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1 Introduction

Ventricular fibrillation (VF) is the most common cause of mortality from cardiovascular dis-
ease in the industrialised world. During VF rapid, self-sustained and spatio-temporally highly
irregular electrical excitation waves in the ventricles results in loss of their normal contraction
rhythm. The British Heart Foundation estimated 133,895 deaths from coronary heart disease
in the UK in 2003. In coronary heart disease, reduced flow through the coronary arteries leads
to an area of pathological or damaged heart tissue, which favours re-entrant propagation that
evolves into VF: see Fig. 1.

Figure 1: (a) Development of the electrogram of normal sinus rhythm (NSR) through ventricular
tachycardia (VT) into ventricular fibrillation (VF), viewed as transition from transmural plane
wave propagation, through intramural scroll wave that breaks down into spatio-temporal irreg-
ularity (b) visualisation of endo- (above) and epi-cardial (below) activity during experimental
VF in a perfused slab; each pair of images is 33ms apart, and white codes onset of excitation
and dark recovery from excitation.

Major advances have been achieved through the simultaneous mapping of endocardial and epi-
cardial activity in a ventricular wall slab preparation. Theory, experiments and clinical studies
all lead to a need to visualize, within the ventricular wall, the pattern of events occurring dur-
ing VF. Biophysically and anatomically detailed computational models of the ventricular wall -
virtual ventricular tissues - provide a potentially powerful way to dissect, in time and space, the
electrical excitation and propagation processes within the ventricles, and have been used to ex-
amine the 3D mechanisms that are consistent with experimental recordings of surface patterns
during VF (Biktashev et al., 1999).
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2 Dominant frequency analysis: a single “mother” rotor?

Zaitsev et al. (2000) analysed the electrical activity at all points on the surfaces of the slab
preparation as approximately periodic processes, and determined their dominant frequencies,
and mapped the dominant frequencies over the surfaces. This exposed a domain structure, with
sharp, persistent boundaries between domains of different dominant frequencies - see Fig. 2.
The dominant frequencies, estimated by the DFT from finite data, must be in integer ratio:
it is noteworthy that they are usually in simple (1:2, 2:3) integer ratio, suggesting that they
could be produced from a single common source (the mother rotor) by intermittent conduction
(Wenckebach divided frequencies, in cardiological terminology)

Figure 2: Dominant frequency domains in the experimental model of fibrillation. (a)–(c) Spa-
tial distribution of the frequency components of the signal power (black is zero, white is the
maximal value), each frame represents a square piece of surface of approximately 3cm in size.
The cumulative power spectrum and the windows (dashed lines) used to extract the frequency
components shown. It is possible that the highest frequency domain (c) is synchronous with the
re-entrant source, while the two other domains correspond to Wenckebach divided frequencies
with ratios 1:2 and 2:3

We have performed Karhunen-Loeve (KL) decomposition of the concatenation of the concur-
rent endo-and epicardial surface signals. KL decomposition is an eigenvalue decomposition
of the autocorrelation matrix, and by analysing KL spectra and empirical eigenvectors for the
conjoint signal, and the separate endo- and epicardial components, we can determine if the
surface signals arise from effectively 2-dimensional processes ie are linearly dependent, or ef-
fectively three-dimensional, intramural processes (Biktashev and Holden, 2001). Further, some
KL modes reproduce the frequency domain structure - see Fig. 3 (g)-(j).
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Figure 3: (a)–(f) The principal KL modes of the experimental data Figure 1b. (g)–(j) Compari-
son of the frequency domains and selected KL modes of the polymorphic tachycardia of Figure
1b. The frequency domain corresponding to (g) the higher frequency band, 7.9Hz (h) the lower
frequency band, 6.1 Hz. (i) The first KL mode of the separate epicardial sequence. (j) The third
KL mode of the separate endocardial sequence. The two frequency domains are supplements of
each other, i.e. each point of the preparation, if oscillates, has one of the two frequencies. The
selected KL modes are close to the corresponding components of the lower-band domain.

3 Virtual cardiac tissues

Propagation of electrical excitation in cardiac tissue can be described by the nonlinear partial
differential equation:

∂V

∂t
= ∇(D∇V ) − Iion (1)

Here V (mV) is the membrane potential,∇ is a spatial gradient operator, t is time (ms). D is the
diffusion coefficient tensor (mm2 ms−1), that characterizes electrotonic spread of voltage. Iion is
the total membrane ionic current density. Families of ordinary differential equation cardiac cell
models have been developed to reconstruct the action potential V (t). Ventricular anisotropic
geometry has been reconstructed from Diffusion Tensor Magnetic Resonance Imaging, where a
voxel (volume element) averaged diffusion tensor is calculated from the signal attenuation and
the intensity of magnetic gradient applied during a diffusion weighted spin-echo experiment.
The tensor for each voxel is symmetric, can be represented by the 3 real eigenvalues and the 3
orthogonal eigenvectors, and can be imagined as an ellipsoid, whose axes are orientated along
the eigenvectors. The primary eigenvector corresponds to the direction of greater diffusion has
validated as a measure of fibre orientation in slabs of ventricular wall.

4 Simulating ventricular fibrillation

We simulate re-entrant scroll waves within a canine ventricular geometry. Re-entry degenerates
into VF after about 400ms, resulting in irregular spatio-temporal surface electrical patterns and
multiplication of filaments - phase singularities around which re-entrant waves rotate. The
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Figure 4: Development of VF in virtual canine ventricle. (a) Surface distribution of potential,
and filaments 1,2 and 3 s after initiation of re-entry in left ventricular free wall (b) Changes in
number of filaments with time, following initiation of re-entry in right and left ventricular free
walls, ands in septum.

electrical activity at any point in the virtual ventricle during VF is an irregular sequence of
action potentials and oscillations.

The irregular spatio-temporal surface activity during in vitro and simulated VF can be quantified
by measures of patterning (Biktashev and Holden, 2001), or by statistics of the number of
phase singularities (Clayton and Holden, 2004) in the ventricular tissue. In the canine virtual
ventricles the number of filaments increases rapidly between about 400 and 800ms, and then
fluctuates around a mean steady-state level of about 35. The number of filaments resembles
the fluctuations produced by a birth and death process i.e apparaently stochastic behaviour in a
spatially extended deterministic nonlinear system. If this is analogous to deterministic (spatio-
temporal) chaos, then each episode of VF will be unique.
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