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Majority of the equations, state transitions, and flux terms were developed from an existing
spatiotemporal rat model by Tuan et al [1-3] and other contributions of calcium spark characteristics by
Williams et al [4]. In addition, the 6-state LCC Markov model and the 3-state RyR model were adopted
from the guinea-pig model by Paudel et al [S] stemmed from the aforementioned literatures. Further
variation, development, and adjustments of the model into a physiological human cardiac myocyte is
detailed in the original submitted text accompanied by this supplemental material.

1. Numerical Methods

The model is fully stochastic in terms of channel gating of RyRs and LCCs. The program was mainly
written in Fortran and CUDA Fortran, using CUDA programming toolkit to run on Nvidia Fermi GPU,
with some parts written in C++. The Euler method was used to solve the partial-differential equations
(PDEs) of diffusion-reaction, and other ordinary differential equations (ODEs). The adaptive time-step
ranging from 10 ns to 1 ps was used. When there is some activity, due to channel gating, the time-step will
be reduced for numerical stability. The units in the systems are as follows: transmembrane potential - mV,
membrane currents - uA/cm’, the ionic concentration - uM (defined based on the corresponding volume),
time - second (s). To handle the extremely large data generated by the 3D model, the HDF5 (Hierarchical
Data Format) library is used [6], where the data exported in a compressed format that can be extracted later
for further data analysis. The IDL language (Data Visualization Software, 2014) was used to perform all
data visualization and data analysis. In this study of calcium waves, the two ions (K", Na") are kept constant
for the duration of the simulation. Similarly, the corresponding currents are modeled as uniform too [7].

2. Model Equations and Parameters
2.1 Calcium release site (CRU)

Cardiomyocyte CRUs in cardiac dyad consist of couplons where L-type calcium channels (LCCs) in
t-tubules are co-localized with ryanodine receptors (RyR2s; type-2 in cardiac cells) in junctional SR (JSR)
membrane. The 20,000 CRUs in this model are composed of 9 individual LCCs and 49 RyRs. These CRUs
are intricately connected through the complex organization of the network SR (NSR) which stores the main
intracellular calcium in cardiac muscle cells. The differential equations describing Ca*" at the release site
are as follows:
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where (i) is an index indicating the i" specific CRU, 4, =V, / Vo is the volume fraction that scale

the fluxes, defined based on myoplasmic volume, to the subspace volume compartment. The membrane
buffers used here are similar to those used previously [8, 9].

2.2 3-State Ryanodine Receptor Type-2 Model

To capture the Ca®" release from CRUs, this model includes a 3-state ryanodine receptor mode
switching (Figure 2) which incorporates cytosolic calcium-dependent and luminal calcium-dependent
gating from Paudel and co-workers [5]. A luminal dependence function modulated RyR open probability
to match calcium spark characteristics from Williams et al [10] and also incorporated minimal adjustments
to allosteric coupling energies. The second closed state (C3) is the RyR2 adaptive state from changes in
[Ca®]..
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In this RyR2 model, the luminal regulation function (®) is determined by its dependency on luminal
Ca”" regulation coefficient @,,, and @,

o= 9, [Ca2+]sr + @,
where [Ca”']s; represents both [Ca*]is; and [Ca* .

Luminal regulation function (®) modifies the channel opening rate, which eventually loads [Ca*]s
available for release. Coupling of the RyR2 channels in the cluster uses allosteric coupling energies, €, and
£, as described by Williams et al [10]. At each release site, the transition between two cluster states S; and
S; is represented as:

Xco k;-yr Ncso
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Xoc kryr Nosc

where Nooc (NC”O ) represents the number of channels in cluster state S; (S;) that can be switched
from Open to Closed (Closed to Open). The coupling gating in the cluster is given by the following
equations:

Xeco = eXp(—C_lj x 0.5 % (Nclosedscc ( open 1)800))



Xoc = €Xp (_dj X 0.5 X (Nopensoo - (Nclosed - 1)€cc))

with %7 is the average allosteric connectivity for each RyR based on mean-field approach by Groff et
al [11]. The variables N joseq and Nopep represent the current number of non-conducting, and conducting

channels in the cluster state Si, respectively.

Details of the 3-state RyR2 model are also detailed in section 2.2. and Appendix A.2 Supplementary
Equations of the manuscript.

2.3 6-State L-Type Calcium Channel Model

The 6-state L-type Ca®* channel (LCC) model is derived from 5-state LCC model for rat ventricle
myocyte from Sun and co-workers with parameters adjusted for the new spark model [12]. Permeation of
the L-type Ca** channel used the Goldman-Hodgkin-Katz (GHK) formalism was used [13].

K45

K51 K15 42 K42 | | K24

K12

Even though the role of extracellular calcium was not investigated in this study, the model also
considered the effect of extracellular calcium [Ca”"], on the model by modulating single channel current
and shifting the half-activation voltage V:

Vi = —40.344 + 13.31 X exp(—[Ca], X 1073/0.053) + 31.65 X exp(—[Ca]l, x 1073/11.305) + 3
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It has been suggested that CaM tethers to a region of C-terminal between an EF and 1Q domain of
LCC [14], with 2 different segments (A and C sequences) within the pre-IQ motif of LCC have been
indicated to be critical for CDI [15], and this tethering occurs at very low level of calcium concentration
(20-100 nM) [16]. This is the range of resting calcium level; thus, it is assumed that all CaM tethers to the
channels all the time. So, the total [CaM] is assumed fixed in the subspace, and calcium-dependent
inactivation of LCC (k2->4) is modelled via calcium-Calmodulin (CaCaM) complex. In the model, similar
to the experimental data, it is assumed that a single bound Ca’>"/CaM complex is both necessary and
sufficient for CDI [17]. Hence, the transition rate for CDI is formulated as k24 = ¢24 [Ca**/CaM].

Not only Ca?*, but also other ions can also permeate via LCC [18]. However, due to the large
permeability of Ca?* compared to other ions (e.g., PCa/PNa > 1000), in this study, only Ca’" current is



modelled. Due to the nonlinearity in the I-V curve, and based on the assumption of independent permeation
between ion species and constant-field theory, the GHK formalism was used [13].

Details of the 6-state LCC model are also explained in section 2.3 of the manuscript.

2.4 Na* Channel Current

The whole-cell Na* current was derived from the formula
INa = gNamNahIS\'lajNa(Vm - ENa)

with the ODE for gating variable follows the first-order differential equation [19]

dea _ X — XNq

dt Ty

where x represents the dimensionless gating variables, either m, h, or j, in the range between 0 and 1.0.
The unit for the time constants is in seconds.
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2.5 K" Channel Currents

There are four different K* channel currents (Lo, Ix1, Ikr, and Iks). The formulas for these currents are
based on models developed using experimental data observed in humans [20-22]. Modified I, is also
detailed in section 2.4 of the manuscript. Ixr and Ixs formulations are adopted from O’Hara et al [23].

Inward Rectifier Potassium Current (Ix;)
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Rapid Delayed Rectifier Potassium Current (Ix:)
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It was reported that the transient outward current (I,), present in human and rabbit atrial cells [24-27],
has been shown to recover from inactivation at least two orders of magnitude faster in humans than in
rabbits [27-29]. Thus, we also introduce a modification of I, using O’Hara-Rudy activation and ten
Tusscher-Panfilov inactivation gates. Furthermore, the modified I, activation gate was decelerated
(Equation 4). This is influenced by Courtemanche-Ramirez-Nattel (CRN) model where three activation
gates are used (13), causing net activation to be slower and net deactivation to be faster than that of a single
gate [29]. The ten Tusscher-Panfilov I, epicardial inactivation time constant is also similar to CRN model
[30], and this inactivation gate was further accelerated by adjusting to s%7 with the following equations:
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where 1}, is the membrane potential, 7, is activation gate with its time constant 7,., S, is inactivation
gate with its time constant 7g, and Exis the reversal potential of K'.

2.6 Sarcolemmal Pumps and Exchangers

The two extrusion pathways for calcium via SL are plasma-membrane Ca*'/ATP-ase (PMCA) and
Na'/Ca?* exchanger (NCX).
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with A, is the SL surface area and Vo, is the myoplasmic volume. The NCX is given by the formula
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with I, is the maximal NCX current. The formula for PMCA is

omea = (€@ )7
pmea pmea (Km,pmca)npmm + ([Ca2+]myo)npmm

In the case of sodium and potassium pumps, we have
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2.7 Background Currents

The background currents follow the linear Ohm-law

Iyx = gx(Vim — Ex)

The three different background currents were used in the model
Inca = 9vcaVin — Eca)
Iyna = gona(Vim — Ena)
Iyk = gpk (Vi — Ex)

with the reversal potentials are derived from Nernst equation.
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X

with zx is the valance of ion X.

2.8 Sarco/Endoplasmic Reticulum Ca’**-ATPase (SERCA)

The 2-state reduced model of the Tran-Crampin SERCA pump model [31] was chosen with parameters
selected so that the maximum pumping rate per molecule, max(Vserca), is 55~

Jserca = 2 X AP X Vgereq
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2.9 Sarcoplasmic Reticulum Ion pumps

The three endogenous buffers of calmodulin (CaM), troponin (Trpn), and the phospholipids of the SR
membrane (SRbuf) are used for the bulk myoplasm:
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3. Parameters and Constants

3.1 Initial Ionic Concentrations

Parameter Definition Value
[Na'); Intracellular Na* concentration 1.4 x 10* uyM
[K'Ti Intracellular K* concentration 1.4 x 10° uM
[Ca*']i or [Ca’ |myo Intracellular/myoplasmic Ca®* concentration  0.0854 uM
[Ca* s NSR Ca** concentration 1.0 x 10° uM
3.2 Constants
Parameter Definition Value
F Faraday Constant 9.6485 x 10* C mol!
R Universal Gas Constant 8.314 x 10* mJ mol! K!
T Temperature 310 Kelvin
[Na'], Extracellular Na* concentration 1.4 x10° uM
[Ca®'], Extracellular Ca** concentration 1.8 x 10° uM
[KTo Extracellular K* concentration 5.4 x10° uM
3.3 Cell Volume
Parameter Definition Value
Vinyo Myoplasmic volume 18 pL
Vst NSR volume 0.86 pL
Visr JSR volume 0.188 pL
Vs Dyadic Subspace volume 0.028 pL




3.4 Buffering Parameters (adopted from Sobie et al [32] and Grandi et al [21]).

Parameter Definition Value

Bas Dyadic subspace buffering fraction 0.1 (unitless)
Buse NSR buffering 1.0 (unitless)
Bumyo Myoplasmic calmodulin buffer 1.4 x10* uM
Bir JSR calsequestrin bufter 3.0 x 10* uM
Km,myo Half-saturation constant for Bmyo 0.96 uM

K jor Half-saturation constant for B 6.3 x 10> uM
Birpn Total troponin concentration 70 uM

Kon trpn Troponin Ca*" on rate 237 uMls™!
Koff trpn Troponin Ca?* off rate 0.032 s
[Bcam ] Total Total calmodulin buffer concentration 24 uM

Kon cam Calmodulin Ca*" on rate 100 pM's!
Koff cam Calmodulin Ca®" off rate 385!
[BsL]Total Total SL membrane buffer concentration 900 uM

Kon sL SL membrane Ca”" on rate 115 uM's™
Kofr sL SL membrane Ca’" off rate 1000 s
[Bsr]Total Total SR membrane buffer concentration 47 uM

Kon sr SR membrane Ca*" on rate 115 uM's™!
Kot sr SR membrane Ca?" off rate 100 s

3.5 SERCA Pump Parameters (adopted from Tran-Crampin model [31] with minimal adjustments).

Parameter Definition Value
Ap Concentration of SERCA molecules 150 uM
Ky myo Dissociation constant (myoplasmic side) 169.8 uM
Kp nsr Dissociation constant (NSR side) 700 uM
3.6 Maximum Pump Densities
Parameter Definition Value
Ipmca Plasmalemmal Ca®* ATPase (PMCA) Pump 0.36 pA cm™
Incx Sodium-calcium exchange (NCX) 1.18 x 10° pA cm?
Inak Sodium-potassium ATPase (Na”/K") Pump 1.8 x 10> pA cm™




3.7 Membrane and Ion Channel Conductances

Parameter Definition Value
EbCa Background Ca?* conductance 9.1 x 10° mS cm™
bk Background K™ conductance 3.2x10° mS cm™
ZoNa Background Na' conductance 5.97 x 10* mS cm™
ENa Fast Na" channel conductance 16 mS cm™
gKi Inward rectifier K™ conductance 0.238 mS cm?
gKr Rapid-delayed rectifier K conductance 0.0488 mS cm™
2Ks Slow-delayed rectifier K" conductance 0.028 mS cm™
o Transient outward K* conductance 0.618 mS cm™
Am Cell membrane surface area 1.534 x 10* cm?
Csc Specific membrane capacitance 1.0 uF cm?

3.8 RyR2 Parameters
Parameter Definition Value
3 Average allosteric connectivity for each RyR2  3.571x 107 (unitless)
Ecc Allosteric coupling energy at closed state -1.022 (unitless)
Eoo Allosteric coupling energy at open state -0.85 (unitless)
NRyR RyR2 cooperativity/Hill coefficient 2.2 (unitless)
Dy, Luminal Ca®" regulation coefficient 2.4 x 10™ (unitless)
Dy Luminal Ca®" regulation coefficient 2.0 x 107 (unitless)




3.9 L-type Ca** Channel Current Parameters
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4. Model Comparisons

Other well-known models in literature presented various characteristics suitable for different
applications as discussed in the manuscript. In contrast, the model presented here also contain applicable
properties as detailed in the supplementary table below:

Supplementary Table S1. Characteristic Comparisons to other Models

O'Hara-Rudy Tusscher- Grandi-Bers | Himeno-Noma
. Panfilov (DOI: (DOL:
Characteristic Our (DOL: . : i ’
. (DOLI: 10.1016/j.yjm | 10.1016/i.bpi.20
Model 10.1371/journal . J-5p)
cbi.1002061) 10.1152/ajphear | ¢c.2009.09.01 15.06.017)
PeoL. t.00794.2003) 9
Action Potential v v v v v
Membrane v v v v v
Currents
Formulation Stochastic Empirical Empirical Empirical Stochastic
Calcium Sparks v
RyR Open
Probability v v v
RyR
Adaptability v [l
Calcium
Cycling v v v
(SR-Myoplasm)
Jate v v v v v
Dependence
Dynamic Pacing
X X X X
(slow-fast-slow) v
AP Restitution
X X X
(S152) v v
lslt};ft{G;Fransmon 3-state 2-state
IggtisTran51t10n 6-state 4-state
. Hodgkin- Hodgkin- Hodgkin-
CRU Dynamics Markov Huxley Huxley Huxley Markov

= present
- absent
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