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Abstract

The relationship between the spectrum of cardiac sig-
nals and the spatial resolution of electrode systems has
been previously investigated for highly correlated cardiac
dynamics. This relationship is however less understood
for partially correlated cardiac dynamics, which can be
suitable to model complex arrhythmias such as fibrilla-
tion. In this study, we analyze in a 2D simulation envi-
ronment the spectrum of cardiac signals induced by par-
tially correlated dynamics. We generate cardiac dynamics
of different degrees of spatiotemporal correlation and syn-
thesize cardiac signals measured by unipolar electrodes of
different spatial resolutions. We quantify the spatial reso-
lution by the lead equivalent volume (LEV) and show that
for low LEV values, the bandwidth (BW) is inversely re-
lated to the LEV whereas for higher LEV values, the BW
saturates. Moreover, the LEV saturation point is lower for
lower degrees of spatiotemporal correlation. Our observa-
tions could help in devising new techniques for analyzing
the spectrum of cardiac signals during complex cardiac
arrhythmias.

1. Introduction

Understanding the detailed spatiotemporal characteris-
tics of complex cardiac arrhythmias can be of great im-
portance both during diagnosis and treatment. A widely
used technique for determining the spatiotemporal charac-
teristics of regular arrhythmias is activation sequence (AS)
mapping. During AS mapping, the timings of activation at
multiple myocardial sites are extracted from cardiac sig-
nals. This allows to identify the progression of cardiac
activation in time and in space. However, when the under-
lying arrhythmia is highly irregular, it might be difficult to
accurately extract local activation times and hence to build
AS maps. Dominant frequency (DF) mapping is a spec-
tral technique that overcomes the need for estimating local
activation times by providing instead an estimation of the
local activation rate at multiple sites of the myocardium

[1–3]. This allows to identify the fastest myocardial re-
gions which, according to the mother rotor hypothesis,
could potentially act as localized drivers of the arrhythmia.
In addition to DF mapping, other spectral approaches have
been proposed to analyze the spatiotemporal characteris-
tics of complex arrhythmias, for instance the organization
index [4] and the multivariate organization index [5].

The nature of cardiac spectrum is nevertheless still not
well established. In order to extract physiologically mean-
ingful information from the spectrum of cardiac signals, it
is necessary to improve our understanding of how elec-
trode systems map the spatiotemporal characteristics of
cardiac dynamics onto the spectrum of cardiac signals.
Theoretical and simulation studies have shown that when
cardiac activity is highly correlated, the bandwidth (BW)
of cardiac signals is inversely related to the lead equiva-
lent volume (LEV) of the electrode system [6–8]. How-
ever, some complex cardiac arrhythmias, such as fibrilla-
tion, might be more appropriately modelled as partially
correlated processes and the spectrum of cardiac signals
induced by such spatiotemporal dynamics is still poorly
understood. Previous simulation studies indicate that dur-
ing partially correlated dynamics the BW of cardiac signals
saturate as the LEV of the electrode system increases [9],
but no systematic analysis has been carried out to date.

In this study, we develop a simulation environment to
explore the spectrum of cardiac signals generated during
partially correlated spatiotemporal dynamics. Our simu-
lation environment allows us to quantitatively analyze the
relationship between the degree of spatiotemporal corre-
lation of the cardiac source, the spatial resolution of the
electrode system and the spectrum of cardiac signals.

2. Simulation environment

In this section we describe the bioelectric model that
we used in our simulation environment and the strategies
that we implemented to simulate cardiac dynamics of dif-
ferent degrees of spatiotemporal correlation and electrode
systems of different spatial resolutions.

ISSN 2325-8861 85  Computing in Cardiology 2015; 42:85-88.



2.1. Bioelectric model

Our bioelectric model, which consists of a model
of cardiac source and a model of cardiac signal, fol-
lows a lead field approach [10]. We modelled cardiac
sources as a time-varying dipole distribution J(s, t) =
[Jx(s, t), Jy(s, t), Jz(s, t)]

T within a cardiac tissue sam-
ple S, where s denotes a location in S and t denotes time.
The dipole distribution J(s, t) can in turn be obtained by
calculating the gradient of the distribution of transmem-
brane voltage, V (s, t).

Given the dipole distribution J(s, t), a cardiac signal
c(t) measured by an electrode system can be expressed as
the integral

c(t) =

∫
S

LT(s)J(s, t)ds, (1)

where L(s) = [Lx(s), Ly(s), Lz(s)]
T is the sensitivity

distribution of the electrode system.
In this study, unipolar electrodes placed over the cardiac

tissue sample at increasing distances were implemented.
We used the following expression for their sensitivity dis-
tribution [11]:

L(s) =
1

[D(s, p)]
2 r̂ (2)

where D(s, p) is the distance between the location of the
electrode p and a location s of the cardiac tissue sample,
and r̂ is a unit vector in the direction of the the line that
connects p and s. By increasing the distance of the unipo-
lar electrode from the cardiac tissue sample, we achieved a
more uniform sensitivity distribution over the tissue sam-
ple and consequently decreased its spatial resolution.

2.2. Simulated dynamics

Two models of cardiac sources were implemented. The
first model consisted of a 2D partially-correlated random
field generated by filtering both in time and in space a
white, gaussian random field. The second model corre-
sponded to a 2D sheet of cardiac tissue based on a reaction-
diffusion cellular automata system previously proposed to
simulate cardiac dynamics [12]. Both 2D models allowed
us to generate partially-correlated dynamics and paramet-
rically control their degree of spatiotemporal correlation.

The 2D random source model is defined as follows.
Firstly, a gaussian, spatially uncorrelated, white noise field
is generated on a square 2D substrate. This field is subse-
quently low-pass filtered in the time domain. Finally, the
resulting field is linearly delayed along one of the axis and
spatially filtered by a gaussian function of variable width,
DC . Although the applicability of this model to repro-
duce physiological cardiac dynamics is limited, it offers
two advantages. Firstly, its spatiotemporal dynamics can

be analytically characterized. Specifically, cardiac dipoles
present a partially-correlated cross-spectrum with a gaus-
sian decay. And secondly, by controlling the spatial width
DC , partially-correlated dynamics of different degrees of
spatiotemporal correlation can be generated.

Our reaction-diffusion cellular automata model was im-
plemented on a square 2D substrate. We simulated differ-
ent spatiotemporal dynamics by stimulating the substrate
with a uniform array of N × N electrodes. At each stim-
ulation time, only one randomly chosen electrode of the
array was activated. By setting N to increasing values, we
were able to decrease the degree of spatiotemporal corre-
lation.

3. Analysis

We subsequently describe how we analyzed the degree
of spatiotemporal correlation of the simulated cardiac dy-
namics, the spatial resolution of the electrode systems and
the spectrum of synthesized cardiac signals.

3.1. Spatiotemporal correlation

The degree of spatiotemporal correlation of the simu-
lated cardiac dynamics was analyzed as follows. Firstly,
we obtained the correlation between the time-varying
transmembrane voltage at the centre of the cardiac sam-
ple and at the rest of the locations of the cardiac sample.
Then, the value of the maximum correlation was extracted
and finally, for every distance d from the center, we calcu-
lated the average maximum correlation. This allowed us to
analyze how the correlation decayed with the distance.

3.2. Spatial resolution

We used the lead equivalent volume (LEV) to quantify
the spatial resolution of the unipolar electrodes [13]. The
LEV of an electrode system is defined as

LEV =

∫
V
L(v)dv∫

V
Lmaxdv

, (3)

where L(v) is the magnitude of the sensitivity distribution
and Lmax = max{L(v)}. For high spatial resolutions,
LEV� 1, whereas for low spatial resolutions LEV' 1.

3.3. Cardiac spectrum

We synthesized the cardiac signals induced by each sim-
ulated dynamics at each unipolar electrode, estimated their
power spectrum by using Welch’s method and obtained
their 90% power bandwidth (BW). We analyzed the de-
pendence of the BW on the LEV for different degrees of
spatiotemporal correlation to investigate the spectral man-
ifestation of partially-correlated dynamics.
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Figure 1. (a) Maximum correlation dependence with the
distance d and (b) BW dependence with the LEV for three
dynamics generated by the random model. The gaussian
filter width DC was set for each simulated dynamics to
DC1

= 4%, DC2
= 8% and DC3

= 12%, relative to the
width of the tissue sample.

4. Results

We simulated three partially correlated spatiotemporal
dynamics based on the random model of cardiac source.
By setting the width of the gaussian spatial filter to three
increasing values, namely DC1

= 4%, DC2
= 8% and

DC3 = 12% relative to the substrate width, we were able
to obtain increasing degrees of spatiotemporal correlation.
The maximum correlation between the dipole at the cen-
ter of the sample and the rest of the dipoles as a function
of the distance is shown for each DC value in Fig. 1 (a).
As expected, the maximum correlation curve exhibited a
gaussian profile whose width increased with the width of
the gaussian filter. The dependence of the BW of the car-
diac signals with the LEV of the electrode system is shown
for each DC value in Fig. 1 (b). For small LEV, an inverse
relationship between BW and LEV was observed. By con-
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Figure 2. (a) Maximum correlation dependence with the
distance d and (b) BW dependence with the LEV for three
dynamics generated by the cellular automata model. The
size of the stimulating array for each simulated dynamics
was set to N1 × N1 = 9 × 9, N2 × N2 = 7 × 7 and
N3 ×N3 = 3× 3.

trast, for large LEV, the BW remained approximately con-
stant. This observation is consistent with previous analyti-
cal results according to which the BW is inversely related
to the LEV during highly correlated dynamics whereas it
remains constant during highly uncorrelated ones [8]. The
curve separating the region where BW and LEV are related
inversely from the region where it remains constant, also
shown in Fig. 1 (b), indicates that the BW saturation point
is proportional to the underlying correlation length.

By increasing the number of elements of the N × N
stimulating array we were able to simulate partially corre-
lated dynamics with lower degrees of spatiotemporal cor-
relation. We generated three partially correlated spatiotem-
poral dynamics by setting the size of the stimulating array
to N1×N1 = 9×9, N2×N2 = 7×7 and N3×N3 = 3×3.
Fig. 2 (a) shows that the simulated correlation decay could
be approximated by a laplacian function whose width de-
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creased for larger N values. The relationship between the
BW of simulated cardiac signals and the LEV of the elec-
trode system agrees with the behaviour observed for the
random model, namely, for small LEV values there is an
inverse relationship between BW and LEV, whereas for
large values the BW saturates (Fig. 2 (b)). This saturation
occurred at larger values for dynamics with longer corre-
lation lengths, as was the case with the partially correlated
dynamics generated based on the random model.

5. Conclusions

Theoretical and simulation results indicate that during
highly correlated cardiac dynamics, the spatial resolution
of electrodes systems affect the spectrum of cardiac sig-
nals, so that the larger the LEV of the electrode system, the
narrower the BW [6–8]. A practical consequence of this
is that non-invasive body-surface FD maps might not be
commensurable with invasive intracardiac FD maps during
highly correlated arrhythmias, since the electrodes of the
former are expected to be characterized by a larger LEV
than the electrodes of the latter. The low pass characteris-
tics of body surface spectra might be equalized by using a
suitable high pass filter as long as high frequency noise is
not amplified to unacceptable levels. However, during par-
tially correlated cardiac dynamics we have observed that
the BW depends on both the LEV of the electrode sys-
tem and the degree of spatiotemporal correlation. Hence,
finding a suitable equalizing filter for body surface spectra
would require an estimation of both the LEV of the record-
ing electrode system and the degree of spatiotemporal cor-
relation of the underlying arrhythmia.
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