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Abstract: This paper discusses some of the ma-

of clinical diagnostic procedures. Although this may
seem obvious, the direction the modeling world is taking seems to be diverging from this objective. In spite

the confrontation of the classical uniform double layer model of source activity during depoIarization and myocardial anisotropy. An attack
on the validity of the data on anisotropic source
strength as found in the much quoted paper by
Clerc et al. is reiterated.
The paper is an invited tutorial, read at the
1-st International Conference on Bioelectromagnetisml Tampere, Finlandl Jrrne 9-13; 1996.

of the major progress of insight obtained through modeling, surprisingly little of this seems to have had an
impact on clinical electrocardiology. The source models
to be discussed here are those which have the potential
of direct implementation in a clinical setting. In this
setting modeling should assist in the interpretation of
body surface potential distributions and observed ECG
wave forms in their application to Iocalizing and analyzing cardiac disease.

Introduction

Level Two

Three Levels

At the macroscopic level of modeling the cardiac electric
field, source characterization is deduced from potential
readings within or on the myocardium at a spatial scale
which is small with respect to heart size, yet large with
respect to the size of individual cells.
In the overlap with level one, the macroscopic approach can be viewed as the lumping of sources derived
from cellular activity. In this way a direct link with

jor source models which are used in electrocardiography. Particular attention is paid to

The cardiac electric field can be modeled at one of the
following three levels of complexity, each of these slightly
overlapping the next.
The first is the microscopic, cellular level, directly
linked to cellular electrophysiology; observations are
made by means of micro electrodes. The second level
is the macroscopic level of the impressed currents expressed in terms of the physics of electrical volume conduction. This is the level of electric fields within, or
on, the myocardium, observed by means of linear arrays
along plunge electrodes or by means of electrode grids
placed in direct contact with either the endocardium or
the epicardium during surgery. The third level is that
of the equivalent generators used to describe the cardiac
field at more remote observation points, such as the positions of the electrodes placed on the thorax as used in
clinical electrocardiography.
The current sources actually generating the observed
fields are in general not amenable to direct observation, they are deriued from observed fields and measured
or assumed conductivity values: when assessing macroscopic source strength from local macroscopic fields, the
local conductivity has to be taken into account. When
the derived source strength is used to compute, or in-

terprete, distal fields, the entire spatial distribution of
electric conductivity needs to be considered.
The emphasis of this paper lies on source descriptions at the overlap of levels two and three.

The objective of modeling
Apart from satisfying scientific curiosity, the objective
of modeling the cardiac field must be the improvement

electrophysiology is safeguarded.
Alternatively, the observed macroscopic fields may
be modeled directly by considering impressed current
densities. Here a link with electrophysiology (level one)
can be maintained by considering only such source descriptions which comply with the constraints set at level
one.

In [1], several microscopic models have been considered with respect to the macroscopic sources they establish. The extracellular fields produced by those sources
have been contrasted with those measured macroscopically (the overlap between level one and level two). The
present paper focusses on the region of overlap between
level two and level three [2].

Volume Conduction
The cardiac electric field can be treated in the so-called
'quasi-static' approximation [3]. In this approximation

the potentials at any given instant in time are determined by the properties of the sources at that same time
instant only. The properties of the various body tissues
are assumed to be linear, and can be expressed by their
electric conductivity o (unit S.*-t). The conductivity
is different for different body tissues, moreover,

it is usu-

ally anisotropic, which means that o is different along
different directions in 3-D space.
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In the modeling of macroscopic cardiac electric potentials in terms of impressed sources, the conductivity
plays a part which is as important as that of the ob-

source is
,

served potentials. This stems from Poisson's equation
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For a homogeneous, isotropic region Poisson's equation
reduces to
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with i, - -V .in l,Jr" impressed volume current density
(unit: A.--t).
Above, Ji (or i,) represents the so-called 'primary'
sources. When dealing with a more complex situation
involving inhomogeneity and/or anisotropy,'secondary'
sources can be included. Their strengths depend linearly on those of the primary sources, and hence their
influence works out as a linear operation on the potentials /""(i) generated by the source at field point rl in
an infinite medium. When applied to the interpretation
of macroscopic fields, to a first order approximation, the
operator may be assumed to be the identity.
Source Models; general
Equation (2) forms the basis for the current source density analysis: invasive measurements of the extracellular
potentials within the myocardium are interpreted in a
macroscopic fashion and are related to extracellular con-

ductivity. For normal activation in healthy myocardium,
different source descriptions have been postulated that
have proved to be useful for modeling QRS wave forms.
This is owing to the fact that the primary sources during
ventricular depolarization are largely confined to the depolarization wave front, a 2-D surface which progresses
in a more or less regular fashion [4, 5] through the myocardium.

The Uniform Double Layer (UDt)

At the depolarization

wave front Sa a dipole layer, or

double layer 12) may be used to model the primary
sources. Here each element d,9 - dS(Ö of the wave
front is assumed to carry an elementary current dipole
pd,S, with p the current dipole surface density (unit
A.m.m-2). The elementary dipoles are all directed
along the local surface normal of ^9a. In general p
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and the infinite medium potential generated by this
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When crossing the surface carrying the sources the
potential is discontinuous, showing a jump of. Vp - plo
(unit: V) which may be used to specify local double layer
strength. If the strength p of the dipole layer is uniform
over the surface considered, equation (3) reduces to
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with Q the solid angle subtended by the surface Sa ai
,1

.

2-D Source Models and Anisotropy
The conceptual difficulty with the validity of the UDL
when confronted with the anisotropic nature of the myocardium, has inspired some groups to search for alternative 2-D source models. An early, extreme variant
has been Ihe arial model,, in which all elementary cur-

rent dipole sources are assumed to be lined up in the
fiber direction only [6]. A synthesis between the uniform double layer and the axial model is the oblique
di,pole model [7], in which the strengths of the elementary dipoles at ,Sa as well as their directions depend on
the angle between the direction of local propagation and

that of the fibers. For propagation entirely transuerse
fibers, this model reduces to the uniform double layer,
for propagation entirely along fibers to the axial model.
In the early discussions on the anisotropic nature of
source strength, the associated anisotropy of the electrical conductivity was, curiously enough, ignored. In
the modern handling of anisotropy by means of the bidornain model[8] the anisotropy in the electrical conductivity of both the extra-cellular and the intracellular
space, is indeed included.

In Defence of the UDL
Stressing the 6yaest
The uniform double layer model may be called the 'classical' source model during depolarization. It was introduced in 1933 by Wilson et al.l9l and has served very
well since in explaining ECG waveforms qualitatiuely
[10]. Conceptual notions derived from the uniform double layer can be found in most basic textbooks on practical electrocardiography. Several quantitatfue, computer
model (forward problem), studies have been successfully
based on the uniform double layer, some implicitly [11]
other ones explicitly [12]. The constraints implicit in
this source model have enabled the UDL to be used
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in inverse procedures aimed at computing the depolarization sequence at the heart surface [13]. The most
impressive demonstration of the usefulness of the UDL
has been the study in which it was used to simulate the
magnetocardiogram (MCG) from observed body surface
potentials [1a]. When the simulated MCGs were subse-

quently confronted with experimental MCGs recorded
in the same individuals a close correspondence was observed, not only qualitatively but also quantitatively.

Disputing the 6nays'
Why then does the discussion continue? The critique on
the UDL was initially fed by a group that initially had
been advocating its use [15]. In a recent discussion [16]
Scher, showing hitherto unpublished data, has indicated
the reason for their concern. In the early seventies, they

determined the time course of ventricular depolarization in a dog's heart by using plunge electrodes. The
heart was submerged in a fluid filled cylinder and potentials were recorded on the cylinder wall. Forward
computations based on the UDL and on the observed
activation data failed to produce potentials comparable to those observed on the cylinder wall. The group
rejected the possibility that the discrepancy might be
caused by a) the recorded geometry, b) the depolarization sequence as estimated from the spatial sampling
implied in the use of the intramural electrodes, or c)
the calculations and, hence, doubt on the validity of the
UDL source model remained as the only explanation.
Curiously enough, during early and Iate QRS the best
correspondence between experimental and simulated potentials was reached. This fact, combined with experience with the forward problem built up in our group
suggests to me that the possible causes a) to c) may
have been rejected too quickly.
A major impetus for doubting the validity of the
UDL came from a much quoted study by Clerc [17]. In
this experimental study the work of Weidmann on propagation and conductivities along fibers was extended to
the transevere fiber situation. For the interpretation of
his data Clerc used the one-dimensional (cable) model
applied to a configuration of closely packed cylinders.
His results on various conductivity values reported in
the along fiber direction are in agreement with those of
Weidmann. For the transverse fibers direction Clerc's

interpretation of the experimental data has led him to
state conductivity values which stress the importance
of anisotropy. As a result, in an application of the reported conductivity values to estimated source strength,
the latter seemed to be far smaller transverse fibers
when compared to along fibers. This also seemed to
be directly indicated by Clerc's potential observations.
I have previously questioned Clerc's interpretations of
his transverse fiber experimental data, but judging by
the impact that Clerc's paper has had, I do not seem
to have come across convincingly enough. This critique

has been included in the discussion on the relationship
between macroscopic source strength and cardiac cellular activation models [1]. It relates to the fact that the
correct interpretation of experimental data using a one-

dimensional cable model requires a fully planar wave
front to have been set up. The experimental condition
in Clerc's experiment did not satisfy this requirement.
This is directly evident from his Fig.4, in which the
intra- and extracellular wave forms should have had the
same shape, and clearly, they are not. Furthermore, the
extent of the sources at the depolarization wave front
are dispersed over at least 1 mm [2]. Since the bundle
width in Clerc's experiment was of the same order, no
full wave front could have been set up and, hence, a severe underestimation of source strength transverse fibers

resulted. This in turn has affected the data on translatter were mainly deriued rather than measured directly. Unfortunately no
complete study of a similar nature has appeared and
Clerc's transverse fiber data live on. More experimental
data have been listed in tables 1 and 2 of [1].
Further experimental data feeding the dispute came
from the group of Scher. Based on potential readings
on a restricted area of the epicardium as well as within
the myocardium directly below, their data initially [6,
18] stressed anisotropy. However, later [19] a certain
amount of sympathy for the UDL can be noted.
Interpreting the potentials recorded by Taccardi and
his group at small distances from the epicardium of a
dog heart submerged in a cylindrical bath, the importance of anisotropy has been stressed by Colli-Franzone
et al. t7l Here the effect of the conductivity of the
bath, which was much lower than that of the nearby myverse fiber conductivity, since the

ocardium, creating secondary sources, may have played
a part in exaggerating apparent anisotropy.
As shown in [1], when considering the anisotropy in
source strength, the experimental values of Vp-40 rnV
for transverse fiber source strength and Vp - 51 mV
for along fiber source strength are the ones most closely
corroborating the UDL hypothesis.

Acknowledging Anisotropy
Does all this imply that anisotropy does not play a role?
Of course this is not the case. Anisotropy is an inherent
property of fiber structure. It dominates the propagation of of activity as well as electric conductivity and,
hence, current spread. In the macroscopic approach, the
local double layer strength Vo is the potential difference
in the interstitial space on opposite sides of an activation wave, being the change in transmembrane potential
from rest to peak (plateau) times the resistance divider

ratio, that

is

Vo

:

(Vo".,t"

- V""t):-,
T2tT;

(b)

with rl and r" the intra- and extracellular resistances
per unit length. For the UDL hypothesis to hold in
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an anisotropic medium it would be required that the
values of the resistance divider be the same transverseand along fibers, uniformly throughout the myocardium.
When applied to the bi-domain approach [8] this requirement works out at the level of conductivity values involved as the equal ani,sotropy rati,o assumption.
Considerations regarding cell coupling and cell geometry support this assumption; insufficient experimental
evidence has been put forward to reject it [1].
A further explanation as to why the UDL may work
is the following. For the entire heart, anisotropy is by
no means uniform, because of the complex lining up of
overlaying muscle layers of the myocardium. This tends
to fudge the overall effect of anisotropy, in particular in
its expression at level three.
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stage, the main objective of modeling should
be remembered: the model should facilitate the inverse
(clinical) interpretation of the observed potentials. Inclusion of the full complexity of anisotropy in such a
model would require, in the inverse procedure, that this
complexity be known a pri,ori on an individual basis. It
is unlikely that such information will be readily available. For want of a better model, having the same desirable properties of being directly related to the most
prominent physiological feature of the depolarization
wave and the same high quality regarding the application of physiological constraints in an inverse procedure,
the UDL model might just as well be retained.
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