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Abstract

Percutaneous transluminal coronary angioplasty (PTCA) is a palliative therapy
for coronary artery disease in which a balloon-tipped catheter is inserted into a par-
tially occluded coronary artery and inflated to pressures of 4-12 bar for durations
of 10-300 s. The resulting block of antegrade blood flow provides an experimental
model of ischemia which has been studied in this dissertation. The technique of body
surface potential mapping (BSPM) was used to continuously record 117-lead ECGs
from patients undergoing PTCA; isointegral maps recorded before inflation of the
balloon were subtracted from those recorded during inflation to produce isointegral
difference maps. Based on these difference maps, the inflations could be separated
into groups which corresponded to the coronary artery which had been dilated.

A mathematical solution to the inverse problem in electrocardiography was devel-
oped by which epicardial potential distributions could be calculated from body-surface
distributions. This inverse solution was validated directly using simulated potentials
from a single dipole source, and also indirectly by using the isointegral maps recorded
during PTCA. From angiographic information of each patient’s coronary circulation
and the location of the PT'CA balloon, it was possible to estimate the perfusion bed,
and thus the : hemic region, for each inflation. While the angiographically deter-
mined location >f the PTCA-induced ischemia agreed with a region predicted by the
model, the inverse solution also yielded secondary regions predicted ischemia which
could not be accounted for by clinical evidence. These results suggest that it is pos-
sible to construct a stable and useful inverse solution, which allows the recovery of

vhe location of PTCA-induced ischemia in humans.
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Chapter 1

Introduction

The aim of electrocardiography is to glean information about the electrical activity
of the heart from recordings of heart-produced potentials on the body surface; such
recordings are called electrocardiograms (ECG). While the medical use of ECGs spans
just over a century, the basis of a great deal of diagnostic electrocardiography has been
of an empirical or statistical nature. This dissertation adopts a biophysical approach
to electrocardiography basea on mathematical relationships between measurable bio-
logical quantities, derived from 1e laws of physics. The specific aim of this work was
to develop a solution to the inverse problem of electrocardiography, with which epicar-
dial potentials could be computed from ECGs recorded with multiple electrodes. In
order to test the validity and clinical usefulness of this inverse solution, the method
of body surface potential mapping (BSPM) was used to record high-resolution ECGs
{from patients undergoing percutaneous transluminal coronary angioplasty (PTCA).
The unique possibilities of this controlled model of human ischemia include the ability
to predict, from angiographic data, the approximate location of transient ischemia
which is induced by inflation of a coronary balloon-catheter.

The development of this work followed two parallel tracks — a division which
is reflected in the structure of the dissertation. Each chapter contains one section
pertaining to the mathematical model, upon which the solution to the inverse problem

was based, and a second section describing the experimental study of ischemia, which



.

was carried out using BSPM during PTCA. Chapter 2 contains a review of the relevant
literature; Chapter 3 outlines the theoretical developmeht of the inverse solution and
describes the clinical studies of PTCA-induced ischemia; in Chapter 4, the results of
both the mathematical modei 1d the clinical studies are presented. In this chapter
also, the two streams of the dissertation join as the inverse solution is applied to
experimental data obtained during PTCA. Chapter 5 contains discussion of these
results and Chapter 6 summarizes the work. Two appendices are also included: the
first describes the realistic human torso model used at Dalhousie University, and the
modifications to it carried out in this study; the second appendix contains a technical
description of the improvements to the BSPM system which were required to allow

measurements during the PTCA procedure in the catheterization laboratory.



Chapter 2

A Review of the Literature

2.1 The Forward and Inverse Problems of Elec-
trocardiography

2.1.1 Introduction

The forward problem of electrocardiography involves the calculation of body surface
potentials from the electrical activity in the heart. Forward solutions are, in general,
unique [J] (that is, there is no ambiguity regarding the body surfuce potentials pro-
duced by the cardiac sources) and they can be formulated in a number of different
ways, each of which is based on a different conceptual model of the heart and the
torso in which it is suspended. The inverse problem is the complement of the forward
problem: given a distribution of body surface electrocardiograms (ECGs), predict the
underlying cardiac electrical activity. Each different formulation of the forward prob-
lem has its inverse-problem counterpart and both are linked by a common concept of
the electrical activity of the heart. Inverse solutions are generally not unique, that is,
the same body surface potential distribution can be accounted for by many different
patterns of cardiac activity. Only when meaningful electrophysiological constraints
are placed upon the problem can unique inverse solutions be generated [2].

In this section, we will review briefly several approaches by which the forward
and inverse problems have been solved. Special attention will be given to methods

leading to solutions of the inverse problem in terms of epicardial potentials — which is



the topic of this dissertation. The reader is referred to recent comprehensive reviews
by Gulrajani [3, 4, 5] and Rudy and Messinger-Rapport [6, 7] for more extensive

coverage.

2.1.2 Discrete versus distributed source models

The earliest theoretical approach to the inverse problem was based on a concept of
the heart as a single current dipole at a fixed location [8] — a model which formed
the basis of early electrocardiographic lead theory [9, 10, 11, 12, 13, 14, 15, 16] and
which permeates a good part of the clinical electrocardiography as taught and prac-
ticed today [9]. Indeed, to a reasonable approximation, the heart generates the same
electrical potential distribution on the body surface as a dipole of appropriate size.
orientation, and location. From this abstraction followed several forward and inverse
solutions based on models of discrete sources, which include fixed multiple dipoles
[17, 18], multipoles [19, 20], and single or double moving dipoles (21, 22, 23]. The
biophysical framework for the application of electromagnetic theory and numerical
mathematics required for the solution of the forward problem was developed by Gel-
erneter and Swihart [1, 24], Barr et al. [25] and Barnard, Duck, Lynn, and Timlake
[26, 27].

An alternative family of forward and inverse solutions is based on the representa-
tion of the electrical activity of the heart as a distributed source in terms of epicardial
surface potentials [28]. Inverse solutions conceived within this framework have nu-
merous advantages over discrete-source models and much of the recent activity in
cardiac modelling has focused on this area {7, 29, 30].

The main advantage of the distributed equivalent source is that it can be inter-
preted with greater ease in physiological terms than dipolar/multipolar sources. For
example, the changing amplitude, location, and orientation of a single dipole might
represent the entire depolarization/repolarization cycle of the heart; however, there

is no simple relationship between such a current source (which is not an entity which



can be determined experimentally) and the electrophysiology of the whole heart. In
multiple-dipole models, it is possible to link the electrical activity of some part of ihe
heart to the amplitude or orientation of the nearest dipole [17, 18], but the restricted
number of dipoles in such a model (see below) requires that each represent a fairly
large portion of the myocardium. There are, however, conditions in which activation
of the heart is so localized that it can be adequately modelled as a single or double
dipole [22]. Most often this approach is applied to the Wolff-Parkinson-White syn-
drome to locate an accessory conduction pathway between the atria and ventricles
[31, 32].

The potentials on the epicardial surface, on the other hand, directly reflect un-
derlying physiology (see section 2.2). The recording of epicardial maps has been
performed in animal experiments for many years as a means of studying such phe-
nomena as ischemia [33, 34, 35, 36, 37|, arrhythmias [38, 32], and the response of
the heart to defibrillation [39, 40, 41]. In humans, epicardial potentials are recorded
clinically to localize arrhythmias [42, 43, 44, 45|, evaluate conduction abnormalities
[46, 47, 48], or to follow recovery from bypass surgery [49]. While epicardial electrical
activity is transferred uniquely to the body surface, body surface potential distribu-
tions are distorted by the effect of torso boundaries; epicardial potential distributions
allow better examination of localized events such as ectopic foci [50, 51] or the pro-
gression and extent of ischemia [34]. The presence of the torso volume conductor
tends to distort and “smear” the epicardial distribution so that individual features
are lost and large spatial gradients smoothed over when detected at the body surface
[50]. Although it is obviously not possible to perform extensive recordings of epicar-
dial potentials in clinical cardiology, there is growing intcrest in being able to predict
epicardial potentials from noninvasive measurements on the body surface. Accurate
rendition of epicardial potentials would allow preoperative screening of patients with
arrhythmia, reducing the amount of time spent on cardiopulmonary bypass, or per-

haps, in conjunction with techniques of catheter ablation, eliminating the need for
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open-heart surgery altogether. Ischemia induced by exercise, coronary spasms or
angioplasty could also be localized and monitored noninvasively.

The other main advantage of the distributed source model is that it can be used
to derive unique, stable inverse solutions. In contrast, inverse solutions based on
source models with larger numbers of dipoles than about 20 become unstable [28].
Furthermore, solutions using discrete source models are not unique without imposed
constraints such as fixing the number, location, or orientation of the dipoles. Since the
solution parameters are difficult to relate to measurable physical quantities, inverse
solutions in terms of discrete sources cannot be directly validated in hurmnan or animal
experiment. Solutions of the inverse problem in terms of epicardial distributions are
unique [2]; the only requirement is knowledge of the geometry and conductivity of
the volume conductor, which is also the only constraint applied. Inverse solutions in
terms of epicardial potentials can also be made stable using the technique of regular-
ization, as will be discussed in detail in section 3.1.4 below. Validation of the results
is possible, since the solution yields values of a measurable quantity (potential) which
can be compared with recorded data. In general, inverse solutions in terms of epi-
cardial potentials are, however, mathematically more complex than those employing
simple source terms. This results in higher computation costs and a more extended
development time for each solution. On the other hand, once a solution in terms of
epicardial potentials has been calculated, the generation of multiple epicardial maps
froin body surface data is quite efficient since it requires only a multiplication of a

vector of potentials by an inverse transfer matrix.

2.1.3 The solution in terms of epicardial potentials

2.1.3.1 The forward solution

A necessary prerequisite to most quantitative solutions to the inverse problem in
electrocardiography is a forward solution, whose complement then becomes the inverse

solution. The forward solution in terms of epicardial potentials can be derived using



one of two methods: the boundary element method (BEM) or the finite element
method (FEM). The mathematical basis of the BEM is Green’s Theorem [52, 53],
which was applied first by Martin {54, 55|, and later by Barr, Ramsey, and Spach
[56] to a discretized description of the epicardial and torso surfaces. The resulting
forward solution is a matrix of transfer coefficients which can be multiplied by a vector
of epicardial potentials to generate an approximation of the body surface potentials.

This can be expressed mathematically as
®p = Zpn P, (2.1)

where ®p and @y are vectors of potential values on the body and heart surface,
respectively, and Zpy is the forward transfer matrix. Solutions of this form have
been developed by Barr, Ramsey and Spach {50, 56, 57], Horacek et el. [58], Cuppens
and van Qosterom [59, 60], Rudy and Messinger-Rapport [6, 7], Meijs et al. (for the
inverse solution of brain potential) [61, 62], Huiskamp and van Oosterom [30, 63, 64],
and Walter and Kilpatrick [29]. The BEM, which has been adopted as the basis of
the forward solution in thi dissertation, is described in detail in section 3.1.3.

The finite element method has also been used extensively to generate the transfer
coeflicient matrix of the forward solution. In the FEM, an energy function based
on Laplace’s equation is tninimized over each volume element within the torso. The
entire volume must first be discretized and a zero-, first-, or second-order polynomial
basis function defined for each element. The potential function is then the sum of
these piecewise continuous basis functions and can be evaluated anywhere within the
volume. Since each element of the volume can be individually defined, local inhomo-
geneities and anisotropic conductivity properties may be intrcduced into the model.
The FEM has been applied to numerous other problems in virtually all fields of en-
gineering and t& - exists a rich selection of software for both the generation of the
volume mesh elements and the solution ot the resulting system of equations. Electro-
cardiographic forward solutions using the FEM have been developed by Yamashita
[65], Colli Franzone [66, 67, 68, 69, 41] and Johnson [70]; Pilkington et al. have di-

FE T
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rectly compared BEM to FEM [71, 72]. By tirst improving upon the BEM technique
of Barr, Ramsey and Spach [56, 57}, Pilkington and co-workers demonstrated that
both BEM and FEM produced forward and inverse solutions with virtually identical

accuracy when applied to a simple geometry of concentric spheres.

2.1.8.2 The inverse solution

Once the matrix of forward transfer coeflicients, Zpy, has been generated by either
BEM or FEM, the inverse solution can be obtained from the pseudo inverse of Zgy.
While the inverse solution formed in this way is unique, it is also highly unstable
(see [6, 7, 54, 55] and section 3.1.4). To produce a useful and stable inverse solution,
two forms of mathematical treatment have been applied: 1) statistical constraints,
based on work by Foster [73] and Strand and Westwater [41], were used by Martin
[50, 54] and Barr and Spach [55, 74]; 2) Tikhonov regulaiization techniques, which
were first used in a cardiac inverse solution by Colli Franzone [66] and have since
become the most commonly used metheds in inverse solutions [6, 29, 30, 65, 70]. The
specific types of Tikhonov regularization include zero-order, Laplacian, and gradient-

operator smoothing (discussed in detail in section 3.1.4).

2.1.3.3 Validation

While direct validation of an inverse solution in terms of epicardial potentials is possi-
ble, there are a number of practical problems. For example, epicardial potentials and
body surface ECGs should ideally be measured simultaneously with sufficient spat’al
and temporal resolution to accurately reproduce the distributions over both surfaces.
This requires not only that electrodes be affixed to the epicardium with the chest
intact, but also that the measurement system be capable ot recording simultaneously
the order of 200-300 individual leads at 500-1000 samples per second (75, 76]. For
obvious ethical reasons, this is only feasible in animal experiments. Furthermore, the

geometry of at least the body and heart surfaces must be known, if inhomogeneous



regions (eg., lungs) are to be included, each must also be defined geometrically and
electrically through its conductivity properties. Barr and Spach validated both the
electrical and geometrical integrity of their inverse solution by recording from chron-
ically implanted epicardial electrodes and from body surface electrodes in a dog from
which they subsequently obtained complete geometrical measurements [50, 74]. Cup-
pen and van Qosterom solved the inverse problem in humans in terms of activation
times on the epicardium and endocardium (see below); they compared their results
with data measured previously by Durrer et al. from a reperfused isolated human
heart [59, 60]. Monro et al. [49], although not constructing an inverse solution per
se, correlated epicardial electrograms from several implanted wire electrodes with
simultaneously recorded ECGs in 21 coronary-bypass patients and mapped regions
on the hody surface which showed a high correlation coefficient with electrograms.
They found that in most cases in which ECGs were well correlated with epicardial
electrograms, the body surface region from which the ECGs were obtained lay di-
rectly over the site of the epicardial electrogram; however, there was considerable
overlap of correlated regions [49]. Acquisition of accurate geometrical information
has become considerably less troublesome with the availability of nuclear magnetic
resonance imaging (MRI) systems with a spatial resolution of 2-3 mm [77, 64, 78].
Another method of direct validation is to suspend a source, be it an artificially
constructed one (eg., a dipole) or an actual perfused heart, at a known Jocation in
a tank of known dimensions and measure potentials both on the wall ' the tank
and near or on the surface of the source. This approach has been used extensively
by Colli Franzone et al. [79, 66, 67, 68, 69] and Johnson [70]. While this method
cannot completely replace experiments on the intact animal or human body, it does
allow tight control over many parameters which affect the outcome of the model

calculations:

1. The tank can be moulded to resemble a human shape and its geometry need

only be measured once.
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2. Conductivity inhomogeneities can be introduced one by one into the volume

conductor to evaluate their effect on the accuracy of the solution.

3. The value of the potential can be measured anywhere in the tank and the
number of locations sampled depends only on the technical limitations of the

recording system.

It is also possible to validate a forward or inverse solution by means of data
generated by computational means. Using realistic torso and heart geometry, the
potential distribution on both the epicardial and torso surfaces can be calculated for
some defined sources, such as a single dipole at a predetermined location. These data
can then be quantitatively compared using the forward and inverse solutions. This
approach was taken by Walker and Kilpatrick [29] and Yamashita and Takahashi [65];

it is also adopted in this dissertation (see section 3.1.4).

2.1.4 Some specific inverse solutions

Investigators at Duke University have published a long series of seminal articles and
dissertations on the topic of inverse solutions. From the early work of Rogers [80],
Barr [81] and Martin [54, 55] came the ideas and framework for subsequent studies of
inverse electrocardiography in terms of epicardial potentials. Martin and Pilkington
[54, 55] described the preblem in terms of the potential distribution on a small sphere
enclosing the heart. They used a Green’s theorem approach to derive a matrix of
forward transfer coefficients; to the irversion of this matrix, they applied both sta-
tistical constraints, based on work by Foster [73] and Strand and Westwater [82, 83],
and a regularization technique described by Twomey [84]. In comparative studics,
they concluded that the statistical methods were better suited to the regularization
problem since no explicit a priori knowledge of the relationship between epicardial
and body-surface potentials was required.

Barr, Ramsey and Spach subsequently devised a scheme, also using the Green’s

theorem approach, whereby the forward transfer coefficients could be derived in terms
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of potentiais on the rea’” ically-shaped epicardial surface [56, 57]. The details of this
method are described in section 3.1.3. For their inverse solution, Barr and Spach
[50] selected the statistical methods described by Martin [54]. They were the first
to compare measured with calculated values of epicardial potentials, and they found
that the overall features of the true epicardial potential maps were reasonably well
reproduced by their calculations.

Horacek et al. developed an inverse solution based on the method of Barr, Ram-
sey, and Spach, which they applied to a realistic human torso model [58]. To com-
pute the inverse matrix from the (ill-conditioned) forward transfer matrix, they made
use of a regularization method suggested by Hanson and Phillips [85] to generate
a system which could be solved using singular value decomposition [86]. Horacek
and co-workers applied their inverse solution to measured body surface maps of the
QRS complex and interpreted the resulting epicardial maps in terms of the temporal
development of the potential distribution, which allowed comparison with classical
activation data gathered earlier by Durrer et al. [87].

Although the forward/inverse problem cannot in general be solved analytically,
there are certain simplified geometries for which analytical solutions can be derived.
Rudy and Plonsey [88] used an eccentric spheres model of the torso introduced by
Bailey and Berry {89, 90, 91] to examine the effects of volume conductor properties
and surface geometry on the forward/inverse problem [92]. In the eccentric spheres
model, the torso is represented by the largest of several nested spheres, which contains
spheres for the epicardial and endocardial surface of the heart, the lungs, and the sub-
cutaneous muscle of the torso. The source of current in this model is a spherically
shaped double-layer cap (with uniformly distributed dipole moment per unit area)
located between the endocardial and epicardial spheres of the heart. By altering the
size and location of the subvolumes of the model, and changing the conductivity of
each, the effects of variations in geometry and electrical properties on the relationship

between epicardial and torso potentials were evaluated. In more recent work, Rudy
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and Messinger-Rapport [6, 7] developed a numerical solution to the inverse prob-
lem using the boundary element method and Tikhonov regularization, which they
compared to the analytical solution derived from the concentric spheres geometry.

A slightly different approach to the inverse problem was taken by Cuppen and van
Qosterom [59, 93); instead of evaluating the inverse solution for epicardial potentials,
they derived a solution in terms of ventricular activation times on the epicardial and
endocardial surfaces of the heart. Geselowitz subsequently provided additional theo-
retical support for this technique by applying the formalism of the bidomain theory
[94, 95, 96] to the ECG. He showed that the area under the QRS complex of the ECG
is related to the amplitude and activation time of the underlying myocardial action
potentials; the area under the QRST, on the other hand, was shown to be a function
of the area under the action potential and, thus, its amplitude and duration [97]. The
basis of Cuppen and van QOosterom’s approach was to treat the source of electrical
activity as a uniform dipole layer moving like a wave through the myocardium. Ac-
cording to this model, activation of a cell drives it from its resting or “off” state, to
its excited or “on” state, in which it remains until the whole heart is depolarized.
The resulting system of equations is similar to that generated by inverse solutions
based on epicardial potentials in that it is ill-conditioned and requires some form of
regularization. In their initial work, Cuppen and van Qosterom used a truncated sin-
gular value decomposition to calculate a pseudo inverse matrix of transfer coeflicients
[59, 60].

More recently, Huiskamp and van Qosterom have refined both the on-off na-
ture of the conceptual model and the numerical mathematics of the inverse solution
[30, 63, 64, 98]. The simple Heaviside step function, which had been used to de-
scribe the transition from “off” to “on” states in previous work, was replaced by a
smooth sigmoidal function. Numerically, an iterative method of computing the in-
verse solution was implemented using the truncated pseudo inverse as the starting

point; once an error estimate was iteratively minimized, regularization was applied
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until physiologically acceptable activation times were obtained [30]. Validation con-
sisted of: 1) qualitatively comparing inverse solutions from normal subjects [30] with
activation data collected previously frem a perfused human heart by Durrer et al.
[87]; 2) aligning one of the hearts used in Durrer’s study in the computer model of
the torso of a healthy subject and comparing computed activation maps with the
Durrer data [87]; and 3) recording body surface maps from a patient before heart
transplant, then recording epicardial electrograms from the excised heart using Lan-
gendorff perfusion [63]. Although in method 1) the body surface ECGs and epicardial
electrograms came from two different individuals, the results of the inverse solution
could be compared qualitatively with the measured activation maps. In 2) and 3) the
calculated activation maps were considered physiologically reasonable, and forward
solutions generated from them matched measured BSPM data quite well. However,
direct comparisons of the calculated data with measured values in 2) and 3) were less
then satisfactory. Especially in the case of the heart-transplant patient, the activation
sequence of the excised heart indicated significant abnormalities, which the authors
suggested might have resulted from the removal and handling of the discarded heart.

Walker and Kilpatrick devised a different conceptual model in which they repre-
sented the geometry of the torso as a nonuniform rectangular grid and the electrical
interactions between the nodes by a resistor network [29]. By applying Ohm’s and
Kirchhoft’s laws to each node point, they derived a sparse system of linear equations
which could be solved numerically to produce a forward solution in terms of epicardial
and body surface potentials. From clinical CT-scans, they produced a set of eight
different human-torso geometries; lungs, spine, and sternum were routinely included
in each, but were removed from one torso for the purpose of evaluating the influence
of inhomogeneities on the calculations. For each of these geometries, a single dipole
source was located in the heart and a forward calculation was performed for both epi-
cardial and body surface potentials. These data provided the ‘measured’ potentials

which were used either as input data for the inverse solution or as the epicardial data
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against which the results of inverse solution were tested. Walker and Kilpatrick then
evaluated the effects of errors attributable to incomplete or inaccurate geometrical
information on the outcome of the forward solution. The results indicated that while
the inclusion of inhomogeneities in the model reproduced more accurately the poten-
tial distributions, only the amplitudes were significantly altered. Far more important
was the rendition of the subject’s geometry. For the inverse calculation using actual
measured body surface potentials, validation was carried out in an indirect manner;
for each value of the regularization parameter a new inverse solution was derived,
which provided, in turn, the input data for the forward solution. The output of the
forward calculation was then compared with the measured potentials. Walker and
Kilpatrick also computed a “noise amplification fastor”, which they defined as the
ratio of the average rms epicardial potential to the average rms ECG amplitude. The
noise factor was interpreted as the value by which noise in a body-surface lead would
be multiplied using the inverse matrix and was used as a measure of the stability of
their solution. Values of the noise amplification factor of as high as 2000 were found
to arise when no regularization was performed.

An even more fundamentally different approach to the inverse problem was taken
by Nikias et al. [99, 100, 101, 102]. Instead of defining their model in terms of
potentials which change with time, Nikias and co-workers transformed the problem
from the time domain into the frequency domain and constructed inverse solutions in
terms of the power spectrum of the epicardial potentials. In one case, the Minimal
Relative Entropy principle was used to successively refine the approximation of the
epicardial power spectrum from an initial (white noise) estimate [99, 102]. Early
results indicate that this approach may prove less sensitive to measurement noise
and require fewer torso electrodes than “standard” inverse solutions [102]. While
direct physiological interpretation of the results of such a frequency-domain model is
difficult, these methods have been successfully used in canine preparations to localize

and quantify the extent of ischemia [100, 101].



15

Most recently, the BEM has been used to compute epicardial potentials which
arise from the application of a defibrillation pulse to the thorax [39, 40]. In a related
study, Wolf et al. employed the BEM method to estimate endccardial potentials from
those recorded on the epicardium [41]. The aim of these efforts was to generate a
mathematical model of the effect of defibrillation on myocardial tissue so that the
shape, width, and duration of the shock nulse and the site of its application could be

optimized.
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2.2 PTCA: A Model of Controlled Ischemia
2.2.1 Introduction

Coronary artery disease (CAD) remains the leading cause of death is the Western
World, despite major advancements in understanding, prevention and treatment of
this condition [103]. Underlying virtually all occurrences of myocardial ischemia in
humans is a substrate of CAD, often a longstanding atherosclerotic narrowing of the
coronary arteries [104]. There is as yet no treatment of CAD; palliative care ranges
from reduction in stress on the heart or temporary dilatation of the coronary arter-
ies with drugs, to invasive replacement of diseased portions of the coronary system
(“bypass graft” surgery). Recently, a less invasive (nonsurgical) procedure has been
introduced with which it is possible to mechanically restore adequate flow through a
severely occluded coronary artery. In this procedure, called percutaneous translumi-
nal coronary angioplasty (PTCA), a balloon-tipped catheter is inserted via an incision
in the femoral artery into the occluded coronary and inflated to pressures of 4-12 bar
for durations of 10-300 s. Inflation of the balloon results in mechanical disruption of
the plaque deposits and intimal linings of the vessel and, if successful, restores some
degree of patency to the vessel. PTCA can be performed on any part of the coronary
circulation, which consists of three main arteries: the left anterior descending (LAD),
left circumflex (LCx), and right coronary (RC). Developed and first performed on a
human in 1977 by Andreas Griintzig, [105, 106, 107, 108, 109, 110, 111, 112}, PTCA
continues to undergo significant refinements and now enjoys worldwide acceptance as
a viable alternative to coronary bypass graft surgery in as many as 20% of cases of
severe coronary artery disease (see recent reviews [113, 114, 115]).

Balloon inflation during PTCA completely occludes the coronary artery under
treatment and produces severe ischemia in tissues supplied by the vessel. Observing
the course and consequences of this artificially induced ischemia remains a topic of

considerable interest both in animal models [116, 117, 118, 119] and in humans under-
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going clinical PTCA. Interest has focused specifically on changes in cardiac function
[120, 121], haemodynamics of coronary perfusion [122, 123, 124] and body-surface
ECGs. The latter studies have dealt with changes in ST segments and T waves
(125, 126, 127], QRS complexes [128, 129], and with body surface potential distribu-
tions [130, 131, 132, 133, 134, 135]. The interest in PTCA goes beyond attempts to
evaluate and improve the procedure itself; PTCA also provides an excellent model for
reproducible, acute ischemia in humans. Much of the present knowledge of ischemia
is based on invasive and destructive experiments in animal models and, therefore,
can be applied only with caution to humans due to anatomical and physiological dif-
ferences among species [136, 137]. Balloon angioplasty, on the other hand, has been
shown to produce responses which mimic those seen in acute myocardial infarction
and thus it provides a unique opportunity to follow such changes in vivo in humans
[126, 138, 139, 121]. Not only does PTCA generate ischemia which is controlled
and reproducible; an accurate baseline is provided by the patient’s own pre-inflation
state. In addition, the location and to some degree the extent of the ischemia are also
well documented by angiographic data which are routinely collected both before and

during the procedure.

2.2.2 PTCA and functional changes

Inflation of the catheter balloon during PTCA stops antegrade perfusion of the artery
under treatment, which induces a number of measurable responses. Specifically, such
physiological parameters as left ventricular performance [140, 120, 141, 142], regional
blood flow [140, 143, 144, 145, 146, 147, wall motion [140, 120, 121, 148, 149], lactate
metabolism [140, 150], coronary potassium concentration [151, 152], and coronary pH
[139] have been observed to change during the inflation/deflation cycle in PTCA in
humans. Following inflation of the bailoon, physiological parameters normally follow a
course of more or less gradual deviation from baseline, which sometimes reaches a peak

after 10-40 s; deflation usually results in a complete return to baseline values over a
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somewhat more variable time period. Many haemodynamic parameters demonstrate
a transient, post-deflation exacerbation in response to the release of ischemic stress
[140, 143, 144].

Early studies of PTCA-induced ischemia concentrated on haemodynamic effects;
Rothman et al. [143], for example, detected first a decrease and then, after deflation,
a transient increase in venous flow rates with relatively short (10 s) inflations. Sim-
ilar episodes of “reactive hyperaemia” after inflations of longer duration have since
been reported in other studies [140]. Rothman et al. also demonstrated transient
reductions in venous oxygen saturation, aortic pressure, and the first time-derivative
of left ventricular pressure (dP/dt) during balloon inflation [143].

A confounding factor in any examination of data obtained from patient under-
going PTCA is the role of collateral circulation, that is, perfusion of one and the
same region of the coronary tree from two different sources. This can take the form
of subepicardial and angiographically-visible connections called anastomoses, which
link major portions of the coronary beds supplied by opposing main arteries. How-
ever, it is also possible, in humans but apparently not in dogs, for anastomoses to exist
between narrower vessels further down the arterial tree and deeper within the my-
ocardium [153]. Collaterals may link different coronary arteries, or different branches
of the same artery, or even form around an existing stenosis [154]. Collaterals are
generally thought to be latently present in human hearts, developing to any functional
degree only in the presence of severe (>90%) coronary artery disease [154, 104]. The
physiological significance of collaterals is still a matter of much debate.

Several groups have examined the effect of collaterals on a number of electrocar-
diographic and haemodynamic indices during PTCA [155, 123, 127]. Feldman and
Pepine divided a small cohort (19 cases) of LAD-artery patients into two groups,
depending on whether or not retrograde filling of the LAD could be observed. They
found only statistically insignificant differences between the two groups in terms of

ST-segment shifts, heart rate, aortic pressure and coronary pressure distal to the oc-
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clusion. On the other hand, there were significant differences in ventricular filling
pressure and a “coronary collateral resistance index”, which they defined in terms of
pressure- and flow-indices of collateral perfusion. A study of 118 patients by Bottner
et al, revealed a significantly higher incidence of ECG response to PTCA (ST-segment
shifts in Holter lead V) in a patient group with collaterals than in the group without
[127]. Meier et al. conducted a study in which the presence of collaterals was cor-
related with the degree of stenosis, electrocardiographic changes (ST-segment shifts
or altered T waves) and coronary pressure proximal and distal to the occlusion, both
before and during inflation of the catheter balloon [123]. In patients with visible
collaterals, there was a higher degree of stenosis, fewer electrocardiographic changes,
less occurrence of chest pain, and higher distal coronary pressures during the balloon
inflation.

The PTCA procedure has provided an excellent model for the study of collateral
flow itself, since the complete occlusion of one main coronary artery allows the contri-
bution via collateral circulation of the other(s) to be studied [146, 147]. In a study by
Cohen and Rentrop, patients undergoing PTCA of one artery had contrast medium
injected and angiograms recorded from the contralateral one. In 15 of 17 patients,
collateral channels were visible in the angiograms recorded during balloon inflation,
while only 5 of 17 had collaterals detected before or after inflation [147].

In summary, there remains little doubt that patients in whom an angiographically-
visible collateral system has developed, experience fewer and less intense ischemia-
related effects during PTCA balloon inflations. The functional significance of collat-
erals which are visible only during episodes ¢f PTCA-induced ischemia, referred to
as recruitible collaterals, remains unclear.

Two-dimensional echocardiography was first used by Hauser et al. to characterize
transient wall motion abnormalities in humans during PTCA [121]. In a series of
studies, Serruys et al. used echocardiography, radio-opaque epicardial wall markers

and coronary angiography to monitor changes in ventricular wall motion, contraction,
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and ventricular pressure brought about by 50-second balloon occlusions in human
subjects undergoing PTCA [120, 140]. Most notable of their results was a reversible
response, which they described as the “W-phenomenon”, characterized by late systolic
lengthening and early diastolic shortening of ventricular wall segments located within
the ischemic zone. First signs of the W-phenomenon were detected as early as on
the fourth beat after occlusion; by 3 min post-deflation, it had disappeared. As
an explanation for the W-phenomenon the aut! >rs suggested that the affected wall
segments were rendered inactive, but slightly stiffened over resting conditions; they
then responded essentially passively to the pressures within the chamber created by
the remaining perfused and active myocardium.

Wohlgelernter et al. [156] reported a similar time-course of the measurable re-
sponse to balloon inflation, beginning with wall motion abnormalities (at 10 s),
followed by electrocardiographic ST-segment changes (at approximately 22 s), and
finally angina (after 30-40 s). In addition, they found no significant differences in
several indices of ischemia, both echocardiographic (magnitude of peak dysfunction,
time to onset of regional dysfunction, left ventricular ejection fraction) and electro-
cardiographic (magnitude and time to onset of ST-segment displacements), among
groups of patients who demonstrated either no PTCA-induced angina (“silent is-
chemia”), angina at each inflation, or only occasional angina. Data were included
in the study only from subjects in whom no angiographically-determined collaterals
could be detected. The findings of Wohlgelernter et al. reinforce the opinion that
chest pain is a poor indicator of both the extent and degree of ischemia.

Griffen et al. describe an analogous response to PTCA balloon inflation in pa-
tients without angiographically-observable collaterals [126]. The echocardiographic
indicator detected in all patients studied was the appearance of a new wall motion
abnormality, which occurred with a mean time delay after inflation of 13 £ 5 s. ST-
segment shifts appeared in nost (14 of 16) cases with a mean time delay of 19125

after inflation. These investigators also showed an inverse linear relationship be-
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tween the time to onset of either echocardiographic or electrocardiographic changes
and the rate-pressure product (heart rate X aortic systolic pressure). Reducing the
rate-pressure product appeared to delay onset of ischemic symptoms, but caly to a
maximum of 30 s after inflation — not sufficient time to protect the myocardium
from the ischemic stress of balloon inflation.

There is still a great deal of speculation regarding the physiological basis of the
reduction in contractile activity observed in these PTCA studies. Of special note
is certainly the rapid response (within 10 s of balloon inflation) of mechanical or
contractile parameters to this acute and complete ischemia. Both the electrical events
which precede and presumeably initiate this response, and their underlying cellular

phenomena, will be discussed in the next sections.

2.2.3 PTCA and electrocardiographic changes

The ability te detect body-surface electrocardiographic changes from single ECG
leads during balloon inflation varies greatly in the studies described in the literature.
The use of both limb leads a = -~lected supplementary precordial leads (typically V.
and/or Vs), yielded adequate sensitivity in some studies (Feldman et al. recorded ST-
segment shifts in 22 of 30 patients (73%), 20 of whom had collaterals [128]) but not in
others (Hauser et al. detected ischemic ECGs in only 8 of 19 patients (42%) [121]). A
full 12-lead precordial system using radiolucent electrodes detected significant changes
in ST segments after 60 s of balloon inflation in 86% percent of one patient group
screened for lack of collaterals [157]. Hoberg et al. described a Holter monitoring
system using two bipolar chest leads, CMs and CCs, with which they detected shifts
in ST-segment trends in all 26 subjects of a study group [158].

The conclusion drawn by most investigators is that electrocardiographic effects do
result from PTCA, except in cases in which a considerable degree of collateral flow
is present. The ability to detect these changes is only a matter of adequeste choice

of both the lead system and the method of processing the recorded signals. This



conclusion is not surprising considering the consistent reports of severe changes in
mechanical and haemodynamic parameters during angioplasty. The choice of ECG
leads is often restricted by the radio-opacity of standard metallic ECG electrodes
since precordial leads which obstruct the fluoroscopic image cannot be tolerated in
the PTCA procedure.

Elucidation of the electrocardiographic effects of angioplasty on ST-segment changes
was offered by Macdonald et al. in a study in which they differentiated between ST-
segment elevation and depression in standard leads I, Vj, and V5 (and excluded
patients with no ST-segment changes) within a cohort of patients undergoing PTCA
of the LAD artery [159]. Of the concomitantly monitored haemodynamic parame-
ters, which included great cardiac venous flow, aortic, left ventricular filling and distal
coronary pressures, and collateral resistance, only distal coronary pressure, great car-
diac vein flow, and collateral resistance were found to differ significantly between the
two groups. All patients showed either ST elevation or depression, that is, never al-
ternating directions, in repeated .nflations; the ST-depression group displayed higher
distal coronary pressure and great cardiac vein flow together with reduced collateral
resistance. Macdonald et al. evaluated these findings in terms of the commonly-held,
and theoretically supported (see section 2.2.4) view that ST-segment elevation in a
precordial surface lead reflects transmural ischemia, while the less severe subendo-
cardial ischemia demonstrates itself by ST-segment depression. The haemodynamic
differences between the two groups suggest a smaller reduction in perfusion in the
ST-depression group than in the ST-elevation group, in accordance with the former’s
presumed lesser severity of ischemia. This interpretation of the results also implies
an “all or nothing” model of ischemia, which assumes that each patient either has ST
elevation or ST depression and never progresses from one state to the other over the
duration of the balloon inflation [159).

The study by Bottner et al. would seem to substantiate the notion that ST-

segment elevation is linked to more severe ischemia [127]. ST-segment elevation in the
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Holter ECG leads V3 and V5 occured in 75% of patients without collateral circulation
but in only 13% of patients with documented collaterals. ST-segment depression was
found with equal frequency (8%) in both groups.

More recent studies have concentrated on various aspects of the morphology of
the electrocardiogram recorded during balloon angioplasty, examining not only the
ST segment but also the QRS complex and T wave of the ECG, in both filtered
[160] and unfiltered [121, 125, 128, 157] form,; also investigated were effects of PTCA
on vectorcardiograms [129, 161, 162, 163], intracoronary electrograms [164, 165] and
even on the spatial distribution of “reciprocal” ECG changes [166].

Abboud et al. developed a computer-aided system of ECG processing for de-
tecting QRS, ST-segment and T-wave morphological changes during PTCA [160].
Single-lead ECGs recorded during balloon inflation were either cross-correlated with
a single beat from the pre-occlusion interval or digitally band-pass filtered between
150-250 Hz. Changes in the cross-correlation coefficient of the QRS complexes or
in the rms amplitude of the filtered QRS occurred in 80-90% of patients and could
be detected sooner after inflation than changes in ST segments. These findings in-
dicate that the high-frequency content of the QRS complex on the body-surface can
serve as a sensitive and rapid indicator of ischemic changes brought about by balloon
occlusion.

Abboud et al. also made use of a novel type of electrode which was constructed
from the balloon catheter guide wire to monitor the intracoronary electrogram [160].
Notable in this study was that early indications of inflation-induced ischemia mon-
itored as ST-segment shifts could be detected with the intracoronary lead typically
within several seconds after balloon inflation, whereas standard surface leads I, V,
and V5 remained insensitive for up to 30 s. Similar results were reported earlier by
Friedman et al. [164] in a more heterogeneous population of angioplasty patients,
some of whom demonstrated angiographically-significant collaterals. Using an intra-

coronary electrode, they measured ST-segment shifts in 21 of 29 cases, while only 9
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of 29 cases demonstrated similar shifts in a body-surface lead.

In a further study of QRS changes due to PTCA by Friedman et al.,, R-wave
amplitude was examined, both with surface and intracoronary electrodes, before and
during inflation of vhe angioplasty balloon [128]. Body-surface signals were averaged
over a 10-second period immediately before balloon deflation, while intracoronary
electrograms were collected throughout the inflation. There was no increase in R-
wave amplitude, but instead a small, statistically insignificant decrease during the
balloon occlusion. Conversely, T-wave amplitude was found to increase during occlu-
sion, both in surface leads and in the intracoronary electrode. This lack of increase
in R-wave amplitude during occlusion appears to contradict the well-documented in-
cidence of enlarged R waves as a marker of myocardial ischemia [167, 168, 169, 170].
Feldman et al., however, point to considerable evidence in animal models that R-wave
amplitude displays a biphasic response to ischemia — initially reduced, but subse-

quently enlarged over a time course which exceeds that typically seen in standard

PTCA [171, 172, 173, 174).

2.2.4 Cellular mechanisms and the ECG in ischemia

The ECG recorded from the body surface is a consequence of the electrical activity
of the cells of the heart. Hence, electrocardiographic changes due to PTCA must
reflect altered myocardial electrical activity in response to the stress of acute ischemia.
Experimental evaluation of the effect of myocardial ischemia has been based almost
exclusively on data obtained from animal preparations and, thus, care must be taken
when applying the results to humans. In the interests of brevity, for there exists a
vast body of literature on this subject, the discussion will largely be restricted to
those mechanisms pertaining to the “hyperacute” phase of ischemia spanning the
first 1-3 min, as in PTCA inflation. The word ‘acute’ also implies ischemia of sudden
onset, in contrast to ‘chronic’ ischemia which has existed for some time. Attention

will be directed to the relationship between phenomena at the cellular level, and their
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measurable manifestation on the epicardial and body surfaces (known as epicardial
electrograms and body-surface electrocardiograms, respectively).

Studies from as early as 1903 have demonstrated the ability of the heart to re-
sume regular activity after considerable periods of ischemia [175]. It was not until
much later that development of intracellular recording techniques allowed direct ac-
cess to the electrical activity of the individual cell [176]. In the 1950s these methods
were successfully applied to cardiac tissue rendered either hypoxic (no oxygen but
maintained perfusion) or ischemic (no perfusion) in either cardiac tissue preparations
[177], or excised, perfused whole hearts [178]. In the intervening years, a great num-
ber of experiments have been performed on a variety of animal models of ischemia,
and techniques have likewise progressed so that not only electrical activity, but also
contractility, excitability, metabolism, and extra- and intracellular milieu can be mea-
sured.

The current state of thought is that myocardial cells go through three stages of
response to acute ischemia. Beginning withia seconds of the occlusion is a modest
(several mV) but quick (within 10~30 s) depolarization of the resting potential. This
is followed over the next 5-20 min by a second stage of more gradual reduction in
duration, amplitude, and rate of rise of the action potential, accompanied by a diminu-
tion of contractile force; the endpoint of this second stage is a steady state in which
the cell is inactive with much reduced (more positive) resting potential. Reperfusion
during either of these first two stages, collectively known as the “reversible” phase,
will restore complete function of the cell, while a prolongation of ischemia beyond
15-20 min drives the tissue into a third and “irreversible” phase, which ends in cell
destruction and death. Progression through these three stages varies, depending on
the type of cardiac cells involved, the degree of ischemia and the local environment

in which cells are situated (see [104, 171, 179] for recent reviews).
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2.2.4.1 TQ/ST-segment shifts

A great deal has been written about the mechanisms of the electrocardiographic
indicators of ischemia, the best documented of which is the shift in potential during
the TQ and ST segments of the ECG (see reviews [104, 171, 180] and [181, 182, 183)).
Attempts to establish diagnostic criteria for the degree and extent of myocardial
infarction in humans based on TQ/ST-segment shifts have generated a great deal of
controversy [184, 185, 186, 187, 188].

The first reported observation of ST-segment shifts in a patient with coronary
artery disease was by Pardee in 1920 [189]. Subsequent investigators proposed that
these shifts were the reflection of a “current of injury“, which was generated by
differences in potential between ischemic and healthy tissue; these differences were
believed to arise either during diastole, due to changes in resting potential [190], or
during systole as a result of reduced plateau potentials of cells in the ischemic region
[191]. In 1960, Samson and Scher reported results from simultaneous measurements of
epicardial, intramyocardial, and intracellular potentials from ischemic canine hearts
[192]. By using recordings from direct-coupled amplifiers, they showed that injury
current flows during both diastole (because of a depolarized resting potential) and
systole (due to the shortened AP-duration in ischemic cells).

These ideas remained unchallenged until the mid-1970s when precordial ST-seg-
ment mapping as a means of estimating extent and severity of ischemia was developed
[184, 185, 186, 187, 188]. Conventional ECG amplifiers are AC-coupled and thus
incapable of resolving injury currents into diastolic (TQ-segment) and systolic (ST-
segment) components. Since these two components are the results of fundamentally
different conditions, it became crucial to evaluate the relative strength of each, as well
as to advance understanding of the relationship between injury current and the spatial
distribution of the underlying ischemia. Of the literature from this period, the review
by Holland and Brooks [180] stands out as the most comprehensive. Employing both

theoretical arguments and experimental data, the authors demonstrate the danger in
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applying too simple a correlative model to the evaluation of TQ/ST-segment shifts
and their diagnostic potential. Magnitude, polarity, and distribution of potentials
produced by injury current are all complicated functions not only of the degree of
ischemia, but also its location, spatial extent, and the amount of time elapsed since
the onset of occlusion [180].

The complex time-dependence of the evolution of ST/TQ-segment shifts was
demonstrated by Kléber et al., who recorded DC-coupled epicardial electrograms and
transmembrane action potentials from adjacent regions in the ischemic porcine heart
[37]. The first change they observed after occlusion was a loss of membrane resting po-
tential and concomitant depression of the TQ-segment of the epicardial electrograms.
The situation during systole was found to be somewhat more complicated. Kléber et
al. reported that the loss of resting potential was followed within several minutes by
a reduction in AP amplitude, with initially no appreciable delay in activation time
of the cells in the ischemic region [37]. They postulated that during systole, the in-
tracellular potential of the healthy tissue was slightly more positive than that of the
ischemic region; the resulting current flowed from healthy to ischemic tissue, which
they recorded as an elevation in the ST segment in epicardial electrograms. After
several more minutes of ischemia, however, a sizeable delay in activation, together
with a shortening of the ischemic AP, was observed. This was thought to generate
an even greater potential gradient and a systolic intracellular current, which again
flowed from the healthy to the ischemic tissue, producing ST-segment elevations in
the epicardial electrograms. As a result of the changes in AP configuration and tim-
ing, the polarity and shape of the T wave now became a function of the relative delay
in excitation and duration of the AP in the ischemic cells compared with that in the
healthy cells {37, 193].

This basic picture of the effects of ischemia on TQ/ST-segment shifts in the car-
diac electrogram and body surface ECG, which has remained unchanged up to the

present, is summarized in Figures 2.1-2.3. Figure 2.1 displays schematically the nor-
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Figure 2.1: The relationship between the action potential shape and timing and the
morphology of the normal ECG. The top row shows endocardial and epicardial action
potentials while the bottom tracing is the unipolar ECG recorded by an electrode
located on the body surface close to the heart. The duration of the epicardial AP
is shorter than that of the endocardial, which produces a positive T wave. During
both the TQ and the ST segments, the tissue is isopotential and no ECG deflection
is recorded.
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mal situation. The endocardial and epicardial APs are very similar in shape but differ
in the time of activation (endocardial first) and the duration (epicardial shorter). A
unipolar electrode placed on the body surface over the epicardium senses an intra-
cellular potential gradient directed towards it as a positive deflection. When both
endocardial and epicardial regions are at rest (diastole), no potential gradient exists
and the ECG shows no deflection. Similarly, when the entire heart is depolarized .
(ST segment), the ECG shows no deflection. The ECG shows deflection only while
excitation is quickly spreading from endocardium to epicardium (QRS) and when
repolarization returns the heart to the resting state (T wave). R wave and T wave
are concordant since the complementary processes of excitation and repolarization
proceed in opposite directions.

Figures 2.2 and 2.3 show the situation when a region of the heart first becomes
ischemic. The AP from such a region displays a depolarized resting potential, reduced
amplitude, and a slower rate of rise but initially unchanged duration. In both figures,
panel A shows an ischemic region located in the subepicardium. During diastole,
intracellular current flows from the depolarized ischemic zone into the surrounding
healthy tissue, that is, away from the sensing electrode; this produces a negative
deflection in the surface ECG. During systole, the direction of current flow is reversed
due to the reduced amplitude and duration of the ischemic AP; current flows from
healthy to ischemic regions, toward the sensing electrode and a positive deflection
is detected. When the ischemic region is located in the subendocardial region, the
situation is quite different, as shown in panel B of both Figures 2.2 and 2.3. In
this case, the endocardial AP has reduced amplitude and duration. The resulting
diastolic current again flows from ischemic to healthy tissue, but this current is now
directed toward the epicardium; a surface ECG electrode senses this as a positive
deflection. During systole, there is a reversal in the direction of current which results
in ST-segment elevation.

In Figure 2.2 there is no delay in excitation of the ischemic tissue and the duration
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Figure 2.2: The flow of injury current during both diastole (TQ) and systole (ST)
arises from the potential gradient between healthy and ischemic tissue. Panel A
shows the AP (top) and ECG (bottom) in the case of a region of epicardial ischemia,
shown in the centre row as a hatched area; in panel B the ischemic zone is located
subendocardially.

of the AP is only slightly reduced; in panel B the endocardial AP still persists beyond
the end of the epicardial AP. Therefore, the ST segment is negative and the T wave
remajns positive and concordant with the R wave. If, as shown in Figure 2.3, there is
a delay in excitation and a further reduction in AP duration, the T-wave polarity will
be reversed. These configurations were described by Kléber et al. [37], based on their
simultaneous measurements of epicardial electrograms and intracellular potential.
With the more widespread use of multilead mapping systems, which allow the
recording of electrograms or ECGs over a wider surface, has come the concept of “re-
ciprocal” changes ia TQ/ST segments; these are shifts of opposite polarity, which can
be detected on the epicardium and bouy surface at locations spatially complemen-
tary to the sites of primary ST/TQ shifts [182, 183]. These aic wrined “secondary
changes”, since they do not represent a separate source of injury current but are the

electrical reflection of the primary ischemia.
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Figure 2.3: The additional effect of delayed activation and reduced duration of the
AP in ischemic regions of the heart on the ECG.

2.2.4.2 Early stages of acute ischemia

There has been considerable investigation of the hyperacute stage of the myocardial
response to ischemia that encompasses the 1-5 min immediately after cessation of
perfusion, the period of time corresponding to the balloon occlusion of PTCA. One
major reason for this intense scrutiny is the high incidence of spontaneous arrhythmias
and ventricular fibrillation during the more advanced stages of this phase, as observed
repeatedly in animal preparations [194, 195, 196] and in humans (see reviews [171,
181]). Ever since Harris et al. first implicated a rise in extracellular potassium
concentration [K*],, in the occurrence of such acute ischemia-induced arrhythmias
[196], the relationship between ischemia, potassium and electrical events in the heart
has been extensively examined. Another conspicuous feature of the cardiac response
to both hyperacute ischemia and increases in [K*], is the occurrence of biphasic
changes in conductivity and excitability (see reviews [181, 179, 104]).

In 1958, Swain et al. performed measurements of intramyocardial conduction time

in a canine heart-lung preparation in which they stimulated at a single epicardial site
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and monitored spread of activation with a row of epicardial clip electrodes [197]. A
number of different substances were added to the blood perfusing the dog’s heart
to evaluate their effect on conduction time. The concentrations of the infusions were
expressed in terms of the expected rise in plasma concentration, given a known volume
of perfusate. During graded addition of potassium chloride, they observed a biphasic
pattern in conduction time, consisting of slight decrease (at 2.5-3.0 mM additional
KCl), followed by a large prolongation (at 6-7 mM additional KCI}. Infusion of
epinephrine resulted in no alteration in intramyocardial conduction times, even at
doses which induced considerable shortening of AV-node delay.

Among the first to observe a temporary increase in excitability in hyperacute is-
chemia were C. Brooks et al., who found that the amplitude of the current pulse
needed to stimulate regions of the ischemic left ventricle was reduced during the first
several minutes after occlusion in 11 of 31 canine hearts [194]. Continued occlusion
resulted in a gradual increase in threshold stimulation current. A similar bipha-
sic response to acute ischemia was demonstrated in porcine hearts by Holland and
H. Brooks [172]. From epicardial electrograms, they measured peak R-wave ampli-
tude and ventricular activation time, defined as the time between base and peak of
the R wave, before and during occlusion of the LAD artery. Occlusion resulted al-
most immediately in a transient (20 s duration) r iction in both activation time
and R-amplitude followed by a large increase in both parameters which peaked about
120 s after occlusion. Baseline levels were restored within several beats of releasing
the occlusion. In another experiment, Holland and Brooks increased plasma [K*],
before each induced ischemic episode during which they measured the conduction
time. At low to moderate [K*], (3.4-8.8 mM), they found an inverse relationship
between [K*], and initial conduction time, while at high [K*], (>8.8 mM) the ini-
tial conduction time was equal to or greater than preocclusion levels. Based on this
evidence, they proposed that the electrical changes due to ischemia were driven by

the leakage of intracellular potassium out of ischemic cells, a phenomenon previously
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described in animal preparations [198]. The duration of the biphasic stage following
occlusion was simply the time required before [K*], reached a threshold value, which
they proposed to be 8.8 mM; any influence which prematurely boosted [K*], reduced
the duration of the biphasic period and, in the extreme, removed it completely.

Holland and Brooks also formulated a hypothesis for the mechanism of response
of the heart to acute ischemia [172]. They examined the three essential components
required for normal ventricular conduction: the Purkinje fibre network, the junctions
between the Purkinje fibres and the myocardium, and the working myocardium itself.
In experiments performed on isolated Purkinje fibres, Dominguez and Fozzard [199,
137] had found the same sort of biphasic response of conduction velocity to increased
potassium concentration that had been observed by Holland and Brooks. Dominguez
and Fozzard suggested that a slight increase in [K*], (frem 2.5 to 4.0 mM) would drive
the membrane potential marginally more positive and, hence, closer to threshold. Less
current from neighbouring cells would then be necessary to elicit an action potential,
which would, in turn, increase the speed with which excitation would proceed through
the myocardium. A further rise in extracellular potassium, on the other hand, would
drive the resting potential more positive and inactivate the fast sodium channels
which are responsible for the rapid upstroke phase of the AP, reducing rate of rise,
amplitude, and thus also conduction velocity.

Studies by Matsuda et al. [200] and Mendez et al. [201], cited by Holland and
Brooks, documented a similar, biphasic response to slight elevations in [Kt], at the
junctions of the Purkinje fibre and myocardium; they observed a transient reduction
in stimulation threshold followed by complete block at potassium levels > 11 mM
[201]. Direct evidence of the influence of changes in [K*], on an intact heart was pro-
vided by Arnsdorf et al., who measured conduction times (intraatrial, intraventricular,
atrioventricular and ventriculoatrial) with epicardial electrodes during gradually in-
creasing hyperkalemia in dog hearts [202]. All conduction times decreased for slightly

elevated values of [Kt], and rose beyond baseline for [K*], > 7-9 mM. The scenario
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outlined by Dominguez and Fozzard has since become the most accepted hypothesis
to explain the biphasic response of excitability and rate of excitation in the ischemic
heart [174, 171].

Holland and Brooks further suggested that ischemia could bring about a change
in the path of conduction, both because inactivated tissue would block spread of
excitation, but also due to a more subtle diffraction of the excitation wave through
regions with slightly altered conduction velocity. Thus, whether through changes
in the Purkinje fibres, in their junctions with the working myocardium, or in the
working myocardium itself, the normal balance of multiple waves of excitation moving
in different directions through the heart would be altered by ischemia and the QRS
complex would be affected [172].

Several of these findings were corroborated by Elharrar et al. in a dog model,
in which they activated the heart using an automatic threshold-following pacemaker
which applied current pulses of minimal necessary duration [203]. In the first 3 min
following occlusion, they detected a 17% decrease in the threshold stimulation pulse
width, which was followed by a rapid and manifold increase in required stimulus
width. They, too, found a marked dependence of the biphasic nature of the response
on [K*], and completely supressed transient reduction in threshold stimulus pulse
width by pretreating the heart with a perfusate containing elevated [Kt}, (5 mM).
When [K*], was raised to 8-12 mM, threshold stimulus duration was reduced without
occlusion, while at concentrations above this, the threshold stimulus pulse width was
increased.

Further support for the occurrence of transient biphasic changes in excitation
during acute ischemia was provided by David et al., who measured first R-wave am-
plitude [173], and later, intramyocardial conduction time (from endocardial to epi-
cardial electrodes) [174], during acute ischemia in canine preparations. After 30 s
of occlusion, they observed a 17% decrease in the sum of R-wave amplitudes from 5

surface-electrode leads which was concomitant with an 11% reduction in conduction
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time. This finding was reversed at 180 s to a 53% increase in summed R amplitude
associated with a 135% prolongation of conduction time. While electrical changes
followed a biphasic pattern, haemodynamic parameters, such as end diastolic volume
and cardiac output, changed monophasically. The authors interpreted this finding as
proof that changes in the QRS amplitude represent a primary response to ischemia
and do not simply reflect the changes in heart volumes via the Brody effect [204].
Data from a report by Barnhill et al. on coronary occlusion in a canine model show
a similarly brief, transient increase in propagation velocity in both the longitudinal
(along the fibre direction of the tissue) and transverse (across the fibre axis) direc-
tions, as well as a concomitant decrease in R-wave amplitude [118]. This initial phase
is soon (within 1 min) followed by an oppositely-directed progression to slower con-
duction and larger R waves. Employing both epicardial and endocardial electrograms,
Kléber et al. recorded spread of excitation on the anterolateral wall of isolated pig
hearts, using a matrix of 64 or 96 electrodes with DC-coupled amplifiers [38]. Their
data also show a transient increase in both longitudinal and transverse conduction
velocity, which occurred 1 min into the ischemic period.

Despite the evidence indicting extracellular potassium as the major, if not the
only, contributing factor to the electrical response during acute ischemia, a study
by Downar et al. provided findings which tempered this view [205]. By using blood
draining from an ischemic porcine heart to perfuse another healthy heart, they elicited
a full ischemic response, leading to eventual quiescence. While the [K*], of this blood
ranged from 7-9 mM, perfusion with blood containing artificially enhanced [K*], to
the same levels, even together with reduced pH and pO,, did not bring about the
same effect. In fact, 12-16 mM [K*], was required to induce the same response as
the “ischemic blood”. The authors were unable to determine what was present in
the blood of their ischemic preparation, but altered potassium, pH and pO, were not
sufficient to mimic the effect.

Direct measurements of [K*], in subendocardial, intramyocardial, and epicardial
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regions by Hill and Gettes produced evidence of a heterogeneous distribution of potas-
sium coucentration following acute occlusions in porcine hearts [206]. Levels of [K*],
were highest in the subendocardial region underlying the centre of the ischemic zone.
Hirche et al. measured not only [K*],, but also pH and plasma norepinephrine fol-
lowing occlusion in pig hearts [195]. External pH dropped after occlusion, but with
some delay (10 s) and at a slower rate than [K+],; venous norepinephrine rose briefly
during the first 5 min, but returned to baseline within 15 min. Occurrence of ventric-
ular arrhythmias was also monitored during this time and followed a [K*],-dependent
time course, with an initial peak at about 3 min into occlusion, as [Kt], also reached
its maximum value. The influence of catecholamines on the ischemic isolated rabbit
heart has more recently been found to play a major role in the plateau phase of [K*],
changes, which occur some 7-10 minutes after global occlusion [207], that is, not
during the hyperacute phase we are concerned with.

In an attempt to further quantify the dependence of ischemic events directly on
global perfusion rates, Watanabe et al. developed a unique preparation in which they
shunted blood from the carotid artery to the cannulated LAD artery through a roller
pump and were thus able to completely control perfusion in intact pig hearts {208,
209]. They applied a graded reduction in flow and recorded surface ECGs, epicardial
monophasic action potentials (MAP) and electrograms, both on the epicardium and
within the ventricular free wall. The appearance of TQ/ST-segment shifts, shortened
MAP duration, and eventual inactivation, which mimic those changes associated with
the acute phase of ischemia described earlier, could consistently be expressed as a
function of perfusion rate, rather than as a function of time. One of their findings
was that changes in electrograms recorded at sites within the myocardium occurred
at higher global flow rates than changes at overlying electrodes on the epicardial
surface. This result supports the present belief that perfusion during ischemia is most
depleted in the subendocardial region, due to both its higher metabolic needs and

the differential pressure within the myocardium which forces more blood to remain
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in the epicardial layers [104]. Watanabe and co-workers also found that epicardial
electrodes were relatively insensitive to significant levels of subendocardial ischemia
in underlying regions, a phenomenon previously noted by Ross [210] and Flaherty
[187].

Spatial mapping of [K*], was performed by Coronel et al., who used an array
of 10-48 potassium-sensitive electrodes to measure distributions of both [K*], and
DC-potential over the epicardium of dog hearts during one- and two-stage occlusions
[34, 211]. They observed considerable local spatial inhomogeneity in [K*],, both in
the central, clearly ischemic, region and the border zone which divided it from healthy
tissue. In general, arier 5 min of occlusion, the areas of high [K*], corresponded quite
well with those of depressed electrical activity. In some cases, however, regions were
rendered inexcitable at lower levels of [Kt], than expected. The authors suggested
that the normal spread of excitation is inhibited by severely ischemic regions, which
can surround and electrically isolate patches of otherwise still excitable tissue. Thus,
not only local [K*],, but also the pattern of excitation, can affect the electrical re-
sponse of the tissue. Coronel and co-workers also derived activation isochrone maps
of the ischemic zone during sequences of normal, low-flow and no-flow conditions;
they saw no significant change in spread of excitation during long periods of low-flow
ischemia, when [K*], values had already risen by as much as 2 mM, until several min-
utes into the no-flow ischemic episode which followed. Thus, while no-flow ischemia
always produced changes in spread of excitation, low-flow ischemia did not appear
to alter its pattern. There were, on the other hand, shifts in TQ-segments during
both low- and no-flow ischemia, whose distribution iuatched very closely that of the
measured [K*],. Pooled TQ-segment shift data from all electrodes at any instant
in time did not correlate well with the measured level of [K*],. However, the time
course of changes in [K*], and TQ-shift at each individual electrode was very similar
and there was a highly correlated linear relationship between [K*], and TQ-segment

depression over the course of the occlusion. The slope of each TQ-change versus
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[K*], line differed from one electrode to the next, being smaller for electrodes located
within the ischemic zone than for those outside or on the border between healthy and
ischemic tissue.

A similar link between ischemia and potassium levels appears to exist in man. In
1954, Roesler and Dressler reported changes in ST segments and QRS morphology
during spontaneous bouts of recurring, transient angina in two patients [212]. In
another study, in which atrial pacing was used to induce transient ischemia, Parker et
al. measured plasma potassium and lactate concentrations in the coronary sinus of a
group of patients [213]. While in every case the response to pacing included increases
in [K*],, those subjects who registered anginal pain during the test demonstrated
larger increases in [K*t],, significant lactate production, a drop in pH and larger ST-
segment depression than patients with no angina. Both lactate levels and pH were
found to correlate well with [K*],. In several studies in which plasma potassium
and pH were measured during PTCA, there was no change observed during balloon
inflation, while each deflation was followed within 4-6 s by a transient decrease of pll
and increase of [K*], lasting approximately 1 min [139, 151, 152].

In human subjects, evidence of the regional differences in ischemia was provided
by Donaldson et al., who recorded paced endocardial electrograms, monophasic action
potentials (MAP) and surface ECGs in patients with reversible myocardial ischemia
[214]. These investigators noted both a significant reduction in the time from pacing
stimulus to the peak of the endocardial T wave (“local repolarization time”) and a
concomitant delay in the time from stimulus to nadir of the QRS (“local activation
time”) within the ischemic region. By continuously augmenting the pacing frequency,
Donaldson and co-workers could always detect the ‘increased load’ ischemia (versus
the ‘decreased supply’ ischemia produced by PTCA balloon inflation) sooner, by
a mean of 2.5 min, with the intracavitary electrodes than with a modified 12-lead
surface ECG, demonstrating both the vulnerability of the subendocardial myocardium

to acute ischemia and the relative insensitivity of body surface leads to ischemia in



39

the subendocardial region. Monophasic action potential (MAP) recordings showed
reductions in amplitude and duration within the ischemic region during pacing.

At present, the question of what constitutes “ischemic blood” remains only par-
tially answered; elevated potassium concentration and reduced pH are certainly part
of the picture [152, 151, 139, 215, 216] and catecholamines may play a role [195].
There remain, however, even more fundamental questions regarding the source of
the extracellular potassium and its mode of appearance in th. extracellular space
[34, 217, 218, 219, 220]. The current consensus is that there exists a net efflux of
potassium ions from the cell, although the route of exit is unclear [34, 219, 220]. A
reduction in Nat/K+ ATP-ase activity is one possibility, since it would account for a
net loss of potassium from the cell, but this would also result in an increase in intra-
cellular sodium, for which there appears to be no experimental proof [213, 220, 219].
On the contrary, during early ischemia, anaerobic glycolysis is activated and there is
no drop in total cellular ATP [171]. The action of a potassium channel which opens
in response to a drop in intracellular ATP has also been proposed. However, Elliott et
al. have shown in ferret hearts that during hypoxia sufficient to reduce AP duration,
there was no concurrent reduction in global ATP [218].

In summary, while the link between ischemia and potassium is established in
animal models and it is strongly suspected in humans, there remain fundamental
questions regarding the mechanisms which bring about changes in the electrical ac-
tivity of the heart following acute occlusion. The biphasic response to ischemia,
which has been established in numerous animal preparations, has yet to be found
in humans. Although the underlying electrophysiology of ST/TQ-segment shifts is
reasonably well understood, the effect of ischemia on the complex collection of events
responsible for excitation of the ventricles is unresolved even in animal models. Is-
chemia is a strongly regional condition, with only cell-widths separating regions of
healthy from inactivated myocardium,; results from several investigators suggest that

epicardial electrodes may be insensitive to underlying subendocardial ischemia. With
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this background, we proceed now to examine the literature dealing with the use of
body surface potential mapping to detect the effects of PTCA-induced ischemia in

humans.

2.2.4.3 PTCA and body surface potential mapping

As described above, during the hyperacute phase of ischemia there are definite, if
subtle, effects on the myocardium; these changes are often transient and show con-
siderable regional heterogeneity. Since the ECG reflects underlying myocardial elec-
trical activity, to examine the regional nature of changes arising in acute ischemia,
one must record over as extended an area as possible. Of the noninvasive techniques,
body surface potential mapping (BSPM) captures the most information and, hence,
has found an ever-growing place in the examination of hyperacute ischemia during
PTCA [129, 130, 131, 132, 134, 161, 162, 221], and [135, 222, 223, 224, 225, 226].

Selvester et al. have presented several reports of body surface electrical changes
during PTCA as observed via a limited array of electrodes [129, 161, 162, 163]. From
continuous recordings of precordial leads during numerous inflations, Selvester and his
co-workers have monitored R- and S-wave amplitude and frontal plane axis shifts of
the QRS vector-loop and documented significant changes in 11 of 19 patients during
balloon occlusions, which could not be simply explained by shifts in ST segment.
They attribute these effects in  rge part to conduction delays or complete blocks
at one or more of five documer..cd insertion sites of the Purkinje fibres into the
working myocardium. A partial block of one or more of the subendocardial insertion
sites is thought to alter the normal pattern of ventricular excitation and produce
an asymmetry in depolarization. Through anatomical knowledge of these sites and
the branches of the coronary circulation which supply them, it is then possible to
speculate as to which of the insertion sites would most likely be affected by a specific
occlusion [129).

In support of their hypothesis, Selvester et al. [161, 162] argue that the regional
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differences in perfusion and metabolic need, even during global ischemia, must be
taken into account, especially during the hyper.cute phase. The subendocardial re-
gion, at the sites of interface between the Purkinje fibres and the myocardium, lies
at the most distal portion of the coronary circulatory system, while its metabolic
requirements are generally considered to be higher than those of the neighbouring
mid-myocardial or epicardial regions. During coronary occlusion, the situation can
be worsened due to the massive vasodilation which accompanies arterial hypotension;
this creates an inverse pressure gradient from endo-to epicardial regions, which fur-
ther shunts any available flow from collaterals away from the subendocardium [104].
Selvester et al. [161, 162] argue that these conditions can lead to a failure, or at
least a delay, in conduction at the sites of insertion of the Purkinje system into the
myocardium. The Purkinje fibres themselves are thought to be rather more robust
in the face of ischemic challenge and would under such conditions conduct to other,
healthy regions of the subendocardium [227, 104, 181].

Vondenbusch et el. were the first to employ an array of radiolucent epoxy/carbon
electrodes, applied as a flexible mat of 63 electrodes to the precordial area (32 by 48
cm), to monitor ST-segment changes during PTCA [222, 223, 228, 224, 229]. They
observed reproducible ST-segment elevations which begin shortly after inflation of the
angioplasty balloon and plateaued after about 20 s. Return to normal levels typically
followed within 10 s of deflation of the balloon. By applying the Karhunen-Loéve
(K-L) expansion technique to represent the isopotential map data as a weighted sum
of basis orthonormal distributions, they were able to differentiate between occlusions
of the three major coronary arteries. A plot of the value of the first K-L coefli-
cient against the value of the second, for each of 15 cases of P1I'CA, revealed a clear
separation in the location of the points representing occlusions of the LAD (second
quadrant), LCx (fourth quadrant) and RC (first quadrant) occlusions [224].

Spekhorst et al. used a system of 64 epoxy/carbon radiolucent electrodes [230, 231]

applied over the front and back of the torso to follow changes in both ST segment
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[130], and QRS complex [131, 135] during balloon inflation in patients with LAD, LCx
and RC artery stenosis. In the majority of cases they found distinctive patterns in
body surface ST-segment isoarea difference maps (peak inflation minus pre-inflation)
for angioplasty of each of the three arteries: for the LAD, positive values on the
left anterior torso and negative on the lower right front and entire back; for the RC,
positive on the lower anterior front and back with negalive on the superior anterior
front and superior back; for LCx, positive on the entire back and negative on the
entire front [130]. A second set of distinctive distributions were fourd by subtracting
QRS isointegral maps recorded during inflation from those before inflation: for the
LAD, values were positive on the lower front; for the RC, positive on the lower back
and unegative on the front; for the LCx, pcsitive on the entire back and negative on
the front {131]. Very similar potential distributions were reported by Hamel et al.
for differences in ST-segment amplitude, measured 40 ms after the end of the S-wave
[132, 134].

Early results using BSPM to evaluate long-term changes in patients undergoing
PTCA in our laboratory indicate that there are, indeed, more lasting effects of the
PTCA procedure. Comparison of body surface integral maps from recordings made
several hours before, and 24 hours after successful PTCA, demonstrate significant
reduction in T-wave integral values as a result of the PTCA procedure [133, 226].
This finding suggests that persistent changes in primary repolarization properties

can occur in conjunction with PTCA.
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Chapter 3
Theory and Methods

3.1 Solutions to the Forward and Inverse Prob-
lems of Electrocardiography

3.1.1 Introduction

In this dissertation the forward and inverse problems of electrocardiography (see
section 2.1) have been solved in terms of epicardial and body surface potentials. The
method of the forward solution is the boundary element method applied to a realistic
homogeneous human torso (see appendix A) and the result is a forward transfer
coefficient matrix Zgy. Direct inversion of Zgg is not possible since the problem is
ill-posed and any resulting inverse solution would be unstable. Therefore, we have
applied the technique of regularization to compute a constrained inverse transfer
coefficient matrix, Zy g, with which epicardial potentials can be safely predicted from
body surface potential maps. This section outlines the formulation of the problem
and describes the steps involved in both the generation of the forward solution matrix

and the regularization which produces a useful inverse solution.

3.1.2 Sources and the volume conductor

The sources of electrical activity in the heart are the membrane currents of the indi-
vidual cardiac cells. Each one of these cells can be represented at some distance from

the cell as a current dipole moment. The electrical activity of the whole heart can be
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represented by a volunie distributicn of dipole moments (primary sources), described
by an impressed current density, J; [25]. Since these are the only electrical sources
of appreciable magnitude in the torso, the resulting distribution of potential in the
body volume surrounding the heart is determined by this source configuration; also
contributing to the resulting potential distribution are the volume conductor proper-
ties, that is, the geometry and the electrical characteristics of the tissues in the torso
(secondary sources). The fundamental problem of electrocardiology is to determine
the relationships between the currents generated by the cells of the heart and the
potentials which can be measured on the surface of the torso.

Maxwell’s equations describe the relationships between electric and magnetic fields
in time and space. We can consider the volume between the heart and the body surface
to be resistive and to respond in essentially a linear fashion, that is, the current density
is everywhere proportional to electric field strength; the proportionality constant
being the electrical condactivity, o.

Although the different tissues making up the lungs, the bone and the skeletal
muscle are known to have different values of conductivity, for our purposes we will
assume that the effect of boundaries between regions of different conductivity on the
potential distribution can be neglected. We thus assume a constant value for o, that
is, a homogeneous volume conductor. It can further be assumed that the volume
conductor is electrically isotropic, that is the conductivity at any point is a scalar
quantity.

Since the heart generates time-varying changes in impressed current density, the
potential distribution in the volume conductor must also change with time. If the
rate of change of the primary sources were high enough, the delay in response at
the body surface would eventually become significant and for very high frequencies
the effect of propagating electromagnetic waves would have to be considered. The
magnitude of any delay is determined by the time constant of the tissues in the volume

conductor. The time constant is in turn a function of the capacitive and inductive
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properties of these tissues and for the human torso lies below 10 us. Conditions
within the sources of the cardiac electric field change at a maximum frequency of
10 kHz, or equivalently, within at least 100 us; in fact, electrocardiographers rarely
analyze ECG signals in the bandwidth above 1000 Hz. Thus, changes in the primary
sources are reflected virtually instantaneously in the volume conductor and on the
body surface [24]. Therefore we can, for all practical purposes, neglect any effects of
time dependence and describe the system by a quasi-static formulation of Maxwell’s
field equations.

In summary, the electrocardiographic problem can be seen as a quasi-static formu-
lation of time-varying current and potential distributions within a volume conductor
which is to a good approximation linear piecewise homogeneous and isotropic.

The mathematical statement of the above can be phrased as follows: If we define
a current density, J, and electric field intensity, E, in the linear, resistive, volume

conductor v= have the following general relationship:

-

J =oE, (3.1)

where o is the conductivity at any point outside the heart volume. This is a gener-
alized vector form of Ohm’s Law. Since we are assuming quasi-static conditions, we

can define the electric field as the negative gradient of a scalar potential ¢:
E=-Vg. (3.2)

The total current density at any point in the volume conductor is equal to the sum

of the impressed current density, J;, and ohmic component of current density, GE,
J=Ji+oE. (3.3)

In this expression, oE is the passive response in the volume conductor to the primary
sources which are represented by J; (j: = 0 outside the region of sources) Further-

more, since J is solenoidal, there is no net charge generated and the divergence of the
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current density vanishes.
V. J=V.Ji+V-cE=0. (3.4)

By substituting equation 3.2 into 3.4 we get

1

V2 ==V.J, (3.5)
o

which is the Poisson equation for the volume conductor. This reduces to the Laplace
equation,

V2 =0 (3.6)

-
in the volume which contains no current sources (J; = 0).

3.1.3 Forward solution

The derivation which follows is based on Green’s second identity and follows a rather
well known course to a set of equations relating epicardial to body surface potentials
[6, 56, 53, 52]. Our discretization of these equations and the numerical form of the
solution reflect the most recent ideas regarding the optimal means of producing an

accurate solution to this problem [6, 7, 61, 62].

3.1.3.1 Analytical derivation

The starting point of the derivation is Green’s second identity for two scalar, piecewise

continuous functions, f and g, which states that

[(FV9—3gV5)-dh= [ (1929 =gV )aV, (37)

where, the Green’s volume V is bounded by surface § whose outward directed element,
is denoted dA. We can define the function f as 1/r, where r is the distance from
the source point ¢ to an arbitrary field point p, called the observation point, and the

function g as the scalar electric potential, ¢. The area element, dA is defined as 7 dA,
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where 77 is the outward normal to the surface and dA is the scalar element of area of

the integrating surface. With these substitutions, the Green’s identity now reads
1 1 = 1, 1
— — — . —_ —_ — —— d . .
/S(rVqB WT) dA -/V(TV ¢ — ¢V 7') V. (3.8)

If there are no sources within the volume, V, the scalar potential ¢ satisfies the
Laplace equation V2¢ = 0 (equation 3.6), and the first term of the volume integral
disappears. The second term of the volume integral includes the expression Vr~1,
which equals 0 for all r # 0. In the immediate vicinity of r = 0, ¢ can be considered

constant so that the volume integral becomes

- /V ¢v2-71: dV = é(p,)C, (3.9)

where p, represents the location of a singularity at which observation point and inte-

gration volume meet (r = 0) and

c=-[ viay, (3.10)
Vs r

where V is the reduced volume which just includes the singularity. It can be shown

[93] that in general the integrand may be written as
V2l av = —ans(i— ), (3.11)
T

where 7 and 7 are vectors from the origin to the observation point and any point p

within the volume of integration, respectively. The integral can now be evaluated as

0 (p outside V,)

i (pinside V). (3.12)

1 -
— 22 = F— N dY =
V,v rdV /‘,,471'5(7' r)dY {

It is possible to choose an observation point anywhere within the Green’s volume
to satisfy equation 3.8. The standard approach is to select the observation point very
close to the boundary of, but still within, the Green’s volume. Physically, we can
assume that the potential at such a point is virtually identical to that on the real
surface in question, while mathematically, the points remain inside the volume and

the result —47 can be used for the integral in equation 3.12. This approach was taken
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by both Barr et al. [56] and Messinger-Rapport and Rudy [6] and from equation 3.8
yields the following equation:

4r4(p) = | (294~ ¢93)-dA (3.13)

A second strategy is possible, however, in which the observation point is located
not just incide, but on the surface. It can be shown [26] that the integral in equa-
tion 3.9 can be evaluated at a point on the surface with the result ~2x. This results

in a slightly different form of equation 3.8 than that given in equation 3.13:

21 d(p) / (-V4- oV -)-d (3.14)

the obvious difference being an additive factor of 2r¢(p). S~ in this equation is the
surface area excluding the singularity, that is, the integral is proper-valued and must
be evaluated excluding the singularity at 7 = 0. To maintain consistency between the
two equations 3.14 and 3.13, if the observation point is taken close to but still inside
the surface of integration, then the volume integral of V%(1/r)dV yields the result
—4m, as in equation 3.12, and the surface integration is also performed over the entire
surface; there is no singularity. If, on the other hand, the observation point is placed
on the surface of integration, the ~olume integral yields the value —27 and the surface
integral must be calculated by excluding the singularity, that is, as a proper-valued
integral. Conceptually, placing the observation point on the surface is simpler and
more accurate, and therefore, this approach is used in further discussion.

Figure 3.1 depicts the geometry to which we now apply Green’s second identity.
In this particular case, the Green’s volume is the region enclosed by the epicardial and
body surfaces, Sy and Sg, which together comprise S. We proceed from equation 3.14
by separating the surface which bounds the Green’s volume V into the heart surface,
SH, and the body surface, Sp. The sense of the normal to the heart surface is

redirected into the Green’s volume so that by rearranging the integrals, we now have

o d(p) = /¢d9 /quQ /SH 4 dA+/ A (3.15)
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Figure 3.1: The geometry of the forward/inverse problem. In panel A, the observation
point p is placed on the outer bounding body surface, Sg; in panel B, p lies on the
inner bounding heart surface Sy. The {2 terms are the associated solid angles.

We have introduced dfQ, the incremental solid angle, for the V(1/r) - dA term and
redirected the outward normal of the inner, epicardial surface to point into the Green’s
volume toward the body surface.

Equation 3.15 defines the potential at any point p on either part of the surface S
(comprised of Sp and Sy), as a function of 1) the potential and normal component
of potential-gradient on surface Sy and Sp, and 2) the location of the field point p
relative to Sy and Sp. At the body-surface boundary Sp, the normal component
of the potential gradient, V¢, = Vo - d/i‘, vanishes since the conductivity of the air
is taken as zero, and hence the last term in equation 3.15 disappears. Since we are
interested in deriving the relationship between potentials on Sy and S, we will place
p first on one surface and then on the other and write equation 3.15 for each case.
This situation is shown in Figure 3.1 for the case of an observation point on the body
surface (panel A) and an observation point on the epicardial surface (panel B). The

next section describes the development and solution of these equations.
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3.1.3.2 Derivation of the coefficient matrices

The general approach to finding solutions to integral equations like equation 3.15
is to write one equation for each of a number of points on both of the suifaces
and solve these equations simultaneously. This is known as the collocation method
in numerical mathematics and provides a meaus of reducing an integration over an
arbitrary smooth surface to a sum of (sumewhat simpler) integrals, each of which can
be evaluated separately [232]. The particular application of the collocation method to
this problem originates with work of Barr, Ramsey and Spach [56] and their notation
will be used throughout.

We start by rewriting equation 3 15 for two observation points placed on the body

and epicardial surface, respectively, as

;1 ; 1 ; 17 Vg 2 .
¢B—2T/SH¢HdQBH+2TfSB¢BdQBB+ /s,, H dh=0  (3.16)

2 r
and

| : 1 ; 1 Vo -
i1 P 4o __/ H dA =0, 3.17)
P 27r/sH¢Hd HH+27r/sB¢B HB+27r Sy T A=0 (3.17)

Here we have defined the differential solid angle d2b, as that subtended by an cle-
mental area of the integration surface @ at the ** observatic 1 point on su.face P.
Likewise, ¢% is the potential at the t* location on the surface P.

For Np points defined on the body surface and Ny points on the epicardium,
we can write equations 3.16 and 3.17, Ng and Ny times, respectively (collocation
method). Let us write discretized expressions for each of the resulting terms in
equations 3.16 and 3.17; these expressions will be examined in detail below. From

equation 3.16:

e L&y :
$o+ 5= [ dad0%s =3 pisth, (3.18)
1 S-S
~ 5 [, #ndfa =3 o, (319)
j=1
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1 / Véu .MH;% gl Ti (3.20)
2w Jsy T o BH™ H»
and from equation 3.17:
1 f ‘)i B i i
o Jsy ¢B dlyp = j{;l’ys‘z’m (3.21)
. 1 . Ny i )
Oy — 57;[; ordQyy = phrPh, (3.22)
I H j=1
and N
1 VQSH 7 H j :
— | —- = Fulh. 3.23
o Js, 7 dAgH j;gfm H (3.23)

The argument of each of the summations can be separated iuto the product of
a potential (®% or ®%;) or the gradient of a potential (I'};) at a specific point j on
either one of the surfaces and a second favtor (the p’s and g's) based entirely on the
geometry of the torso and the heart. &% and @}} are the potentials at node 7 on the
body and heart surfaces, respectively; I‘f;, i> the normal component of the potential
gradient for point j on the heart surface (the corresponding quantity is zero on the
body surface). In seneral the ggQ term links the value of the potential gradient (I'V)
at point j on surface P to the observation point ¢ on surface @ while p’}gQ is the
geometrical coefficient which weights the contribution of the potential at node j of
surface @) to the potential at observation point ¢ on surface P. The first subscript and
superscript of each p or g term indicate the observation point, the second subscript
and superscript, the element of the surface of integration; thus, for example, p’gB is
the coefficient for the observation point ¢ on the epicardial surface and point j on the
surface of integration, the body surface.

Now by inserting the appropriate right-hand sides of equations 3.18-3.23, we get

the discretized equivalent equations to 3.16 and 3.17,
Pis®8 + vy ®n + gy T = 0 (3.24)

and

Prs®s + Prn®a + gyuln =0, (3.25)



where the summations over j are implicit in each term and 7 refers to a specific obser-
vation point on either the heart (equation 3.25) or the body (equation 3.24) surface.
The p and ¢ terms are the row vectors which express the geometrical contribution of
each point on the surface of integration to the potential at the observation point i. If
we write equation 3.24 for each point on the body surface and equation 3.25 for each
point on the heart surface, two sets of equations result, which in matrix notation can
be written as:

Psp®p + Peuy®y + Gguly =0 (3.26)

and

Prp®p + Pyn®y + Guul'y = 0. (3.27)

The P’s and G's are the matrices formed by collocating all the elements of the asso-
ciated p* and g* row vectors, one row for each observation point. For the Pyp matrix,
for example, each row contains Ny elements from one pi; 5 vector, and there are Ny
rows, each representing a different value of . Here again, the first subscript repre-
sents the surface containing the observation points, the second subscript the surface
of integration. Pyy and Gpy are square matrices of size Ny X Ny, Pgy 1« Gy
are sized Ng X Ny, Pgp is another square matrix of size Ng X Ng, and Pyp is sized
Ny X Np.

By solving the equation 3.27 for I'yy and substituting the result into equation 3.26
we remove the need for explicit knowledge of the potential gradients. This leads, after

sorting of variables, to
(Pes — GpuGryPus)®s = (GeuGiyPun — Per)®n, (3.28)

which can be rewritten as

Op = Zgu®y, (3.29)

with Zgy defined as

Zgn = (PgB ~ GeuGyy Pus) (GeuGiyPun — Psn). (3.30)
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Equations 3.29 and 3.30 define the solution to the forward problem in the desired
form; Zgg is the transfer coefficient matrix which directly relates epicardial poten-
tials to body surface potentials. It remains to examine each term of equation 3.28
and develop accurate computational methods for evaluating the elerr~nts of all the
matrices involved. Once this has been achieved, we may convert epicardial potentials

into body surface potentials and, thus, solve the forward problem.

3.1.3.3 Calculation of the geometrical coefficient matrices

In this section we develop strategies for the numerical evaluation of the individual
clements of the six G and P coefficient matrices from which the final transfer matrix,
ZgH, can be calculated.

If one examines the equations for the geometrical coeflicients, for example equa-

tion 3.18, which reads
;1 . Np
¢B+%[9 ¢5dQgp =ZPBB(I)§31
B y==1

it is tempting to equate the individual p; terms of the right hand side to the as-
sociated solid angles d0¥ 5. This would, however, be equivalent to suggesting that
the yotential over each triangular surface elements is constant, an approach used by
some [56, 58] but more recently improved upon by others [6, 7, 72]. It is essential
in any such approximation method that a separation of the potential values and the
geometric coefficients be achieved. In this way we need calculate the geometric coef-
ficients only once for each torso and epicardial surface configuration, and then apply
these coefficients to obtain the forward solution for any set of epicardial potential val-
ues. This separation is intrinsic in the derivation of equations 3.26 through 3.28 and
the Zgy matrix in equations 3.29 and 3.30, which consists of coefficients which must
be determined from geometrical data alone. The details of the various alternative
schemes are given in the subsections below; the approximation employed in our work

represents a synthesis of previously used methods. As a representative case, we will
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first look in some detail at the Pgg matrix and describe the calculations involved.

Pgp matrix The Ppp matrix contains the geometrical coefficients which arise from
the integration of the potential multiplied by the solid angle over the area elements
of the body-surface, as observed from the body surface itself (equation 3.18). The
superscript : represents the observation point, and the superscript j a point on the
surface of integration (body) for which the ¢gdQyy term is evaluated. For the
discrete case, both body and epicardial surfaces are tessellated into triangles defined
by vertices which are node points of the surface (see Appendix A). Potential values at
the node points are either directly measured, or can be interpolated from neighbouring
measurement points (see section 3.2). In evaluating the integrals in equations 3.18
3.23, we are faced firstly with the roblem of estimating the value of ¢ over the surface
of each triangle as a function of the known potential values at its vertices. Secondly,
the integral of the product of the potential and a second function of distance must
be approximated over the triangle in such a way as to maintain separation of the
potential value from a purely geometric factor.

Barr et al. [56] used a simple, equally weighted average for the value of the potential

which was considered constant over each triangle,
b =3 2 4 (3.51)

where ¢k is the estimated value of the potential over the whole triangle k, and ¢}
is the potential at vertex m of triangle k. This estimation was later improved upon
by Pilkington et al [72]. For their calculations they divided each triangle into six
subtriangles and took the value of the potential over each of these subtriangles as
being constant and equal to that of the nearest vertex of the original triangle. This
scheme is shown in panel A of Figure 3.2 for the case in which four triangles share
the common vertex, j. For each of the four main triangles, there are two subtriangles
which are given the potential value &7, for a total of eight triangles (triangles 1-8 in

Figure 3.2). It is then possible to calculate the total solid angle subtended by each of
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Figure 3.2: Triangle-division schemes. Four main triangles share a common vertex j
and are divided into subtriangles according to methods proposed by Pilkington et al.

(Panel A) and Meijs et al. (Panel B).

these cight subtriangles at a given observation point 7 and equate it with the element
pg g of the Ppp matrix.
We can express this as the following approximation of the integral in equation 3.18:

1 R PR ik
5 ), 99 d%s 0% % /. 4955, (3.32)
J#i
where the first summation is over all points except the observation point itself ( = j)
and NT} is the number of triangles which share the vertex j. The surface artea
clements T} are the 2N T} subtriangles associated with point j on the body surface.

For each of these subtriangles the integral can be evaluated exactly (analytically).

The integral has thus been replaced by a summation over the discrete triangles which



define the surface. We may now approximate the entire equation 3.18 as follows:

o1 .
%t o /sB 65 dVpp A1 @+ o Z 505, (3.33)
J#l

where we have defined the solid angle integral term as

2NT}

Q= T / ik (3.34)
=1 B

From this it is easy to see the lin between the geometrical coefficients p}z in equa-
tion 3.18 and the solid angle integrals in approximation 3.33.

A slightly different approach to this problem was proposed by Meijs et al. [61];
just as in the method by Pilkington et al. , each original triangle is divided into four
congruent subtriangles, formed by joining the midpoints of the three sides. The con-
tribution of each of these subtriangles is evaluated and then combined in a weighted
sum in such a way as to maintain the form outlined in equation 3.18. The resulting
scheme is somewhat more complex than that described by Pilkington et al [72] in
several aspects.

The first difference involves the way each subtriangle contributes to the value of the
geometric coefficient. In panel B of Figure 3.2, each of four main triangles is divided
into four subtriangles, numbered 1-4. The total solid angle for the area associated

with integration point j subtended at the observation point : is then evaluated as
/ Ay = Q”“ e Q;gg e Q”“‘ Q”‘“ 1), (3.35)

where [; indicates an integration over the area associated with the vertex j, NTj is
the number of triangles which share j as a common vertex, and V%, ..., Q%4 are the
solid angles of the subtriangles 1,...,4 of main triangle k subtended at observation
point ¢. All of the four subtriangles from each main triangle are thus included in
the sum, each with a weighting coefficient which reflects its position relative to the

vertex j.
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It is perhaps appropriate to note here the use of the phrase “associated with” to
describe the contribution to the geometric coefficient of the area surrounding a node
point. A point cannot produce a solid angle, but instead contributes the value of
its potential to the integral while the subtriangles which lie close to it, that is, are
associated with it, supply the geometric weighling values, based on the solid angle.
In fact, the selection of the neighbouring triangles and the weighting given to their
solid angles are key factors in deriving the numerical solution to the problem.

The scheme described by equation 3.35 reflects a difference in approach over that
used by Pilkington et al. [72], for here it is assumed that each of the four subtriangles
contributes some solid angle to the total assigned to each vertex of the original trian-
gle, whereas the estimate suggested by Pilkington et al. included only the two closest
subtriangles in the estimate for each vertex. The second difference in the approach
taken by Meijs et al. [f1] lies in the way they approximated the potential of each of
the subtriangles. Whereas Pilkington et al. [72] assigned a constant value to each of
the subtriangles, equal to the potential at the closest ver .ex, Meijs et al. [61] esti-
mated the potential for each of the subtriangles as a weighted sum of the potential
values at each of the vertices of the main triangle, based on the assumption of a linear
distribution of potential over the surface element. For each main triangle described
by vertices m, m + 1, and m + 2, the valucs of the potential for the four subtriangles

can be taken as

B = ~(40™ + o™ 4 o™2)

O = —(@™ + 49™! 4 §™+2) (3.36)
(@™ + @™F 4 49™+?)

ok = §(¢m + @™ 4 omH2),

where % is the mean value of the potential over subtriungle n of the main triangle &
and ™, @™+ and ®™*? are the potential values at the three vertices.

The two approximations in equations 3.35 and 3.36 must be considered together
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in writing for the complete integral over the area associated with vertex j,

/j b5 d0 g ~ Z q> it 1 phloi | gk 69*3 + ki (3.37)

6 3

where ®%... % are the potentials values for the subtriangles as defined by equa-
tion 3.36.

The integral over the whole body surface can then be written as
1 Aty 25> [ 450 3.
57?‘/.;‘3 ¢B ZBB ~ 57?;_/]¢B BB (3.38)

By inserting equations 3.36 and 3.37, the right hand side of this equation can be

further expanded to

_l_ﬁ ZJ[(Q +_1_(I)m+1+_1_®m+2) kal
2 i o3 6 2 6 B8
1 m 2 m 1 m 3
+(5%5 +§¢’B+1+6‘I’B+2)6”k2
1 1 2 .
+(€ ’§+-é¢>§+‘+§@'g+2) 69*3 (3.39)
1 m 1 m4-1 1 m+2 tk4
+(3 B+3<I> + e 44 )39
Gathering terms for %, @7 and 72 yields
Np NTB
ZZ :kl + szz + Qzlc3 + sz4 )(I)m
i=1 k=1 9
+( szl + = th2 + szB i Q:k4 )q)rg«}-l (340)
1
1kl 1k2 1k3 k4 m+2
(Q b+ g+ g Q +99 1)gm+2),

It is not possible to transform this equation into the clearly separable form of
equation 3.18 since the relationship between m and j is not fixed, but instead depends
upon the triangularization of the surface. In equation 3.40, m is a specific vertex of
one of the N Tg, triangles which surround the point j; the value of m actually used

in a calculation must be determined from a look-up table of triangle vertices, each
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entry of which is pointed to by the value of j. Thus it is not possible to express
m as a fuaction of j and simplify equation 3.40. However, it is possible to ‘keep
track’ of all the geometry coefficients for any node by simply observing to which
nodes m,m + 1 and m + 2 actualiy refer. Although the integral calculation proceeds
over the body surface according to the summation over j and k, as each coefficient
of potential 7, d5+! or ®F? is evaluated, it is added to the value for that node
to which m,m + 1 or m + 2 refers. Thus a true separation of potential & and its

associated coefficient can be maintained and we can write
1 : g
e dop & Y w;d 3.41
57 L. ép d%s 3 wsh, (3.41)

where w;, is the weighting factor applied to the value of the potential at node j,
a value which, in turn, is the sum of all the weightings in equations 3.36 to 3.40
applied to this particular node. Again, while it is not possible to derive a closed
analytical expression for w;;, neither is it necessary; each w;; is a function of the
specific geometry of the surface involved and iz collated by keeping a running tally
throughout the course of the calculation.

Since the same general situation of slightly indirect separation of potential and
geometric coefficients arises in the development presented below, we will defer further
discussion of this specific point to that section. The salient feature of this approach is
that the entire calculation can eventually be reduced to calculating values for the solid
angle over specific subtriangles. According to the reports of Melijs et al. [61, 62], the use
of this type of triangle subdivision scheme was only necessary when the variation of the
potential over the main triangle exceeded some predefined (small) value. Otherwise, a
simple scheme assuming constant potential over the main triangles was employed. For
their calculations of magnetic field, using a multi-sphere model of the head, they found
optimal results when approximately 2% of the triangles were divided and recalculated.
Far more critical in reducing the error was the choice of original triangularization gr:d
[61].

A second refinement outlined by Meijs et al. , which brought about considerable

e o & i e
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improvement to their results, is the numerical approximation of the ¥, or “auto
solid angle” elements [61]. These are the integrals in which the observation point is
one vertex of the triangle over which the integration is to be carried out. For each
observation point, there is a set of triangles which share this same vertex, termed
the “close region” by Barr et al. [56]. This is also the region which contains the
singularity discussed earlier, the point at which » — 0. In evaluating the integral
expressions as proper value integrals, we should assume that the close region need
not be included as it contains the singularity. However, this may not prove to be as
accurate an estimation as one would like for a surface geometry which is defined by
only a finite number of triangular surface elements; by excluding the triangles of the
close region, we may be ignoring a relatively large portion of the surface, the size of
which is determined by the number and size of the triangles. Ideally, one would like to
shrink the boundaries of this close region down closer to the vertex and approximate
the integral over the rest of this area by excluding just the actual point of singularity.

The reason for the difficulty in performing numerical approximation is that any
calculation of the auto solid angle, and the auto-integral to which it contributes,
performed over a planar surface element from an observation point located anywhere
on the same plane must by definition yield zero. This can be seen in the original
expression for solid angle V(1/r) - d4, or its equivalent (- dA)/r®, in which a dot
product is formed from the vector ¥, which lies in the piane of triangle, and the
surface normal, which is perpendicular to the plane. Resolution of this problem is only
possible if the observation point is somehow removed from the plane of integration,
either by shifting the point or redefining the integration surface. Such a redefinition
demands either a finer tessellation, which thereby reduces the size of the close region,
or an approximation of the close region by another non-planar surface.

Meijs et al. [61] pursue the latter approach to evaluate the auto solid angle term
by approximating the region around the observation point as a spherical section.

Figure 3.3 shows the arrangement in which the basal vertices of the triangles which
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Figure 3.3: The auto solid angle after Meijs et al. [61] is estimated by approximating
the surface of all triangles sharing the same vertex j as a spheroidal section. From
the basal vertices a circular base is approximated while the common apex j rests on
the surface of the spheroid; R is the projected distance from the apex of the spheroid
to the centre of the circular base which has a radius a.

share point j as their apical vertex are used to determine an estimate for the circular
base of this section; the distance from the common vertex j projected perpendicularly
to a point in the plane of the circular base is R, while a is the radius of the circle.

The solid angle can then be calculated as

O m2rsS@ =1 (3.42)
a
where
a = arccos(a/R). (3.43)

Using this estimate for the auto solid angle, it is then possible to determine the
value of the complete auto-integral if one assumes constant potential & over the
whole spherical section. Using this approximation technique, Meijs et al. achieved
an improvement of 10% in the accuracy of computed ECGs in a concentric spheres
model of the head over the case in which the close region contributed nothing to the

integral [61].
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To evaluate the auto solid angle for their model, Barr et al. used a more indirect
approach [56]; they made use of t! = fact that the total solid angle about a single point
subtended by a closed surface yields a known value, depending on whether the point
is outside (-2 = 0), on (X = 2x), or inside (T°Q = 47) the surface. The value of
Q¥ can be estimated by the difference between this known value and the sum of all
other solid angle terms. We used this approach in our calculations, both because of
its elegant simplicity and the fact that it made use of a constraint which is ignored
in the method proposed by Meijs et al..

Further general refinements to the methods for evaluating the integrals in equa-
tions 3.18 to 3.23 are contained in a more recent reports on inverse solutions by
Messinger-Rapport and Rudy [6, 7], in which the authors describe a more elabo-
rate function to characterize the variation of potential over the surface of a iriangle.
This function, first developed by Cruse [233], takes the form of a linear interpolating
polynomial expansion which approximates the potential at any point p within the
triangle as a weighted sum of the values at each of the three vertices. This approach
can be viewed as a more general form of that suggested by Meijs et al.; both of these
schemes, in turn, can be interpreted as first-order approximations, while that of Barr
et al. represents a zero-order approximation.

Using this general approximation we can write for the potential at any point p,

3

$(p) = D _ Cu(p)@™, (3.44)

m=1
where @™ is the value of the potential at vertex m of the triangle. Likewise, for the

potential gradient at any point p, using the same function C,.(p),

0 3 op™
5;1:(?) ~ Y Cm(P)W- (3.45)

m=1
It is then possible to write for a triangle k£ on the body surface,

3
/T , #5405 = 3 om /T , Cn(P)d5, (3.46)

m==1

e S
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where p is any point in the triangle ¥ (T§) over which the integration is to be per-
formed. ®F is the potential at vertex m of body triangle k. The interpolating
polynomial can be written [233] as the sum of two functions — one dependent on the
location of the midpoint of the triangle and the other on the position of the point in

the triangle at which C,, is evaluated:

Cm(p) = En(pc) + Am(p), (3.47)

where p. is the centroid of the triangle. We can further define E,, and A, for a
triangle in terms of a local, two-dimensional coordinate system (z’,y’) in the plane of

the iriangle as

Em(pe) 1/3 + (Fny, — Fnaye) /24 (3.48)

An(p) = (Fuyd)~ Frcy})[24, (3.49)

where, as depicted in Figure 3.4, the centroid of the triangle in local coordinates is
pe(z!,,yl.); Fme and Fpny are the 2’ and y' components of the vector which forms the
side of the triangle opposite vertex m, and z;, and y, are the coordinates of the point
at which the function is to be evaluated, all in the local cartesian system.

With Cy, so defined, we can proceed to evaluate equation 3.46. Note that a subdi-
vision of main triangles is no longer necessary since the integrand is the product of two
functions Cr(p) and d2%5g, which are continuous functions of position. The integra-
tion itself, however, is slightly more complicated than for the methods described so far
because the solid angle term cannot be separated from the Cruse weighting function.
Instead of a solid angle calculation, evaluation of such an integral requires a method
of numerical quadrature; for this we chose Radon’s 7-point formula [234, 235], w_.ich
requires the calculation of both terms of the integrand at seven discrete points within
the triangle to form a weighted sum estimate. The function C,(p) depends only on
the coordinates of the triangle and can easily be evaluated at the seven Radon points

determined in the local 2,y coordin  system; d0% is a function of the distance
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Figure 3.4: A local cartesian coordinate system is defined in the plane of the triangle
over which the potential is to be estimated. 2’ and y’ are the lo~al coordinates, the
triangle centroid is p.(z%,y.), and the vectors F;, [7‘; and F form the sides of the
triangle opposite vertex 1, 2 and 3, respectively.

r from the observation point ¢ and can also be determined at any point withia the
triangle in the global coordinate system.

The only remaining step now is to shape the expression in equation 3.46 into the
appropriate final form described in equation 3.18. We start by writing

NTgp

/SB ¢pdlpp ~ Z;l /Tg ¢pdQpp (3.50)

and proceed by inserting equation 3.46 to produce
. NTp 3
| ¢d0%s~ Y Y 0F [ Culn)dys, (351)
Sp k=1 m=1 75
where NTg is the number of triangles used to define the kody surface and m is the
vertex number of each such triangle. Although equation 3.51 is not yet in the desired
form, since the summation is over NTp triangles (each term of which includes a sum-

mation over each vertex of the triangle), it is possible to convert it into a summation

over Np nodes (each term of which includes a second sum over the triangles which
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share the common vertex). Hence, we write the right hand side of equation 3.51 as

Ng NTj 3 . Np '
PIDIDY ‘I’"’/ Cr(p) dUpp = Y wy; ¥, (3.52)
J=1 n=1 m=1 7=1

where N Té is the number of triangles which share the common vertex j and w;j is
an clemeni of the weighting matrix W. The form of this equation is the same as
that of equation 3.41 and again, although separation of geometrical coeflicients from
potential values is achieved, it is impossible to write an analytical expression for the
weighting coefficients w;;. The relationship between j and m is a function of how the
surface has been triangularized. Here also, however, it is possible to keep track of all
e coefficients whick are applied to the potential at each node in a running sum to
tinally produce a W matrix.

The actual calculation is more efficiently performed over each triangle of the sur-
face, as suggested by equations 3.50 and 3.51, than over each node, as described in
equation 3.52. Using the former approach, the location of the points used in the ap-
proximation of the surface integral over each triangle (Radon’s method) need only be
calculated once for each triangle, while the latter approach requires the same calcula-
tion three separate times as each vertex of the same triangle is examined separately.
Furthermore, the first methed promises a lower calculation cost than the second.
From equations 3.51 and 3.52 we see that although NTp is larger than Np, the prod-
uct of Ng X NT; x 3 is greater than NTp . 3, the result being the number of
times the integral must be calculated. In our experience, NTg is typically twice as
large as Np, while NT; ranges from 4 — 7 in our model.

To complete the derivation, we rewrite equation 3.18 as

b+ 5 [, dnd0hs = ZpBbe (3.53)
where N
5 Wi if15;
Pbp = . (3.54)

Lofo+1 ifi=j.

The wi g (auto-integral) term must be evaluated separately as described above.
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Pgy Matrix: The Pgy matrix relates the contribution from the heart surface to
the observation points on the body surface. It is a simplification of the previcus case
(Ppp) in that no special consideration need be given the case of 1he observation point
being on the surface of integration since two different surfaces are involved. The result
is thus identical to that for Pgg but for the exclusion of the auto-integral term. We
can derive an estimate from equation 3.19, repeated from above,
1 , Ne .. .
5=, udthn = 3. bl

by applying the same arguments as for the Pgp matrix. Using the approach outlined
by Pilkington et al., we can immediately write for the coefficient pl;,

2NTH
i jk .
Pan = —~93H =-5- Z s 4%l (3.55)
k_

where 2NT}; subtriangles, Tif, surround each point on the heart surface and dQ,

is the solid angle subtended by each subtriangle about a point : on the body surface.

These solid angles can be evaluated analytically {27] to produce the Pgy matrix.
Application of the method from Meijs et al. leads to an expression similar to the

one derived above in equation 3.40 for the Pgp case:

No T ko, Low
~ o |, dndfy ~ —5 Z Z (GGOR) + 5% 69*3?, Ut
zkl 1k2 zk3 zk4 m+1 3
ikl ik2 k3 ikd ypm+2
+( QQ +3 69 + QQ Q O
Here, Q... ,Qik4 are the solid angles subtended by the four subtriangles of main
BH g

(heart) triangle k about the (body) point i. Each point j on the heart surface is
surrounded by NT} main triangles, each of which contributes to the value of the
integral at that point.

'The method of Rudy and Messinger-Rapport similarly yields an equivalent ex-
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pression for the Pgy integral:

1 ‘ 1 Ny NT}, 3
L Pl m P L S 0, (3.57
271'[9’;,¢HdﬂB 27(_1_217;:1;‘1) / m(p dﬂ BH o ;wa H ( )

where NT} is the number of triangles which share the common vertex j and w;; is an
element of the weighting matrix W. C(m) is Cruse’s weighting factor for each vertex
m of the main triangle n, as described above.

The evaluation of these expressions involves the same computational tools as those
used for Pgpg: evaluation of the integrals using either a closed analytical expression
for the solid angle (methods of Pilkington or Meijs) or Radon’s numerical quadrature
(method of Rudy, Messinger-Rapport, and Cruse) summations, and the book-keeping
of various weighting coefficients. The only difference is that no account need be taken
of the case when 7 = j, since the observation point 7 does not lie on the surface of

integration.

Pyp Matrix: This case is identical to the Pgy matrix above, except that the sur-
faces are reversed: observation points lie on the heart surface and the body surface
becomes the surface of integration. The equations 3.55-3.57 given above can be used

directly for this case with the H and B reversed and the negative signs removed.

Pyp Matrix: The diagonal elements of the Pyy matrix contain auto-integral terms
for the case when both the observation point and the triangle over which the integra-
tion takes place lie on the heart surface. Since the situation here is identical to that of
Ppp matrix, we can apply the same numerical techniques to the Pyy matrix as were
outlined in the equations above for the Pgp matrix by replacing all the B-terms with
their H counterparts. Otherwise, equations 3.18 and 3.22 differ only in a negative

sign before the integral term.

Guz Matrix: The Gyy matrix, which is derived from equation 3.23 above, is of a

different form than the P matrices evaluated so far. The integrand is the product of



68

the gradient of potential (instead of the potential itself) and the function 1/r - dA
not the solid angle. The manner in which the surface of integration is defined and
discretized is, however, identical and many of the same methodological considerations
apply to the formulation of the numerical solution. The goal is again to cnsure a
separation of the geometrical factors from the physical quantity (potential gradient
in this case) and produce an accurate estimate of the integral. In fact, the only
difference in the final set of equations will lie in the manner in which the geometrical
function is evaluated.

By first applying the method of Pilkington et al. to equation 3.23, we can write

_1_ Vou j ANTh d4H 9 e
zw[sﬂ £ dAHNZI‘ Z/ 2, (3.58)

=1

J#

where TJF is subtriangle k of the 2NT}, triangles which surround point j on the
heart surface. I‘L- is the component of the potential gradient in the direction of the
outward normal to the heart surface. To simplify the notation, let us define a symbol

analogous to that used for the solid angle, Q, as

- aNTY, A
iy = =8 3.59
HH ,; /T}f g (3.59)
With this, equation 3.58 becomes
1 Vg o
— [~ ddy SE T, (3.60)

=1

J#
Using this definition for ¥, we can again apply the methods of Meijs et al. and

Rudy and Messinger-Rapport to the Gyp; matrix, which results in the following two
expressions, first for the method by Meijs et al.:

Ny NT,

1 V¢H 1 ,kl 1 ik2 k3 1 ikd
o /sH v dAn = ]z-:l LXE 36\1}’”’ *36 I””’ + g Vi)
U+ U+ U SUEIEY (361)

1
9
1
1kl 1k2 k3 1k4 m+2
+(9\IJ +36\If +9\I’ +9\If TH?,
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and also for that proposed by Rudy and Messinger-’ pport:

u NT,
__1_/” VO gy SOy S I / () AT (3.62)

H
27(‘ S r j=1n=1m=1

The missing step of the solution is to determine an estimate for the W-term,
as it appears in equations 3.60-3.62 above. Integration of the function 1/rdA can
be performed analytically only for simple geometries so that numerical quadrature
is necessary; for this we chose Radon’s 7-point method {234, 235] described in sec-
tion 3.1.3.3. In equations 3.60 and 3.61, the calculation is quite straightforward; for
equaticn 3.62 the additional complication of the weighting function Cp,(p) can be
taken into account by evaluating C.,(p) at the same Radon points that are used for
the calculation of the integral.

The case in which the observation point is a vertex of the integration triangle
(auto-integral) must be dealt with differently for the Gy matrix than for the Ppp
or Pyy matrices described above. As in the more general case of Ggy, we kncw
of no analytical solution and therefore a numerical approach had to be adopted. A
method was developed based on a solution first proposed by Barr et al. [56]. Barr
and co-workers approximated each triangle by a sector of a circle. By then placing
an observation point at a distance d from the surface on a perpendicular line through
the centre of the circle, as depicted in Figure 3.5, the following analytical solution to

the integral can be formulated:

@
/s r F/O ,f——dzu:u‘z du df) = \/01d? + r707 — Ord, (3.63)

where Or is the angle subtended by the sector S and rr is the radius of the sector.
Equation 3.63 holds only under the conditions specified and is, therefore, not as
general a solution as one using numerical quadrature. However, this approach has the
advantage, as pointed out by Barr et al. [56], of being correct when the observation
point lies in the plane of the sector at the centre of the circle. In this case, with d = 0,
equaticn 3.63 simplifies to
— = 1262, (3.64)


file:///P-term

P

b

—

s\ e
AT

—

Figure 3.5: Ar analytical method for evaluating the dA/r integral over the surface
of a circular sector S. Each sector has constant radius, rp, area A, and subtends an
angle 01; the observation point p lies al distance d on a line perpendicular to the
surface through the centre of the circle.
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It is possible to approximate a triangle by a circular sector and use this expression
to derive an estimate for the U;; terms in equations 3.58-3.62. The problem of
determining an equivalent radius of the triangle can further be solved by noting that

the area of a circular sector Ay can be expressed as

Orr?
AT= T2T’

T‘TBT = \/2ATOT, (366)

which can be substituted into equatior 3.64 to yield for the triangle T',

44 _  foazer. (3.67)

T r

(3.65)

from which we can write

We require only the value of the area of the triangle and the angle subtended by the
two sides which join at the observation point to estimate the value of the anto-integral
case of the Gyy matrix.

To improve the accuracy of this estimate the original triangle can be divided
into subiriangles about the observation point p; the resulting subtriangles better
approximate the circular sector which is still the basis of this solution. In computing
the solution it is possible to successively bisect the base angle @ and recalculate the
integrals for the resulting subtriangles. The sum of these values is the estimate of the
total integral and is compared with that of the pievious iteration until the difference
drops below a predefined value. Through some geometrical manipulation it is possible
to simplify this approach even {urther. In Figure 3.6 a vector § is anchered at the
observation point (vertex 1) and sweeps through ine triangle from vertex 2 to vertex
3 in N equiangular steps. The sides of the triangle are defined as vectors @, E, and ¢,
which lie opposite vertices 3,1, and 2, respectively. As p'sweeps through the triangle,
it mz .es an angle §; with side a. Side b can be viewed as the base of the triangle and
the height relative to this base as h. With « defined as the angle between & and side

a, p makes an angle a — -y; with h and we can write for the magnitude of p,

h
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Figure 3.6: A modified scheme for calculating the auto-integral terms for the (7
matrix. The triangle in panel A is defined by vertices 1,2, and 3 and the sides &, b,
and . The vector §'is anchored at the observaiion point and sweeps in N steps
through the triangle from side @ to ¢. In panel B two successive vectors g; and p,2,
define & subtriangle.

Each step made by p through the triangle defines another subtriangle made up of the
vectors g; and fj-; (see Figure 3.6, panel B). The area of this subtriangle is
A _ PipPj-1 sin6 3.69
j= —-———————2 ’ (' A0 )

where § is the incremental angle subtended at each new step, that is, §; = é,_1 + 6
and § = 4/N.

Equations 3.68 and 3.69 can be applied to each subtriangle and the sum for the
whole triangle calculated. This yields for any triangle T* in which one of the vertices
is the observation point

. dA X N [pipi_15iné — .
T =/T —%j_zl\/Z(SAj:\/é—(sz ——’—~’—§—-——=V§sm5z\/pj—p;7, (3.70)

T j=1 j=1
where N is the number of subtriangles into which the triaugle T% is divided.

Wity this, the ¥ terms and thus the diagonal elements of matrix Gy caa be

estimated using equations 3.60-3.62.

Gigg Matrix: Computationally, the Gy represents a simplification of the Gy

matrix, since the observation points do not lie on the surface of integration. The
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general methods described in equations 3.60-3.62 above can thus be used to solve for

the matrix elements.

Zpn Matrix: The Zpy matrix, as defined in equation 3.30, can be calculated from
the submatrices Pgg, Pay, Pus, Pau, Gy, and Gpy. This requires the inversion of
the Gyy matrix and a coniposite submatrix made up from Pgp, Gpx, Ggy and Pys.
This was performed using the numerical method of LU-decomposition, chosen for its

high speed of computation and robust nature [236].

3.1.4 Inverse solution

'The Zpp matrix defined in section 3.1.3 provides a means of estimating the potential
distribution on the body surface from that on the epicardial surface. The purpose of
the inverse solution is to do the reverse: from a known potential distribution on the
body surface, to estimate the equivalent distribution on the epicardium. The forward

solution can be stated mathematically as:
Zpg®y = 0 = @g + Ep, (3.71)

where ®p arc the calculated body surface potentials, which differ by an error term
Ep from the actual measured body surface potentials ¥. When this equation is
solved for the epicardial potentials, ® g, the result is an inverse solution, which can

be stated in a symmetrical form as
Zyp®p = 0y = @% + Ey, (3.72)

where Zy g is the transfer coefficient matrix used to estimate epicardial potentials g
from the body surface potentials ®5. The measured epicardial potentials @} differ
from the estimated values by an error function Epy.

The dimension of Zpy is Ng by Ny, where Np is the number of nodes on the body
surface and is typically larger than the number of nodes on the epicardial surface, Ny;.

If we wish to solve such a set of equations for @y, the system is overdetermined, that
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is, there are more equations than variables to solve for; in general, there is no unique
solution. It is usually possible, however, to determine a solution of an overdetermined
system which represents the “best compromise” and satisfies, or almost satisfics, as
many of the imposed conditions as possible. If “best” is defined in the least squares
sense, the sum of the squares of all the errors is minimized and for this type of problem
a large number of numerical solution methods exist [236, 237, 86].

In an overdetermined system there can be equations which are not linearly inde-
pendent of all other equations in the system, a condition known as row degeneracy.
Each linearly dependent equation reduces the number of equations which can con-
tribute to the solution; the number of linearly independent equations is known as the
rank of the matrix. When there is so much degeneracy that the rank of the matrix
falls below the number of variables in the solution, the system is termed rank defi-
cient. Computationally, rank deficiency can arise because the finite accuracy of the
processor no longer allows equations which are nearly linearly dependent to be differ-
entiated. Likewise, errors in the real data used to generate such systems of equations
can be large enough to generate functional linear dependence between equations. It
is possible to compute the singular values of a matrix and use these to determine
the condition number, which is the ratio of the largest to the smallest singular value.
A matrix which is singular is one which has a condition number equal to infinity
while an ill-conditiened matrix is one in which the inverse of the condivion number
approaches the round-off error of the cemputer. 1ll-conditioned matrices result from
the solution of ill-posed problems [236, 238].

The inversion of ill-conditioned matrices presents some difficulty because the re-
sult will be unstable if not handled properly. While it may be possible to numerically
determine an inverse to such a matrix, even sn all fluctuations in the values of the
matrix elements or the vectors by which the matrix is multiplied can produce dispro-
portionately larger oscillations in the product. For a simple numeric | demonstration

of this, see Rudy [7] or Gill et al. [238]. The inverse problems of electrocardiography
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is ill-posed and the forward solution matrix, Zpy, is ill-conditioned; application of
standard numerical inversion techniques produces a Zyp matrix with a high degree
of instability. The physical reason for instability in this problem lies in the fact that
potential drops off quickly (1/r?) with increasing distance from the source. Hence,
epicardial potentials are much larger (= 20-25 mV QRS amplitudes in intact human
hearts [49]) than body surface ECGs (QRS amplitudes ~ 2-2.5 mV). The transfer
coefficients of Zyp must ‘amplify’ the body surface potentials and potentials from
more distant surfaces, for example the back and lower torso, are weighted relatively
more highly than those in the precordial area. Electrical noise, which inevitably a-

companies measured ECGs is, on the other hand, of approximately constant absolute
amplitude all over the body surface; the higher weighting of more distant regions now
applies to the noise and increases the overall error of the result. This problem does
not arise in the forward solution since measurement noise in epicardial electrograms
is relatively less than for ECG recordings. Furthermore, since the torso potentials are
smaller in amplitude then epicardial electrograms, the transfer coefficients serve to
attenuate the epicardial contributions and any noise they might possess. To reduce
the effects of the ill-posed nature of the problem and generate a useful inverse to Zgp,

some means of constraining the solution is necessary.

3.1.4.1 Inverse solution constraints

As described in section 2.1 above, there are two families of constraining techniques
which have been applied to the inverse problem in electrocardiography: statistical
smoothing and regularization. Regularization techniques have been applied not only
to problems in electrocardiographic modelling [6, 7, 5, 79)], but also to those in many
other fields, such as the study of weather layers near the earth’s surface [239].

The regularization techniques most often used to invert an ill-conditioned matrix
are credited to Tikhonov [240]; they are also closely related to work by Twomey [84]

and fall into the class of damped least-squares solutions. Characteristic of Tikhonov
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regularization is the addition of a damping function to the matrix to be inverted
producing a modified matrix equation which can be easily solved using standard
inversion techniques. If we wish to apply regularization to the system Ax = b, the

modified equation can be written as

z = (ATA+tM)™ AT, (3.73)
where AT is the transpose of A. The generalized inverse matrix is then

AT = (ATA+tM)T AT, (3.74)

The matrix M is either the identity matrix I, or is derived from the gradient operator

matrix G or the Laplacian operator matrix L.

1 I is the identity matrix
M ={ GTG G is the gradient operator
LTL L is the Laplacian operator

The discrete gradient- and Laplacian-operator matrices G and L are defined in
terms of the first or second spatial derivatives, respectively. The gradient of a function
f can be estimated numerically as a weighted sum of the values of f at all nodes on
the surface. The structure of G and L can be best seen by writing for any point 7 the

gradient of the function f as

N
V=Y Gif; (3.75)

i=1

Likewise the value of the Laplacian of f at any point ¢ can be written as
N
Vifi=3 Lifj (3.76)
j=1

where V is the gradient operator and V? is the Laplacian operator. Typically, the
points which contribute to the value of the gradient or Laplacian at point : are those
in the immediate neighbourhood of point 7, so that the G and L matrices are sparse.

The factor ¢ in equation 3.73 is the damping coeflicient and must be set beforehand

in order for the regularization to be performed. The value of ¢ determines the degree
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of damping or regularization applied to the solution. If ¢ is set to 0, equation 3.73

reduces to the least-square approximation for the inverse, a form of the pseudo inverse:
z = (ATA) T AT}, (3.77)

which for an ill-conditioned matrix yields an unstable solution. Mathematically, this
instability can be seen to result from the small singular values of A, which are first
squared (ATA) and then inverted. It can be shown [54] that regularization increases
the value of small eigenvalues of AT A in a controlled way, while the larger eigenvalues
remain unchanged. As the value of ¢ ic increased, more and more damping is applied
until the solution approaches zero. From this it is clear that the choice of a value for t is
of great importance in producing useful and stable solutions. Too little regularization
and the solution will oscillate wildly; too much, and subtle spatial features of the
distribution will be “smeared out” and resolution will be needlessly reduced. The
value of £ must normally be set post priori, that is, a set of representative known
solutions must be available and the inverse solution repeatedly applied with different
values of ¢ until the best compromise is found. Only then can the regularized matrix

be applied to other problems in which unknown solutions are to be calculated.

3.1.4.2 Application of the regularization technique

In computing the inverse of the Zgy matrix, two methods of Tikhonov regularization
were used in this study. In the first, termed zero-order, the identity matrix was used
in equation 3.73, while in the second, M was calculated {rom the Laplacian operator.
Physiologically, the application of regularization is equivalent to constraining some
aspect of the epicardial potential distribution. For zero-order Tikhonov regulariza-
tion, the amplitude is restrained to directly subdue wild oscillations in potential; the
gradient and Laplacian operators restrict the first and second order spatial gradients,
respectively, and thus limit how much the value of the potential can change from one

node to neighbouring ones.
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To calculate the Laplacian operator, the numerical method described by Huiskamp
et al. [241] was applied to the geometry of the heart surface. The same method was
used on the body surface to perform 3D interpolation of the body surface potential
maps recorded during PTCA (see section 3.2). To determine optimal values of ¢, sets
of epicardial and body surface potentials were calculated using a forward simulation
based on a single dipole source. Models of this type have been used extensively in
this laboratory and elsewhere to calculate body surface potentials [242, 5, 243, 23].
For a discrete source in a homogeneous torso, we can write [25] for any point p on

the surface of the volume conductor

8(5) = 260(0) =5 | énd...pe S, (3.78)

where the integral is taken over the bounding surface, in this case the body surface.
Po(p) is the potential at point p resulting from the source in the absence of any
boundary, called the infinite medium potential. This terra can further be written for

a dipole as
17y
" dne 3]

$oo(P) (3.79)

where § is the dipole moment of the single dipole and 7 is the radius vector from
the dipole source location ¢ to the field point p. Equation 3.78 can be discretized
and written once for p at each of the Np node points on the body surface. The
resulting set of linear equations can then be deflated [244, 245] and solved iteratively
to generate a set of potentials on the body surface, &5 [23, 25, 242, 243].

To then calculate the potential values at the epicardial nodes, equation 3.78 can
be written in discrete form for p located at each of the epicardial node points. Using
the previously calculated body surface potentials ®5, the system can be easily solved
for the node potentials ®y. Sets of such simulated epicardial (®%;) and body surface
(@) potentials were calculated for 3 dipoles located in the centre of the heart, ai the
point (25, 300, -40) in the body co-ordinate system (see section A); these were then

considered to be known values. They were used to both validate the forward svlution



described in section 3.1.3 and to determine the optimal value of the regularization
parameter t. For example, to test the accuracy of the forward solution matrix Zgy,
the product Zpy ®F = ®¢ was calculated and compared with the simulated body
surface potentials ®F.

The mparison of two sets of node potentials from the same surface can be carried
out in a number of ways. Isopotential maps of both data sets may be calculated and
compared visually (qualitative comparison) or a numerical index may be calculated
which serves as a measure of the degree of difference or similarity between the two
distributions (quantitative comparison). For quantitative comparison we chose four
different numerical indices. The first is absolute maximum difference between the

predicted and actual values. The second is the root-mean-square (rms) difference

defined as
\/Zz'—l (3. 80)

and both are expressed in units of uV. A third, related index may be calculated in

which the rms difference is normalized by the rms value of the “known” distribution.

This is termed the relalive error [7] and is defined as

S
RE:J *‘1;)0 Lo (3.81)
t=1

The smaller the value of either RE or rms or maximum difference, the more similar

are the two distributions. A third index of the relationship between two distributions
is the correlation coefficient. For this, each set of potentials is viewed as a vector in
N-space and the “angle” between them is calculated as the dot-product of two vectors

normalized by the product of the respective magnitudes, that is, for simulated and

calculated potentials ®° and &9,

(3.82)

A value of CC = 1 indicates that two vectors differ only by a constant factor, or

equivalently, that the two distributions are identical but for a scaling factor.
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To test the stability of the inverse solution, noise was added to the body surface
potential distribution ®3 before multiplication by Zyp. We made use of an algorithm
to compute random numbers with uniform density and amplitudes between 0 and 1
[236]. For applications such as ours, noise with a Gaussian or normal amplitude
distribution is chosen because its amplitude distribution and frequency spectrum are
most reminiscent of those produced by real electronic components [246]. To shape
the uniform density random numbers into a Gaussian distribution, the Be. -Muller
method was used [236]. Parameters within the programs written accor”ing to this
scheme determined the mean value and standard deviation of the random numbers
generated.

For each individual trial of an inverse solution matrix, a set of Ng noise values was
computed from the same seed value; the mean value was always 0.0 and the standard
deviation was set as a percentage of the rms amplitude of the torso potentials. The
noise values were then added to the sitnulated body surface potentials data and an
inverse calculation was performed. The resulting epicardial distribution ®% was then
compared with the simulated one ®%; according to the methods described above.
Trials were repeated 20 times for each of 1-5 different percentage values and the
mean and standard deviation of the difference indices were calcuiated for each noise
level. Thus, for each test of a specific inverse solution matrix, a table of 1-5 sets of
three difference indices (variance, relative error and correlation coefficient), together

with their standard deviations, was generated.

3.1.5 Summary

The Green’s theorem has been applied to a homogeneous volume conductor bounded
by the body and heart surfaces to derive a boundary element method (BEM) solution
to the forward problem. The result is a forward transfer coefficient matrix Zgy,
constructed from 6 submatrices, which directly relates body surface to heart surface

potentials. To generate the individual submatrices, the product of the potential or
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potential gradient and a geometrical function of distance must be integrated over each
triangular element of the tessellated surfaces. In this section, 4 different methods
for computing these integrals have been compared and discrete equations for each
approach have been developed.

In order to compute a stable inverse solution, regularization must be applied to
the forward transfer matrix Zgy. The method of Tikhonov was described in which
either the identity matiix (Tikbonov zero-order) or a matrix based on either tlie
first or second order gradient (Laplacian) served as a constraining function on the
ill-conditioned Zpgy matrix. The degree of regularization is determined by tke -
parameter, a weighting factor applied to the constraining function: for small values
of t the solution reverts to the unconstrained least squares case (pseudo inverse) and
is unstable, while large values of ¢ produce overdamped inverse solutions.

In section 4.1 the results of converting these equations into algorithms and com-

puter programs will be presented.



3.2 Clinical Mapping Studies

Four clinical studies were carried out at the Victoria General (VG) Hospital in Halifax

to examine the effect of PTCA on cardiac electrical activity:

1. PTCA #1 A preliminary study to determine the feasibility of performing
BSPM during the PTCA procedure.

2. DYE #1 A preliminary study to examine the effects of contrast medium in-

jection on the body surface potential distribution.

3. DYE #2 A systematic evaluation of the effects of three different contrast
media on a small set of patients using continuous BSPM recording throughout

the injections.

4, PTCA #2 A rigorously controlled study of selected PTCA patients, employing

continuous BSPM recordings throughout the balloon inflation.

Many of the effects of balloon inflation during PTCA are not detectable using
! the standard limb leads (see section 2.2) and some remain invisible even with ad-
ditional precordial leads. High resolution body surface potential mapping (BSPM)
provides a tool with which a larger portion of the non-invasively measurable electrical
information can be gathered. This technique has been used extensively in our labe-

ratory to evaluate cardiac electrical activity in a number of diverse diagnostic groups

[247, 248, 249, 250, 251, 252, 253] and [254, 255, 256, 226, 257, 133].
3.2.1 Methodology common to all studies

3.2.1.1 Angioplasty procedure

PTCA was performed in the usual manner. Briefly, a No. 8F guide catheter was
positioned in the arcending aorta. An appropriately sized “steerable” balloon dila-

tion catheter (USCI, 2.5 to 3.5 mm diameter, 20-25 mm length) was then positioned
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through the gride catheter across the coronary artery stenosis so that when inflated,
the balloon completely obstructed the coronary artery and eliminated antegrade blood
flow. Inflations were performed as therapeutically appropriate, unless indicated oth-

erwise.

3.2.1.2 Anjlography

Coronary and left ventricular angiographic studies were performed before PTCA ac-
cording to the standard method for the VG Hospital Catheterization Laboratory.
Analysis of left ventricular wall motion and calculation of global and regional ejec-
tion fraction were carried out from the 30 degree right anterior oblique projection
fluoroscope image. Coronary angiography was performed in multiple views with and
without preadministration of nitroglycerin. During the PTCA procedure itself, digi-
tal subtraction angiograms [258] were recorded using the Digitron 2 system (Siemens
Medical Systems, Chicago, IL). The images were displayed in the operating room
throughout the PTCA procedure and stored as a hard-copy transparency.

2.2.1.3 BSPM recording and processing

To record in the catheterization laboratory, several technical changes were made to the
BSPM recording system used in our laboratory. Firstly, the electrodes had to be made
radiolucent so that fluoroscopic imaging would not be obstructed. In addition, the
mapping electronics had to be isolated from the patient, since a cardiac catheter may
provide a current path to the heart. See Appendix B for details of these developments.

The electrode configuration used in all mapping studies performed at Dalhousie
is shown in Figure 3.7. Electrodes were applied by the same technician in every
case to ensure consistent placement. To allow the free movement of the patient’s
arms during angiography and angioplasty, the limb leads (which are joined to form
the Wilson Central Terminal for the BSPM system) were moved from the standard

locations at the extremities to the pesitions suggested by Mason and Likar [259], on
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Figure 3.7: The electrode configuration used for body surface potential mapping.
Leads 1-3 were placed on modified Mason & Likar sites in PTCA studies; the row
starting with lead 4 was aligned at the level of the fourth intercostal space at the
sternum.
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the torso. The right arm (RA) and left arm (I.A) equivalent electrodes were mounted
slightly higher and more laterally than specified by Mason and Likar, at the acromial
end of the clavicle, in order to make room for the standard ECG electrodes used in
the catheterization laboratory. The inferior lead (LL) was affixed along the anterior
axillary line on the iliac crest. A recent report by Papouchado et al. [260] suggests
that this location, slightly lower than that prescribed by Mascn and Likar, produces
better agreement with the standard limb-lead positions.

Body surface potential maps were recorded at different times and for varying
durations in these studies. The following nomenclature (see below for specific protocol

of each study) was devised to identify the recordings:

ABO: The initial baseline recording, of 15 s duration, taken at the start of every

procedure.

AB1-n: Subsequent 15-second baseline recordings collected with the balloon de-

flated, but normally in place in the lesion.

AIl-n: A .ecording of any duration which includes at least some part of a balloon

inflation.

AD1-n: A recording of any duration performed during or after an injection of con-

trast med’ gm.

AS1: A recording, typically of 15 s duration, of some spontaneous event during the

procedure, e.g., sudden onset of angina or obvious ischemic conditions.

ABF: A final 15-second baseline recording made on.e the procedure was finished,

but before the patient was removed from the catheterization laboratory.

All BSPM recordings could be divided into two groups based on their duration.
Short recordings (15-20 s duration) were made to capture baseline conditions or any

other stable state, for example, the last 15 s of a longer inflation. These records
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were each treated as isolated episcdes and processed so as to yield a single averaged,
representative ECG complex. To follow the transition from one physiological state
to another, longer continuous recordings of up to 6 min were made, for example,
before, during and after a complete inflation/deflation cycle, or for 2 min after in-
jection of contrast medium. For analysis, these records were divided into shorter
intervals or windows of 10-30 s duration, each of which was thought to ¢ncompass
a relatively stable period. As a basis for windowing, plots of selected leads of the
unprocessed electrocardiograms were produced; windowing criteria included visible
measures of ischemia (ST-segment shifts, T-wave peaking or inversion, QRS mor-
phological variation), inflation timing (windows never crossed the commencement of
balloon inflation or deflation) and data errors. To facilitate later examination of the
processed maps, a supplementary nomenclature was devised for the results from these

long inflation/deflation and dye recordings:

Ixa—z: Processii ; windows extracted from the long recording number 'z’ made before
or during inflation of the balloon, starting with labels a, b, ¢ ..., etc. For
example, [2a is the first window, which normally encompasses the 20 s just
before balloon inflation, while 12¢ is the third window; both are from the second

recorded inflation/defiation cycle.

Rxa-z: Processing windows extracted from a long recording of the inflation/deflation
number ‘x’, but during the reperfusion phase, after deflation of the balloon. For
example, R2c is the third window after deflation of the balloon in the second

inflation/deflation cycle recorded, that is, not the same as 12c.

Processing of the BSPM data followed a pattern quite similar te that in other stud-
ies from our laboratory [249, 252, 253, 254, 255, 256, 261, 226, 133]. All processing
was carried out on either a VAX 8800, VAX 780 or VaxStation II computer (Digital
Equipment Corp, Maynard, MA). From the windowed intervals of 10-30 s duration,

indivitual complexes were separated and sorted into families based on signal mor-
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phology; the beats in the largest family (majority cluster) were in turn averaged and
the baseline was corrected to yield a single representative complex for each of the 120
leads. “Bad leads” were eliminated and “scalar plots” of these averaged complexes for
the remaining leads plotted in a fermat which resembled the layout of the electrodes
on the torso (see Figure 3.8). From the scalar plots, an initial visual evaluation of
the resulis was performed. Programs were written to display and subtract avcraged
complexes from one another to evaluate the changes occurring between the time of
inflation and the time of the baseline recording which preceded it. Computed on- and
offsets for the P, QRS and T were corrected manually from plots of the three orthog-
onal vectocardiographic leads derived from the 117 body surface leads, and stored in
the header of a standard map file [262] for use in subsequent map processing.

From the averaged complexes, iso-contour maps in a number of configurations
could be computed. We calculated either isopotential maps from single instants or
isointegra! maps from the QRS, QRST, ST and STT intervals. The ST segment
was consid-red to extend from the J point (end of the QRS), 3/8 of the way to the
end of the T wave. Production of iscintegral maps also resulted in a substantial
compression of data which made examination of a large number ot patients feasible.
For each single short recording, or each window from a longer sampling, a set of 4
contour maps (QRS, QRST, ST, STT) was produced.

To produce isointegral displays from the BSPM data, we used two different meth-
ods of interpolation and contouring. Both required that each electrode be assigned a
position in three-dimensional space and that thi< set of points be projected on a flat
surface. For this, we used a realistic model of the human torso, which is described in
Appendix A. In the first of the interpolation methods, a scheme developed previously
in our laboratory was used to fit two-dimensional cubic spline functions to the data
and estimate the value at each point in a 65 x 37 point “Z-array”. More recently, we
have implemented three-dimensional interpolation based on an algorithm described

by Qostendorp el al. [241], with which values at the 352 node locations of the three-



4 4 <f » 88
2 2 ¥ 2 2 ] s
" 3 q q < < "
3 & L] H z H z g 3 >
é ¢
:; 4 q b= < ~ <, °
- T z ) g 2 31 2 9 2__ 9 5
v R T "1 - 4 g
&
;’ 4 4 g <t =] —-=}
’,' & & 8 % 2 L S 5 x__ g
i { 1
< < ] — -]
g 3 2 H ] ] ® 4
= % F
o
w3 < = ] - ] <
8 ¥ z H ] 2 H b4
Q
A
~ 3 < = ] -y =t
o o9 - - - r E L £ 2
S . T g
(SN
o~ 3 h
g + g -y - -
N n ® R 2 r £y
[FAJ
c- a2
< 1
— 3 ] T -? T -ﬂr -<r <
3 3 ] 1 s LK 3 3
< 9
g Pl _?- ._[.::~ s
H ® [} l s 9 9 }>- 3 3z
9 9
g i 1 a 1 ] ] 3 —i R R 3 : = T 2
: R ‘
0 ] P ] s L I ) 2 { g
g AN NN AU S,
P 4 4 < <
: (I
' s P % 5P ] 5 9 9 9 2 g
é ) b ¢ & 4 4
> = — <==- < p
B -;—\—" . T = <
g ® P 5 s P a9 3 o ER 2 €t> N
D &
o g p z : 3
[ia} 3 L - . I = } b
8 ] s p a_p__a_P 3 LR LR LR 5
b 3 4 4
&
& -
~ 3 = — = = o
1§ o9 2 P o= N . . 2 { A i g
L - 1
E :
g < P = =g > p b ‘:
N2 - - P = = ] 2 = 3
m =
3
fme q q
. . . - g

Kb, Wi Sogid o b

FR—

Figure 3.8: A plot of the averaged ECG complexes for 120 body-surface leads. The
location of each tracing reflects the location of the electrode on the torso; anterior
leads are shown on the left, posterior leads on the right.
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dimensional tors- (“node arrays”) could be estimated from the body-surface data.
Construction of contour lines was then performed using a method of two-dimensional
bilinear interpolation described by Ideker et al. [263, 264, 265]. While the first in-
terpolation and contouring method produced maps of higher spatial resolution, the
second was much faster and could be used to generate interactive displays.

Figure 3.9 contains a set of maps produced using the first interpolation method.
The contour levels were chosen to span a decade in 7 logarithmic steps, based on a
standard sequence of numbers commonly used in electronics: 1.0, 1.5, 2.2, 3.3, 4.7,
6.8, 10. The data to be displayed are normalized by increasing multiples of 10 until
the largest absolute value falls within the range of contour levels. For example, if
the maximum were 750 4V and the minimum —5004V, the nearest smaller value of
the number sequence to the largest extreme (750) would be 6.8; thus, the largest
contours weuld be £680xV, followed by £470,4330... £ 68xV In all such maps of
body-surface potentials the left half of the display represents the projection of the
anterior surface of the torso and the right half, the posterior surface. The three
“cut-outs” along the top boundary correspond to shoulder areas.

In order to emphasize the temporal changes in the body-surface potentials, maps,
in the form of interpolated Z- or node-arrays were subtracted from each other. The
most common example was the subtraction of a map recorded before inflation of the
PTCA balloon from a second map recorded during the inflativn. These “difference
maps” were plotted in the same format as the original isointegral maps from which
they were derived. The ranges of values in isointegral maps from different intecvals
vary a great deal. To make comparisons of the degree of change between maps
possible, the difference maps were (optionally) normalized during the subtraction
process. In subtracting map M; from M,, the extrema of M;, MAX; and MIN, were

first evaluated and then the normalized subtraction performed as fol’ws:

Va—W
ST T * 100 (3.83)

Vaigs =

This allowed a difference map from one interval, for example, the QRST-integral, to




90

p2_diff_aver.dat p2_diff_aver.dat

Figure 3.9: A sample plot of a set of body surface isointegral maps. The units are
in uVs and the contour levels are arranged in logarithmic steps taken from a fixed
sequence of 7 numbers which span a decade (1.0, 1.5, 2.2, 3.3, 4.7, 6.8, 10.). Data
values are normalized by factors of 10 until the lacgest absolute value falls within
this range. The left side of each map represents the projection of the anterior torso
surface, the right side, the posterior surface. The shaded circles mark the locations
of the precordial electrodes V;--V.
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be compared with that from a QRS-integral, even though the absolute magnitudes of
the maps would be much larger for the former than the latter.
A measure of the difference between two maps, the variability, V, was defined as

N (2 — d1)2
V= \/Zt=1(¢]tv Qi) * 10’ (3.84)

where @2 are the data values from one ma; and . ! the .orresponding values from the
other; N is the numbcr of nodes in the spatial disuviibution (in the case of Z-arrays,
which were the interpolated form used for this purpose, N = 65 x 37 = 2405). V' is

simply the rms difference between the maps, multiplied by a factor of 10.

3.2.2 Description of the individual studies

3.2.2.1 PTCA #1

The primary purpose of this study was to determine the feasibility of recording high
resolution body-surface ECGs in the catheterization laboratory during PTCA. To this
end, a flexible patient-selection criteria and experimental protocol were devcloped;
this experimental protocol had to be modified often, based on our experience with
initial results.

Patient Selection: Patients were selected from the pool of those scheduled to un-

dergo clinically indicated PTCA. There were no specific selection criteria other than
a relatively high expected probability of clinical success and the previous informed
consent of the patient. Of the 17 patients within this group, PTCA was performed
on the left anterior descending (LAD) artery of 6, the left c.rcumflex (LCx) artery of
3, and the right coronary (RC) artery of 7. In one case both the LCx and RC arteries
were treated. One subject was later moved invo the DYE #1 study since only maps
which followed contrast medium injection were of adequate quality.

Protocol: Te experimental protocol allowed for the collection of BSPMs of 15 s
duration at various times during the PTCA procedure. An initial baseline recording

(ABO) was always acquired. BSPMs were collected during 1-4 of the inflations which



92

followed; recordings were made when indicated by the physician who performed the
PTCA, largely on the basis of therapeutic criteria and the stability of the patient’s
condition. Each recording sequence normally consisted of a 15-second baseline record-
ing (AB1-n) made just before balloon inflation and a 15-second sample recorded im-
mediately before deflation (AIl-n). Often the initial insertion of the balloon catheter
past the stenosis provided sufficient stimulus to incite a bout of ischemic activity; to
monitor this “spontaneous” ischemia, recordings (AS1-n) were made whenever the
operator observed any signs of ST-segment shift or altered T waves which occurred
outside of a balloon inflation. Likewise, if obvious ECG changes after injection of an-
glographic contrast medium were detected, we performed 15-second recordings, which
were started coincidentally (within several seconds) with the injection (AD1-n).

Data Processing: Processing was performed as described in section 3.2.1. Duration

of recording was uniformly 15 s and from the isointegral maps for QRS, ST, STT and
QRST intervals, difference maps were produced by subtracting from the peak inflation

map the baseline which preceded it (AIn — ABn).

3.2.2.2 DYE #1

During the initial study PTCA #1, it became clear that injections of angiographic
contrast medium were often followed by severe distortion of the surface ECGs. Al-
though these and other transient effects on coronary blood flow (increase), coronary
resistance (decrease) and cardiac performance (decrease) have been reported in canine
and human experiments 1 the literature for over 30 years [125, 266, 267, 268, 269, 270],
our understanding of tl.c physiological mechanisms involved is incomplete. Hyper-
tonicity and the ionic nature of some radio-opaque dyes used in angiography have
been indicated as exacerbating factors [125, 266, 268], while the Brody effect has
been suggested as the possible reason for changes in the ECG [270].

We observed that the effects of contrast medium on the body surface isointegral

maps were severe enough to distort and perhaps even mask the changes brought
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about by subsequent angioplasty balloon inflations. Hence, this effect represented
a potential source of artifact which had to be minimized to ensure accurate and
consistent results in our study of PTCA-induced ischemia. In order to characterize
both the extent and ti.ne course of changes induced by the contrast medium, we
decided to conduct a concomitant pilot study on the effect of dye injection in patients
on whom otherwise standard angiography was being performed.

Patient Selection: Subjects were selected from the group of patients undergoing

standard cardiac angiographic evaluation in the VG Hospital. There were 7 patients
in the study, 5 with angiography of the left coronary artery (LC) and 2 of the right
coronary artery (RC); 2 patients whose condition upon angiography warranted im-
mediate PTCA were included in the PTCA #1 group as well.

Protocol: A series of eight recordings, each of 15 s duration, was performed on
each patient. The contrast medium used in each case was Omnipaque 350 (Winthrop
Pharmaceuticals, New York, N.Y.). The sequence for these recordings and their

nomenclature were as follows:
1. Baseline recording (DB0) at the beginning of the procedure;
2. Second baseline recording (DB1) once the catheter was in place;
3. Peak injection recording (D0) commencing as the contrast medium was injected;
4. Post 1 recording (D1), 1 min after the peak injection recording;
5. Post 2 recording (D2), 2 min after the peak injection recording;
6. Post 5 recording (D5), 5 min after the peak injection recording;
7. Post 10 recording (D10), 10 min after the peak injection recording;
8. Final baseline (DBF) at the end of the catheterization procedure.

To eliminate any lingering effects from previous injections, these recordings were

collected during catheterization of only the first vessel for each patient.



94

Data Processing: Processing was carried out as described in section 3.2.1 to the

point of the isointegral maps for the QRS, QRST, ST and STT intervals. Difference

maps were calculated, using the same baseline (DB0 or DB1) as the reference for

each.

3.2.2.3 DYE #2

A second dye study was derived from the first in a similar manner as the second PTCA
study evolved from its predecessor. In order to more systematicaily evaluate different
contrast media and the time course of their effects, we lengthened the recording
time and included three of the standard dyes used in the VG Hospital for coronary
angiography.

Patient Selection: As in the first dye study, subjects were chosen from the pool of
patients undergoing routine angiographic evaluation in the catheterization laboratory
of the VG Hospital. The DYE #2 group comprised 10 patients: 3 subjects using Om-
nipaque 350 (Winthrop Pharmaceuticals, New York, N.Y.); 4 subjects using Hexabrix
320 (Mallinckrodt Canada, Pointe Claire, P.Q.); and 3 subjects using Isovue (Squikb,
Montreal, P.Q.).

Protocol: Electrocardiograms were recorded using the methods described in sec-
tion 3.2.1. A series of five recordings was performed for each patient. The prccedure

and nomenclature for these recordings were as follows:
1. Baseline recording (DBO0) at the beginning of the procedure;

2. Left coronary injection recording (DL), which commenced 20 s before injection

of the contrast medium and continued until 2 min beyond;

3. Post left coronary injection recording (DLP) of 15 s duration, recorded 5 min

after injection of the conirast medium;

4. Right coronary injection recording (DR) commencing 20 s before and continuing

until 2 min after injection of contrast medium into the right coronary artery.
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5. Post right coronary injection recording (DRP) of 15 s duration, recorded 5 min

after injection.

These recordings were performed once per subject. In one patient belonging to
the Hexabrix subgroup, only a right coronary injection was performed.

Data Processing: Data processing as described in section 3.2.1 was performed

to window the long (120-140 s) recordings and generate isointegral maps for the
QRS, QRST, ST and STT intervals. Each long recording was divided into 6-7, 20-
second windows, yielding a set of maps (QRS, QRST, ST, STT) for each. Subtractive

difference maps were calculated, using the baseline (DB0 or DB1) as a reference.

3.2.2.4 PTCA #2

Based on the successful outcome of the preliminary study PTCA #1, a more com-
prehensive protocol was developed for a second set of patients undergoing coronary
angioplasty. To capture the transient nature of the electrocardiographic changes
brought about by the inflation of the catheter balloon, we extended the continuous
sampling duration to include the entire inflation and a two-minute post-deflation pe-
riod. Fewer inflations per patient were recorded (typically 2). In order to glean some
haemodynamic information on the effect of any collateral circulation, we monitored
the mean pressure gradient across the untreated occlusion (transstenotic pressure) as
well as that across the inflated balloon (transocclusion pressure) for as many patients
as possible (13 of 16), even during inflations for which no ECGs were collected. Prox-
imal pressure was sensed via the guide catheter located in the coronary ostium, while
distal pressure could be measured through the lumen of the balloon catheter; mean
values were generated electronically at the time of the procedure. In 3 cases, use of
a “probe” catheter, which incorporates guide wire and balloon in the same narrow
catheter, precluded measurement of distal pressures; in two other cases, mean pres-
sures were calculated from recorded systolic and diastolic values after the procedure.

Patient selection: Patients who were scheduled to undergo clinically indicated
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PTCA and met the following inclusion criteria were included in this study: first,
severe stenosis (> 60% diameter reduction) of the proximal LAD, LCx or RC ar-
teries; second, no clinical evidence of variant angina, and resting electrocardiogram
which showed no diagnostic Q waves or ST elevution or depression of more than
100 uV; third, normal global left ventricular wall motion (ejection fraction > 45%),
and normal or only mildly hypokinetic .¢gional wall motion. Each patient was on
antianginal therapy, including a calcium antagonist, before PTCA.

Presence or absence of collateral filling of the artery undergoing dilation was de-
termined in 6 patients (present in four, absent in two) from angiograms obtained
before the PTCA procedure. Collaterals were considered present o: ly when at least
a portion of the main trunk of the artery was visualized by retrograde flow. No
attempt was made to assess angiographic presence of collateral filling of the artery
during occlusion at the time of PTCA (recruitable collaterals).

Protocol: Before beginning the PTCA procedure, several recordings of pressure in
the artery under treatment were made to assess both initial haemodynamics and signal
stability. All patients received 325 mg of aspirin orally before PTCA and 10,000 U of
heparin intra-arterially at the beginning of the procedure. Every reasonable effort was
made to restrict administration of intracoronary nitroglycerin until after the research
portion of the procedure had been completed. When initially positioned across the
coronary artery stenosis, the balloon catheter occasionally obstructed coronary blood
flow sufficiently to produce signs and symptoms of ischemia; if this occurred, several
balloon inflations were performed to decrease the transstenotic pressure gradient and
allow all evidence of acute ischemia to resolve. Otherwise, the early inflations were
often chosen for BSPM study. To ensure that there were no confounding influences
from injections of contrast medium, a waiting period of at least 2 min after the
most recent injection was maintained. Patient position was kept constant to prevent
artifactual changes in the ECGs or blood pressures.

The standard BSPM recording protocol was as follows:

~
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1. Baseline recording (ABO) of 15 s duration before the PTCA procedure;

2. Inflation recording (AIl) commencing 20 s before inflation of the balloon and

ending 2 min after deflation;

3. Second inflation recording (AI2) with a minimum of 5 min between inflations

(same procedure as in 2.);

4. Final 15-second baseline recording (ABF).

In some cases, short (15 s) recordings were made to assess the reproducibility of
peak-inflation effects.

Data Processing: Raw data were visually examined via plots of selected leads,

typically lead 62 of the BSPM system, a precordial lead at the V4 location (see Fig-
ure 3.7. Based on the criteria outlined in section 3.2.1, the continuous recordings were
divided into smaller sections (windows) for averaging a~d map construction. Each
long-inflation record was thus separated into as many as 15 windows for each of which
averaging was performed. Averaged complexes and isointegral maps were plotted and
used to determine the best se’ of difference maps to construct. The criteria employed
for this selection were signal quality, reproducibility of baseline recordings and tempo-
ral arrangement of the original recordings. Typically, the map from the first window
of each long recording (Ila, I2a, etc.) served as the baseline or control recording for
the entire inflation and was subtracted from all subsequently windowed records to
produce a sequence of difference plots; from any short recordings were subtracted the
temporally nearest previous baseline or initial window of a long recording. Maps from
baselines and initial windows from long recordings were subtracted from each other

to determine the stability of the control conditions.



Chapter 4

Results

4.1 The Forward and Inverse Solutions
4.1.1 Simulated potentials

Potential distributions for both the epicardial- and body-surfaces were calculated
using a forward solution based on a single-dipole source and the realistic human torso
model described in Appendix A. As outlined in cection ..1.3, hrec sets of potentials
were calculated for X, Y, and Z dipoles at a fixed Ic ~ation DSL #18 (x=25, y=300,
z=—40 mm, in body coordinates). The results, which will be referred to as simulated
potentials, are shown in Figure 4.1 as 6 isopotential contour maps; che column on the
left depicts the maps for the torso while the associated epicardial maps are displayed
in the right hand column. (For a description of these displays, see Appendix A.)

On each map is indicated the location and magnitude of the maximum (+) and
minimum (—) in units of V. The contours are drawn as solid and dashed lines for pos-
itive and negative potentials, respectively, while the contour levels are arranged in log-
arithmic steps based on the largest absolute extreme in each column (see section 3.2).
The torso maps in Figure 4.1 are all scaled identically and the largest extreme, which
has a value of —26.8, is found in the Z-dipole distribution. Based on this value, the
contour lines represent 422, +15,+10, 6.8, 4.7, 4+3.3 and +2.2uV. The epicardial
maps have, in general, larger amplitudes and therefore are drawn with a different

set of contours; based on the largest extreme in the epicardial maps in Figure 4.1 of
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Figure 4.1: Simulated isopotential maps from a single dipole source.
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—65.40uV (Y dipole), the chosen contour levels are: +47,+33,+£22, £15,+10,+6.8
and +4.7uV.

4.1.2 Forward solution

Forward solution coefficient matrices (Zpy) were computed based on two of the meth-
ods described in section 3.1.3. The first of was developed following the original ap-
proach of Barr, Ramsey and Spach [56], with the improvements suggested by Pilk-
ington et al. [72]; this will be referred to as the PBRS method. The second forward
solution is also a derivative of that of Barr, Ramsey and Spach, but incorporates the
refinements suggested by Rudy and Messinger-Rapport [6, 7] and Cruse [233]; this
will be referred to as the RMC method.

To evaluate the accuracy of a forward solution, sets of siinulated epicardial poten-
tials computed from the dipole source were multiplied by the forward transfer matrix
to produce calculated torso potentials, which were then compared to the simulated
torso potentials arising from a dipole of the same location and orientation. The rel-
ative error, correlation coefficient, maximum absolute error and rms difference were
then calculated in each case, and to allow qualitative comparison, torso isopotential

mays were plotted.

4.1.2.1 PBRS forward solution

Table 4.1 summarizes the results of the forward solution using koth the PBRS and the
RMC methods. The correlation coefficient fer the PBRS forward solution ranges from
0.9890 to 0.9981, while the relative error lies between 0.08573 and 0.20088. These
results indicate a good level of agreement; they were somewhat better for the X- and
Y-dipole simulations than for those of the Z dipole, which is apparent in the torso

maps in Figure 4.2.
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Figure 4.2: Forward solution using the PBRS method. The left-hand column contains
torso-potential maps simulated directly from a dipole source, while the right-hand
column shows the corresponding torso maps calculated by multiplication of epicardial
potentials by the forward transfer matrix. The letter in the right-hand cutout of cach
map indicates the dipole orientation.
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Table 4.1: Test of the forward solution for a single dipole source. Calculated torso
potentials from both forward solutions were compared with simulated data. Units for
ilie rms error and maximum error are ¢V, assuming unit values of torso conductivity
and dipole moment.

Test of Forward Solution Accuracy — Dipole Source
Model | Source | rms Error | Max. Error | Rel. Error | Corr. Coeff.
PBRS
X dipole 0.5448 1.1175 0.08573 0.9966
Y dipole 0.6853 1.5336 0.08901 0.9981
Z dipole 1.2722 4.7738 0.20088 0.9890
RMC
X dipole 0.3109 1.3480 0.04893 0.9988
Y dipole 0.4851 1.0770 0.06303 0.9996
Z dipole 1.2734 3.1222 0.20108 0.9798

4.1.2.2 RMC forward solution

The same comparison of simulated and calculated torso potentials was carried out for
the RMC forward solution. As evidenced in Table 4.1, the match between simulated
and calculated results was slightly better for the RMC than for the PBRS method;
this is indicated by the higher correlation coefficient and lower relative error for the X
and Y dipoles. However, the differences were too small to warrant suggestion that one
solution was better than the other. Comparison of the maps in Figures 4.2 and 4.3

also did not reveal any appreciable difference in the quality of the forward solutions.

4.1.3 Inverse Solution

Regularization, as described in section 3.1.4, was applied using two methods: the
Tikhonov zero-order, and the Laplacian. The simulated potentials produced from
the single-dipole source (the same set used in the previous section to evaluate the
results of the forward calculations) were employed to derive an optimal value for the
regularization parameter ¢ under ideal (no noise) conditions. For each regulariza-

tion trial, a different value of t was chosen, and an inverse transfer matrix Zyg was
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Figure 4.3: Forward solution using the RMC method. The left-hand column contains
torso-potential maps sirnulated directly from a dipole source, while the right hand
column shows the corresponding torso maps caiculated by multiplication of epicardial
potentials by the forward transfer matrix. The letter in the right-hand cutont of each
map indicates the dipole orientation.
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generated. This matrix was then multiplied by a vector of simulated torso poten-
tials from either the X, Y, or Z dipole to produce a calculated epicardial distribution,
which was, in turn, compared with the corresponding simulated epicardial distribu-
tion. Statistical comparison was carried out as for the forward solution, with relative
error, correlation coefficient, maximum absolute error, and rms difference as error
indicators. “:immaries of the regularization trials are presented in both tabular and
graphical form — for each of the two regularization methods, each of the two for-
ward solution methods, and for each of the X, Y, and Z dipoles. In every table, the
optimal value (lowest error, highest correlation coeflicient) for each of the four error
indicators is underlined. In the ideal case, the optimal values should all be found at
the same value of ¢; since this was not the case, an average was taken of the four
ontimal t-values obtained for each error indicator separately and the closest value of
t to the average one was underlined in the table. A Zyp matrix was computed with ¢
equal to the mean of the underlined values for :".e associated regularization method.
The results of these optimal inverse calculations are shown as epicardial maps in the

following sections.

4.1.3.1 PBRS inverse solution

Tables 4.2 through 4.7 contain the results of the regularization trials based on the
forward sclution computed by the PBRS method. The first three tables contain the
results for Tikhonov zero-order regularization, while the second set of three contains
the corresponding data for Laplacian regularization. Figures 4.4-4.6 show for eaci
table the same data in graphical for~1: maximum and rms error against ¢ in one
plot, and relative error and correlatic _cefficient against ¢ in the other. Each figure
contains the results for both regularization methods (based on data from the same
dipole).

Each of the statistical parameters in Figures 4.4-4.6 exhibited a slightly different

response to changes in ¢. While the maximum error dropped sharply as ¢ approached



Table 4.2: Calculation of the inverse solution using Tikhonov zero-order regularization
and the PBRS forward solution. Test potentials are from a single-dipole source at
location 18 with X orientation.

Calculation of Inverse Matrix: PBRS — Tikhonov - X dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coefl.
0.00001 36.3815 150.9173 1.81354 0.4800
0.00002 21.9538 126.5034 1.09435 0.6696
0.00005 8.2701 20.8769 0.41225 0.9225
0.00010 6.5261 16.0803 0.32531 0.9495
0.00020 5.3129 16.9577 0.26484 0.9655
0.00050 4.6926 18.0547 0.23392 0.9724
0.00075 4.6081 18.8663 0.22970 0.9733
0.00080 4.6071 19.0575 0.22965 0.9733
0.00085 4.6082 19.1801 0.22971 0.9733
0.00100 4.6248 19.6357 0.23053 0.9731
i 0.00200 4.9512 21.9627 0.24680 0.9694
0.00500 5.9390 26.0830 0.29605 0.9565
0.01000 6.9449 29.6298 0.34619 0.9408
0.02000 8.0476 33.3043 0.40116 0.9207
0.05000 ©.5679 38.1298 0.47694 0.8892
0.10000 10.7795 41.7626 0.53734 0.8635
0.20000 12.1192 45.4851 0.60412 0.8382
0.50000 14.2186 50.4787 0.70876 0.8102
1.00000 15.9521 53.8806 0.79518 0.7941
2.00000 17.4801 56.4882 0.87135 0.7796
5.00000 18.8402 58.7201 0.93914 0.7568
10.00000 19.4099 59.5897 0.96754 0.7365
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Table 4.3: Calculation of the inverse solution using Tikhonov zero-order regularization
and the PBRS forward solution. Test potentials are from a single-dipole source at
location 18 with Y orientation.

Calculation of Inverse Matrix: PBRS — Tikhonov — Y dipole

Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.00001 47.7548 235.5448 2.39865 0.3997
0.00002 42.4832 188.6037 2.13387 0.4431
0.00005 9.4210 20.5423 0.47320 0.9091
0.00010 6.9811 21.3408 0.35065 0.9468
0.00020 5.8247 15.9022 0.29257 0.9617
0.00050 5.1733 14.2193 0.25985 0.9686
0.00075 5.0218 14.9067 0.25224 0.9698
0.00080 5.0038 15.0530 0.25134 0.9700
0.00085 4.9819 15.2405 0.25023 0.9701
0.06090 4.9743 15.3288 0.24985 0.9701
0.00095 4.9636 15.5303 0.24932 0.9702
0.00100 4.9615 15.5996 0.24921 0.9702
0.00110 4.9474 15.9191 (.24850 0.9702
0.00120 4.9436 16.1718 0.24831 0.9701
0.00130 4.9459 16.4541 0.24838 0.9700
0.00150 4.9513 16.9534 0.24870 0.9697
0.00200 5.0146 18.0377 0.25188 0.9686
0.00500 5.5345 22.3065 6.27799 0.9608
0.01000 6.1895 26.0946 0.31089 0.9504
0.02000 6.9977 30.2879 0.35148 0.9365
0.05000 8.2419 36.3634 0.41398 0.9129
0.10000 9.3310 41.2449 0.46868 0.8915
0.20000 10.5996 46.2138 0.53240 0.8686
0.50000 12.7050 52.5828 0.63815 0.8418
1.00000 14.6130 56.8248 0.73399 0.8270
2.00000 16.4507 60.1339 0.82630 0.8166
5.00000 18.2173 62.9056 0.91503 0.8068
10.00000 18.9950 64.0541 0.95409 0.8008
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Table 4.4: Calculation of the inverse solution using Tikhonov zero-order regularization
and the PBRS forward solution. Test potentials are from a single-dipole source at
location 18 with Z-orientation.

Calculation of Inverse Matrix: PBRS - Tikhonov - Z dipole

Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.0.uul 30.3528 133.1162 1.67716 0.57387
0.00002 19.2743 86.8627 1.06501 0.73690
0.00005 0.2983 26.3500 0.51378 0.91893
0.00010 7.1692 21.4041 0.39614 0.95112
0.00020 5.6135 16.2973 0.31018 0.97105
0.00050 4.8844 14.3065 0.26989 0.97803
0.00075 4.7255 13.3425 0.26111 0.97892
0.00080 4.7033 13.1849 0.25988 0.97901
0.00100 4.6438 12.6573 0.25660 0.97911
0.00150 4.5785 11.7345 0.25299 0.97868
0.00170 4.5648 11.4600 0.25223 0.97844
0.00200 4.5567 11.3618 0.25178 0.97799
0.00400 4.6081 11.2750 0.25462 0.97465
G 00500 4.6555 11.4317 0.25724 0.97305
0.01000 4.9365 14.2202 0.27277 0.96578
0.02000 5.4842 17.6773 0.30303 0.95397
0.05000 6.7555 23.1084 0.37328 0.92829
0.10000 8.1089 27.5537 0.44806 0.90069
0.20000 9.7058 31.9299 0.53630 0.86962
0.50000 12.1196 37.1253 0.66967 0.83313
*..00000 13.9912 40.2632 0.77309 0.81332
2.00000 15.5642 42.5043 0.86001 0.79945
5.00000 16.9156 44.2076 0.93468 0.78539
10.00000 17.4706 45.0691 0.96534 0.77561
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Table 4.5: Calculation of the inverse solution using Laplacian regularization and the
PBRS forward solution. Test potentials are from a single dipole source at location 18
with X orientation.

Calculation of Inverse Matrix: PBRS ~ Laplacian — X dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 29.7936 93.5745 1.48514 0.56208
0.2 16.5840 74.4856 0.82667 0.77067
0.5 8.6209 23.8722 0.42973 0.91953
1.0 6.8126 18.4035 0.33959 0.94760
2.0 5.5852 12.4919 0.27841 0.96402
5.0 4.7620 13.4431 0.23738 0.97349
10.0 4.3657 13.8370 0.21762 0.97748
20.0 4.0580 14.3196 0.20228 0.98027
50.0 3.7742 15.5369 0.18814 0.98251
70.0 3.7317 16.1938 0.18602 0.98276

75.0 3.725 16.3415 0.18577 0.98278
85.0 3.7280 16.6223 0.18583 0.98272
100.0 3.7400 17.0076 0.18643 0.98256
200.0 3.9391 18.8667 0.19635 0.98053
500.0 4.5018 21.6705 0.22440 0.97461
1000.0 5.0617 23.9185 6.25231 0.96798
2000.0 5.6610 26.1360 0.28219 0.95997
5000.0 6.3943 28.8304 0.31874 0.94894
10000.0 6.8855 30.7609 0.34323 0.94095
20000.0 7.3846 32.7458 0.36811 0.93237
50000.0 8.1296 35.4156 0.40524 0.91848
100000.0 8.7080 37.3347 0.43408 0.90723
200000.0 9.2638 39.2507 0.46178 0.89778
560000.0 10.1721 42.3400 0.50706 0.88958
1000000.0 11.3352 45.4857 0.56504 0.88555
2000000.0 13.0859 49.1996 0.65230 0.88185
5000009.0 15.7777 53.8765 0.78648 0.87656
10000000.0 17.4653 56.5894 0.87061 0.87301
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Table 4.6: Calculation of the inverse solution using Laplacian regularization and the
PBRS forward solution. Test potentials are from a single dipole source at location 18
with Y orientation.

Calculation of Inverse Matrix: PBRS - Laplacian - Y dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 44.3717 220.4412 2.22873 0.43086
0.2 25.0484 111.8355 1.25814 0.64109
0.5 11.1473 41.8595 0.55991 0.88242
1.0 8.2607 19.3505 0.41492 0.93041
2.0 6.4355 15.0533 0.32324 0.95636
5.0 5.1139 12,5474 0.25686 0.97207
10.0 4.5517 12.8285 0.22863 0.97768
20.0 4.1366 13.4184 0.20778 0.98129
40.0 3.9510 14.2812 0.19845 0.98247
50.0 3.9447 14.5856 0.19814 0.98234
60.0 3.9613 14.8480 0.19897 0.98203
75.0 4.0059 15.1646 0.20121 0.98142
100.0 4.1010 15.5897 0.20599 0.98026
200.0 4.4507 16.5957 0.22355 0.97607
500.0 5.0429 19.5807 0.25330 0.96841
1000.0 5.5389 21.9894 0.27821 0.96131
2000.0 6.0433 24.3105 0.30355 0.95343
5008.0 6.6088 27.2702 0.33195 0.94364
10000.0 6.9610 29.6746 0.34964 0.93699
20000.0 7.3604 32.3808 0.36970 0.92915
50000.0 8.0598 36.1305 0.40483 0.91458
100000.0 8.6212 38.7897 0.43303 0.90209
200000.0 9.1348 41.3925 0.45883 0.89116
500000.0 9.9501 45.4716 0.49978 0.88041
1000000.0 11.0762 46.4472 0.55634 0.87354
2000000.0 12.8559 53.8920 0.64573 0.86589
5000000.0 |  15.6087 59.0996 0.78400 0.85454
10000000.0 17.3165 61.8021 0.86978 0.84712
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Table 4.7: Calculation of the inverse solution using Laplacian regularization and the
PBRS forward solution. Test potentials are from a single dipole source at location 18
with Z orientation.

Calculation of Inverse Matrix: PBRS - Laplacian - Z dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 23.9755 85.3665 1.32477 0.66560
0.2 20.6314 92.0795 1.14000 0.71776
0.5 10.1715 28.3969 0.56203 0.90721
1.0 7.6735 20.2917 0.42400 0.94679
2.0 6.3059 17.0654 0.34843 0.96543
5.0 5.1626 15.3525 0.28526 0.97884
10.0 4.7149 13.7449 0.26052 0.98324
P 20.0 4.5223 12.1631 0.24988 0.98459
40.0 4.4631 12.4088 0.24661 0.98435
50.0 4.4606 12.6107 0.24647 0.98405
] 60.0 4.4627 12.7668 0.24659 0.98375
K 100.0 4.4882 13.3633 0.24800 0.98260
‘ 200.0 4.5780 14.4762 0.25296 0.98023
500.0 4.8269 15.1699 0.26671 0.97517
1600.0 5.1389 14.9763 0.28395 0.96934
2000.0 5.5430 15.4080 0.30628 0.96162
5000.0 6.0864 16.0070 0.33631 0.94993
10000.0 6.4660 18.4468 0.35728 0.94043
20000.0 6.9227 21.1935 0.38252 0.92848
‘ 50000.0 7.7674 24.9787 | 0.42919 0.90568
100000.0 8.4358 27.5759 0.46612 0.88568
200000.0 8.9795 29.9139 0.49617 0.86826
500000.0 9.7639 33.0933 0.53951 0.85222
1000000.0 10.9072 35.8367 0.60268 0.84359
2000000.0 12.6419 38.6751 0.69853 0.83534
5000002.0 15.0142 41.8159 0.82962 0.82363
10000000.0 16.3181 43.4016 0.90166 0.81570
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Inverse Solution Regularization -- PBRS
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| Figure 4.4: Regularization of the inverse solution whose Zgy matrix was obtained by
PBRS method: X dipole.
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Inverse Solution Regularization -- PBRS
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Figure 4.5: Regularization of the inverse solution whose Zgy matrix was obtained by
PBRS method: Y dipole.
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Inverse Solution Regularization -- PBRS
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Figure 4.6: Regularization of the inverse solution whose Zpy matrix was obtained by
PBRS method: Z dipole.
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its optimal value and rose again quickly beyond it, the rms error remained relatively
stable over several decades of t-values. The curves of relative error and correlation
coefficient, on the other hand, displayed symmetrical, complementary shapes. Neither
the relative error nor the correlation coefficient changed as quickly with ¢ as the
absolute error, nor as slowly as rms error. A general finding is that the dependence
on t is much more dramatic at the low end of its range. In fact, the curves rose so
sharply for small ¢ that these points were removed from the graph so that the more
subtle fluctuations near the optimal values of ¢ could be observed.

Of the two regularization methods, the Laplacian regularization produced gener-
ally better (lower errors and higher correlation coefficients) values than the Tikhonov
zero-order regularization. This can be seen from the tables and in the curves, which
reveal that all parameters attained more optimal values for Laplacian regularization
than for Tikhonov zero-order regularization. The error parameters were also not as
sensitive to less-than-optimal values of ¢ when the inverse solution was regularized by
the Laplacian method.

The tables reveal that the optimal value of the regularization parameter t was
not always the same for each of the error indicators. In Table 4.5, for example, the
optimal value of ¢t would appear to be 75, at least when based on all parameters but
the maximum error, which reaches a minimum at ¢ = 2. The bottom, left-hand graph
in Figure 4.4 shows this as a shift between the respective troughs of the two curves.
This shift might appear to be something of a general finding for both regularization
methods were it not for the data gathered from the Z-dipole trial, which is shown
in Tables 4.4 and 4.7 and in Figure 4.6. In the Z-dipole case, there was general
agreement on the optimal value of ¢ for all four error indicators.

Epicardial maps of the simulated dipole-source potentials, together with the cal-
culated epicardial potentials at their respective optimal ¢-values, are presented in Fig-
ure 4.7. The left-hand column contains the maps plotted from the simulated epicar-

dial data obtained by forward calculation for each of the three dipole orientations; the
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maps in the middle column were produced by inverse calculations based on Tikhonov
zero-order regularization, while those in the right-hand column were produced by
inverse calculation based on Laplacian regularization. For all three dipoles, there
were obvious errors in the Tikhonov-regularized maps, in which extrema were shifted
and irregular notches appeared in the contours. The Laplacian-regularized maps,
on the other hand, appeared to match their simulated counterparts more closely; the

contours remained smooth and there were only slight shifts in location of the extrema.

4.1.3.2 RMC inverse solution

Equivalent computations to those described in the previous section were also per-
formed based on coefficient matrices produced by the RMC method. Tables 4.8
through 4.13 contain the numerical results of the iegularization trials; these data are
displayed graphically in Figures 4.8-4.10.

The error-indicator values resulting from a regularized inverse solution based on
a Zpg matrix generated by the RMC method were virtually indistinguishable over
broad ranges cf ¢-values from those based on a Zpy matrix generated by the PBRS
method. The RMC method seemed to produce an inverse solution which was, in gen-
eral, more sensitive to values of ¢ which lay below the optimum; the error curves rose
more sharply for small ¢t than did those for the PBRS solutions. Otherwise, inverse
solutions produced from the RMC and PBRS methods appeared to be equivalent in
their performance.

Examination of the epicardial maps modifies this evaluation only slightly. From
Figures 4.11 and 4.7, there were slight differences in epicardial potentials calculated
by the PBRS and RMC methods, especially in the case when Tikhonov zero-order
regularization was applied. The middle column of Figure 4.11 shows a downward
shift in the minimum of the calculated X-dipole map and a less evident upward
movement of the maximum for the Y dipole, relative to the simulated potentials in

the left column of the same figure. In the corresponding Figure 4.7 for the PBRS
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Table 4.8: Calculation of the inverse solution using Tikhonov regule ization and the
RMC forward solution. Test potentials are from a single-dipole source at location 18

with X orientation.

Calculation of Inverse Matrix: RMC — Tikhonov - X dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.00001 89.6428 384.8418 4.46850 0.21202
0.00002 31.9298 176.4236 1.59163 0.53171
: 0.00005 14.6142 64.7550 0.72849 0.80537
0.00010 6.1801 16.7491 0.30807 0.95406
0.00020 5.0948 15.5096 0.25396 0.96789
0.00050 4.4878 16.9606 0.22371 0.97466
0.00070 4.4221 17.7877 0.22043 0.97544
0.00075 44124 17.9605 0.21995 0.97558
0.00080 4.4150 18.1742 0.22008 0.97558
0.00100 4.4495 18.8752 0.22180 0.97534
0.00200 4.9011 21.7719 0.24431 0.97073
0.00500 6.0614 26.5177 0.30215 0.95580
0.01000 7.1020 30.3522 0.35402 0.93939
0.02000 8.1841 34.1829 0.40796 0.91971
0.05000 9.6784 39.0834 0.48245 0.88932
0.10000 10.8860 42.6887 0.54264 0.86419
0.20000 12.2324 46.3182 0.60976 0.83846
0.50000 14.3060 51.0718 0.71312 0.80666
: 1.00000 15.9797 54.2520 0.79655 0.78668
2.00000 17.4628 56.7420 0.87048 0.76978
5.00000 18.8123 58.8464 0.93775 0.74779
10.00000 19.3899 59.6472 0.96655 0.73063




Table 4.9: Calculation of the inverse solution using Tikhonov regularization and the
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RMC forward solution. Test potentials are from a single-dipole source at location 18

with Y orientation.

Calculation of Inverse Matrix: RMC - Tikhonov - Y dipole

Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.00001 | 129.3884 577.9121 6.49900 0.15390
0.00002 61.2008 290.9860 3.07403 0.32345
0.00005 12.4882 45.5303 0.62726 0.85710
0.00010 7.0827 19.3962 0.35575 0.94659
0.00020 5.8386 15.0156 0.29326 0.96217
0.00050 4.9141 11.8190 0.24683 0.97167
0.00075 4.7170 12.8057 0 ""AG3 0.97323
0.00080 4.7054 12.8934 0.23634 0.97326
0.00090 4.6727 13.3927 0.23470 0.97345
0.00100 4.6616 13.7423 0.23414 0.97341
0.00200 4.7996 16.7513 0.24108 0.97092
0.00500 5.5271 21.8293 0.27762 0.96070
0.01000 6.3141 26.1558 0.31715 0.94848
0.02000 7.2165 30.7536 0.36247 0.93269
0.05000 8.5084 37.0463 0.42736 0.90737
0.10000 9.5733 41.8834 0.48085 0.88581
0.20000 10.7970 46.7114 0.54232 0.86320
0.50000 12.8254 52.8470 0.64420 0.83605
1.00000 14.6657 56.9482 0.73664 0.82041
2.0000n 16.4573 60.1822 0.82663 0.80907
5.00000 18.2067 62.9228 0.91450 0.79866
10.00000 18.9862 64.0650 0.95365 0.79286




119

Table 4.10: Calculation of the inverse solution using Tikhonov regularization and the
RMC forward solution. Test potentials are from a single-dipole source at location 18

with Z orientati n.

Calculation of Inverse Matrix: RMC - Tikhonov - Z dipole

Reg. Par. | rms Er-or | Max. Error | Rel. Error | Corr. Coeff.
0.00001 | 165.4633 757.0747 9.14275 0.12572
0.00002 32.7125 176.7783 1.80754 0.51791
0.00005 12.1117 35.7666 0.66923 0.84797
0.00010 7.8814 31.8703 0.43549 0.92641
0.00020 5.2699 14.0746 0.20119 0.96511
0.00050 4.1786 12.2927 0.23089 0.97668
0.00075 3.9720 11.7498 0.21947 0.97829
0.00100 3.8795 11.3633 0.21436 0.97881
0.00150 3.8335 10.8920 0.21182 0.97866
0.00200 3.8625 10.8303 0.21342 ¢.97790
0.00500 4.3008 12.3646 0.23764 0.97148
0.01000 4.8813 15.5375 (.26972 0.96299
0.02000 5.6558 19.2217 0.31252 0.95099
0.05000 7.0838 24.7586 0.39142 0.92677
0.10000 8.5010 29.1834 0.46373 0.89956
0.20000 10.1178 33.4226 0.55906 0.86530
0.50000 12.3690 38.1949 0.68346 0.81890
1.00000 14.0382 40.9462 0.77569 0.79113
2.00000 15.4932 42.8864 0.85608 0.77190
5.00000 16.8321 44.3662 0.93006 0.75599
10.00000 17.4139 45.0858 0.96221 0.74790
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Table 4.11: Calculation of the inverse solution using Laplacian regularization and the
RMC forward solution. Test potentials are from a single-dipole source at location 18
with X orientation.

Calculation of Inverse Matrix: RMC - Laplacian - X dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 50.0252 217.2312 2.49365 0.37553
0.2 217.7669 120.8695 1.38412 0.59205
0.5 11.5394 39.5259 0.57522 0.86815
1.0 7.3470 19.6469 0.36623 0.93956
2.0 5.8650 14.4016 0.29236 0.96017
5.0 5.0929 13.8647 0.25387 0.96938
10.0 4.6717 14.1762 0.23287 0.97387
20.0 4.2917 14.6048 0.21393 0.97757
50.0 3.8647 15.9226 0.19265 0.98138
75.0 3.7642 16.8187 0.18764 0.98225
90.0 3.7496 17.2770 0.18691 0.98238
100.0 3.7518 17.5568 0.18702 0.98236
200.0 3.9525 19.5719 0.19702 0.98057
500.0 4.5697 22.5021 0.22779 0.97434
1000.0 5.1507 24.8030 0.25675 0.96753
2000.0 5.7433 27.0600 0.28629 0.95969
5000.0 6.4513 29.7768 0.32158 0.94924
10000.0 6.9284 31.6622 0.34537 0.94173
20000.0 7.4117 33.5445 0.36946 0.93381
50000.0 8.1320 36.0952 0.40536 0.92119
100000.0 8.7189 37.9944 0.43462 0.91057
200000.0 9.3174 39.9071 0.46445 0.90093
500000.0 10.2825 42.8990 0.51256 0.89181
1000000.0 11.4352 45.8764 0.57002 0.88727
2000000.0 13.1266 49.4005 0.65433 0.88340
5000000.0 15.7489 53.9101 0.78505 0.87817
10000000.0 17.4261 56.5696 0.86865 0.87466

A ot o
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Table 4.12: Calculation of the inverse solution using Laplacian regularization and the
RMC forward solution. Test potentials are from a single-dipole source at location 18
with Y orientation.

Calculation of Inverse Matrix: RMC ~ Laplacian - Y dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 72.2160 367.1793 3.62731 0.27142
0.2 39.5294 174.4808 1.98551 0.46766
0.5 15.2419 52.0484 0.76558 0.80962
1.0 9.4056 24.7800 0.47243 0.91345
2.0 6.8745 17.6246 0.34530 0.95160
5.0 5.3388 12.0046 0.26816 0.97024
10.0 4.5603 9.6792 0.22906 0.97799
20.0 4.0839 10.6442 0.20513 0.98197
40.0 3.8625 12.1223 0.19401 0.98328
45.0 3.8574 12.3813 0.19375 0.98321
50.0 3.8579 12.5901 0.19378 0.98309
75.0 3.9326 13.4107 0.19753 0.98199
100.0 4.0450 14.0256 0.20318 0.98063
200.0 4.4340 15.9466 0.22271 0.97600
500.0 5.0242 19.3346 0.25236 0.96831
1000.0 5.4843 21.8576 0.27547 0.96170
2000.0 5.9594 24.2945 0.29933 0.95433
5000.0 6.5395 27.3451 0.32847 0.94454
10000.0 6.9250 29.7288 0.34784 0.93756
20000.0 7.3379 32.3794 0.36857 0.92976
50000.0 8.0184 36.1203 0.40275 0.91598
100000.0 8.5721 38.8282 0.43057 0.90405
200000.0 9.0998 41.4712 0.45707 0.89328
500000.0 9.9485 45.5342 0.49970 0.88236
1000000.0 11.0842 49.4593 0.55674 0.87531
2000000.0 12.8525 53.8612 0.64556 0.86735
5000000.0 15.5870 59.0561 0.78291 0.85513
10000000.0 17.2937 61.7676 0.86864 0.84692
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Table 4.13: Calculation of the inverse solution using Laplacian regularization and the
RMC forward solution. Test potentials are from a single-dipole source at location 18
with 7 orientation.

Calculation of Inverse Matrix: RMC - Laplacian — Z dipole
Reg. Par. | rms Error | Max. Error | Rel. Error | Corr. Coeff.
0.1 123.6566 606.8671 6.83270 0.14884
0.2 29.0676 133.9580 1.60614 0.56434
0.5 11.9484 48.9674 0.66021 0.85519
1.0 7.8368 18.4844 0.43303 0.93012
2.0 6.0846 14.8516 0.33620 0.95654
5.0 4.8699 10.6322 0.26909 0.97174
10.0 4.4362 11.1569 0.24512 0.97621
20.0 4.1725 11.4977 0.23055 0.97846
50.0 3.9985 12.0764 0.22094 0.97929
75.0 3.9644 12.1732 0.21905 0.97915
80.0 3.9629 12.1896 0.21897 0.97908
90.0 3.9597 12.1828 0.21880 0.97896
100.0 3.9603 12.1628 0.21883 0.97882
200.0 4.0129 11.7481 0.22174 0.97732
500.0 4.2046 11.1391 0.23233 0.97387
1000.0 4.4716 12.3770 0.24708 0.96964
2000.0 4.8898 14.4395 0.27019 0.96308
5000.0 5.5769 17.3341 0.30816 0.95138
10000.0 6.0944 19.6846 0.33675 0.94160
20000.0 6.6431 22.2474 0.36706 0.93037
50000.0 7.5462 25.7745 0.41697 0.90974
100000.0 8.3039 28.2352 0.45883 0.89033
200000.0 9.0068 30.4317 0.49767 0.87190
500000.0 9.9545 33.3062 0.55004 0.85382
1000000.0 | 11.0162 35.7730 0.60870 0.84427
2000000.0 12.5508 38.4250 0.69350 0.83598
5000000.0 | 14.7988 41.5427 0.81772 0.82514
10000000.0 16.1382 43.2040 0.89172 0.81803
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Figure 4.8: Regularization of the inverse solution whose Zgy matrix was obtained by
RMC method: X dipole.
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Inverse Solution Regularization -- RMC
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Figure 4.9: Regularization of the inverse solution whose Zgy matrix was obtained by

RMC method: Y dipole.
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Inverse Solution Regularization -- RMC
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inverse solution, the X-dipole minimum was shifted only slightly downward, as was
the maximum of the Y dipole. Just as in the PBRS epicardial maps, Laplacian
regularization applied to the RMC solution produced smoother maps, which more
closely resembled the simulated distributions in terms of both potential amplitudes
and location of extrema, than did the Tikhonov zero-order regularization.

If one examines the actual data set for the simulated and calculated epicardial
potentials, several features become clear. The largest percentage errors, for both
Tikhonov and Laplacian regularization arose at nndes where the gradient of poten-
tial was large and the potential value small. For the X dipole, for example, this
occurred along a circular arc running parallel to the contour lines near the transition
from negative to positive values from about 7 o’clock to 1 o’clock in the top row of
maps in Figure 4.11. The large potential gradient is evidenced by the high density of
contour lines. The largest individual errors arising from the Laplacian regularization
were considerably larger than the largest error for Tikhonov zero-order, for exam-
ple at node 18, where the error for the Laplacian inverse was 6.69 pV, while in the
Tikhonov inverse at the same node the error was 2.65 V. However, the Tikhonov
inverse produced more nodes with large errors (7 with errors > 100% versus only 4 in
the Laplacian). A reason for the difference in these two regularization techniques is
that the Tikhonov zero-order regularization constrains the amplitude of the epicar-
dial potentials without regard for the values at neighbouring points, while Laplacian
regularization considers explicit input from other neighbours via the Laplacian oper-
ator. This leaves the Tikhonov solution better equipped to follow rapid changes in
potential, while the amplitudes produced by the Laplacian inverse at any single node
are bound to those of its neighbours and cannot follow steep gradients from node to
node.

This fundamental distinction between the two regularization techniques also ex
plains another anomaly in the epicardial maps in Figures 4.7 and 4.11. All three

Tikhonov inverse solutior maps exhibit localized errors in the vicinity of the apex,
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Table 4.14: Summary of results of the inverse-solution tests for a single dipole source.
Each inverse solution was calculated at the optimal ¢-value for that particular solution
method, regularization method, and dipole orientation.

Summary of inverse solution accuracy — dipole source
Solution/Source | t-val | rms Error | Max. Error | Rel. Error | Corr. Coeff.
PBRS

X dipole
Tikhonov | 0.00050 4.6926 18.0547 0.23392 0.97242
Laplace 50.0 3.7742 15.5369 0.18814 0.98251

Y dipole
Tikhonov | 0.00100 4.9615 15.5996 0.24921 0.97025
Laplace 40.0 3.9510 14.2812 0.19845 0.98247

Z dipole
Tikhonov | 0.00200 4.5567 11.3618 0.25178 0.97799
Laplace 40.0 4.4631 12.4088 0.24661 0.98435

RMC

X dipole
Tikhonov | 0.00070 4.4221 17.7877 0.22043 0.97544
Laplace 75.0 3.7642 16.8187 0.18764 0.98225

Y dipole
Tikhonov | 0.00090 4.6727 13.3927 0.23470 0.97345
Laplace 40.0 3.8625 12.1223 0.19401 0.98328

Z dipole
Tikhonov | 0.00150 3.8335 10.8920 0.21182 0.97866
Laplace 50.0 3.9985 12.0764 0.22094 0.97929

manifested as discontinuities in the contour lines. The apex is also the region of the
epicardial surface with the highest spatial density of nodes; since Tikhonov regulariza-
tion does not constrain the fluctuation in potential from node to node, the relatively
small changes in calculated potential in this region escape sufficient damping. Due
to the smoothness constraints applied in Laplacian regularization, on the other hand,
the fluctuations in this area are well controlled, producing smooth contours which
match those of the simulated epicardial potentials.

A final comparison of the PBRS and RMC inverse solutions is shown in Table 4.14,
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in which the error indicators for each inverse solution at the optimal value of ¢ are
gathered from Tables 4.2-4.13. Examination of this table indicates, for both methods
of regularization, slightly more accurate results with the RMC method than with the
PBRS.

In order to demonstrate the effect of changing the value of the regularization
parameter ¢ on the epicardial maps which the inverse solutions produce, a set of Zyp
matrices was computed for each of 8 different values of ¢ with Laplacian regularization.
For each Zyp 1aatrix, epicardial maps were then computed from the simulated torso
maps for the X, Y, and Z dipoles. The result was a set of 24 epicardial maps, which
are shown in Figures 4.12 and 4.13. Each row of the figures includes the epicardial
X-, Y-, and Z-dipole maps for a specific valae of ¢ which is indicated at the bottom of
each map. The t-values chosen were: 0.1,1.0,10.,100.,103,10%,10%, and, 10°. Since
the range of potential values which resulted was large, each map had to be scaled
individually.

As anticipated, for values of t well below the optimum, the inverse solution pro-
duced epicardial potentials which oscillated wildly and were poorly constrained (top
row, Figure 4.12). The large areas in the maps with no contour lines indicate values
which were below 10% of the maximum. At ¢ = 1.0, the basic shape and . uacture
of the maps were already obvious; this corresponds to the third point on the graphs
in the lower ro'ss of Figures 4.8-4.10. The maps were still quite coarse, however,
with multiple islands of local maxima and minima. Not until £ = 100 did the maps
become as smooth and continuous as the simulated maps which they were supposed
to recover. As the value of ¢ was further increased, the potentials distributions be-
came somewhat smoother, but did not change shape considerably; the amplitudes
were further reduced with each increase in t.

This result agrees well with what would be expected from the Laplacian regular-
ization technique. Too little regularization renders the inverse solution unconstrained

and unpredictable; moderate application of Laplacian regularization smooths out the
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distribution and reduces the large fluctuations in amplitude. Too much regularization
does little (if one ignores the reduced amplitudes and spatial gradients) to distort the
topography of a distribution as simple as that from a single dipole; however, with
more complex distributions containing multiple extrema, one can expect that over-
regularizing the inverse solution would compromise the spatial resolution of the map

and would hinder the ability to discern local events on the epicardial surface.

4.1.4 Sensitivity of the inverse solution to noise

The analysis of the inverse solutions presented so far has assumed that the signals
are free of noise, that is, they have been known with an accuracy limited only by
the truncation error of the computer. As described in section 3.1.4, it is possible to
generate random noise which can be added to potential distributions to which the
inverse solution is applied. We performed tests in which the amplitude distribution of
computer-generated random noise was shaped to produce Gaussian noise with a stan-
dard deviation equal to specified percentages of the rms amplitude of the simulated
torso potential distributions produced by a dipole. This random noise was added to
the torso potentials and the sum was multiplied by the inverse solution coefficient
matrix Zgp to generate calculated epicardial potentials; these were then compared
with the simulated epicardial distributions for the same dipole.

We chose the Zip matrix which resulted from applying Laplacian regularization
to a Zpy matrix generated by the RMC method to perform all noise calculations;
the latter combination provided the best results in the comparisons described in the
previous section and became the matrix with which epicardial maps were computed
from clinical BSPM data (see section 4.3). We also wished to compare the sensitivity
of the inverse solution to noise for several different values of the regularization pa-
rameter ¢. The results presented here were calculated with ¢ = 75 (a value equal to
the optimum for the X dipole and very cloze to the optima for the Y and Z dipoles),
t = 200, and ¢ = 500.
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Table 4.15: Noise sensitivity of the inverse solution. The inverse solution was calcu-
lated from the RMC forward solution with Laplacian regularization (t=75). To the
torso data was added Gaussian noise with the standard deviation set as a percent-
age of rms potential. Error measures compare recovered epicardial potentials with
simulated X-dipole data. All values are given as mean = standard deviation for 20

trials.
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Inverse solution with Gaussian noise: RMC ~ Laplacian - ¢ = 75 — X dipole

Noise rms Error Max. Error Rel. Error Corr. Coeff.
0.%| 3.76 + 0.00|16.82 + 0.00|0.188 =+ 0.000}0.982 =+ 0.000
2.%| 3.80 + 0902|1696 + 0.05|0.190 + 0.001]0.982 =+ 0.000
5% 4.05 £+ 0.06]17.18 + 0.13]0.202 + 0.003]|0.979 £ 0.001
8% | 450 £ 0121740 4+ 0.21]0.224 + 0.006]0975 + 0.001
10.% | 487 X+ 0171764 + 0.28]0.243 £ 0.008|0.970 X 0.002
15.% | 6.01 + 0.28]|1985 + 0.48]0.300 + 0.014]0.955 =+ 0.004
20% | 7.31 £ 0382268 L 0.79|0.364 + 0.019]0934 £ 0.006
30.% | 10.16 + 0.58 (30.03 + 1.79)|0.507 £ 0.029|0.881 + 0.012
40.% | 13.16 £ 0.77138.08 + 2.95|0.656 =+ 0.039|0.819 £ 0.017
50.% | 16.23 £+ 0.96 | 4643 =+ 4.18]|0.809 =+ 0.048|0.755 + 0.022
60.%|19.33 + 1.14|55.04 + 5.10|0.963 + 0.0570.693 + 0.026
70.% | 2245 + 1.32(6395 £ 5.70|1.119 % 0.066|0.635 £ 0.029
80.% | 2559 + 1.50|72.87 + 6.30|1.275 + 0.075]0.583 £ 0.031
90.% | 28.73 £+ 1.68|81.89 + 6.92|1.432 + 0.084|0.536 + 0.032
100.% | 31.88 + 1.86|9091 + 7.55|1.589 =+ 0.093|0.495 + 0.033
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Table 4.16: Noise sensitivity of the inverse solution. The inverse solution was calcu-
lated from the RMC forward solution with Laplacian regularization (t=200). To the
torso data was added Gaussian noise with the standard deviation set as a percent-
age of rms potential. Error measures compare recovered epicardial potentials with
simulated X-dipole data. All values are given as mean - standard deviation for 20
trials.

Inverse solution with Gaussian r~ce: RMC - Laplacian — ¢ = 200 - X dipole
Noise rms Error Max. Error Rel. Error Corr. Coeff.
0% | 395 £ 0.00]19.50 &£ 0.00]020 <+ 0.000]0.980 =+ 0.000
2% | 397 £ 0.0111959 £+ 0.04 {020 + 0.001]0.980 =+ 0.000
5% | 409 £ 0041971 £+ 0.10[0.20 £ 0.002]0.979 £ 0.000
8% | 430 + 007]19.83 + 0.17(021 £ 0.004|0.977 =+ 0.000
10% | 448 £ 0091991 £ 0.21}022 + 0.005]0.975 =+ 0.001
15% | 502 =+ 0.0620.20 + 0.28{0.25 <+ 0.003|0.968 =+ 0.001
20% | 573 £ 0082084 + 029029 + 0.004]0958 =+ 0.001
30% | 738 4 0122362 £ 0.01]037 £ 0.006|0.931 + 0.003
0% 921 + 0162768 £ 0.53[046 <+ 0.008(0.897 + 0.005
50% | 11.14 £+ 0203242 + 050|056 <+ 0.010|0.857 + 0.007
60% | 13.18 £ 0.61 3832 £+ 233|0.66 £ 0.031]0.811 + 0.015
0% | 1519 + 0.70 {43.52 + 3.09({0.76 £ 0.035|0.767 + 0.018
80% | 1722 £+ 079 |48.90 + 3.89|{086 + 0.039]0.723 + 0.020
90% | 19.27 + 0885454 + 462|096 + 0.044|0.682 -+ 0.023
100% | 21.32 £+ 0976029 + 5.03|1.07 £ 0.048]0.643 + 0.024




Table 4.17: Noise sensitivity of the inverse solution. The inverse solution was calcu-
lated from the RMC forward solution with Laplacian regularization (t=500). To the
torso data was added Gaussian noise with the standard deviation set as a percent-
age of rms potential. Error measures compare recovered epicardial potentials with
simulated X-dipole data. All values are given as mean + standard deviation for 20

trials.
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Inverse solution with Gaussian noise: RMC - Laplacian - ¢ = 500 — X dipole

Noise rms Error Max. Error Rel. Error Corr. Coefl.
0% | 457 £+ 0.00]2250 =+ 0.00]0.228 + 0.000}]0.974 -+ 0.000
2% | 458 4+ 0.01]2254 + 0.02]0.228 + 0.000]0.974 + 0.000
5% | 463 + 0022261 4+ 0060231 4+ 0.001]0.974 =+ 0.000
8% | 4.72 4+ 0.04 2267 4+ 0.09]0.236 <+ 0.002]0.972 + 0.000
10% | 481 + 0052271 + 0120240 £ 0.002]0.971 + 0.001
15.% | 5.07 + 0.07/]2282 + 0.15]0.253 + 0.004]0.968 -+ 0.001
20.% | 5.42 -+ 0.09)23.06 + 0.04(0.270 + 0.005|0.963 £+ 0.001
30% | 6.30 £+ 0.14}23.69 + 0.14]0.314 + 0.007]0.949 £+ 0.002
40.% | 735 £+ 0172504 =+ 0.16)]0.367 £ 0.008]0.930 *x 0.003
50.% | 851 <+ 0202697 + 0040424 =+ 00100907 £ 0.005
60.% | 9.714 + 0222964 + 025|048 + 0.011|0.881 =+ 0.006
70.% | 11.01 £ 0243262 + 0610549 + 0.012]0.853 £ 0.007
80.% | 12.32 £ 0263592 + 1.04({0.614 + 0.013]|0.823 <+ 0.008
90.% | 13.66 + 0283943 4+ 1.510.681 =+ 0.014]0.793 + 0.009
100.% | 15.00 £ 0.30 4295 4+ 2000748 =+ 0.015}0.762 £ 0.010
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Figure 4.14: Effect of Gaussian noise on the accuracy of the inverse solution.
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The accuracy of the inverse solution in the face of applied Gaussian noise for
t = 75 (Table 4.15 and top row of Figure 4.14) was compared to that with ¢ = 200
(Table 4.16 and middle row of Figure 4.14) and ¢ = 500 (Table 4.17 and bottom row
of Figure 4.14). At low noise levels (< 5%), the values of all four error indicators
were closer to optimal values for ¢ = 75 than for either ¢ = 200 or t = 500, but
this situation reversed for noise at levels above 5-10% (depending on which error
indicator is chosen). This is apparent in Figure 4.14 by the slopes of the curves,
which are steepest in the plots in the upper row (¢ = 75) and become progressively
flatter for the middle (¢ = 200) and bottom (¢ = 500) rows.

The effect of torso-potential noise on epicardial maps can be seen in Figures 4.15-
4.17. The left column of each figure is made up of simulated torso isopotential maps
from the X-dipole source with the addition of progressively larger amounts of Gaus-
sian noise. The amount of noise, as a percent of rms amplitude of the noise-free
map is indicated in the central “cutout” in the torso plot and again below each of
the corresponding calculated epicardial maps, which form the centre and right-hand
columns of each figure. The epicardial maps in the middle column were produced by
a Zpg matrix computed with ¢t = 75; for those in the right-hand column, the value
of ¢ was 500.

The epicardial maps calculated with different ¢-values differed only slightly (maps
were somewhat smoother in the case of ¢ = 500) with the noise levels up to 10%. At
15% noise, the maps with ¢ = 75 showed infoldings in the contour lines and small
positive and negative areas appeared as ‘islands’, isolated from the once-confluent
‘mainland’. In the maps with ¢ = 500, the shape of the single central positive area
was maintained and only small irregularities were present in the contour lines. Not
until the noise level reached 50-60% did maps calculated with £ = 500 begin to break
up and loose their smooth, confluent pattern. At the higher noise levels, the maps with
t = 75 showed numerous extrema, the largest of which had amplitudes well beyond

their values without noise. These results indicate that the inverse solution with the
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Figure 4.15: Simulated body surface and epicardial maps with added Gaussian noise.

Noise levels = 0, 2, 5, 8. and 10%.
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Figure 4.16: Simulated torso maps and epicardial maps with added Gaussian noise.
Noise levels = 15, 20, 30, 40, and 50%.
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Figure 4.17: Simulated torso maps and epicardial maps with added Gaussian noise.

Noise levels = 60, 70, 80, 90, and 100%.
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optimal ¢-value under ideal conditions can be pushed towards serious instability when
noise corrupts the input signal. Multiple extrema appear in both sets of maps as the
noise level increases, but there are always more isolated extrema in the maps with
t = 75 than in the corresponding maps with ¢ = 500 maps.

The levels of noise in this experiment were considerably higher than would ever
be expected in an actual BSPM recording, which in our recordings usually does not
exceed 20 pV rms (before averaging). While a value of ¢ = 500 produced stable
epicardial maps at noise levels up to about 50%, under ideal (no noise) conditions
it also increased the relative error from .188 to .228 and reduced the correlation
coefficient from .982 to .974, compared to values at the optimal value of t = 75. With
a relative error = .202 and correlation coefficient = .980 under ideal conditions, we
felt that ¢ = 200 was a reasonable compromise between accuracy and stability and

chose this value for the calculation of epicardial maps from clinical data.

4.1.5 Computation times

The computational cost of generating an inverse solution depends on the number of
nodes in the torso model. Each node adds another equation to the system, increasing
the time required to compute each part of the forward and inverse solution. This
was the main motivation for reducing the number of nodes in the geometry, from the
1216 triangles/610 nodes of the original torso, to 700 triangles/352, of the new torso
described in Appendix A. We did not, however, document the effect of this change
on the accuracy of the inverse solution.

The forward solution requires much more computer time than the inverse solution
itself since there are 6 individual submatrices to compute, which vary in size from
98 x 98 to 352 x 352. The required calculations for each of these are described
in detail in section 3.1.3. Separate programs were written to produce each of these
submatrices, and each program was validated by appropriate control computations.

For example, in the cornputation of the P matrices according to the PBRS method, a
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running total of the solid angles about each observation point was kept and compared
to the theoretical values of 0 (observation point outside the surface of integration,
as for Pgy), 2r (observation point on the surface of integration, as for Ppp and
Pyy), and 4n (observation point inside the integration surface, as for Pyg). Once
the entire set of submatrices was evaluated, two separate programs computed two
composite submatrices, the product of which was the Zpg matrix. This follows from

equation 3.30:
Zpn = (Pss — GeuGry Pus) (GeuGiyPun — Pen).

If we define two composite submatrices Zy,; and Z, such that

Zy = (Ppp — GenGyyPus) (4.1)

and
Zy2 = (GeuGyy Pan — Pan), (4.2)

then
Zpy = Z;llng. (4.3)

The total CPU time required to compute all the submatrices (Pgp, Ppa, Pus,
Pyu, Gpp, and Gyg) on a VAX 8800 computer (Digital Equipment Corp, Maynard,
MA) was for the PBRS solution, 26:33 min, and for the RMC solution, 6:10 min.
Generation of the complete Zgy matrix from the submatrices, including validation of
the two inversions and storage of both composite submatrices, required an additional
3:36 min, independent of the forward solution method. Each step could be performed
either interactively or in a batch job. The time required to produce the inverse matrix
was much shorter compared to the forward solution. The inverse solution was always
performed interactively, to provide the user with full control over forward matrix,
regularization method and t-parameter, as well as whether error calculations were to
be performed. A single inverse solution required on the order of 5-10 s of execution

time on a VAX 8800.
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The large difference in CPU time between the PBRS and RMC forward solutions
is striking The reason for this disparity lies in the greater efficiency of the Cruse
algorithm paired with Radon quadrature to perform the integrations in the RMC
forward solution, compared to the repeated solid angle computations required in the
triangle-subdivision scheme of the PBRS solution. The cost of subdividing and recal-
culating was seen most clearly in the CPU time required to compute the Ggy matrix:
46.1 s for the RMC method versus 11.22 min for the PBRS. The only difference in pro-
gramming for the two forms of the calculation is in the repeated subdivision required
in the PBRS solution versus the single execution of Radon’s-quadrature algorithm
in the RMC method. For its computational efficiency, the RMC method produced
forward and inverse solutions which were just as accurate as those generated by the
PBRS approach. The inverse solution employed for computing epicardial maps from
clinical data (section 4.2) was based on the combination of RMC forward solution

with Laplacian regularization.
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4.2 Clinical Mapping Studies
4.2.1 Studies DYE#1 and DYE#2

The two DYE studies described in section 3.2 were undertaken to document the ef-
fects of injection of angiographic contrast media on body-surface potentials. Changes
in the amplitude of QRS-, ST-, and T-isointegral maps followed injection of contrast
medium in many cases. These changes were rapid in onset (within seconds of the
injection), peaked within 20 s, and dissipated over the next 20-300 s. There was
also a transient rotation in the isointegral map distribution following injection. The
body-surface maps from the study DYE #2 were analyzed in terms of changes in
the amplitude of extrema, and the rotation of the “zero-line”. The zero-line was
constructed (by hand) tangentially to the contour of zero potential where it inter-
sected a second line joining the maximum and minimum. The time from injection of
the contrast medium until complete resolution of these changes was also determined.
Table 4.18 contains the values obtained for all 10 patients in the study DYE #2,
grouped according to the contrast medium employed for each case. Rotations are
denoted in degrees and values below 10° were not recorded; the + and — signs before
each value indicate the direction of rotation as counter-clockwise and clockwise, re-
spectively. Fluctuations in amplitude of the maximum and minimum were expressed
as a percent of the corresponding baseline value, a — sign indicating a reduction
in amplitude. Parameters which varied less than 10% appear in the table as blank
entries.

Changes occurred most frequently, with largest amplitude and duration, following
injection of the contrast medium Hexabrix. The results for the other two contrast
media were very similar, with changes slightly larger after injection of Omnipaque
but more frequent after injection of Isovue. In ali but one case, the effects of either
of these contrast media disappeared within 120 s after injection. On the basis of

these results, for all cases in the study PTCA#2, the dye Omnipaque was used and a
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Table 4.18: Study DYE #2. Values are given as percent change in the maximum
(Max Amp) and minimum (Min Amp), the amount of rotation in the zero-axis (Rot
Amp), and the duration after injection of the contrast medium required to return to
baseline (Max Dur, Min Dur, Rot Dur). LC=left coronary artery; RC=right coronary
artery.

Omnipaque Hexabrix Isovue
3185 | 3186 | 3108 | 3202 | 3205 | 3206 | 3210 | 3213 | 3214 | 3215
QRS/LC
Max Amp[{%]| 50| 50| 30| 70 35| 30| 16| 8| 20
Max Dur[s] 60 60 40| 300 60 20 40 40 60
Min Amp[%] | -25 25 15| -17 10
Min Dur[s] | 40 20 20| 40 40
Rot Amp][°] 10 25 10 15 10 20
Rot Durls] 80 100 20| 300 20 40
QRS/R(
Max Amp| 7] 20 10
Max Durls] 201 20
Min Amp[%)] 10 -25 | 27{ -30 1
Min Dur[s] 40 40| so| 20| 10
Rot Amp[?] | -10 20 10| 15| -15 110
Rot Dur[s] | 60 40 100 60 80 20
ST/LC
Max Amp[%] | 15 35 30] 30| -30 140
Max Durls] 20 40 201 20| 60 20
Min Amp][%] 5| -30 | -260 75| 90| 45 1120
Min Dur]s] 20| 20| 20 40| 80| 20 20
ST/RC
Max Amp[%] 30| 60 30
Max Dur|s] 40 20 20
Min Amp[%] -20 | -195
Min Dur|s] 60 | 20
T wave/LC
Max Amp[%] | 10 7100 85 20 35
Max Dur[s] 20 60 240 | 40 40
Min Amp[%] 50 | -123 950 | 70| 28
Min Dur(s] 80 | 240 40 20| 20
T wave/RC
Max Amp[%] 15 20 32| 40| 85 10, 10
Max Durfs] | 300 40| 40| 60| 40 20 | 100
Min Amp[%)] 120 | -20| -300 | -130
Min Durls] 100 20| 40 300
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minimal waiting period of 120 s between injection of contrast medium and inflation

of the PTCA balloon was maintained.

4.2.2 Study PTCA#2
4.2.2.1 Isointegral maps

Figures 4.18-4.25 show a complete set of isointegral maps for a single inflation in a
patient who underwent PTCA of the LAD artery. The centre column of each figure
contains the map recorded just before balloon inflation, which serves as the baseline
that was subtracied from maps recorded throughout the inflation (shown in the left-
hand column) The resulting difference maps are shown in the right-hand column of
each figure. There are two pages of isointegral maps for each of the QRS, QRST, ST,
and ST-T intervals; the first page includes the maps recorded while the balloon was
inflated, while on the second page are maps recorded after deflation of the balloon
as the heart is reperfused. Each map represents the average of approximately 20 s of
real time (see section 3.2). Contour lines are spaced in a logarithmic scale spanning
one decade; the value of the maximum and minimum (in pVs) are included in each
map and the variance index is written in the left-hand cutout of each difference map.
Sets of maps like those in Figures 4.18-4.25 were produced for every inflation in every
case in the study PTCA #2.

In the case #3229 shown in Figures 4.18-4.25, balloon inflation produced only
a small change in the topology of the isointegral maps, but there were variations in
amplitude, as can be observed in the difference maps. The first two difference maps
for each integral, I1b~I1a and I1c-Ila, which encompassed the first 40 s after inflation,
showed the diffuse distribution characteristic of a lack of appreciable change. Only by
the third map, I1d-Ila (40-60 s after inflation), did a stable maximum appear in the
difference maps of the QRST-, ST-, and ST-T-integrals, collectively referred to as the
repolarization integrals. The maximum grew in strength until it peaked in the first

maps recorded after deflation (Rla), only to disperse relatively quickly after that.
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Figure 4.18: QRS isointegral maps for an inflation in case #3225. The map recorded
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maps recorded during the inflation (left column) to produce the isointegral difference
maps (right column).
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Figui. 4.19: QRS isointegral maps for reperfusion in case #3229. The map recorded
before inflation (repeated in the middle column of each row) was subtracted from the
maps recorded following reperfusion (left column) to produce the isointegral difference
maps (right column).
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Figure 4.20: QRST isointegral maps for an inflation in case #3229. The map recorded
before inflation (repeated in the middle column of each row) was subtracted from the
maps recorded during the inflation (left column) to produce the isointegral difference
maps (right column).



e

e —

v o ——

Lo

150

p? 3229 qrst dat p2 3229 _qrstdat p2_3229_difn dat

p2 3229 grst.dat p2_3229 diffn.dat

243 ta QQRST Rid-1i1a
[ TN

A A4 BN
_.—A_:n,_& RN :
- ~

-~
~d

~
\
~ -
-
=

Figure 4.21: QRST isointegral maps for reperfusion in case #3229. The map recorded
before inflation (repeated in the middle colummn of each row) was subtracted from the
maps recorded following reperfusion (left column) to produce the isointegral difference
maps (right column).
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Figure 4.23: ST isointegral maps for reperfusion in case #3229. The map recorded
before inflation (repeated in the middle column of each row) was subtracted from the
maps recorded following reperfusion (left column) to produce the isointegral difference
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In the second-last difference map of the series (R1d-Ila), a minimum appeared in
the same location which the maximum had occupied in the repolarization maps, and
disappeared again in the next, and last, difference map of the series. Stable patternsin
the QRS difference maps did not develop until map Ile-I1a, in the form of a urecordial
maximum, which was similar to, and persisted as long after deflation as. those in
the repolarization maps. The value of the variance index followed an &nalogous
progression through the inflation for each type of integral, starting at a relatively
small value, rising to a peak during the first map after deflation and returning to
preinflation values by the end of the recording.

Striking in these maps (and, in fact, in all maps we recorded) was the similarity
among the difference maps for the QRST, ST, and ST-T integration intervals. The
maps from which these difference maps were calculated, on the vther hand, were
often quite dissimilar. While these maps are all constructed from different intervals,
they are all apparently affected in a dominant way by the changes in repolarization
which occur during PTCA-induced ischemia. The QRS difference maps, although
they resembled those from the repolarization integrals, differed more from inflation
to inflation, had more diffuse extrema, and were less stable over the -ourse of the

inflation.

4.2.2.2 Peak difference maps

BSPM recordings were acquired during 34 inflations in the course of study PTCA #2.
Of these inflations, 18 occluded the LAD artery, 10 the RC artery, and 6 the LCx
artery. For each inflation, peak difference maps were constructed by subtracting
the preinflation map from one recorded either just hefore or just after release of the
balloon occlusion. The peak difference maps for all inflations in PTCA #2 ar2 shown
in Figures 4.26-4.31. Since the difference maps of the three repolarization integrals
were so similar, peak difference maps from only the QRS, QRST, and ST integrals

are shown. The codes in the centre ‘cutout’ at the top of cach map denote the maps
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used to form the difference; the int- ration interval and case number are placed in
the right and left cutouts, respectively.

The difference maps within the same artery group shared some common features.
In the group of LAD-artery cases (Figures 4.26-4.28), the most striking feature was
the focused anterior positive area (cases #3188, 3200, 3212, 3218, and 3229), which
was spread around the right-shoulder area in one case (#3196), and over the whole
upper torso in two others (#3192 and #3236). In one case in the LAD-artery group,
case #3233, inflation of the PT'CA balloon resulted in little change in the isointegral
maps, as documented by the very diffuse pattern in the difference map.

The difference maps of the RC-artery patients in Figures 4.29-4.30 were also quite
similar. In most cases, the reperfusion difference maps contained a V-shaped area of
positive values, the maximum of which was usually located near the right mid-axillary
line. Within the V-shaped positive area, there was a more focused minimum. In one
patient in this group, case #3220, there was little or no change in isointegral maps
due to balloon inflation.

The results from the group of patients treated for stenosis of the LCx artery
were relatively homogeneous across each integration interval and within the group,
end the isointegral difference maps contained features also found in the RC-artery
group (Figure 4.31). The maximum in these maps was normally found inferiorly (as
in the RC-artery group), either on the left side or on the back. While a V-shaped
line separating the positive from the negative areas was present in one case (#3211),
the V-line was not as symmetrical as in the RC-artery cases and the maximum was
located at the left side and not the right. The clinical differentiation between cases
of RC- and LCx-artery occlusions resulting in myocardial ischemia is a difficult one.
The physiological reason for this is that, depending on which of the two arteries
dominates the coronary circulation of the patient, the posterior region of the heart
can be predominantly supplied be either the RC or LCx arteries. Examples of such

difficult cases can be seen in the RC-artery case #3230 in Figure 4.29 and the LCx-
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of the LAD arwery in 3 patients from the study PTCA #2.
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Figure 4.27: Isointegral peak difference maps (peak minus pre inflation) for 6 inflations
of the LAD artery in 3 patients from the study PTCA #2.
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artery case #3228 in Figure 4.31. Both patients had PTCA performed on their
respective dominant coronary arteries, and in both QRST and ST difference maps,
there were broad areas of positive integral values located inferiorly, separated by a
more or less horizontal band of contour lines from a rather diffuse, superior negative
area. However, the m.xima in the repolarization maps (QRST, ST) in the LCx-artery
case were more focused than those of the RC-artery maps, and lay in the middle of
the map (left side of the torso). In the maps of the RC-artery case, the maxima
were located on the right side or on the back and were not as clearly defined as in
the LCx case. Thus, despite their physiological and electrophysiological similaritics,
these cases could be separated through the use of BSPM isointegral difference maps.
The maps in Figures 4.26-4.31 were then used to generate a set of average isoin-
tegral difference maps for each of the three coronary-artery groups, as shown in Fig-
ure 4.32. FEach row of this figure contains the maps for one of the four different
1 ~gration intervals, while the maps in each column are from one of the three dif-
ferent patient groups (LAD, RC, and LCx). By calculating the means, the element,
common to all maps in each group were enhanced, while the spurious differences were
suppressed. Hence, the features in the average maps could be considered the most
characteristic of ischemia resulting from the occlusion of the specific artery. For tne
LAD artery, the large confluent positive area over the left anterior surface was the
unique feature found in the difference maps; the RC-atiery average maps contained a
V-shaped band separating a superior minimum and a maximum on the inferior right
side; the difference maps for the LCx-artery occlusion shared the precordial negative
area found in the RC-artery maps, but were distinctive in that the maximum was

located at waist level on the left side of the torso.

4.2.2.3 Justant maps

In several cases, difference maps were calculated not only fron, integral maps but also

on an instant-by-instant basis. Torso potential distributions during the QRS-complex
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reflect the rapid activation of the ventricles and while an integral map over this period
contains information about action potential amplitude and timing of activation in
the myocardium [96], we wished to examine the effect of ischemia at a finer temporal
resolution. We constructed series of instant maps from each sample during the QRS
for 5 selected patients from the study PTCA #2. This included two patients from the
LAD-artery and one each from the RC- and LCx- artery subgroups, together with a
fifth patient in whom both LAD and RC arteries were treated. For each inflation, the
two averaged complexes which had been used to construct the peak difference map in
Figures 4.26-4.31 were reprocessed to extract a series of Z-arrays for all the samples
(every 2 ms) in the QRS. This resulted in a series of 35-40 individual maps for the
pre-inflation window, W, and the peak-inflation window, Wyeax, for each case.

Due to the rapid change in potential during the QRS, alignment of the two series
of instant maps before subtraction is very critical — as has also been noted by others
[271, 272]. QRS onset and J-point were determined first by computer algorithin and
then adjusted manually. Each of the N, instant maps from the preinflation window
was then cross-correlated with each of the Nye.x instant maps of the peak inflation
window, yielding an Ny.e X Npeqr array of correlation coefficients. We assumed that
since the effects of PTCA-induced ischemia would not become apparent before the
excitation reached regions which were directly affected, instant maps from the carly
part of the QRS would, in general, be very similar in both windows. Hence, the
correlation coefficient would be expected to be very close to 1.0 in the first maps after
QRS onset; maps were considered to be optimally aligned when the correlation was
maximum for the first five maps in the QRS. This method was then used to align the
onsets of QRS complexes in preinflation and peak infiation map, from which series of
peak instant difference maps could be constructed.

The sensitivity of the difference-map technique to slight shifts in alignment is
demonstrated in Figures 4.33 and 4.34. Each row in these figures contains peak infla-

tion (left-hand column) and preinflation (middle column) maps and their difference
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(right-hand column) for samples 6, 18, 30, 42, 54, and 66 ms into the QRS. In Fig-
ure 4.33, the alignment of the maps was carried out as just described. Depict . in
Figure 4.34 are the equivalent maps produced from the same series of instant maps,
but with the timing of the preinflation maps shifted by 1 sample, or 2 ms, back in
time. As a result of such small shifts in alignment, the two sets of difference maps be-
came quite dissimilar. For example, the difference map in the first row of Figure 4.33
was dominated by a focused precordial minimum within a V-shaped positive area be-
low, while the corresponding map in Figure 4.34 showed a broad, superiorly located
negative area and a precordial maximum. The difference maps in the two series only
merged in the late stages of the QRS (66 ms) with a stable pattern common to both,
which continued to the end of the QRS. The same focused, dominating maximum
of this common pattern could be seen in the QRS isointegral difference map for the
same inflation, which is shown in the first map of the second row in Figure 4.28.
Instant difference maps constructed from two inflaticns in each of the five patients
did not reveal any consistent change in the QRS due to PTCA-induced ischemia. In
order to reduce the effect of misalignment of the instant maps, we divided the QRS
into eighths and integrated the ECGs over these intervals. While this technique was
somewhat more robust in the face of errors in the onset and duration of QRS, it too
provided no useful data on changes in activation sequence due to ischemia. Differences
between peak- and preinflation maps were very small and varied from one inflation
to the next. Only the late stages of the QRS produced maps which demonsirated a
consistent pattern across different inflations and different cases of the same artery;

these maps were very similar to the isointegral maps for the entire QRS.
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4.3 Application of the Inverse Solution to Clini-
cal Data

From the 16 patients in dy PTCA #2, the data from a subset of 7 patients
were selected (“NP7 subgroup”) for tests of the inverse solution. The NP7 subgroup
included two cases each of occlusions of the LAD, LCx, and RC arteries, along with
a single case in which two different arteries (LAD and RC) were treated in the same
patient. The input data for the inverse solution were sets of torso potentials which
were interpolated to generate values at each of the 352 node points of the torso
model (Appendix A), using the three-dimensional interpolation scheme described in
section 3.2. Each 352 x 1 vector of torso potentials was then multiplied by the inverse
transfer matrix Zyp to yield a 98 x 1 vector of epicardial potentials. Mathematically,
this can be expressed as,

&y = Zupds, (4.4)

where ®g contains torso potentials, 5 contains epicardial potentials, and the Zgy;
matrix is a function of the torso geometry and of the regularization parameter, ¢ (see

section 3.1.4).

4.3.1 Difference Maps

As a test of the ability of the inverse solution to represent the spatial nature of is-
chemia, we applied Zyp to the isointegral difference maps produced from peak minus
pre inflation BSPM recordings in each case of the NP7 subgroup. The resulting epi-
cardial potential distributions were displayed as isointegral maps in the polar format
described in Appendix A. Included in each map was an outline of cach patient’s
particular corounary circulation.

The isointegral difference maps for five inflations in two cases of PTCA of the LAD
artery (#3196 and #3229) are shown in Figures 4.35 and 4.39 as body-surface and
epicardial distributions, respectively. The case number is provided above and to the

left of each map and the integration interval is shown above and to the right. Below
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cach epicardial map is the code for the two inflations from which the difference was
calculated; the same information is in the centre cutout of the body surface map. On
the outline of each coronary circulation is markec the location of the PTCA balloon at
the time of inflation. Figures 4.36-4.38 and 4.40-4.42 contain the torso and epicardial
difference maps, respectively, for inflations in the RC artery, LCx artery, and both
LAD (top two rows) and RC (bottom two rows) arteries, respectively.

Since transmural ischemia produces elevation of the ST segment in epicardial
electrograms recorded from the affected area (see section 2.2), positive potentials
in epicardial difference maps from the ST interval indicate underlying transmural
ischemia. If the inverse solution has accurately estimated the potential distribution
on the epicardial surface, areas of positive potential in the difference maps should
identify those regions of the heart made ischemic by the loss of perfusion during
the balloon inflation. Knowledge of the coronary anatomy of each patient and the
location of the balloon during inflation provides another means of estimating the
location of these underperfused regions. Agreement between these two methods was
used as semi-quantitative validation of the inverse solution.

The epicardial difference maps from case #3200 in Figure 4.42 were recovered
from a single patient who underwent serial PTCA of both the LAD and RC arteries.
Occlusion of the LAD artery (arrow marks the location in the upper two rows of
the f.igure) generated a focused positive area between the centre (apex of the heart)
and the outer edge of the map, between 9 o’clock and 12 o’clock. This corresponded
very well with the region which would normally be perfused by the LAD. A second,
isolated positive area arose on the left atria, between 3 o’clock and 5 o’clock. In the
lower two rows, occlusion of the RC artery produced a very different set of maps,
again with positive potentials over the region of the heart which would be expected
to be perfused by the occluded artery. Here also the model predicts a second region of
postive difference which is located anterolaterally on the left atria, between 1 o’clock

and 4 o’clock on the epicardial maps.

.
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Figure 4.35: Isointegral peak difference maps (peak inflation minus preirflation) for
5 inflations of the LAD artery in 2 patients from the NP7 subgroup of the study
PTCA #2.
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Figure 4.36: Isointegral peak difference maps (peak inflation minus preinflation) for

4 inflations of the RC artery in 2 patients from the NP7 subgroup of the study
PTCA #2.
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Figure 4.37: Isointegral peak difference maps (peak inflation minus preinflation) for
4 inflations of the LCx artery in 2 patients from the NP7 subgroup of the study

PTCA #2.
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Figure 4.38: Isointegral peak difference maps (peak inflation minus preinflation) for 4
inflations in a case (#3200) from subgroup NP7, in which PT'CA was applied to both
the LAD (upper two rows) and RC (lower two rows) arteries in the same patient.
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Figure 4.39: Calculated epicardial peak difference maps (peak inflation minus pre
inflation.) for 4 inflations of the LAD artery in 2 patients in the NP7 subgroup of the

study PTCA #2.
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Figure 4.40: Calculated epicardial difference maps (peak inflation minus preinflation)
for 4 inflations of the RC artery in 2 patients from the NP7 subgroup of the study
PTCA #2.
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Figure 4.41: Calculated epicardial difference maps (peak inflation minus preinflation)
for 4 inflations of tne LCx artery in 2 patients from the NP7 subgroup of the study
PTCTA #2.



np7_epi_difin_|-r.dat np7_epi_diftn_{-r.dat
3200 ZE5"TWQRST 3200

/’:\ N

]
i \as2. 190, X%
AV LSSl
PA-290.24 1}
: W
& f_ ,u,‘ [
N ]
s i //II#

-

/)
(1%
(S
\SE=856.80
ot w
1))

i1-B0 1-B0
np7_epi_diffn_l-r.dat

S ‘\:-\165.12)981- 3200

e

13 T4a 13 M4a
np7_epi_diffn_I-r.dat np7_epi_diffn_I-r.dat
3200 == T QRST 3200

RAZ" 142

Figure 4.42: Calculated epicardial difference maps (peak inflation minus preinflation)
for 4 inflations in a case (#3200) from subgroup NP7, in which PTCA was applied
to both the LAD (upper two rows) and RC (lower two rows) arteries in the same
patient.
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In the two LAD cases shown in Figure 4.39, positive potentials were spread over
a larger arca than in case #3200. In the maps shown in the upper three rows (case
#3196), there was also a focused negative area which was located near the centre of
cach map and which also overlapped the expected perfusien bed of the LAD artery.
This suggested that perfusion of this region was being maintained, perhaps from one
or both of the other two nonoccluded arteries. Angiograms of this patient revealed a
larger than normal distal RC artery, which is indicative of extensive perfusion of the
inferioposterior heart and possibly the apical regions by this artery. Another anomaly
of this case was a second area of positive potential which extended down and almost
encircled the central minimum. A possible explanation for part of this is that the
single diagonal branch of the LAD artery in this patient contained a 90% stenosis
and could have become partially occluded during inflation of the balloon which was
located near the origin of the diagonal. The reason for the separate maxima on the
left lateral and posterior heart in the maps in Figure 4.39 was not apparent.

In case #3229, positive potentials covered the right heart, including the perfusion
bed of the main branch of the LAD and the septal arteries which arise from it as
well as the region perfused by the proximal RC artery. The region supplied by the
diagonal branches of the LAD did not show any sign of ischemia. Analysis of the
anglographic data from this patient showed that the second diagonal was, in fact,
completely occluded, so that perfusion of this part of the heart had already been
taken over by collaterals from the LCx artery. In this situation, occlusion of the
LAD artery would not be expected to cause ischemia in the region perfused by these
collaterals. As in previous cases, a smaller secondary maxima was observed on the
left lateral atria, centred around 3 o’clock.

The RC-artery maps (Figure 4.40 and lower two rows of Figure 4.42) consistently
contained a large area of positive potential encircling the lower part of eachk map which
corresponded to the expected perfusion bed of the RC artery in these right-dominant

patients. In case #3230, there were also areas of positive potential which extended
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up into the region of the heart normally perfused by the LAD and/or LCx arteries.
There was angiographic evidence of collateral circulation present in this patient, the
distal RC artery being supplied by the LAD and LCx arteries. The ischemia, which
appeared in the differenc> maps when the RC artery was occluded, could then be
explained by the “stealing” of blood from the distal left coronary arteries to supply
the right. The case in the lower part of Fizure 4.40 (case #3235) revealed none of
this stealing, although this patient did show some collateral flow in angiograms. This
patient had a more extensive distal RC artery network than in case #3230, hence the
extension of the positive difference potentials up to the region also supplied by the
LCx artery. Small areas of positive potential, which were in some rases extensions of
the primary maximum, also arose in the anterolateral region of the atria.

In epicardial maps of the LCx cases, shown in Figure 4.41, there were focussed
areas of positive potentials found in a region to the left and posteriorly to the apex,
encircled by the outline of the LCx artery. In the case shown in the upper two rows
of maps (#3211), the occlusion was locaied very proximally in the LCx artery. In
the case shown in the lower two rows of the figure (#3223) only the obtuse marginal
of the LCx was dilated and the maximum was shifted slightly downwards, to a spot
directly under the treated artery. As in the results for other patients, secondary
maxima could be observed, in the LCx cases in the anterolateral regions of the atria,

between 12 o’clock and 4 o’clock.



Chapter 5

Discussion

5.1 sorward and Inverse Solutions
5.1.1 Interpretation of transfer matrices

Forward matrix: the elements of each row 7 of the forward transfer matrix Zgy
can be viewed as the relative weights with which each epicardial region (represented
by a node on the heart surface) contributes to the potential at a specific node i on
the body surface. For each node point on the body surface, there is a corresponding
“contribution map” on the epicardial surface. Horacek [273] obtained similar results
as “sensitivity maps” on the epicardial surface for selected body-surface leads; these
maps were each obtained by simulated reciprocal energization of the leads in ques-
tion. He suggested that the Zgy matrix from a forward solution provides the same
information. Huiskamp and van Qosterom produced contribution maps of both epi-
cardial and endocardial surfaces for some standard body-surface electrode locations
from their forward solution [98].

Inverse matrix: similarly, each row 7 of the Zyp matrix represents the relztive
sensitivity of each node on the body-surface wo the epicardial potential at node 1.
This can be interpreted in terms of electrocardiographic lead theory [274, 273, 275]
to derive a lead system which is sensitive to any particular region of the epicardial
surface. Such a lead system need not include electrodes corresponding to those nodes

on the body surface for which the values in the row of the Zyp matrix are very
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small; these leads would be insensitive to the epicardial potentials. In order to decide
which of the remaining nodes should be included in a lead system, it is necessary
to examine the information content of each lead and establish whether redundancies
exists. Such considerations are often statistical in nature and are beyond the scope

of this dissertation.

5.1.2 The homogeneity assumption

No effort was made in the forward and inverse solutions presented here to account for
the inhomogeneous and anisotropic nature of the torso.

Van QOosterom and Huiskamp used their regularized inverse solution to compute
ventricular activation maps of a subject, then iultiplied the results by the forward
transfer matrix for the inhomogeneous torso, A, to calculate the corresponding ECGs
for the 12 standard leads. For their statistical analysis, they defined the RELative
RESidual, RELRES, as the mean relative difference between the computed and actual
ECGs calculated over N time instants. By selectively removing the sections of the A
matrix representing the contributions of the lungs and blood masses and recalculating
the ECGs, they observed the effect of these inhomogeneous regions on the accuracy of
the reconstructed ECGs. Over 100 ms of the QRS, the RELRES between the calculated
and measured ECGs 1 the complete inhomogeneous torso was 0.111. Removing the
lungs increased the RELRES to 0.144, while omitting the ventricular blood masses
further increased RELRES to 0.518. With both blood and lungs removed the RELRES
was 0.544, and with no boundaries (infinite medium assumption) the RELRES was
0.819.

There are two important differences between the van Qosterom and Huiskamp
inverse solution and ours. The first is in the basic abproach of the model: van Oos-
terom and Huiskamp generated activation sequences from their calculations, while
our model produced potential distributions. A second, related difference is that they

calculate activation sequences over both the epicardial and endocardial surfaces of
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the ventricle, while our model generated epicardial potentials only. The most im-
portant consequence of this is that the blood masses fall within the Green’s volume
in the van Oosterom and Huiskamp rnodel, and thus must be accommodated as an
inhomogeneity in their calculations. With a model based on epicardial potentials, on
the other hand, the blood masses lie external te the Green’s volume and need aot be
explicitly included; the only substantial inhomogeneities within the Green’s volume
are the lungs, bone, and skeletal muscle mass. Moreover, Huiskamp and van Qost-
erom’s inverse solution, requiring a very large number of nodes for the heart surface
(consisting of both endocardial and epicardial surfaces), has a fundamental weakness:
the system is underdetermined from the outset, that is, there is a larger number of
elements on the heart surfaces than on the body surface.

Rudy and Messinger-Rapport [7, 276], using the idealized eccentric-spheres ge-
ometry, for which analytical solutions of the forward and inverse problems can be
derived, showed that the effect of ignoring inhomogeneities was only a reduction in
amplitude of the recovered ‘epicardial’ potentials, with neither a shift in the locations
of extrema nor an appreciable loss of spatial resolution. The relative error was also
markedly more sensitive to overestimation of the conductivity of skeletal muscle than
to underestimation. Since the conductivity of muscle is higher than that of the re-
maining torso volume, Rudy and Messinger-Rapport’s results suggest that it is better
to err on the side of reducing, rather than enlarging, the inhomogeneity of the muscie
mass. Similar results were obtained with regard to the ‘lungs’ in the eccentric spheres
model: a reduction in the value of lung conductivity below the typical physiological
value of 0.5 m3/cm produced larger errors than an equivalent increase. Thus, it would
seem that while inclusion of inhomogeneities improves the accuracy of the absolute
values of the recovered potentials, the topology of the epicardial maps is not greatly
affected.

Recent studies of the effect of inhomogeneity on the inverse solution using both

realistic human geometry with measured body surface maps [29] as well as torso tank
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simulations with dipole sources [70] have reported errors using the homogeneous torso
assurnption. Walker and Kilpatrick observed changes in both amplitude and location
of extrema in epicardial maps when the lungs were removed from their torso geometry
[29]. The discrepancies between these results and those of Rudy and Messinger-
Rapport may pe due to the intrinsic symmetry and idealized containment (heart
entirely enclosed by the lungs) of the eccentric spheres model.

A very comprehensive examination of the effect of thoracic inhomogeneities in
a real torso was carried out by Stanley et al. [277]. In this study, inhomogeneous
regions representing the lungs, sternum, spinal column and subcutaneous skeletal
muscle from the same dog used in earlier work by Ramsey, Barr and Spach [56, 57)
were included in the forward and inverse solutions and the results were compared to
measured body surface and epicardial potentials. The investigators used a technique
suggested by McFee and Rush [278] and applied by Gulrajani and Mailloux [279], in
which the effect ~f anisotropy of the skeletal muscle was approximated by expanding
the torso dimensions to include a uniform 3 cm layer of isotropic muscie volume just
under the new outer boundary. The findings of Stanley et al. suggest tnat it is this
muscle layer which contributes more than any other inhomogeneity to the inverse
solution.

While these studies indicate that the skeletal-muscle inhomogeneity does affect the
accuracy of the inverse solution, the very weight it appears to carry and the sensitivity
of the results to its conductivity value demand great care in including it in any model.
Application of a layer of uniform thickness, with or without anisotropy, would seem
to be a rather oversimplified approach to the problem, especially given, as suggested
by Rudy and Messinger-Rapport, that an overestimation has such detrimental effects
on the results. Without individualized values for the location, thickness, anisotropy,
and extent of the muscle layer, there is, in our opinion, a greater risk in including &
crude estimate than in leaving it out of the geometrical model altogether. The lower

conductivity of the lungs appears, from these studies, to exert a much smaller effect
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or the accuracy of the inverse solution. While this would seem to indicate that exact
placement and conductivity of lungs in a torso is not as critical as with the muscle
layer, it also suggests that inclusion of the lungs may not be ‘worth’ the additional

computation required by its presence.

5.1.3 Effect of geometry on the forward and inverse solu-
tions

As early as in the first comparative study of calculated and measured epicardial
potentials by Barr and Spach [50], the effects of errors in the geometrical model have
been evaluated. Barr and Spach found that the inverse coefficient matrix calculated
for one dog could be used for the body surface potentials recorded from a second dog
with only a slight increase in the relative error. It should be noted, however, that these
investigators observed only a moderately accurate statistical match between measured
and computed epicardial maps, with a correlation coefficient seldom climbing above
0.8, and the relative error frequently as high as 0.75.

In the eccentric spheres model, the size and relative location of the heart and torso
can be altered continuously and the inverse solution recalculated [276]. Messinger-
Rapport and Rudy found that a shift in the heart position of .5 cm inside a spherical
torso ~f 12.5 cm radius, which they estimated to be equivalent to the movement
during normal respiration or posture changes, was sufficient to cause a 50% loss of
spatial resolution in the epicardial distribution. Altered heart size also resulted in a
substantial loss of resolution, especially on the posterior side of the epicardium. The
authors concluded that an accurate rendition of torso geometry was more important
than the inclusion of inhomogeneities in generating accurate inverse solutions.

Huiskamp and van Qosterom also examined the effect of errors in the geometry
or their inverse solution [64]. They generated forward and inverse transfer matrices
for each of three normal subjects and used measured body-surface potentials from
the same subjects to generate physiologically acceptable ventricular activation-time

distributions; these they called the “real” inverse solutions. They then applied the
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measured body surface potentials from each subject to the inverse transfer matrices
of the other two and calculated another set of inverse solutions, which were referred to
as “cross solutions”. These results were compared in terms of relative and maximum
errors. In a second step, both real and cross activation times were used, with the
forward transfer matrix of each subject, to generate body surface maps. Real and cross
maps were compared using the RELRES coefficient described in section 5.1.2. While
Huiskamp and van Oosterom observed considerable di.crepancies in cross versus real
inverse solutions with regard to the -elative and maximum errors of the activation
time distributions, the RELRES values for the associated forward calculations (BSPMs)
were not as conclusive. In fact the RELRES in one case was larger when the geometry
and ECGs from the same subject were used than for cross solutions which utilized one
subject’s geometry and another’s ECGs. However, the result these authors considered
most significant in terms of the clinical usefulness of such an inverse solution, was the
maximum error in the activation time. In the cases described by Huiskamp and van
Oosterom, maximum error in activation time was highly sensitive to alterations in
geometry — more so, in fact, than to the homogeneous torso assumption (described
in section 5.1.2) and to either random or systematic electrode-placement errors [64].

In the studies conducted for this dissertation, a single, realistic human torso model,
described in Appendix A, was used for all calculations. Without ready access to nu-
clear magnetic resonance equipment at the time of this study, we had no acceptable
means of gathering customized geometrical data on the patients whose epicardial
maps were computed. From the reports of others, there is every reason to believe
that the addition of such information would improve the quality of our results. The
cost in terms of human effort and computing time of individualizing each inverse is
very high at this time. Although semiautomatic systems of acquiring and triangular-
izing 3D surface data have been described [280, 63, 238], these emerging technologies
were beyond our reach at the time of this study. Once the geometry information is

represented in suitable form, the entire forward solution must be recalculated, which
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required soine minutes on our computer facilities (section 4.1). The computation
of the inverse solution executes relatively quickly, provided that the regularization
parameter has been established, and application of the inverse coefficient matrix to
body surface map data takes only seconds for each map. If such an individualized
inverse solution were to be applied to the clinical setting, the time tc generate a
patient-specific forward matrix would, given present technology, limit its diagnostic
capabilities. One possible solution might be to generate a set of inverse solutions
based on a number of basic body types and sizes. Input of some relatively simple

measurements of the patient would then direct the program to the best-fit geometry.
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5.2 Clinical Studies
5.2.1 Loccalization of ischemia

The usefulness of BSPM difference maps in the clinical evaluation of ischemia was
demonstrated by the ability, on the basis of isointegral <% rerice maps, ic differen-
tiate between PTCA occlusions in the LAD, RC, and :.70x ¢ :eries, as described in
section 4.2, The inflations of the LAD artery produced very distinct patterns in the
difference maps; features in the difference maps from inflations in the RC and LCx
arteries were more subtle, but still adequate te distinguish between the two arteries.
Since there is a posterior regicn of the myocardium which can be supplied by either
the RC or LCx arteries, depending on the structure of the patient’s coronary tree,
one would expect the maps from such cases to contain similarities. However, in an
the cases in which significant changes fcllowed inflation of the balloon, the BSPM
difference maps contained sufficient detail to separate the RC- from the LCx-artery
occlusions.

Withia the set of peak isointegral difference maps from the same artery, we found
certain features common to all integration intervals (each row of Figures 4.26-4.32 ard
each cclumn of Figure 4.32). The similarity between maps from the repolarization in-
tervals (QRST, ST and ST-T) was most striking. Characteristics of the repolarization
of the heart are considered primary when they are related to the shape, duration, or
amplitude of the myocardial action potential, and secondary when they follow from
the sequence of activation. The QRST integral reflects the primary repolarization
properties of the heart [281, 282, 283]; it is a function of the area under the my-
ocardial action potential [97] and is independent of the activation sequence. The ST
and ST-T integral contains information about both the primary and the secondary
repolarization characteristics. The similarity in difference maps of all three repolar-
ization integrals suggests that the changes which result from PTCA-induced ischemia

are largely primary in nature. This agrees with the theory outlined in section 2.2.4.

|
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Ischemia results in cells with depolarized resting potentials and APs of reduced dura-
tion, amplitude, and rate of rise, all of which would alter the area under the AP. The
predominance of primary repolarization changes indicated by the isointegral maps
also suggests that the effect of ischemia on secondary repolarization characteristics,
that is, on the activation sequence of the heart, is minimal (see section 5.2.2).

The distribution of the isointegral maps from the repolarization integrals can also
be interpreted in terms of the spatial extent of the PTCA-induced ischemia. Since
the occlusion created by the PTCA balloon is complete, the resulting ischemia would
be expected to be transmural in extent; during the ST segment, injury current would
then flow into the ischemic zone from the surrounding healthy tissue causing a shift
in body-surface potentials. For an occlusion in the LAD artery, the ischemic region
would be located anteriorly and the flow of current into this region would create a
positive deflection in precordial ECG leads. The location of the maximum in the
average difference maps in, for example, ¥igure 4.32, is experimental verification of
this phenomenon. In occlusions of the RC artery, the right and posterior regions of
the heart would be expected to become ischemic, since this is the region perfused by
the RC artery. The systolic injury current would then flow inferiorly and produce a
broader maximum on the right side of the body, a result confirmed in the average
diffe.ence maps for the RC artery (Figure 4.32). The LCx artery supplies a region
in the left lateral and posterior eart and the systolic difference maps produced by
occlusion in this artery show a broad inferior left maximum. The systolic injury
current flows inferiorly and to the left. In summary then, these results both support
the physiological model of regional ischemia and agree with findings of other groups
(130, 131, 132, 135].

The location and shape of the areas of negative potentials in the isointegral dif-
ference maps reflect the reciprocal changes referred to in section 2.2.4. Injury current
flowing away from the sensing electrode is registered as a negative potential. The

shape and location of the negative areas in the difference maps are anatomical com-
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plements of the areas of positive potential.

There were 2 cases (# 3233 and # 3220), in which no meaningful change in the
BSPM could be observed during PTCA. These were cases in which angiographically
observable collaterals were present, herce it was assumed that sufficient retrograde
perfusion of the region downstream from the occluded artery was provided by another
vessel. These two cases illustrate one of the potential problems of PTCA as an
experimental model of ischemia. Different patients, even those in whom the same
artery is treated, demonstrate different patterns of 1esponse, or even no response, to
balloon occlusion, which can make interpretation of results somewhat more difficult.
However, the ability to record data from the patient both at rest and during ischemia,
along with the available angiographic information, allow at least qualitative analysis.
As the studies reported here have shown, the electrocardiographic response to PTCA
is reproducible within the same patient and, when illicited, contains featires which

reveal something of its physiological origins.

5.2.2 PTCA-induced changes in QRS

Despite applying several different methods of analysis (section 4.2), we were unable
to show significant changes in the QRS-integral maps or instant maps during QRS
which could be attributed to changes in activation sequence; instead, only effects due
to injury currents or altered repolarization were observed. The fact that the instant
difference maps from all but the last part of the QRS were so sensitive to even slight
shifts in alignment suggested to us that the differences due to altered activation se-
quence were not significant. Even after alignment using the cross-correlation analysis
method, we saw no consistent pattern in the difference maps across multiple infla-
tions of the same artery. This surprised us since there is considerable evidence in
the literature that spread of activation is altered by transient and brief periods of
occlusion in animals [173, 174, 118, 172], as reviewed in section 2.2. Reports by two

groups suggest that similar effects can be observed in the QRS complex of humans
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during PTCA — a finding we were not able to substantiate.

Spekhorst et al. [130, 131, 135] utilized a BSPM technique very similar to ours,
except that they applied an electrode array with 62 versus our 117 leads, and they
did not perform any signal averaging. Instead, single beats were recorded at regu-
lar intervals throughout the inflation. Their results resemble ours, both in terms of
instant maps during the QRS and in terms of mean peak difference maps. For exam-
ple, the mean QRS difference maps shown by Spekhorst et al. as their Figure 6 [135]
and our Figure 4.32 agree quite well in spatial distribution, especially with regard to
the features which most clearly differentiate these maps from occlusions of the other
coronary arteries (see section 4.2). Spekhorst and co-workers also devised a statistical
classification test based on the mean QRS difference map to separate cases according
to the artery under treatment and were able to identify all LAD cases; on the other
hand, while they could identify a group which contained all RC- and LCx-artery cases
(12), they could correctly separate only 71% (5 of 7) of the RC-artery cases and 60%
(3 of 5) of the LCx-artery cases.

The difference between the report of Spekhorst et al. and our findings lies in
the interpretation of the results. The changes in the QRS brought about by PTCA
described by Spekborst and co-workers occur late in ventricular activation; the ques-
tion is whether these resulted from altered spread of activation or whether they are
the first appearance of ST-segment shifts overlapping with the QRS. Arguments can
be made for both interpretations. If ischemia were to bring about a reduction in the
conduction velocity of the affected myocardium, the delay would perhaps not be large
enough to become evident until the late stages of activation. Or the activation wave-
front might not reach the ischemic zone until the latter portion of the QRS. On the
other hand, the physiological mechanisms of ST-segment shifts are activated as soon
as potential gradients arise between ischemic and healthy regions of myocardium. In
the late stages of ventricular activation, a large portion of the ventricles has already

been depolarized and can therefore begin generating injury current, which results in
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the difference map patterns observed late in the QRS.

A strong piece of evidence for the argument that changes in the QRS-integral
maps were largely a result of injury-currents was the striking similarity between
isointegral difference maps from the QRS and those {from the three repolarization
intervals (QRST, ST, and ST-T), both in individual cases and the average maps in
Figure 4.32. Instant difference maps from late in the QRS also strongly resembled the
repolarization isointegral difference maps, suggesting that the events which shape the
QRS integral maps are only present late in the QRS interval and persist beyond it -—
these are not depolarization, but repolarization events. This is shown in the series of
instant maps in Figure 5.1, each column of which contains maps at specific instants in
the QRS (first five maps) and the ST segment (last map in each column). The maps
in the left-hand column were recorded just before a dilatation of the LAD artery in
case # 3200 (preinflation); those in the right-hand column are from corresponding
instants in the ECGs recorded late in the same inflation (peak inflation). The time
from QRS onset in milliseconds is indicated in the central cutout in each map. The
pairs of maps in each row were quite similar until 68 ms (end of QRS), at which time
a precordial maximum in the peak inflation map appeared and replaced the positive
area a' the right shoulder as the dominant maximum. In the next maps, recorded
at 100 ms after onset of ©)RS or 30 ms beyond the J-point, the new maximum had
spread downwards and to the right, and grown in amplitude (to 157.89 pV) in the
peak-inflation map, while the same location in the preinflation map was much less
positive (about 50 V). The maximum in the last peak-inflation map was the dom-
inant feature of the isointegral difference maps from this inflation and, although it
began in the latter stages of the QRS, was a repolarization event.

While we were able to isolate an early phase of QRS, in which the repolarization
difference pattern had not yet appeared, the findings in any one case did not correlate
with others in which the same artery was treated and were also highly sensitive to

the alignment of the instant maps from which the differences were calculated (see
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Figure 5.1: Isopotential maps recorded before (left-hand column) and during (right-
hand column) inflation of the PTCA balloon. Time in the centre cutout is relative
to the onset of QRS; the last row of maps is from 30 ms past the J-point.
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section 4.2). For these reasons, we think it unlikely that the QRS difference maps
attributed by Spekhorst et al. to altered spread of activation in the ventricles are,
in fact, the result of changes in conduction velocity. Rather, they are the earliest
stages of the intracellular injury current, which develops into the ST-segment shifts
that dominate the difference maps of all the intervals.

Selvester and Wagner et al. have presented compelling evidence that PTCA-
induced ischemia brings about drastic changes in the shape and amplitude of the QRS
complex [161, 162, 163]. These investigators recorded only V,, Vs, and aVF leads
using radiolucent carbon/epoxy electrodes and a Holter monitoring device, for 19
patients undergoing PTCA of the LAD artery. Although their analysis was confined
to single beats of the V; lead, the changes were dramatic: reduction in either R- or
S-wave amplitudes of 50-100 4V, depending on whether the PR or ST segment was
chosen as the measurement baseline, and, in some cases, virtual disappearance of the
QRS complex. We found no evidence of such changes in our results, either from the
plots of single averaged beats, or in the QRS maps in instant or isointegral form.

There appear to be some differences in protocol between our studies and those
of Selvester and Wagner et al. While inflation duration and patient population were
analogous in both studies, Selvester and co-workers included data only from patients
in whom no medication was administered during the procedure; in our studies, ni-
troglycerine was, on occasion, given from 1-28 min before the recording of a balloon
inflation. The patient-selection procedure for our studies also included a thorough
haemodjnamic evaluation (ejection fraction > 45% and no or only mild hypokinesia
of the left ventricle). A curious finding which is not commented on by Selvester and
Wagner et al., is that the marked changes in QRS morphology which occurred in V,
appeared to be absent from ECGs recorded at Vs (see Figure 2 of [161]). The authors
do remark [163] that the changes in QRS are poorly correlated with the degree of
ST-segment shift and that this is a “labile relationship”, even within inflations in the

same patient. In some cases, substantial changes in QRS were present during one
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inflation and missing in a later one, even though ST-segment elevations were similar
in both. The authors do not mention whether there were beat-to-beat changes in
QRS morphology within the same inflation.

We can only suggest that perhaps the less stringent patient selection criteria em-
ployed by Selvester and Wagner et al., combined with the lack of vasodilation therapy
in their PTCA procedure might have produced a more severe ischemia in their stud-
ies. The changes they observed, only in lead V; and only in some inflations, could
be but the first signs of altered spread of activation brought about by a degree of

ischemia not induced in our studies.
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5.3 Application of the Inverse Solution to BSPM
Data

5.3.1 Validation

The methods of quantitative validation of the inverse calculations employed in this
study were similar, in several aspects, with those used by other researchers. Like
Walker and Kilpatrick [29], we calculated simulated potentials from a single dipole
source to both set the regularization parameter, and quantitatively evaluate the ac-
curacy of the forward and inverse solutions. Rudy and Messinger-Rapport used a
dipole layer source and an eccentric-sphere geometry in which analytical solutions
were possible to validate their inverse solution [276, 7]. Like Huiskamp and van Oost-
erom [63, 30], we examined the epicardial distributions calculated with our model for
physiological plausibility. While for the activation-time distributions com.:uted by
Huiskamp and van Oosterom there exist at least limited measured data from humans
[87], we know of no such complete epicardial potential maps from the in situ hum.n
heart.

To overcome this problem and still provide some form of validation of our results,
we took advantage of the controlled ischemia produced by PTCA (see sections 2.2 and
3.2). While it is not possible to know the epicardial potential pattern, eithec before or
during PTCA, it is possible, based on the known location of the catheter balloon and
the coronary circulation of the patient, to estimate where ischemia will occur while
the balloon is inflated. By subtracting maps recorded just before inflation from those
recorded during the late (peak) phase of the same inflation, we have generated body
surface difference maps which reflect the effects of this ischemia. The body surface
difference maps were then transformed, using the inverse solution, into equivalent
epicardial difference maps. Since the presence of underlying ischemia is indicated by
positive epicardial potentials, the location of maxima, in the epicardial difference maps

could be compared to the expected location of ischemia. As was shown in section
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4.3, the model produced maxima in the expected regior in every case. Not only were
there features in the epicardial difference maps which were common to all inflations
of a particular artery, but within each group, subtle differences could be observed
and explained on the basis of corroborative angiographic evidence. The model also
generated secondary, spurious maxima which did not correspond to expected areas
of ischemia. These were normally of smaller amplitude than the primary maximum
and were found in regions overlying the atria. The Jack of any obvious physiological
reason for the occurence of ischemia in such areas suggests that this feature represents
an artifact of the inverse solution, perhaps related to the “crosstalk” phenomena of
inverse solutions as described by Ideker et al. [284].

This method of validation is obviously rather indirect and qualitative rather than
quantitative. Knowledge of the coronary circulation of a patient, even under the
best angiographic visualization, is not sufficient to predict the physiological effect of
an occlusion [136], cven as compiete an occlusion as that produced by angioplasty.
Many patients with coronary artery disease have developed an extensive, often angio-
graphically undetectable, system of collaterals which can provide sufficient retrograde
perfusion to reduce the ischemic load from the ioss of antegrade blood flow [127, 147].
In the RC-artery case # 3230, it was possible to speculate on the role of the collater-
als which had been angiographically observed; the area of ischemia predicted by the
inverse solution which lay outside the perfusion bed of the occluded artery, suggested
that “stealing” of blood from the LAD and/or LCx arteries was occurring via the
collaterals which supply the RC artery. In the LAD-artery case # 3229, the lack of
predicted ischemia in the part of the heart supplied by the diagonals indicated that
the angiographically observed stenosis of the second diagonal was probably complete
and that collateral flow from the LCx artery had been established. We were unable,
on the other hand, to explain why the area of positive potentials in the epicardial
difference maps of the same patient extended so far into the region normally supplied

by the RC artery. The spurious maxima which were observed are likewise without
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conclusive explanation and reveal a lack of uniqueness in ihe inverse solution. Ience,
although this form of validation provides no quantitative proof of the degree of accu-
racy of the inverse solution, it suggests that the results are plausible, if not without
artefact.

It should be emphasized that this form of validation is most fruitful when the
coronary circulation of the patient is explicitly documented and taken into account.
As can be seen from the 7 patients described in section 4.2, there can be substantial
differences in coronary trer-: between individuals, beyond the relatively broad classifi-
catinn of left, right or mixed dominance. Any evidence of collaterals, especially those
that become functional only under ischemic stress (recruitable collaterals), is also of

importance.

5.3.2 Clinical relevance

The primary goal of any inverse solution in clinical electrocardiography is to provide
diagnostic information on the condition of a patient. While body surface poten-
tial maps contain the same information as in the corresponding epicardial maps, the
presence of the body cavity distorts the potential distributions, adding implicit and
irrelevant information about the patient’s geometry to the electrical data of interest.
By transforming the body-surface potentials to the epicardial surface, an inverse so-
lution strips away the geometrical information and makes analysis and interpretation
much more straightforward. Localization of ischemia to specific regions of the heart
can assist in determining not only the presence, but also the physiological significance
of occlusions of the coronary arterics. While an inverse solution like that developed
by Huiskamp and van Qosterom et al. {30] has great potential to assist in the local-
ization of arrhythmia and irregular conduction, a model such as ours is ideally suited
to the study of ischemia.

In cases of multiple-vessel PTCA, the amount of heart tissue perfused by each

artery is difficult to assess from angiographic data [285]. Collaterals may be visible,
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but the degree of protection they provide is uncertain. During PTCA of such a case,
an inverse solution could be applied to BSPM data collected during initial inflations
of the occluded arteries to determine the extent and location of the resulting ischemia.
Features in the epicardial maps might reveal the involvement of other vessels which
are dependent on retrograde flow from the occluded artery; by monitoring changes
from one inflation to the next, stability of the patient’s condition could be assessed.
Likewise, the response of patients to treatment with thrombolytic agents could be
monitored by performing multiple recordings and using the difference map technique
to follow changes in the extent of ischemia.

It would also be possible to collect BSPM data from patients undergoing exercise
stress test or atrial pacing in order to establish the physiological significance of their
stenosis. This type of screening is common in clinical electrocardiography, but at
present yields less information than would be possible with an inverse solution. Atrial
pacing kas the significant advantages of being useable during such a procedure as
PTCA, involving no motion of the patient, and yielding technically better BSPM
recordings. Recent investigations suggest that atrial pacing is a good substitute to

exercise testing in determining the functional success of PTCA [285].



Chapter 6

Conclusions and Summary

The aims of this dissertation — to explore the feasibility of using PTCA as an ex-
perimental model of ischemia and to develop a solution to the inverse problem of
electrocardiography — have been achieved. The inverse solution takes the form of a
matrix of transfer coeflicients, with which it is possible to transform a body-surface
potential distribution into a corresponding distribution on the epicardial surface. The
boundary element method was used to generate a forward solution, from which an
inverse solution was derived by applying Tikhonov regularization. The geometry used
for the model was a realistic, homogeneous human torso consisting of 352 nodes and
700 triangles. From a single dipole source sets of epicardial and torso potentials were
generated and then used to evaluate the accuracy of the forward solution; the opti-
mal regularization parameter for the inverse solution was chosen experimentally as
the value which produced the most acccurate epicardial potentials.

Several methods of computing the forward solution and performing the regular-

ization of the inverse solution were compared, and the following conclusions reached:

e Forward calculations performed using the method of Barr, Ramsey and Spach,
with improvements suggested by Pilkington (PBRS method) were compared
to those according to the method of Rudy, Messinger-Rapport and the inter-
polation algorithm of Cruse (RMC method). Both methods produced almost

identical forward-solution results.

200



201

o The inverse solution based on the forward solutions generated by the PBRS
method reproduced simuiated epicardial potentials as accurately as the inverse

solution generated by the RMC method.

o Regularization using the Laplacian operator for the smoothing function per-
formed su. stantially better than regularization with the identity matrix (Tik-

honov zero-order).

e Inverse solutions regularized with the Laplacian smoothing operator showed
better tolerance to input data contaminated with Gaussian noise when the
regularization parameter was set at values larger than optimal under ideal con-

ditions.

o Considerably less computer time was required to generate the forward solution

using the RMC method than using the PBRS method.

Four studies of patients undergoing percutaneous transluminal coronary angio-
plasty were carried out: two in which the effect of the injection of contrast medium on
body-surface potential distribution was examined, and two in which PTCA-induced
ischemia was characterized. Data from the second study of PTCA-induced ischemia

were analyzed and described in detail. The following results were obtained:

o In 14 of 16 patients, reproducible, transient ischemia was documented in the
form of isointegral difference maps constructed by subtracting maps recorded
before inflation of the PTCA ballo. from those during inflation. In the two
patients for whom no changes were 1nd, there was »::giographic evidence of

considerable collateral circulation.

¢ In each case in which ischemia was detected, there were features of the isointe-
gral difference maps which were characteristic of the artery being treated. Even

in the case of ischemia in the posterior region of the heart due to occlusion of
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the LCx and RC arteries, separation based on the location of the distributicn

maximum was possible.

¢ We found no conclusive evidence, either in isointegral or instant maps of the
QRS complex, of changes in the activation sequence of the heart due to PTCA-

induced ischemia.

The inverse solution was applied to BSPM data of seven patients in the clinical
study to examine whether the location of ischemia predicted by the model matched
that suggested by angiographic examination of each patient. In every case, the model
predicted an area of ischemia which was in agreement with that determined from the
patient’s coronary circulation and the location of the angioplasty balloon. In several
cases, the epicardial potential distributions revealed subtle features of the area of
ischemia which could be interpreted in terms of the unique coronary perfusion of
each patient. The inverse solution also produced spurious areas of positive epicardial
potential change for which there was no apparent explanation; this was presumably
the result of model artefact.

Overall, the initial results described in this dissertation are very encouraging.
They demonstrate the ability of the inverse solution to localize PTCA-induced is-
chemia on the :picardial surface, and on a more fundamental level, they confirm the

utility of PTCA as a controlled model of ischemia in humans.



Appendix A

The Dalhousie Human Torso
Model

A.1 General Description

For a specific solution to the forward or inverse problems of electrocardiography, a
three-dimensional geometrical description of the volume conductor is required. This
can take the form of an idealized geometry, for example the eccentric spheres used by
Rudy and Plonsey [92, 88], or of a more realistic model of the body. Realistic models
are constructed from measurements of a single person or animal and then applied
to others with little or no modification; further improvement can be realized when
measurements are taken from each subject in a study and a customized geometry
is generated [29, 64]. Virtually all the reported geometrical models of forward/in-
verse solutions in electrocardiography employ a torso (body without extremities and
head) as the outermost boundary; this truncation is justified because heart-produced
potentials decay rapidly in the extremities.

The geometrical description of the volume conductor can take several forms, de-
pending on the specific method of mathematical solution. For solutions based on the
boundary element method (BEM), the surface bounding each region of the volume
conductor must be defined by a set of node points which are linked to form simple
polygons, most often triangles. If a homogeneous torso model is assumed for the solu-

tion in terms of epicardial potentials, only the outer body surface and the epicardial
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surface of the heart need be defined. Each additional inhomogeneity requires its own
surface and each subregion thus defined must be assigned a conductivity value. In
the finite element method (FEM), the entire volume of the volume conductor must be
tessellated into three-dimensional elements, typically tetrahedra. The conductivity of

each finite element must be set, but can vary from element to element.

A.2 Coordinate System

There is no standard coordinate system for vhe human body. We have chosen a con-
figuration similar to that described by Frank [286], which prescribes a right-handed
Cartesian system with the y-axis formed by the cranio-caudal axis of the body, ori-
ented towards the feet, the x-axis directed towaids the left arm and the z-axis towards
the back. The origin of our system is shifted from Frank’s such that the top layer of
the torso intersects the y-axis at 75 mm. Figure A.1 shows a view of our torso model

with this coordinate system.

A.3 Three-dimensional Torso Surface

A realistic human torso was determined in our laboratory from tomographic measure-
ment of a single subject. The original version was developed by Horacek [243, 275, 58]
and has since been used by others [23, 270]. This model consists of 5 surfaces: the
body, 2 lungs and 2 blood masses, which are defined by 952 points joined to form
1884 triangles. The body surface node points were determined from the outlines of 19
tomographic slices taken at regularly spaced (every 25 mm) horizontal (x-z) planes.
For each slice, a set of 32 vectors radiating from the origin of the x-z plane was con-
structed; the intersection of each vector with the body-surface outline formed a node
point. The nodes (610 in all) were then joined with those from neighbouring layers to
form 1216 triangles. This produced a fairly regular grid of nodes on the body surface.

To optimize the forward/inverse solutions, we decided to reduce the number of

points in the torso model. First, each electrode location of the BSPM system was
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Figure A.l: The body coordinate system. All elements of the torso and heart geom-
etry are defined in the right-handed coordinate system shown here.
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matched with a node point. A second set of nodes was then placed mid-way be-
tween rows of the electrode grid, resulting in a higher spatial density of nodes in the
precordial area than on the anterior right side and back. From the point of view of
the forward/inverse solution, this was an acceptable arrangement. Since the anterior
surface of the torso is closer to the heart than the posterior surface, we decided on
a system of 2 different node grids, a closely spaced (2.5 c¢m) grid for the precordial
area and a more loosely spaced (5 cm) grid over the inferior and right anterior and
posterior regions. Node points in the shoulder and neck regions would be chosen so
that an adequate and consistent spatial resolution, as judged qualitatively, would be
maintained.

The initial step in defining the new torso nodes was to establish a regular grid on
a two-dimensional representation of the torso surface. The grid size was determined
by the 5-cm electrode spacing of the mapping system, which is fixed in the vertical
direction by the electrode strips (see section B). The spacing around the circumference
of the patient is not fixed, but is still quite regular in that strips are placed to
best cover the surface between anatomical landmarks. Specific strips are placed, for
example, on the spine (strip #16), left (strip #12) and right (strip #1) mid-axillary
lines, and the area between is covered by regularly spaced strips on each side. Based
on the dimensions of the torso, this corresponds to a horizonual electrode spacing of
approximately 2.5 cm in the precordial area and approximately 5 cm on the anterior
right side and back. Hence a grid of node points was constructed which had 2.5 cm
spacing in the precordial area and a § cm spacing elsewhere on the torso surface, and
covered a rectangular area of 80 x 40 cm.

The next step was to fit this two-dimensional surface to the three-dimensional
torso. An isometric-projection criterion was chosen to maintain as much of the spac-
ing and regular nature of the grid as possible, as if an infinitely pliable but nonelastic
sheet of fixed size and shape were wrapped around the torso. In the shoulder and mid-

axillary regions, extra nodes were added to better follow the curvature of the body.

[N
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Figure A.2: Torso nodes in two-dimensional display

The ends of the torso at the neck and lower trunk were capped by sets of horizontal

triangles. Corresponding adjustments were made to the two-dimensional grid to pro-

dunce the final version, shown in Figure A.2. Each node location is shown numbered

and marked as either a simple node (filled square), a node/BSPM electrode (open

hexagon), a node/precordial electrode (open diamond) or a node/BSPM/precordial

electrode (square box with an ‘x’ inside). Note that the node points at the common

edges of the torso have the same node number in this diagram.

The node points were then joined to form a closed surface of non-overlapping

triangular surface elements. There are many ways of performing this triangularization

and different criteria exist by which this process can be carried out [280, 264, 286, 287,

288, 289], some of which can be performed automatically by computers [286, 290].

While the aim of many general triangularization schemes is to achieve equality of both

the area of cach triangle in the surface as well as among the 3 angles of each triangle

[287, 288, 289], other investigators have derived more specific criteria based on the

intended application of the triangularization. Meijs et al., for example, defined not
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only the triangularization but also the selection of nodes such that the solid angle of
each triangle about the location of the source generator in their model of the human
head was approximately equal [62]. A similar approach was taken by van Qosterom
et al. to produce an equi-solid-angle torso surface [280]. One difficulty in determining
equal solid angles is that a reference point about which the solid angle is calculated
must be seiected; only if the modelling approach includes a single, fixed-dipole source
(see section 2.1), is the choice of this point obvious.

We chose to perform a manual triangularization in order to generate triangles
of consistent area, but also to maintain reasonably accurate representation of the
surface with a minimal number of nodes. Since the node grid of the three-dimeusional
torso is, in general, quite regular with two different spacings for the precordial and
posterior regions, a bimodal distribution of triangle areas shown in Figure A.3, was
obtained. The larger-area triangles in the figure (area > 2100 mm?) are found, with
the exception of 2 from the shoulder area, in the caps which close the body surface
at neck and waist. Several views of the final version of the three-dimensional torso

are depicted in Figure A 4.

A.4 Three-dimensional Epicardial Surface

For the calculation of the forward/inverse problem using the homogeneous torso (sce
section 3.1.3), the only additional geometrical information required is a description
of the epicardial surface. The complete structure of a sliced post mortem human
heart has been previously digitized in our laboratory [292, 293]. At the same time,
the location and orientation of this heart within the Horacek torso was determined
from radiographic views of the same subject from whom the torso geometry was
constructed. The node points of the epicardial surface lie on the outlines of 6 of the
slices through the heart, made perpendicular to an axis running from the apex of the
heart, through the root of the aorta, which correspond to the sections of Durrer et

al. [87]. The epicardial surface is represented by 98 nodes which form 192 triangles.
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Triangle Area Distribution
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Figure A.3: Distribution of triangle area [mm?] in the three-dimensional torso model.
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Figure A.4: The three-dimensional torso in several views.
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In Figure A.5 are two views of the three-dimensional epicardial surface. In the top
panel is a frontal view (10° left, 10° cranial) of the heart as it would be located in the
body. The axis system is aligned with the body coordinate system, with the origin
shifted to the centre of the heart for purposes of display. In the lower panel, the view
has been shifted to 95° to the left and 5° caudally to provide an apical view of the
heart. The nodes lie at the intersections of the 6 circumferences and the 16 meridians

(96 nodes) and at the two end points of the surface.

A.5 Two-dimensional Projections of the Geome-
try

Any three-dimensional surface must be prejected on a plane if it is to be viewed on
a display device or in hard-copy form. The need to show the distribution of some
quantity, for example electric potential, over such a surface adds a further dimension
to the problem and makes the need for an acceptable projection even more acute.
Since our primary purpose is not to portray geometry but to document potential
distributions over the torso and epicardial surfaces, we had to develop a standard
projection for each surface which would be the basis for isocontour maps. The next
two sections describe the approach we have taken in developing projections and the
associated forms of display which allow comprehensive evaluation of the data with a

minimum of geometrical distortion.

A.5.1 The torso surface

Since the three-dimensional form of the torso surface was derived from a two-di-
mensional grid, there was no need to derive another means of projecting the torso
onto a flat surface. BSPM recordings yield a maximum of 117 leads (“bad” leads
reduce this number), from which a complete set of torso potentials at all node points
had to be generated. This was both a necessary prerequisite for inverse solution

calculations (see section 3.1.4) and a functional requirement for plotting reasonably
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smooth iso-contour maps (see section 3.2). While values at 117 of the 352 node points
could be determined directly from the measured data, potentials at the remaining
node sites were estimated using a three-dimensional interpolation scheme proposed
by Oostendorp and van Qosterom [241] and described in section 3.2. Figure A.6 shows
the two-dimensional torso surface, displayed as a set of numbered node points (upper
panel), and in triangularized form (lower panel). Figure A.6 differs from Figure A.2
in that all nodes which form what is a common boundary in 3 dimensions have been
given unique node numbers (those > 352) in the latter figure; node 19, for example,
has become node 357 in the two-dimensional representation of Figure A.6. To produce
contours according to the method of Ideker et al. [263, 264, 265] (see section 3.2), the
line segments which make up the triangles, together with the node points on either

side of each line, were gathered in an “edge table”.

A.5.2 The epicardial surface

To facilitate display of epicardial potential distributions, it was necessary to develop
a new projection of the three-dimensional surface of the heart. The precedents in the
literature for such a projection can be divided into two categories. In one group are
those based on a realistic anterior/posterior view of the heart in which each display
consists of two non-overlapping silhouettes of the heart as seen in standard anatomical
views [51, 50]. With the addition of some appropriate landmarks, these displays have
the advantage of being almost instantly readable and allowing easy spatial association
between epicardial potentials and underlying anatomy. The fact that two separate
displays are presented does, however, require mental reconstruction. Distortions can
arise at the edges of the display where the surface curves away from the view plane;
the apparent area can be much smaller than the actual one and in the worst case,
certain regions can disappear behind foreground surfaces.

To ensure that the entire heart is clearly revealed, various methods of “unwrap-

ping” the surface have been described [294, 76]; these form the second category of
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Figure A.7: The three-dimensional epicardial surface rotated so that the heart axis
is aligned with the y-axis of the coordinate system.

projections. While the edge distortion is reduced by this type of projection, the prob-
lem of where to split the display remains. Mental reconstruction of the complete
distribution and the spatial relationship between epicardial potential and anatomy is
also more difficult than with realistic projections.

The method we have chosen is a hybrid of these two categories and has been
used by several groups for displays of isochrone maps in clinical epicardial mapping
[46, 45, 294]. It is semi-realistic in that the heart is viewed looking at the apex
along the heart axis, but to ensure that the whole heart is represented, the surface
is also partially unwrapped. This is perhaps best pictured with the heart mounted
vertically on its axis with the apex at the bottom, as shown in Figure A.7. If one were

to imagine the heart covered with a flexible material which is distensible only along
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the horizontal direction, one could tear this covering along the top ring in Figure A.7,
pull it away from the heart and stretch it so that it lay flat. Figure A.8 .uows this
two dimensional projection of the epicardial surface, referred to as the polar display,
as numbered node points; the same projection in triangularized form is in Figure A.9.
At the centre of each polar display lics the apex, surrounded by concentric rings which
correspond to the ou’anes of the slices through the heart. Sixteen rays originating
at the apex and arrunged at a constant angular interval correspond to the vertical
meridians in Figure A.7. The rings are not round, because the distance between nodes
on the same ray and neighbouring rings has been maintained in the transformation
from three to two dimensions.

The main advantage of this form of display is that it contains all of the ventiicular
surface and a portion of the atrial surface in a single diagrarn:, while still maintaining
a semi-realistic view of the heart. The two significant disadvantages are that the
atrial surface is greatly distorted, since it forms the outermost ring of the projection,
and that only the ventricles are displayed in their entirety. As we are concerned
primarily with the effect of PTCA-induced ischemia on ventricular activation and
recovery properties, these limitations are of minor importance.

The remaining degree of freedom in the polar projection is the rotation of the
display about the center (apex). The orientation was chosen in such a way that the
course of the left anterior descending (LAD) artery would be directed approximately
vertically from the top towards the centre; the posterior descending artery runs from
the bottom upwards. This perspective resembles the way a surgeon would see the
heart through an anverior incision and allows relatively easy orientation when viewing
the epicardial maps. To assist in the interpretation of epicardial maps, the coronary
circulation was also projected onto the epicardial polar display. Based on standard
views from several textbooks of anatomy [154, 296, 297] the coronary anatomy was
traced over plots of the three-dimensional triangularized epicardial surface. The tri-

angles in these plots provided a grid with which vhe location of each of the coronarnes
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Figure A.8: Polar display of the epicardial surface in node form. Node 1, which marks
the atrial end of the heart surface, cannot be shown in this projection.
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could then be manually transposed to a separate polar plot. The result was entered
into the computer using a commercial computer-aided dratting and design (CADD)
program (Generic CADD, Generic Software, Inc., Bothell, WA). In consultation with
a cardiac radiologist, the extent and location of the coronary tree was then adjusted
to resemble that of a normal right-dominant human (see section 3.2). Figure A.10
shows the final result with the coronaries labelled (top panel) and with all the trian-
gles which are known to cover the right ventricle marked with an “R” (lower panel).
For a subset of patients from one of the PTCA studies described in section 3.2, the
standard coronary diagram was altered, again in consultation with the same cardiac
radiologist, to reflect the unique structure of each individual. Any epicardial maps

from this subset of patients include their own coronary geometry.
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Appendix B

Dalhousie Mapping System:
Electrical Isolation Features

B.1 General Description

Patient safety standards are more stringent in the catheterization laboratory than
elsewhere in the hospital, since the catheter(s) provide a conductive (fluid) path to
the heart [298, 299, 300]. Te ensure the safety of subjects during mapping studies
under such conditions, several measures have been incorporated into the design of
the bedside unit of our body surface potential mapping system. The aim of these
measures was to reduce leakage currents below limits prescribed by the CSA and the
Victoria General Hospital for patient monitoring devices. This was achieved through
complete galvanic isolation of the input stage (patient-applied parts) from the control
circuitry, which passes the signals to and from the computer. Batteries were used
to supply power for the input stage; this guaranteed that no current path existed
between the power mains and the electrodes attached to the patient. In addition, the
bedside unit was physically divided into two separate subunits, namely the amplifier
unit and the controller unit, which were on opposite sides of the isolation barrier.
Figure B.1 shows an overview of the entire mapping system. With this system, the
most stringent Equipment Risk Class 3 requirements for leakage current of patient-

applied parts specified by the Canadian Standards Association (CSA) were met.
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Figure B.1: The BSPM system as it was used in the catheterization laboratory. Note
optocoupler which galvanically separates the amplifier unit from the controller unit.
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B.2 Electrodes

Electrodes used in the catheterization laboratory must either be located outside the
field of view of the fluoroscope or be radiolucent, that is, constructed in a way that
creates minimal distortion of the X-ray image. The electrodes used with our standard
BSPM system were constructed from 8-mm diameter silver/silver chloride (Ag/AgCl)
pellets in cup-shaped epoxy housings. Linear airays of 4-8 regularly spaced (5 cm
centre-to-centre) electrodes were bonded together in flexible silicon strips and ap-
plied in vertical rows to the subject’s torso. Since we wished to maintain this same
lead configuration in the catheterization laboratory as well, a new set of radiolucent
electrodes had to be constructed. By carefully drilling out portions of our standard
electrodes, we determined that the contact surface area could be reduced to the order
of 1 mm? without detectable loss of signal quality. We then specified and had con-
structed (by In Vivo Metric Systems, Healdsburg, CA) electrodes which consisted of
a 1 mm diameter Ag/AgCl pellet in a bevelled epoxy housing. These electrodes were
housed in silicon-rubber strips, and connected within the strip by ultrathin unshielded
wire. Lead wires running from the base of each strip to a 9-pin connector were teflon-
coated and individually shielded. Visual examination of test ECGs recorded with the
radiolucent electrodes showed no loss of signal quality or stability over the standard
electrodes. The radiographic performance in the catheterization laboratory was also
excellent; each electrode was visible, but only as a barely discernible dot surrounded

by a loop of the lead-wire connection.

B.3 The Mapping System
B.3.1 Signal isolation

For each electrode in the BSPM system there is a single amplifier unit containing an
input operational amplifier, programmable filter and sample-and-hold circuit. Sixteen

such amplifier units share a single A/D converter, which passes a time-multiplexed
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output signal, packed in 4-bit half-bytes (nibbles) through a 19-channel “nibble bus”
to the communications and control circuits. We chose to provide galvanic signal
isolation at the nibble bus for several reasons: 1) the multiplexing and A/D conversion
reduces 128 analog channels down to 19 digital lines, only four of which are actually
carrying data; 2) we considered it advantageous to handle digital rather than analog
signals at the optocouplers since possible nonlinearities between input and output
would have no effect cn the discretized signal; 3) while the large data transfer rate
(192 kB/s for 128 channels at 1000 samples/s) necessitated high-speed optocc plers,
this was a technical requirement easier to meet than that of stable linearity over an
analog optocoupler.

Each of the 19 lines on the nibble bus passes through a digital optocoupler (HP
2630, Hewlett Packard, Palo Alto, CA) to the nonisolated side of the control circuitry.
The maximum leakage current to ground of such an optocoupler is rated at 1 pA per
channel (0.6 pF, 1000 G). Figure B.2 shows the circuit for a single HP 2630 IC
containing two independent optocouplers. The anode of each light-emitting diode
(LED) at the input of the optocoupler is connected to the +5 V supply via a current-
limiting resistor. Connected to the cathode of each diode is a single line of the nibble
bus; when the line is pulled low, current flows through the LED and its emitted light
is sensed by the photosensitive transistor in the receiver of the optocoupler, which

directly drives the nonisolated controller end of the bus.

B.3.2 Packaging of the mapping system

To ensure a complete and secure separation of the patient-appiied p.rts from the re-
mainder of the mapping system, the bedside circuitry was divided into two physically

separate units. Each unit was placed in its own hospital cart (Hewlett Packard Model

7810C, Palo Alto, CA) and was thus fully mobile.
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Figure B.2: The isolation circuit used in the BSPM system; each HP-2630 IC drives
2 lines of the 19-bit “nibble bus”.

B.3.3 Controller unit

The unit which contains the AC-powered controller electronics, battery charger, oscil-
loscopes, heart rate meter and computer terminal, has been named the controller unit.
It forms the interface between the battery-powered amplifier unit (see below) and the
host computer; monitoring and control of the recording process by the operator is
also carried out via the oscilloscopes, meter and terminal housed in the controller
unit.

The controller unit is connected to the host computer via a 48-lead vable up to
200 m in length, which carries all the data-communications and control lines. The
10-meter long data cable which joins the amplifier unit to the controller unit also
provides the +5 V power for the nonisolated side of the optocouplers located in the
amplifier unit. The third cable (charge cable) runs from the battery-charging circuit
of the controller unit to the amplifier unit, where it is connected via the main power

switch directly to the three battery packs. The charge cable should be kept as short as
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possible to ensure that the units be placed close together and away from the patient
during battery recharge. During the recording session, the charge cable should never
be connected to the amplifier unit as this would provide a potential path to ground

via the chassis.

B.3.4 Amplifier unit

Two drawers containing the 128 amplifiers for the mapping unit, the battery packs,
power regulators, battery-level indicators and optocouplers are all housed in a sep-
arate hospital cart — the amplifier unit. This unit satisfies the leakage current
requirements for patient-applied parts of the CSA and the VG Hospital, since it is
galvanically decoupled from the rest of the mapping system and is kept free of any
earth ground connections. Even the chassis is left floating from ground and should
not be allowed to come in contact with other earth grounds in the room. The origiaal
design of the individual amplifier, A/D converter and multiplexing circuits [301, 302]

have proved dependable and were left essentially unchanged in this new design.

B.3.5 Power supply

Power for the bedside unit is provided by two sources, one for the amplifier unit and
a second for the controller unit. On the patient-side, rechargeable, sealed lead/acid
cells are grouped into +18 V, —18 V, and +8 V supplies, regulated down to +15 V,
—15V and +5 V, respectively, each with 12.5 Ah capacities. The voltage levels of
the battery supply are monitored by a set of three 10-segment LEDs which linearly
span the acceptable supply-voltage range under no-load conditions. The user selects
via the main power switch between ‘charge’, ‘charge state indicate’, ‘power on’ and
‘power off’ settings. Only in the ‘power on’ state are the input amplifiers energized.
The power for the controller unit is derived from the secondary side of an isolation
transformer (Hewlett Packard, Palo Alto, CA), mounted in the base of the controller

unit cart. The 120 VAC is fed via a hospital-grade power strip to the oscilloscopes,



227

Boattery Power Overview
Battery Pock

to:
AmpliFiars
Aai1n Power 15V
Bottery Switch Veltoge 1SV
Chorger Se Rcoulutor‘§ '8V
6-Pole/4-Vay

I

Fr—on AC POV.I“

Charge
[ndiceton
Circuit

Figure B.3: A block diagram of the power connections for the battery supply of the
BSPM system

heart-rate meter, computer terminal and a switched pewer supply, which provides the
DC power for the controller unit (£15 V and 45 V) as well as for the controller side
of the optocouplers in the amplifier unit (45 V).

B.3.5.1 Battery power supply

Figure B.3 shows an overview of the battery-based power system used for the amplifier
unit. A 6-pole, 4-way main power switch is mounted to the front panel of the battery

drawer of the amplifier unit and used to select the power mode:
Off: The batteries are disconnected completely from any other part of the circuit.

Charge: The batteries are switched to the socket through which the battery charger
is connected to the amplifier unit. In this mode no power is supplied to the

amplifiers or battery indicators.

i R e e
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Indicate: A set of three 10-segment bar-graph LED displays show the charge level
of the batteries. The batteries are disconnected from the amplifiers and the
charger in this mode so that their unloaded voltage is monitored. To activate
the display of the charge level, the user must also hold down & toggle switch

mounted near the main power switch.

Operate: In this setting the battery power is applied to the regulators and the
amplifier circuitry. This is the normal operating mode for the bedside unit and

the only one in which the amplifiers are energized.

B.3.5.2 The batteries

The batteries themselves are of the sealed acid/lead, “Cyclon” type (Gates Energy
Products, Denver, CO). They are custom units, but since the individual cells are
constructed in a modular fashion, fabrication by the supplier (Prelco Electronics,
Montreal, P’ required only modest extra cost and time. Two identical packs were
each made ..om three 6 V, 12.5 Ah “Monobloc” units, welded into an L-shaped
configuration and connected in series, for a total capacity of 18 V at 12.5 Ah. The
remaining 8 V, 12.5 Ah pack was made from four individual, 2 V J-cells, encased in
shrink-wrap plastic. The three packs were mounted in a drawer of the amplifier unit

along with the regulators and charge state indicator circuits.

B.3.5.3 Voltage regulator

The supply voltage from the batteries is regulated from 18 to 15 V and from 8 to
5 V using three separate regulator circuits. Figure B.4 B shows a standard variable
voltage regulator (LM338) arrangement. The “shutdown” lead provides the option
of quickly regulating the output voltage to zero by connecting it to the “-sense” line,
while R2 adjusts the output voltage. Figure B.4 A shows the slightly more elaborate
18 V regulator circuit, as suggested by Sherwood [303]. Here a variable voltage

regulator (MC1723) drives a separate transistor in order to provide the necessary
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Figure B.4: The voltage- regulation circuit for: A) the 15 V power, derived from the
18 V battery and B) the 5 V power, derived from the 8 V battery

current. Output voltage is controlled with the variable resistor R2; by appropriately
connecting one of the output lines to the common ground, identical circuits provide

both +15 and —15 V regulation.

B.3.5.4 Battery charger

Three separate chargers of identical basic design were constructed, one for each of
the three battery packs. Figure B.5 A (8V charger) and B (18V charger) depicts
the circuit used for this constant-voltage, current-limited charger, based on a design
by Ershler and Steadman [229, 303]. According to our planned pattern of use and

after consultation with the manufacturer, we chose a value of 2.4 V per cell as an
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optimal voltage for the charge circuit. As a result of this choice the charge cycle is
relatively slow, which ensures that a depleted battery recharges fully overnight with
only limited reduction in long-term battery life. The two circuits in Figure B.5 differ
only in their input transformers, 3-pin voltage regulators and the resistor, R9, with

which output voltage is set.

B.3.5.5 Charge indicators

To ensure as efficient a recharging schedule as possible and to provide early warning
to the operator of any drop in battery voltage, a set of three battery-charge level
indicators were constructed. The display for each of the three batteries is in the form
of a 10-segment LED bar graph, calibrated to linearly span the normal operating
voltage. When all the LED segments are on, the battery is still within normal oper-
ating range but not necessarily fully charged; a drop below the middle LED segment
indicates imminent loss of full power to the circuits. Continued operation beyond this
point produces unpredictable oscillations in the input amplifiers. Figure B.6 shows
the charge indicator circuit used for the 8V and 18V batteries.

An integrated dot/bar display driver circuit (LM3914, National Semiconductor)
contains a ladder network of resistors and comparators to drive tne attached 10-
segment LED bar graph. When the indicator switch, S1, is depressed, the unregulated
battery voltage is applied to a fixed, 15-volt regulator (7815) to generate the supply
voltage for the IC. In the +18 V regulator, this same signal is applied to a 2:3 voltage
divider whose tap provides the input signal for the display; for the 8V indicator, the
battery voltage is applied directly to the ‘Sig In’ pin (5). A 1.25 V reference voltage
is generated between the ‘Ref Out’ (7) and ‘Ref Adj’ (8) pins of the LM3914 and the
current drain to ground from ‘Ref Out’ determines the LED current of each segment.
This reference voltage, together with resistors R1-R4, are used to adjust the voltage
range over which the display should operate. The lower-limit voltage, set by R4, is
applied to the Ry, pin (4), the upper limit, set by R2, to the Ry; (6) pin, the difference
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Figure B.5: The battery-charging circuits for both 18 V (A) and 8 V (B) battery

supplies.
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Figure B.6: The battery-level indicator circuit for the 18 V (A) and 8 V (B) supplies
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between the two, Vg4, is linearly spanned by the 10 segments of the display.

For both charge indicators, the battery supply voltage covered by the indicator
display was set at 200 mV, from 1.9-2.1 V per cell. The upper value indicates a
still acceptable, although not fully charged, open-circuit voltage while the lower is
characteristic of a cell in acute need of recharge. Thus, for the 8 V battery packs V4
should be adjusted to 0.8 V, Ry, to 7.6 V and, therefore, Ry, at 8.4 V. In the £+18
V indicator, the battery voltage spanned is 17.1-18.9 V, V4 should be adjusted to
1.08 V, with Ry, at 10.26 V and Ry; at 11.34 V.



Bibliography

[1] J.G. Swihart. Numerical methods for solving the forward problem in electro-
cardiology. In C.V. Nelson and D.B. Geselowitz, editors, The Theoretical Basis
of Electrocardiology, chapter 11, pages 257-293. Claredon Press, Oxford, 1976.

[2] Y. Yamashita. Theoretical studies on the inverse problem in electrocardiography
and the uniqueness of the solution. IEEE Trans. Biomed. Eng., BME-29:719-
725, 1982.

[3] R.M. Gulrajani, F.A. Roberge, and G.E. Mailloux. The forward problem of
electrocardiography. In P.W. Macfarlane and T.D. Veitch Lawrie, editors, Com-

prehensive Electrocardiology, pages 197-236. Pergamon Press, Oxford, England,
1989. Volume 1.

[4] R.M. Gulrajani, P. Savard, and F.A. Roberge. The inverse problem in electro-

cardiography: Solutions in terms of equivalent sources. CRC Crit. Rev. Biomed.
FEng., 16:171-214, 1988.

[5] R.M. Gulrajani, F.A. Roberge, and P. Savard. The inverse problem of electro-
cardiography. In P.W. Macfarlane and T.D. Veitch Lawrie, editors, Comprehen-
stve Flectrocardiology, pages 237-288. Pergamon Press, Oxford, England, 1989.
Volume 1.

[6] B.J. Messinger-Rapport and Y. Rudy. Regularization of the inverse problem in
electrocardiography: a model study. Math. Biosci., 89:79-118, 1988.

[7] Y. Rudy and B.J. Messinger-Rapport. The inverse solution in electrocardiogra-
phy: Solutions in terms of epicardial potentials. CRC Crit. Rev. Biomed. Eng.,
16:215-268, 1988.

[8] W. Einthoven, G. Fahr, and A. de Waart. Uber die Richting und manifest
Grosse der Potentialschwankungen im menschlichen Herzen und iber den Ein-

fluss der Herzlage auf die Form des Elektrokardiograms. Pfligers Arch. ges.
Physiol., 150:275-315, 1913.

[9] A.L. Goldberger and E. Goldberger. Clinical Electrocardiography. C.V. Mosby,
St. Louis, Toronto, Princeton, 1986.

234



235

[10] H.C. Burger and J.B. van Milaan. Heart-vector and leads. Part 1. Br. Heart J,
8:157-61, 1946.

[11] H.C. Burger and J.B. van Milaan. Heart-vector and leads. Part II. Br. Heart
J, 9:154-60, 1947.

[12] H.C. Burger and J.B. van Milaan. Heart-vector and leads. Part III: Geometrical
representation. Br. Heart J, 10:229-33, 1948.

[13] R. McFeeand F.D. Johnston. Electrocardiographic leads. I. Introduction. Cire.,
8:554-68, 1953.

[14] R. McFee and F.D. Johnston. Electrocard‘ographic leads. II. Analysis. Circ.,
9:255-66, 1954.

[15] R. McFee and F.D. Johnston. Electrocardiographic leads. III. Synthesis. Cire.,
9:868-80, 1954.

[16] O.H. Schmitt. Lead vectors and transfer impedance. Ann. N.Y. Acad. Sci.,
65:1092-109, 1957.

[17] R.C. Barr and T.C. Pilkington. Computing inverse solutions for an on-off heart
model. IEEE Trans. Biomed. Eng., BME-16:205-214, 1969.

[18] Barr. R.C., T.C. Pilkington, J.P. Boineau, and C.L. Pogers. An inverse elec-
trocardiographic solution with an on-off model. IFEE Trans. Biomed. Eng.,
BME-17:49-57, 1970.

[19] Y. Yamashita and D.B. Geselowitz. Source field relationships for cardiac gen-
erators on the heart surface based on their transfer coeflicients. IEEE Traens.

Biomed. Eng., BME-32:964-970, 1985.

[20] D.B. Geselowitz. Dipole theory in electrocardiography. Am. J Cardiol, 14:301-
306, 1964.

[21] J. De Guise, R. M. Gulrajani, P. Savard, R. Guardo, and F. Roberge. Inverse
recovery of two moving dipoles from simulated surface potential distributions on
a realistic human torso model. IEEE Trans. Biomed. Eng., BME-32:126-135,
1985.

[22] R.M. Gulrajani, F.A. Roberge, arid P. Savard. Moving dipole inverse ECG and
EEG solutions. IEEE Trans. Biomed. Eng., BME-31:903-910, 1984.

[23] C.J. Purcell. A Comparison of Electric and Magnetic Body Surface Mapping
Using Single Moving Dipole Inverse Solutions. PhD thesis, Dalhousie Univ.,
Halifax, Nova Scotia, Canada, 1988.



il N S

N e e A

me.. .

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[33]

[34]

236

H.L. Gelernter and J.C. Swihart. A mathematical-physical model of the genesis
of the electrocardiogram. Biophys. J, 4:285-301, 1964.

R.C. Barr, T.C. Pilkington, J.P. Boineau. and M.S. Spach. Determining surface

potentials from current dipoles, with application to electrocardiography. IEEE
Trans. Biomed. Eng., BME-13:88-92, 1966.

A.C.L. Barnard, I.M. Duck, and M.S. Lynn. The application of electromagnetic

theory to electrocardiology: I Derivation of the integral equation. Biophys. J,
7:443-462, 1967.

A.C.L. Barnard, LM. Duck, M.S. Lynn, and W.P. Timlake. The application of
electromagnetic theory in electrocardiology II. Numerical solution of the integral
equations. Biophys. J, 7:463-490, 1967.

R.C. Barr and M.S. Spach. Inverse solutions directly in terms of potentials. In
C.V. Nelson and D.B. Geselowitz, editors, The Theoretical Basis of Electrocar-
diography, chapter 12, pages 294-304. Clarendon Press, Oxford, 1076.

S.J. Walker and D. Kilpatrick. Forward aad inverse electrocardiographic calcu-
lations using resistor network models of the human torso. Circ. Res., 61:504~

513, 1987.

G Huiskamp and A. van Oosterom. The depolarization sequence of the human
heart surface computed from measured body surface potentials. IEEE Trans.
Biomed. Eng., BMT-35:1047-1059, 1989.

J.J. Gallagher, M. Gilbert, R.H. Svenson, W.C. Sealy, J. Kasell, and A.G. Wal-
lace. Wolff-Parkinson-White syndrome: the problem, evaluation, and surgical
correction. Circ., 5:767-785, 1975.

R.E. Ideker, W. Smith, A.G. Wallace, J. Kasell, L.A. Harrison, G.J. Klein, R.E.
Kinicki, and J.J. Gallagher. A computerized method for the rapid display of
ventricular activation during the intraoperative study of arrhythmias. Cire.,
59:449-458, 1979.

C. Laxer, R. E. Ideker, and T. C. Pilkington. The use of unipolar epicardial
QRS potentials to estimate myocardial infarction. IEEE Trans Biomed. Eng.,
BME-32:64-67, 1985.

R. Coronel, JJW.T. Fiolet, F.J.G, Wilms-Schopman, T. Opthof, A.F.M. Schaa-
pherder, and M.J. Janse. Distribution of extracellular potassium and electro-
physiologic changes during two-stage coronary ligation in the isolated, perfused

canine heart. Cire., 80:165-177, 1989.



(35]

[36]

37!

[40]

[41]

[44]

[45]

237

J.F. Richeson, T. Akiyama, and E. Schenk. A solid angle analysis of the epi-
cardial ischemia TQ-ST deflection in the pig. Circ. Res., 43:879-888, 1978.

G.T. Smith, G. Geary, W. Ruf, T.H. Roelofs, and J.J. McNamara. Epicardial
mapping and electrocardiographic models of myocardial ischemic injury. Cire.
Res., 60:930-938, 1979.

A.G. Kléber, M.J. Janse, F.J.L. van Capelle, and D. Durrer. Mechanism and
time course of ST- and TQ-segment changes during acute regional myocardial
ischemia in the pig heart determined by extracellular and intracellular record-
ings. Circ. Res., 42:603-613, 1978.

A.G. Kléber, M.J. Janse, F.J.G. Wilms-Schopmann, A.A.M. Wilde, and
R. Coronel. Changes in conduction velocity during acute ischemia in ventricular
myocardium of the isolated porcine heart. Cire., 73:189-198, 1986.

P.S. Chen, P.D. Woli, F.J. Claydon, E.G. Dixon, H.J. Vidaillet, N.D. Danieley,
T.C. Pilkington, and R.E. Ideker. The potential gradient field created by epi-
cardial defibrillation electrodes in dogs. Cire., 74:626-636, 1986.

F.J. Claydon, T.C. Pilkington, A.S.L. Tang, M.N. Morrow, and R.E. Ideker.
A volume conductor mode! of the thorax for the study of defibrillation fields.
IEEE Trans. Biomed. Eng., BME-35:981-992, 1988.

F.J. Claydon, T.C. Pilkington, A.S. Tang, M.N. Morrow, and R.E. Ideker. Com-
parison of measured and calculated epicardial potentials during transthoracic
stimulation. In IEEE Engineering in Medicine and Biology Society 10th Annual
International Conference, pages 206-207. IEEE Press, 1988.

R.A.J. Spurrel, A.K. Yates, C.W. Thorburn, G.E. Sowton, and D.C. Deucher.
Surgical treatment of ventricular tachycardia after epicardial mapping studies.
Br. Heart J, 3:115-126, 1975.

J.M.T. de Bakker, M.J. Janse, F.J.L. van Capelle, and D. Durrer. An inter-
active computer system for guiding the surgical treatment of life-threatening
ventricular tachycardias. IEEE Trans Biomed. Eng., BME-31:362-368, 1984.

I. Parson and E. Downar. Clinical instrumentation for the intraoperative map-
ping of ventricular arrhythmia. Pace, 7:683-692, 1984,

E. Downar, 1.D. Parson, L. L. Mickleborough, D.A. Cameron, L.C. Yao, and
M.B. Waxman. On-line epicardial mapping of intraoperative ventricular ar-
rhythmias: Initial clinical experience. J Am. Coll. Cardiol., 4:703-14, October
1984.

T TN -



Mo

238

[46] G. Bonneau, G. Tremblay, P. Savard, R. Guardo, A.R. Leblanc, R. Cardinal,
P.Pagé, and R.A. Nadeau. An integrated system for real-time cardiac activation
mapping. I[EFE Trans. Biomed. Eng., BME-34:415-423, 1987.

[47} P. Savard, G. Bonneau, G. Tremblay, R.A. Leblanc, R. Cardinal, P. Pagé, and
R.A. Nadeau. Interactive cardiac mapping system for antiarrhythmia surgery.
In IEEE Engineering in Medicine and Biology Society 8th Annual International
Conference, pages 1286-1288. IEEE Press, 1986.

[48] G. Arisi, E. Macchi, S. Baruffi, S. Spaggiari, and B. Taccardi. Potential fields
on the ventricaular surface of the exposed dog heart during normal excitation.
Cire. Res., 5:706-715, 1983.

[49] D.M. Monro, P.J. Bones, R. de Stanbridge, and R.W. Jones. Comparison of
epicardial and body surface ECG potentials in man. Cardiovasc. Res., 20:201-
207, 1986.

[60] R.C. Barr and M.S. Spach. Inverse calculation of QRS-T epicardial potentials
from body surface potential distributions for normal and ectopic beats in the
intact dog. Circ. Res., 42:661-675, 1978.

[61] M.S. Spach, R.C. Barr, C.F. Lanning, and P.C. Tucek. Origin of body surface
QRS and T-wave potentials from epicardial potential distributions in the intact
chimpanzee. Cire., 55:268-278, 1977.

[52] R. Plonsey. Bioelectric Phenomena. McGraw-Hill, New York, 1969.

[53] D.B. Geselowitz and O.H. Schmitt. Electrocardiography. In H.P. Schwan, edi-
tor, Biological Engineering, pages 333-390. McGraw Hill, New York, 1969.

[54] R.O. Martin. Inverse Electrocardiography: Epicardial Potentials. PhD thesis,
Duke University, Durham, NC, 1970.

[55] R.O. Martin and T.C. Pilkington. Unconstrained inverse ECG: Epicardial po-
tentials. IEEE Trans. Biomed. Eng., 24:1-11, 1972.

[56] R.C. Barr, M. Ramsey, and M.S. Spach. Relating epicardial to body surface
potential distributions by means of transfer coefficients based on geometry mea-
surements. IEEFE Trans. Biomed. Eng., BME-24:1-11, 1977.

[57] M. Ramsey. Comparison of Epicardial Potentials with Measured and Simulated
Torso Potentials for Ventricular Depolarization and Repolarization in the Dog.
PhD thesis, Duke Univ., 1974.



239

(58] B.M. Horacek, R.G. de Boer, J.L. Leon, and T.J. Montague. Human epicardial
potential distributions computed from body-surface-available data. In K. Ya-
mada, K. Harumi, and T. Musha, editors, Advances in Body Surface Potential
Mapping, pages 47-54. University of Nagoya Press, Nagoya, Japan, 1983.

[59] J.J.M. Cuppen and A. van Oosterom. Model studies with the inversely cal-
culated isochrones of ventricular depolarization. IEEE Trans. Biomed. Eng.,

BME-31:652-659, 1984.

[60] J.J.M. Cuppen. Calculating the isochrones of ventricular depolarization. SIAM
J Sci. Statist. Comp., 5:105-120, 1984.

[61] J.W.H. Meijs, 0.W. Weier, M.J. Peters, and A. van Oosterom. On the numerical
accuracy of the boundary element method. IEEE Trans. Biomed. Eng., BME-
36:1038-1049, 1989.

[62] H Meijs. The Influence of Head Geometries on Electro- and Magnetoencephalo-
grams. PhD thesis, Dept. of Electrical Engineering, University of T'wente, the
Netherlands, 1988.

[63] G.J. Huiskamp. Noninvasive Determination of Human Ventricular Activation.
PhD thesis, Catholic University of Nijmegen, Nijmegen, The Netherlands, 1989.

[64] G.J. Huiskamp and A. Van Oosterom. Tailored versus geometry in the inverse
problem of electrocardiography. IEEE Trans. Biomed. Eng., 36:827-835, 1989.

[65] Y. Yamashita and T. Takahashi. Use of the finite element method to determine
epicardial from body surface potentials under a realistic torso model. IEEE

Trans. Biomed. Eng., BME-31:611-621, 1984.

[66] P. Colli Franzone, B. Taccardi, and C. Viganotti. An approach to inverse calcu-
lation of epicardial potentias from body surface maps. Adv. Cardiol., 21:50-54,
1978.

[67] P. Colli Franzone, L. Guerri, B. Taccardi, and C. Viganotti. The direct and
inverse problems in electrocardiology. Numerical aspects of some regularization

methods and applications to data collected in isolated dog heart experiments.
Lab. Anal. Numerica C.N.R., Pub. N:222, 1979.

[68] P. Colli Franzone, L. Guerri, B. Taccardi, and C. Viganotti. Finite element
approximation of regularized solution of the the inverse potential problem of
electrocardiography and application to experimental data. Calcolo, 22:91, 1985.

[69] P. Colli Franzone, L. Guerri, S. Tentonia, C. Viganotti, S. Spaggiari, and B. Tac-
cardi. A numerical procedure for solving the inverse problem of electrocardio-
graphy. Analysis of the time-space accuracy from in vitro experimental data.
Math. Biosci., T7:353, 1985.



— e e e e e b < v e W bt b ey 7 3 % o

240

[70] C.R. Johnson. The Generalized Inverse Problem in Electrocardiography: The-
oretical, Computational and Ezperimental Results. PhD thesis, University of
Utah, Salt Lake City, Utah, 1989.

[71] T.C. Pilkington, M.N. Morrow, and P.C. Stanley. A comparison of finite element
and integral equation formulations for the calculation of electrocardiographic
potentials. IEEFE Trans Biomed. Eng., BME-32:166-173, 1985.

[72] T.C.Pilkington, M.N. Morrow, and P.C. Stanley. A comparison of finite element

and integral equation formulations for the calculation of electrocardiographic
potentials - II. IEEE Trans Biomed. Eng., BME-34:258-260, 1987.

[73] M. Foster. An application of the Wiener-Kolmogorov smoothing theory to
matrix inversion. J Soc. Ind. Appl. Math., 9:387, 1961.

[74] R.C. Barr and M.S. Spach. A comparison of measured epicardial potentials
with epicardial potentials computed from body surface measurements in the
intact dog. Adv. Cardiol., 21:19-22, 1978.

[75] R.E. Ideker, W.M. Smith, P. Wolf, N.D. Danieley, and F.R. Bartram. Simulta-
neous multichannel cardiac mapping systems. Pace, 10:281-291, 1987.

[76] W.M. Smith and R.E. Ideker. Computer techniques for epicardial and endocar-
dial mapping. Prog. Cardiovasc. Dis., 2:15-32, 1983.

[77] G. Wisenberg. NMR’s expanding horizons. Cardiology, pages 20-33, Mar 1987.

[78] P.R. Ershler, R.L. Lux, L.S. Green, G.R. Caputo, and D. Parker. Determi-
nation of 3-Dimensional torso, heart, and electrode geometries from magnetic
resonance images. In IEEE Engineering in Medicine and Biology Society 10th
Annual International Conference, pages 121-122. IEEE, 1988.

[79] F.P. Colli Franzone, G. Gassaniga, L. Guerri, B. Taccardi, and C. Viganotti.
Accuracy evaluation in direct and inverse electrocardiology. In P.W. Macfarlane,
editor, Progress in Electrocardiography, pages 83-87. Pitman Medical, 1979.

[80] C. Rogers. Inverse FElectrocardiography — Multistage Solutions. PhD thesis,
Duke University, Durham, NC, 1967.

[81] R.C. Barr. Constrained Inverse Electrocardiography. PhD thesis, Duke Univer-
sity, Durham, NC, 1968.

[82] O.N. Strand and E.R. “Westwater. Minimum-rms estimation of the numerical
solution of a Fredholm integral equation of the first kind. SIAM J Numer.
Anal., 5:287-295, 1968.



241

[83] O.N. Strand and E.R. Westwater. Statistical estimation of the numerical solu-
tion of the Fredholm integral equation of the first kind. J 4ssoc. Comp. Mach.,
15:100, 1968.

[84] S. Twomey. On the numerical solution of Fredholm integral equations of the
first kind by the inversion of the linear system produced by quadrature. J Assoc.
Comp. Mach., 10:97, 1963.

[85] R.J. Hanson and Phillips J.L. An adaptive numerical method for solving linear
Fredholm integral equations of the fi.st kind. Numer. Math., 24:291-307, 1975.

[86] C.L. Lawson and R.J. Hanson. Solving Least Squares Problems. Prentice-Hall,
Englewood Cliffs, NJ, 1974.

[87] D. Durrer, R.T. van Dam, G.E. Freud, M.J. Janse, F.L. Meijler, and R.C.
Arzbaecher. Total excitation of the isolated human heart. Circ., 41:899-912,
1970.

[88] Y. Rudy and R. Plonsey. The eccentric spheres model as the basis for a study of
the role of geometry and inhomogeneities in electrocardiography. IEEE Trans.
Biomed. Eng., BME-26:392-399, 1979.

[89] R.H. Bayley and P.M. Berry. The electrical field produced by the eccentric
current dipole in the nonhomogeneous conductor. Am. Heart J., 63, 1962.

[90] R.H. Bayley and P.M. Berry. The arbitrary electromotive double layer in the
eccentric “heart” of the nonhomogeneous circular lamina. IEEE Trans. Biomed.

Eng., BME-11, 1964.
[91] R.H. Bayley, J.M. Kalbfleisch, and P.M. Berry. Changes in the body’s QRS

surface potentials produced by alterations in certain compartments of the non-
homogeneous conducting model. Am. Heart J., 77, 1969.

[92] Y. Rudy and R. Plonsey. A comparison of volume conductor and source geom-
etry effects on body surface and epicardial potentials. Circ. Res., 46:283-291,
1980.

(93] J.D. Jackson. Classical Electrodynamics. John Wiley & Sons, New York, 1975.
Second edition.

[94] D.B. Geselowitz and W.T. Miller. A bidomain model for anisotropic cardiac
muscle. Annal. Biomed. Eng., 1:191-206, 1983.

[95] B. J. Roth and J. P. Wikswo. A bidomain model for the extracellular potential
and magnetic field of the cardiac tissue. IEEFE Trans. Biomed. Eng., BME-
33:467-469, 1986.



242

[96] D.B. Geselowitz. Use of time integrals of the ECG to solve the inverse problem
IEEE Trans. Biomed. Eng., BME-32:73-75, 1985.

[97] D.B. Geselowitz. The ventricular gradient revisited: Relation to the area under
the action potential. IEEE Trans. Biomed. Eng., BME-30:76-77, 1983.

[98] A. van Oosterom and G.J. Huiskamp. The effect of torso inhomogeneities on

body surface potentials quantified using “tailored” geometry. J Electrocardiol.,
22:53-72, 1989.

[99] C.L. Nikias, T.Y. Shen, and J.H. Siegel. Frequency-wavenumber inverse model
for electrocardiography. In IEEFE Engineering in Medicine and Biology Society
8th Annual International Conference, pages 307-310, 1986.

[100] J.H. Siegel, C.L. Nikias, M. Fabian, T.C. Vary, T. Ning, K.C. Goh, and
S. Goodarzi. Advanced signal-processing method for the detection, localiza-

tion, and a ntification of acute myocardial ischemia. Surgery, 102:215-228,
1987.

[101] C.L. Nikias, M.R. Raghuveer, J.H. Siegel, and M. Fabian. The zero-delay
wavenumber spectrum estimation for the analysis of array ECG signals — an
alternative to isopotential mapping. IEEE Trans. Biomed. Eng., BME-33:435-
452, 1986.

[102] D.H. Brooks, C.L Nikias, and J.H. Siegel. An inverse solution in electrocardio-
graphy in the frequency domain. In IEEFE Engineering in Medicine and Biology
Society 10th Annual Inte ational Conference, pages 970-971, 1988.

[103] American Heart Association. Heart Facts. AHA, Office of Communications,
Dallas, TX, 1985.

[104] K.A. Reimer and R.B. Jennings. Myocardial ischemia, hypoxia and infarction.
In H.E. Fozzard et al., editor, The Heart and Cardiovascular System, chapter 53,
pages 1133-2101. Raven Press, New York, 1986.

[105] A.R. Griintzig and H. Hopff. Perkutane Rekanalization chronisher arterieler
Verschlusse mit einem neuen Dilitationskatheter: Modifikation der Dotter-
Prinzip. Dtsch. Med. Wochenschr., 99:2502-2510, 1974.

[106] A.R. Griintzig. Die perkutane Rekanalization chronisher arterieler Verschlusse
(Dotter-Prinzip) mit einem doppellumigen Dilitationskatheter. Fortschr. Roent-
genstr., 124:80, 1976.

[107] A.R. Grintzig, M.I. Turina, and J.A. Schneider. Experimental percutaneous
dilitation of coronary artery stenosis. Cire., 54:11-81, 1976.



243

[108] A.R. Griintzig, R.K. Myler, and E.S. Hanna. Coronary transluminal angio-
plasty. Circ., 56:111-84, 1977.

[109] A.R. Griintzig. Percutaneous transluminal recanalization (ptr) with the double
lumen dilitation catheter. In E. Zeitler, A. Griintzig, and W. Schoop, editors,
Percutaneous Vascular Recanalization, pages 17-23. Springer-Verlag, Berlin,
1978.

[110] A.R. Griintzig.  Transluminal dilitation of coronary artery stenosis—
experimental report. In E. Zeitler, A. Griintzig, and W. Schoop, editors, Per-
cutaneous Vascular Recanalization, pages 57-65. Springer-Verlag, Berlin, 1978.

[111] A.R. Griintzig. Treansluminal dilitation of coronary artery stenosis. Lancet,
1:263, 1978.

[112] A.R. Griintzig, A. Senning, and W.E. Siegenthaler. Nonoperative dilatation of
coronary artery stenosis. N.E. J Med., 301:61-68, 1979.

[113] M.A. Henderson. Percutaneous transluminal coronary angioplasty. Mod. Med.
in Canada, 42:369-378, 1987.

[114] S.K. Chokshi, S. Meyers, and P. Abi-Mansour. Percutaneous transluminal coro-
nary angioplsty: Ten years’ experience. Prog. in Cardiovasc. Dis., 30:147-210,
1987.

[115] L. Schwartz. Focus on PTCA. Cardiology, pages 23-46, Jun 1988.

[116] M. Pagain, S. Vatner, H. Brig, and E. Braunwald. Initial myocardial adjust-
ments to brief periods of ischemia and reperfusion in the conscious dog. Circ.
Res., 43:83-91, 1978.

(117] T. Kumada, J.S. Karliner, H. Pouleur, K.P. Gallagher, K. Shirato, and J. Ross.
Effects of coronary occlusion on early ventricular diastolic events in conscious
dogs. Am. J Physiol., 237:H542-H549, 1979.

[118] J.E. Barnhill, J.P. Wikswo, A.K. Dawson, S.C. Gunderson, R.M.S. Robertson,
D. Robertson, R. Virmani, and R.F. Smith. The QRS complex during transient
myocardial ischemia: Studies in patients with variant angina pectoris and in a
canine preparation. Cire., 71:901-911, 1985.

[119] G.R. Heyndrickx and S.F. Vatner. Effects of acute myocardial ischemia and
reperfusion in conscious animals. In P.W. Serruys and G.T. Meester, editors,
Coronary Angioplasty: A Controlled Model for Ischemia, pages 1-15. Martinus
Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.



CXTINENS Mo

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

244

P.W. Serruys, W. Wijns, F. Piscione, F. ten Kate, P. de Feyter, M. van den
Brand, and P.G. Hugenholtz. Early changes ia wall motion and wall thick-

ness during percutaneous translumincal coronary angioplasty in man. Can. J
Cardiol., Suppl.:221A-232A, Jul 1986.

A M. Hauser, V. Gangadharan, R.G. Ramos, S. Goidon, and G.C. and Tim-
mins. Sequence of mechanical, electrocardiographic and clinical effects of rc-
peated coronary artery occlusion in human beings: Echocardiographic observa-
tions during coronary angioplasty. J Am. Coll. Cardiol., 5:193-197, 1985.

M. Krucoff. Identification of high-risk patients with silent myocardial ischemia

after percutaneous transluminal coronary angioplasty by multilead monitoring.
Am. J Cardiol., 61:29F-34F, 1988.

B. Meier, P. Luethy, L. Finci, G.D. Steffenino, and W. Rutishauser. Coronary
wedge pressure in relation to spontaneously visible and recruitable collaterals.
Circ., 75:906-913, 1987.

V. Legrand, F.M. Aueron, E.R. Bates, W.W. O’Neill, J.M.B. Hodgson, and
G.B.J. Mancini. Value of exercise radionuclide ventriculography and thallium-
201 scintography ir evaluating successful coronary angioplasty: Comparison

with coronary flow reserve, translesional gradient and percent diameter stenosis.
FEurop. Heart J, 8:329-339, 1987.

M. Papouchado, D.W. Pitcher, M.A. James, P.R. Walker, and R.P.H. Wilde.
Simple anatomical basis for surface elelctrocardiographic changes during selec-
tive coronary arteriography. Furop. Heart J, 8:254-262, 1987.

B. Griffin, A.D. Timmis, J.C.P. Crick, and E. Sowton. The evolution of myocar-
dial ischemia during percutaneous translumincal coronary angioplasty. Europ.
Heart J, 8:347-353, 1987.

R.K. Bottner, C.J. Moreas, C.R. Green, R.H. Renzi, K.M Kent, and M.W. Kru-
coff. Quantitation of ischemia during total coronary occlusion with computer-
assisted high resolution ST-segment monitoring: Effect of collateral flow. J
FElectrocardiol., Suppl.:104-106, Oct 1987.

T. Feldman, K.G. Chua, and R.W. Childers. R wave of the surface and intra-
coronary electrogram during acute coronary artery occlusion. Am. J Cardiol.,
58:885~890, 1986.

G.S. Wagner, R.H. Selvester, N.B. Wagner, and M.W. Krucoff. QRS changes
during acute ischemia induced by balloon occlusion of the LAD artery. J Elec-
trocardiol., pages S18-S19, 1988. Supp.



245

[130] H. Spekhorst, A. SippensGroenewegen, G.K. David, and M.J. Janse. Body sur-
face mapping during percutaneous transluminal coronary angioplasty (PTCA):
ST-Segment changes during ischemia. Cire., 78 Suppl.:.1I-577, 1988.

[131] H. Spekhorst, A. SippensGroenewegen, G.K. David, and M.J. Janse. Body sur-
face mapping during percutaneous transluminal coronary angioplasty (PTCA):
Evidence of regional couduction delay. Circ., 78 Suppl.:II-577, 1988.

[132] D. Hamel, P. Suvard, D. Derome, L. Legendre, R. Nadeau, M. Debuc, and

) -uasa. Detection of localized ischemia changes with body surface potential
mapping in patients undergoing ¢ oronary angioplasty. Circ., 78 Suppl.:I1I-577,
1988.

[133] T.J. Montague, R.M. Miller, M.A. Henderson, R.G. Macdonald, R.S. MacLeod,
F.X. Witkowski, and B.M. Horacek. Changes in the body surface electrocar-
diogram following successful coronary angioplasty. J Electrocardiol., 1990. In
Print.

[134] M. Shenasa, D. Hamel, J. Nasmith, R. Nadeau, J.-L. Dutoy, D. Derome, and
P. Savard. Body surface potential mapping of ST-segment shift in patients un-
dergoing percutaneous translumninal coronary angioplasty: Correlations with
the electrocardiogram and vectocardiogram. 1990. (submitted).

[135] H. Spekhorst, A. SippensGroenesegen, G.K. David, M.J. Janse, and A.J. Dun-
ning. Body surface mapping during ; ercutaneous transluminal coronary angio-
plasty. Circ., 81:840-849, 1990.

[136] M.L. Marcus, D.G. Harrison, C. Wesley, and L.F. Hiratzka. Assessing the
physiological significance of coronary obstruction in man. Can. J Cardiol.,
pages 195A-199A, Suppl. 1986.

[137) H.A. Fozzard. Validity of myocardial infarction medels. Circ., 51,52, Suppl.
1IL:IT1-131-111-138, 1975.

[138] A. Ekmekci, H.J. Toyoshima, J.K. Kwocynski, and et al. Angina pectoris:
Giant R and receding S wave in myocardial ischemia and certain nonischemic
conditions. Am. J Cardiol., 7:521, 1961.

[139] T. C.ake, P.A. Crean, L.M. Shapiro, A.F. Rickards, and P.A. Poole-Wilson.
Coro.ary sinus pH during percutaneous transluminal coronary angioplasty:
Early development of acidosis during myocardial ischemia in man. Br. Heart J,
58:110-115, 1987.

[140] P.W. Serruys, W. Wijns, M. van den Brand, S. Meu, . Slager, J.C.H. Schu-
urbiers, P.G. Hugenholtz, and R.W. Brower. Left ventricular performance,



[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

246

regional blood flow, wall motion, and lactate metabolism during transluminal
angioplasty. Circ., 70:25-36, 1984.

M. Grbic and U. Sigwart. Left ventricular filling during acu‘e ischemia. In
P.W. Serruys and G.T. Meester, editors, Coronary Angioplasty: A Controlled
Model for Ischemia, chapter 12, pages 141-148. Martinus Nijhoff Publishers,
Dordrecht/Boston/Lancaster, 1986.

P.W. Serruys, F. Piscione, W. Wijns, C. Slager, P. de Fetyer, M. van den Brand,
P.G. Hugenholtz, and G.T. Meester. Ejection filling diastasis during translu-
minal occlusion in man. consideration on global and regional left ventricular
function. In P.W. Serruys and G.T. Meester, editors, Coronary Angioplasty:
A Controlled Model for Ischemia, chapter 13, pages 151-185. Martinus Nijhoff
Publishers, Dordrecht /Boston/Lancaster, 1986.

M.T. Rothman, D.S. Baim, J.B. Simpson, and D.C. Harrison. Coronary hemo-
dynamics during percutaneous transluminal coronary angioplasty. Am. J Car-
diol., 4:1615-1622, 1982.

R. Simon, I. Amende, G. Herrmann, G. Reil, and P.R. Lichtlen. Effect of
prologned balloon inflations on hemodynamics and coronary flow with re-
spect to balloon position in patients undergoing coronary angioplasiy. In
P.W. Serruys and G.T. Meester, editors, Coronary Angioplasty: A Con-
trolled Model for Ischemia, pages 63-75. Martinus Nijhoff Publishers, Dor-
drecht/Boston/Lancaster, 1986.

R. Erbel, B. Henkel, G. Scheiner, W. Clas, R. Brennecke, H. Kopp, and
J. Meyer. Clinical, electrocardiographic and hemodynamic changes during coro-
nary angioplasty. influence of nitroglycerine and nifedipine. In P.W. Serruys and
G.T. Meester, editors, Coronary Angioplasty: A Controlled Model for Ischemia,
pages 39-52. Martinus Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

P. Probst. “Collateral pressure” (occlusion pressure) during coronary angio-
plasty in coronary artery disease. In P.W. Serruys and G.T. Meester, editors,
Coronary Angioplasty: A Controlled Model for Ischemia, pages 105-114. Mar-
tinus Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

M. Cohen and K.P. Rentrop. Assessment of the dynamic and functional char-
acteristics of collateral flow observed during sudden controlled coronary artery
occlusion. In P.W. Serruys and G.T. Meester, editors, Coronary Angioplasty:
A Controlled Model for Ischemia, chapter 10, pages 115-131. Martinus Nijhofl
Publishers, Dordrecht/Boston/Lancaster, 1986.

P.W. Serruys, B. Jaski, F. Piscione, F. ten Kate, P. de Fetyer, M. van den
Braud, and P.G. Huggenholtz. Early changes in wall thickness and epicardial



[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

247

wall motion during percutaneous transluminal coronary angioplasty in man.
similarities with in vitro and in vive model. In P.W. Serruys and G.T. Meester,
editors, Coronary Angioplasty: A Controlled Model for Ischemia, pages 19-30.
Martinus Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

A. Distante, E. Picano, and A. L’Abbate. Wall thickening and motion in tran-
sient myocardial ischemia: Similarities and discrepancies between different mod-
els of ischemia in man (prinzmetal’s angina, coronary angioplasty, dipyridamole
test). In P.W. Serruys and G.T. Meester, editors, Coronary Angioplasty: A
Controlled Model for Ischemia, pages 55-60. Martinus Nijhoff Publishers, Dor-
drecht/Boston/Lancaster, 1986.

P.W. Serruys, F. Piscione, W. Wijns, J.A.J. Hegge, E. Harmsen, M. van den
Brand, P. de Feyter, P.G. Hugenholtz, and J.W. de Jong. Myocardial release
of hypoxanthine and lactate during coronary angioplasty: A quickly reversible
phenomenon, but for how long? In P.W. Serruys and G.T. Meester, editors,
Coronary Angioplasty: A Controlled Model for Ischemia, pages T7-91. Martinus
Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

5.C. Webb, A.F. i ‘ckards, and P.A. Poole-Wilson. Coronary sinus potassium
concentration recorded during coronary angioplasaty. Br. Heart J, 5:146-148,
1983.

P.A. Poole-Wilson and S.C'. Webb. Role of potassium in the genesis of arrhyth-
mias during ischemia. evidence from coronary angioplasty. In P.W. Serruys and
G.T. Meester, editors, Coronary Angioplasty: A Controlled Model for Ischemia,
pages 95-100. Martinus Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

J.T. Lee, R.E. Ideker, and K.A. Reimer. Myocardial infarct size and location
in relation to the coronary vascular bed at risk in man. Cire., 6:526-534, 1981.

R.N. Colley and M.H. Schreiber. Radiology of the Heart and Great Vessels.
Willams & Wilkins Company, Baltimore, 1978. Third Edition.

R.L. Feldman and C.J. Pepine. Evaluation of coronary collateral circulation in
conscious humans. Am. J Cardiol., 53:1233-1238, 1984.

D. Wohlgelernter, C.C. Jaffe, H.S. Cabin, L.A. Yeatmen, and M. Cleman. Silent
ischemia during coronary occlusion produced by balloon inflation: Relation to
regional myocardial dysfunction. J Am. Coll. Cardiol., 10:491-498, 1987.

D. Wohlgelernter, M. Cleman, H.A. Highman, R.C. Fetterman, J.S. Duncan,
B.L. Zaret, and C.C. Jaffe. Regional myocardial dysfunction during coronary
angioplasty: Evaluation by two-dimensional echocardiography and 12 lead elec-
trocardiography. J Am. Coll. Cardiol., 7:245-254, 1986.



I e o - -

248

[158] E. Hoberg, F. Schwarz, U. Voggenreiter, W. Kubler, and B. Kunze. Holter

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

monitoring before, during and after percutaneous transluminal coronary angio-
plasty for evaluation of high-resolution trend recordings of leads CM; and CCj
for the ST-segment analysis. Am. J Cardiol., 6:796-800, 1987.

R.G. Macdonald, J.A. Hill, and R.L. Friedman. ST-Segment response to acute
coronary occlusion: Coronary hemodynamics and angiographic determinants of
direction of ST-segment shift. Circ., 74:978-979, 1986.

S. Abboud, R.J. Cohen, A. Selwyn, P. Ganz, D. Sadeh, and P.L. Friedman.
Detection of transient myocardial ischemia by computer analysis of standard
and signal-averaged high-frequency electrocardiograms in patients undergoing
percutaneous transluminal coronary angioplasty. Circ., 76:585-596, 1987.

R.H. Selvester, N.B. Wagner, and G.S. Wagner. 7 alse-positive posterior my-
ocardial infarct criteria during left anterior descending coronary angioplasty. J
Electrocardiol., pages S105-S111, 1988. Supp.

R.H. Selvester, N.B. Wagner, and G.S. Wagner. Ventricular excitation during
percutaneous transluminal angioplasty of the left anterior descending coronary
artery. Am. J Cardiol., 62:1116-1121, 1988.

N.B. Wagner, C.D. Sevilla, M.W. Krucoff, K.L. Lee, K.S. Pieper, K.K. Kent,
R.K. Bottner, R.H. Selvester, and G.S. Wagner. Transient alterations of the
QRS complex and ST-segment during percutaneous transluminal balloon angio-

plasty of the left anterior descending coronary artery. Aw.. J Cardiol., 62:1038-
1042, 1988.

P.L. Friedman, T.L. Shook, J.M. Kirshenbaum, A.P. Selwyn, and P. Ganz.
Value of the intracoronary electrogram to monitor myocardial ischemia during
percutaneous transluminal myocardial angioplasy. Cire., 74:330-339, 1986.

B. Meier and W. Rutishauser. Intracoronary electrocardiogram during translu-
minal coronary angioplasty. In P.W. Serruys and G.T. Meester, editors, Coro-
nary Angioplasty: A Controlled Model for Ischemia, pages 33-37. Martinus
Nijhoff Publishers, Dordrecht/Boston/Lancaster, 1986.

A.A. Quyyumi, M.B. Rubens, A.F. Rickards, T. Crake, R.D. Levy, and K.M.
Fox. Importance of reciprocal electrocardiographic changes during occlusion of
left anterior descending coronary artery. Lancet, pages 347-350, Feb 1986.

P.E. Bonoris, P.S. Greenberg, M.J. Castellanet, and M.H. Ellestad. Significance
of changes in R-wave amplitude during treadmill stress testing: Angiographic
correlation. Am. J Cardiol., 41:846-851, 1978.



[168]

[169]

[170]

[171]

[172]

(173]

[174]

[175]

[176]

[177)

[178]

[179]

249

K. Watanabe, V. Bhargava, and V.F. Froehlicher. The relationship between
exercise-induced R-wave amplitude changes and QRS vector loops. J Electro-
cardiol., 14:129-138, 1981.

L. de Caprio, S. Cuomo, C. Vigorito, P. Meccariello, M. Romano, A.M.F. Zarra,
and F. Rengo. Influence of heart rate on exercise-induced R-wave changes in
coronary patients and normal subjects. Am. Heart J, 107:61-68, 1984.

D. David, J.G. Kitchen, E.L. Michelson, M. Naito, H.S. Sawin, and C.C. Chen.
R-wave amplitude response to rapid atrial pacing: a marker for myocardial
ischemia. Am. Heart J, 107:53-61, 1984.

L.S. Gettes. Effects of ischemia on cardiac electrophysiolgy. In H.E. Fozzard et
al., editor, The Heart and Cardiovascular System, chapter 57, pages 1317-1341.
Raven Press, New York, 1986.

R.P. Holland and H. Brooks. The QRS complex during myocardial ischemia:
An experimental analysis in the porcine heart. J Clin. Invest., 57:541-550, Mar
1976.

D. David, M. Naito, C.C. Chen, E.L. Michelson, J. Morganroth, and M. Schaf-
fenburz. R-wave amplitudes variations during acute experimental myocardial
ischemia: An inadequate index for changes in intracardiac volume. Cire.,
63:1364-1370, 1981.

D. David, M. Naito, E. Michelson, Y. Watanabe, C.C. Chen, J. Morganroth,
M. Schaffenburg, and T. Blenko. Intramyocardial conduction: a major determi-
nant of R-wave amplitude during acute myocardial ischemia. Circ., 65:161-167,
1982.

A. Kuliabko. Sur la reviviscence du coeur: rappel des battements du coeur
humain trente heures aprés la mort. Compt. Rend. Acad. Sct, 83:63, 1903.

G. Ling and R.W. Gerard. The normal membrane potential of frog sartorius
fibers. J Cell Physiol., 34:383-396, 1949.

W. Trautwein and J. Dudel. Aktionspetential und Kontraktion des Herzmuskels
im Sauerstoffmangel. Pflugers Arch., 263:23-32, 1956.

M. Kardesch, C.E. Hogancamp, and R.J. Bing. The effect of complete ischemia
on the intracellular electrical activity of the whole mammalian heart. Cire.
Res., 6:715-720, 1958.

H.A. Fozzard and J.C. Makielski. The electrophysiology of acute myocardial
ischemia. Ann. Rev. Med., 3:275-284, 1985.



250

[180] R.P. Holland and H. Brooks. TQ-ST segment mapping: Critical review and
analysis of current concepts. Am. J Cardiol., 4:110-129, 1977.

[181] V. Elharrar and D.P. Zipes. Cardiac electrophysiologic alterations during my-
ocardial ischemia. Am. J Physiol., 233(3):H329-H345, 1977.

[182] B. Surawicz. ST-Segment, T-wave, and U-wave changes during myocardial
ischemia and after myocardial infarction. Can. J Cardiol., pages T1A-84A,
Suppl. 1986.

[183] D.M Mirvis. Physiologic bases for anterior ST-segment depression in patients
with acute inferior wall myocardial infarction. Curr. in Cardiology, 116:1308-
1322, 1988.

[184] E. Braunwald. ST-segment mapping: Realistic and unrealistic expectations.
Cire., 54:529-532, 1976.

[185] P.R. Maroko, J.E. Muller, R.A. Kloner, and E. Braunwald. The use of electro-
cardiographic parameters to assess alterations in myocardial ischemic damage.

In Rapport, editor, Current Controversies in Cardiovascular Disease, pages
257-280. Saunders, 1980.

[186] H.A. Fozzard. ST-segment mapping is not a clinical tool. In Rapport, edi-
tor, Current Controversies in Cardiovascular Disease, pages 281-291. Saunders,
1980.

[187] J.T. Flaherty. Clinical uses of precordial ST-segment mapping and the patho-
physiolegy of ST-segment voltage changes. Circ., 53:1-85-187, 1976.

[188] H.A. Fozzard and D.S. DasGupta. ST-Segment potentials and mapping: Theory
and experiments. Circ., 54:533-537, 1976.

[189] H.E.B. Pardee. Electrocardiographic signs of coronary artery obstructions.
Arch. Int. Med., 26:244, 1920.

[190] L.H. Nahum, W.F. Hamilton, and H.E. Heff. Injury current in the electrocar-
diogram. Am. J Physiol., 139:202, 1943.

[191] J.A.E. Eyster, W.J. Meek, H. Goldberg, and W.E. Gilson. Potential changes
in an injured region of the cardiac heart. Am. J Physiol., T17:717, 1938,

[192] W.E. Samson and A.M. Scher. Mechanism of ST-segment alteration during
acute myocardial injury. Circ. Res., 8:780-787, 1960.

[193] M.J. Janse. Electrophysiology and electrocardiology of acute myocardial is-
chemia. Can. J Cardiol., pages 46 A-52A, Suppl. 1986.



[194]

[195]

[196]

[197)

[198]

[199]

[200]

[203]

[204]

[205]

251

C. Brooks, J.L. Gilbert, M.E. Greenspan, G. Lange, and H.M. Mazzella. Ex-
citability and electrical response of ischemic heart muscle. Am. J Physiol.,
198:1143-1147, 1880,

H.J. Hirche, F.L. Boes, R. Bissig, R. Lang, and M. Schramm. Myoccardial
extracelluiar KT and Ht increase and noradrenaline release as possible cause
of early arrhythmias following acute coronary artery occlusion in pigs. J Mol.
Cell. Cardiol., 12:579-593, 1980.

J Weiss and K.I. Shine. Extracellular K* accumulation during myocardial is-
chemia in isolated rabbit heart. Am. J Physiol., 242:H619-H628, 1982.

H.H. Swain and C.L. Weidner. A study of substances which alter intraven-
tricular conduction in the isolated dog heart. J Pharmacol. & Exp. Ther.,
120:137-146, 1957.

R.B. Case. Ion alteration during myocardial ischemia. Cardiology, 56:245-262,
1971.

G. Dominguez and H.A. Fozzard. Influence of extracellular Kt concentration
on cable properties and excitability of sheep cardiac Purkinje fibres. Cire. Res.,
26:565-574, 1970.

K. Matsuda, A. Kamiyama, and T. Hoshi. Configuration of the purkinje-
ventricular fiber junction and its analysis. In T. Sano, I. Mizuhira, and K. Mat-
suda, editors, Electrophysiology and Ultrastructure of the Heart. Grune & Strat-
ton, New York, 1967.

C. Mendez, W.J. Mueller, and X. Urguiaga. Propogation of impulse across the
purkinje fiber-muscle junctions in the dog heart. Circ. Res., 26:135-150, 1970.

M.F. Arnsdorf, E. Schreiner, M. Gambetta, I. Friedlander, and R.W. Childers.
Electrophysiological changes in the canine atrium and ventricle during progres-
sive hyperkalaemia: electrocardiographical correlates and in the in vivo valida-
tion of tn vitro predictions. Cardiovasc. Res., 11:409-418, 1977.

V. Elharrar, P.R. Foster, T.L. Jirak, W.E. Gaum, and D.P. Zipes. Alterations
in canine myocardial excitability during ischemia. Circ. Res., 40:98-105, 1977.

D.A. Brody. A theoretical analysis of intracavity blood mass influence on the
heart-lead relationship. Circ. Res., 6:731, 1956.

E. Downar, M.J. Janse, and D. Durrer. The effect of “ischemic” blood on
transmembrane potentials of normal porcine ventricular myocardium. Circ.,
55(3):455-462, 1977.



252

[206] J.L. Hill and L.S. Gettes. Effect of coronary artery occlusion on local myocardial
extracellular K* aclivity in swine. Circ., 61:768-778, 1980.

[207] A.A.M. Wilde, R.J.G. Peters, and M.J. Janse. Catecholamine release and potas-
sium accumulation in the isolated globally ischemic rabbit heart. J Mol. Cell
Cardiol., 20:887-896, 1988.

[208] I. Watanabe, T.A. Johnson, J. Buchanan, C.L. Engle, and L.S. Gettes. Effect
of graded coronary flow reduction on ionic, electrical and mechanical indexes of
ischemia in the pig. Circ., 76:1127-1134, 1987.

1209] 1. Watanabe, T.A. Johnson, C.L. Engle, C. Graebner, M.G. Jenkins, and L.S.
Gettes. Effects of verapamil and propranolol on changes in extracellular K+, pH,

and local activation during graded coronary flow in the pig. Cire., 79:939-947,
1989.

[210] J. Ross. Electrographic ST-segment analysis in the characterization of myocar-
dial ischemia and infarction. Cire., 33:173-181, 1976.

[211] R. Coronel, J.W.T. Fiolet, F.J.G. Wilms-Schopman, A.F.M. Schaapherder,
T.A. Johnson, L.S. Gettes, and M.J. Janse. Distribution of extracellular potas-
sium and its relation to electrophysiologic changes during acute myocardial
ischemia in the isolated perfused porcine heart. Circ., 77:1125-1138, 1988.

[212] J. Roesler and W. Dressler. Transient electrocardiographic changes .dentical
with those of acute myocardial infarction accompanying attacks of angina pec-
toris. Am. Heart J, 47:520, 1954.

[213] J.O. Parker, M.A. Chiong, R.O. West, and R.B. Case. The effect of ischemia
and alterations of heart rate on myocardial potassium balance in man. Cire.,
4:205-217, 1970.

[214] R.M. Donaldson, P. Taggart, E. Swanton, K. Fox, D. Noble, and A.F. Rickards.
Intracardiac electrode detection of early ischemia in man. Br. Heart J, 50:213-
221, 1983.

[215] P.M.L Sutton, P. Taggart, D.W. Spear, H.F. Drake, R.I. Swanton, and R.W.
Emanual. Monophasic action potential recordings in response to graded hyper-
kalemia in dogs. Am. J Physiol., 25:H956-H961, 1989.

[216] M.J. Janse. Where is the salvable zone? In D.J. Hearse and D.M. Yellon,
editors, Therapeutic Approches to Myocardial Infarct Size Limitation, pages

61-77. Raven Press, New York, 1984.

[217] LS. Cohen, D. DiFrancesco, N.K. Mulrine, and P. Pennefather. Internal and
external K* help gate the inward rectifier. Biophys. J, 55:197-202, 1989.



253

[218] A.C. Elliott, G.L. Smith, and D.G. Allen. Simultaneous measurements of action
potential duration and intracellular ATP in isolated ferret hearts exposed to
cyanide. Circulation Research, 64:583-591, 1989.

[219] A.G. Kléber. Extracellular potassium assumulation in acute myocardial is-

chemia. J Mol. Cell Cardiol., 16:389-394, 1984.

[220] A.G. Kléber. Resting membrane potential, extracellular potassium activity, and
intracellular sodium activity during acute global ischemia in isolated perfused
guinea pig hearts. Circ. Res., 52:442-450, 1983.

[221] R.H. Renzi, R.K. Bottner, S.L. Stroming, A.P. Parente, R.A. Shugoll, K.S.
Stark, J. DiMichele, Y.R. Jackson, K.M. Kent, and M.W. Krucoff. Quantitative
ST-segment recovery following angiographically successful angioplasty: A useful
warning of early complications. J Electrocardiol., pages S27-529, 1988. Supp.

[222] B. Vondenbusch, J. Silny, R. von Essen, G. Rau, W.G. Schmidt, and S. Ef-
fert. Kontinuierliche EKG-Uberwachung mittels hochauflésender Thoraxe-
Elektrokardiographie. Intensivmedizin, 22:334-339, 1985.

[223] B. Vondenbusch, J. Silny, R. von Essen, B. Ludwig, G. Rau, and S. Ef-
fert. Ischamiereaktion wahrend Koronardilitation: Dokumentiert mit multiplen
Elektrokardiogrammen. Biomed. Tech., 30:149-150, 1985.

[224] B. Vondenbusch, J. Silny, R. von Essen, B. Ludwig, G. Rau, and S. Effert. ECG
mapping during coronary dilitation: Improvement of diagnosis and therapy
control. In Computers in Cardiology, pages 43-46. IEEE Press, 1985.

[225] B.R. Farr, B. Vondenbusch, J. Silny, G. Rau, and S. Effert. Localization of
significant coronary arterial narrowings using body surface potential mapping
during exercise stress testing. Am. J Cardiol., 5:528-530, 19817.

[226] T.J. Montague and F.X Witkowski. The clinical utility of body surface potential
mapping in coronary artery disease. Am. J Cardiol., 64:378-383, 1989.

[227] J.L. Cox, T.M. Daniel, and J.P. Boineau. The electrophysological time-course of
acute myocardial ischemia and the effects of early coronary artery reperfusion.

Circe., 48:971-983, Nov 1973.

[228] B. Vondenbusch, S. Offermans, J. Silny, R. von Essen, G. Rau, and W.G.
Schmidt. Limited lead ECG mapping during coronary recanalization. In
P. d’Alché, editor, Advances in Electrocardiology, 11th Congress, Caen, France,
pages 350-352. Centre de Publications de L’Université de Caen, 1984.

[229] P.R. Ershler, R.L. Lux, and B.W. Steadman. A 128 lead online intraoperative
mapping system. In IEEE FEngineering in Biology and Medicine Society 8th
Annual International Conference, pages 1289-1291. IEEE Press, 1986.



(SRR g,y een

o
o
i

[230] H. SippensGroenewegen, A. andSpekhorst, R.N.W. Hauer, N.M. van Hemel,
P. Broekhuijsen, and A.J. Dunning. A radiotransparent carbon electrode array
for body surface mapping during cardiac catheterization. In IEEFE Engineering

in Medicin. and Biology Society 9th Annual International Conference, pages
1782-1793. IEEE Press, 1987.

[231] H. Spekhorst, A. SippensGroenewegen, G.K. David, M. van Rijn, and
P. Broekhuijsen. Radiotransparent carbon electrode for ECG recordings in
the catheterization laboratory. IEEE Trans. Biomed. Eng., BME-35:402-406,
May 1988.

[232] C.W. Steele. Numerical Computation of Electrical and Magnetic Fields. Van
Nostrand Reinhold, New York, 1987.

[233] T. Cruse. An improved boundary-integral equation method for three dimen-
sional elastic stress analysis. Computers & Structures, 4:741-754, 1974.

[234] J. Radon. Zur mechanischen Kubatur. Monatsh. Math., 52:286-300, 1948.

[235] A.H. Stroud. Approzimate Calculation of Multiple Integrals. Prentice-Hall,
Englewood Cliffs, New Jersey, 1971.

[236] W.H. Press, B.P. Flannery, S.A. Teukolsky, and W.T. Vetterling. Numerical
Recipes: The Art of Scientific Computing. Cambridge University Press, Cam-
bridge, New York, Melbourne, 1986.

[237] NAG Library Mark 13. The Numerical Algorithms Group Inc., Downers Grove,
11, 1989.

[238] P.E. Gill, W. Murray, and M.H. Wright. Practical Optimization. Academic
Press, London, 1981.

[239] J.A. Scales, P. Docherty, and A. Gersztenkorn. Regularization of nonlinear

inverse problems: Imaging the near-surface weathering layer. Inverse Prob.,
6:1"5-131, 1990.

[240] A. Tikhonov and V. Arsenin. Solution of Ill-posed Problems. Winston, Wash-
ington, DC, 1977.

[241] T.F. Oostendorp, A. van Oosterom, and G. Huiskamp. Interpolation on a
triangulated 3D surface. J Comp. Physics, 80:331-343, 1989.

[242] B.M. Horacek. Digital model for studies in magnetocardiography. IEEE Trans.
Mag., MAG-9:440-444, 1973.

[243] B.M. Horacek. Numerical model of an inhomogensous human torso. Adv. Car-
diol., 10:51-57, 1974.



255

[244] M.S. Lynn and W.P. Timlake. The use of multiple deflations in the numerical

solution of singular systems of equations, with applications to potential theory.
SIAM Numer. Anal., 5:303-322, 1968.

[245] M.S. Lynn and W.P. Timlake. The numerical solution of singular integral equa-

[246]

[247]

[248]

[249]

[250]

[252]

tions of potential theory. Numer. Math., 11:77-98, 1968.

P.A. Lynn. An Introduction to the Analysis and Processing of Signals. MacMil-
lan, London, 1982.

D.D. McPherson, B.M. Horacek, D.E. Johnstone, L.D. Lalonde, C.A. Spencer,
and T.J. Montague. Q-wave infarction: Pathophysiology of body surface poten-
tial map and ventriculographic patterns in anterior and inferior groups. Can. J
Cardiol., pages 91A-98A, 1986.

T.J. Montague, E.R. Smith, D.E. Johnstone, C.A. Spencer, L.D. Lalonde, R.M.
Bessoudo, M.J. Gardner, R.N. Anderson, and B.M. Horacek. Temporal eval-
uation of body surface mapping patterns following acute inferior myocardial
infarction. J Electrocardiol., 17:319-328, 1984.

T.J. Montague, E.R. Smith, D.A. Cameron, P.M. Rautaharju, G.A. Klassen,
C.S. Flemington, and B.M. Horacek. Isointegral analysis of body surface maps:
Surface distribution and temporal variability in normal subjects. Cire., 63:1167-
1172, 1981.

F. Kornreich, P. Rautaharju, J. Warren, T. Montague, and B.M. Horacek. Iden-
tification of best electrocardiographic leads for diagnosing myocardial infarction
by statistical analysis of body surface potential maps. Am. J Cardiol., 56:852~
856, 1985.

S.S. Periyalwar, S.T. Nugent, M.J. Gardner, T.J. Montague, and B.M. Horacek.
FFT and KLT analysis of QRST integral maps of MI patients and VT patients.
In IEEFE Engineering in Medicine and Biology Society 9th Annual International
Conference, pages 174-175. IEEE Press, 1987.

T.J. Montague, J.P. Finley, K. Mukelabai, S. Black, S.M. Rigby, A. Spencer, and
B.M. Horacek. Cardiac rhythm, rate and ventricular repolarization properties
in infants at risk for suddent infant death syndrome: Comparison with age- and
sex-matched control infants. Am. J Cardiol., 54:301-307, 1984.

T.J. Montague, D.E. Johnstone, A. Spencer, L.D. Lalonde, M.J. Gardner, M.G.
O’Reilly, and B.M. Horacek. Non-Q-wave acute myocardial infarction: Body
surface potential map and ventriculographic patterns. Am. J Cardiol., 58:1173~
1180, 1986.



[254]

[255]

[256)

[257]

[258]
[259]

[260]

[261]

[262]

[263]

[264]

256

T.J. Montague, D.D McPherson, D.E. Johnstone, A. Spencer, L.D. Lalonde,
M.J. Gardner, and B.M. Horacek. Electrocardiographic and ventriculographic
recovery patterns in Q-wave myocardial infarction. J Am. Coll. Cardiol., 8:521-
528, 1986.

D.D McPherson, B.M. Horacek, D.J. Sutherland, C.S. Armstrong, A. Spencer,
and T.J. Montague. Exercise electrocardiographic mapping in normal subjects.
J Electrocardiol., 18:351-360, 1985.

B.M. Horacek, T.J. Montague, M.J. Gardner, and E.R. Smith. Arrhythmogenic
conditions. In D.M. Mirvis, editor, Body Surface Electrocardiographic Mapping,
chapter 13, pages 167-190. Kluwer Academic Publishers, Boston, Dordrecht,
London, 1988.

D.D. McPherson, B.M. Horacek, C.A. Spencer, D.E. Johnstone, L.D. Lalonde,
C.L. Cousins, and T.J. Montague. Indirect measurements of infarct size, correl-
ative variability of enzyme, radionuclear, angiographic and body surface map

variables in 34 patients during acute phase of first myocardial infarction. Chest,
8:841-848, 1985.

M. Chernin. Digital radiography. Curr. Prob. in Daig. Radiol., 13:7-41, 1984.

R.E. Mason and I. Likar. A new system of multiple-lead exercise electrocardio-
graphy. Am. Heart J, 71:196-205, Feb 1966.

M. Papouchado, P.R. Walker, M.A. James, and L.M. Clarke. Fundamental
differences between the standard 12-lead electrocardiograph and the modified
(Mason-Likar) exercise lead system. Europ. Heart J, 8:725-733, 1987.

F. Kornreich, T.J. Montague, M. Kavadias, J. Segers, P.M. Rautaharju, B.M.
Horacek, and B. Taccardi. Qualitative and quantitative analysis of character-

istic body surface potential map features in anterior and inferior myocardial
infarction. Am. J Cardiol., 60:1230-1238, 1987.

B.M. Horacek, R.K. Helpoi, P.J. Maclnnis, and J.D. Sherwoord. Towards a
common data-format in cardiac potential mapping. In R.Th. van Dam and
A. van Oosterom, editors, Electrocardiographic Body Surface Mapping, chap-
ter 20, pages 147-156. Martinus Nijhoff, Dordrecht/Boston/Lancaster, 1986.

R.C. Barr, T.M. Gallie, and M.S. Spach. Automated production of contour
maps for electrophysiology I. Problem definition, solution strategy, and specifi-
cation of geometric model. Comp. & Biomed. Res., 13:142-153, 1980.

R.C. Barr, T.M. Gallie, and M.S. Spach. Automated production of contour
maps for electrophysiology II. Triangularization, verification, and organization
of the geometric model. Comp. & Biomed. Res., 13:154-170, 1980.



257

[265] R.C. Barr, T.M. Gallie, and M.S. Spach. Automated production of contour
maps for electrophysiology III. Construction of contour maps. Comp. & Biomed.
Res., 13:171-191, 1980.

[266] J.L Talbert, E.E. Joyce, and D.C. Sabiston. The effect of intra-arterial injection
of radiopaque contrast media on coronary blood flow. Surgery, 46:400~406, 1959.

[267] S.V. Guzman and J.W. West. Cardiac effects of intracoronary arterial injections
of various roentgenographic contrast media. Am. Heart J, 58:597-607, 1959.

[268] G.L. Wolf, E.D. Gerlings, and W.J. Wilson. Depression of myocardial contrac-
tility induced by hypertonic coronary injections in the isolated perfused dog
heart. Work in Progress, 107:655-658, 1973.

[269] M. Bassan, W. Ganz, H.S. Marcus, and H.J.C. Swan. The effect of intracoronary
injection of contrast medium upon coronary blood flow. Cire., 51:442-445, 1975.

[270] L. Ishikawa, S. Kanmaru, M. Yotsukura, T. Tsuya, C. Shirato, and A. Yanagi-
sawa. Influence of peripheral intravenous contrast injection on the QRS complex
in healthy men. Card. Res., 20:61-66, 1986.

[271] V.W. McLaughlin, N.C. Flowers, L.G. Horan, and H.A.W. Killam. Surface po-
tential contributions from discrete elements of ventricular wall. Am. J Cardiol.,
34:302-308, 1974.

[272] N.C. Flowers, R.C. Hand, M.R. Sridharan, L.G. Horan, and G.S. Sohi. Surface
reflections of cardiac excitement and the assessment of infarct volume in dogs.
Clirc. Res., 43:406-413, 1978.

[273] B.M. Horacek. A computer-aided design of selective electrocardiographic leads.
In Computers in Cardiology, pages 87-92. IEEE, 1979.

[274] B.M. Horacek. Lead theory. In P.W. Macfarlane and T.D. Veitch Lawrie,
editors, Comprehensive Electrocardiology, chapter 10, pages 291-314. Pergamon
Press, Oxford, England, 1989. Volume 1.

[275] B.M. Horacek. The Effect on Electrocardiographic Lead Vectors of Conductiv-
ity Inhomogeneities in the Human Torso. PhD thesis, Dalhousie University,
Halifax, N.S., Canada, 1971.

[276] B.J. Messinger-Rapport and Y. Rudy. The inverse problem in elertrocardiogra-
phy: A model study of the effects of geometry and conductivit, irameters on
the reconstruction of epicardial potentials. JEEE Trans. Biomed. %ng., BME-
33:667-676, 1986.



208

[277] P.C. Stanley, T.C. Pilkington, and M.N. Morrow. The effects of thoracic inho-
mogeneities on the relationship between epicardial and torso potentials. IEEF
Trans. Biomed. Eng., BME-33:273-284, 1986.

[278] R. McFee and S. Rush. Qualitative effects of thoracic resistivity variations on

the interpretation of the electrocardiograms: the low resistance surface layer,
Am. Heart J, 76:48-61, 1968.

[279] R. Gulrajani and G.E. Mailloux. A simulation study of the effects of torso
inhomogeneities on electrocardiographic potentials, using realistic heart and
torso models. Cire. Res., 52:45-56, 1983.

[280] A. van Oosterom. Triangulating the human torso. Computer J, 21:253-258,
1978.

[281] H.C. Burger. A theoretical elucidation of the notion “ventricular gradient”.
Am. Heart J, 53:240-246, 1957.

[282] R. Plonsey. A contemporary view of the ventricular gradient of Wilson. J
FElectrocardiol., 12:337-341, 1979.

[283] J.A. Abildskov, A.K. Evans, R.L. Lux, and M.J. Burgess. Ventricular recovery
properties and qrst deflection area in cardiac electrograms. Am. J Physiol.,
239:H227-H231, 1980.

[284] R.E. Ideker, D.M. Mirvis, F.W. Keller, and T.C. Pilkington. Dipole crosstalk
in an inverse cardiac generator. IEEE Trans. Biomed. Eng., BME-25:476-479,
1978.

[285] H. Sratmann, U.T. Aker, M.G. Vandormael, T. Ischinger, R. Weins, and H.L.
Kennedy. Atrial pacing during percutaneous transluminal coronary angioplasty:
Results and comparison with exercise treadmill testing. Angiology, pages 663~
671, Sep 1987.

[286] E. Frank. The image surface of a homogeneous torso. Am. Heart, J, 4:757-768,
1954.

[287] H. Christiansen. MOSAIC triangulation algorithm. In MOVIE.BYU Program
Manual, chapter 12. Engineering Computer Graphics Laboratory, Brigham
Young University, Prove, Utah, 1987.

[288] L.L. Schumaker. Triangularization methods. In Topics in Multivariate Analysis,
pages 219-232. Academic Press, 1987.

[289] B.A. Lewis and J.S. Robinson. Triangularization of planar regions with appli-
cations. Comp. J, 21:324-332, 1978.



259

[290] D.T. Lee and B.J. Schachter. Two algorithms for constructing a Delaunay
triangulation. Int. J Comp. Inf. Sci., 9:219-242, 1980.

[291] J. Drolet. FEMG - an interactive finite element mesh generator for the Macin-
tosn. Microsoftware for Engineers, 2:78-84, 1986.

[292] E. Macchi. Digital Computer Simulation of the Atrial Electrical Excitation
Cycle in Man. PhD thesis, Dalhousie University, Halifax, I1.S., 1973.

[293] H.J. Ritsema van Eck. Digital Computer Simulation of Cardiac Ezxcitation and
Repolarization in Man. PhD thesis, Dalhousie University, Halifax, N.S., 1972.

[294] W.M. Smith, R.E. Ideker, P.D. Wolf, N.D. Danieley, and F.R. Bartram. In-
traoperative cardiac mapping. In IEEE Engineering in Medicine and Biology
Society 8th International Conference, pages 1283-1285. IEEE Press, 1986.

[295] E. Downar, L. Harris, L.L. Mickleborough, N. Shaikh, and I.D. Parson. En-
docardial mapping of ventricular tachycardia in the intact human ventricle:
Evidence of reentrant mechanisms. J Am. Coll. Cardiol., 11:783-791, 1988.

[296] J.W. Hurst, R.H. Anderson, A.E. Becker, and B.R. Wilcox, editors. Atlas of
the Heart. Gower Medical Publishing, New York, London, 1988.

[297] R.M.H. McMinn and R.T. Hutchings. A Colour Atlas of the Human Anatomy.
Wolfe Medical Publications, London, 1977.

[298] A.K. Dobbie. Electricity in hospitals. Biomed. Eng., pages 12-20, Jan 1972.

[299] D.B. Geselowitz, R.C. Arzbaacher, R.C. Barr, S.A. Briller, A.N. Damato,
N. Flowers, K. Millar, C. Oliver, R. Plonsey, and R.E. Smith. Electrical safety
standards for electrocardiographic apparatus. Cire.,-61:669~670, 1980.

[300] Technical Committee on Electromedical Equipment. Electromedical [quipment
C22.2 No. 125-M1984. Canadian Electrical Code, Part II; Safety Standards for
FElectrical Fquipment. Canadian Standards Association, Rexdale, Ontario, 1984.

[301] B.M. Horacek, W.J. Eifler, H. Gerwitz, R.K. Helppi, F.B. Macaulay, J.DD. Sher-
wood, E.R. Smith, J. Tiberghien, and P.M. Rautaharju. An automated system
for body-surface potential mapping. In H.G. Ostrow and K.L. Ripley, editors,
Computers in Cardiology, Rotterdam, The Netherlands, pages 399-407. IEEE
Computer Society, 1977.

[302] J.D. Sherwood, B.K. Hoyt, P.J. Maclnnis, R.V. Potter, and B.M. Horacek. A
high performance data acquisition system for body surface potential mapping.

In 10th Canadian Medical and Biological Engineering Conference, pages 99-100.
C.M.B.C,, 1984.



260
[303] J.D. Sherwood and B.K. Hoyt. A high-current voltage regulator circuit for
battery power supplies. Private Comrnunication, 1988.

[304] P. Ershler and B. Steadman. Battery power supply for a multichannel mapping
system. Private Lommunication, 1987.



