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Cardiac myocytes normally initiate action potentials in response to a
current stimulus that depolarizes the membrane above an excitation
threshold. Aberrant excitation can also occur due to spontaneous
calcium (Ca2+) release (SCR) from intracellular stores after the end of
a preceding action potential. SCR drives the Na+/Ca2+ exchange cur-
rent inducing a “delayed afterdepolarization” that can in turn trigger
an action potential if the excitation threshold is reached. This “trig-
gered activity” is known to cause arrhythmias, but how it is initiated
and terminated is not understood. Using computer simulations of a
ventricular myocyte model, we show that initiation and termination
are inherently random events. We determine the probability of those
events from statistical measurements of the number of beats before
initiation and before termination, respectively, which follow geomet-
ric distributions. Moreover, we elucidate the origin of randomness by
a statistical analysis of SCR events, which do not follow a Poisson
process observed in other eukaryotic cells. Due to synchronization of
Ca2+ releases during the action potential upstroke, waiting times of
SCR events after the upstroke are narrowly distributed, whereas SCR
amplitudes follow a broad normal distribution with a width deter-
mined by fluctuations in the number of independent Ca2+ wave foci.
This distribution enables us to compute the probabilities of initiation
and termination of bursts of triggered activity that are maintained
by a positive feedback between the action potential upstroke and
SCR. Our results establish a theoretical framework for interpreting
complex and varied manifestations of triggered activity relevant to
cardiac arrhythmias.
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Ventricular arrhythmias, the leading cause of sudden death
(1), tend to occur unexpectedly. Understanding their initia-

tion mechanisms remains a major challenge for clinical cardiolo-
gists (2). Lethal arrhythmias can occur without any abnormal sign
in the ECG, or can be preceded by multiple premature ventricular
complexes (PVCs) or short runs of ventricular tachycardia (3).
There are many possible sources of randomness that can be re-
sponsible for the seemingly unpredictable nature of arrhythmias,
such as environmental stresses via neural or metabolic regulations,
chaotic dynamics (4, 5), or fluctuations associated with the in-
trinsic stochasticity of ion channel kinetics (6, 7).
During normal contraction, calcium (Ca2+) release from the

sarcoplasmic reticulum (SR)—the intracellular Ca2+ store of a
ventricular myocyte—is triggered by Ca2+ entry into the cell via
L-type calcium channels (LCCs), a mechanism known as Ca2+-
induced Ca2+-release (CICR). However, SR Ca2+ release can also
occur spontaneously, as observed in a variety of pathological
conditions ranging from heart failure (8, 9) to ischemia (10) to
catecholaminergic polymorphic ventricular tachycardia (11–14).
Spontaneous Ca2+ release (SCR) transiently elevates the cytosolic
Ca2+ concentration ([Ca]i), which in turn increases the forward
mode of the electrogenic Na+/Ca2+ exchange (NCX) current
(INCX). In this mode, NCX brings into the cell three Na+ for each
Ca2+ it extrudes, thereby depolarizing the membrane. In the
common situation where SCR occurs after a delay following the

end of an action potential (AP), it induces a so-called “delayed
afterdepolarization” (DAD). When, furthermore, the DAD is of
sufficient amplitude for the transmembrane voltage (Vm) to ex-
ceed the threshold for activation of the Na+ current (INa), this
“suprathreshold” DAD causes a triggered action potential (TAP).
In contrast, a “subthreshold” DAD only causes a small transient
elevation of Vm. Triggered activity (TA) refers to the generation
of a TAP and must be preceded by at least one stimulated AP that
acts as the “trigger.” This distinguishes TA from “automaticity,”
which refers to the ability of a cell to depolarize itself and generate
an AP without a trigger.
The physiological conditions that promote Ca2+-mediated TA

are qualitatively understood (15–17). The Ca2+ release channels,
called ryanodine receptors (RyRs), typically need to have in-
creased sensitivity to cytosolic Ca2+ so as to facilitate RyR open-
ings and Ca2+ release. Additionally, the SR Ca2+ concentration
(SR load) needs to be sufficiently high to sustain a high Ca2+

release flux. Both fast pacing and β-adrenergic stimulation, which
potentiates both LCC and the SR Ca2+-ATPase (SERCA), tend
to increase SR load. Increased SR load together with RyR hy-
peractivity can then jointly promote the initiation and propagation
of intracellular Ca2+ waves that are the hallmark of SCR (18, 19).
Beyond this pictorial level, TA remains poorly understood. TA

seems to occur randomly, but with largely unknown statistical
properties. It can be manifested as a single TAP, a burst of several
TAPs, or even focal activity in the form of sustained Vm oscillations
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(14, 20–33). How deterministic and stochastic dynamics cooperate
to cause those behaviors and transitions between them is unclear.
Randomness of TA in ventricular myocytes would be naively

expected to stem from the stochastic nature of SCR at the whole-
cell level. RyR channels are known to form clusters of 50–200
RyRs colocalized with a few LCCs at Ca2+ release units (CRUs).
Approximately 20,000–50,000 CRUs are spatially organized in a
3D array inside a myocyte (34–36). Stochastic opening of a large
enough number of RyRs in a CRU can trigger firing of a local
spike of [Ca]i, which then diffuses to induce RyR openings in
neighboring CRUs. It enables one or more Ca2+ waves to prop-
agate throughout the cell by this fire–diffuse–fire process, causing
a global (whole-cell) spike of [Ca]i. Statistical properties of those
global spikes have been extensively studied (28, 37) in eukaryotic
cells where clusters of inositol trisphosphate receptors (Ca2+ re-
lease channels) have an analogous role to RyR clusters in cardiac
myocytes. Spiking is typically random in those cells. However,
statistical properties of SCR remain largely unexplored in the
more complex setting of cardiac myocytes where the Ca2+ dy-
namical subsystem, consisting of Ca2+ release and uptake, is tightly
bidirectionally coupled to Vm dynamics. In one direction
(Vm→[Ca]i), the AP upstroke triggers nearly synchronized Ca2+

releases from CRUs by LCC-mediated CICR. In the opposite
direction ([Ca]i→Vm), the resulting transient rise of [Ca]i, which
can also result from SCR, influences Vm dynamics by its effect on
Ca2+-sensitive membrane currents (primarily the L-type Ca2+

current, ICa,L, and the NCX current, INCX). Because Vm diffusion
is several orders of magnitude faster than Ca2+ diffusion, Vm is
spatially uniform on the scale of a myocyte. Consequently, sto-
chastic effects of individual membrane ion channel openings are
spatially averaged out on that scale and, with rare exceptions
(6, 7), the whole-cell Vm dynamical subsystem generically exhibits
deterministic dynamics. Vm dynamics can potentially become more
random in conditions where Ca2+ waves are present, and SCR
generates global spikes of [Ca]i causing DADs. It is well appre-
ciated that the coupling of Ca2+ cycling and excitation can po-
tentiate arrhythmias (4, 38–42). However, how TA emerges from
the interplay of a nearly deterministic Vm subsystem and a highly
stochastic Ca2+ cycling subsystem remains largely unknown.
In this study, we use computer simulations of a physiologically

detailed ventricular myocyte model (43, 44) to investigate the
statistical and dynamical properties of TA. This multiscale model
bridges the submicron scale of individual CRUs and the whole
cell, and uses Markov models to treat fully stochastically the ki-
netics of both LCCs and RyRs colocated at each CRU. Hence,
this model captures both the stochastic spatially distributed nature
of Ca2+ release, including Ca2+-wave mediated SCR, and the bi-
directional coupling of Ca2+ and Vm dynamics, with membrane
ionic currents taken from a well-established rabbit ventricular AP
model (45).
Our results demonstrate that both the initiation and termination

of TA are random processes controlled by large fluctuations of
whole-cell Ca2+ concentration spike amplitude (peak [Ca]i) result-
ing from SCR, but not spike timing as in other eukaryotic cells such
as Xenopus oocytes (46–49) where Ca2+ dynamics is not coupled to
Vm. In cardiac myocytes, the AP upstroke triggers nearly synchro-
nized Ca2+ release, causing RyRs to recover and hence SCR to
occur at a relatively precise time interval after this upstroke, which
follows a narrow distribution. In contrast, the Ca2+ spike amplitudes
follow a broad normal distribution. We show that the width of this
distribution, which underlies randomness in TA, is controlled by
fluctuations in the number of Ca2+ wave foci. From the knowledge
of this distribution, we compute quantitatively the probabilities of
initiation and termination of TA and obtain a unified theoretical
framework to interpret a wealth of different dynamical behaviors.
With increasing degree of instability of the Ca2+ subsystem
(increasing RyR leakiness and SR Ca2+ load), those behaviors
range from normal excitation–contraction coupling, with Ca2+

dynamics slaved to Vm, to burst-like TA. Bursting is further
shown to result from bistability between the stable resting state
and a metastable limit cycle, consisting of coupled [Ca]i and Vm
oscillations promoted by a positive feedback between SCR and
AP upstroke.

Results
Stochastic Initiation and Termination of TA During Sustained and
Interrupted Pacing. DADs and TA are induced in the cell model
by mimicking the combined effects of β-adrenergic stimulation
and increased RyR channel activity. This combination is tradi-
tionally used to induce DADs and TA (12, 14, 18, 19). β-Ad-
renergic stimulation is modeled by increasing ICa,L and SERCA
activity, mimicking the effect of isoproterenol (ISO) addition
(Methods). RyR hyperactivity is modeled by multiplying the in-
dividual RyR channel closed to open rate by a multiplicative
factor α. Increasing α shifts the EC50 of the dose–response curve
of RyR open probability to lower [Ca]i and has an effect similar
to caffeine addition (19). The dynamics of TA is studied as a
function of both α and the pacing cycle length (PCL).
Fig. 1A summarizes the observed AP dynamics. In the green

zone where either α is small or PCL is long, only subthreshold
DADs, whose amplitudes are not large enough to induce TA, occur
between pacing beats (Fig. 1B). When α is increased or the PCL is
decreased, suprathreshold DAD-induced TA occurs in the blue
zone (example in Fig. 1C). When the PCL is further decreased to
fall inside the red zone in Fig. 1A, the next AP upstroke occurs
before a subthreshold or suprathreshold DAD could form, and thus
no DADs or TA can be observed between stimulate APs. After
the pacing stops, DADs or TA can then be observed (example in
Fig. 1D). This is the typical pacing protocol used in experiments to
induce DADs and TA. In both pacing protocols (blue and red
zones), TA is observed to be either transient for RyR hyperactivity
less than some threshold α < 3.3 or sustained for α ≥ 3.3 (example
in Fig. 1E), corresponding to the regions left and right of the
dashed line in Fig. 1A, respectively.

The Number of Beats Before Initiation and Before Termination of TA
Follow Geometric Distributions.Due to the random variation of the
DAD amplitude, the number of DADs (NDAD) preceding TA is
random. The duration of the TA burst measured by the number
of TAPs (NTAP) is also random. We investigate the statistical
properties of both the random initiation of TA (see SI Appendix,
Fig. S1, for sample traces) during sustained pacing and the ran-
dom termination of TA (see SI Appendix, Fig. S2, for sample
traces) induced after a pacing pause. For this purpose, we perform
at least 500 random trials for each parameter set of interest.
For initiation of TA, we record the number of paced beats

yielding only subthreshold DADs (NDAD) before a suprathreshold
DAD that produces a TAP. A histogram of NDAD illustrated in
Fig. 2A exhibits a broad distribution. Semilog plots of normalized
event probability (Fig. 2B) show that the distribution is geometric.
NDAD depends on the degree α of RyR hyperactivity and in-
creasing α decreases the average NDAD. The initiation of TA also
depends on PCL because the SR load generally increases with
decreasing PCL. Fig. 2C shows NDAD histograms for different
PCLs. As the pacing becomes faster, the number of DADs before
TA initiation is smaller.
For termination of TA, we record the number of triggered

beats, that is, the number of TAPs (NTAP) in a TA burst oc-
curring before the membrane voltage returns to the resting state
and construct similar histograms. The NTAP histograms also ex-
hibit geometric distributions (Fig. 2 D–F), which also depend on
α. The average value of NTAP increases as α increases (Fig. 2E).
However, unlike NDAD, NTAP does not depend on PCL (Fig. 2F).
As we shall see later, this property stems from the fact that
termination of TA corresponds to the escape from a limit cycle
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that is sustained by a positive feedback between SCR and AP
excitation and that is independent of pacing history.
It should be noted that NDAD and NTAP follow geometric dis-

tributions only after a certain number of beats (Fig. 2). This is
because, depending on the protocol used to induce TA, it takes
one to a few beats for the Ca2+ cycling dynamics to relax to a new
steady state after a sudden β-adrenergic stimulation (ISO addi-
tion) or cessation of pacing. For the same reason, NTAP distribu-
tions for smaller α values (SI Appendix, Fig. S3) are very different
from geometric distributions because TA terminates before Ca2+

cycling has relaxed to the steady state after pacing is stopped.
The timing of SCR events is much less random than the peak

[Ca]i. To characterize this randomness, we measure the latency
of SCR defined as the time interval between the previous AP

upstroke and the time at which the next DAD/TAP reaches its
peak. The results show that the distributions are comparatively
much narrower (see SI Appendix, Fig. S4, for details).

The Amplitudes of SCRs Underlying DADs Follow a Broad Normal
Distribution. Ca2+-mediated TA traditionally occurs when the
peak value of the whole-cell [Ca]i following a SCR is large
enough to drive enough INCX to depolarize the membrane above
the INa activation threshold for eliciting an AP. To characterize
the mechanism underlying the randomness in initiation and
termination of TA, we therefore study the statistic properties of
peak [Ca]i under different conditions. Fig. 3A shows the histo-
gram of peak [Ca]i for a case with no TA (the case in Fig. 1B).
The distribution is well approximated by a normal (Gaussian)
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Fig. 2. Statistical properties of stochastic initiation and termination of TA. (A) Histogram of NDAD for a total of 1,000 trials, PCL = 1 s, and α = 3.3. (B) NDAD

distributions in semilog plot for four different α values, PCL = 1 s. Lines are best fits to Eq. 1 for the decreasing part of the NDAD distributions. R2 values of the
best fits for the four α values are 0.992 (α = 3.25), 0.998 (α = 3.3), 0.984 (α = 3.35), and 0.999 (α = 3.5). (C) NDAD distributions in semilog plot for three PCL values
(α = 3.3). Lines are best fits to Eq. 1 for the decreasing part of the NDAD distributions. R2 values of the best fits for the three PCL values are 0.999 (PCL = 0.8 s),
0.998 (PCL= 1 s), and 0.957 (PCL = 1.2 s). (D) Histogram of NTAP for a total of 2,000 trials, PCL = 0.3 s, and α = 3.1. (E) NTAP distributions in semilog plot for three
different α values, PCL = 0.3 s. Lines are best to Eq. 3 of the NTAP distribution. R

2 values of the best fits for the three α values are 0.994 (α = 3.05), 0.985 (α = 3.1),
and 0.888 (α = 3.15). (F) NTAP distributions in semilog plot for three different PCLs (α = 3.1).
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Fig. 1. Stochastic initiation and termination of triggered activity (TA). (A) Excitation pattern diagram distinguishing different dynamical behaviors as a
function of pacing cycle length (PCL) and RyR Ca2+ release channel hyperactivity where increasing α beyond the control value α = 1 increases RyR open
probability: only subthreshold DADs and no TA (green), suprathreshold DADs initiating TA between paced beats (blue), and TA after pacing is stopped (red).
TA is transient and sustained to the left and right of the dashed line corresponding to α = 3.3, respectively. (B–E) Illustrative transmembrane voltage (black)
and cytosolic Ca2+ concentration [Ca]i (red) traces for the different colored regions: α = 2.5 and PCL = 1 s (B); α = 3.3 and PCL = 1 s (C); α = 3.1 and PCL = 0.3 s
(D); α = 4.5 and PCL = 1 s (E). Arrows indicate paced beats and stars (*) indicate subthreshold DADs or TA.
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distribution. Fig. 3B shows the histogram of peak [Ca]i for the case
corresponding to Fig. 1C where TA occurs. In this case, the dis-
tribution is truncated at a [Ca]i threshold (Cath) of ∼0.69 μM,
corresponding to the dashed lines in Fig. 3 A–D. Peak [Ca]i values
larger than this threshold produced a suprathreshold DAD that
initiates TA. Hence, Cath represents the [Ca]i spike amplitude
threshold for TA. To obtain a complete and steady-state distribu-
tion of the peak [Ca]i, we block both INa and ICa,L during the di-
astolic phases so that no TA is elicited when [Ca]i is above Cath. In
addition, instead of many trials, a single long simulation, which is
equivalent in this case to several independent simulations, is car-
ried out to obtain the peak [Ca]i distribution. Fig. 3C shows the
peak [Ca]i distributions for four different α values, which all follow
normal distributions. Increasing α strengthens SCR and thus right
shifts the peak [Ca]i distribution to higher [Ca]i. Increasing the
pacing rate also right shifts the distribution (Fig. 3D) because faster
pacing increases SR load and produces larger amplitude SCRs.
Similarly, we measure the peak [Ca]i distribution for the DAD

right after the termination of TA by repeating the simulations
many times (>2,000 times). Because TA is terminated by a
subthreshold DAD (e.g., the DAD after the burst of five TAPs in
Fig. 1D), the distribution of peak [Ca]i in this case is truncated,
as indicated by the dashed line in Fig. 3E. To measure the full

distribution composed of the subthreshold DADs that terminate
TA and the suprathreshold DADs that sustain TA, we blocked
INa and ICa,L after the 10th AP of a TA burst and measured the
peak [Ca]i of the 11th SCR. By repeating this simulation many
times (>1,500 times), we obtained the peak [Ca]i distribution
underlying both subthreshold and suprathreshold DADs (Fig.
3F), which is also well approximated by a normal distribution.

Linking Quantitatively the Normal Distributions of SCR Amplitude and
the Geometric Distributions of the Number of Beats Before or After
Initiation of TA. Based on the finding that the amplitude of SCRs
(peak [Ca]i) closely follows a normal distribution (Fig. 3), one can
assume that SCRs are independent random events, with the am-
plitude of SCR drawn at each beat from this distribution. It fol-
lows naturally from this assumption that NDAD follows a geometric
distribution:

FDADðNDADÞ= ð1− pDADÞðpDADÞNDAD , [1]

where

pDAD =
ZCath

0

f ðCaÞdCa [2]

is the probability of observing a subthreshold SCR and ð1− pDADÞ
is the probability of observing a suprathreshold SCR, where
f ðCaÞ is the probability density function of the peak [Ca]i distri-
bution. Given these definitions, Eq. 1 is simply the probability of
observing NDAD subthreshold DADs followed by one suprathres-
hold DAD initiating TA. Next, we best fit the decreasing part of
the NDAD distributions in Fig. 2 B and C to Eq. 1 and plot the
corresponding best fits as lines in Fig. 2 B and C. These best fits
are used to obtain pDAD values for different α and PCLs. The
convergence of the results as a function of the number of statistical
samples is shown in SI Appendix, Fig. S5. We then use Eq. 2
together with the obtained pDAD values and Gaussian fits of the
[Ca]i peak distributions in Fig. 3 C andD to obtain the Cath values.
The results reported in SI Appendix, Tables S1 and S2, show that
the Cath values are very close to the threshold (∼0.69 μM) de-
duced from the truncated peak [Ca]i distribution in Fig. 3B. This
indicates that the theoretical prediction of Eq. 1 agrees well with
the simulation results, thereby validating quantitatively our as-
sumption that SCRs following each paced beat are independent
random events for large enough NDAD.
Similarly, the number of suprathreshold DADs before a sub-

threshold DAD that terminates TA also follows a geometric
distribution:

FTAPðNTAPÞ= ð1− pTAPÞðpTAPÞNTAP , [3]

where

pTAP =
Z∞

Cath

f ðCaÞdCa [4]

is the probability of observing a suprathreshold SCR and ð1− pTAPÞ
is the probability of observing a subthreshold SCR that terminates
the burst. Following the same method as for NDAD distributions,
we best fit the decreasing part of the NTAP distributions shown in
Fig. 2E to Eq. 3. The best fits corresponding to the lines in Fig. 2E
are used to obtain pTAP values. We then use Eq. 4 together with the
obtained pTAP values and Gaussian fits to [Ca]i peak distributions
in Fig. 3F to obtain the Cath values. The results reported in SI
Appendix, Table S3, show that the obtained Cath values are very
close to the threshold (∼0.75 μM) deduced from the truncated
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Fig. 3. Distributions of spontaneous Ca2+ release (SCR) amplitude. (A) SCR
amplitude (peak [Ca]i) distribution for PCL = 1 s and α = 2.5 (corresponding
to Fig. 1B). (B) SCR amplitude distribution for PCL = 1 s and α = 3.3 (corre-
sponding to Fig. 1C). (C) SCR amplitude distribution for four α values (cor-
responding to Fig. 2B; PCL = 1 s) under the condition in which INa and ICa,L are
blocked during diastolic intervals. Block prevents TA initiation and allows us
to characterize the distributions over the entire range of SCR amplitude.
(D) SCR amplitude distribution for three PCLs (corresponding to Fig. 2C) in
which INa and ICa,L are blocked during diastolic intervals. (E) SCR amplitude
distribution for the subthreshold DAD at termination of TA (α = 3.1 and
PCL = 0.3 s). (F) SCR amplitude distribution obtained using the 11th SCR
during which INa and ICa,L are blocked for three different α values (PCL = 0.3 s).
The dashed vertical lines denote the [Ca]i thresholds (Cath in Eqs. 2 and 4) for
TA initiation in A–D and TA termination in E and F.
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peak [Ca]i distribution in Fig. 3E. This indicates that the theoretical
prediction of Eq. 3 (lines in Fig. 2E) agrees well with the simulation
results (symbols in Fig. 2E), thereby validating our assumption that
SCRs in a long TA burst are independent random events. We
note that Cath differs slightly for initiation and termination of
TA (0.69 μM in Fig. 3B vs. 0.75 μM in Fig. 3E; SI Appendix, Fig.
S6). This difference is explained later in Discussion.

Fluctuations in the Number of Independent Ca2+ Wave Foci Underlie
Randomness in Whole-Cell SCR Amplitudes. Simulations show that
each SCR event is the summation of multiple Ca2+ waves ema-
nating from different foci randomly distributed throughout the cell
(Movie S1). By visual analysis of a few movies, we estimate the
number of foci Nf to increase between about 20 and 50 with in-
creasing hyperactivity of RyRs. However, the spatially distributed
and stochastic nature of SCR makes it generally difficult to au-
tomatize the counting of Nf in the detailed model simulations and
to gather enough statistics to relate the probability distribution of
Nf with the SCR amplitude distribution. To relate those distribu-
tions, we construct a simplified model of SCR that captures salient
features of Ca2+ wave initiation and propagation. Despite its sim-
plicity, this model nontrivially reproduces the normal SCR ampli-
tude distribution observed in the detailed model simulations and
shows that this distribution exists over a broad range of Nf values
including values <10 typically observed in experiments (14). Vari-
ability in SCR amplitude ([Ca]i peak value) can in principle orig-
inate from variability in the number of foci and/or variability in the
timing of the foci. Detailed model simulations show that the dis-
tribution of the time interval between the [Ca]i peak and the end of
the previous AP is relatively narrow (SI Appendix, Fig. S4), sug-
gesting that variability of the number of Ca2+ waves is primarily
responsible for the variability of SCR amplitude. Accordingly, we
base the simplified SCR model on the following three assumptions:

i) Starting from some arbitrary origin of time when RyR chan-
nels are fully recovered, Ca2+ waves foci are initiated ran-
domly anywhere inside the cell by recruiting a single CRU
with a probability kf per unit time per unit volume (i.e., kf is
spatially uniform).

ii) Once a CRU is recruited, the resulting Ca2+ wave propa-
gates deterministically at a constant speed c (by recruiting
neighboring CRUs with a delay time equal to a/c, where a is
the spacing between CRUs) until it collides with another
Ca2+ wave or the boundary.

iii) Each CRU recruited by a Ca2+ wave causes a local transient
increase of [Ca]i with a fixed spark profile fitted to detailed
model simulations (SI Appendix, Fig. S7), and the whole-cell
[Ca]i is the summation of all the local [Ca]i profiles.

The model is taken to have the same number of CRUs as the
detailed model and is simulated 10,000 times for different values
of kf to obtain sufficient statistics. Fig. 4A shows the distributions
of the number of foci for three different kf , whereas Fig. 4B shows
the corresponding peak [Ca]i distributions. For a larger kf , there
are more foci and the peak [Ca]i is higher. Fig. 4C plots the co-
efficient of variation σ/μ of the peak [Ca]i distributions (where σ
and μ are the standard deviation and mean of the distributions,
respectively) vs. the average number of foci <Nf> generated using
different kf . The results show that σ/μ decreases approximately as
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
, indicating that SCR amplitude fluctuations are con-

trolled primarily by the number of Ca2+ wave foci. Of note, Fig. 4D
shows that the coefficient of variation for the number of wave foci is
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
. Fig. 4 E and F plot the peak [Ca]i distributions and σ/μ

ratio from simulations of the detailed model for four different α
values, showing that as the RyR becomes more sensitive to Ca2+, the
peak [Ca]i distribution shifts to the right and σ/μ decreases.
The lattice model simulations confirm the basic picture that

the probability to initiate TA at each beat is determined by the

summation of stochastic Ca2+ wave initiation events. Due to the
randomness in the detailed myocyte model, the wave propagation
distance may vary from site to site, as opposed to being cell wide as
assumed in the lattice model. Despite its simplicity, the lattice
model reproduces semiquantitatively well the increase of peak of
the SCR amplitude distribution and narrowing of the width with
increasing RyR hyperactivity. This is a direct consequence of the fact
that Nf increases with hyperactivity and that the noise at
the whole-cell level scales as 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
. This scaling follows from

the fact that each Ca2+wave recruits CRUs over a finite volume of the
cell ∼(total volume of the cell)/<Nf > during a time window that is
self-consistently determined to be the mean distance between wave
foci divided by the wave propagation speed. Each region has a finite
probability of being recruited at each beat, and consequently the
SCR amplitude (peak whole-cell [Ca]i), which is the summation of
Ca2+ releases in each region, follows approximately a binomial
distribution with a width ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
. Because the number of in-

dependent regions is smaller than the total number of CRUs
(Nf � NCRU), the relevant noise at the whole-cell level that de-
termines the degree of randomness of TA (∼1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
) is much

larger than the noise level (∼1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<NCRU >

p
) that would be expected

if CRUs fired independently. For different model parameters, or in

f f

A B

C D

Slope=-0.5

Slope=-0.5

E F

f

Fig. 4. Fluctuations in number of Ca2+ wave foci in lattice model of SCR.
(A) Statistical distribution of the number of independent Ca2+ wave foci, Nf,
for three different nucleation rates of wave foci: kf = 10−6 ms−1·μm−3 (red),
kf = 5× 10−6 ms−1·μm−3 (blue), and kf = 30× 10−6 ms−1·μm−3 (green). (B) Peak
[Ca]i distributions corresponding to the cases in A. (C) Coefficient of variation
(ratio of SD σ to mean μ) of peak [Ca]i vs. mean number of Ca2+ wave foci,
which was increased by increasing kf in the range from 10−6 to 10−4 ms−1·μm−3

(kf =10
−6, 5 × 10−6, 10 × 10−6, 30 × 10−6, 50 × 10−6, and 10−4 ms−1·μm−3). The

−1/2 slope in the log–log plot indicates that σ/μ ∼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
. (D) Coefficient of

variation of the number of Ca2+ wave foci corresponding to the same kf values
in C. (E) Peak [Ca]i distribution in the detailed myocyte model for α = 3.2 (red),
α = 3.25 (blue), α = 4 (green), and α = 4.4 (gray), PCL = 1 s. (F) Coefficient of
variation of peak [Ca]i for the same α values in E.

E274 | www.pnas.org/cgi/doi/10.1073/pnas.1614051114 Song et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614051114/-/DCSupplemental/pnas.1614051114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614051114/-/DCSupplemental/pnas.1614051114.sapp.pdf
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1614051114/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614051114/-/DCSupplemental/pnas.1614051114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614051114/-/DCSupplemental/pnas.1614051114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1614051114


experiments, Nf could be larger or smaller than in the present de-
tailed model simulations but is expected to be always much smaller
than NCRU.

Bistability Between Bursting and Silent States Due to Positive Feedback
Between SCR and Voltage Excitation. As shown in Fig. 1, as α is in-
creased, the dynamics changes from subthreshold DADs, to tran-
sient TA bursts, and then to sustained voltage oscillations. Voltage
oscillations become sustained when the probability of TA termi-
nation ð1− pTAPÞ, with pTAP defined by Eq. 4, becomes negligibly
small. Whether transient or sustained, once a TAP is initiated, the
burst length does not depend on the initial pacing history (Fig. 2F).
This indicates that the TA burst behaves as a dynamical attractor of
the system. Fig. 5A plots voltage against [Ca]i (log–log plot) for a
TA burst, showing the exit from the limit cycle (black line) to the
resting state (solid circle) via a subthreshold SCR (red line). Fig. 5B
shows theNTAP vs. α for PCL = 300 ms. When α is small (α≤ 2), no
TA occurs. As α is increased, TA occurs, and the burst lengths
become longer with larger variations. When α is above another
threshold (α≥ 3.3), the TA burst becomes sustained. Therefore,
the initiation and termination of TA are random transitions be-
tween two stable states: the excitable quiescent state (resting state)
and the limit cycle oscillatory state. Underlying this bistable dy-
namics is a positive-feedback loop between AP excitation and SCR.
Specifically, AP excitation has two effects. First, it brings in more
Ca2+ via LCCs to increase the Ca2+ load and enhance CICR.
Second, it causes the CRUs to fire synchronously so that they re-
cover at roughly the same time. Both effects play important roles in
promoting a subsequent SCR of a large amplitude that can then
trigger an AP. Therefore, a positive-feedback loop forms between
AP excitation and SCR.
To better demonstrate the positive feedback between voltage ex-

citation and SCR in promoting bistability, we add a background Ca2+

leak current (Methods) to maintain a steady-state high Ca2+ load in
the absence of pacing (pacing is needed to maintain a high Ca2+ load
in the simulations above). We then carry out simulations by changing
the conductance of this leak current to alter the Ca2+ load. Fig. 6A
shows a simulation for a small Ca2+ leak current (gCab = 9.3 μS/μF).
Before an AP is stimulated, the system is in a steady state with
dyssynchronous SCRs, manifested as random spark clusters and
miniwaves. During the stimulated AP, the CRUs fire synchronously
due to the opening of the LCCs, resulting in a large whole-cell Ca2+

signal. After the AP, a synchronous SCR occurs to induce a DAD.
The SR Ca2+ load is higher after the AP than before the AP (marked
by the horizontal dashed line). After the DAD, the Ca2+ dynamics
become dyssynchronous again with random spark clusters and min-
iwaves, and the SR Ca2+ load gradually decays to the same steady
state before the AP. Therefore, the voltage excitation brings in more

Ca2+ and synchronizes CRUs, promoting a synchronous whole-
cell SCR.
As the Ca2+ load is increased by increasing the leak conduc-

tance, the amplitude of the SCR becomes larger. Under this con-
dition, a paced AP can then trigger a TA burst or sustained
oscillations. Fig. 6B shows an example (gCab = 14 μS/μF) in which
the TA is a sustained oscillation (see NTAP vs. gCab in Fig. 6C).
Before the stimulated AP, the Ca2+ release events are dyssyn-
chronous, exhibiting random spark clusters and miniwaves. After a
stimulated AP, a synchronous SCR results in a large enough am-
plitude to trigger another AP, and vice versa. Therefore, the pos-
itive-feedback loop between SCR and AP excitation maintains the
repetitive firings of TA. To show the importance of the positive
feedback, we block INa during one TAP (marked by the red bar in
Fig. 6B) to break the feedback loop, the TA train stops and the
Ca2+ release becomes dyssynchronous gradually, to the same
steady state as before the stimulated AP.
The length of a TA burst depends on the level of Ca2+ load

(Fig. 6C). When Ca2+ load is low (e.g., gCab = 8.1 μS/μF), no TA is
observed. As Ca2+ load is increased, the number of TAPs in a
burst of TA increases. When Ca2+ load is high enough (e.g., gCab =
14 μS/μF), TA is sustained for at least 50 beats (corresponding to
the maximum length of the simulation) for all 100 trials. Fig. 6D
shows that the NTAP distribution for gCab = 10.5 and 11.6 μS/μF
follow pure geometric distributions. To relate the bursting be-
havior to the intracellular Ca2+ dynamics, we measure the peak
[Ca]i distribution for gCab = 11.6 μS/μF, which is shown in SI
Appendix, Fig. S8. The distribution is truncated at [Ca]i ∼ 1.15 μM.
To obtain the complete peak [Ca]i distribution, we block INa after
the fifth TAP and record the next peak [Ca]i. The resulting dis-
tributions for three gCab values are shown in Fig. 6E. Using the
same fitting method as in Figs. 2 and 3, we fit the NTAP distri-
butions in Fig. 6D to Eq. 3 to obtain the pTAP values. We then use
the pTAP values together with Gaussian fits of the distributions in
Fig. 6E to determine Cath values, which are all close to 1.15 μM
(SI Appendix, Table S4).

Discussion
Statistical Properties of Initiation and Termination of TA and SCR.We
have shown that both the initiation of TA during pacing and the
termination of a TA burst following cessation of pacing are
highly random events. Randomness is reflected by the fact that
both the number of DADs before initiation of a TA burst, which
is characterized by coupled Vm and [Ca]i oscillations, and the
number of oscillation cycles during a TA burst follows geometric
distributions. Because DADs are caused by SCR events, we have
characterized the statistical properties of those events to explain
the randomness in initiation and termination of TA. By judicious
manipulation of INa and ICa,L, we have been able to compute the
full statistical distributions of the amplitude and timing of SCR
events during pacing and TA bursts, accounting for both sub-
threshold and suprathreshold DADs. Access to the full distri-
butions has been critically important to understand the origin
of randomness.
The results reveal that SCR amplitude, as measured by the peak

value of the whole-cell [Ca]i, follows a broad normal distribution,
whereas the distribution of spike waiting times after the last AP
upstroke is comparatively much narrower. This difference can be
attributed to the fact that the AP upstroke triggers nearly syn-
chronized Ca2+ releases from CRUs, thereby causing SCR to
occur at a relatively precise time interval after this upstroke when
enough RyRs are recovered. Therefore, randomness of TA in
cardiac myocyte is predominantly linked to spike amplitude but
not timing. This is in contrast to other eukaryotic cells where Ca2+

dynamics is not coupled to Vm and randomness is manifested in
both spike timing and amplitude (28, 37).
We have shown that the knowledge of the SCR amplitude

normal distribution can be used to explain quantitatively the
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Fig. 5. Bistability in coupled voltage and intracellular Ca2+ dynamics.
(A) Log–log plot of voltage vs. [Ca]i during a TA burst (black) and its termi-
nation via a subthreshold DAD (red), showing the transition between a limit
cycle and the excitable resting state (black filled circle). Dashed arrows indicate
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each α, at least 500 random trials are carried out; PCL = 0.3 s.
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observed distributions of the number of DADs (NDAD) before
initiation of a TA burst and the number of TAPs (NTAP) following
a TA burst. It should be emphasized that this distribution is gen-
erally only quantitatively predictive of the initiation or termination
of TA for values of NDAD or NTAP that exceed the number of beats
required for the SCR amplitude distribution to relax to a stationary
distribution. During a period varying from one to a few beats
depending on the protocol used to induce TA, the total Ca2+ inside
the cell adjusts to a new level as a result of the balance between
Ca2+ entry via LCCs and extrusion via the forward mode of NCX.
For the protocol where TA is induced by RyR hyperactivity and
ISO stimulation, this relaxation process is illustrated in SI Appen-
dix, Fig. S9, which shows that it takes several beats for [Ca]i and
[Ca]SR to reach new steady-state cycles (peaks and nadirs) after the
transition from pacing to spontaneous TA. Because the peak [Ca]i
is higher during the transient period than in the steady state, it is
less likely that a fluctuation brings [Ca]i below the threshold for
termination of TA. As a result, the probability of termination is
lower than expected from the steady-state geometric distribution
for small NTAP, as seen in Fig. 2E where the distribution becomes
purely geometric for NTAP > 6. For the case where TA is induced
by the combination of increasing the extracellular Ca2+ con-
centration and adding a background Ca2+ current, Fig. 6B
shows that both [Ca]i and [Ca]SR relax quickly to new steady

states and the NTAP distributions (Fig. 6D) are purely geometric
for all NTAP values.
The SCR amplitude threshold for initiation or maintenance of

TA is governed predominantly by INCX that promotes membrane
depolarization. Hence, physiological conditions that affect INCX,
such as the extracellular Ca2+ concentration [Ca]o, influence this
threshold. This is illustrated in SI Appendix, Fig. S6, which shows
that a larger peak [Ca]i is required to drive the same amplitude
INCX when [Ca]o is increased. As a result, the SCR amplitude
threshold for TA is significantly larger in Fig. 6E with elevated
[Ca]o (Cath ∼ 1.15 μM) than Fig. 3E (Cath ∼ 0.75 μM) with normal
[Ca]o. More generally, this threshold could also be influenced by
IK1, which is the dominant repolarizing current for the range of
membrane potential near the resting state. A subtler effect is that
the threshold for initiation and termination of TA can differ
slightly under the same conditions (Cath ∼ 0.69 μM for initiation
vs. Cath ∼ 0.75 μM for termination in Fig. 3E). This small differ-
ence can be attributed to the fact that peak [Ca]i is only a “global”
measure of a SCR event integrated over space and time. As a
result, different events with different spatiotemporal patterns of
Ca2+ release may produce the same peak [Ca]i, but yield slightly
different peak INCX and DAD amplitudes. This interpretation is
supported by the observation that the truncated SCR amplitude
distributions in Fig. 3 B and E do not terminate abruptly, but are
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Ca2+ load in the absence of pacing. The extracellular Ca2+ concentration [Ca]o is raised to 3 mM from 1.8 mM and α = 2 without ISO stimulation. (A) A DAD
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The layout is the same as A. (C) Number of TAPs during a TA burst vs. gCab. At least 100 independent random trials are carried out for each gCab. (D) NTAP

distribution for gCab = 10.5 (magenta) and 11.6 (cyan) μS/μF. Lines are best fits to Eq. 3 with R2 being 0.999 (magenta line) and 0.914 (cyan line). (E) Peak [Ca]i
distributions obtained at the sixth SCR during which INa is blocked for gCab = 10.5 (magenta), 11.6 (cyan), and 14 (blue) μS/μF for at least 1,000 random trials.
The dashed line in E marks the [Ca]i threshold for TA termination.
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smeared over a narrow range of [Ca]i near Cath. Despite this limi-
tation, our results in Figs. 3 and 6 show that peak [Ca]i, which is an
experimentally observable property, provides a good quantitative
measure of the propensity of a SCR event to stochastically initiate
or terminate TA under different conditions.

Ion Channel Stochasticity vs. Whole-Cell–Level Randomness. During
normal activity, both the AP and the Ca2+ transient are highly
reproducible despite a high level of ion channel stochasticity. It is
well understood that, except in special cases (6, 50–52), the noise in
the voltage signal is averaged out at the whole-cell level by the fact
that there is a very large number of voltage-gated ion channels of
any given type and that voltage is spatially uniform on the scale of a
myocyte. Similarly, the noise in the Ca2+ signal in turn is averaged
out by the fact that, during normal excitation–contraction coupling,
CICR mediated by LCC openings is relatively synchronous, with a
very large number of CRUs participating in the whole-cell Ca2+

release. It is well appreciated that, in contrast, SCR can have a
more random character. However, the origin of this randomness in
cardiac myocytes has remained unclear.
In the well-studied case where Ca2+ cycling dynamics is not

coupled to Vm (28, 37), SCR events (also referred to as Ca2+ puffs)
have a relatively low rate of occurrence. As a result, intervals be-
tween events follow an exponential waiting-time distribution
characteristic of an inhomogeneous Poisson process. In the setting
of cardiac myocytes, our results show that the timing of SCR is
relatively precise, but amplitudes are much more random. As al-
ready explained, the narrow distribution of timing is due to the fact
that RyR channels become available for release after a fixed re-
covery time following an excitation that produces synchronized
Ca2+ releases. In this setting, a broad normal distribution of SCR
amplitude follows then naturally from the additional property that
the rate of initiation of Ca2+ waves is relatively high after RyR
channels are recovered. As a result, several wave foci can form and
jointly contribute to a single whole-cell SCR event and DAD.
Because wave foci form independently and the SCR amplitude is a
summation of waves (i.e., of unitary Ca2+ releases of CRUs
recruited by each wave), the coefficient of variation of SCR am-
plitude scales approximately as 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<Nf >

p
, where <Nf > is the

average number of wave foci. This number can vary from about 5
to 50 in simulations and experiments depending on the properties
of RyR channels and Ca2+ load. In all cases, this number is much
smaller than the number of CRUs, thereby causing large fluctua-
tion in SCR amplitude at the whole-cell level that in turn causes
the initiation and termination of TA to appear random.
It is possible that, under certain conditions (e.g., less pro-

nounced RyR leakiness), the rate of initiation of Ca2+ waves
could be relatively low after RyR channels are recovered. In such
a case, one would expect a whole-cell SCR event to be triggered
by the propagation of a single Ca2+ wave and the distribution of
waiting times after excitation to be exponential. Such a condition
could potentially initiate a single DAD and TAP after cessation
of pacing but would be unlikely to initiate TA during pacing or to
maintain sustained bursts of TA. We therefore expect the situ-
ation in which several Ca2+ waves contribute to SCR to underlie
the commonly observed forms of TA relevant for arrhythmias.

Positive Feedback Between Voltage Excitation and SCR. We have
shown in this study that the positive feedback between AP ex-
citation and SCR is key to maintaining a TA burst. In general,
increased RyR channel leakiness and Ca2+ load promoted by
rapid pacing cause the peak of the SCR amplitude distribution
to shift toward higher [Ca]i, causing more frequent SCR events
that can trigger APs. Under normal coupling conditions, no SCR
events occur, and Ca2+ release is triggered by LCC openings during
AP excitation. As Ca2+ load and RyR open probability are in-
creased, SCR can occur due to CICR in the Ca2+ cycling system.
AP excitation enhances CICR by bringing Ca2+ into the cell and

synchronizing the firing of CRUs. When the SCR amplitude is
below the threshold for TA, SCR only leads to DADs. As Ca2+

load and RyR open probability are increased further, the ampli-
tude of SCR increases above the threshold for TA initiation. Once
TA occurs, a positive-feedback loop forms in which SCR triggers
an AP, AP activation then potentiates a new SCR by increasing
Ca2+ load and CRU synchronization, and this subsequent SCR in
turn triggers an AP.
This positive-feedback loop underlies a new limit cycle

attractor, resulting in bistability between this limit cycle and the
silent resting state. Because the RyRs open randomly, the number
of foci of Ca2+ waves is random, causing random SCR amplitudes.
This randomness causes random switches between the two
attractors, resulting in TA bursts. After escape from the meta-
stable limit cycle, Vm returns to the stable resting state followed by
a paced train of normal APs of variable duration until TA is again
initiated. This can lead to complex forms of parasystole in which
trains of paced APs are interspersed with bursts of TA. Further-
more, for TA to be initiated during pacing, the PCL must be
sufficiently long for SCR to occur during diastole. For shorter
PCL, initiation of TA requires a pause after pacing for SCR to
occur. Hence, initiation of TA generally depends on both pacing
history and statistical properties of SCR. For intermediate levels
of RyR leakiness, the lifetime of TA bursts will be highly variable
because NTAP follows in this case a broad geometric distribution.
As SCR is strengthened further, the probability of TA termination
becomes vanishingly small (i.e., DADs are always suprathreshold)
and the limit cycle becomes essentially stable.

Limitations. Some limitations of the present study are worth pointing
out. The CRU network is assumed to be regular while heteroge-
neities in the number of RyRs in each CRU and CRU spacing (34,
53), which are present in real myocytes, may affect intracellular Ca2+

dynamics. We use a model of RyR kinetics that incorporates a lu-
minal gate and RyR refractoriness based on experimental observa-
tions (43, 44). However, it has been shown that RyR refractoriness is
not required for spark termination during normal Ca2+ transients
(54–57), and whether RyRs exhibit refractoriness in cardiac myocytes
is still in debate (58, 59). We test the effect of eliminating RyR re-
fractoriness (SI Appendix, section J and Fig. S10). We find that it
does not prevent spark termination, consistent with other modeling
studies (54, 55), but suppresses DADs because increased RyR
leakiness reduces the SR load below the threshold for Ca2+ wave
initiation. This result suggests that RyR refractoriness may be
required for TA. Finally, our model assumes that the Ca2+ con-
centration is spatially uniform inside the submicron dyadic space.
Higher-resolution models (56, 60, 61) can relax this assumption
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but remain computationally prohibitive to characterize statistical
properties of TA.

Conclusions and Outlook
In summary, our results demonstrate that a stochastic bistable
switch between the resting silent state and a limit cycle consisting
of bidirectionally coupled voltage and Ca2+ oscillations is the
underlying mechanism of TA in cardiac myocytes. Bistability
originates from a positive feedback between voltage excitation
and SCR. Randomness in turn originates from fluctuations in the
number of Ca2+ wave foci that underlies a broad normal distri-
bution of SCR amplitude. Because DAD-mediated TA is a
candidate mechanism of PVCs in ventricular arrhythmias, our
study provides important insights into different PVC patterns (4)
or nonsustained episodes of ventricular tachycardia (3). Impor-
tantly, the mechanism of TA burst can be a candidate mecha-
nism for nonsustained ventricular tachycardia. This assumes
that similar mechanisms elucidated here for isolated cardiac
myocytes extend to a tissue scale, which sometimes may not be
straightforward (62). Owing to the property that the distribution
of waiting times of SCR events following excitation is narrow, we
expect DADs to occur synchronously in a large enough number of
cells to initiate TA when cells are electrically coupled. However,
heterogeneity of cellular properties could further complexify the
mechanisms of initiation and termination by introducing another
source of randomness that is distinct from ion channel stochas-
ticity. Extending the present investigation to the tissue scale is
made extremely challenging by the fact that simulations that re-
solve the stochastic and spatially distributed nature of Ca2+ release
are only presently feasible for small networks of cells. However,
the statistical properties of intracellular Ca2+ dynamics and initi-
ation and termination of TA elucidated here should already be
experimentally testable in isolated myocyte experiments. Finally,
the present insights into the positive feedback between voltage and
Ca2+dynamics may also be relevant for understanding the coupling
of the voltage and Ca2+ “clocks” in the related setting of sinoatrial
node pacemaking cells (63–65).

Methods
The mathematical formulations and parameters of the ventricular myocyte
model were presented in detail in a recent study by Song et al. (39). Here, we
outline the model briefly.

The spatiotemporal Ca2+ cycling model is based on the one developed by
Restrepo et al. (43, 44), which consists of a 3D network of 64 × 32 × 16 CRUs
(Fig. 7A). Each CRU includes the following subvolumes (Fig. 7B): a cytosolic
space (CYTO), a submembrane space (SUB), a dyadic space (DS), a junctional SR
(JSR), and a network SR (NSR). These subvolumes are linked either by Ca2+

diffusion or by SR Ca2+ release or uptake. The CRUs are coupled to the ex-
tracellular space via LCCs and NCX. Neighboring CRUs are coupled via Ca2+

diffusion in the cytosol and SR.
The membrane ionic current formulations are from the rabbit ventricular

myocyte model (39, 45), with the membrane potential (Vm) described by the
following:

Cm
dVm

dt
=−

�
INa + ICa,L + IKs + IKr + INCX + INaK + IK1 + Ito,f + Ito,s + ICab + Isti

�
, [5]

where Cm = 1 μF/cm2 is the membrane capacitance and Isti is the stimulus
current density. ICa,L is a summation of the unitary currents of the CRUs, that
is, ICa,L =

PN×m
k=1 iLCCðkÞ, where N is the total number of CRUs and m is the total

number of LCCs in a CRU. We choose m = 4 for control. INCX is also a sum-
mation of the unitary current of the CRUs, that is, INCX =

PN
k=1iNCXðkÞ. We add

a leak Ca2+ current (ICab), which is described by ICab =gCabðV − ECaÞ, where
ECa = ðRT=2FÞlnð½Ca�o=½Ca�iÞ is the reverse potential. Varying the conductance
of ICab changes the diastolic Ca2+ concentration in the cytosol and SR. For
simulations in Figs. 1–5, gCab = 0. For simulations in Fig. 6, gCab values vary
from 8 to 14 μS/μF.

The gating kinetics of RyR is described by a Markov model (Fig. 7C), which
is simulated stochastically. To simulate hyperactive RyRs, we introduce a
multiplicative factor α into the RyR gating kinetics:

k12 = αKuc2p   and  k43 = αKbc
2
p, [6]

where cp is the Ca2+ concentration in the dyadic space, and Ku and Kb are the
rate constants used in the original model (Ku = 0.00038 μM−2·ms−1 and Kb =
0.00005 μM−2·ms−1). Increasing α increases the RyR open probability.

The gating kinetics of LCCs is also described by a Markov model (Fig. 7D)
and simulated stochastically. To simulate β-adrenergic stimulation, we
modify the SERCA and the LCC properties. Specifically, we double both the
SERCA pump strength and the number of LCCs in a CRU. We also reduce s1
and s1′ by 50%, and increase r1 to three times its original value. s1, s1′, and r1
are transition rates of the original LCC model and are denoted in Fig. 7D.

The integration of differential equations is performed using the Euler
method. The time step for integration is 0.1 ms.
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