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Fig. 1. Interdisciplinary subjects of experiment, modeling and simulation, and dynamical theory for life (biological) science.
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Fig. 2. Multiscale behaviors of a cardiac system: (a) A re-
cord of the stochastic opening and closing of a singe RyR
channelP); (b) a spatiotemporal pattern of calcium release
of the CRU network (horizontal direction stands for time
and vertical for space) %, the curve in the lower column
represents the total intracellular calcium release; (c) an ac-
tion potential of a single cardiomyocyte, the black line rep-
resents the cell membrane potential, and the red line repres-
ents the intracellular calcium concentration; (d) spiral elec-
trical waves in heartP?; (e) electrocardiogram of human

being.
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Fig. 3. Hierarchical structure of a heart (the blue arrow indicates the direction of scale increase): (a) A single CRU; (b) the calcium
release network composed by tens of thousands of CRUs, the red box therein shows a single CRU; (c) the scenario of a single cardi-
omyocyte, the grey-blue SR is the overall schematic of the CRU network, and the green arrow indicates the process of intracellular

calcium cycling; (d) a piece of myocardial tissue formed by the connection of multiple cells; (e) myocardial cells are arranged in

three-dimensional space into the entire ventricular tissue.
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Fig. 4. Dynamics of calcium release of a single CRU:
(a) The experimental results of calcium spark, the left im-
age shows random calcium sparks, and the right image
shows long lasting calcium sparks, each colored dot (or line)
corresponds to a CRU that releases calcium; (b) the mod-
eling of a CRU, ¢ represents the calcium concentration in
each compartment, j represents the associated flow, jp rep-
resents the concentration diffusion flow between regions,
Jryr represents the calcium ion flux flowing out from
the RyR channel, the random model of RyR state trans-
ition is shown in the magenta dashed box, koc and ke, are
the transition rates from open to closed and from closed
to open, respectively; (c¢) the simulation results of calcium
spark, the left image shows random calcium sparks,
the right image shows long lasting calcium sparks, and the
statistical distribution of the duration of calcium sparks
is shown below [#3; (d) the cytosolic calcium concentration
¢i as a function of junctional SR calcium concentration
csr; (e) a schematic illustration of bistability of a CRU

system.
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Fig. 5. Formation of intracellular calcium wave: (a) The experimentally observed calcium wavesl™, the four columns from left to

right correspond to gradually increasing external calcium concentration values, the top row shows the spatiotemporal pattern of cal-
cium waves, the middle row shows the variation of total intracellular calcium with time, and the bottom row shows the statistics of
CRU cluster size; (b) the model of the CRU network, each box represents a CRU, and its structure is shown below, jpi¢ is the cal-

cium diffusion flow between CRUs; (c) the simulated results of calcium waves formation[™); (d) the illustration of the parametric

condition and phase transition of calcium waves.
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Fig. 6. Mechanism of EAD: (a) An experimental EAD-present action potential (from the rabbit ventricular cell ), the dashed line

represents the normal action potential; (b) the Hopf bifurcation mechanism of EADF7, the black line represents the steady-state

solution of the fast subsystem at each value of z, denoted by p, s, r, respectively, the solid line represents stable, while the dashed

line represents unstable, the blue curve represents the orbit of an action potential in phase space, HB represents Hopf bifurcation,

and HC represents homoclinic bifurcation; (c) calcium oscillation-induced EADs in experiment!'®®; (d) the simulated result of calci-

um induced-EADs["'), the vertical dashed line marks the synchronized phase of calcium and voltage oscillation.
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Fig. 7. EADs of the detailed spatial cell model'!: (a) Ac-

tion potentials with EADs, the red “*” indicates the action

potential triggered by DAD which is induced by the previ-
ous EADs ; (b) trace of intracellular calcium concentration
(¢ ); (c) spatiotemporal pattern of calcium waves; (d) trace

of calcium concentration in junctional SR ( ¢jsr ).
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Fig. 8. Stochastic dynamics of DAD: (a) An experiment of spontaneous TAP and DAD[''?, the upper and lower columns represent
the action potential and intracellular calcium concentration, respectively, the initial two black traces represent the normal ones ex-
cited by the pacing, the following magenta ones represent the self sustained TAPs, and the final blue depolarization is a DAD;
(b) the simulated result of TAP and DAD!M7, from top to bottom are: calcium wave pattern, cytoplasmic calcium concentration,
JSR calcium concentration, and action potential; (c) the orbits of TAP and DAD in [Ca]-V phase planel''”)] the black closed traject-
ory signifies the limit cycle of TAP, while the red one denotes DAD, the black dot in the lower left corner represents the resting
state, the inset schematically illustrates the dual attractor structure of TAP (T potential well on the right) and the resting state

(D potential well on the left).
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Fig. 9. The mechanism of premature ventricular complexes (PVCs): (a) A LQTS rabbit heart experiment of arrhythmial®, the top
and middle columns display the action potentials recorded at different locations within the myocardium, while the bottom column
exhibits the electrocardiogram; (b) a simulation of EAD-triggered PVC in a 1D cablel*!, each curve from top to bottom corres-
ponds to the action potential of a cell, where the upper magenta ones represent long action potentials and the lower black ones rep-
resent short action potentials; (c) a simulation of voltage gradient-induced PVCH; (d) PVC due to instability of heterogeneous tis-
156

suel’™ as the parameters undergo continuous variation, leading to a corresponding change in the gradient, the system’s steady state

undergoes Hopf bifurcation, resulting in the continuous emergence of premature beats.
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Fig. 10. Arrhythmia caused by PVC and substrate: (a) Formation of reentry caused by blockade of propagation of the PVCP, the

L, 4 /N3 B RS E 4 A I 220 9 7 24 2 ) o e

four small graphs correspond to the two-dimensional spatial distribution of membrane potential at four successive time points, with
colors representing V values, red for high and blue for low, from left to right are premature beats (from the star position), prema-
ture beat propagation blocked by delayed repolarization zone, reentry formation, and sustained spiral wave implying arrhythmia;
(b) the formation of PVC and reentry caused by a unique substrate (simulated from rabbit ventricular myocyte model*?).
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Fig. 11. Whole heart simulation of PVC induced arrhythmias(®

of the whole heart model.
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Abstract

Biological systems are complex systems that are regulated on multiple scales, with dynamics ranging from
random molecular fluctuations to spatiotemporal wave dynamics and periodic oscillations. To understand the
underlying mechanisms and link the dynamics on a molecular scale to those on a tissue scale and an organ scale,
the research approaches to integrating computer modeling and simulation, nonlinear dynamics, and

experimental and clinical data have been widely used. In this article, we review how these approaches have been
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used to investigate the multiscale cardiac excitation dynamics, particularly the genesis of cardiac arrhythmias
that can lead to sudden death. The specific topics covered in this review are as follows: i) mechanisms of
formation of intracellular calcium sparks and waves on a subcellular scale, which can be described by the
stochastic transitions between the two stable states of a bistable system and the second order phase transition,
respectively; ii) mechanisms of triggered activities on a cellular scale resulting from transmembrane voltage and
intracellular calcium cycling and their coupling, some of which can be well described by the bifurcation theories
of the nonlinear dynamical system; iii) mechanisms for the genesis of arrhythmias on a tissue scale induced by
the triggered activities, which can be regarded as dynamical instability-induced pattern formation in
heterogeneous excitable media; and iv) manifestations of the excitation dynamics and transitions in the whole
heart (on an organ scale) in electrocardiogram to bridge the spatiotemporal wave dynamics to clinical
observations. These results indicate that nonlinear dynamics, pattern formation, and statistical physics are the

fundamental components in establishing a theoretical framework for understanding cardiac arrhythmias.
Keywords: biological physics, nonlinear dynamics, excitable media, arrhythmias, multiscale modeling
PACS: 87.19.Hh, 87.15.A—, 89.20.—a, 05.10.—a DOI: 10.7498/aps.73.20240977
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