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Abstract. Non-invasive electrocardiographic (ECG) techniques for as-
sessing the electrical activity of selected regions within the cardiac muscle
can benefit from suitable positioning of surface electrodes. This position-
ing is usually guided heuristically and complemented by clinical and ex-
perimental studies, but there is a lack of general methods to characterize
quantitatively the ability of a given electrode configuration to focus on
selected regions of the heart. In this study we explore an approach to
the characterization of the resolution of surface ECG systems based on
the concept of Resolution Mass (RM). By integrating bioelectric signal
modeling and numerical methods, we explore, in an application exam-
ple, the location and size of the RM for a multielectrode ECG system.
The concept of RM combined with bioelectric signal modeling and nu-
merical methods constitutes a powerful tool to investigate the resolution
properties of surface ECG systems.

1 Introduction

Surface electrocardiogram (ECG) is one of the most common diagnostic meth-
ods for cardiac diseases. In many diseases, such as ischemia and infarction, the
diagnosis involves an estimation of the localization and extension of an abnor-
mal region within the heart. This region is usually determined by detecting well
known anomalies in the morphology of conventional 12-lead ECG signals. Diag-
nostic methods based on ECG techniques can be further refined by an adequate
choice of the position and configuration of surface electrodes [1] [2]. From the
general principles of Bioelectromagnetism, it is expected that each electrode
configuration focuses on different regions of the heart. Therefore, electrode con-
figurations show distinctive intrinsic resolution properties that can provide us
with valuable insight into regional information. Usually, the positioning of sur-
face electrodes is guided heuristically and complemented by means of studies in
which extended multielectrode systems are used [3] [4] [5]. Nevertheless, a widely
accepted quantitative approach to the study of the resolution properties of elec-
trode configurations is still lacking. As a consequence, there is limited agreement
on the nature of these resolution properties.
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The aim of this study is to explore the notion of resolution of surface ECG
systems using the concept of Resolution Mass (RM). The RM is defined as the
myocardial mass that contributes the most in power terms to the ECG signal.
Considering that the heart is the object of our investigation, and that we can
only access its state indirectly through ECG signals, we form our approach from
two starting points. On the one hand, in order to place the notion of resolu-
tion in a quantitative framework, we define a measurement over ECG signals,
since they are the only observations. Conventional mean power is a meaningful
candidate due to its clear physical meaning. On the other hand, we link ECG
signals to the electrical activity of the heart, so that any statement from the
previously defined measurement over ECG signals can be extended to the heart
itself. This implies modeling ECG signals based on Bioelectromagnetism Theory,
according to which bioelectric phenomena arise as a result of the interplay of
source and conducting elements in the body [6]. In the context of lead systems,
Lead Field Theory is a convenient mathematical formulation from which we
can benefit both conceptually and computationally. From these starting points,
we approach the notion of resolution by asking what the contribution in power
terms of a certain myocardial mass within the heart is to a given ECG signal.
We propose to answer it by determining the similarity in mean power between
the signals generated by the myocardial mass under investigation and by the
whole myocardium, respectively. The knowledge of the contributions of different
myocardial masses will, in turn, allow us to decide which one of them can be
established as the RM. Since this procedure is not feasible in experimental set-
tings and classical analytical techniques fail in this scenario, numerical analysis
will be crucial to this study, by constituting the basic tool to carry what has
come to be widely known as experiments in silico.

In the following sections, we firstly introduce our implementation of the model
of ECG signals in terms of the dynamics of the heart and the lead fields associated
to the electrode configuration, i.e., in terms of source and conducting elements.
Secondly, we provide a definition of RM, and we propose a numerical procedure
to estimate it. Thirdly, we investigate, as an example, the resolution properties
of an ECG system over the ventricles. Finally, we summarize our results and
propose future applications of the concept of RM.

2 Bioelectric Signal Modeling

In the electric characterization of the human body, two simultaneous features are
described, namely its behavior as a source volume and as a conductor volume [6].
A source volume is a tissue that can generate non-conservative electric currents,
whereas a conductor volume allows source elements to induce electric potentials
in other regions of the body. When such electric potentials are recorded on
the skin, a surface ECG signal is obtained. Consequently, any model of ECG
signals in terms of the electrical properties of the human body will consist of
a description in terms of both cardiac sources and conducting properties of the
body.
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2.1 Modeling the Cardiac Tissue as a Bioelectric Source

In our implementation we opted for a state machine formulation for the elec-
tric activity of cardiac tissue defined previously [7]. This formulation is able to
reproduce the electric restitution of both action potential duration (APD) and
conduction velocity (CV), as well as curvature effects. Cardiac tissue is modeled
as a grid of discrete elements characterized by three discrete states, namely, Rest,
Refractory1 and Refractory2, and three transitions among them. The excita-
tion of an element, i.e. the transition from Rest to Refractory1, is interpreted as
a probabilistic event depending on the amount of excitation in its neighborhood
and the excitability of the element, which is accessible through the current value
of CV. Transitions from Refractory1 to Rest through Refractory2 depend on
the current value of APD. Both APD and CV values are updated at every new
diastolic interval (DI) based on the curves of electric restitution. Transitions
among states, at every time instant n, are defined as follows:

Rest → Refractory1 : P j
exc ∝ CV · Qj

exc (1)
Refractory1 → Refractory2 : n − nj

desp ≥ F · APD

Refractory2 → Rest : n − nj
desp ≥ APD ,

where j identifies an excitable element in the grid, P j
exc is the probability of

excitation of j, Qj
exc is the amount of excitation within a neighborhood around

j, nj
desp is the instant of depolarization of j, and F is a scalar representing the

fraction of APD that j spends at Refractory1 while depolarized. Additionally,
a membrane voltage is assigned at every time instant. Its value is the usual
rest voltage during Rest state, and a standard version of an action potential
temporarily scaled by the APD during Refractory1 and Refractory2. Finally,
source elements are computed from the voltage differences and conductivities
between neighboring elements.

2.2 Modeling the Body as a Bioelectric Conductor

Based on the conducting properties of the body, the solution of the forward
problem allows us to obtain the electric potential induced by a source element
at every location of the body. From the principle of superposition, given a dis-
tribution of source elements within the body, the total electric potential can
be expressed as the superposition of the electric potentials generated individu-
ally by every source element. Nevertheless, when studying signals recorded by
lead systems, we are only interested in the electric potentials induced at a fi-
nite number of locations in the body. Furthermore, a formulation that explicitly
includes the measurement sensitivity distribution of the lead system could be
conceptually more powerful. In this context, Lead Field Theory provides an ad-
equate formulation that is equivalent to the forward solution. It has conceptual
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advantages, since it includes in its definition the measurement sensitivity distri-
bution of the lead system, and, if implemented numerically, it is computationally
less demanding. According to Lead Field Theory, the signal recorded by a lead
system, z[n], can be expressed as a linear combination of source elements in the
source volume V as follows:

z[n] =
∑

V

1
σ

1
Ir

JL · J i[n] . (2)

In this discretized formulation, Ir is the reciprocal current, JL is the lead
current density and constitutes the measurement sensitivity distribution, J i[n]
denotes the source elements in V , and σ is the conductivity. Conceptually, this
approach allows us to interpret the dynamics of z[n] in terms of the dynamics
of those regions of V where the sensitivity of the lead system is highest. Com-
putationally, when simulating z[n], it overcomes the need of solving the forward
problem for every source element J i[n] at every time instant n. Instead, by virtue
of the Reciprocity Theorem, JL is obtained by solving the forward problem once
and for all for a reciprocal current applied to the surface electrode, and then, at
every time instant n, z[n] is readily calculated from (2).

3 Measuring the Resolution

Let Vo and Vc be two disjoint subsets of the source volume V such that V =
Vo ∪ Vc. From (2), we can express the ECG signal z[n] generated by V as the
sum of the signals zo[n] and zc[n] induced, respectively, by Vo and Vc:

z[n] =
∑

V

1
σ

1
Ir

JL · J i[n] (3)

=
∑

Vo

1
σ

1
Ir

JL · J i[n] +
∑

Vc

1
σ

1
Ir

JL · J i[n]

= zo[n] + zc[n] .

If we measure the similarity between z[n] and zo[n] based on Mean Square
Difference (MSD), we obtain:

MSD {Vo} = E
[
(z[n] − zo[n])2

]
(4)

= E
[
(zc[n])2

]

= Pzczc ,

where E denotes statistical mean. Thus, MSD {Vo} is a measurement of the
error involved when approximating ECG signal z[n] to zo[n]. If we normalize



314 J. Requena-Carrión et al.

MSD {Vo} by the mean power of z[n], Pzz = E
[
(z[n])2

]
, we can obtain a more

convenient measurement of similarity relative to the mean power of z[n]:

MSDn {Vo} =
MSD {Vo}

Pzz
(5)

=
Pzczc

Pzz
.

We define the RM at level α, RMα, of a surface ECG as the smallest region Vo

within the heart that involves a MSDn less than α when approximating at the
recording site the electric potential generated by the whole heart to the electric
potential generated by the RM, i.e.,

RMα = arg min
Vo

{Size (Vo)} , ∀Vo/MSDn {Vo} ≤ α . (6)

In other words, we are measuring the resolution properties of an ECG system
in terms of the power of the component zc of the ECG signal generated in the
region excluded from the RM, Vc. The RM has, thus, a clear physical meaning
and it is suitable to carry out fair comparisons between electrode systems, since
it is obtained from a measurement defined over the ECG signal. In this study, we
investigate two properties of the RM, namely, its mass center and its size. The
mass center of a RM allows us to determine the location of the RM within the
whole source volume. The size is a meaningful parameter to describe the scope
of the RM, since it informs us of the ability of the electrode system to focus on
selected regions of a given size within the source volume.

We used numerical methods to estimate RMα in two ways. On the one hand,
we obtained the lead field based on Finite Difference Methods (FDM) featuring
the Visible Human Man model (VHM), by calculating the electric potential gen-
erated by a reciprocal current applied to the surface electrodes [8]. According to
the Reciprocity Theorem, generated lead current fields (JL) raised by the recip-
rocal current (Ir) corresponds to the lead field. On the other hand, we generated
implicitly the dynamics of J i[n] using a computer, i.e., through numerical sim-
ulations. Then, by implementing the model of cardiac tissue as defined earlier,
we simulated J i[n] and, for different choices of Vo, from (3) we generated zo[n],
zc[n] and z[n]. Subsequently, from (4) and (5), we estimated MSDn {Vo} and,
finally, for every α we determined RMα according to (6).

4 Example

The characterization of the resolution properties of a surface ECG system based
on the determination of RMα is exemplified here for a 117 unipolar electrode
ECG system. From this system, a total of 18 unipolar electrodes distributed
around the thorax on the cross section located at the fourth intercostal space
were investigated (Figure 1); among them, electrodes numbered 22 and 37 cor-
respond respectively, to precordial leads V1 and V2 in conventional 12-lead ECG.
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Fig. 1. Thorax model as described by the VHM dataset. Studied surface electrodes are
positioned around the thorax on a cross section located at the fourth intercostal space.

We studied RMα within the ventricles (Figure 2) as a function of α and the
position of the electrodes. For this purpose, we calculated numerically JL as
described earlier. Then, we programmed the state machine of electric activity
of cardiac tissue, and we simulated the stimulation of the ventricular apex at
60 beats per minute during 8 seconds. Progressively larger source volumes Vo

were chosen to synthesize signals z[n], zo[n] and zc[n], from which corresponding
MSDn {Vo} were obtained. Finally, for several values of α, RMα was determined
according to (6).

Figure 3 shows estimated RMα for electrode 37 (precordial lead V1 in 12-lead
ECG) and three values of α: 0.1, 0.2 and 0.5. As it is expected, larger α values
lead to a smaller size of RMα, since α measures the MSDn involved when ap-
proximating the signal induced by the ventricles to the signal induced by RMα.
Furthermore, we can observe that RM0.1, RM0.2 and RM0.5 are geometrically
close to the position of electrode 37, which agrees with the fact that the measure-
ment sensitivity decreases with the distance to the electrode. This observation
was confirmed for every electrode.

In Table 1, the sizes of RM0.1, RM0.2 and RM0.5 relative to the size of the
ventricles can be explored for every electrode. Apart from the decrease in size for
larger values of α that was noted earlier, two qualitatively different sets of results
are relevant, depending on whether electrodes are positioned on the anterior or
the posterior chest. In general, RMα for anterior electrodes is comparatively
smaller than for posterior electrodes. These results can be explained by the fact
that distances from the skin surface to the ventricles are greater on the posterior
than on the anterior chest (see Figure 1). For example, while the size of RM0.5
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Fig. 2. Superior view of the ventricular myocardial mass as described by the VHM
dataset. Right ventricle (RM) and left ventricle (LV) are, respectively, the masses
below and above the dashed line.

(a) α = 0.1 (b) α = 0.2 (c) α = 0.5

Fig. 3. Superior view of the ventricles (light gray) in the VHM model and estimated
RMα (dark gray) of electrode 37 (precordial lead V1 in 12-lead ECG) for different
values of α. We can observe that larger α values lead to smaller RMα.

for electrode 84 is roughly 83% of the size of the ventricles, for electrode 37 it
is 13%. Therefore, the ability of unipolar electrodes on the posterior chest to
focus on small regions of the ventricles will be, in general, poorer than that of
electrodes on the anterior chest. It is equally remarkable that the amount of
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Table 1. Size of RMα (relative to the size of the ventricles), for α: 0.1, 0.2 and 0.5

Electrode 1 8 15 22 30 37 44 51 58 65 69 73 78 84 92 100 108 114
RM0.1 (%) 55 84 85 73 63 65 64 63 58 54 52 57 87 90 84 69 54 47
RM0.2 (%) 25 75 73 53 32 47 44 43 40 38 37 47 85 89 79 58 43 35
RM0.5 (%) 10 10 13 2 1 13 22 22 19 17 16 21 75 83 67 28 16 11

Table 2. Decrease of the size of RMα (relative to the size of the ventricles)

Electrode 1 8 15 22 30 37 44 51 58 65 69 73 78 84 92 100 108 114
RM0.1 − RM0.2(%) 30 9 12 20 31 18 20 20 18 16 15 10 2 1 5 9 11 47
RM0.2 − RM0.5(%) 15 65 60 51 31 34 22 21 21 21 21 26 10 6 12 12 27 24

Fig. 4. Locations of the centers of RM0.5 in the ventricles for every electrode

variation of the size of RMα for increasing α is, in general, larger for electrodes
positioned on the anterior chest, as shown in Table 2. If we compare once again
electrode 84 to electrode 37, RM0.1 − RM0.2 is for the former 1% whereas for
the latter is 18%.

The locations of the centers of the RM0.5 for every electrode are shown in
Figure 4. Not surprisingly, they are distributed following the locations around
the thorax of the corresponding electrodes. These results confirm, therefore, that
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electrodes on the anterior (posterior) chest focus on anterior (posterior) walls of
the ventricles. Noticeably, the centers of electrodes on the anterior chest are closer
to the periphery of the ventricles. Again, this observation can be explained by the
relatively smaller size of RM0.5 due to the distance separating skin positioning
from the ventricles.

5 Discussion

The elucidation of the resolution properties of surface ECG systems can provide
us with valuable clinical information, since it allows us to map patterns observed
in ECG signals to the regions within the heart that generate them. In this study
we combined bioelectric signal modeling and numerical methods to explore the
notion of resolution, as expressed in the concept of RM. We defined the RM
in terms of the MSDn resulting from approximating at the recording site, the
signal induced by the whole source to the signal induced by the RM. It is, thus,
a measurement that has a clear physical meaning and, since it is defined over
recorded ECG signals, it is suitable to carry out fair comparisons of the resolution
properties of different surface ECG systems.

Numerical methods proved to be the best choice to study the RM, as compared
to experimental settings and other analytical techniques. Numerical approaches
have, however, general limitations. Since an underlying model is assumed, the
significance and generality of the results depend considerably on the ability of
the model to describe the physical phenomena under investigation. In this study
we have described the conducting properties of the body based on the VHM
dataset, and the electrical activity of the heart based on a state machine model.
Besides, the dynamics of the sources elements have been generated by simulating
the stimulation of the apex at 60 beats per minute. In order to investigate the
impact of the choice of the signal model on the scope of the results, in the
future we will implement different thorax models and simulate cardiac electrical
activity based on other descriptions and stimulation protocols.

In an application example, we showed that the RM in the ventricles depends
on the positioning of surface electrodes. Specifically, we showed that both the
location and the size of the RM depend on the proximity of the electrodes to the
ventricles and on their angular coordinate around the thorax. Our results confirm
that, by appropriately positioning the electrodes we can increase the amount of
signal from a region of interest within the heart, although there are limits to
the ability of an electrode to focus on selected regions smaller than the RM.
By placing the notion of resolution in a quantitative framework, this approach
complements other experimental and clinical settings intending to establish the
limits of the electrocardiography [9]. The determination of the resolution prop-
erties of electrode systems can allow us to assess the convenience of standard
electrode positioning and to explore new positioning for extracting the maxi-
mum amount of physiological information from the ECG. Thus, a quantitative
definition of optimal electrode placement can be achieved based on the concept
of RM.
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In summary, the combination of bioelectric signal modeling and numerical
simulations constitute a powerful method to study the resolution properties of
ECG systems. Firstly, they provide the formulation needed to estimate the RM.
Key features of the RM include its location and its size, from which we can estab-
lish limits to the ability of the electrode system to focus on selected regions within
the heart. Secondly, it forms a framework to assess, by implementing different
anatomical models, the influence on the resolution properties, of factors often
regarded as sources of variability, such as the shape of the body, the proportion
of tissues or the size of the heart. Thirdly, complete multielectrode systems and
varied electrode configurations can be systematically studied and compared, in
order to determine optimal electrode placements. Numerical approaches to the
resolution can complement other experimental and clinical settings, both as a
means of explanation and of future experimental design.
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