models (a–c). Note that ‘active’ (grey dotted
line) is considered as the total Excited+Recruiter(Jrel)+Recruiter(non-Jrel) occupancy. B, the active occupancy for
each type of spark.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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18 J Physiol 0.0

Figure 6. Calcium transient features versus t-system density with robust centripetal calcium
propagation.
For the three cell models (A, Grandi atria; B, Grandi ventricle; C, CRN atria) is shown the whole-cell average calcium
transient (a), associated with 50% (blue, upper) and 0% (pink, lower) t-system density compared to the control
case of 100% t-system density (grey), and separated population traces for the average compartmental calcium
(b), total number of active CRUs in each population (c), and proportion of active CRUs relative to the size of each
population (d), illustrating t-system (yellow) and non-t-system (green) CRUs. The dependence of the total upstroke
time and amplitude of the calcium transient on t-system density is summarised (e) across a range of densities (0%,
25%, 50%, 75% and 100%) and strength of coupling between the t-system and non-t-system CRUs (darker
shades indicate lower coupling).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 19

Figure 7. Modelling variable t-system density features compared to experimental observations.
A, Experimental observations of healthy atrial myocytes with low t-system density. Transverse linescans (a) reveal
the ‘U’ centripetal wave and highlight the morphology of the calcium transient at surface and interior sties
(b). Images from Greiser et al. (2014) and reproduced under the CC BY 4.0 license. B, Model comparisons of
the average calcium transient in the t-system (black) and non-t-system (green) compartments at two different
t-system densities (25% and 0%) in both the Grandi (a,b) and CRN (c,d) atrial models. C, Experimental linescan
images highlighting calcium silencing (failed centripetal wave propagation) in human atrial fibrillation. Images from
Greiser (2017) reproduced with permission, copyright Wiley 2017. D, illustration in the reduced computational
cell model. A reduction in ICaL was used to represent the downregulation of the current in atrial fibrillation.
Whole-cell average transient is shown (a,d) for control and remodelling (blue vs purple, respectively) as well as
the compartmental calcium transients corresponding to the t-system and non-t-system (dark vs. bright) for control
(b,e) and remodelling (c,f). E, Experimental linescan (a), local calcium (b) and whole-cell (c) calcium traces associated
with control and detubulated ventricular cells. Images from Brette et al. (2004) and reproduced with permission;
copyright Elsevier 2004. F, Results in the computational model showing whole-cell average calcium transient (a)
and compartmental transients in two different models of detubulation: ‘detubulation a’ refers to simply setting
the t-system density to 0 (b) whereas in ‘detubulation b’ the coupling between the t-system and non-t-system was
also reduced by 50% (c).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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20 J Physiol 0.0

model reproduced the observed features, with the
calcium transients in the t-system and non-t-system
populations being comparable to those at the surface
and centre of the linescan (Fig. 7A,B). They are not a
direct correspondence of measurements, as the model
traces represent the average transient in each population
rather than specific locations of the cell. Nevertheless, the
feature of the delayed interior (non-t-system) transient is
captured in the model at low t-system densities.
In further experiments (Greiser et al., 2014; Greiser,

2017), atrial rapid pacing and atrial fibrillation, both
associated with a reduction of ICaL magnitude, were
observed to result in failed centripetal propagation of the
calcium transient (Fig. 7C). Under comparable conditions
in the model (reduced ICaL conductance), recruitment
of non-t-system CRUs was markedly diminished,
reproducing the failed propagation and resulting in
a reduced whole-cell average transient (Fig. 7D). The
transition rates coupling the t-system and non-t-system
populations were reduced by half to generate failed
propagation to the extent observed in the experiment;
this could reflect structural remodelling or the need for
further refinement or a limitation of the models.
In ventricle, loss and remodelling of the t-system has

been associated with multiple disease conditions (e.g.
Setterberg et al., 2021) and manifests as a dyssynchronous
calcium release with a reduced transient and delayed
upstroke (Fig. 7E; Brette et al., 2004). In the Grandi
ventricular cell model, detubulation (i.e. setting the
t-system density to 0%) produced the same behaviour.
The strength of coupling between the t-system and
non-t-system populations and the rate of wavelet
self-recruitment determined the details of the dynamics
observed, but with the keymacroscopic features preserved
(Fig. 7F).

Beat-to-beat variability and alternans

Beat-to-beat variability was observed in the updated
models during both normal and rapid pacing due to the
stochastic algorithm and non-linearities in the activation
transition rate functions. Examination of the dependence
of the calcium transient amplitude at beat, n, on the pre-
vious beat (n − 1), highlights the degree and regularity
of this beat-to-beat variability. Simulations were first
performed with the activation rates of spontaneous and
wavelet sparks set to zero, that is, to isolate the dynamics
emerging from the LTCC-triggered calcium sparks only.
The Grandi-based models exhibited greater variability
than the CRN model (Fig. 8A). For interpretation of this
figure, recall that the CRN andGrandimodels produce the
opposite rate dependence of calcium transient amplitude
(Fig. 4). In all cases the original deterministic models
showed no beat-to-beat variability.

Calcium-transient alternans emerged following
multiple insults, including the downregulation of
SERCA in the host cell model (Fig. 8Ba) and altered
steepness of the ICaL and CaSR dependent activation
functions for triggered CRUs (Fig. 8Bb–d). Across a
range of parameters, multiple behaviours were observed,
including typical robust 2-cycle alternans at fast rates
(Fig. 8Ba, Cb), intermittent, unstable small alternans
(Fig. 8Bb, Ca), stable 3- and 4-cycle alternans (Fig. 8Bc,
Cc) and semi-stable more complex patterns, such as one
that exhibited a generally 7-beat cycle (Fig. 8Bd, Cd).
Restoring calcium propagation (i.e. enabling the

wavelet activation rate) also produced a variety of
dynamics. The impact on beat-to-beat variability was
only small (Fig. 9A). In some conditions alternans
persisted with similar dynamics to the triggered-only
case (Fig. 9Ba); in others the specific alternans patterns
were modulated (Fig. 9Bb); whereas in others spatial
recruitment was protective against the development of
regular alternans (Fig. 9Bc–d). Under conditions with
substantial recruited-spark contributions during normal
pacing (i.e. large wavelet activation rates), the model
exhibited disordered and chaotic calcium dynamics.
However these are likely non-physiological conditions
and are not shown here. Future studies, if justified, may
want to explore this further.
Cells with low t-system density displayed more

complex, noisy and irregular rate-dependent responses
compared to those with a dense t-system (Fig. 10), with
less ordered and more chaotic patterns across models
and conditions. Generally the t-system and non-t-system
populations oscillated in amplitude together, although not
always synchronously. Low t-system density also enabled
alternans at relatively slow pacing rates (e.g. Fig. 10Ab,c).

Delayed calcium sparks

Recent experiments (e.g. Fowler et al., 2022) have
observed late calcium sparks, that is, those occurring
after the primary calcium transient upstroke (Fig. 11A).
In a series of elegant experiments, it was demonstrated
that inhibiting the transient outward current (Ito) via
dynamic clamp elevated the plateau potential, reduced
the peak ICaL, induced dyssynchronous initial calcium
release and increased the frequency of delayed calcium
sparks that prolonged the calcium transient (Fig. 11B).
This behaviour was reproduced in the model by setting Ito
conductance to 0, representing complete dynamic-clamp
cancellation, and to negative values, representing potential
overestimation of the current cancellation by imposing
an inverted current with the same kinetics. The latter
adjustment was primarily intended to reproduce the
experimentally observed difference in AP morphology
which determines the ICaL profile and subsequent

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 21

Figure 8. Beat-to-beat variability and alternans without spatial calcium coupling.
A, variability during normal pacing in the Grandi atria (a) and CRN atria (b) models. The amplitude of the intracellular
calcium transient at each beat is shown (left) and the summary of the amplitude of beat n versus amplitude of
beat (n− 1) (right). The colour scheme refers to the applied pacing rate and is consistent throughout the figure. B,
examples of different alternans dynamics under different conditions, showing the beat n vs beat (n− 1) summary
(left) as well as an extracted plot of beat-by-beat amplitude (right). Note that these panels are scaled to the range
observed in each individual condition/pacing rate, and so the magnitudes are not comparable between panels. C,
example intracellular calcium transients and active CRU traces illustrating different behaviour.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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22 J Physiol 0.0

Figure 9. Beat-to-beat variability and alternans with spatial calcium coupling included.
A, variability during normal pacing in the Grandi atria (a) and CRN atria (b) models with the wavelet propagation
rates set to the basal values. The colour scheme refers to the applied pacing rate and is consistent throughout the

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 23

figure. B, examples of alternans dynamics compared between the cases of no spatial coupling (left) and included
spatial coupling (right).

triggered calcium spark dynamics. The same mechanisms
observed experimentally were reproduced by the model
(Fig. 11C): the calcium transient peak was reduced
and delayed relative to control, a greater number of
triggered sparks occurred during the late AP phase, and
both the whole-cell calcium transient and AP duration
were prolonged.

Spontaneous calcium release hierarchy and triggered
APs

The hierarchy of spontaneous calcium release was
reproduced through the dynamics of the spontaneous,
wavelet and wave spark populations (Fig. 12). The Grandi
ventricle model was paced to steady state at a cycle length
of 400 ms, and the resulting state parameters were used
as initial conditions for spontaneous simulations. This
provides a single CaSR load to provide the baseline for
varying the rate constants and function parameters for
the spontaneous, wavelet and wave spark activation
mechanisms. A single stimulus was applied, after which
themodel was allowed to run for 10 s and the spontaneous
activity measured.

With the inclusion of spontaneous activation only (i.e.
transition rates for wavelet and wave sparks set to zero),
transient spontaneous activity occurred immediately
following the AP, when the CaSR first loads above the
release thresholds, before being subsequently depleted
due to leak mediated by this release. Thereafter the
system stabilised with a consistent spontaneous spark rate
(Fig. 12Aa, Ba).

Inclusion of wavelet sparks produced a continuum of
behaviours ranging from short-lived spontaneous activity
(Fig. 12Bb) similar to the spontaneous-only conditions
(but occurring at lower rate constants) to DADs and
fully triggered spontaneous APs (Fig. 12Bc–e). DADs
and spontaneous APs always followed directly after the
paced AP, emerging only at the highest CaSR loads before
depletion by calcium leak. Negative shifts applied to
the CaSR50 of spontaneous and wavelet CRU activation
produced substantial spontaneous release during the
AP, underpinning a range of EAD dynamics including
low-upstroke EADs and APD prolongation (Fig. 12Bf),
phase 3 EADs (Fig. 12Bg) and oscillatory phase 2 EADs
followed by DADs (Fig. 12Bh; Johnson et al., 2013). Large
spontaneous transients were never observed substantially
delayed from the stimulated AP.

The inclusion of full-cell calcium waves enabled
spontaneous transients underlyingDADs or triggeredAPs
to occur over a much broader range of latency times
(Fig. 12C). This is a consequence of the all-or-nothing

nature of full-cell wave initiation. At equilibrium the
number of active spontaneous and wavelet sparks may be
low, but this still yields a non-zero probability of initiating
a full-cell wave, depending on the relation between the
wave initiation threshold parameter (Cainit, waveSR0

) and the
CaSR load. Thus calcium waves underlying DADs could
occur well after the stimulated AP, emerging from a back-
ground of relatively few active wavelet CRUs (Fig. 12Ca).
Full-cell calcium waves could also be initiated during
the large transient of spontaneous and wavelet sparks
immediately after the AP (Fig. 12Cb); the high active
wavelet population could initiate multiple calcium waves
in rapid succession. These waves rapidly self-terminated,
producing a large spontaneous calcium transient and a
triggered AP.

Dynamic dependence of spontaneous calcium release

The dependence of spontaneous calcium release on CaSR
load was first examined. The Grandi ventricle cell model
was pre-paced at cycle lengths of 1000, 750, 500 and 400
ms and then left unstimulated for 2 s for the CaSR to
fully load. The spontaneous spark activation rate was set
to zero to prevent spontaneous release, leading to CaSR
values of 0.58, 0.60, 0.63 and 0.66 mM, respectively. The
state variables were saved and used as initial conditions
to perform 250 simulations with the spontaneous spark
rate on and no stimulated excitations applied (Fig. 13A).
The incidence of DADs and triggered APs was increased
at higher CaSR loads (Fig. 13A,Ba). For simulations
exhibitingDADsor triggeredAPs, the time to peak voltage
also showed clear CaSR dependence, with narrower and
earlier latency time distributions at higher CaSR values
(Fig. 13Bb). The spontaneous spark rate (measured as the
rate of creation of spontaneous and wavelet sparks in the
absence of full-cell calcium waves) also demonstrated a
steep dependence onCaSR load with a substantially higher
rate during the first 200 ms (corresponding to the initial
release transient and unloading of theCaSR) than the next
1800 ms observed across allCaSR (Fig. 13Bc).
To illustrate the effects of enhanced calcium release,

the protocol was repeated with parameters promoting
full-cell calcium release (spontaneous spark rate constant,
Cspont

α , and wave creation rate constant, Cwave
α , both

multiplied by 100). These same CaSR levels may not be
practically reachable with this increased calcium release,
which would lead to substantial leak during pacing, but
through this protocol we are able to compare behaviour at
like-for-likeCaSR. Under these parameters all simulations
resulted in DADs with most resulting in triggered APs
(Fig. 13Ca) and the latency time distributions were sub-

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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24 J Physiol 0.0

Figure 10. Beat-to-beat variability and alternans in cells without a t-system.
Whole cell average calcium (blue, upper) and compartmental calcium (green, orange, lower) transients during
pacing at different cycle lengths and spark-population model parameters in the CRN (A) and Grandi (B) atria cell
models.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP290572 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [02/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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stantially narrower and earlier (Fig. 13Cb), underpinned
by an increase in the spark rate during the first 200 ms
(Fig. 13Cc).

The interplay between pacing and spontaneous calcium
release was further explored by pacing the models at
various cycle lengths under various spontaneous-activity
parameter combinations. Once steady state was achieved,
five simulations were performed inwhich themodels were
paced for 100 cycles and then left to run without further
applied pacing for 10 s. Under control conditions, both the
CRN and Grandi atrial models showed a rate-dependence
of post-pacing spontaneous release events: at slow pacing
rates, few DADs or triggered APs were observed, across
a broad range of latency times, whereas at higher pacing
frequency, the propensitywas enhanced (Fig. 13D,E). Very
few triggered APs were observed under these control
conditions, consistent with healthy myocytes.

The Grandi ventricle model was then used to
demonstrate the combined effects of electrophysiological

and spontaneous-release remodelling (Fig. 13F). At high
pacing frequencies a small number of triggered APs
were observed under normal conditions (Fig. 13Fa).
Incorporation remodelling associated with heart failure
(Gomez et al., 2014), which affected the host cell
model but not the spark-population model, markedly
increased triggered AP incidence (Fig. 13Fb). Increasing
the propensity for spontaneous calcium release (Cspont

α

and Cwave
α ×100) produced rapid triggered activity in

the control model (Fig. 13Fc) and repeated spontaneous
oscillations in the heart failure model (Fig. 13Fd).
Spontaneous calcium release also occurred during

pacing, particularly at slow pacing frequencies where
there is a sufficient diastolic interval for DADs and
triggered APs to emerge. Under control conditions at
60 BPM occasional DADs (0.6% of beats; three events
across 5 × 100-beat simulations) arose between elicited
APs (Fig. 13Ga). The stimulated APs that followed a DAD
typically showed an increased duration, consistent with

Figure 11. Delayed calcium sparks.
A, Experimental linescan images illustrating delayed calcium sparks occurring during the late phase of the AP under
the intervention of dynamic clamp Ito (Ito,DyC). B, AP and calcium transient traces associated with control and Ito,DyC,
illustrating the lower calcium transient amplitude and extended duration associated with delayed calcium sparks.
C, Simulation reproducing the effect of Ito,DyC also captures the enhanced delayed calcium sparks and associated
calcium transient prolongation. Calcium spark rate (d) is measured from 125 ms after the AP upstroke, as indicated
by the dotted line in the inset of c. Data from Fowler et al. (2022) reproduced with permission from original images
sent by the authors.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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26 J Physiol 0.0

Figure 12. Spontaneous calcium release hierarchy.
A, Illustrative simulations of spontaneous calcium sparks (a), waves (b) and whole-cell release (c) performed in a
3D cell model (Colman, 2019). Top panels show the average intracellular calcium (purple) and open RyR2 wave-

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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form from the model, whereas the lower panels are temporal snapshots of calcium concentration in the 3D
volume. B, Dynamics observed in the spark-population model under different spontaneous release parameters,
with spontaneous sparks only at differing spark rates (a) and with both spontaneous and wavelet sparks (b-h).
EADs, DADs and triggered action potentials are labelled for clarity. C, Full-cell spontaneous calcium waves in the
spark-populationmodel, emerging from a background of low noise (a) and high noise (b). Parameters used for each
panel are as follows: Ba:Cspont

α × 1.0 (dark blue), ×100 (medium shade) and ×10000 (light blue),Cwavelet-spont
α = 0

and kspontCaSR = -0.2. Bb: Cspont
α × 100, Cwavelet-spont

α × 1.0 and kspontCaSR = -0.2. Bc: Cspont
α × 1000, Cwavelet-spont

α × 5.0,

Cwavelet-wavelet
α × 2.0 and kspontCaSR = -0.2. Bd: Cspont

α × 1000, Cwavelet-spont
α × 5.0, Cwavelet-wavelet

α × 2.0 and kspontCaSR =
-0.1. Be: Cspont

α × 100, Cwavelet-spont
α × 5.0, Cwavelet-wavelet

α × 2.0, kspontCaSR = -0.025 and CaspontSR50
shifted by -0.05. Bf:

Cspont
α × 1000, Cwavelet-spont

α × 5.0, Cwavelet-wavelet
α × 2.0, kspontCaSR = -0.2 and CaspontSR50

shifted by -0.2. Bg: Cspont
α ×

1000, Cwavelet-spont
α × 1.0, Cwavelet-wavelet

α × 1.0, kspontCaSR = -0.025 and CaspontSR50
shifted by -0.1. Bh: Cspont

α × 1000,

Cwavelet-spont
α × 5.0,Cwavelet-wavelet

α × 2.0, kspontCaSR = -0.025 andCaspontSR50
shifted by -0.2. Ca:Cspont

α × 1.0,Cspont
α × 1.0,

Cwavelet-wavelet
α × 1.0,Cwave

α × 1.0, kspontCaSR = -0.2 andCawave
SR50

shifted by -0.05. Cb:Cspont
α × 1000,Cwavelet-spont

α × 5.0,

Cwavelet-wavelet
α × 2.0, Cwave

α × 100, kspontCaSR = -0.1 and Cawave
SR50

shifted by -0.1.

experimental studies (Fowler et al., 2025).With themodel
of spontaneous activity substantially increased (Cspont

α and
Cwave

α ×100, kspontCaSR × 0.5, andCaspontSR50
andCawaveSR50

shifted by
-0.05) DADs and spontaneous APs frequently occurred
between stimulated excitations (Fig. 13Gb).

Finally the effect of t-system density on spontaneous
release was assessed. In the Grandi atrial model few
spontaneous events occurred at full t-system density
(Fig. 13Ha–b), whereas reduced density produced
calcium oscillations primarily originating from the
non-t-system region (Fig. 13Hc–d) consistent with
recent 3D cell modelling studies (Zhang et al., 2023).
Under enhanced spontaneous-release conditions multiple
spontaneous APs arose, often exhibiting prolongation or
EADs (Fig. 13I).

Effect of cell size and structure

Although the model is non-spatial, cell size and shape,
defined by the number of CRUs in the X, Y and Z
directions, affect its dynamics in three ways. First, the
total CRU population influences the level of stochastic
noise: beat-to-beat variability is greater in smaller cells
and reduced in larger ones (Fig. 14A). Second, cell
dimensions determine the ratio of surface to interior
CRUs, and thus the ratio of t-system to non-t-system
CRUs in detubulated cells. In thin cells the number of
interior CRUs is comparable to surface CRUs, allowing
robust and rapid propagation into the non-t-system region
even at low t-system density (Fig. 14B). Conversely in
wide cells, interior CRUs vastly outnumber surface CRUs,
leading to slower activation of interior non-t-system
CRUs and an abbreviated whole-cell calcium trans-
ient (Fig. 14B). Finally, the cell’s cross-sectional area
(defined by Nx × Ny) determines the size of a full-cell
wavefront, while cell length is inversely correlated with
the likelihood of wavefront termination. Consequently
full-cell calcium waves exhibit distinct dynamics in long

and thin versus short and wide cells: the former favour
low-amplitude, long-duration waves, whereas the latter
promote high-amplitude, short-durationwaves (Fig. 14C).

Translation into tissue models

The model was next applied in tissue simulations. As
an illustrative example, a random t-system density was
assigned across a 2D sheet of tissue comprising 50×50,
200×200 or 300×300 nodes. The smaller sheet was used
primarily for visualisation, ensuring that intercellular
variability was not obscured by image resolution. During
normal pacing in the CRN atrial model, variations in
t-system density clearly influenced both the peak calcium
concentration and the rise time of the calcium transient
(Fig. 15A). Increasing the steepness of the dependence
of triggered sparks on ICaL produced calcium-transient
alternans, which in turn gave rise to alternans of the AP
duration (Fig. 15B).

Discussion

In this study we present a mechanistically focused
phenomenological model of cardiac calcium spark
dynamics that captures awide range of spatially dependent
behaviours and enables the simulation of variable cellular
structures. The model was shown to be highly portable,
readily integrated into calcium-handling formulations
with distinct architectures and capable of reproducing
both normal and rate-dependent pacing dynamics
(Fig. 4). It also reproduced key experimental observations,
including centripetal calcium-wave propagation in
detubulated cells (Figs. 6 and 7), delayed calcium sparks
arising from loss of upstroke synchrony (Fig. 11), multiple
mechanisms underlying calcium-transient alternans
(Figs. 8–10) and spontaneous calcium release hierarchy
(Figs. 12 and 13).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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28 J Physiol 0.0

Figure 13. Spontaneous activity during pacing.
A, 100 simulation overlays of voltage and calcium at low (a) and high (b) CaSR (corresponding to 60 and 150 BPM,
respectively). Ba,Ca, The probability of DADs or triggered action potentials (TA); b, latency time to the voltage

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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peak for conditions that did observe a DAD or TA and; c, spontaneous spark rates at the different CaSR for the first
0.2 and next 1.8 s in control (B) and a spontaneous calcium release prone model (SCRE++; C). D–F, Examples of
the final few stimulated excitations and the quiescent period under different conditions; five simulations overlaid
for each panel. G, Example of where spontaneous calcium release can interrupt normal pacing. H, spontaneous
activity under normal conditions in a cell without a t-system compared to one with full t-system, showing the
whole-cell average (blue) and t-system and non-t-system concentrations (green and orange, respectively). Vertical
downward arrows indicate applied stimuli.

Portability and controllability

The model structure and primary control parameters
were designed so that each parameter represents a
physiologically meaningful process, making the model
intuitive to tune. These processes are as follows: (1)
response to LTCC trigger, with parameters controlling
the coupling strength and functional dependence on
ICaL and CaSR; (2) spontaneous spark basal rate and

the steepness of its dependence on CaSR; (3) the rate
of spatial CRU recruitment, and full-cell wave creation
with controllable CaSR dependent steepness. Parameters
can also be varied independently for the t-system
and non-t-system populations, enabling reproduction
of observed behaviours beyond the scope explored in
this study.

Figure 14. Impact of cell size.
A, Beat-to-beat variability in models with different total CRU populations (a–c). B, Whole cell (a) and compartmental
(b-d) calcium concentrations in different sized cells with a t-system density of zero. C, Examples of full-cell calcium
waves in cells of different sizes, showing the number of active CRUs (a), the resulting spontaneous calcium transient
(b) and the voltage deflection (c).

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Whereas the model cannot be implemented in every
contemporary cell model (some features of calcium
handling are required, such as well-behavedCaSR ranges),
it is readily portable to many models. Furthermore its
direct tracking of discrete active CRUs makes it well
suited for non-spatial adaptations of 3D cell models,
allowing the replacement of the RyR2 formulation
with minimal modification. This enables detailed
spatial-scale investigations to inform parameters of
reduced cell models, which can then be translated into
tissue-scale simulations.

Capturing spatially dependent calcium handling
phenomena

Variable t-system density. A primary motivation for
developing this model was to capture calcium handling
in myocytes with variable t-system density, ranging from
fully robust networks (100% t-system density) to cells
with few or no tubules (0% t-system density). This is
particularly relevant for atrial myocytes, which typically
have lower t-system density than ventricular cells in
healthy conditions, as well as for disease-associated

Figure 15. Example tissue simulations.
A, normal pacing with variable t-system density, illustrating temporal snapshots of voltage (a) and calcium (b)
as well as the calcium peak (c,e) and rise times (d,f) in the 50×50 and 200×200 tissue models. B, example of
calcium transient alternans underlying AP duration alternans, illustrating the peak calcium and the duration on
two successive beats.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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detubulation observed in heart failure and atrial
fibrillation. Lower t-system density reduces synchrony
of the calcium transient, as spatial CRU recruitment
contributes substantially to the whole-cell average trans-
ient, resulting in centripetal ‘U’ or ‘V’ waves observed
in linescan imaging of detubulated cells (Brette et al.,
2004; Dibb et al., 2022; Greiser et al., 2014; Greiser,
2017). Reproducing this behaviour is challenging in
non-spatial models, but is captured by the presented
spark-population model.

The importance of reproducing calcium wave
propagation and its failure is highlighted by the case
of rapid atrial pacing or atrial fibrillation. Both conditions
are associated with reduced LTCC function and a
consequent decrease in whole-cell calcium transient
amplitude. Imaging studies, however, show that surface
calcium transients, where RyR2 clusters are coupled
to LTCCs, remain largely unchanged, indicating that
‘calcium silencing,’ that is, failed centripetal wave
propagation, is the primary mechanism underlying
the reduced whole-cell amplitude (Greiser et al., 2014).
This surface-internal disparity may reflect compensatory
remodelling of dyadic structure–function relationships
at the surface membrane, enhancing triggered calcium
release locally (Bers, 2006; Greiser et al., 2014; Smith
et al., 2022). Traditional cell models cannot capture
this mechanism, instead reproducing the effect of atrial
fibrillation through a uniform loss of LTCC-triggered
calcium release. In contrast, the spark-population model
can reproduce failed centripetal propagation while
allowing local upregulation of calcium release at surface
sites independently of the interior. This framework
enables more accurate modelling of calcium handling
dysfunction in atrial fibrillation and its translation to
tissue-scale simulations, with similar applicability to heart
failure and other conditions.

More generally themodel also enablesmoremeaningful
investigation into the effect of cell size and structure on
tissue dynamics. Traditional cell models are typically
expressed with all currents normalised to the cell
capacitance and therefore changes to the cell capacitance
(and the accompanying change to cellular volume)
have only limited impact on whole-cell dynamics.
The spark-population model explicitly represents N
discrete CRUs, and the stochastic activation and spatial
propagation of calcium waves allow the effects of cell
size and geometry to be meaningfully incorporated. This
enables more detailed predictions of the influence of
cell structure on function and provides a framework for
translating these effects to tissue-scale simulations.

Beat-to-beat variability, alternans, disorder and
spontaneous activity. The model reproduces multiple
mechanisms underlying calcium transient alternans,

including modulation by spatial coupling. Its stochastic
formulation allows complex and disordered patterns to
emerge, including higher-order alternans (e.g. 4- and
7-cycle) and highly irregular beat-to-beat variability.
Alternans occurred across all t-system densities, with
lower densities promoting greater disorder and the
emergence of alternans at slower pacing rates. These
heterogeneous patterns were also observed in illustrative
tissue-scale simulations.
The model was also capable of reproducing

CaSR-dependent spontaneous calcium release hierarchy
leading to a range of presentations of EADs, DADs and
triggered APs, both with and without full-cell calcium
waves. The explicit separation of wavelet and wave states
enables controlled initiation of full-cell waves and is
essential for generating significant spontaneous activity
at large latency times (i.e. during equilibrium quiescent
CaSR). This framework therefore allows mechanistic
investigation of arrhythmia triggers and substrate at both
the cellular and tissue scales.

Value of the model

The presented model provides a powerful and convenient
framework for mechanistic inquest into spatial calcium
handling dynamics. Its controllability and trans-
parency enable straightforward experimental design
and interpretation, particularly compared to wet-lab
experiments. Even relative to 3D spatial cell models,
the spark-population model offers additional control
and analytic accessibility: the populations of triggered,
spontaneous and recruited CRUs are readily accessible,
and their dynamics can be independently controlled, with
the ability to directly incorporate experimental measures
such as spark rate, propagation probability and whole-cell
wave probability.
A primary motivation for the model is its ability

to translate spatial calcium handling features to the
whole-organ, the scale where cardiac function and
dysfunction ultimately reside. By providing a framework
that integrates easily into a variety of contemporary
computational cell models, it offers a tool for ongoing
and future studies of cellular electrophysiology and
calcium handling across species and cell types. It is
readily implementable in large-scale tissue models
to dissect multiscale mechanisms of EC coupling
and arrhythmia and offers advantages over previous
approaches attempting to bridge spatial scales.
The presented model represents the most generalised

and mechanistically focused approach for integration of
spatial calcium handling into non-spatial cell models. The
spontaneous release function approach (Colman, 2019),
for example, is limited to only modelling whole-cell
spontaneous calcium release events, and was not a model

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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of stochastic CICR, transverse calcium wave propagation
during pacing or calcium transient alternans. Previous
models that used a population dynamics approach pre-
sented a more general model than the spontaneous
release function approach, but were less detailed and
limited in scope compared to the present model. This
new model offers major advantages, including explicit
t-system/non-t-system coupling, representation of
different cell sizes and structures, modelling of whole-cell
calcium wavefront size and the ability to reproduce
features of spontaneous calcium release hierarchy.
Other previous alternatives include theKoivumäki et al.

(2011) model, which used a four-compartment calcium
handling system to simulate centripetal calcium waves
in atrial cells lacking a t-system. While it successfully
reproduced the delayed calcium transient peak relative
to full t-system models, it was limited to four diffusive
compartments, could not model variable t-system density
and lacked the stochastic dynamics captured in the pre-
sent model.
The present mechanistic model is closer to

being biophysically detailed than it is to a pure
phenomenological model, although it is important
to clarify that it is not biophysically detailed: despite
controlling Jrel through modelling open RyR2 dynamics,
there is no RyR2 gating model contained within; indeed
the purpose was to separate different phenomena that
result from RyR2 gating and inter-CRU coupling.
Therefore the model cannot directly predict the impact
of a modulation to RyR2 gating on cellular function.
Rather, these must be reproduced in the functional
dependence and transition rates of the mechanistic
model. Nevertheless it is constructed based on the
biophysical details of the mechanisms of calcium spark
activation, recruitment and lifetime, and there are clear
correlations between the parameters of the model and
those of biophysically detailed models and physio-
logical measures.

Modelling regulation of calcium handling

For any condition that does not have a direct impact on
RyR2 kinetics or relevant calcium handling sub-cellular
structure, this framework naturally incorporates any
secondary impact on calcium handling function through
the dependence on ICaL andCaSR. For example a condition
that reduces LTCC activity will naturally lead to a
smaller response of the triggered calcium sparks as
well as potential SR unloading, further reducing the
triggered response. However conditions that directly
affect RyR kinetics or inter-cluster coupling (e.g.
structural remodelling) need to be explicitly encoded
into the spark-population model through modification
of the appropriate parameters. For example a general

increase in RyR sensitivity can be implemented by
increasing all activation transition rate constants; changes
to the propagation threshold for waves can be directly
included through the threshold parameters; steeper CaSR
dependence of triggered or spontaneous sparks can be
captured through directly modifying the relevant gradient
parameters; reduced RyR opening time would correspond
to a shorter Jrel time course and total recruiter time.
An advantage of this set-up is indeed this ability

to control these independently. For example, the
spontaneous spark rate could be increased without
affecting the triggered spark rate, representing increased
leakiness but not overall sensitivity of RyR2s to LTCCs;
conversely, the coupling strength to the LTCCs could
be adjusted independently of the RyR sensitivity,
capturing structural remodelling of the dyad that alters
the co-localisation distances of LTCCs and RyR2s;
furthermore, the wave rate could be increased/decreased
without affecting the spontaneous spark rate, capturing an
easier/inhibited propagation of sparks into waves thatmay
emerge due to increased/decreased inter-cluster coupling.
Hence, experimental data can be directly includedwithout
requiring a detailed model that fully captures the under-
lying mechanisms, and detailed analysis of 3D cell models
can be similarly translated through these parameters.
Application of this model to these disease conditions
therefore requires sufficient data or theoretical basis to
modify the appropriate parameters; indeed the model can
be directly used to test the viability of proposed theories.
In general, a framework wherein detailed simulations

are performed using a spatial cell model to inform
the parameters of the spark-population model is
recommended for more complicated regulation. For
example, SERCA can have contradictory implications
for calcium cycling: larger SERCA expression can help
to maintain or overload the SR, promoting spontaneous
release, but it may also lower local cytosolic concentration
near and in the dyad, which would inhibit spontaneous
release; the efflux can also inhibit the propagation of
calcium waves while the higher load could maintain
them. Indeed, we recently revealed some of the complex
non-linear impacts of heterogeneity in the sub-cellular
expression of SERCA on calcium cycling including
alternans and SCRE (Holmes et al., 2022).Other structural
features, such as inter-tubule spacing, RyR arrangement,
NCX heterogeneity and mitochondrial distribution,
would also be most suitable to first explore their impact at
the cellular scale, before parameterising the presentmodel
to provide the tissue-level and translational benefits.

Limitations

A primary limitation of the model is that spark trans-
ition rates depend only onCaSR and ICaL, and not directly

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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on intracellular calcium concentration. This choice was
made to minimise the number of parameters while
still capturing the key spatially dependent phenomena
relevant for EC-coupling and arrhythmia mechanisms.
Local calcium dependence is implicitly encoded within
the activation transition rates, but theremay be conditions
of elevated intracellular calcium where the model is
limited. In principle, calcium-dependent terms could be
added to any state transition function to incorporate direct
intracellular calcium regulation.

T-system variability described a fully random
t-system distribution, without implementation of
potential clustering or patches of t-system regions.
However, it would be possible to introduce an additional
factor controlling the distribution of neighbours to
accommodate t-system patchiness. It was also the only
feature that was considered to be spatially variable in
the model. This was motivated by its importance in
fundamental calcium handling regulation. However it is
also the simplest system to reproduce in such a model
because, at the CRU scale, it is essentially binary: each
CRU either does or does not contain a sarcolemmal
or t-system membrane component. This feature was
critical in enabling the construction of this model, as
it allowed splitting the total CRU population into the
two populations of t-system and non-t-system; it is not
clear if continuous spatial heterogeneities, such as RyR2
cluster size and local LTCC, SERCA and NCX expression,
could be directly incorporated into this framework. These
could be incorporated ‘brute-force’ by deriving parameter
sets from experiments or 3D models, but a more robust
integration would be beneficial.

Separation into the two populations of t-system
and non-t-system also omits any differences in the
dynamics of surface sarcolemma CRUs and interior
t-system CRUs. Evidence suggests that RyR2-LTCC
coupling differs between these regions, influencing
calcium dynamics. Introducing a third CRU population
for surface LTCC-coupled CRUs would allow separate
behaviour, although the approach to neighbour coupling
between these three populations would need to be
carefully considered.

The model does not account for variability in the
proportion of open RyR2s within a single CRU. In reality
SR calcium load or RyR2 sensitisation can modulate
the amplitude of individual sparks. It is non-trivial
to implement a dynamically variable peak proportion
of open RyR2s per CRU as the variables that would
control this, ICaL and CaSR, vary dynamically during
Jrel, which does not easily align with the distinct state
occupancy of the model. However, a distinct magnitude
of calcium spark could be set for the different populations
if required (e.g. a triggered spark could be larger than a
spontaneous spark). Moreover both excited and recruiter

states contribute equally to Jrel. A more physiological
approach could weigh the excited statemore heavily in Jrel.
Membrane capacitance was also non-trivial to consider

in the context of variable t-system density. This is because
the ratio of interior to surface CRUs does not align with
the ratio of the capacitance of the surface sarcolemma to
the interior t-system. That is, the per CRU capacitance
is not equal between these two regions. This presents
some complex considerations that must be accounted for
if the total membrane capacitance (per CRU capacitance
multiplied by number of CRUs) is required, including
as with coupling to non-myocytes such as fibroblasts
or macrophages.

Conclusions

We have presented a conceptually simple
phenomenological model that captures multiple
mechanisms of calcium spark initiation and spatial
recruitment in cardiacmyocytes. This approach integrates
spatially dependent calcium handling phenomena into
conventional non-spatial models of cellular electro-
physiology and calcium dynamics. The model provides a
powerful framework for mechanistic analysis of calcium
handling, enabling the translation of sub-micron scale
dynamics to the whole organ and supporting detailed
multiscale investigations into arrhythmia mechanisms
and EC-coupling dysregulation. More broadly the
framework offers a flexible foundation for developing
a generalised description of calcium handling, adaptable
across species and regional myocyte subtypes, while
maintaining computational efficiency.

Appendix A: Model description

A.1. State transition rates

The transition rates that describe the CRU-state cycle
(Figs. 1 and 2) take the following form:

αtrig = Ctrig
α f1(ICaL,CaSR) (A.1)

αspont = Cspont
α f2(CaSR) (A.2)⎡

⎣ αwavelet−trig
αwavelet-spont
αwavelet-wavelet

⎤
⎦ =

⎡
⎣ Cwavelet-trig

α

Cwavelet-spont
α

Cwavelet-wavelet
α

⎤
⎦ f3(CaSR) (A.3)

αwave-wavelet = Cwave
α f4(CaSR) (A.4)

P(wave − wave) = f5(CaSR) (A.5)

β = ln (2)
0.5 · twavedelay (A.6)

γ = ln (2)
0.5 · (tJrel − twavedelay

) (A.7)

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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34 J Physiol 0.0

δ = ln (2)
0.5 · (trecruit − tJrel

) (A.8)

ε = rrecov (A.9)

The forms of the functions f1−5 will be discussed later
in the subsection A.6. The next subsection will describe
the algorithm to implement the model.

A.2. Implementation of the spark-population model

The model calculates the occupancy of the various states
in a discrete system of sizeNT. Themodel is solved using a
succession of random binomial samples to determine the
number of CRUs that transition from one state to the next,
governed by the transition rates. In general the number
created at a given timestep is described by the probability,
p, and the currently available population for the given state
transition:

�+Nx = B
(
p, population

)
(A.10)

We describe in full the algorithm used to implement
this approach for the multiple populations. We will first
describe the model in the case of uniform t-system
density (only a single total population) before discussing
how two coupled populations were implemented. Because
the model counts the number of CRUs that transition
between states, the following description is identical to
the algorithm for computational implementation of the
model and is presented in the same sequence as the
accompanying C++ code.

Triggered CRUs. The total population for the activation of
triggered CRUs is the total available population, whereas
the populations available for the transitions through the
state cycle are given by the current occupancy of the state
from which the transition occurs:

�+Ntrig
excited = B

(
�tαtrig,Navailable

)
(A.11)

�+Ntrig
recruiter-Jrel = B

(
�tβ,Ntrig

excited

)
(A.12)

�+Ntrig
recruiter-nonJrel = B

(
�tγ ,Ntrig

recruiter-Jrel

)
(A.13)

�+Ntrig
refractory = B

(
�tδ,Ntrig

recruiter-nonJrel

)
(A.14)

Navailable = Navailable − �+Ntrig
excited (A.15)

where the update of the number of available CRUs
is to ensure that activated CRUs cannot be activated
by other mechanisms (i.e. avoid double counting of
available CRUs). Note that this does allow failed trials
to be activated by other mechanisms, which reflects the
independence of the activation mechanisms.

Spontaneous CRUs. The spontaneous CRU populations
have exactly the same implementation as the triggered
CRUs:

�+Nspont
excited = B

(
�tαspont,Navailable

)
(A.16)

�+Nspont
recruiter-Jrel = B

(
�tβ,Nspont

excited
)

(A.17)

�+Nspont
recruiter-nonJrel = B

(
�tγ ,Nspont

recruiter-Jrel

)
(A.18)

�+Nspont
refractory = B

(
�tδ,Nspont

recruiter-nonJrel

)
(A.19)

Navailable = Navailable − �+Nspont
excited (A.20)

Wavelet CRUs. Wavelet CRUs may be activated by three
populations – the current occupancy of the recruiter
states for triggered, spontaneous and wavelet CRUs. The
minimum of the recruiter state occupancy multiplied by
the number of neighbours each active CRU has access to
and the total available state occupancy is taken to ensure
that the number of available CRUs ultimately limits the
number that can be activated through spatial propagation.

Precruiter = min(
neitrig

(
Ntrig
recruiter-Jrel + Ntrig

recruiter-nonJrel

)
,Navailable

)
(A.21)

�+Nwavelet-trig
excited = B

(
�tαwavelet-trig, Precruiter

)
(A.22)

Navailable = Navailable − �+Nwavelet-trig
excited (A.23)

Precruiter = min (A.24)(
neispont

(
Nspont
recruiter-Jrel + Nspont

recruiter-nonJrel

)
,Navailable

)
(A.24)

�+Nwavelet-spont
excited = B

(
�tαwavelet-spont, Precruiter

)
(A.25)

Navailable = Navailable − �+Nwavelet-spont
excited (A.26)

Precruiter = min(
neiwavelet

(
Nwavelet
recruiter-Jrel + Nwavelet

recruiter-nonJrel
)
,Navailable

)
(A.27)

�+Nwavelet-wavelet
excited = B (�tαwavelet-wavelet, Precruiter) (A.28)

Navailable = Navailable − �+Nwavelet-wavelet
excited (A.29)

�+Nwavelet
excited = �+Nwavelet-trig

excited

+ �+Nwavelet-spont
excited + �+Nwavelet-wavelet

excited
(A.30)

�+Nwavelet
recruiter-Jrel = B

(
�tβ,Nwavelet

excited
)

(A.31)

�+Nwavelet
recruiter-nonJrel = B

(
�tγ ,Nwavelet

recruiter-Jrel
)

(A.32)

�+Nwavelet
refractory = B

(
�tδ,Nwavelet

recruiter-nonJrel
)

(A.33)

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 35

Full-cell wave CRUs. Wave CRUs are dependent only
on the populations of wavelet CRUs (for wavefront
activation) and wave CRUs (for wavefront propagation):

�+Nwave-wavelet
excited = 0.7NxNy B(

�tαwave-wavelet,Nwavelet
recruiter-Jrel + Nwavelet

recruiter-nonJrel
)

(A.34)

�+Nwave-wavelet
excited = min

(
�+Nwave-wavelet

excited ,Navailable
)
(A.35)

Navailable = Navailable − �+Nwave-wavelet
excited (A.36)

Precruiter = min
(
2�+Nwave

recruiter,Navailable
)

(A.37)
�+Nwave-wave

excited = B (P(wave − wave), Precruiter) (A.38)
Navailable = Navailable − �+Nwave-wave

excited (A.39)
�+Nwave

recruiter-Jrel = B
(
�tβ,Nwave

excited
)

(A.40)

�+Nwave
recruiter-nonJrel = B

(
�tγ ,Nwave

recruiter-Jrel
)

(A.41)

�+Nwave
refractory = B

(
�tδ,Nwave

recruiter-nonJrel
)

(A.42)

Refractory to available. The number of created available
CRUs depends only on the recruiter population:

�+Navailable = B (�tε,Nrecruiter) (A.43)

Update states. The state occupancies are then updated by
simply summing and subtracting the number created in
each state:

Nx = Nx + �Nx (A.44)

�Navailable = �+Navailable − �+Ntrig
excited − �+Nspont

excited

− �+Nwave
excited − �+Nwavelet

excited (A.45)

�Ntrig
excited = �+Ntrig

excited − �+Ntrig
recruiter-Jrel (A.46)

�Nspont
excited = �+Nspont

excited − �+Nspont
recruiter-Jrel (A.47)

�Nwavelet
excited = �+Nwavelet

excited − �+Nwavelet
recruiter-Jrel (A.48)

�Nwave
excited = �+Nwave

excited − �+Nwave
recruiter-Jrel (A.49)

�Ntrig
recruiter-Jrel = �+Ntrig

recruiter-Jrel − �+Ntrig
recruiter-nonJrel

(A.50)

�Nspont
recruiter-Jrel = �+Nspont

recruiter-Jrel − �+Nspont
recruiter-nonJrel

(A.51)

�Nwavelet
recruiter-Jrel = �+Nwavelet

recruiter-Jrel − �+Nwavelet
recruiter-nonJrel

(A.52)
�Nwave

recruiter-Jrel = �+Nwave
recruiter-Jrel − �+Nwave

recruiter-nonJrel
(A.53)

�Ntrig
recruiter-nonJrel = �+Ntrig

recruiter-nonJrel − �+Ntrig
refractory

(A.54)

�Nspont
recruiter-nonJrel = �+Nspont

recruiter-nonJrel − �+Nspont
refractory

(A.55)

�Nwavelet
recruiter-nonJrel = �+Nwavelet

recruiter-nonJrel − �+Nwavelet
refractory

(A.56)
�Nwave

recruiter-nonJrel = �+Nwave
recruiter-nonJrel − �+Nwave

refractory
(A.57)

�Nrefractory = −�+Navailable

+ �+Ntrig
refractory + �+Nspont

refractory

+ �+Nwavelet
refractory + �+Nwave

refractory (A.58)

Note that the subtractions in eqn A.44 have already been
performed during the implementation of the algorithm
at each step and are not repeated again during the
update portion of the code; they are included here
for completeness.

A.3. Implementation within cell models

The spark-population model takes in the ICaL and CaSR
variables from the cell model and returns the number of
CRUs that contribute to intracellular calcium release:

NJrel =
∑
x

(
Nx
excited + Nx

recruiter-Jrel
)

(A.59)

NRyR = NJrel/NT (A.60)

where x = triggered, spontaneous, wavelet and wave. The
model that describes RyR gating in the original cell model
is replaced by this output, scaling from NRyR from the
spark-population model to the number of open RyRs in
the model’s state variable:

NRyR,O = Nmodel-rescale
RyR NRyR (A.61)

To account for the difference in localCaSR load and the
global average during calcium release, an effective CaSR
state variable was introduced:

d
(
CaeffSR

)
dt

= CajSR −CaeffSR
τCaeffSR

(A.62)

with initial conditions set to the same as the CaSR
concentrations. This is the value ofCaSR that is passed into
the spark-population modelCaSR dependent functions.

A.4. Variable t-system density

T-system and non-t-system population sizes. First, the
total population of CRUs must be assigned based on the
t-system density parameter, ρT, by calculating the number

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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36 J Physiol 0.0

of surface and interior CRUs and then assigning interior
CRUs to either the t-system or non-t-system populations:

NCRU
surface = 2NzNy + 2(Nx − 2)Nz + 5(Nx − 2)

(
Ny − 2

)
(A.63)

NCRU
interior = NT − NCRU

surface (A.64)

(NT)��tsys = NCRU
interior(1 − ρT) (A.65)

(NT)tsys = NT − (NT)��tsys (A.66)
(
nCRU

)tsys = (NT)tsys

NT
(A.67)

(
nCRU

)��tsys = 1 − (
nCRU

)tsys (A.68)

Two populations of the spark-population model are then
created based on the population sizes (NT)tsys and (NT)��tsys.
The non-t-system state transitions are solved in exactly
the same way as the t-system population, except that
there is no triggered spark population associated with the
non-system model.

Coupling between the t-system and non-t-system
populations. The two populations are solved
independently, with coupling between them occurring
through the activation of wavelet CRUs: wavelet CRUs
of either population can be activated by triggered,
spontaneous and wavelet recruiter CRUs from the
t-system population and by spontaneous and wavelet
CRUs from the non-t-system population. The number
of recruiter CRUs and number of neighbours parameter
determines the number of CRUs available for activation of
a wavelet CRU (eqns A.21–A.28); this is now distributed
between the two populations dependent on the ratio
of the populations. An additional random binomial
sample was conducted to determine how many of the
available neighbours for activation are from the t-system
population, and the remaining are set to be available for
the non-system population. For example let’s consider
the number of wavelets that are activated by currently
recruiter triggered CRUs:

Ptot
recruiter = neitrig

(
Ntrig
recruiter-Jrel + Ntrig

recruiter-nonJrel

)
(A.69)

(Precruiter)tsys = B
((
nCRU

)tsys
, Ptot

recruiter

)
(A.70)

(Precruiter)��tsys = Ptot
recruiter − (Precruiter)tsys (A.71)

These available populations, (Precruiter)tsys and
(Precruiter)��tsys, are then the ones that are passed into the
binomial sample (eqns A.22, A.25 and A.28) to determine
the actual number of created CRUs of either population
(with each limited to the totalNavailable of each population).
The same process is followed for all mechanisms of
activation of wavelet CRUs, providing coupling between
the populations through spatial recruitment.

For whole-cell calcium waves the size of the wavefront
is distributed between the two populations based on the
ratio of their population sizes.

Implementation in the cell models. A copy of all of the
intracellular calcium state variables and non-membrane
fluxes was made to model the calcium dynamics in
the non-t-system population. The number of active Jrel
CRUs in the t-system and non-t-system spark-populations
models is then coupled to the appropriate compartment
of the cell model through controlling Jrel in each
compartment. The non-t-system model has its own
associated effectiveCaSR:

d
(
CaeffSR

)��tsys
dt

=
(
CajSR

)��tsys − (
CaeffSR

)��tsys(
τCaeffSR

)��tsys (A.72)

And the calcium concentrations in the cytosolic and
network SR spaces are coupled between the t-system and
non-t-system compartments as described by the following
calcium fluxes:

Jtsys→��tsys
Cai = (Cai )tsys − (Cai )��tsys

τ
tsys→��tsys
Cai

(A.73)

Jtsys→��tsys
CaSR = (CaSR)tsys − (CaSR)��tsys

τ
tsys→��tsys
CaSR

(A.74)

A.5. Wavefront termination algorithm

Wavefront termination is imposed to capture wave-
front destructive interference and hitting the edges of
a cell, while also imposing that full-cell waves are
terminated if sufficient triggered CRUs are activated.
Wavefront termination is always achieved by transitioning
CRUs from the excited wave state to the recruiter state,
without contributing to the calculation of the number
of created recruiter sparks that determines wavefront
propagation (eqn A.36). Hence the CRUs remain active
and contribute to Jrel , but are not able to continue to
sustain propagation of the wavefront. First let us consider
a triggered excitation, which should interrupt a calcium
wave. If

(
Ntrig
excited > 0.075NT

)
, then impose the following:

Nwave
recruiter-Jrel = Nwave

recruiter-Jrel + Nwave
excited (A.75)

Nwave
excited = 0 (A.76)

The second way a wavefront is terminated is due to
hitting other wavefronts or the edge of the cell. This is
calculated by determining the current number of wave-
fronts and then performing a random sample to determine
how many wavefronts will be destroyed. First determine
the number of destroyed wavefronts:

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 37

Nwavefronts = Nwave
excited

0.7NxNy
(A.77)

Ndestroyed-wavefronts = B
(
Nwavefronts

Nz
,Nwavefronts

)
(A.78)

Then if the number of destroyed wavefronts is greater
than zero, that number of CRUs will be transitioned to
the recruiter state as in eqns A.75 and A.76. Note that

due toCaSR depletion, full-cell waves often self-terminate
before this algorithm has been implemented. But this does
get used when many waves are created simultaneously
or in the case of insufficient CaSR depletion to terminate
the wave.

A.6. Functional forms of α transition rates

In full the dependence of the α transition rates on CaSR
and ICaL is described below.

Figure A1. Forms of the functions that determine ICaL and CaSR dependence of the α transition rate.
The first row, first panel illustrates how the offset affects the shape; second panel illustrates the effect of the
gradient and the third panel shows the half maximal activation. Second row illustrates how the half maximal
activation constant can depend onCaSR and the impact that has on the shape of the response at differentCaSR and
different gradients of its dependence. The third panel illustrates the direct CaSR dependence and the combination
of all the functions together.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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38 J Physiol 0.0

Table A1. Parameter values for the spark-population model integrated into the Grandi atria, Grandi ventricle and CRN atria models.

Description Abbreviation Grandi atria Grandi ventricle CRN atria

# of CRUs in X direction Nx 15 15 15

# of CRUs in Y direction Ny 20 20 20

# of CRUs in Z direction Nz 65 65 65

Total # of CRUs NT NxNyNz NxNyNz NxNyNz

# of neighbours coupled to triggered CRUs neitrig 2 2 2

# of neighbours coupled to spontaneous CRUs neispont 6 6 6

# of neighbours coupled to wavelet CRUs neiwavelet 2 2 2

Time between excited and recruiter twavedelay 10 ms 10 ms 10 ms

Time Jrel active tJrel 40 ms 30 ms 15 ms

Time available for recruitment trecruit 41 ms 40 ms 40 ms

Recovery rate rrecov 0.004125 ms−1 0.004125 ms−1 0.004125 ms−1

Rescaling factor of NRyR to RyRmax
O Nmodel-rescale

RyR 0.00342965 0.0064 0.075

Time constant of CaeffSR adjustment τCaeffSR
20 ms 20 ms 20 ms

Time constant of CaeffSR adjustment in non-t-system CRUs
(
τCaeffSR

)��tsys
40 ms 40 ms 40 ms

Time constant of Cai coupling between t-system and non-t-system τ
tsys→��tsys
Cai

50 ms 50 ms 50 ms

Time constant of CaSR coupling between t-system and non-t-system τ
tsys→��tsys
CaSR

250 ms 250 ms 250 ms

Triggered spark act. rate const. Ctrig
α 0.09 ms−1 0.05 ms−1 0.15 ms−1

Normalised ICaL50 offset ICaLoffset 0.4 0.2 0

Gradient parameter α vs. ICaL kICaL −0.25 −0.4 −0.35

Gradient parameter ICaL50 vs. CaSR kICaL,50 0.1 0.1 0.1

Gradient parameter α vs. CaSR ktrigCaSR −0.375 −0.5 −1.5

Half maximal act. const. (CaSR) CatrigSR50
1.5 1.5 1.5

Minimum value of ICaL50 Imin
CaL50

0.2 0.2 0.2

Scaling factor of the ICaL50 -CaSR relationship AICaL,50 1.8 1.8 1.8

Spontaneous spark act. rate const. Cspont
α 2 × 10−6 ms−1 2 × 10−6 ms−1 2 × 10−6 ms−1

Gradient parameter α vs. CaSR kspontCaSR −0.1 −0.1 −0.2

Half maximal act. const. (CaSR) CaspontSR50
1.5 1.5 2.5

Wavelet spark act. rate const. (from triggered) Cwavelet-trig
α 0.01 ms−1 0.01 ms−1 0.01 ms−1

Wavelet spark act. rate const. (from spontaneous) Cwavelet-spont
α 0.005 ms−1 0.005 ms−1 0.005 ms−1

Wavelet spark act. rate const. (from wavelet) Cwavelet-wavelet
α 0.01 ms−1 0.01 ms−1 0.01 ms−1

Gradient parameter α vs. CaSR kwavelet
CaSR −0.5 −0.75 −2

Half maximal act. const. (CaSR) Cawavelet
SR50

1.5 1.5 1.5

Wavelet act. threshold Cawavelet
SR0

0.5 0.3 0.1

Wave activation rate constant Cwave
α 4 × 10−5 ms 4 × 10−5 ms 4 × 10−5 ms

Gradient parameter α vs. CaSR kwave
CaSR −0.2 −0.2 −0.5

Half maximal act. const. (CaSR) Cawave
SR50

1.2 1.18 1.27

(Continued)

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 39

Table A1. (Continued)

Description Abbreviation Grandi atria Grandi ventricle CRN atria

Wave initiation threshold Cainit,wave
SR0

0.9 0.9 0.9

Wave self-propagation threshold Caprop,wave
SR0

0.7 0.5 0.1

Wave activation rate constant in non-t-system CRUs (��tsys)
(
Cwave

α

)��tsys 4 × 10−6 ms 4 × 10−6 ms 4 × 10−6 ms

Spontaneous spark act. rate const. in non-t-system CRUs (��tsys)
(
Cspont

α

)��tsys
2×10−6 ms−1 2 × 10−6 ms−1 2 × 10−6 ms−1

Wavelet spark act. rate const. (from triggered),��tsys
(
Cwavelet-trig

α

)��tsys
0.03 ms−1 0.03 ms−1 0.03 ms−1

Wavelet spark act. rate const. (from spontaneous),��tsys
(
Cwavelet-spont

α

)��tsys
0.005 ms−1 0.005 ms−1 0.005 ms−1

Wavelet spark act. rate const. (from wavelet),��tsys
(
Cwavelet-wavelet

α

)��tsys
0.03 ms−1 0.03 ms−1 0.03 ms−1

Triggered sparks.

αtrig = Ctrig
α f trigICaL f

trig
2 f trigCaSR (A.79)

f trig2 = 2
1 + e(ICaL−0.05)/−0.1 − 1 (A.80)

f trigICaL = Atrig
ICaL

1 + e(ICaL−(ICaL50+ICaLoffset ))/kICaL
(A.81)

f trigCaSR = Atrig
CaSR

1 + 10
(
CaSR−CatrigSR50

)
/ktrigCaSR

(A.82)

Atrig
ICaL = 1 + e−ICaLoffset/kICaL (A.83)

Atrig
CaSR = 1 + 10

(
1−CatrigSR50

)
/ktrigCaSR (A.84)

ICaL50 = AICaL,50

1 + e
(
CaSR−CaICaL,50SR50

)
/kICaL,50

+ Imin
CaL50 (A.85)

CaICaL,50SR50
= − ln

(
AICaL,50

1 − Imin
CaL50

− 1

)
kICaL,50 + 1 (A.86)

Spontaneous sparks.

αspont = Cspont
α f spontCaSR (A.87)

f spontCaSR = Aspont
CaSR

1 + 10
(
CaSR−CaspontSR50

)
/kspontCaSR

(A.88)

Aspont
CaSR = 1 + 10

(
1−CaspontSR50

)
/kspontCaSR (A.89)

Wavelet sparks.

αwavelet-x = Cwavelet-x
α f wavelet2 f waveletCaSR (A.90)

f waveletCaSR = Awavelet
CaSR

1 + 10
(
CaSR−CawaveletSR50

)
/kwaveletCaSR

(A.91)

f wavelet2 = 2

1 + e
(
CaSR−CawaveletSR0

)
/−0.0001

− 1 (A.92)

Awavelet
CaSR = 1 + 10

(
1−CawaveletSR50

)
/kwaveletCaSR (A.93)

Wave CRUs.

αwave-wavelet = Cwave
α f waveCaSR f

wave
2 (A.94)

f waveCaSR = 1

1 = 10
(
CaSR−CawaveSR50

)
/kwaveCaSR

(A.95)

f wave2 = 2

1 + e
(
CaSR−Cainit,waveSR0

)
/−0.0001

− 1 (A.96)

P(wave − wave) = 0.5

(
2

1 + e
(
CaSR−Caprop,waveSR0

)
/−0.0001

− 1

)

(A.97)

A.7. List of parameters
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