
  

 

Abstract—Mechanisms underlying the genesis of re-entrant 

substrate for atrial fibrillation (AF) in the pulmonary veins 

(PVs) and left atrium (LA) are not well understood. We develop 

a biophysically detailed computational model for the PVs and 

surrounding LA tissue. The model integrates canine PV and LA 

single cell electrophysiology with the respective 3D tissue 

geometry and fiber orientation reconstructed from micro-CT 

data. The model simulations demonstrate that a combination of 

tissue anisotropy and electrical heterogeneity between the PVs 

and LA causes a break-down of normal electrical excitation 

wave-fronts. This leads to the generation of a high-frequency 

re-entrant source near the PV sleeves. Evidence of such sources 

have been seen clinically in AF patients. In summary, our 

modeling results provide new insights into the arrhythmogenic 

mechanisms of re-entrant excitation waves underlying AF. 

I. INTRODUCTION 

Atrial fibrillation (AF), associated with irregular electrical 

activation of the atria, is the most common sustained cardiac 

arrhythmia [1]. The rate of hospitalization for AF and costs 

of its treatment are increasing in epidemic proportions [2]. 

AF is a major cause of morbidity and mortality, resulting in a 

reduction in cardiac output, predisposition to heart failure 

and stroke, and increased sudden death rates [1, 2]. 

However, mechanisms underlying the genesis of AF are 

incompletely understood and its clinical treatments all have 

significant intrinsic limitations. 

 The myocardial sleeves of the pulmonary veins (PVs) in 

the left atrium (LA) are recognized as main sources of high-

frequency electrical activity during AF, and the PV ablation 
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is widely used to terminate AF [3]. Ex-vivo studies of the PV 

sleeves have demonstrated repolarization heterogeneities and 

complex anisotropic arrangement of fibers, which result in 

conduction blocks and signs of incomplete re-entry [3-5]. 

Similar activation patterns have been observed at the PV-LA 

junctions during catheter mapping in AF patients, which led 

to suggestions that high-frequency activity in the PV can be 

sustained by re-entry [6]. However, mechanisms by which 

interactions of the electrical heterogeneity and conduction 

anisotropy in the PVs can generate arrhythmic substrate are 

difficult to dissect in experimental or clinical settings. 

 Computational modeling provides an efficient framework 

for integrating multi-scale and multi-modal biophysical data 

and understanding arrhythmogenesis in the 3D atria [7-10]. 

Electrophysiological models for the canine LA and PV cells 

have been developed recently [11]. However, structural 

complexity makes it difficult to quantify fine 3D details of 

the PV structure, such as fiber orientation. Thus, even the 

most recent 3D models of atrial activation have not included 

descriptions of the PV anatomy and electrophysiology [10]. 

The aim of this paper is primarily to develop and study an 

integrative biophysically detailed 3D model of the canine 

PVs and surrounding LA tissue. The details of tissue 

geometry and fiber orientation are based on a recent micro-

CT reconstruction of the 3D canine atria [12]. The model is 

used to explore the role of electrical heterogeneity and fiber 

anisotropy in the genesis of re-entrant waves in the atria. 

II. METHODS 

A. Model Development 

The dynamics of electrical excitation in atrial tissues can 

be described by the following well-known equation [7-10]:  
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Here V (mV) is the membrane voltage,  is a spatial 

gradient operator, t is time (s), D is a diffusion coefficient 

(mm
2
 ms

-1
) that characterizes electrotonic spread of voltage 

via gap junctional coupling, Iion is the total membrane ionic 

current (pA), and Cm (pF) is the membrane capacitance.  

Biophysically detailed models for individual ionic channel 

currents (such as ICaL, Ito, IKr, IKs, IK1) that comprise Iion have 

been developed for the canine LA and PV cells [11]. The 

models accurately reproduce the voltage-clamp data on 

which it has been based, and provide feasible morphologies 

for the action potential (AP) in these distinctive cell types.   
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 A novel method of contrast micro-CT has been applied 

recently [12] to reconstruct the detailed 3D geometry of the 

canine atria and segment it into distinctive regions, including 

PVs. Structure tensor analysis validated by histology has 

shown that the arrangement of atrial fibers can be quantified 

using the micro-CT images, as the contrast agent (iodine) 

preferentially accumulates within the myocardiac fibers. 

Hence, fiber orientation in the atrial bundles, including PV 

sleeves, has been reconstructed [12]. Fig. 1 illustrates the 3D 

geometry (Fig. 1A) and fiber orientation (Fig. 1B) in the PVs 

and surrounding atrial tissue, along with the cellular APs. 

B. Model simulations 

Eq. (1) was used to simulate AP propagation in the 3D 

model integrating the cellular electrophysiology with tissue 

geometry and fiber orientation. The diffusion coefficients in 

the longitudinal and transverse fiber directions were set to 

the values 0.10 mm
2
 ms

-1
 and 0.01 mm

2
 ms

-1
, respectively 

[10]. Eq. (1) was solved using the explicit Euler method with 

time and space steps ∆t = 0.005 ms and ∆x = 0.2 mm. 

The roles of tissue heterogeneity and anisotropy were 

investigated as follows. Under normal conditions the tissue 

was segmented into the PV and LA regions, with different 

cell-specific AP models used in each region (Fig. 1A). The 

role of heterogeneity was studied by using the PV model 

only throughout the entire tissue. The role of anisotropy was 

studied by setting the anisotropy ratio for conduction along 

and transverse to the fibers to1:1 instead of the normal 10:1. 

The same pacing protocol was used in all simulations. 

Electrical stimuli were applied to a region within the PV with 

abruptly changing directions of anisotropic fibers, as such 

areas have been shown to be prone to conduction blocks [4]. 

Two S1 stimuli were applied at a cycle length of 120 ms, 

followed by a short-coupled "ectopic" S2 stimulus at 90 ms. 

III. RESULTS 

Fig. 2 shows propagation of a regular excitation wave-

front initiated by S1 stimulation in the PV region. After the 

initiation, the wave propagates through the pair of nearby 

PVs and exits into the LA via points 1 and 2 at ~15 ms, and 

then via point 3 at 30 ms (Fig 2). The wave then propagates 

throughout the LA tissue and enters the second pair of PVs at 

the opposite side of the LA; point 4 is reached at 40 ms. 

Application of a short-coupled "ectopic" S2 stimulus 

resulted in a break-down of the regular excitation wave-front 

and generation of a re-entrant wave (Fig. 3). Note that 

conduction of the wave initiated by the S2 stimulus was 

slowed down as the tissue has not fully recovered from the 

previous S1 stimulation (S1-S2 coupling interval of 90 ms 

was significantly lower than the AP duration of ~120 ms). 

Hence, whereas the waves initiated by the S1 stimulus 

propagated into the LA via points 1 and 2 at ~15 ms (Fig. 2), 

 
 

Fig. 2.  Regular excitation wave propagation following S1 stimulus. 

Here and in the following figures, the PV and LA tissue geometries 

are shown in transparent light and dark blue colors, respectively. 

Snapshots of the membrane potential wave are shown as iso-surfaces 

at V = -30 mV (dark red) for 4 successive moments of time. Black 

dots 1-4 mark several key "recording" sites similar to positions of 

electrodes in electrophysiological tissue experiments [14]. 

 

 
 

Fig. 1.  3D model of the canine PVs. A: Segmented geometry of two 

pairs of branching PVs (red) and surrounding LA tissue (blue). Single 

cell APs for the PV and LA regions are shown. Black dot corresponds 

to the pacing site used in all simulations. B: Fiber orientation, with 

the fibers colored according to their inclination angle ("rainbow" 

palette). Most fibers are aligned along the PVs, but their arrangement 

becomes more complex - with multiple changing directions - towards 

the LA, which is in agreement with electro-anatomical studies [4]. 
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the wave initiated by the S2 stimulus failed to propagate into 

the LA via same points 1 and 2, as the LA tissue has not fully 

repolarized even at 20 ms (Fig 3). Instead, the wave entered 

the LA via point 3 at 45 ms, by which time the entire LA has 

repolarised. Therefore, the wave spread throughout the LA in 

multiple directions at 55-65 ms (Fig. 3). The wave was 

blocked from re-entering the PV at point 2 at ~55 ms. 

However, after ~85 ms of slow propagation through the 

superior part of the LA, the wave reached the PV at point 1 

and propagated towards the initial stimulation point (Fig. 3). 

Hence, the full re-entrant circuit has been completed. 

We have previously shown that the AP heterogeneity 

plays a role in the initiation of re-entrant waves, whereas 

anisotropy can cause irregular, multiple re-entrant circuits in 

the right atrium [9, 10]. Therefore, we studied the role of 

tissue electrical heterogeneity and anisotropy in the PV-LA. 

Fig. 4 shows wave propagation patterns for two cases (see 

Methods): the model with anisotropy but no heterogeneity 

(Fig. 4A), and the model with AP heterogeneity but no 

anisotropy (Fig. 4B). The same S2 "ectopic" stimulus was 

applied as in the full model illustrated in Fig. 3.  

Fig. 4A shows that due to the removal of AP heterogeneity 

between the PV and LA, there is no longer conduction block 

towards the LA. Hence, a regular excitation wave-front 

propagates throughout the tissue (Fig. 4A), similar to that 

seen after the S1 stimulation in Fig. 2. As shown in Fig. 4B, 

the initial conduction block towards the LA is present due to 

the AP heterogeneity. However, the absence of anisotropy 

(primarily, fast and slow conducting pathways) results in the 

elimination of the re-entrant circuit (Fig. 4B).  

IV. DISCUSSION 

 We developed a detailed 3D computational model (Fig. 1) 

that integrated the PV and LA single cell electrophysiology 

[11] with the respective 3D tissue geometry and fiber 

orientation reconstructed from contrast micro-CT data [12]. 

The model simulations demonstrated (Figs. 2-4) that a 

combination of tissue anisotropy and electrical heterogeneity 

at the PV sleeves caused a break-down of the regular 

electrical excitation wave-fronts leading to the generation of 

a high-frequency re-entrant source near the PVs (Fig. 5).  

 Experimental ex-vivo studies have previously shown that 

the PV sleeves can provide a substrate for the AP conduction 

block and re-entry [4, 5, 14]. Evidence of such re-entrant 

sources have also been seen clinically in AF patients [3, 6]. 

Our computational study for the first time dissected both the 

pattern (Fig. 3) and mechanisms (Fig. 4) of such re-entry 

initiation. Note that some effects of tissue substrates on the 

atrial conduction have been simulated previously [7, 8], but 

heterogeneity and anisotropy in these studies were not based 

on relevant data. Results of the present modeling study 

provide new quantitative insights into the arrhythmogenic 

mechanisms of re-entrant excitation waves underlying AF. 

 Models of the atria have been largely based on tissue 

geometries reconstructed from histological data [7, 10, 15]. 

While these models included many details of atrial anatomy, 

their segmentation into distinctive tissue sub-domains was 

either absent [15] or based on phenomenological estimations 

of the sub-domain locations [7]. Moreover, even the most 

biophysically detailed 3D models [10] have not included 

electrophysiology and fiber architecture in the PV sleeves, 

which are crucial in the genesis of AF [3-6]. Therefore, the 

3D model presented in this study provides a missing link to 

the computational modeling of the atria and AF. In future, 

the PV model developed in this study will be added to larger 

 
 

Fig. 3.  Re-entrant wave propagation following "ectopic" S2 stimulus. 

Colors as in Fig. 2. Black arrows show direction of wave-front 

propagation and black lines mark areas of the conduction block. 

 
 

Fig. 4.  The role of tissue heterogeneity and anisotropy in re-entry 

initiation and sustenance. A: regular wave-front propagation 

following "ectopic" S2 stimulus in the homogeneous tissue. B: initial 

conduction block does not lead to re-entry in the isotropic tissue. 

205



  

scale models of the entire 3D atria [10, 12] and used for 

dissecting the global mechanisms of AF arrhythmogenesis. 

 Future detailed atrial modeling must take into account (i) 

differential anisotropy ratios in various parts of the atria 

(which can vary from ~9:1 to 36:1 in the PV region alone, 

with the high-anisotropy areas sustaining micro re-entry [4]), 

(ii) detailed variability of cell electrophysiology parameters, 

such as the densities of ionic currents (ICaL, IK1, IKs) that 

determine the AP duration [10, 11], (iii) conditions affecting 

atrial conduction, such as pathological changes in the ionic 

channel densities and vagal tone [16, 17], (iv) effective size 

of the tissue substrate which determines the extent of re-entry 

meandering [16, 18]. After such a stratification, followed by 

validation against detailed atrial mapping data [19, 20], the 

models may not only explain the qualitative mechanisms of 

AF, but also give quantitative insights into pharmacological 

modulation and prevention of the disease [21, 22]. 
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Fig. 5. Sustenance of  re-entry initiated in the PVs. Periodic APs 

recorded from the PV and LA regions during the onset of re-entry 

(shown in Fig. 3), and its further progression over several periods. 
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