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Spatial Ca2+ cycling model 
This section describes the spatial Ca2+ cycling model which has been integrated with the ventricular 

AP model. This model is a simplified and efficient version of a previously developed model [1]. 

Variables 
Table S1: Ca2+ handling model variables 

Parameter Description Unit 

[Ca2+]ds Average Ca2+ concentration in the dyadic cleft µM 
m[Ca2+]ds Ca2+ concentration in dyad in CRU m µM 

[Ca2+]rbSS Average Ca2+ concentration in the subspace µM 
m[Ca2+]rbSS Ca2+ concentration in subspace in CRU m µM 
[Ca2+]cyto Average Ca2+ concentration in the bulk cytoplasm µM 

m[Ca2+]cyto Ca2+ concentration in cytoplasm in CRU m µM 
[Ca2+]nSR Average Ca2+ concentration in the network SR µM 
m[Ca2+]nSR Ca2+ concentration in network SR in CRU m µM 
[Ca2+]jSR Average Ca2+ concentration in the junctional SR µM 
m[Ca2+]jSR Ca2+ concentration in junctional SR in CRU m µM 
mJrel  | Jrel Release flux in dyad m | Whole cell average release flux µM.ms-1 

mJCaL | ICaL  LTCC flux in dyad m | Whole cell current µM.ms-1 | pA/pF 
mJup | Jup SR Uptake flux in CRU m | Whole cell SR update flux µM.ms-1  
mJleak

 | Jleak SR leak flux in CRU m | Whole cell SR leak flux µM.ms-1 
mJds Flux from dyad m to rbSS voxel at m µM.ms-1 
mJss Flux from rbSS to cytoplasm voxel m µM.ms-1 
mJjsr Flux from network to junctional SR at dyad m µM.ms-1 
mJtrpn Trpn buffering flux at CRU m µM.ms-1 
mJNaCa | INaCa Sodium-Ca2+ exchanger flux in CRU m | Whole cell current µM.ms-1 | pA/pF 
mJpCa | IpCa PMCA Ca2+ pump flux in in CRU m | Whole cell current µM.ms-1 | pA/pF 
JCab | ICab Background Ca2+ current flux in voxel p | Whole cell current µM.ms-1 | pA/pF 
mβcyto Instantaneous buffering in the cytoplasm in CRU m - 
mβjSR Instantaneous buffering in the junctional SR in CRU m - 
mno_ryr Number of open RyRs in dyad m - 
mCA Number of RyRs in the Closed Activated state, dyad m - 
mOA Number of RyRs in the Open Activated state, dyad m - 
mCI Number of RyRs in the Closed Inactivated state, dyad m - 
mOI Number of RyRs in the Open Inactivated state, dyad m - 
csqn Free calsequestrin concentration mM 
mM Proportion of csqn in monomer state, dyad m - 
md1 LTCC activation gate state 1, dyad m - 
md2 LTCC activation gate state 2, dyad m - 
md3

 LTCC activation gate state 3, dyad m - 
mf1 LTCC voltage-dependent inactivation state 1, dyad m - 
mf2 LTCC voltage-dependent inactivation state 2, dyad m - 
mfca1 LTCC Ca2+-dependent inactivation state 1, dyad m - 
mfca2 LTCC Ca2+-dependent inactivation state 2, dyad m - 
Vm Membrane potential mV 

 

 

  



Fundamental equations for Ca2+ concentration 
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Where transfer between compartments is given by: 
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And the reaction terms are: 
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Spatial diffusion is described by a 6-node nearest neighbours finite difference approximation: 
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Where ei refers to the three dimensions (x,y,z) 

  



Table S2: Cell structure and diffusion parameters  

Parameter Description Value 

vi Cytoplasm volume per CRU 1.0 µm3 

vnsr Network SR volume per CRU 0.05 µm3 
vSS Sub-space volume per CRU 0.0175 µm3

 
     

<vds> Average volume of individual dyad 1.712 x10-3 µm3 
vjSR Volume individual jSR 0.015 µm3 
τds Time constant diffusion from dyad to SS 0.022 ms 
τss Time constant diffusion from SS to cytoplasm 0.1 ms 
τjSR Time constant diffusion from nSR to jSR 5 ms 
τi,transverse Time constant of transverse cytoplasm diffusion 2.3 ms 
τi,longitudinal Time constant of longitudinal cytoplasm diffusion 2.9 ms 
τss,transverse Time constant of transverse subspace diffusion 1.25 ms 
τss,longitudinal  Time constant of longitudinal subspace diffusion 1.95 ms 
τnSR,transverse Time constant of transverse nSR diffusion 7 ms 
τnSR,longitudinal Time constant of longitudinal nSR diffusion 14 ms 

 

Reaction terms 
The formulations for the reaction terms (Equations (9-13)) are described below: 

Intracellular Ca2+ release, Jrel 
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mno_RyR is the number of open RyR channels in dyad m. RyR dynamics is described by a 4-state Markov 

Chain model. The model is similar to Stern et al [2] and Restrepo et al [3], with a functional monomer 

induced inactivation based on csqn dynamics described by Gaur-Rudy [4]. 
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In this model, OA is the only state in which a flux occurs. Thus, mno_RyR
 is equal to the number of 

channels in dyad m which are in state OA (red text in schematic). 

L-type Ca2+ channel flux, JCaL 

The flux through the L-type Calcium Current is defined as: 

_
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CaL o LTCC CaLJ n J     (31) 

Where mno_LTCC is the number of open LTCC channels in dyad m (defined below) and CaLJ  is the 

maximal flux rate per channel [5]: 
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Where [Ca2+]o is the extracellular Ca2+ concentration, PCa is the maximum permeability of an individual 

LTCC and F is the Faraday constant. 

The LTCCs are described by a Markov Chain construction of a Hodkin-Huxley model [5,6] 



 

Which is equivalent to the three gate Hodgkin-Huxley model: 

 

And thus described by: 
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Where the transition rates for each variable couplet, (x = d1-d2, f1-f2, fca1-fca2) are defined from the 

steady-state and time constant in the standard way: 
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Note that the steady states of the inactivation gates (f, fca) are inverse to those in the standard 

Hodgkin-Huxley model because in this Markov description f2 is the inactivated state, equivalent to (1-

f) in the standard description (and f1 is equivalent to f). 

Table S3: RyR and LTCC flux parameters 

Parameter Description Value 

gryr Maximal flux rate through the RyRs  2.05 x 10-4 µm3 ms-1 

PCa Maximum permeability of LTCC 11.9 µmol C-1 ms-1 

Ca   Activity Coefficient LTCC 0.341       

NRyR Number of RyRs per dyad* 100 
H RyR Open rate Ca2+ power 2.5 
ka RyR activation rate constant 1.58 x 10-4 µM-2.5 ms-1 

kb RyR deactivation rate constant 1.0 ms-1 

,1M   Time constant of monomer binding 25 ms 

,1Mi  Time constant of monomer inactivation 30 ms 

,2M  Time constant monomer unbinding  156 ms 

,2Mi  Time constant of de-inactivation 75 ms 

NLTCC Number of L-type Ca2+ channels per dyad* 15 
kd2d3 Rate constant for transition d2-d3  0.3 ms-1 

kd3d2 Rate constant for transition d3-d2 6.0 ms-1 

fca  Time constant for Ca2+ induced inactivation 15 ms 

Ca   Ca2+ constant for Ca2+ induced inactivation 6.0 µM  

[Ca2+]o Extracellular Ca2+ concentration 1.8 mM 

 



Intracellular uptake and leak, Jup and Jleak 

These equations are based on Restrepo et al [3] and preceding studies [7,8].  
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Table S4: Ca2+ uptake and leak parameters 

Parameter Description Value 

gup Maximal flux rate of Jup 0.339 µM.ms-1 

Kcyto Cytoplasm constant for Jup 0.15 µM 
KnSR Network SR constant for Jup 1700 µM 
gleak Maximal flux rate of Jleak 1.412 x10-5 ms-1 
Kleak Jleak constant 450 µM 

 

 

Membrane fluxes, JNaCa, JpCa and JCaB 

 

 
 

1 2 ( 1) 2

( 1)

1 2 3( ) 1

m
z z

a NaCa vox i o o cytom

NaCa z

sat

K g v e Na Ca e Na Ca
J

t t t K e

 



     



              


  
  (50) 

   1 2 2
m m

m

pCa i pCa mpCai i
J v g Ca K Ca            (51) 

 1

,

m

Cab vox Cab m r CaJ v g V E     (52) 

Where 

 
3

3

1 1mCai mNaio i
t K Na Na K  

        
 

  (53) 

 3 2 2

2 1
m m

mNao mCaii i
t K Ca Ca K  

        
 

  (54) 

3 3 3
2 2

3

m

mCao i i o o i
t K Na Na Ca Na Ca                           (55) 

 21
m

a da i
K K Ca        

   (56) 

mV F
z

RT
    (57) 



 

Table S5: Membrane flux parameters 

Parameter Description Value 

gNaCa Maximal flux rate of Sodium-Ca2+ exchanger 0.3726 µm3.µM.ms-1 
Kda Ca2+ scaling constant 0.11 µM  
   Voltage sensitivity coefficient 0.35 
Ksat Saturation constant 0.27 
Kmcai Intracellular Ca2+ constant 3.59 µM 
Kmcao Extracellular Ca2+ constant 1.3 mM 
Kmnai Intracellular Na+ constant 12.3 mM 
Kmnao Extracellular Na+ constant 87.5 mM 
gpca Maximal flux rate of PMCA Ca2+ pump 1.37 x10-3 µm3.µM.ms-1 
gcab Maximal flux rate of background Ca2+ current 1.82 x10-5 µm3.µM.ms-1.mV-1

 

[Na+]i Intracellular Na+ concentration 7.95 mM 
[Na+]o Extracellular Na+ concentration 136 mM 

 

Ca2+ Buffering 

Instantaneous buffering in the cytoplasm 
Instantaneous buffering in the cytoplasm follows that of previous models, e.g., Restrepo et al [3] and 

Nivala et al. [9], based on [10]. At each voxel, n, the buffering term is given by: 
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Where x refers to four buffering processes: Calmodulin, SR sites, Myosin (Ca) and Myosin (Mg).  

Instantaneous buffering in the jSR 
Buffering in the jSR follows that of the previous study Gaur-Rudy [4]: 
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Table S4: Ca2+ buffering parameters 

Parameter Description Value 

KCAM Dissociation constant for calmodulin  7.0 µM 
BCAM Total concentration buffering sites 24.0 µM  
KSR Dissociation constant for SR sites  0.6 µM 
BSR Total concentration buffering sites 47.0 µM  
KM,Ca Dissociation constant for Myosin (Ca)  0.033 µM 
BM,Ca Total concentration buffering sites 140.0 µM  
KM,Mg Dissociation constant for Myosin (Mg) 3.64 µM 
BM,Mg Total concentration buffering sites 140 µM 
Kmcsqn Dissociation constant for csqn 0.8 mM 
Bcsqn Total concentration buffering sites 10 mM 
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