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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 m µM 

[Ca2+]rbSS Average Ca2+ concentration in the subspace µM 
n[Ca2+]rbSS Ca2+ concentration in subspace voxel n µM 
[Ca2+]cyto Average Ca2+ concentration in the bulk cytoplasm µM 

n[Ca2+]cyto Ca2+ concentration in cytoplasm voxel n µM 
[Ca2+]nSR Average Ca2+ concentration in the network SR µM 
q[Ca2+]nSR Ca2+ concentration in network SR voxel q µM 
[Ca2+]jSR Average Ca2+ concentration in the junctional SR µM 
m[Ca2+]jSR Ca2+ concentration in junctional SR 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 
qJup | Jup SR Uptake flux in voxel q | Whole cell SR update flux µM.ms-1  
qJleak

 | Jleak SR leak flux in voxel q | Whole cell SR leak flux µM.ms-1 
mJds Flux from dyad m to rbSS voxel at m µM.ms-1 
nJss Flux from rbSS to cytoplasm voxel n µM.ms-1 
mJjsr Flux from network to junctional SR at dyad m µM.ms-1 
nJtrpn Trpn buffering flux at voxel n µM.ms-1 
pJNaCa | INaCa Sodium-Ca2+ exchanger flux in voxel p | Whole cell current µM.ms-1 | pA/pF 
pJpCa | IpCa PMCA Ca2+ pump flux in voxel p | 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 
nβcyto Instantaneous buffering in the cytoplasm, voxel n - 
mβjSR Instantaneous buffering in the junctional SR, dyad m - 
nHtrpn Ca2+ bound to high affinity troponin sites, voxel n µM 
nLtrpn Ca2+ bound to high affinity troponin sites, voxel n µM 
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 
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Cell Structure 

Table S2: Cell and voxel volumes and dimensions 

Parameter Description Value 

vcyto Total volume cytoplasm 49 695 µm3 
vcyto_vox/vvox Volume per voxel cytoplasm 3.137 x10-2 µm3 

vnsr Total volume network SR 1 826 µm3 
vnsr_vox Volume per voxel nSR (1D strand map) 2.987 x 10-3 µm3 
vrbSS Total volume of sub-space* 356 – 535 µm3

 
     

vrbSS_vox Volume per voxel sub-space** 2.703 x10-3 – 1.2825 x 10-2 µm3  
<vds> Average volume of individual dyad*** 1.512 x10-3 µm3 
vjSR Volume individual jSR 3.5 x10-2 µm3 
Ncyto Number of voxels associated with the 

cytoplasm 
1 584 408 

NnSR Number of voxels associated with the 
nSR 

611 404 

NMEM Number of voxels associated with the 
surface sarcolemma and T-tubules 

463 624 

NDyads Number of dyads / jSRs 17 458 

* Volume is varied between simulations 
** Dependant on discretisation resolution of subspace 
*** Varied between individual dyads within a single simulation 
Total volume and dimensions are provided for the full-length cell model 

Calcium Dynamics 

This section gives the fundamental equations describing Ca2+ dynamics in each of the five 

domains (cytoplasm, reduced buffering subspace, dyadic cleft, network and junctional SR). 

Diffusively coupled domains (cyto, rbSS, nSR) 

In the three diffusively coupled domains, dynamics of Ca2+ concentration is described by the 

isotropic reaction diffusion equation: 

 
2
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[ ]
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Where Φ is a general reaction term, β is the instantaneous buffering term (βcyto given below 

and where βnSR,rbSS = 1), ∇2 is the spatial laplacian operator in 3-D and D is the diffusion 

coefficient. At each voxel, n= 1, 2 … Ncyto, the laplacian is approximated by the 6 node nearest 

neighbour finite difference method: 
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Where Δx is the spatial discretisation step, x1-x3 are the three spatial dimensions and nx±1 

refers to each of the 2 neighbours in each dimension. In the cytoplasm and rbSS domains 

these correspond to the standard 6 nearest-neighbours (i.e., ± Δx in the x, y and z directions); 

in the nSR for the full structural model, these are defined by the neighbourhood map from the 

full resolution reconstruction.  
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Dyad and jSR 

For each dyad and jSR, where m is the subset of voxels which contain a dyad (m = 1, 2 ...  

Ndyads): 

 
2

m

m m mds
rel CaL ds

d Ca
J J J

dt


  
      (3) 
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   (4) 

Fluxes Jrel and JCaL are given in the section Reaction Terms and Flux Definition and Jds and 

JjSR given in the next sub-section; all are dependent on local Ca2+ concentrations. 

Due to the small volume of the dyadic cleft, an analytical description can be found for the 

dyadic cleft Ca2+ concentration under the approximation that the volume reaches its steady-

state concentration within the time-step, Δt. Thus, by setting: 

2

0ds
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    (5) 

An approximation for equation (3) can be obtained as [1]: 
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Where θ(m)=n is the dyad mapping function (inverse map θ -1(n)=m). krel is given in the sub-

section Reaction Terms and Flux Definition: Dyad Fluxes. 

Inter-domain diffusion 

Free Ca2+ diffusion occurs between the dyadic cleft and rbSS, the rbSS and bulk cytoplasm, 

and the network and junctional SR [2]. 

Dyadic cleft to rbSS: 

 ( )
2 2 1

m m
m

ds dsds rbSS
J Ca Ca



             (7) 

rbSS to cytoplasm: 

 2 2 1
n n

n

SS ssrbSS cyto
J Ca Ca              (8) 

Network to junctional SR: 

 ( )
2 2 1

m m
m

jSR jSRjSR nSR
J Ca Ca



             (9) 
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Table S3: Free Ca2+ diffusion parameters 

Parameter Description Value 

D Diffusion coefficient (cytoplasm, nSR) 0.3 µm/ms 
DrbSS Diffusion coefficient (rbSS)* 0.3 – 1.0 µm/ms 
Δx Spatial discretisation step 0.35 µm 
ΔxrbSS Spatial discretisation step (rbSS)** 0.35 – 1.4 µm 
𝜏ds Time constant diffusion dyad → rbSS 0.022 ms 

𝜏ss Time constant diffusion rbSS → cytoplasm 0.1 ms 

𝜏jSR Time constant diffusion jSR → nSR 5 ms 

* Varied between simulations 
** Dependant on discretisation resolution 

Ca2+ Buffering 

Instantaneous buffering in the cytoplasm 

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

[2] and Nivala et al. [3], based on [4]. 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 [5]: 
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   (11) 

Troponin buffering and force 

Troponin buffering and force generation is from the Gauthier et al model [6,7]: 
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Where Fnorm is the normalised force: 
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And: 
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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  1.08 µM 
BSR Total concentration buffering sites 47.0 µM  
KM,Ca Dissociation constant for Myosin (Ca)  0.01155 µM 
BM,Ca Total concentration buffering sites 49.0 µM  
KM,Mg Dissociation constant for Myosin (Mg) 6.552 µM 
BM,Mg Total concentration buffering sites 140 µM 
Kmcsqn Dissociation constant for csqn 0.8 mM 
Bcsqn Total concentration buffering sites 10 mM 
k+

H, trpn On rate for troponin high affinity sites 100 mM-1 ms-1 
k-

H, trpn Off rate for troponin high affinity sites 1.0 x10-3 ms-1 

k+
L, trpn On rate for troponin low affinity sites 100 mM-1 ms-1 

k-
L, trpn Off rate for troponin low affinity sites 4.0 x 10-2 ms-1 

BH,trpn Total high affinity sites on troponin 0.14 mM 
BL,trpn Total low affinity sites on troponin 0.7 mM 
fXB Weak to strong cross bridge transition rate 0.05 ms-1

 

gXB,min Maximum strong to weak rate 0.1 ms-1 

SL Sarcomere length 2.15 µm 
Kpn,TRPN Permissive to non-permissive transition rate 0.04 ms-1
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Reaction terms and flux definitions 

Thus far, only the contributions of free Ca2+ diffusion to the reaction terms have been defined. 

In this section, the full reaction terms and their governing equations are described. 

Dyad and jSR 

Other than free Ca2+ diffusion, the only fluxes acting into the dyad are Jrel and JCaL described 

by the RyR and LTCC models, respectively. 

Intracellular Ca2+ release, Jrel 

 2 2
m m

m m

rel rel jSR ds
J k Ca Ca            (40) 

1

_ . .m m m

rel o RyR RyR dsk n g v    (41) 

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 [8] and Restrepo et al [2], with 

a functional monomer induced inactivation based on csqn dynamics described by Gaur-Rudy 

[5]. 
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C O bk      (47) 

  ,11 /m
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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 Calcium Flux, JCaL 

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

_

m m m

CaL o LTCC CaLJ n J     (56) 

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

the maximal flux rate per channel [9]: 

2
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mV F
z

RT
    (58) 

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 [9,10] 
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Which is equivalent to the three gate Hodgkin-Huxley model: 
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2 3 2 3
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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). 
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Table S5: 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 0.617 x 10-4 µM-2.5 ms-1 

kb RyR deactivation rate constant 1.0 ms-1 

,1M   Time constant of monomer binding 5 ms 

,1Mi  Time constant of monomer inactivation 5 ms 

,2M  Time constant monomer unbinding  213 ms 

,2Mi  Time constant of de-inactivation 30 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 

*Can be varied between individual dyads and simulations 

SR fluxes 

Flux between the SR and the cytoplasm are Jup and Jleak, where q is the subset of cytoplasm 

voxels which contain an SR (q = 1, 2 … NSR). These equations are based on Restrepo et al 

[2] and preceding studies [11,12].  

Intracellular uptake through SERCA 

   
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2 2
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2 2

2 2
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2 21
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q q
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q q
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Ca K Ca K
J g

Ca K Ca K





 

 

      


       

  (73) 

Where θSR(q)=n is the SR mapping function (inverse map θSR -1(n)=q) and gup is the maximal 

flux rate. 

SR Ca2+ leak 
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2 2

2
2 2
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q

q q
q nSR

leak leak q nSR cyto

leaknSR

Ca
J g Ca Ca

Ca K




 



  
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  (74) 

 

Table S6: Ca2+ uptake and leak parameters 

Parameter Description Value 

gup Maximal flux rate of Jup 0.12161 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 1.28422 x10-5 ms-1 
Kleak Jleak constant 450 µM 
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Membrane Fluxes 

Fluxes for each voxel p (p = 1, 2 … NMEM) corresponding to the surface sarcolemma and T-

tubules are defined for the sodium-Ca2+-exchanger (JNaCa), membrane Ca2+ pump (JpCa) and 

background Ca2+ current (JCab). Membrane voxel p is associated with cytoplasm voxel n by 

the membrane mapping function θMEM(p)=n and inverse map θMEM -1(n)=p. 

Sodium-Ca2+-exchanger, JNaCa 

 
 

( )
1 2 ( 1) 2

( 1)

1 2 3( ) 1

MEM p
z z
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t t t K e
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              


  
  (75) 

Where 

 
3

3

1 1mCai mNaio i
t K Na Na K  
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   (76) 
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mV F
z

RT
    (80) 

Membrane Ca2+ pump, JpCa 

   ( ) ( )
1 2 2MEM MEMp p

p
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J v g Ca K Ca

 
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Background Ca2+ current 

 1

,

p

Cab vox Cab m r CaJ v g V E     (82) 

Table S7: Membrane flux parameters 

Parameter Description Value 

gNaCa Maximal flux rate of Sodium-Ca2+ exchanger 0.13041 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 4.795 x10-4 µm3.µM.ms-1 
gcab Maximal flux rate of background Ca2+ current 6.39 x10-6 µm3.µM.ms-1.mV-1

 

[Na+]i Intracellular Na+ concentration 7.95 mM 
[Na+]o Extracellular Na+ concentration 136 mM 
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Complete Equations for the Reaction Terms 

Thus, the reaction terms in each of the two diffusively coupled cytoplasm domains (cyto, rbSS) 

are described by: 
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  (83) 
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Where p is given by the inverse map θmem -1(n), q is given by the inverse map θSR -1(n) and m 

is given by the inverse map θ -1(n).   

And in the nSR domain, for all voxels n which correspond to an nSR voxel q: 
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  (85) 

Where n is given by the map θSR(q) to define m from the inverse map θ -1(n). 

For computational efficiency, membrane, SR and dyad fluxes are computed only for voxels n 

given by the appropriate map; the reaction term is calculated by summing reaction terms given 

over individual loops of each set. 

Ionic Model 

The simplified ionic model uses currents from recent cell models (Colman et al [13], O’Hara-

Rudy [14]) without the inclusion of additional factors such as phosphorylation. Modified 

equations are as follows: 

All gates updated by: 
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Initial Conditions 

Table S8: Initial conditions of Ca2+ handling model (control pacing) 

Variable Initial value 

[Ca2+]ds 0.08 µM 
[Ca2+]rbSS 0.08 µM 

[Ca2+]cyto 0.08 µM 

[Ca2+]nSR 0.8 mM 

[Ca2+]jSR 0.8 mM 

CA 1.0 

d1,f1,fca1 1.0 

Vm -90 mV 

P0 1.667x10-3 

P1 1.441x10-3 

P2 2.692x10-3 

P3 2.344x10-3 

N0 9.904x10-3 

N1 1.435x10-3 
L

CaTRPN    0.0181 

H

CaTRPN    0.1305 
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