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Abstract

Sheep is an animal model often used for experimental
studies into the underlying mechanisms of cardiac arrhyth-
mias. Previous studies have shown that biophysically de-
tailed computer models of the heart provide a powerful al-
ternative to experimental animal models for underpinning
such mechanisms. In this study we have developed a family
of mathematical models for the electrical action potentials
of various sheep atrial cell types. We have also developed
a 3D model for the anatomical structure of the sheep atria.
By incorporating the single cell models into the anatomi-
cal structure, a novel computational model for the sheep
atria has been reconstructed. This model was then used to
investigate the mechanisms by which rapid focal activity
in the pulmonary veins can transit to atrial fibrillation. It
was found that the anisotropic property of the atria arising
from the fibre structure plays an important role in facilitat-
ing fibrillatory atrial excitation waves.

1. Introduction

Atrial fibrillation (AF) is the most common sustained ar-
rhythmia in the developed world, affecting approximately
1.5% of its population [1]. The prevalence of AF increases
with age, therefore in an ageing population AF is set to
become a leading factor in mortality, morbidity and qual-
ity of life of the general population [2, 3]. Although AF is
a common arrhythmia its genesis is not well understood,
therefore further studies to better understand its causes
are paramount. Sheep are often used as experimental an-
imal models to study cardiac diseases such as atrial fib-
rillation [4–8]. However, there are currently no species-
specific mathematical models for the sheep atria that can
help interpret these data using integrative system biology
approaches.

In this study we have developed a new family of mathe-
matical models for the electrical action potentials (APs) of
different cell types of the sheep atria: the pectinate mus-
cles (PM), crista terminalis (CT), right atrial appendage
(RAA), Bachmann’s bundle (BB), the left atrium (LA) and
the pulmonary veins (PV). These single cell models take

into account the experimentally observed electrical hetero-
geneity of sheep atrial cells in the kinetics and current den-
sities of their ion channels. The models were based on,
and validated against, extant experimental data from sheep
atrial cells. In the cases where no experimental data was
available cross-species modelling techniques were utilised.

We have also reconstructed a 3D anatomical model of
the sheep atria using extended volume imaging [9]. This
reconstruction includes details of the complex fibre struc-
ture of the atria, and is segmented into the different atrial
regions.

The developed single cell models were then incorpo-
rated into an anatomically detailed reconstruction of a
sheep atria. This provided a computational platform that
could be used to investigate the genesis of AF and the im-
portance of electrical heterogeneity and fibre structure on
its development and sustainability.

2. Methods

2.1. Developing single cell models

The Ramirez et al. mathematical models of the canine
atrium were used as a base for the new sheep models [10].
This model set includes detailed descriptions of cells in
the right atrium (RA), but do not include models for the
fast conduction pathway of BB, the LA, or the PVs. In this
study, the Ramirez et al. model set was first expanded to
describe these cell types using detailed experimental data
from Li et al., Ehrlich et al. and Burashnikov et al. [11–
13]. These models were then used as a base to produce a
full set of APs for the sheep atria using recorded AP data
from Lenaerts et al. [14].

Experimental voltage clamp and action potential data
for canine LA and PV cells has been published by Li et
al. and Ehrlich et al. [11,12], and detailed action potential
data of BB in the canine atria was available from Burash-
nikov et al. [13]. This allowed for accurate species specific
models of these cell types to be created. Fig. 1 shows the
fitted ionic current data for the left atrial and pulmonary
vein cells.

To create species-specific models of the sheep atria the
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Figure 1. Simulated current-voltage relationships with ex-
perimental data for canine atrial cells. Closed triangles
represent data from Ehrlich et al. [12], open triangles rep-
resent data from Li et al. [11].

parameters of the RAA canine cell model were altered so
that the simulated AP morphology matched experimentally
recorded APs from Lenaerts et al. [14]. It was then as-
sumed that the same ionic changes used to differentiate be-
tween different cell types of the canine atria would apply
to the sheep atria. This produced a full set of mathematical
models for the sheep atria, shown in Fig. 2.

2.2. Developing the 3D atria model

The 3D sheep atria geometry was reconstructed using
extended volume imaging [9]. The tissue was set in resin,
then imaged at 50 µm intervals using a high resolution
camera with an in-plane resolution of 50 µm [15]. The
complex fibre structure of the tissue was extracted using
3D eigen-analysis of the structure tensor constructed from
the image volume [15]. The reconstruction of the fibre ar-
chitecture allowed the tissue to be segmented into the dif-
ferent atrial regions by identifying the organised structures

of BB, the CT and the PMs, and the change in fibre orien-
tation around the PV region.

The AP propagation throughout the tissue was simulated
using the monodomain reaction-diffusion equation [16].

∂V

∂t
= ∇ · (D∇V )− Iion

Cm
. (1)

Where V is the membrane potential, t is time, D is the
diffusion tensor describing the AP spread in relation to the
orientation of the myofibres, Iion is the total ionic mem-
brane current and Cm is the capacitance of the cell mem-
brane. Iion is calculated for each cell in the tissue, and
varies between different cell types. Values for the diffusion
coefficients that make up the diffusion tensor, D, were cho-
sen so that the produced activation time and conduction ve-
locities of the atria match those measured experimentally.
The simulations used a finite difference numerical scheme
using a forward Euler integration method with time and
space steps of 0.005 ms and 0.3 mm respectively.

2.3. Investigating mechanisms of AF

The arrhythmogenic properties of the PV region were
investigated, in particular, the genesis of AF through rapid
spontaneous excitation from the PV sleeves. A series of
short-coupled stimuli (3 stimuli with a cycle length of
100 ms) were given to a small section of the sleeve of the
right anterior PV. After this point no more excitations were
given to the tissue. This was carried out for three cases,
the first considered both the electrical heterogeneity and
the complex fibre structure of the atria. Each cell type in
the tissue was simulated using the appropriate AP model,
and preferential conduction was modelled along the direc-
tion of the myofibres. The second case considered only the
electrical heterogeneity, ignoring the myofibre architec-
ture. In this simulation the conduction was isotropic. The
third case included anisotropic conduction, but the whole
tissue was simulated using the AP model of the RAA, ig-
noring the electrical heterogeneity of the atria.

3. Results

3.1. 3D sheep atria

Simulated APs from the developed sheep atria models
are shown in Fig. 2. As can be seen in panel A, the AP
simulation from the RAA matches well with the experi-
mental recording from Lenaerts et al. [14]. The APs from
the other cell types in the atria show the same relative mor-
phological differences (such as APD90, resting potential
and amplitude) as those found in other mammalian atrial
models such as the canine and rabbit [10, 13, 16].

The AP models were then incorporated into the 3D
atrial geometry, with conduction velocities in the atria be-
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Figure 2. Simulated action potentials from the developed
sheep models for the atrial appendage (A), pectinate mus-
cles (B), left atrium (C), pulmonary veins (D), crista termi-
nalis (E) and Bachmann’s bundle (F). The blue line in (A)
shows the experimentally recorded sheep action potential
from Lenaerts et al. [14]

tween 0.8 – 1.5 m/s, with the fastest conduction being seen
along BB. These results are consistent with experimen-
tal conduction velocity measurements from the sheep atria
[17–19]. As well as BB, preferential conduction is also
seen along other organised fibre structures such as the CT
and PMs.

3.2. Investigating AF

It was found that AF could be initiated with the pac-
ing protocol outlined in section 2.3 both with and without
the complex fibre orientation. However, it was not pos-
sible to initiate AF without considering the electrical het-
erogeneity of the atria. In the cases where it was possi-
ble to initiate AF, re-entry first occurred around the sleeves
of the PVs. After a few seconds the re-entrant excitation
waves would breakdown further and re-entry either within
or around one or more of the atria was seen. Fig. 3 shows
typical fibrillatory patterns for the two successful cases.
As can be seen from this figure, the fibrillatory patterns are
considerably different between the two cases. When the
fibre structure was considered the waves breakdown into a
more irregular pattern (Fig. 3Ai-Aiii), with a mother rotor
in the left atrium that drives the fibrillation. The mother
rotor persisted for the duration of the simulation (10 s).
Without the fibre structure (Fig. 3Bi-Biii) wavelets with
a larger wavelength are seen with more homogeneous pat-
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Figure 3. Simulated atrial fibrillation in the 3D sheep atria
at 5 ms intervals (superior-anterior view), with (A) and
without (B) consideration of the complex fibre orientation.
From 7000 ms simulation time (i) to 7010 ms (iii).

terns, with constant re-entry occurring around both atria.

4. Discussion and conclusions

A biophysically detailed computational model of the
3D sheep atria has been created, which includes species-
specific models of the sheep atrial myocytes. These are
consistent with experimental measurements of electro-
physiological details such as AP properties [14] and con-
duction velocities [17–19].

This model has been used to investigate the initiation
of AF through rapid stimuli in the PV region, and the de-
velopment of fibrillation within the atria. It is clear that
AF can be initiated through spontaneous activity in the PV
region, with simulations showing AF both with and with-
out the complex fibre structure of the atria. However, it is
also clear that the fibre structure plays an important role in
the development of AF. When the fibre structure was ig-
nored regular re-entrant patterns were seen, with large re-
entrant wavelets (Fig. 3B). When the fibre structure was
considered the fibrillatory waves broke down further, with
multiple small wavelets throughout the tissue (Fig. 3A). A
mother rotor is seen in the LA which appears to drive the
fibrillation. This could occur because the fibre structure
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in the LA is much more homogeneous compared to the
complex structures of the PV region and the RA, which
contains the CT and PMs. The highly anisotropic con-
duction caused by these structures could cause the rapid
breakdown of re-entrant waves, and would account for the
irregular fibrillatory patterns seen in this case.

In conclusion, we have developed a novel biophysically
detailed model for the 3D sheep atria that considered elec-
trical heterogeneity and anatomical anisotropy. The model
provides a powerful tool for investigating the mechanisms
underlying cardiac arrhythmias, as well as the actions of
pharmacological agents on atrial excitation.
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