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Abstract 

Recent work has shown that the transition from 
persistent to permanent AF in goats coincides with an 
increase in fibrosis in the outer millimeter of the atrial 
wall. Macroscopically this leads to reduced electrical 
conductivity orthogonal to the dominant fiber orientation.  

We constructed a detailed geometry of the human atria 
including epicardial layer and all major endocardial 
bundle structures. The model also includes realistic one to 
three layers of fiber orientations, corresponding to their 
location in the atrium.  

The numbers of waves, phase singularities, and 
breakthroughs (BTs) were quantified at different degrees 
of fibrotic tissue. Increase in the “fibrotic” volume from 
zero (Control) to moderate (50% Fibrotic), and severe 
(70% Fibrotic) increased both the number of waves and 
the number of phase singularities. Along with the increase 
in fibrosis, the endo-epicardial electrical activity 
dyssynchrony increased. 

1. Introduction

The perpetuation and progression of atrial fibrillation 
(AF) is mediated by electrical and structural remodeling 
the atria [1]. Electrical remodeling is a relatively fast 
process (1-2 days) that includes action potential shortening 
and reduction of effective refractory period. Structural 
remodeling develops much more slowly (months-years) 
and is considered as the main mechanism leading to AF 
stability. Several studies have demonstrated that structural 
remodeling is associated with a decrease in the size of 
fibrillatory waves and an increased incidence of transmural 
conduction (“breakthroughs”) in both patients and goat 
models [2-4]. Verheule et al. demonstrated that transition 
from persistent to permanent AF in goats is histologically 
characterized by an increase in endomysial fibrosis, 
particularly in the outer millimeter of the atrial wall [2]. In 
this way, endo-epicardial transmural connectivity and 
electrical synchronization between endo- and epicardium 

would be hampered. Using simultaneous endo-epicardial 
mapping, Eckstein et al. showed a significant increase in 
endo-epicardial electrical dissociation (EED) as well as 
breakthroughs (transmurally propagating fibrillation 
waves) in goats in later stages of AF [5,6].  

While these experimental studies show a clear 
association between structural remodeling, EED, and 
breakthrough incidence, they cannot establish a causal 
relationship or elucidate which aspects of the structural 
remodeling are responsible for the observed changes. The 
purpose of this study was to assess the effects of loss of 
side-to-side connectivity in the epicardial layer on EED 
and breakthrough incidence, using a numerical model in 
which all other factors were unchanged.  

2. Method

2.1.  3D model structure 

An anatomical 3D model of human atria including fiber 
orientation was built manually using Blender (The Blender 
Foundation, Amsterdam, The Netherlands) as a 3D editing 
tool. The global shape was extracted from magnetic 
resonance imaging data of a subject with normal atrial 
anatomy. Endocardial and epicardial surfaces were created 
and combined into a 'myocardial envelope': a closed 
surface containing the atrial myocardium. 20 Pectinate 
muscles (PM) in the right atrial (RA) free wall, 
Bachmann’s Bundle (BB), inter atrial bundles, and the 
crista terminalis (CT) were added based on published 
anatomical descriptions [7-9]. The model contained four 
pulmonary veins, caval veins, left and right atrial 
appendages (LAA and RAA), as well as the coronary 
sinus, as illustrated in figure1A, B and C.  

Dedicated software was used to create a computational 
mesh at 0.2-mm resolution with different fiber orientations 
from the manually-edited objects. Within the myocardial 
envelope a 1-mm layer of myocardium was placed to 
represent the thin right-atrial wall. A 3-mm layer was used 
for the thicker left atrium. The bundles consisted of 
myocardium with different conduction properties.  
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2.2.  Fiber orientation and anisotropy 

One of the most important properties of this model is the 
incorporation of realistic fiber orientation based on 
histological observations (see figure 1C and D) [7]. Ho et 
al have described the left-atrial wall as 2 layers with 
different fiber orientations [7]. Less information is 
available for the right atrium.  

In our model, elements within the bundles received a 
fiber orientation parallel to the local bundle orientation.  

2.3.  Electrophysiological model 

Simulations were performed with the propag-5 software 
and run on 2560 cores of a Cray XE6 supercomputer [10, 
11]. Electrical activity was simulated with a mono-domain 
reaction-diffusion equation. Ionic currents and calcium 
handling for each model node was described by 
Courtemanche-Ramirez-Nattel model [12].  

To reproduce electrical remodeling as observed in atrial 
fibrillation, conductivities for Ito, IcaL, and Ik1 were set at 
15%, 15%, and 200% of their normal values respectively 
[1].  

2.4.  Simulation protocol 

A spiral was initiated via a single pacing site in 
combination with an associated temporary block line.  

2.5  Implementation of fibrosis 

Fibrosis segments were simulated by randomly 
removing transverse conductivity between elements. Three 
different degrees of fibrosis (slight (50%), moderate 
(60%), and severe (70%)) were selected and simulated to 
be compared with no fibrosis (control).  

Figure 1. Anatomical model of the atria used for 
simulations. A) Posterior view. B) Saggital view. C) Fiber          
orientations in anterior view. D) RA free wall fiber 
orientations.  

3. Analysis

3.1.  Detection of phase singularities 

In two dimensions, the tip of a reentrant wave forms a 
phase singularity (PS); a point where all phases of the 
action potential simultaneously occur. The three-
dimensional equivalent of a PS is a vortex filament. Model 
elements that were part of vortex filaments were detected 
using the method [13]. A filament was defined by the line 
of intersection of the two surfaces  𝑉𝑉(𝑟𝑟, 𝑡𝑡) = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉, where 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 is an arbitrary selected potential value which used to 
distinguish polarized and depolarized regions of the tissue 
(in this study -49 mV), and 𝜕𝜕𝑡𝑡𝑉𝑉(𝑟𝑟, 𝑡𝑡) = 0. Since in our 
simulations the time is discrete we could approximate the 
𝜕𝜕𝑡𝑡𝑉𝑉(𝑟𝑟, 𝑡𝑡) = 0 by 𝜕𝜕𝑡𝑡𝑉𝑉(𝑟𝑟, 𝑡𝑡) ≈ 𝑉𝑉(𝑟𝑟, (𝑛𝑛 + 1)∆𝑡𝑡) −
𝑉𝑉(𝑟𝑟,𝑛𝑛∆𝑡𝑡). Therefore, the filament position could be 
identified using formula (1). 

𝑉𝑉(𝑟𝑟,𝑛𝑛∆𝑡𝑡) = 𝑉𝑉(𝑟𝑟, (𝑛𝑛 + 1)∆𝑡𝑡) = 𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 (1) 

In order to describe this method more practically we 
represent the filament line by the set of intersection points 
of this line with the lattice planes defined 𝑥𝑥 = ∆𝑉𝑉 , y=
∆𝑗𝑗 , 𝑧𝑧 = 𝑘𝑘∆𝑧𝑧, which they are all the y-z, x-z, and x-y planes 
that contain lattice points, respectively.  Since each plane 
is made up of squares with one lattice point at each of the 
four corners, the algorithm proceeds by finding which of 
the 3NxNyNz squares contained in these planes are 
intersected by the line defined by Eq. (1) and what are the 
coordinates of these intersection [13]. Finally, all of these 
points are sorted in order of increasing arclength S along a 
given filament, the arclength distance between two nearby 
points (𝑝𝑝(𝑝𝑝1 , 𝑝𝑝2, 𝑝𝑝3) and  𝑞𝑞(𝑞𝑞1, 𝑞𝑞2, 𝑞𝑞3)) being simply 
defined by the Euclidean distance (𝑑𝑑(𝑝𝑝, 𝑞𝑞) =
 �(𝑝𝑝1 −  𝑞𝑞1)2 + (𝑝𝑝2 −  𝑞𝑞2)2 + (𝑝𝑝3 −  𝑞𝑞3)2 ). 

3.2.  Detection of fibrillation waves 

A wave was defined as a contiguous area in which all 
nodes have trans-membrane voltages above the excitation 
threshold of -60mV. The number of waves was calculated 
each millisecond of simulated time.  

3.3.  Dyssynchrony  

Dyssynchrony was defined as the percentage of nodes 
that were excited (membrane potential above -60 mV), 
while the opposing segment of the atrial wall was not 
excited (membrane potential below -60mV).  

In order to calculate dyssynchrony, model nodes were 
categorized either as epicardial or endocardial. Pairs of 
endocardial and epicardial nodes were created by finding 
the nearest epicardial node for each endocardial node. 

 

 

  



Dyssynchrony was defined as the number of pairs with 
different state (one node activated and the other not 
activated) divided by the total number of pairs. 
Dyssynchrony was computed for each millisecond of 
simulated time. 

3.4.  Detection of breakthroughs 

A breakthrough (BT) is a wave that appears in epicardial 
layer and cannot be related to the propagation of other 
waves in that layer. To detect BTs, wave sizes at each time 
step were calculated. If a wave smaller than a threshold (9 
nodes in this study) appears within the epicardial layer and 
this wave has an overlap with a wave in endocardial layer, 
this was considered as a BT candidate. Each BT candidate 
was monitored and if its size increased in two folds, it was 
confirmed as a BT. 

4. Results

4.1.  Effect of fibrosis 

4.1.1. Fibrillation patterns 

In figure 2, an example of fibrillation patterns in both 
control and severe fibrosis are depicted. In the presence of 
fibrosis, fibrillation patterns in RA, LA anterior wall, and 
pulmonary veins area were more complex compared to 
control. Longitudinal dissociation, electric uncoupling of 
side-to-side connections between parallel-oriented atrial 
muscle bundles, within the epicardial plane increased and 
waves became narrower.  

Figure 2. A) Potential map in LA and RA (control). B) 
Potential map in LA and RA (severe fibrosis). 

4.1.2.  Dissociation and BT 

Figure 3 illustrated examples of conduction patterns in 
control (3A and C) and severe fibrosis (3B and D). As 
illustrated in this figure in both cases (control and severe 
fibrosis) BTs occurred but incidence of BTs in control 
group was more repetitive and limited to only few 
locations. An increase in the degree of fibrosis enhanced 
endo-epicardial electrical dissociation which increased the 
chance for BT occurrence and therefore more BTs were 
observed at different locations. For example, in none of the 
control group simulations a BTs was observed in RA free 
wall near the PMs or in anterior side of LA but multiple 
breakthroughs occurred at those sites in the presence of 
fibrosis (figure 3B and D).  

Figure 3. A) Incidence of BT in (black arrow) in control 
simulation. B) Incidence of BT (black arrow) in severe 
fibrosis simulation. C) Electrical activity association 
between PMs and right atrial epicardial layer. D) Increase 
in electrical activity dissociation in PMs and right atrial 
epicardial layer and incidence of BT.   

4.1.3. Quantitative analysis of fibrillation 
patterns 

The numbers of waves, phase singularities, and 
breakthroughs (BTs) were quantified at different degrees 
of fibrotic tissue. Increase in the “fibrotic” volume from 
zero (Control) to slight (50%), moderate (60% Fibrotic), 
and severe (70% Fibrotic) increased both the number of 
waves and the number of phase singularities. Along with 
the increase in fibrosis, the endo-epicardial electrical 
activity dyssynchrony and the incidence of BTs increased 
(see figure 4).  

 

 

  



5. Discussion

In this study we present a highly detailed 3D anatomical 
model of the human atria. This model was used to test the 
hypothesis that fibrosis in the epicardial layer would be 
sufficient to produce increased endo-epicardial 
dissociation of electrical activity and as a consequence an 
increase in transmural conduction. Our simulations 
demonstrate that epicardial fibrosis increased the number 
of waves and PSs, endo-epicardial dissociation of 
electrical activity and the BT rate.  

Figure 4. A) Number of waves, B) phase singularities, C) 
percentages of endo-epicardial electrical activity 
dissociation, and D) summation of all occurred BTs during 
simulation period in different degrees of fibrosis. 

6. Study limitations

There were some limitations regarding this study. (1) 
Human experimental and histological data were sparse and 
limited e.g. the histological data regarding fiber orientation 
in the RA of the human heart is very limited. For this 
reason, the fiber orientation in the RA thin wall was 
implemented using derived histological data from goats. 
(2) Several studies have proposed AP heterogeneity as a 
main mechanism for AF initiation and perpetuation, but in 
this model only one myocyte model with the same 
characteristics was used in different region of atrium. Our 
model offers an excellent opportunity to investigate the 
presence of this property in the future. (3) Random focal 
discharges, which have been investigated in several AF 
computer models and can be one of the important AF 
mechanisms, are also not implemented in this model [14].  
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