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Supplementary Material 
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 [5] 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 µs 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 - µA/cm2, the ionic concentration - µM (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 Ca2+ at the release site 
are as follows: ௗ[஼௔]೏ೞ(೔)ௗ௧ = (௃ೝ೤ೝ(೔) ି௃೐೑೑೗ೠೣ(೔) ା(௃೏೓೛ೝ(೔) )ఒ೏ೞ − 2 ௗ[஼௔ெ](೔)ௗ௧ − ௗ[஼௔ௌ௅](೔)ௗ௧ − ௗ[஼௔ௌோ](೔)ௗ௧      

ௗ[஼௔ெ](೔)ௗ௧ =  𝑘஼௔ெା ൫[𝐶𝑎]ௗ௦(௜)൯ଶ൫[𝐶𝑀]் − [𝐶𝑎𝑀]ௗ௦௜ ൯ − 𝑘஼ெି[𝐶𝑎𝑀]ௗ௦௜     

ௗ[஼௔ௌ௅](೔)ௗ௧ =  𝑘ௌ௅ା ൫[𝐶𝑎]ௗ௦௜ ൯൫[𝑆𝐿]் − [𝐶𝑎𝑆𝐿]ௗ௦௜ ൯ − 𝑘ௌ௅ି[𝐶𝑎𝑆𝐿]ௗ௦௜       

ௗ[஼௔ௌோ](೔)ௗ௧ =  𝑘ௌோା ൫[𝐶𝑎]ௗ௦௜ ൯൫[𝑆𝑅]் − [𝐶𝑎𝑆𝐿]ௗ௦௜ ൯ − 𝑘஼ெି[𝐶𝑎𝑆𝑅]ௗ௦௜      



where (i) is an index indicating the ith specific CRU, myodsds VV /=λ 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 Ca2+ 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 
[Ca2+]i. 

 
In this RyR2 model, the luminal regulation function (Ф) is determined by its dependency on luminal 

Ca2+ regulation coefficient 𝛷௠, and 𝛷௕ Ф =  𝛷௠ [𝐶𝑎ଶା]௦௥ +  𝛷௕ 

where [Ca2+]sr represents both [Ca2+]jsr and [Ca2+]nsr.  
 

Luminal regulation function (Ф) modifies the channel opening rate, which eventually loads [Ca2+]sr 
available for release. Coupling of the RyR2 channels in the cluster uses allosteric coupling energies, εoo and 
εcc, as described by Williams et al [10]. At each release site, the transition between two cluster states Si and 
Sj is represented as: 𝑆௜ఞ಴ೀ ௞ೝ೤ೝశ  ே಴→ೀሱ⎯⎯⎯⎯⎯⎯⎯⎯⎯ሮఞೀ಴ ௞ೝ೤ೝష  ேೀ→಴ር⎯⎯⎯⎯⎯⎯⎯⎯⎯ሲ𝑆௝       

where ( )OCCO NN →→  represents the number of channels in cluster state Si (Sj) that can be switched 
from Open to Closed (Closed to Open). The coupling gating in the cluster is given by the following 
equations: 𝜒௖௢ =  exp(−𝑎ത௝ × 0.5 × (𝑁௖௟௢௦௘ௗℇ௖௖ − (𝑁௢௣௘௡ − 1)ℇ௢௢)) 

Ф𝑘𝑎+([𝐶𝑎2+]𝑑𝑠𝑖 )𝜂
𝑘𝑎− 𝑘𝑏− 

𝑘𝑏+



𝜒௢௖ =  exp (−𝑎ത௝ × 0.5 × (𝑁௢௣௘௡ℇ௢௢ − (𝑁௖௟௢௦௘ௗ − 1)ℇ௖௖)) 

with is the average allosteric connectivity for each RyR based on mean-field approach by Groff et 
al [11].  The variables 𝑁௖௟௢௦௘ௗ and 𝑁௢௣௘௡ 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 Ca2+ 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 Ca2+ channel used the Goldman-Hodgkin-Katz (GHK) formalism was used [13]. 

 
 

Even though the role of extracellular calcium was not investigated in this study, the model also 
considered the effect of extracellular calcium [Ca2+]o on the model by modulating single channel current 
and shifting the half-activation voltage V1/2:  

 𝑉భమ = −40.344 + 13.31 × exp(−[𝐶𝑎]௢ × 10ିଷ/0.053) + 31.65 × 𝑒𝑥𝑝(−[𝐶𝑎]௢ × 10ିଷ/11.305) + 3  

It has been suggested that CaM tethers to a region of C-terminal between an EF and IQ 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 Ca2+/CaM complex is both necessary and 
sufficient for CDI [17]. Hence, the transition rate for CDI is formulated as k24 = c24 [Ca2+/CaM]. 

Not only Ca2+, but also other ions can also permeate via LCC [18]. However, due to the large 
permeability of Ca2+ compared to other ions (e.g., PCa/PNa > 1000), in this study, only Ca2+ 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 
 𝐼ே௔ = 𝑔ே௔𝑚ே௔ℎே௔ଷ 𝑗ே௔(𝑉௠ − 𝐸ே௔) 

 

with the ODE for gating variable follows the first-order differential equation [19] 
 𝑑𝑥ே௔𝑑𝑡 =  𝑥ஶ − 𝑥ே௔𝜏௫  

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. 

 
 ℎஶ = 11 + exp ((𝑉௠ + 76.1)/6.07) 

𝑗ஶ =  ℎஶ 

𝑚ஶ = 11 + exp ((𝑉௠ + 48)/−6.5) 

𝜏௠ =  0.001360.32(𝑉௠ + 47.13)/(1 − exp൫−0.1(𝑉௠ + 47.13)൯ + 0.08 × exp (−𝑉௠/11) 

 

If Vm >= -40 

 𝜏௛ = 0.0004537(1 + exp ((𝑉௠ + 10.66)/(−11.1))) 

𝜏௝ = 0.01163(1 + exp (−0.1(𝑉௠ାଷଶ)))exp (−2.535 × 10ି଻𝑉௠)  

If Vm < -40 

 𝜏௛ = 0.003490.81 exp((𝑉௠ + 80)/(−6.8)) + 3.56 exp(0.079𝑉௠) + 3.1 × 10ହexp (0.35𝑉௠) 



𝜏௝ = 0.003495(𝑉௠ + 37.78)1 + exp൫0.311(𝑉௠ + 79.23)൯ (−12714 exp(0.2444𝑉௠) − 3.474 × 10ିହ exp(−0.04391𝑉௠)) +0.1212exp (−0.01052𝑉௠)1 + exp (−0.1378(𝑉௠ + 40.14))
 

ℎஶ = 0.135exp ((𝑉௠ + 80)/(−6.8))0.135 exp ቀ𝑉௠ + 80−6.8 ቁ + 3.56 exp(0.079𝑉௠) + 3.1 × 10ହexp (0.35𝑉௠) 

𝑗ஶ = 𝑉௠ + 37.781 + exp൫0.311(𝑉௠ + 79.23)൯ (−12714 exp(0.2444𝑉௠) − 3.474 × 10ିହ exp(−0.04391𝑉௠))𝑉௠ + 37.781 + exp൫0.311(𝑉௠ + 79.23)൯ (−12714 exp(0.2444𝑉௠) − 3.474 × 10ିହ exp(−0.04391𝑉௠)) +0.1212exp (−0.010527𝑉௠)1 + exp (−0.1378(𝑉௠ + 40.14))
 

 

2.5 K+ Channel Currents 

There are four different K+ channel currents (Ito, IK1, IKr, and IKs). The formulas for these currents are 
based on models developed using experimental data observed in humans [20-22]. Modified Ito is also 
detailed in section 2.4 of the manuscript. IKr and IKs formulations are adopted from O’Hara et al [23]. 

 

Inward Rectifier Potassium Current (IK1) 𝐼௄ଵ = 𝑔௄ଵ × [𝐾ା]௢[𝐾ା]௢ + 210 × (𝑉௠ − 𝐸௄ − 1.73)1 + exp (0.0896(𝑉௠ − 𝐸௄ − 1.73)) 

 

Rapid Delayed Rectifier Potassium Current (IKr) 

𝐼௄௥ = 𝑔௄௥ × ඨ[𝐾ା]௢5.4  ×  𝑥௥  ×  𝑅௄௥ × (𝑉௠ − 𝐸௄) 

where 𝑥௥,ஶ =  11 + exp ൬−(𝑉௠ + 8.337)6.789 ൰ 

𝜏௫௥,௙௔௦௧ = 12.98 + 10.3652 ⋅ exp ቀ𝑉௠ + 31.663.869 ቁ + 4.123 ⋅ 10ିହ ⋅ exp ൬−(𝑉௠ − 47.8)20.38 ൰ 

𝜏௫௥,௦௟௢௪ = 1.865 + 10.06629 ⋅ exp ቀ𝑉௠ + 34.707.355 ቁ + 1.128 ⋅ 10ିହ ⋅ exp ൬−(𝑉௠ − 29.74)25.94 ൰ 

𝐴௫௥,௙௔௦௧ =  ଵଵାୣ୶୮ ቀೇ೘శఱర.ఴభయఴ.మభ ቁ  , 𝐴௫௥,௦௟௢௪ = 1 − 𝐴௫௥,௙௔௦௧ 



𝑑𝑥௥,௙௔௦௧𝑑𝑡 =  𝑥௥,ஶ −  𝑥௥,௙௔௦௧𝜏௫௥,௙௔௦௧  

𝑑𝑥௥,௦௟௢௪𝑑𝑡 =  𝑥௥,ஶ −  𝑥௥,௦௟௢௪𝜏௫௥,௦௟௢௪  

𝑥௥ = 𝐴௫௥,௙௔௦௧ ⋅ 𝑥௥,௙௔௦௧ + 𝐴௫௥,௦௟௢௪ ⋅ 𝑥௥,௦௟௢௪ 

 𝑅௄௥ =  1ቆ1 + exp ൬𝑉௠ + 5575 ൰ቇ + ቆ1 + exp ቀ𝑉௠ − 1030 ቁቇ 

 

Slow Delayed Rectifier Potassium Current (IKs) 

𝐼௄௦ = 𝑔௄௦ × ൮1 + 0.61 + (3.8 ⋅ 10ିହ[𝐶𝑎ଶା]௜ )ଵ.ସ൲ × 𝑥௦ଵ ×  𝑥௦ଶ  × (𝑉௠ − 𝐸௄) 

where 𝑥௦ଵ,ஶ =  11 + exp ൬−(𝑉௠ + 11.60)8.932 ൰ 

𝜏௫,௦ଵ = 817.3 + 12.236 ⋅ 10ିସ ⋅ exp ቀ𝑉௠ + 48.2817.80 ቁ + 0.001292 ⋅ exp ൬−(𝑉௠ + 210)230 ൰ 

𝑑𝑥௦ଵ𝑑𝑡 =  𝑥௦ଵ,ஶ −  𝑥௦ଵ𝜏௫,௦ଵ  

𝑥௦ଶ,ஶ = 𝑥௦ଵ,ஶ 

𝜏௫,௦ଶ = 10.01 ⋅ exp ൬𝑉௠ − 5020 ൰ + 0.0193 ⋅ exp ൬−(𝑉௠ + 66.54)31 ൰ 

𝑑𝑥௦ଶ𝑑𝑡 =  𝑥௦ଶ,ஶ −  𝑥௦ଶ𝜏௫,௦ଶ  

 

It was reported that the transient outward current (Ito), 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 Ito using O’Hara-Rudy activation and ten 
Tusscher-Panfilov inactivation gates. Furthermore, the modified Ito activation gate was decelerated 
(Equation 4). This is influenced by Courtemanche-Ramirez-Nattel (CRN) model where three activation 
gates are used (r3), causing net activation to be slower and net deactivation to be faster than that of a single 
gate [29]. The ten Tusscher-Panfilov Ito epicardial inactivation time constant is also similar to CRN model 
[30], and this inactivation gate was further accelerated by adjusting to s0.7 with the following equations: 



 𝐼௧௢ = 𝐺௧௢𝑟ଷ𝑠଴.଻(𝑉௠ − 𝐸௄) 

𝑟ஶ =  11 + 𝑒𝑥𝑝 ൬−(𝑉௠ − 14.34)14.82 ൰ 

𝜏௥ =  1.051511.2089 × ቆ1 + 𝑒𝑥𝑝 ൬−(𝑉௠ − 18.4129.38 ൰ቇ + 3.51 + 𝑒𝑥𝑝 ቀ𝑉௠ + 10029.38 ቁ 

𝑠ஶ = 11 + 𝑒𝑥𝑝 ቀ𝑉௠ + 205 ቁ 

𝜏௦ = 85 × 𝑒𝑥𝑝 ቆ−(𝑉௠ + 45)ଶ320 ቇ + 51 + 𝑒𝑥𝑝 ቀ𝑉௠ − 205 ቁ + 3 

where 𝑉௠ is the membrane potential, 𝑟ஶ is activation gate with its time constant 𝜏௥, 𝑠ஶ is inactivation 
gate with its time constant 𝜏௦, and EK is the reversal potential of K+. 

 

2.6 Sarcolemmal Pumps and Exchangers 

The two extrusion pathways for calcium via SL are plasma-membrane Ca2+/ATP-ase (PMCA) and 
Na+/Ca2+ exchanger (NCX). 

 𝐽௡௖௫ = −𝐴௠𝐼௡௖௫𝐹𝑉௠௬௢  

with Am is the SL surface area and Vmyo is the myoplasmic volume. The NCX is given by the formula 

 𝐼௡௖௫ = 𝐼௡̅௖௫ ([𝑁𝑎]௜)ଷ[𝐶𝑎]௢exp(𝜂௡௖௫𝐹𝑉/(𝑅𝑇)) − ([𝑁𝑎]௢)ଷ[𝐶𝑎]௠௬௢exp((𝜂௡௖௫ − 1)𝐹𝑉/(𝑅𝑇)(൫𝐾௡௖௫,ே௔൯ଷ + ([𝑁𝑎]௢)ଷ)(𝐾௡௖௫,ே௔ + [𝐶𝑎]௢)(1 + 𝑘௡௖௫௦௔௧ exp((𝜂௡௖௫ − 1)𝐹𝑉/(𝑅𝑇)  

with 𝐼௡̅௖௫  is the maximal NCX current. The formula for PMCA is 

 𝐼௣௠௖௔ = 𝐼௣̅௠௖௔ ([𝐶𝑎ଶା]௠௬௢)ఎ೛೘೎ೌ(𝐾௠,௣௠௖௔)ఎ೛೘೎ೌ + ([𝐶𝑎ଶା]௠௬௢)ఎ೛೘೎ೌ 

 

In the case of sodium and potassium pumps, we have 

 



𝐼ே௔శ/௄శ = 𝐼ே̅௔శ/௄శ 1(1 + 0.01245 exp ቆ−0.1 ቀ𝑉௠ 𝐹𝑅𝑇ቁቇ × 0.0365 ൬17 exp ൬ [𝑁𝑎]௢67300൰ − 1൰ exp ቀ−𝑉௠ 𝐹𝑅𝑇ቁ)× 11 + (21000[𝑁𝑎]௜ )ଵ.ହ [𝐾]௢[𝐾]௢ + 1500 

 
 

2.7 Background Currents 

The background currents follow the linear Ohm-law 
 𝐼௕௑ = 𝑔௑(𝑉௠ − 𝐸௑)       

 

The three different background currents were used in the model 𝐼௕஼௔ = 𝑔௕஼௔(𝑉௠ − 𝐸஼௔)       𝐼௕ே௔ = 𝑔௕ே௔(𝑉௠ − 𝐸ே௔)       𝐼௕௄ = 𝑔௕௄(𝑉௠ − 𝐸௄)       

 

with the reversal potentials are derived from Nernst equation. 𝐸௑ = ோ்ி௭೉ ln ([௑]೔[௑]೚)        

 

with zx is the valance of ion X. 

 

2.8 Sarco/Endoplasmic Reticulum Ca2+-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 5s-1.  

 𝐽௦௘௥௖௔ = 2 × 𝐴𝑝 × 𝑣௦௘௥௖௔ 

𝑣௦௘௥௖௔ = 3.24873 × 10ଵଶ(𝐾௠௬௢)ଶ + 𝐾௠௬௢(9.17846 × 10଺ − 11478.2𝐾௦௥) − 0.329904𝐾௦௥𝐷௖௬௖௟௘  

𝐷௖௬௖௟௘= 0.104217+17.923𝐾௦௥ + 𝐾௠௬௢(1.75583 × 10଺ + 7.61673𝐾௦௥) + ൫𝐾௠௬௢൯ଶ(6.08463 × 10ଵଵ + 4.50544 × 10ଵଵ𝐾௦௥) 

𝐾௠௬௢ = ( [𝐶𝑎]௠௬௢10ିଷ𝐾ௗ,௠௬௢)ଶ; 𝐾௦௥ = ( [𝐶𝑎]௡௦௥10ିଷ𝐾ௗ,௦௥)ଶ 

 

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: 



 𝑑[𝐶𝑎; 𝐶𝑎𝑀]𝑑𝑡 = 𝑘஼ெା ൫[𝐶𝑎]௠௬௢ଶ ൯൫[𝐶𝑀]் − [𝐶𝑎; 𝐶𝑎𝑀]௠௬௢൯ − 𝑘஼ெି[𝐶𝑎; 𝐶𝑎𝑀]௠௬௢ 𝑑[𝐶𝑎; 𝑆𝑅𝑏𝑢𝑓]𝑑𝑡 = 𝑘ௌோା ൫[𝐶𝑎]௠௬௢൯൫[𝑆𝑅𝑏𝑢𝑓]் − [𝐶𝑎; 𝑆𝑅𝑏𝑢𝑓]௠௬௢൯ − 𝑘ௌோି[𝐶𝑎; 𝑆𝑅𝑏𝑢𝑓]௠௬௢ 𝑑[𝐶𝑎; 𝑇𝑟𝑝𝑛]𝑑𝑡 = 𝑘்௥௣௡ା ൫[𝐶𝑎]௠௬௢൯൫[𝑇𝑟𝑝𝑛]் − [𝐶𝑎; 𝑇𝑟𝑝𝑛]௠௬௢൯ − 𝑘்௥௣௡ି [𝐶𝑎; 𝑇𝑟𝑝𝑛]௠௬௢ 

 

3. Parameters and Constants 
3.1 Initial Ionic Concentrations 

Parameter Definition Value 

[Na+]i Intracellular Na+ concentration 1.4 × 104 µM 

[K+]i Intracellular K+ concentration 1.4 × 105 µM 

[Ca2+]i or [Ca2+]myo Intracellular/myoplasmic Ca2+ concentration 0.0854 µM 

[Ca2+]nsr NSR Ca2+ concentration 1.0 × 103 µM 

   

 

3.2 Constants 

Parameter Definition Value 

F Faraday Constant 9.6485 × 104 C mol-1 

R Universal Gas Constant 8.314 × 103 mJ mol-1 K-1 

T Temperature 310 Kelvin 

[Na+]o Extracellular Na+ concentration 1.4 × 105 µM 

[Ca2+]o Extracellular Ca2+ concentration 1.8 × 103 µM 

[K+]o Extracellular K+ concentration 5.4 × 103 µM 

   

 

3.3 Cell Volume 

Parameter Definition Value 

Vmyo Myoplasmic volume 18 pL 

Vnsr NSR volume 0.86 pL 

Vjsr JSR volume 0.188 pL 

Vds Dyadic Subspace volume 0.028 pL 

 

 



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

Parameter Definition Value 

βds Dyadic subspace buffering fraction 0.1 (unitless) 

βnsr NSR buffering 1.0 (unitless) 

Bmyo Myoplasmic calmodulin buffer 1.4 × 102 µM 

Bjsr JSR calsequestrin buffer 3.0 × 104 µM 

Km,myo Half-saturation constant for Bmyo 0.96 µM 

Km,jsr Half-saturation constant for Bjsr 6.3 × 102 µM 

Btrpn Total troponin concentration 70 µM 

kon_trpn Troponin Ca2+ on rate 2.37 µM-1s-1 

koff_trpn Troponin Ca2+ off rate 0.032 s-1 

[BCaM]Total Total calmodulin buffer concentration 24 µM 

kon_CaM Calmodulin Ca2+ on rate 100 µM-1s-1 

koff_CaM Calmodulin Ca2+ off rate 38 s-1 

[BSL]Total Total SL membrane buffer concentration 900 µM 

kon_SL SL membrane Ca2+ on rate 115 µM-1s-1 

koff_SL SL membrane Ca2+ off rate 1000 s-1 

[BSR]Total Total SR membrane buffer concentration 47 µM 

kon_SR SR membrane Ca2+ on rate 115 µM-1s-1 

koff_SR SR membrane Ca2+ off rate 100 s-1 

   

 

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

Parameter Definition Value 

Ap Concentration of SERCA molecules 150 µM 

Kp_myo Dissociation constant (myoplasmic side) 169.8 µM 

Kp_nsr Dissociation constant (NSR side) 700 µM 

   

 

3.6 Maximum Pump Densities 

Parameter Definition Value 

ĪPMCA Plasmalemmal Ca2+ ATPase (PMCA) Pump 0.36 µA cm-2 

ĪNCX Sodium-calcium exchange (NCX) 1.18 × 103 µA cm-2 

ĪNaK Sodium-potassium ATPase (Na+/K+) Pump 1.8 × 103  µA cm-2 



   

 

3.7 Membrane and Ion Channel Conductances 

Parameter Definition Value 

gbCa Background Ca2+ conductance 9.1 × 10-5 mS cm-2 

gbK Background K+ conductance 3.2 × 10-3 mS cm-2 

gbNa Background Na+ conductance 5.97 × 10-4 mS cm-2 

gNa Fast Na+ channel conductance 16 mS cm-2 

gK1 Inward rectifier K+ conductance 0.238 mS cm-2 

gKr Rapid-delayed rectifier K+ conductance 0.0488 mS cm-2 

gKs Slow-delayed rectifier K+ conductance 0.028 mS cm-2 

gto Transient outward K+ conductance 0.618 mS cm-2 

Am Cell membrane surface area 1.534 × 10-4 cm2 

Csc Specific membrane capacitance 1.0 µF cm-2 

   

 

3.8 RyR2 Parameters 

Parameter Definition Value 

āj Average allosteric connectivity for each RyR2 3.571× 10-2 (unitless) 

ℇcc Allosteric coupling energy at closed state -1.022 (unitless) 

ℇoo Allosteric coupling energy at open state -0.85 (unitless) 

ηRyR RyR2 cooperativity/Hill coefficient 2.2 (unitless) 

Φm Luminal Ca2+ regulation coefficient 2.4 × 10-4 (unitless) 

Φb Luminal Ca2+ regulation coefficient 2.0 × 10-2 (unitless) 

 

 

 

 

 

 

 

 

 



3.9 L-type Ca2+ Channel Current Parameters 

 𝑃௢ଶ = −11 + 𝑒(௩ି௩భ/మ)/ௌ + 1 𝑉ଵ/ଶ = −40.344 + 13.31 × 𝑒൬ି[஼௔]೚ହଷ.଴ ൰ + 31.65 × 𝑒൬ି [஼௔]೚ଵଵଷ଴ହ൰ + 3 𝑆 = (0.632 + 0.368 × 𝑒(ି[஼௔]బଵ଴య ି଴.ଵ)/଴.଻଼ସ)) × (−3.792/(1 + 𝑒([஼௔]బଵ଴య ି଴.଴ସ଺ଽ)/଴.଴ଵଵ) + 6.39) 𝑎𝑡𝑡 = 130 + −1291 + 𝑒(௏೘ି଺଴)/଼ + 0.761 + 𝑒(௏೘ିହ)/ଷ.ଵସ 𝜏௉బమ = 0.00025 + 0.00305 × 𝑒ି଴.଴଴ସହ(௏೘ା଻)మ + 0.00105 × 𝑒ି଴.଴଴ଶ(௏೘ିଵ଼)మ 𝑖𝑛𝑐ℎ஼௔ = 0.89 + −0.8881 + 𝑒(௏೘ିସଷ.଴଺଺)/ଶ.ଶ଼ଽ × (1.004 + −1.1991 + 𝑒([஼௔]೚/ଵ଴యି଴.ଶହଽ)/଴.ଵ଺ସ) 𝑘ଵ,ହ = 𝑘ହ,ଵ𝑘ଵ,ଶ𝑘ଶ,ହ𝑘ହ,ଶ𝑘ଶ,ଵ  𝑘ହ,ସ = 𝑘ସ,ହ𝑘ହ,ଶ𝑘ଶ,ସ𝑘ସ,ଶ𝑘ଶ,ହ  𝑑ௗ௛௣௥ = 𝑑ௗ௛௣௥,([஼௔]బୀଵ.଼௠ெ)(1 + −11 + 𝑒([஼௔]೚/ଵ଴యି଴.଴଼)/଴.଴ଵହଽ) 𝑘ଵ,ଶ = 0.115 × 𝑃ைଶ/𝜏ைଶ 𝑘ଶ,ଵ = 0.115 × (1 − 0.155 × 𝑃ைଶ)/𝜏ைଶ × 𝑎𝑡𝑡 𝑘ଶ,ଷ = 0.7 × (987.3 + ିଽ଴ଷ.ହଷଵା௘(ೇ೘షఱభ.మయ)/ల.ళఴఱ) 𝑘ଷ,ଶ = 500 𝑘ଶ,ହ = 0.5 × (32 + ିଵ଼.ସ଺ଵା௘(ೇ೘షయబ)/ఱ.ళరల) × (1 − 𝑖𝑛ℎ஼௔) 𝑘ହ,ଶ = 1.0 × ൬32 + −5.031 + 𝑒(௏೘ିଷ଴)/଴.଻଼଻൰ + (0.95 + −0.931 + 𝑒(௏೘ାସ଴)/଴.଻଼଻) 𝑘ଶ,ସ = 8 × [𝐶𝑎𝑀] 𝑘ସ,ଶ = 1 𝑘ହ,ଵ = 6.9 𝑘ସ,ହ = 600 𝑘ଷ,ଶ = 500 𝑘଺,ଵ = 1 × (0.0022 + ଶଽଽ଼.ଽ଻଼ଵା௘ష(ೇ೘శరఱ)×బ.ళభరమఴ) 𝑘ଵ,଺ = 1 × (3000 + ଶଽଽ଼.ଽ଻଼ଵା௘ష(ೇ೘శరఱ)×బ.లలలళ) 

 
  



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 

Characteristic Our 
Model 

O'Hara-Rudy 
(DOI: 

10.1371/journal
.pcbi.1002061) 

Tusscher-
Panfilov 

(DOI: 
10.1152/ajphear
t.00794.2003) 

Grandi-Bers 
(DOI: 

10.1016/j.yjm
cc.2009.09.01

9) 

Himeno-Noma 
(DOI: 

10.1016/j.bpj.20
15.06.017) 

Action Potential      
Membrane 
Currents      

Formulation Stochastic Empirical Empirical Empirical Stochastic 
Calcium Sparks      
RyR Open 
Probability      
RyR 
Adaptability      

Calcium 
Cycling 
(SR-Myoplasm) 

     

Rate 
Dependence      

Dynamic Pacing 
(slow-fast-slow)      
AP Restitution 
(S1S2)      
RyR Transition 
States 3-state    2-state 

LCC Transition 
States 6-state    4-state 

CRU Dynamics Markov Hodgkin-
Huxley 

Hodgkin-
Huxley 

Hodgkin-
Huxley Markov 

 - present 
 - absent 
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