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Appendix   

Implementation of the models 

Introduction  
     This appendix is organized in three parts to describe computational implementations.  

Part I: implementation of geometric models to create tissue shapes and fibre structure;  

Part II: description of the programs originally written in C by Clayton [1] that were used to 

create transmembrane voltages in tissues using two models, plus an introduction to the high 

performance computer for compiling and running the programs;  

Part III: description of the programs written in MATLAB that were used to extract the selected 

transmembrane voltages, detect the indices of AP upstroke and AP downstroke of the 6th 

normal S1 beats and premature S2 beats to calculate desired data. 

Part I: Geometrical models 
    To simulate 3D heterogeneous ventricular tissue, two geometrical models were used: 

(1) input-geometry file  

     This file is created by a shell script file generate-input-geometry and defines the shape of 

tissue.  

(2) fibre-geometry file 

    This file defines the fibre orientation of each grid points. This file is created by a shell script 

file called generate–fibre-geometry to (1) calculate the fibre rotation angle θ as a function of 

distance in 3D cubes of tissue with 40× 40× 60 grid points, and (2) calculate three 

components of the fibre orientation in three directions using x=sin (θ (Z)),  y=- cos (θ (Z)), and 

Z=0. Therefore, each fibre-geometry file was created with three columns for Z, Y, and X 

components of fibre orientation in radian for total number of 40×40×60=96000 cells in tissue. 

     For clarity, examples of the input-geometry files created for 2D and 3D tissues as well as 

the left ventricular wedge model are provided. 

 2D input-geometry 

     Figure 1 shows the scheme of 2D slim input-geometry that was filled with 1s as excited 

cells within tissue with 200 columns and 4 rows. 

 

Figure 1: The scheme of 2D slim geometry with 200×4 grid points 

 2D H-geometry 

     Figure 2 shows an example of the 2D input-geometry with H-shape in which 1s 

represented excited cells within H-shape and 0s as unexcited cells outside the H-shape.   
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Figure 2: An example of 2D H-geometry with dimensions of 200×200 grid points 

 3D input-geometry for normal tissues 

     An example of an input-geometry for 3D cube of tissue is shown in Figure 3. The first and 

last layers of the input-geometry were filled with 0s as boundaries. The layers between them 

were filled with 1s as excited cells within tissue and surrounded with 0s as boundaries. 

Layers were pointing to the Z direction. The tissue for the 3D simulation was therefore made 

up from a set of points in the space. Each point had a co-ordinate (X, Y, and Z) that defined 

its position. Each co-ordinate also had three fibre components in three directions which were 

specified in the fibre geometry.  

 

Figure 3: The scheme of the 3D input-geometry with 40 rows, 40 columns, and 60 layers showing 
layers 1 and 60 made up from 0s as boundaries and layers from 2 to 59 contained 1s as excited cells 
within tissue surrounded by 0s as boundaries  

 3D fibrosis input-geometry 
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     For 3D cubes of fibrosis tissue, the generate-input-geometry file for 3D normal tissues was 

modified to reproduce randomly 0s as inexcitable and 1s as excitable cells in layers 2 to 59 

surrounded with 0s as boundaries.   

    Initially, a number of fibrosis input-geometry was created by progressively decreasing the 

probability from 0.90 to 0.30 (that a grid point was fibrosis). For consistency, several 

simulations were run for homogenous and heterogeneous fibrosis tissue to obtain the 

equivalent population of the excitable and inexcitable cells in all tissues. Not surprisingly, the 

number of inexcitable cells in heterogeneous fibrosed tissues was smaller than those in 

homogenous fibrosis tissues possibly due to an increase in heterogeneity and structural 

discontinuities.  

    The largest random number that all simulated fibrosis tissues could create output data was 

0.38. This number in percentage was 56% of the total number of grid points in tissue for 

excitable and 44% of the total number of grid points in tissue for inexcitable cells. Figure 4 

shows an example of fibrosis input-geometry with layers 1 and 60 as boundaries and layers 2 

and 59 as fibrosis layers. 

 

Figure 4: A scheme of 3D fibrosis input-geometry with 40 rows, 40 columns, and 60 layers showing 
layers 1 and 60 as boundaries and fibrosis layers 2 and 59 filled randomly with 0s and 1s as unexcited 
and excited cells surrounded with 0s as boundaries  

 The left ventricular wedge model 

The wedge model had two input-geometries. 

(I)  The input-geometry with 175 rows, 550 columns, and 300 layers contained a left 

ventricular geometry, with 1s and 0s as grid points within and outside tissue. This 

geometry was used to simulate homogenous tissues by allocating 1s to be epicardial 

cell, mid-myocardial cells, or endocardial cells. 

(II) The second input-geometry has the same size, but in this script file the distance from 

the middle of the left ventricle was measured and used to allocate the ventricular cell 

type. Thus, 1s correspond to epicardial cells with 2931822 grid points (42%), 2s to 

mid-myocardial cells with 1957384 grid points (28%), and 3s to endocardial cells with 

2097274 grid points (30%). This geometry was used to study heterogeneous. 

     Examples of the layers of the left ventricular wedge are shown in Figures 5 and 6. In this 

geometry, layers 1, 2, and layers from 294 to 300 were made up from 0s as boundaries. 
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Figure 5: A scheme of one slice of the human left ventricular geometry un the wedge model made up 

from 1s and 0s as cells within (in orange) and outside tissue 
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Figure 6: A scheme of 5
th
 layer of the human left ventricular geometry in the wedge model filled with 

0s, 1s, 2s, and 3s as outside tissue, epicardial (in red), mid-myocardial (in green), and endocardial (in 

blue) cells respectively  
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Part II: Programs written in C 
     This thesis used programs written in C that was able to be modified to (1) use geometric 

models that defined tissue shapes and fibre structure; (2) stimulate normal and premature 

beats at any pacing rate; (3) simulate tissues with different heterogeneity; and (4) use tissue 

models based on the FK4V [2] model and the TP06 model [3]. The programs that 

implemented the FK4V model [2] and the TP06 model [3] are referred to as FK4V program 

and TP06 program that are described as follows. 

    The programs were composed of 13 to 15 files that are explained in the following sections. 

1 Header file 
     The header file with .h extension contains parameters, partial differential equation solvers 

and numerical recipe routines. The parameters in this file were changed for each simulation 

that is explained in the relative sections. 

 Isotopic and anisotropic diffusion coefficients 
     In this thesis, the values of diffusion coefficients were obtained from experimental 

measurements that are explained here. The intracellular conductivity tensors in longitudinal 

and transverse direction are often determined by the passive properties of the cardiac tissue 

including the surface to volume ratio of the ventricular cell and the cytoplasm resistivity. In 

isotropic condition, these properties change similarly in both longitudinal and transverse 

directions. Figure 7 shows a typical ventricular cell estimated as a cylinder shape in 2D tissue 

with experimental measurements. 

 

 

Figure 7: A ventricular cell described as a cylindrical shape with an average length of 143.3± 8.8 m  

[4] and an average diameter 18.5 ±1.2 m
 
[4] 
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For isotropic condition, the diffusion coefficient along and across tissue was given by [5]:  
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R: the cytoplasm (intracellular) resistivity with value of 180± 34 cm [6] 

mC : The specific capacitance of the membrane with value of 179± 10 pF [4] 
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    Dimensional analysis of the intercellular diffusion tensor: 
 

The unit of diffusion tensor is obtained after substituting the given units in the formula: 
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 Specify tissue heterogeneity   
     To specify heterogeneity in 3D cubes of tissue, two variables Endo-M and M-Epi were 

defined in the header files. These variables behaved as the boundary to separate ventricular 

cell types along tissues. Table 1 shows the numerical values that were used to specify the 

configuration of ventricular cells close to the experimental studies (described in Chapter 3).  

     For example, in 3D simulated tissue composed of 15%Endo-55%M-30%Epi cells: layers 1 

to 9 allocate cells to be endocardial cells if Endo-M<9, then layers 10 to 42 allocate cells to 

be mid-myocardial cells if 9<M-Epi<42, and finally layers 43 to 60 allocate cells to be 

epicardial cells for any other values.  

Setting populations of ventricular cell types in 3D cubes of tissue in the FK4V & TP06 models 
1 cell type 100% Epi Endo-M=0 M-Epi=0 

1 cell type 100% Endo Endo-M=60 M-Epi=60 

1 cell type 100% M Endo-M=1 M-Epi=59 

50% Epi-50% Endo 50/100×6/6=30/60 Endo-M=30 M-Epi=30 

60%Endo-30%M-10%Epi 
 

60/100×6/6=36/60 
30/100×6/6=18/60 
10/100×6/6=6/60 

 
Endo-M=36 

 
M-Epi=36+18=54 

 

10%Endo-30%M-60%Epi 
10/100×6/6=6/60 

30/100×6/6=18/60 
60/100×6/6=36/60 

 
Endo-M=6 

 
M-Epi=6+18=24 

15%Endo-55%M-30%Epi 
 

15/100×6/6=9/60 
55/100×6/6=33/60 
30/100×6/6=18/60 

 
Endo-M=9 

 
M-Epi=33+9=42 

 

Table 1: Numerical values used to specify epicardial, Mid-myocardial, and endocardial region in tissue  

 Specify file name 
     The header file also defines the name of the output files to distinguish data base on the 

name of cell models. For example, "fk2d","fk3d","TP2d", and “TP3d" represent output data in 

2D and 3D simulations with the FK4V [2] and the TP06 [3] models respectively. 

2 Get dimensions file 
     This file reads and stores the first entries of the input-geometry file that correspond to 

dimensions of tissue in 2D or 3D geometries. 

3 Read geometry file 
     This file read input-geometry and stores information about boundary points (0 or less) and 

tissue points (1 or more) in the geometry array.   
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4 Read fibre file 
     Here, the components of fibres in three axes were read and saved. 

5 Allocate cell type file 
    This file initially reads the input-geometry and stores information about cell types in the 

layer array. Then the file allocates values in this array to indicate endocardial cells as 0s, mid-

myocardial cells as 1s, and epicardial cells as 2s. The boundaries between these layers were 

given by ENDO_M and M_EPI, which were defined in the header file. 

     Regarding the second input-geometry for the left ventricular wedge model, the distance 

from the middle of the left ventricle was used to allocate cell types. So, in this input-geometry 

1, 2, and 3 correspond to epicardial, mid-myocardial, and endocardial cells respectively. To 

allocate cell types array avoiding boundary points, the allocate-cell-type file was modified 

using ASCII code (i.e. 48, 49, 50, and 51 in ASCII as symbol of 0, 1, 2, and 3).  

6 Find boundary file 
     To impose no-flux boundary conditions, the gradient of membrane voltage normal to the 

tissue edge was set to zero at boundary points. The method for finding the boundary of the 

medium in the 3D cube of tissue and the left ventricular wedge model was based on the 

study by Panfilov and Keener [7].  

 

7 Find neighbours file 
     On average, a single ventricular cell is connected to about 11 to 12 neighbours via gap 

junctions based on experimental studies by Saffitz et al [8] and Luke et al. [9]. Accordingly, 

this file finds and set up the 8 and 26 nearest neighbours for each grid point in 2D and 3D 

geometries respectively.  

8 Diffusion file 
     The continuous monodomain reaction-diffusion equations [5] were defined in the main file 

but the diffusion term and the reaction term were computed in the diffusion file and the cell 

model file. The main difference between diffusive term in 2D and 3D simulations were: 

First, in 2D simulations, the diffusion of neighbouring cells, D, was approximated as constant, 

while in 3D simulations, diffusion tensor was a 3×3 diffusion matrix composed of elements   ; 

Second, each grid point in 2D geometries had eight nearest neighbours while in 3D 

geometries, the number of the nearest neighbours were 26 based on the experimental study 

[8].    

 Diffusive term in 2D isotropic monodomain equation 

     In 2D monodomain equation [5], diffusion of ionic currents through gap junctions between 

neighbouring cells was described by the diffusive term for each grid point X with 8 nearest 

neighbours [8]. Figure 8 shows how the of rates of change of transmembrane potential were 

numerically approximated by central difference across and along fibre axis for a typical 

ventricular cell X in 2D tissue from [5]. 
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Figure 8: The scheme of one ventricular cell X with 8 nearest neighbours in a 2D geometry 
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and u48 corresponded to the transmembrane voltage of neighbour 4, 8 and the gradient 

transmembrane voltage of cells 4 and 8. 

 Diffusive term in 3D anisotropic monodomain equation 

     In programs, the diffusion terms were computed in two files. First, the initialise-diffusion-

aniso.c file initialized pre-computed arrays to save time for calculating the diffusion. 

1. Computation in the initialise-diffusion-aniso.c file 

    This file calculates the 9 elements of the diffusion matrix for each grid point in tissue. 

These elements were the product of diffusion along and across fibre axes and the fibre 

components. In addition, this file derived the components of the fibre vector that are used in 

diffusion-aniso.c file. 

D3×3: The 3×3 diffusion matrix [7] given by:                                           

[

         (     )    (     )    
(     )             (     )    
(     )    (     )             

] 

D1 or Diffusion1: Diffusion coefficient along fibre  
D2 or Diffusion 2: Diffusion coefficient across fibre  
The components of the fibre vector: 
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2. Computation of diffusive term in the diffusion-aniso.c file 

     The diffusion-aniso.c file computed the diffusive components for each cell in tissue in the  

X, Y, and Z based on [7]:  
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Table 2: The first and second terms of the first row of the diffusion matrix for (i=j=1) 

     The rate of change of transmembrane potential in 3D tissue is numerically approximated 

by central difference for a typical cell XX surrounded with 26 nearest neighbours [8] as shown 

in Figure 9.  
 

 

Figure 9: The scheme of the grid point XX with 26 nearest neighbours and examples of rate of change 
of membrane potential   
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9 Initialise variables file 
    This file contains variables that initialise variables to their starting values. For example, the 

number of variables in the FK4V model [2] and the TP06 model [3] were 4 and 21 

respectively. In this file, model parameters set 0, 1, and 2 were equivalent to 'default' 

endocardial, mid-myocardial, and epicardial cells. 

10 Cell models file  
     The cell model file computed the reaction term of the monodomain equations [5] based on 

the FK4V [2] and the TP06 [3] equations. 

 Reaction term based on the FK4V model 

     The fk4v.c file estimated and the kinetic of two gates v and w variables, the state variable 

and three phenomenological currents [2] including a fast inward current, a slow outward 

current, and a slow inward current.            

    The model parameters [2] for simulating epicardial, mid-myocardial, and endocardial cells 

are provided in Table 3. For time parameters that were used in these equations as functions 

of the voltage variable u please refer to the original paper [2].       

 Reaction term based on the TP06 model 

     In TP06 program, two files were used to compute the reaction term. 

     Initially, the create-TNNPv2-lookup-OpSplit file pre-calculated the gating variables for the 

time-dependent currents including sodium current, transient outward current, rapid delayed 

rectifier current, slow delayed rectifier current, and L-type calcium current.  

     Then, another file called calculate_TNNPv2_current_OpSplit calculated the reaction term 

based on 13 ionic currents equations [3] described by ordinary differential equations 

(described in Chapter 3). The model parameters are provided in Table 4. 
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Role of model parameters Parameters mnemoni
cs 

Epi Endo M 

Controls resting membrane 
potential 

Resting membrane potential 
ou

 
0 0 0 

Controls AP amplitude Upper voltage value 
uu

 
1.55 1.56 1.61 

Controls Na
+
-like activation 

threshold 
Threshold voltage for the fast activation gate 
(the step function) 

v  0.3 0.3 0.3 

Controls threshold of opening 
/closing of the slow gate 

Threshold voltage for the slow activation 
gate (the step function) 

w  0.13 0.13 0.13 

Controls switch btw. opening 
time constants of fast gate 

Threshold voltage for the fast inactivation 
gate 
(the step function) 



v  0.006 0.2 0.1 

Controls decay to resting 
membrane potential 

Threshold voltage for the slow gate variable 
(the step function) 

0  
0.006 0.006 0.005 

Controls minimum DI Opening  time constant for the fast gate 
variable 



1v  
60 75 80 

Controls minimum DI (the 
steepness of the curve) 

Opening  time constant for the fast gate 
variable 



2v  
1150 10 1.4506 

Controls closing of fast gate / 
maximum AP upstroke velocity 

Closing  time constant for the fast gate 
variable 



v  
1.4506 1.4506 1.4506 

Controls APD restitution curve Opening  time constant for the slow gate 
variable 



1w  
60 6 70 

Controls APD restitution curve Opening  time constant for the slow gate 
variable 



2w  15 140 8 

Helps to control curvature of 
APD restitution curve 

Rate of change of opening time constants for 
the slow gate variable 



wk
 

65 200 200 

Controls switch btw. opening 
time constants of w gate 

The potential for the opening slow gate 
variable 



wu
 

0.03 0.016 0.016 

Control maximum & minimum 
APD 

Closing  time constant for the slow gate 
variable 



w  
200 280 280 

Controls maximum AP 
upstroke velocity 

Depolarization time for the fast inward 
current (sodium) 

fi
 

0.11 0.1 0.078 

Controls decay of AP to resting 
membrane potential 

The time constant for the voltage dependent 
component of outward current 

1o  
400 470 410 

Controls decay of AP to resting 
membrane potential 

The time constant for the voltage dependent 
component of outward current 2o  

6 6 7 

Control maximum & minimum 
APD 

The time constant for the slow outward 
current at low voltages 1so

 
30.0181 40 91 

Control maximum & minimum 
APD 

The time constant for the slow outward 
current at high voltages 

2so
 

0.9957 1.2 0.8 

Helps to control curvature of 
AP repolarization 

Rate of change of opening time constants for 
the slow outward current 

sok
 

2.0458 2 2.1 

Helps to control curvature of 
AP repolarization 

The potential of the slow outward current 
sou

 
0.65 0.65 0.6 

Controls shape of the AP The time constant of activation for the shape 
gate variable 1s  

2.7342 2.7342 2.7342 

Controls shape of the AP The time constant of recovery for the shape 
gate variable 

2s  
16 2 7 

Controls dome of the AP Rate of change of the shape gate variable 
sk

 
2.0994 2.0994 2.0994 

Controls dome of the AP The potential of the surface area of the 
human ventricular cell su

 
0.9087 0.9087 0.9087 

Controls stiffness of 
repolarization phase 

Repolarization time for the slow inward 
current (calcium) si

 
1.8875 2.9013 3.3849 

Helps to control slope of APD 
restitution at long DIs 

Time constant for the steady-state value of 
the slow variable at long DIs 

w  
0.07 0.0273 0.01 

Helps to control slope of APD 
restitution at short DIs 

Steady-state value of the slow variable at 
short DIs 

*

w
 

0.94 0.78 0.5 

Table 3: Model parameters of the FK4V model [2]  
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Parameter Definition Value 

R Gas constant 8.3143 J·K
−1

·mol
−1

 

T Temperature 310 K 

F Faraday constant 96.4867 C/mmol 

Cm Cell capacitance per unit surface area 2.0 μF/cm
2
 

S Surface to volume ratio 0.2 μm
−1

 

ρ Cellular resistivity 162 Ω·cm 

Vc Cytoplasmic volume 16.404 μm
3
 

Vsr Sarcoplasmic reticulum volume 1.094 μm
3
 

Vss Subspace volume 0.05468 μm
3
 

Ko Extracellular K
+
 concentration  5.4 mM 

Nao Extracellular Na
+
 concentration  140 mM 

Cao Extracellular Ca
2+

 concentration  2 mM 

GNa Maximal INa conductance  14.838 nS/pF 

GK1 Maximal IK1 conductance  5.405 nS/pF 

Gto, epi, M  Epicardial Ito conductance  0.294 nS/pF 

Gto, endo  Maximal endocardial Ito conductance  0.073 nS/pF 

GKr Maximal IKr conductance  0.153 nS/pF 

GKs, epi, endo  Maximal epi-and endocardial IKs conductance  0.392 nS/pF 

GKs, M  Maximal M cell IKs conductance  0.098 nS/pF 

pKNa Relative IKs permeability to Na
+
 0.03 

GCaL Maximal ICaL conductance  3.980
−5

 cm·ms
−1

·μF
−1

 

kNaCa Maximal INaCa 1,000 pA/pF 

γ Voltage dependence parameter of INaCa 0.35 

KmCa Cai half-saturation constant for INaCa 1.38 mM 

KmNai Nai half-saturation constant for INaCa 87.5 mM 

ksat Saturation factor for INaCa 0.1 

α Factor enhancing outward nature of INaCa 2.5 

PNaK Maximal INaK 2.724 pA/pF 

KmK Ko half-saturation constant of INaK 1 mM 

KmNa Nai half-saturation constant of INaK 40 mM 

GpK Maximal IpK conductance  0.0146 nS/pF 

GpCa Maximal IpCa conductance  0.1238 nS/pF 

KpCa Half-saturation constant of IpCa 0.0005 mM 

GbNa Maximal IbNa conductance  0.000290 nS/pF 

GbCa Maximal IbCa conductance  0.000592 nS/pF 

Vmaxup Maximal Iup conductance  0.006375 mM/ms 

Kup Half-saturation constant of Iup 0.00025 mM 

Vrel Maximal Irel conductance  40.8 mM/ms 

k1′  R to O and RI to I Irel transition rate  0.15 mM
−2

·ms
−1

 

k2′  O to I and R to RI Irel transition rate  0.045 mM
−1

·ms
−1

 

k3 O to R and I to RI Irel transition rate  0.060 ms
−1

 

k4 I to O and RI to I Irel transition rate  0.000015 ms
−1

 

EC CaSR half-saturation constant of kcasr 1.5 mM 

maxsr Maximum value of kcasr 2.5 (dimensionless) 

minsr Minimum value of kcasr 1 (dimensionless) 

Vleak Maximal Ileak conductance  0.00036 mM/ms 

Vxfer Maximal Ixfer conductance  0.0038 mM/ms 

Bufc Total cytoplasmic buffer concentration 0.2 mM 

Kbufc Cai half-saturation constant for cytoplasmic buffer  0.001 mM 

Bufsr Total sarcoplasmic buffer concentration 10 mM 

Kbufsr CaSR half-saturation constant for sarcoplasmic buffer  0.3 mM 

Bufss Total subspace buffer concentration 0.4 mM 

Kbufss CaSS half-saturation constant for subspace buffer  0.00025 mM 

Table 4: Model parameters for the TP06 model [3]
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11 Main file 
     The main file evaluates equations by calling other files plus four major processes: (1) 

simulation protocol; (2) solving partial differential equations; (3) deliver stimuli to a small 

region in tissue; and (4) creating output files every 1 ms. 

     Furthermore, the main file creates an additional output file called eg.out that contained two 

columns: the first column corresponds to timing of premature S2 beats, and the second 

column corresponds to the voltage of premature S2 beats sampled from central region of the 

tissue. This file can be used to keep a track of timings of output text files. 

12 Output text file  
   Finally, this file prints out the transmembrane voltage with three decimal places in the whole 

tissue using the stfout.c function. The format of the file name was modelxxxxxx.stf, where 

model corresponds to the name of the model, xxxxxx is the time defined by the variable stf 

count in the main file to keep track of timing. For example, FK3d002500.stf.gz shows an 

output data file (containing transmembrane voltages) in the form of the zip file created after 

2500 ms with the FK4V model [2] in 3D cubes of tissue.  

 

     The other files allocate free memory for the variables.     

How to run programs in C 
     The programs were run on the Linux based high performance computing cluster at  

University of Sheffield called iceberg [10]. High performance computing server iceberg is the 

Sheffield node of the ‘White Rose Computing Grid’. Iceberg has hard ware including two 

head-nodes for logging into iceberg, AMD-based cluster, and INTEL-based cluster. In the 

INTEL-based cluster, there are in total 3584 total GPU cores and 48 GB GPU memory [10]. 

Regarding file store, there are three file stores that users by default can store 5 GBytes of 

storage on  /home area, 50GBytes in /data area, and no limits on the  /fastdata [10]. 

     To access iceberg, users should initially apply for an account, log into a head node, and 

then use one worker node to run their jobs on. The link in the web address 

(http://www.shef.ac.uk/wrgrid/using/access) provides a terminal access to the iceberg from 

the user browser. A job defined as a completely defined computational task. The 'Sun Grid 

Engine' software is responsible to manage the scheduling of the users' jobs on the worker 

nodes. Jobs can be run in two methods interactively (qsh) or submitted as batch jobs (qsub). 

To submit a batch job to the iceberg cluster, it is required to write a text script file containing a 

set of commands. Before running a job, it is important to note that  

 the maximum running time is 8 wall_clock i.e. real-time hours [11]; 

 the default memory allocation is 6 Gigabytes [11] on all nodes.  

    So that if the job exceeds its allocated time or memory gets terminated without any 

warning. In addition a job can be submitted as serial or parallel method. 

     Accordingly, the shell script in this study for all serial jobs specified the maximum running 

time of 168 hours [11] and the total real memory of 6 Giga byte [11] plus the directory to 

define where the programs written in C were saved in the file store /data area. This script file 

should be saved as a shell script file with .sh extension. The shell is a command interpreter 

and a  shell program, called a script, is an easy-to-use tool for building applications by putting 

together system calls, tools, utilities, and compiled binaries [12].  
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Part III: Programs written in MATLAB  
    Simulations in C produced output files in the form of a series of stf files containing 

transmembrane voltage for every other cell in tissues (in 2D for the whole tissue). An 

additional file was also created containing transmembrane voltage sampled from the central 

region of tissues. Subsequently, three procedures were performed in MATLAB in order to: (1) 

extract voltage from the selected region i.e. the central region of tissues; (2) calculate the 

desired time for the 6th normal S1 beats and premature S2 beats; and (3) visualize the data 

as images and movies. These procedures are explained here. 

1 How to extract transmembrane voltage  
     In all simulations, the created output files produced by programs written in C were in the 

form of the zip text files with .stf.gz extension. To read and unzip these output files, two 

programmes ReadStf.m and PlotStf.m were used that were originally written by Clayton [1]. 

In addition, another program in MATLAB called APDtaskarray.m was written to extract 

voltage from the selected region in tissues. 

1. ReadStf file 

     The function StfData=ReadStf (dimension, filename) reads and returns the 

transmembrane potential from the simple text files. For the 2D geometry with dimension of 2, 

the returned variable was a 2D matrix with the name of the file (filename), and for the 3D 

geometry with dimension of 3, the retuned variables was a 3D matrix. 

2. PlotStf file 

     The function PlotStf (filename, iso), reads the transmembrane voltage using DataToPlot= 

ReadStf (3, filename) and saves the values of rows, columns, and layers. For plotting an iso-

surface of 3D data from the simple text files, the value of iso-surface was set to 0.  

3. APDtaskarray file 

    This file initially reads filename from the defined directory, puts together the simple text 

files based on the defined file numbers from the starts to the stops, reads and returns the 

transmembrane voltage from the relative text files by calling function ReadStf, extracts data 

from the desired region in 2D or 3D data and saves them in the files for each S1S2 interval.  

4. Shell script file 

     In order to run these MATLAB files, a shell script called APDTASK.sh was written that 

calls APDtaskarray.m. It is important to note that this file with other MATLAB files should be 

in the same folder to be executable.  

     Furthermore, to visualize AP propagation the file MakeMovie3Dmpg.m was used that is 

described here. 

5. MakeMovie3Dmpg.m 

     The file MakeMovie3Dmpg.m initially calls ReadStf.m and PlotStf.m to read and return the 

transmembrane potential from the simple text files. Then the function MakeMovie3Dmpg 

(froot, start, stop, step, iso) makes movies from 3D simple text files. Start corresponds to the 

indices of AP upstroke for the 6th normal S1 beats and stop corresponds to the indices of AP 

at rest for premature S2 beats. For example in simulated mid-myocardial tissue with the 
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FK4V model, images in the form of jpg were created from simple text files fk3d053331.stf to 

fk3d054785.stf for the last S1S2 interval of 455 ms. For the text file with the name of 

fk3d053331.stf, froot is set to ‘fk3d’, start is set to 53331 and stop is to 54785 that 

incremented by steps 1. 

     For clarity, an example of extracting voltage in 2D tissue is described here.  The aim of 

this example is to describe how transmembrane voltages were extracted from the middle 

region of the 2D slim geometry with 200×4 grid points for epicardial tissue using the TP06 

model [3]. In this tissue, the transmembrane voltage was created for 11 S1S2 intervals of 

1000, 900, 800, 700, 600, 500, 450, 400, 350, 345, and 340 ms. 

     After running program in C with 11 S1S2 intervals, 17385 text files containing the 

transmembrane voltage were created with the following format: TP2d004002, 

TP2d004003,…, TP2d061397 in which TP corresponds to the TP06 model [3] and the 

numbers 4002 to 61397 act as a counter of text files and correspond to the timings of the 

S1S2 sequence. Table 5 shows how to find the start and stop time of each S1S2 sequence 

during decreasing S1S2 intervals from 1000 ms to 340 ms in this example.  

S1S2 
interval 

(ms) 

Start of the 6
th

 S1S2 
sequence (ms) 

Stop of the 6
th
 

S1S2 sequence 
(ms) 

Names of text 
file 

Number 
of  text 

files 

Dimensio
n of 

matrices 

1000 1000×4+1+1= 
4002 

4002+1000+1000-1 
= 6001 

TP2d004002 to 
TP2d006001 

2000 2000x200 

900 4002+5000+1000+1= 
10003 

10003+1000+900-1 
= 11902 

TP2d010003 to 
TP2d011902 

1900 1900x200 

800 10003+5000+900+1= 
15904 

15904+1000+800-1 
= 17703 

TP2d015904 to 
TP2d017703 

1800 1800x200 

700 15904+5000+800+1= 
21705 

21705+1000-700-1 
= 23404 

TP2d021705 to 
TP2d023404 

1700 1700x200 

600 21705+5000+700+1= 
27406 

27406+1000-600-1 
=  29005 

TP2d027406 to 
TP2d027406 

1600 1600x200 

500 21705+5000+600+1= 
33007 

33007+1000-500-1 
= 34506 

TP2d033007 to 
TP2d034506 

1500 1500x200 

450 33007+5000+500+1= 
38508 

38508+1000-450-1 
= 39957 

TP2d038508 to 
TP2d039957 

1450 1450x200 

400 38508+5000+450+1= 
43959 

43959+1000-400-1 
= 45358 

TP2d043959 to 
TP2d045358 

1400 1400x200 

350 43959+5000+400+1= 
49360 

49360+1000-350-1 
= 50709 

TP2d049360 to 
TP2d050709 

1350 1350x200 

345 49360+5000+350+1= 
54711 

54711+1000-345-1 
= 56055 

TP2d054711 to 
TP2d056055 

1345 1345x200 

340 54711+5000+345+1= 
60058 

60058+1000-340-1 
= 61397 

TP2d060058 to 
TP2d061397 

1340 1340x200 

Table 5: The start and stop time of the 6
th
 S1S2 sequence for 11 S1S2 intervals in 2D slim geometry of 

200 x 4 grid points for isotropic epicardial tissue with the TP06 model [3] 

Note: The fixed cycle length in the S1S2 protocol was 1000 ms, so for S1S2 interval of 1000 ms,  

Start of the 6
th
 S1S2 sequence (ms) =1000 ms × 4 normal S1 beats+1+1 (counter) =4002, 

Stop of the 6
th
 S1S2 sequence (ms) = Start of the 6

th
 S1S2 sequence (ms) +1000 (ms) + S1S2 interval 

(ms)-1 (counter) = 4002 ms+1000 ms +1000 ms-1=6001 ms 

    In the MATLAB APDtaskarray.m file, the columns 2 and 3 from Table 5 were defined by 

variables start1 and start 11 and stop1 to stop11 respectively. Then, for each S1S2 interval, 

(i.e. start 1=4002 and stop1=6002) the relative text files were saved and read by ReadStf.m 
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file. Finally, the transmembrane voltage was extracted from the central region of 2D tissue 

(row 2 and columns 1-200 highlighted in red as shown in Figure 10), and saved in a matrix. 

 
Figure 10: An example of a text file in 2D slim geometry showing transmembrane voltage  

     

    Consequently, 11 matrices were created containing transmembrane voltages for 11 S1S2 

intervals. Figure 11 shows an example of the created matrix for S1S2 interval of 700 ms with 

dimensions of 1700×200 that represent 200 transmembrane voltages extracted every 1 ms 

over a period of 1700 ms.  

 These matrices were used to calculate the desired time for normal and premature beats.      

 
Figure 11: An example of the created matrix for S1S2 interval of 700 ms containing the extracted 
transmembrane voltage from the central region of the 2D slim geometry with 4 × 200 grid points  

2 Calculation of the desired data 
    The second computational implementation in MATLAB was to calculate activation time, 

APD, diastolic interval, repolarization time of normal S1 and premature S2 beats based on 

the created matrices containing the extracted transmembrane voltages. To achieve this 

purpose, the MATALB file called calculation.m was written to: 

 load the created matrices; 

 find the voltages above the threshold voltage which was 0.15 mV in 2D and 0.1 mV in 

3D simulations with the FK4V model [2] and -65 mV with the TP06 model [3];   

 detect and save the indices of these transmembrane voltages;  

 detect and save the first index of AP upstroke for normal S1 beats that correspond to 

activation time for normal S1 beats;  

 detect and save the last index of AP downstroke for normal S1 beat that correspond 

to  repolarization time for normal S1 beats;   

 detect and save the first index of AP upstroke for premature S2 beat that correspond 

to activation time for premature S2 beats;  

 detect and save the last index of AP downstroke for premature S2 beats that 

corresponds to repolarization time for premature S2 beats;   
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 calculate diastolic interval as the difference between activation time of premature S2 

beats and repolarization time of 6th normal S1 beats, and calculate APD as the 

difference between repolarization time and activation time for premature beats 

 calculate the other desired data i.e. three measures of dispersion in activation time, 

repolarization time, and APD for normal and premature beats, and speed of 

depolarization conduction for premature beats 

 

    For clarity, an example is provided to describe how to detect indices of AP upstroke and 

AP downstroke based on the previous example. The calculation.m file in this example initially 

(1) loads the V700 matric and selects the voltages of the 5th column of the matric as 

highlighted in blue in Figure 11; (2) finds the transmembrane voltages above the voltage 

threshold -65 mV. 

    Figure 12, shows the detected indices of these transmembrane voltages in the form of two 

series of continuous number, distinguished by a number greater than 1 (i.e. 701>293+1). The 

calculation.m file uses this feature to separate the indices of the normal S1 beat from 1 to 293 

and the indices of the premature S2 beats from 701 to 790.  

 

Figure 12: An example of detected indices of AP upstroke and AP downstroke for normal S1 and 
premature S2 beats from the fifth column of the matric V700 in 2D slim tissue 
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Appendix 1    

Group P: Profiles of anisotropic & anisotropic fibrosis 

tissues 
    Figure P1 to P43 show spatial profiles of (1) activation time; (2) repolarization time; (3) 

APD; and (4) profiles of APD against repolarization time for anisotropic tissues with and 

without fibrosis with the TP06 model. 
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1 cell type 

Group P: TP06 model of anisotropic & anisotropic fibrosis endocardial tissue

  

 

 

 

Figures P1-P4: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic homogenous endocardial tissues with and without 
fibrosis paced from the bottom edge of tissue     
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Group P: TP06 model of anisotropic & anisotropic fibrosis epicardial tissue 

  

 

   

 

Figures P5-P8: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic homogenous epicardial tissues with and without fibrosis 
paced from the bottom edge of tissue   
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Group P: TP06 model of anisotropic & anisotropic fibrosis mid-myocardial tissue 

 

 

 

 

Figures P9-P12: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic homogenous mid-myocardial tissues with and without 
fibrosis paced from the bottom edge of tissue   
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2 cell type 

Group P: TP06 model of anisotropic & anisotropic fibrosis 50%Endo-50%Epi 
endocardial pacing 

  

    

  

 

Figures P13-P16: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 50%Endo-50%Epi 
with and without fibrosis with endocardial pacing 
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Group P: TP06 model of anisotropic & anisotropic fibrosis 50%Endo-50%Epi 
epicardial pacing 

   

 

 

 

Figures P16-P19: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 50%Endo-50%Epi 
with and without fibrosis with epicardial pacing 
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3 cell type (30%M-10%Epi) 

Group P: TP06 model of anisotropic & anisotropic fibrosis 60%Endo-30%M-10%Epi 
endocardial pacing 

 

  

 

 

Figures P20-P23: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 60%Endo-30%M-
10%Epi with and without fibrosis with endocardial pacing 
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Group P: TP06 model of anisotropic & anisotropic fibrosis 60%Endo-30%M-10%Epi 
epicardial pacing 

  

 

 

 

Figures P24-P27: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 60%Endo-30%M-
10%Epi with and without fibrosis with epicardial pacing 
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3 cell type (55%M) 

Group P: TP06 model of anisotropic & anisotropic fibrosis 15%Endo-55%M-30%Epi 
endocardial pacing 

 

  

  

 

Figures P28-P31: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 15%Endo-55%M-
30%Epi with and without fibrosis with endocardial pacing 
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Group P: TP06 model of anisotropic & anisotropic fibrosis 15%Endo-55%M-30%Epi 
epicardial pacing 

 

 

 

 

Figures P32-P35: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 15%Endo-55%M-
30%Epi with and without fibrosis with epicardial pacing 
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3 cell type (30%M-60%Epi) 

Group P: TP06 model of anisotropic & anisotropic fibrosis 10%Endo-30%M-60%Epi 
endocardial pacing 

 

  

 

 

Figures P36-P39: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 10%Endo-30%M-
60%Epi with and without fibrosis with endocardial pacing 
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Group P: TP06 model of anisotropic & anisotropic fibrosis 10%Endo-30%M-60%Epi 
epicardial pacing 

   

 

 

 

Figures P40-P43: Spatial profiles of activation time, repolarization time, and APD and profiles of APD 
against repolarization time in 3D anisotropic heterogeneous tissue composed of 10%Endo-30%M-
60%Epi with and without fibrosis with epicardial pacing 
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Group Q: Profiles of speed of depolarization conduction1 

1 cell type 

Fk4V model of homogenous tissues 

     Figure Q1 to Q38 show (1) restitution profiles of speed of depolarization conduction and 

(2) spatial profiles of activation time for tissues with isotropic and anisotropic diffusions.  

Group Q: FK4V model of isotropic & anisotropic homogenous tissues    

 

Figures Q1-Q3: Restitution profiles of speed of depolarization conduction showing the speed of 
depolarization conduction varied around 0.65-0.43 m/s and 0.67-0.45 m/s for isotropic epicardial and 
endocardial tissues and 0.72-0.45 m/s for mid-myocardial tissue with longer activation time than other 
cell types. 
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TP06 model of homogenous tissues 

Group Q: TP06 model of isotropic & anisotropic homogenous tissues    

 

 

  

Figures Q4-Q6: Restitution profiles of speed of depolarization conduction showing no difference 
among the speed of depolarization conduction for three homogenous tissues due to similarities 
among activation time for these tissue with isotropic and anisotropic diffusion with the TP06 model 

The speed of depolarization conduction for three isotropic homogenous tissues changed around 0.49-
0.45 m/s over shorter diastolic intervals of 414-186 ms for S1S2 intervals of 700-560 ms.  
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2 cell type 

FK4V model of tissue 50%Endo-50%Epi with endocardial pacing    

Group Q: FK4V model of isotropic & anisotropic tissue 50%Endo-50%Epi  

  

 

Figures Q7-Q8: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time  

For tissues with isotropic diffusion, the speed of depolarization conduction was 0.65-0.4 m/s for the 
endocardial region and 0.5-0.3 m/s for the epicardial region and across tissue for diastolic intervals of 
436-57 ms for S1S2 intervals of 700-310 ms.  

For tissues with anisotropic diffusion, the speed of depolarization conduction throughout the 
endocardial region was around 0.27-0.2 m/s and throughout the epicardial region was 0.26-0.16 m/s 
over diastolic intervals of 439-56 ms for S1S2 intervals of 700-315 ms. 
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FK4V model of 50%Endo-50%Epi with epicardial pacing    

Group Q: FK4V model of isotropic & anisotropic tissue 50%Endo-50%Epi  

  

 

Figures Q9-Q10: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

Endocardial region had shorter activation time and faster speed of depolarization conduction than the 
epicardial region of tissues with isotropic and anisotropic diffusion. 
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TP06 model of 50%Endo-50%Epi with endocardial pacing    

Group Q: TP06 model of isotropic & anisotropic tissue 50%Endo-50%Epi 

 

  

Figures Q11-Q12: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

With endocardial pacing, the speed of depolarization conduction throughout the epicardial region was 
slightly faster than other regions and activation time in the epicardial region was slightly shorter than 
the endocardial region. 

For tissues with isotropic diffusion, the speed of depolarization conduction in the epicardial region was 
constant 0.57 m/s and faster than endocardial region with speed of conduction 0.43-0.4 m/s for 
diastolic intervals of 418-236 ms for S1S2 intervals of 700-495 ms. 

For tissues with anisotropic diffusion, for S1S2 intervals of 700-345 ms, the speed of depolarization 

conduction was 0.23-0.17 m/s in the epicardial region and 0.21-0.12 m/s in the endocardial region for 
diastolic intervals of 409-59 ms. 
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TP06 model of 50%Endo-50%Epi with epicardial pacing    

Group Q: TP06 model of isotropic & anisotropic tissue 50%Endo-50%Epi 

 

 

Figures Q13-Q14: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

With epicardial pacing, the speed of depolarization conduction was faster throughout the endocardial 
region due to shorter activation time in the endocardial region than the epicardial region. 
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3 cell type (55%M) 

FK4V model of 15%Endo-55%M-30%Epi with endocardial pacing    

Group Q: FK4V model of isotropic & anisotropic tissue 15%Endo-55%M-30%Epi   

 

 

Figures Q15-Q16: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

The speed of depolarization conduction was slightly faster throughout the mid-myocardial region than 
other regions for anisotropic tissue and throughout the endocardial region for isotropic tissues.  
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FK4V model of 15%Endo-55%M-30%Epi with epicardial pacing    

Group Q: FK4V model of isotropic & anisotropic tissue 15%Endo-55%M-30%Epi 

 

 

Figures Q17-Q18: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In tissues with isotropic diffusion, the speed of depolarization conduction throughout the endocardial 
region was faster than other regions. 

In anisotropic tissue, the speed of depolarization conduction throughout the mid-myocardial region 
was faster than other regions of tissue. 
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TP06 model of 15%Endo-55%M-30%Epi with endocardial pacing    

Group Q: TP06 model of isotropic & anisotropic tissue 15%Endo-55%M-30%Epi   

 

  

Figures Q19-Q20: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

For tissue with isotropic diffusion, the speed of depolarization conduction was faster in the epicardial 
region than other regions and was around 0.6 m/s while the speed of depolarization conduction was 
slower in the endocardial region than other regions and was around 0.32 m/s over short range of 
diastolic intervals of 399-194 ms. 

For tissue with anisotropic diffusion, the epicardial region had the fastest speed of depolarization 
conduction around 0.24-0.2 m/s over diastolic intervals of 405-106 ms for S1S2 intervals of 700-365 
ms and then the mid-myocardial region with speed of conduction 0.23-0.117 m/s over diastolic 
intervals of 380-65 ms. 
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TP06 model of 15%Endo-55%M-30%Epi with epicardial pacing    

Group Q: TP06 model of isotropic & anisotropic tissue 15%Endo-55%M-30%Epi  

  

 

Figures Q20-Q21: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time  

In tissues with isotropic and anisotropic diffusions, the speed of depolarization conduction throughout 
the mid-myocardial region was faster than other regions. 
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3 cell type (30%M) 

FK4V model of 10%Endo-30%M-60%Epi with endocardial pacing         

Group Q: FK4V model of isotropic & anisotropic tissue 10%Endo-30%M-60%Epi 

 

 

Figures Q23-Q24: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

For tissue with isotropic diffusion, the speed of depolarization conduction throughout the endocardial 
region remained constant at 0.8 m/s over diastolic intervals of 377-47 ms and was the fastest among 
regions of different cell type. For tissue with anisotropic diffusion, the speed of depolarization 
conduction remained constant at 0.26 m/s throughout the endocardial region. The mid-myocardial 
region had faster and slower speed of depolarization conduction than other cells for long and short 
S1S2 intervals respectively. 
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FK4V model of 10%Endo-30%M-60%Epi with epicardial pacing         

Group Q: FK4V model of isotropic & anisotropic 10%Endo-30%M-60%Epi 

 

 

Figures Q25-Q26: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In isotropic tissue, the speed of depolarization conduction throughout the endocardial region was the 
fast and the slowest for long and short S1S2 intervals respectively. 

In anisotropic tissue, the speed of depolarization conduction throughout the mid-myocardial region 
was slightly faster than other regions. 
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TP06 model of 10%Endo-30%M-60%Epi with endocardial pacing        

Group Q: TP06 model of isotropic & anisotropic 10%Endo-30%M-60%Epi  

 

  

Figures Q27-Q28: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

For tissue with isotropic diffusion, the speed of depolarization conduction was faster and slower 
throughout epicardial and endocardial region and was approximately 0.58-0.53 m/s and 0.26 m/s for 
short range of diastolic intervals of 406-216 ms respectively. 

For tissue with anisotropic diffusion, for S1S2 intervals of 700-380 ms, the speed of depolarization 
conduction throughout the epicardial region was the fastest around 0.23-0.20 m/s among regions. The 
endocardial region had the slowest speed of depolarization conduction and was around 0.2-0.05 m/s 
over diastolic intervals of 374-52 ms.   
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TP06 model of 10%Endo-30%M-60%Epi with epicardial pacing        

Group Q: TP06 model of isotropic & anisotropic 10%Endo-30%M-60%Epi 

 

 

Figures Q29-Q30: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In anisotropic tissues, the speed of depolarization conduction throughout the endocardial region was 
faster for S1S2 intervals of 700 ms and then the speed of depolarization conduction in the mid-
myocardial region became slightly faster than other regions for short S1S2 intervals. 
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3 cell type (30%M-10%Epi) 

FK4V model of 60%Endo-30%M-10%Epi with endocardial pacing        

Group Q: FK4V model of isotropic & anisotropic60%Endo-30%M-10%Epi 

 

 

Figures Q31-Q32: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In isotropic tissues, the speed of depolarization conduction throughout the mid-myocardial region was 
faster than other regions. 

In anisotropic tissues, the speed of depolarization conduction throughout the endocardial region 
remained constant at 0.27 m/s during decreasing S1S2 intervals. 
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FK4V model of 60%Endo-30%M-10%Epi with epicardial pacing        

Group Q: FK4V model of isotropic & anisotropic 60%Endo-30%M-10%Epi 

  

 

Figures Q33-Q34: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In tissues with anisotropic diffusion, the speed of depolarization conduction throughout the mid-
myocardial region was faster than other regions.  
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TP06 model of 60%Endo-30%M-10%Epi with endocardial pacing        

Group Q: TP06 model of isotropic & anisotropic 60%Endo-30%M-10%Epi 

  

Figures Q35-Q36: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

For isotropic tissue, the speed of depolarization conduction was approximately constant in three 
regions of tissue during decreasing S1S2 intervals. For tissue with anisotropic diffusion, the speed of 
depolarization conduction in the mid-myocardial region was faster than other rigions for S1S2 
intervals of 700-410 and the speed of depolarization conduction in the epicardial region was slower 
than other regions. 
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TP06 model of 60%Endo-30%M-10%Epi with epicardial pacing        

Group Q: TP06 model of isotropic & anisotropic tissue 60%Endo-30%M-10%Epi 

  

 

Figures Q37-Q38: Restitution profiles of speed of depolarization conduction and spatial profiles of 
activation time 

In both isotropic and anisotropic tissues, the speed of depolarization conduction in the endocardial 
region was faster than other regions. 

Group R: Profiles of speed of depolarization conduction 2  
     Figure R21 to R26 show restitution profiles of speed of depolarization conduction in 

anisotropic heterogeneous tissue with and without fibrosis with the FK4V model. The speed 

of depolarization conduction was suppressed throughout the mid-myocardial region in 

anisotropic fibrosis heterogeneous tissue composed of 10%Endo-30%M-60%Epi, 60%Endo-

30%M-10%Epi, and 15%Endo-55%M-30%Epi with both endocardial and epicardial pacing. 
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Anisotropic tissue with & without fibrosis: 10%Endo-30%M-60%Epi 

  

  

Figures R21-R22: Restitution profiles of speed of depolarization showing the speed of depolarization 
was suppressed throughout the mid-myocardial region and was constant throughout the endocardial 
region for long S1S2 intervals in anisotropic fibrosis tissues.  
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Anisotropic tissue with & without fibrosis: 15%Endo-55%M-30%Epi     

 

 

Figures R23-R24: Restitution profiles of speed of depolarization showing for anisotropic fibrosis tissue 
the speed of depolarization decreased to around 0.01 m/s during decreasing S1S2 intervals 
throughout the mid-myocardial region with both epicardial and endocardial pacing  

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

Diastolic interval (ms)

S
pe

ed
 o

f d
ep

ol
ar

iz
at

io
n 

co
nd

uc
tio

n 
(m

/s
)

endocardial pacing

endocardial pacing

 

 
700ms

700ms

700ms

700ms

600ms

600ms

600ms

600ms

500ms

500ms

500ms

500ms

420ms

420ms

420ms

420ms

700ms

700ms

700ms

700ms

600ms

600ms

600ms

600ms

500ms

500ms

500ms

500ms

425ms

425ms

425ms

425ms

15%Endo-55%M-30%Epi

anisotropic fibrosis

square:endocardial to epicardial region

triangle: endocardial  region

dot:mid-myocardial region

plus:epicardial region

ansiotropic

circle:endocardial to epicardial region

cross: endocardial  region

lozenge:mid-myocardial region

star:epicardial region

30 60 90 120 150 180 210 240 270 300 330 360 390 420 450
-0.41

-0.37

-0.33

-0.29

-0.25

-0.21

-0.17

-0.13

-0.09

-0.05

-0.01

0.03

Diastolic interval (ms)

S
p

ee
d

 o
f 

d
ep

o
la

ri
za

ti
o

n
 c

o
n

d
u

ct
io

n
 (

m
/s

)

epicardial pacing

 

 
700ms

700ms

700ms

700ms

600ms

600ms

600ms

600ms

500ms

500ms

500ms

500ms

425ms

425ms

425ms

425ms

420ms

420ms

420ms

420ms

700ms

700ms

700ms

700ms

600ms

600ms

600ms

600ms

500ms

500ms

500ms

500ms

425ms

425ms

425ms

425ms

15%Endo-55%M-30%Epi

ansiotropic

circle:endocardial to epicardial region

cross: endocardial  region

lozenge:mid-myocardial region

star:epicardial region

anisotropic fibrosis

square:endocardial to epicardial region

dot: endocardial region

triangle:mid-myocardial region

plus:epicardial region



333 
 

Anisotropic tissue with & without fibrosis: 60%Endo-30%M-10%Epi 

   

 

Figures R25-R26: Restitution profiles of speed of depolarization conduction showing that for 
anisotropic fibrosis tissues, the speed of depolarization conduction was suppressed and became 
around 0.008 m/s throughout both epicardial and mid-myocardial regions with endocardial and 
epicardial pacing. Hence, the speed of depolarization conduction from endocardial to epicardial region 
was governed by the speed of depolarization conduction throughout the endocardial region that was 
around 0.3 m/s. 
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Group U: Spatial profiles of APD and APD dispersion 
    Figure U1 to Figure U24 show (1) spatial profiles of APD in anisotropic heterogeneous 

tissues; and (2) dispersion profiles of APD in anisotropic heterogeneous tissues with and 

without fibrosis with the FK4V and the TP06 models. 

2 cell type 

Heterogeneous tissue composed of 50%Endo-50%Epi with endocardial pacing   

Group U: FK4V model of anisotropic tissues   

TP06 model of anisotropic tissue    

FK4V and TP06 models of anisotropic & anisotropic fibrosis tissues    

 

Figures U1-U3: Spatial APD profiles in anisotropic tissue composed of 50%Endo-50%Epi and 
dispersion profiles of APD in anisotropic tissue with and without fibrosis endocardial pacing using the 
FK4V and TP06 models  
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Heterogeneous tissue composed of 50%Endo-50%Epi with epicardial pacing   

Group U: FK4V model of anisotropic tissue   

 

 TP06 model of anisotropic tissue   

 

FK4V & TP06 models of anisotropic & anisotropic fibrosis tissues  

 

Figures U4-U6: Spatial APD profiles in anisotropic heterogeneous tissue composed of 50%Endo-
50%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with epicardial 
pacing using the FK4V and TP06 models  
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3 cell type (30%M) 

Heterogeneous tissue composed of 10%Endo-30%M-60%Epi with endocardial 

pacing   

Group U: FK4V model of anisotropic tissue    

   
TP06 model of anisotropic tissue  

 

FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues

   

Figures U7-U9: Spatial APD profiles of anisotropic heterogeneous tissue composed of 10%Endo-
30%M-60%Epi and profiles of APD in anisotropic tissue with and without fibrosis with endocardial 
pacing using the FK4V and TP06 models  
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Heterogeneous tissue composed of 10%Endo-30%M-60%Epi with epicardial 

pacing   

Group U: FK4V model of isotropic & anisotropic tissue  

 
TP06 model of anisotropic tissue 

 

FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues 

 

Figures U10-U12: Spatial APD profiles of anisotropic heterogeneous tissue composed of 10%Endo-
30%M-60%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with 
epicardial pacing using the FK4V and TP06 models  
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3 cell type (55%M) 

Heterogeneous tissue composed of 15%Endo-55%M-30%Epi with endocardial 

pacing   

Group U: FK4V model of anisotropic tissue  

TP06 model of anisotropic tissue    

 
FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues 

 

Figures U13-U15: Spatial APD profiles of anisotropic heterogeneous tissue composed of 15%Endo-
55%M-30%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with 
endocardial pacing using the FK4V and TP06 models  

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
280

288

296

304

312

320

328

336

344

352

360

368

376

384

392

400

Distance (mm)

A
P

D
 (

m
s)

 

 

1000ms

900ms

800ms

700ms

600ms

500ms

450ms

425ms

420ms

15%endo-55%M-30%epi

endocardial pacing

anisotropic

Endo  EndoM                                                                         M Epi                            Epi

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
275

285

295

305

315

325

335

345

Distance (mm)

A
P

D
 (

m
s)

 

 
700ms

600ms

500ms

440ms

420ms

400ms

395ms

385ms

375ms

370ms

365ms

Endo   Endo M                                                                           M Epi                        Epi

15%endo-55%M-30%epi

endocardial pacing

anisotropic

350 400 450 500 550 600 650 700 750
15

25

35

45

55

65

75

85
90

S1S2 interval (ms)

D
is

pe
rs

io
n 

in
 A

P
D

 (m
s)

 

 
TP06, anisotropic

TP06, anisotropic fibrosis

FK4V, anisotropic

FK4V, anisotropic fibrosis

15%Endo-55%M-30%Epi

endocardial pacing



339 
 

Heterogeneous tissue composed of 15%Endo-55%M-30%Epi with epicardial 

pacing   

Group U: FK4V model of anisotropic tissue  

 

TP06 model of anisotropic tissue 

 
FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues 

 

Figures U16-U18: Spatial APD profiles of anisotropic heterogeneous tissue composed of 15%Endo-
55%M-30%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with 
epicardial pacing using the FK4V and TP06 models  
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3 cell type (30%M-10%Epi) 

Heterogeneous tissue composed of 60%Endo-30%M-10%Epi with endocardial 

pacing   

Group U: FK4V model of isotropic and anisotropic tissue  

 TP06 model of anisotropic tissue  

 
FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues 

 

Figures U19-U21: Spatial APD profiles of anisotropic heterogeneous tissue composed of 60%Endo-
30%M-10%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with 
endocardial pacing using the FK4V and TP06 models  

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
255

265

275

285

295

305

315

325

335

345

355

365

Distance (mm)

A
P

D
 (

m
s)

 

 
1000ms

900ms

800ms

700ms

600ms

500ms

400ms

395ms

390ms

Endo                                                                   Endo M                              MEpi        Epi

60%endo-30%M-10%epi

endocardial pacing

anisotropic

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
274

279

284

289

294

299

304

309

314

319

324

Distance (mm)

A
P

D
 (

m
s)

 

 
700ms

600ms

500ms

420ms

415ms

410ms

400ms

395ms

390ms

375ms

370ms

355ms

345ms

Endo                                                                     EndoM                              MEpi   Epi        

60%endo-30%M-10%epi

endocardial pacing

anisotropic

300 350 400 450 500 550 600 650 700 750
15

25

35

45

55

65

75
80

S1S2 interval (ms)

D
is

p
er

si
o

n
 i

n
 A

P
D

 (
m

s)

 

 
TP06, anisotropic

TP06, anisotropic fibrosis

FK4V, anisotropic

FK4V, anisotropic fibrosis

60%Endo-30%M-10%Epi

endocardial pacing



341 
 

Heterogeneous tissue composed of 60%Endo-30%M-10%Epi with epicardial 

pacing   

Group U: FK4V model of anisotropic tissue 

 TP06 model of anisotropic tissue 

 FK4V model & TP06 model of anisotropic & anisotropic fibrosis tissues 

 

Figures U22-U24: Spatial APD profiles in anisotropic heterogeneous tissue composed of 60%Endo-
30%M-10%Epi and profiles of APD dispersion in anisotropic tissue with and without fibrosis with 
epicardial pacing using the FK4V and TP06 models  
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Appendix 2 

Group X: AP propagation for premature S2 beats in isotropic, anisotropic, and anisotropic fibrosis tissues with a linear and a non-linear fibre 
orientation using the FK4V and the TP06 models 

 

Figure X9: Examples of AP propagation from depolarization to rest in anisotropic homogenous epicardial tissue with linear fibre orientation with and without fibrosis 

as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization, two waves formed besides tissue, waves joined together in the central region of tissue, another two waves formed besides 
tissue, waves joined together in the central region of tissue, dimension of the second group of waves was greater than the first one. During AP 
repolarization, the observable change was on the corner and besides tissues. 
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Figure X10: Examples of AP propagation from depolarization to rest in anisotropic homogenous epicardial tissue with linear fibre orientation with and without fibrosis 

using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue 
2- waves joined together in the central region of tissue  
3- the shape of wave changed in corners and besides tissue 

During AP repolarization, the observable change was besides tissues. 
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Figure X11: Examples of AP propagation from depolarization to rest in anisotropic homogenous endocardial tissue with linear fibre orientation with and without 

fibrosis as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization: 

1- one wave formed in the bottom surface of tissue 

2- waves propagated besides tissues and upward till AP plateau 

3- the shape of waves changed in the central region of 3D cube of tissue and top corners of tissue 

During AP repolarization, the observable change was besides tissues. 
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Figure X12: Examples of AP propagation from depolarization to rest in anisotropic homogenous endocardial tissue with linear fibre orientation with and without 

fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue 

2- waves joined together in the central region of tissue  

3- the shape of waves changed in the central region of 3D cube of tissue  

During AP repolarization, the observable change was besides tissues. 
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Figure X13: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 50%Endo-50%Epi tissue with endocardial pacing with linear fibre 

orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue 

2- waves joined together in the central region of tissue  

3- the shape of waves changed in the central region of 3D cube of tissue and corners on the top surface of tissue 

 

 

During AP repolarization, the observable change was besides tissues. 
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Figure X14: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 50%Endo-50%Epi tissue with epicardial pacing with linear fibre 

orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue on the top surface of tissue in the epicardial region 

2- waves joined together in the central region of epicardial tissue  

3- waves propagated toward endocardial region before AP plateau 

During AP repolarization: 

1-  the wave initially spread besides tissue in the epicardial region 

2- the wave propagated toward endocardial region till AP rest    
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Figure X15: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 15%Endo-55%M-30%Epi tissue with endocardial pacing with 
linear fibre orientation with and without fibrosis as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization: 

1- one wave formed in the bottom surface of tissue in the endocardial region 
2- waves propagated besides tissues and upward  
3- the shape of the waves changed in the mid-myocardial region and corners in epicardial region 

During AP repolarization:   

 the wave broke approximately in the endocardial region in two parts: the bottom waves broke into two parts and vanished besides tissues while 
top waves continued propagation till AP rest in the epicardial region 
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Figure X16: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 15%Endo-55%M-30%Epi tissue with endocardial pacing with 

linear fibre orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue on the bottom surface of tissue in the endocardial region and then joined together  

2- another wave formed close to region between mid-myocardial and epicardial regions 

3- waves joined together close to region between endocardial and mid-myocardial regions and propagated toward epicardial region before AP 

plateau 

During AP repolarization: 

1-  the wave broke into two parts close to the region between mid-myocardial and epicardial regions  

2- the wave propagated toward epicardial region till AP rest    
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Figure X17: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 15%Endo-55%M-30%Epi tissue with epicardial pacing with linear 
fibre orientation with and without fibrosis as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization: 

1- one wave formed on the top surface of tissue in the epicardial region and propagated besides tissues  
2- the wave propagated gradually toward epicardial region before AP plateau 

 
During AP repolarization, the wave broke into two parts approximately in the region close to the endocardial and mid-myocardial regions:  the top wave 
broke into two parts and vanished besides tissues while the bottom wave continued propagation till AP rest in the endocardial region. 
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Figure X18: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 15%Endo-55%M-30%Epi tissue with epicardial pacing with linear 

fibre orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue on the top surface of tissue in the epicardial region and then joined together and propagated for seconds and 

then stopped propagation 

2- another wave formed besides tissue close to region between mid-myocardial and epicardial regions and propagated toward endocardial region 

3- no complete AP plateau  

During AP repolarization: 

1- the wave broke into two parts close to the region between mid-myocardial and epicardial regions 

2- the top wave vanished in corner and the bottom wave propagated toward endocardial region  
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Figure X19: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 10%Endo-30%M-60%Epi tissue with endocardial pacing with 

linear fibre orientation with and without fibrosis as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization: 

1- one wave formed on the bottom surface of tissue in the endocardial region and propagated besides tissue  
2- the shape of the wave changed significantly in the mid-myocardial region 
3- the wave propagated upward and joined together in the region between mid-myocardial and epicardial regions  
4- no complete AP plateau 

During AP repolarization, the wave broke into two parts in the region close to the mid-myocardial and endocardial regions: the bottom wave broke into 
two parts and vanished besides tissues while top wave continued propagation and vanish in top corner till AP rest in epicardial region 

 

AP  propagation during depolarization AP propagation during repolarization  
S2 membrane 

potential 

Linear 
aniso 

S1S2=390ms 

 

   

Linear aniso-
fibrosis 

S1S2=405ms 

 

   

Non-linear 
aniso 

S1S2=360ms 

 

   

400 450 500 550 600 650 700

0

0.5

1

1.5

400 450 500 550 600 650 700

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

350 400 450 500 550 600 650 700

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6



353 
 

Figure X20: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 10%Endo-30%M-60%Epi tissue with endocardial pacing with 

linear fibre orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed on the bottom surface of tissue in the endocardial region and then joined together  

2- the shape of the wave changed in central the region of tissue during propagation upward  

3- the shape of the wave changed significantly in the mid-myocardial region 

4- the shape of the wave change besides tissue on top surface  of tissue in the epicardial region 

 

During AP repolarization, the wave broke into two parts in the region close to the mid-myocardial and epicardial regions: the bottom wave broke into two 

parts and vanished besides tissues while the top wave continued propagation and vanished in top surface of tissue in epicardial region 
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Figure X21: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 10%Endo-30%M-60%Epi tissue with epicardial pacing with linear 

fibre orientation with and without fibrosis as well as non-linear fibre orientation without fibrosis using the FK4V model 

During AP depolarization: 

1- one wave formed on the top surface of tissue in the epicardial region   
2- the wave broke into two parts in the region between mid-myocardial and epicardial regions but joined again approximately in this region 
3- the wave propagated toward endocardial region till AP plateau  

During AP repolarization:   

 the wave broke into two parts in the region close to the endocardial and mid-myocardial regions 
 the top wave broke into two parts on the top surface of tissue in the epicardial region and vanished besides tissues while the bottom wave 

continued propagation and vanished on the bottom surface of tissue in the endocardial region 
Note: All anisotropic heterogeneous tissues with fibrosis suppressed the speed of depolarization in the mid-myocardial region in this tissue with linear 
fibre orientation that may explain the difference in the pattern of depolarization in anisotropic and anisotropic fibrosis tissues. 
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Figure X22: Examples of AP propagation from depolarization to rest in anisotropic heterogeneous 10%Endo-30%M-60%Epi tissue with epicardial pacing with linear 

fibre orientation with and without fibrosis using the TP06 model 

During AP depolarization: 

1- two waves formed besides tissue on the top surface of tissue in the epicardial region and then joined together and propagated toward mid-

myocardial region 

2- another wave formed on the bottom of tissue in the endocardial region and joined with the top wave before AP plateau 

During AP repolarization: 

1- the wave propagated downward, and then  

2- the wave propagated upward in the endocardial region and vanished in the region between endocardial and mid-myocardial regions 
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