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I. INTRODUCTION 

Atrial arrhythmias, including atrial fibrillation (AF), are characterised by irregular and rapid electrical 
activation of the atria. AF are the most common cardiac diseases and can lead to heart failure, stroke 
and even death (1). The mechanisms underlying the initiation and sustenance of AF, however, are 
incompletely understood. The human atria are electrically heterogeneous and structurally anisotropic. 
Dramatic regional differences in atrial action potential (AP) morphology and duration have been 
observed in both human and animal models (2). The fibrous structure of the atria also shows far less 
organization than in the ventricles.  In this study we have developed a 3D model of the human atria 
and body surface ECG to investigate the underlying mechanisms of AF. 

II. METHODS 

The multi scale model of the human atria involved mapping previously developed heterogeneous 
single cell models for the AP (3) onto their respective regions of the atria (Fig 1. A, B). A recently 
reconstructed model for the human SAN geometry, fibre orientation and AP (4) was incorporated into 
the 3D atrial model (Fig 1. A, B). This model was then placed inside a torso geometry mesh (5) and 
the forward problem was solved by the use of a boundary element method (BEM) in order to simulate 
realistic ECG P-waves (Fig 1. C). Excitation propagation was simulated by using a mono-domain 
reaction-diffusion partial differential equation with use of higher order numerical solvers and an 
anisotropy ratio for conduction longitudinal and transverse to fibres of 10:1, respectively.  

Re-entrant excitation wave (mimicking AF) was initiated by an s1-s2 pacing protocol: two s1 stimuli 
were applied at a cycle length of 350ms, followed by an s2 stimulus applied after 250ms. The 
stimulation site was selected at a region of both high electrical heterogeneity and anisotropy, at the 
junction between the crista terminalis (CT) and the pectinate muscles (PMs) in the right atrium. The 
model is then left to run for 10s. 

The atrial model was validated by comparing atrial activation patterns to experimental data in both 
normal (6) and abnormal (3,7) conditions. The BSP model was validated by directly comparing the 
simulated data with experimental BSP maps (8) and ECG P-waves under normal conditions. 

 
Figure 1. (A) Human sinoatrial node (SAN) geometry with representative AP displayed. (B) 3D heterogeneous 
anatomical model for the human atria with representative APs displayed over their respective regions. The SAN 
from A is incorporated into this model. (C) The 3D torso mesh model used to simulate the BSP, shown with the 
lungs and the orientation of the atria (shown in B). Representative ECG P-waves are displayed 



 
Figure 2. (A) Atrial excitation propagation. (B) BSP snapshots under normal conditions taken at i) 5 ms; ii) 25 
ms; iii) 40 ms; and iv) 110 ms after the SAN initiates excitation. (C) Atrial activation pattern under normal 
conditions. (D) Corresponding P-wave profiles.  
 

III. RESULTS 

Fig. 2 shows the simulated electrical excitation conduction under the normal condition. Excitation is 
initiated in the centre of the SAN (Fig 2Ai). At the corresponding time, the BSP is largely uniform 
due to the lack of a propagating wave-front (Fig 2Bi). At 20ms, excitation has exited the SAN and 
propagates preferentially along the fibres orientated along the CT and PMs (Fig 2Aii). The 
corresponding BSP map shows a clear positive peak forming over the lower right lung due to this 
atrial propagation (Fig2Bii). At 40ms, a larger portion of the right atrium has been excited (Fig 2Aiii) 
and the dipole direction in the BSP can be clearly seen to point downwards and to the left (Fig2Biii). 
By 110ms, the right atrium has completely depolarized and the left atrium has almost been fully 
depolarized (Fig 2 A iv). As such, the peak of the BSP has disappeared and it begins to return to a 
largely uniform state (Fig 1Biv). The atrial activation map and corresponding P-waves are shown in 
Fig 2 panels C and D, respectively.  

Fig 3A shows the initiation and break down of re-entrant waves following the s2 stimulus (see 
Methods). In Fig 3Ai, the application of the shortly coupled s2 stimulus at a region of high electrical 
heterogeneity results in a conduction block towards the CT; the longer AP duration in the CT relative 
to the PMs implies that the CT cells have not fully recovered at this time, and therefore cannot be 
stimulated. The PMs, however, have fully repolarised and therefore the wave-front can propagate 
within them. The excitation then circulates back into the CT after it has propagated for some time (Fig 
3Aii) and the CT has had time to recover. This forms a ‘figure 8’ style re-entrant pattern. After 
~100ms, however, the wave begins to break up due to the slow and fast conduction pathways 
resulting from the high level of anisotropy (Fig 3Aiii). By ~150ms the multiple re-entrant wavelets 
which characterize AF have begun to form. Fig 3B shows the long term behaviour of the model after 
the initiation of AF. The different snapshots in time, taken from the sixth and seventh second of 
simulation, demonstrate chaotic, multiple re-entrant wavelets which would result in a significant 
reduction in cardiac output. Representative BSP snapshots during this time are shown in Fig 3C and 
can be seen to be highly irregular. This re-entry was sustained throughout the entire 10s simulation.  



 

 
Figure 3. (A) Initiation and breakdown of a re-entrant wave following the s2 stimulus. Snapshots taken at i) 
10ms; ii) 20 ms; iii) 100 ms; and iv) 150 ms after the stimulus. (B) Demonstration of multiple re-entrant 
wavelets characterizing AF. Snapshots taken at i) 605 ms; ii) 645 ms; iii) 690 ms; and iv) 735 ms after the s2 
stimulus. (C) Snapshots of the BSP during AF.  
 

IV. SUMMARY 

A multi-scale biophysically detailed model of the human atria and torso has been developed. The 
model is validated under normal and abnormal conditions and is used to investigate the underlying 
mechanisms of AF. It is shown that heterogeneity and anisotropy both play a role in the initiation and 
sustenance of AF.  
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