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Abstract—We have developed methods for modeling cardiac 
activation which accounts for the detailed geometric structures 
in myocardium from specific tissue samples. This modeling 
allow us to study and analyse of the effects of cleavage planes 
and other structural barriers to myocardial current flow. 
Specialized numerical and computational procedures have 
been developed to enable this modeling. The results that have 
been obtained clearly show the impact that discontinuities have 
in the formation of transmural virtual sources and also assist in 
the understanding of experimental recordings. We are 
continuing to increase our capacity for modeling larger tissue 
samples, particularly those capable of sustaining reentry. 

 
Keywords—Cardiac, activation, bidomain, microstructure, 

numerical modeling 
 

I.  INTRODUCTION 
 
 Studies have shown that cardiac ventricular myocytes 
are arranged in discrete bundles separated by cleavage 
planes or collagenous septae [1]. There is strong evidence 
that this heterogeneity of myocyte organization has a 
significant effect on cardiac electrical activity [2]. It is 
acknowledged that defibrillating shocks would not produce 
cardioversion if the myocardium behaved as a continuum 
and structural discontinuity has also been proposed to 
explain the response of the myocardium to high voltage 
shocks [3]. 
 In most tissue-level computer modeling of cardiac 
activation based on the bidomain equations, microstructure 
features have been represented through non-homogeneous 
and anisotropic conductivity tensors and models of myofiber 
orientations. However, discontinous structural features such 
as cleavage planes are extremely difficult to represent within 
this framework. Developments in our lab over the last five 
years in tissue imaging, numerical techniques and 
computational resources have enabled us to begin modeling 
electrical activation using tissue specific and discontinuous 
myocardial geometries [4-9]. The purpose of this paper is to 
present the current state-of-the-art in our laboratories’ 
modeling of tissue specific microstructure, its analysis, and 
the insights that our results have afforded.   
 

II.  METHODS 
 

A.  Detailed Tissue Models 
 To date detailed tissue samples have been obtained from 
rat LV free wall. The tissue samples were perfused with 
fixative and stain, embedded in resin and automatically 

milled and imaged using a confocal microscope imaging rig 
[6,10,11]. From the three-dimensional reconstructed images 
(Fig. 1 (a) and (b)), cleavage planes and other intracellular 
discontinuities were segmented. We are currently working 
with two tissue samples (B24a and B24b) and two 
segmentation methods: one manual (B24a) [4,7] and one 
automatic (B24b) [6,10]. The manual segmentation 
represents the most significant cleavage planes as finite 
element surfaces (Fig. 1 (c)). The automatic segmentation is 
performed at a predetermined resolution and non-
myocardial features such as cleavage planes or blood vessels 
are identified and form a template to be used for modeling 
purposes (Fig. 1 (d)).  
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(a) Sample B24a. Dimensions are 
approximately 3.6 by 0.8 by 0.8 mm. 

(b) Sample B24b. Dimensions 
are approximately 4.36 by 1.15 

by 0.9 mm. 

 

(c) Manually segmented cleavage 
planes into bilinear finite elements. 

(d) Automatically segmented 
cleavage planes into tissue voids. 

Fig. 1. Three-dimensional reconstruction of confocal images and 
subsequent segmentation of intracellular discontinuities. 

 
B.  Computer Modeling 

Electrical behavior is represented by the biodomain 
model (1) [12], with intracellular (myocardial) and 
extracellular domains communicating through the 
membrane ionic current, Iion. The dependent variables are 
the transmembrane potential, Vm, and the extracellular 
potential, φe. 
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Here Am is the surface to volume ratio of the representative 
cell membrane between the domains, Cm is the specific 
capacitance of the membrane, σi and σe are the intra- and 
extra-cellular conductivity tensors and ie is a current 
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injection per unit volume into the extracellular space. In this 
work, the ionic current is determined using a simple cubic 
activation model or a defibrillation modified Beeler-Reuter 
model. Assuming isolated tissue, these equations are subject 
to the current no-flux boundary conditions given in (2). 
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ΓO are the exterior boundaries and ΓC are the internal 
boundaries in the intracellular domain, i.e. cleavage planes. 

Equations (1) have been numerically solved using all of 
the classical techniques including: finite difference, finite 
element, finite volume and collocation methods [13]. For 
numerical modeling of the discontinuous myocardial 
structure with no-flux boundaries, methods based on the 
weak or integral forms of (1) are desirable. Initial modeling 
of this nature used a finite element method [4], however, 
this has been augmented by a new, more efficient finite 
volume method [7] that takes advantage of the regular 
geometry of the tissue samples being considered.  
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(a) Centerline Vm for various 

mesh resolutions 2 ms after onset 
of shock in B24a model. 

(b) Mesh padding about tissue 
sample in models of B24a and 

B24b tissue. 
Fig. 2. Numerical modeling issues and features. 

Fig. 2(a) indicates some of the numerical challenges 
inherent in detailed microstructure modeling.  For shock 
based modeling using tissue sample B24a (see Sec. III B) 
the virtual source distribution becomes independent of the 
mesh at a spatial resolution greater than 10 µm. In B24a this 
translates into over 3.8 million degrees-of-freedom required 
to model the sample. As shown in Fig. 2(b) the tissue 
sample is padded laterally to remove the near-field influence 
of the sample boundaries. The total number of unknowns 
used in modeling B24a is approximately 8.4 million and for 
the larger B24b sample approximately 15.7 million 
unknowns. 

Consequently, in addition to the introduction of our new 
finite volume method, we have also significantly advanced 
our preconditioned iterative solver suite and improved the 
parallelization of our algorithms. The elliptic second 
equation of (1) represents the greatest numerical challenges 

since its discretisation results in an ill-conditioned system of 
equations. We are currently developing new multigrid 
solvers that will augment our solution capacity and times 
significantly for this system. In addition to our state-of-the-
art solvers, our computational resources are growing, with a 
50 processor (Power 5, 1.9 GHz), 210 Gb shared memory 
IBM Regatta coming on-line in early 2005. 
 

III.  RESULTS 
 

A. Two-Dimensional Results 
Fig. 3 shows results from bipolar extracellular 

stimulation of two-dimensional sheets of continuous and 
discontinuous tissue with periodic boundary conditions and 
varying conductivities between the intra- and extra-cellular 
spaces. The myocardial discontinuities were obtained by a 
mapping from three- to two-dimensions of the 
discontinuities and conductivity anisotropies derived from 
B24a. In the continuous tissue (Fig. 3(a)), virtual cathodes 
are seen on either side of the midwall anode. These 
depolarizations result from the relative distributions of 
currents in the intra- and extra-cellular spaces. This 
distribution can be visualized by considering the normalized 
vector product of the current density vectors (Fig. 3(b)). 

  
(a) Transmembrane potential field. (b) Normalised current density 

vector product. 

  
(c) Transmembrane potential field. (d) Normalised current density 

vector product. 
Fig. 3. Virtual electrodes in two-dimensional continuous and discontinuous 
tissue 2.5 ms after the onset of a 13 V/cm bipolar electric field. The tissue is 

3 mm by 1.57 mm. The anode is placed in the midwall and the spacing 
between the anode and cathode is 1.5 mm. The darker regions in (b) and (d) 

denote the greatest misalignment of the current density vectors. 

 Cleavage planes in the intracellular space act to orient 
the intracellular current flow relative to the extracellular 
current flow such that depolarization occurs on the anodal 
side of the cleavage planes (Fig. 3(c) and (d)). The behavior 
of tissue with explicit intracellular breaks is an extreme case 
of the behavior in continuous tissue modeled by solving the 
bidomain equations. 
 
B.  Virtual Sources and Cleavage Planes 
 Fig. 4 shows early activation virtual sources resulting 
from a shock-strength transmural extracellular potential 
gradient applied to models derived from B24a and B24b. In 
both models, the sources form on the anodal (in this case, 
endocardial) side of the intracellular discontinuities, with the 
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early distributions being predominantly on the endocardial 
side of the midwall. Our modeling suggests that virtual 
sources begin to contribute to rapid transmural activation at 
shock strengths greater than approximately 5 V/cm, with the 
fastest transmural activation times occurring for shocks 
strengths of the order of 8-10 V/cm. The finite volume 
solutions for B24a show similar qualitative features as the 
finite element solutions of [4]. The results presented in [4] 
were computed on a significantly coarser mesh, necessitated 
by the computational resources and methods available at 
that time.  These results support the hypothesis that under 
defibrillation strength shocks, myocardial discontinuities 
contribute to rapid depolarization by seeding transmural 
virtual sources [3,4,7]. 
 

 
(a) B24a. (b) B24b. 

Fig. 4. Distributions of virtual sources 2 ms after the application of a 10 
V/cm transmural shock. 

 
C.  Fractionation and Cleavage Planes 

28 ms 

 
0 ms 

(a) Activation times for a midwall bipolar stimulus. 
50 ms 

 
0 ms 

(b) Activation times for an endocardial transmembrane plane stimulus. 
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(c) Extracellular potential trace for a bipolar midwall stimulus. 
Fig. 5. The impact of microstructure on the fractionation of extracellular 

potential traces. The model is derived from B24a. 

 Fig. 5 shows activation times on transmural planes and 
the extracellular potentials for four sample points on the 
same plane in a model based on B24a. Two of those points 

(2 and 3, Fig. 5(c)) show fractionation in the bipolar 
stimulus extracellular potential traces, evidence of 
discontinuous activation in the region local to those sample 
points. In contrast, for a planar endocardial transmembrane 
stimulation (an approximation to sinus activation) there is a 
slowing of activation (Fig. 5(b)) but the extracellular 
potential trace (not shown) shows no discernable 
fractionation. 
 Modeling shows that the large cleavage planes nearest 
to the recording points impinges on the path from the 
stimulus site to the surrounding recording points in two 
ways. Firstly, either the path has a significant component 
parallel to the cleavage plane, in which case fractionation is 
not observed, or the path has a significant component 
normal to the cleavage plane, in which case fractionation is 
observed. The second feature relates to the dimensions of 
the planes involved. In the recording points showing the 
most fractionation (2, Fig. 5(c)), there is a continuous 
cleavage plane of significant dimension in the path of the 
approaching activation front. In contrast, the point showing 
the lesser fractionation (3, Fig. 5(c)) is shielded from the 
approaching activation front by multiple smaller planes. 
These model results have assisted in the interpretation and 
analysis of experimental recordings [9]. 
 
D.  Larger Dimension Samples 

 
(a) Tiling small sample into block of tissue large enough to sustain re-entry. 

    
(b) Discontinuous tissue. (c) Continuous tissue. 

Fig. 6. Modeling re-entry in a 5×14×3 mm block of discontinuous tissue. 

 We have investigated modeling discontinuous tissue 
samples sufficiently large to sustain re-entrant activation. 
The B24a cleavage plane description was tiled 
approximately 70× into a larger block of tissue (Fig. 6(a)). 
Figs. 6(a) and 6(c) compare re-entrant waves on a horizontal 
slice in discontinuous and continuous tissues. With the 
exception of conduction velocity and the wave front 
geometry the results are inconclusive regarding the gross 
impact of myocardial discontinuities on re-entry. However, 
we believe that this likely reflects our approach to tiling the 
discontinuities which may underestimate the true extent of 
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the cleavage planes in-vivo and provide short-circuiting 
intracellular pathways in the model.   
 
E.  Derived Quantities 
 Accounting for intracellular discontinuities, current 
density fields can be derived from the potential fields. 
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The vector fields can be used to visualize current pathlines 
(Fig. 7 (a) and (b)) or the magnetic flux density field can be 
computed (Fig. 7 (c) and (d)). Of note in these results are the 
differences between the sub-endo intra- and extra-cellular 
current paths. 

 
 Epi 2 ms  30 ms Endo 

(a) Extracellular. (b) Intracellular. 

  
(e) 10 ms. (f) 15 ms. 

Fig.7. Analysis derived from bidomain potential fields for a midwall 
bipolar stimulus in discontinuous tissue. (a)-(b) Current paths over a 2-30 
ms window, showing the regions of dependence for two sample points. 
The local fiber and sheet orientations are shown. (c)-(d) Magnetic flux 
density 1 mm from the epicardial surface and total epicardial current 

density vectors. 
 

IV. DISCUSSION 
 

 Modeling myocardial discontinuities provides 
interesting new insights into the complex world of cardiac 
activation. It sheds light on the efficacy of e.g. defibrillation 
type shocks and assists in quantifying the impact of 
microstructural geometry on experimental results. 
 We are beginning to process porcine LV free wall tissue 
samples, having overcome issues to do with staining and 
imaging. The myocardial structural components of the pig 
heart are of the same scale as those of the rat, however, the 
tissue dimensions are significantly larger. Consequently, we 
continue to expand our imaging and modeling tools to 
enable us to deal with these larger tissue samples. These 
techniques include rigorous multiscaling to capture the 
impact of microstructure on larger scale features of 
activation. To augment these larger tissue samples, we are 
also collecting more comprehensive experimental results for 
model comparison. 
 We have not yet considered modeling the repolarisation 

phase. This is a computational issue, due to the model time 
scale. It is also a volume-of-tissue issue as the repolarisation 
wave incidence is a whole-heart function and not simply a 
point source function issue that can be considered in a small 
tissue sample. We hope to address both these issue with our 
new computational developments.  
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