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ABSTRACT

Elecffocardiographic leads should possess properties which respond to changes in
the heart's electrical activation generated by various heart diseases. The objective of
this study was to examine possibilities of developing new, so-called aimed ECG leads
capable of detecting local myocardial activation, especially the changes induced by
ischemia. Thus, the target of these aimed leads is to indicate and localize myocardial
ischemia. The main principle was to retain the standard clinical recording procedure,
i.e., to consffuct the new leads using the 12-lead ECG system.

The ability of the leads to detect equivalent cardiac sources was derived from a

computerized thorax model based on a physical model made by Stanley Rush. The
lead vectors obtained were presented in an anatomical radial/tangential coordinate
system. Radial and two tangential components, i.e.; axial towards the apex of the heart
and circumventual rotating the heart's base-apical axis, were defined providing an
orthogonal coordinate system adapted for each soruce location. The sources in the left
ventricle were divided and partly grouped into anatomical sections, namely; anterior,
lateral, inferior, posterior, septal and apical.

The physical model was validated using a computer thorax model based on a finite
difference element method and by comparison with the available clinical material the
derived Frank VECG lead system consfructed from the physical model to systems
illustrated in the literature. A reciprocal energization of the leads was used in the FDM
model, giving the lead field in the entire volume conductor in a single run of the
modelling program. The results confirm the validity of the model data.

The new leads were constructed employing an optimization scheme and the
method of singular value decomposition. The leads constructed by the two methods
were comparable. Compared to the l}-lead ECG the new leads had considerably
increased sensitivities to detect and differentiate local sources. Generally, the
sensitivities were doubled or in some cases ripled, and were markedly higher than
those of the leads V3R - V7. The sensitivity properties of the aimed leads were tested
employing the FDM model with double layer injury sources and an inhomogeneous
anatomy different from that of the Rush model. The ST deviations gr:nerated were
consistent with the sensitivity properties of the leads obtained from the physical model.

The clinical results, based on ST segment shift analysis of ischemia detection from
an exercise ECG database containing 346 cases, did not confum the importance of
radial sensitivity in ischemia detection derived from the injury current theory. The
database contained no information regarding the localization of the ischemia.
Conclusions regarding the ischemia detection and localization would have needed
considerably more detailed clinical data.

The modelling studies show that, while more optimal electrode locations than
those of the l2-lead ECG can be found, more selective regional aimed, or targeted,
leads can be achieved using the standard l2-lead ECG and the optimization methods
employed. More ideal aimed leads can be obtained by combining the ideal electrode
locations and the optimization procedures. [n future studies the improved FDM model
and the more detailed clinical material can be employed in determining the
characteristics of injury sources, i.e., the krget of the ECG leads, and the optimal lead

system.

Key words: Thorax modelling, electrocardiography, aimed electrocardiography,
ischemia, lead field, optimization
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I. INTRODUCTION

Heart diseases and especially coronary artery disease (CAD) are the most common
causes of death in the developed countries. [n Finland the incidence of CAD is
especially high. Its diagnosis and freatment demand extensive medical and

economic resources. The corunon procedure for the diagnosis of CAD sets out
from an exercise electrocardiographic (ECG) test. In the case of positive
indications it continues with myocardial imaging, and coronuuy angiography is
conducted to localize the occlusions of the coronary arteries. The diagnostic
accuracy of the exercise ECG test is, however, no more than about 70Vo

[Froelicher, 1987], which creates problems for the entire diagnosis procedure. [n
recent years computerization of the ECG has considerably improved the analysis
and diagnosis methods. For example the MUSTA method [Sievänen, 1991] appears

to have increased the diagnostic power of the exercise ECG.

The basic problem with the ECG is the information content of the measured elect-
rocardiographic signal. The basic tools for ECG recording - the commonly applied
ECG leads - have been in use for decades with no major developments. The

diagnosis of heart disease is dependent on the ability of the leads to detect changes
in the heart's electric activation generated by the disease. Clinical practice has

sought to discover the properties of the ECG measured during the normal function
of the heart and for all the heart's disorders. The significance of the dispersion of
the sensitivity of ECG leads is seldom realized. In routine analysis of the l?-lead
or vector ECG the heart is regarded as a dipole in a fixed location and the thorax
as a homogeneous volume conductor. Neither the properties of the thorax nor the

dimensions of the heart are usuallv taken into consideration.

The elementary model employed in the current clinical ECG has limited
examination of sensitivities and any further development of the leads [Abildskov
et al., 19771. Activation from different sections of the heart is reflected differently
on the surface of the thorax. Moreover. heart disease has a distinct influence on the

electric activation. Hence spatial information regarding the activation is to be found
on the surface of the thorax. This includes information as to the direction and

location of the source, i.e., information regarding the changes of the activation



generated by the diseases. The conventional ECG leads have not been designed for
the detection of disease-related changes. Furtherrnore, the criteria used in diagnosis

are based on statistical estimates. It should be possible to consffuct new leads

possessing the desired spatial properties for the detection of disease-generated

activation. This can be achieved by means of new electrode locations or by
deriving the new leads from the standard leads using optimized coefficients. New
ECG leads with optimal sensitivity for the detection of disease-induced changes

should provide more direct information regarding the function of the heart. The

improved signal to noise ratio of such "aimed" ECG leads should yield more easily
analyzable signals and improved diagnostic perfornance.

Fischmann and Barber IFischmann and Barber, 1963] introduced aimed

electrocardiography for inverse calculation of myocardial dipolar sources. In their
approach, the aimed ECG leads are designed to measrue the dipole moment of a

specific section of the heart, not for the detection of a specific disease. Theoretical

study of aimed leads from the standpoint of multipole expansion has been carried

out by Geselowitz and Arthur [Geselowitz and Arthur, 19711. They concluded that,

with considerable overlap, eight different myocardial regions are distinguishable.

ln the body surface mapping of ECG, all information from the body surface is

collated. However, also in this case, the analysis and diagnosis are dependent upon

statlstical assessment of the parameters and diagnostic formulae. Another drawback

is the large number of measured leads, which makes the' instrumentation and

measurement complicated and expensive.

Many studies concerning new improved ECG lead systems have been conducted.

Barr et al. [Barr, Spach and Herman-Giddens, 1971] and Lux et al. [Lux et al.,

19791have sought to reduce the number of measurement locations in body surface

mapping, i.e., their reduced set of leads contains most of the independent

information on the body surface. Madias [Madias, 1988, 1989] has even attempted

to identify the optimal single lead for monitoring ischemia. Kornreich et. al.

fKornreich, 1973; Kornreich et al., 1985, 1986] and Kozmann et. al. [Kozmann,
Lux and Green, 19881 sought new electrode locations (e.g. aimed leads) from
clinical surface ECG-mapping. Kornreich attempted to locate the best leads for
diagnosing infarction and Kozmann for diagnosing ischemia. [n all of these studies

statistical methods were used to assess the optimal leads.

The ultimate aimed lead system is the inverse ECG calculation of myocerdial

activation from the measured ECG. This ill-posed problem is generally considered

unsolvable; only the epicardial potential distribution can be obtained [Geselowitz,
l9tJ9l. Also, the location of a single moving dipole can be obtained in certain

special circumstances [Gulrajani, Roberge and Savard, l9t.|41.

The theory and models of ischemic induced changes in myocardial activation have

been studied for example by Thiry et. al. [Thiry, Rosenberg and Abbott. l975land
Smith et. al. lsmith, CT et al., l9tt3l and in vivo measurenlents of the rnyocardial



potentials have been made by Kldber and Janse et. al. [Kl6ber et al., 1978: Janse

et al., 19801, Vincent et.al. lVincent, Abildskov and Burgess, 1977]. Injury currents
generated by the potential difference between the ischemic and healthy
myocardium are considered to form the major sotrce of ECG changes.

Aimed ECG leads specifically designed for the detection of ischemia induced
injury culrents could produce the information required for more sensitive and

earlier diagnosis of CAD. With these leads the presence and also the localization
of ischemia should be more easily diagnosable. This would reduce the need of
expensive imaging methods in CAD diagnosis. On the other hand, aimed ECG
leads with known sensitivity properties can be used to compare the sensitivity and

clinical properties of the ECG. The detection of ischemic injury cturents and the

factors affecting the properties of the leads to detect the currents can be analyzed.
More information can be gathered regarding the detection of ischemia-induced
changes in heart activation, and more generally, knowledge can be gained as to the

regional sensitiviry characteristics required for aimed ECG. Hence the objective of
this study can be formulated by means of the following hypothesis:

The detection of local ischemic injury currents can be improved by special
aimed ECG leads. These leads can be constructed by optimizing their
sensitivity properties, using a model of the thorax as a volume conductor.

In this study the prospects to consffuct new regional aimed ECG leads for ischemia
diagnosis was studied. Each lead was developed to detect an injury current in a

specific section of the left ventricle. The sensitivity of the ECG leads to detect the
electric activation of the heart was calculated using a model of the resistive
properties of the thorax. For clinical compatibility the leads were constructed using

the leads of the L2-lead ECG system. Thus the clinical measurement procedure is
unchanged; only the processing of the signal is developed. The propenies of the
new leads were tested using clinical material and model studies.

The organization of this thesis is as follows: Chapters 2 and 3 are innoductory
chapters with short reviews of the theoretical framework. In Chapter 2 the

theoretical basis of ECG is briefly reviewed. The properties of heart and thorax are

discussed as an electric source and as a volume conductor, respectively. tn Chapter

3 pathophysiology and diagnosis of ischemia are considered. tn this chapter the

detection of the ischemic injury currents with ECG is treated. Chapter 4 introduces
the developed models of the thorax as a volume conductor, i.e., the methods used

to calculate of the sensitivity of the ECG leads are described. Chapter 5 covers the

ideas and methods underlying aimed ECG and the construction of the leads. The

sensitivity properties derived from thorax model of the conventional ECG leads and

the new aimed ECG leads developed are discussed in Chapter 6. The clinical
evaluation of the new aimed ECG leads is reported in Chapter 7. Chapter 8

comprises a discussion of various aspects of the construction of the new ECG

leads. Chapter 9 concludes the thesis with a summary.



2. THEORBTICAL ASPECTS OF ELECTROCARDIOGRAPHY

2.1. Introduction

The purpose of the clinical ECG is to assess the status of the heart using the

measured surface ECG signal. The measured electrical potential at the'surface of
the body is influenced by the source, i.e., the electrical activation of the heart, and

also by the volume conductor, i.e., the thorax with its various organs. The

problem constituted by the thorax as a volume conductor, the elecnical activation

of the heart as a source. and measured ECG mav be described in matrix form:

Th= b (2.1)

where is the vector containing information on the cardiac

equivalent sources,

is the vector of ECG potentials at body surface

contains characteristics of the body as a linear volume

conductor.

Equation (2.1) states the forward problem of obtaining the surface ECG, knowing

the source and volume conductor effects. To solve the inverse problem, that of

establishing the cardiac generators from the measured ECG, one must determine

vector å in terms of I and b. ln both cases a valid representation of the cardiac

generators and the volume conductor must be arrived at. Targeting the sensitivity

of an ECG lead in order to detect disease-generated sources is a similar situation.

Here the behavior and nature of the source should be known and correctly

modelled. The properties of the volume conductor should also be considered and

utilized in designing a lead to detect the source.

b

T



2.2 Modeling the activation of the heart muscle

2.2.1 Approximation of the activity of the cell mass

Activation of the heart at the cellular level is an electrochemical event. During
this process the electric potentials of the inner and outer space of the cell
membrane change as ions flow through the cell membrane. The electrochemical
processes are reasonably well understood by means of Hodgkin-Huxley type
membrane models [Hodgkin and Huxley, 1952] and their further developments
and extensions [Plonsey and van Oosterom, 1991]. Also the activation process in
the myocardium has been thoroughly analyzed, for example, by Scher et al.
lScher and Young, 19571and Durrer et al. [Durrer et al., 1970]. The activation
on a macroscopic scale is generally envisaged by means of so-called bidomain
models [Ritsema van Eck, 1972: Miller and Geselowirz, 1978: Tung, 197g]. In
this concept the myocardium is divided into two domains; extracellular and
intracellular. The myocardium is presumed to form a syncytium, a complex
continuous single cell. However, as activation can proceed in all directions, this
approach is too simple to model junctional points of cells and macroscopic
discontinuities [Plonsey, 1989]. Many other models have also been postulated. For
example the microscopic axial - macroscopic transverse model by Clerc [Clerc,
19761, the zig-zag cellular propagation by Spach et al. [Spach, Dolber and
Heidlage, 19881, and the nonuniform transverse model by Henriquez and Plonsey

[Henriquez and Plonsey, 1990a, b]. According to a study by plonsey and van
Oosterom the latter reproduces the myocardial events most naturally [Plonsey and
van Oosterom, 1991]. With the bidomain model, however, the transmembrane
potential and current can be determined and therefore the membrane puameters
and tissue activation can be modelled [Plonsey, 1989].

In spite of certain discrepancies in modeling activation, the models and theories
covering the ECG potential generated by the heart muscle and the macroscopic
myocardial activation are accepted. Since the electromagnetic field in the thorax
produced by the active heart muscle can be considered quasi-stationary, as shown
by Plonsey and Heppner [Plonsey and Heppner, 19671, the porenrial a/r)
produced by the cell 7 in a homogeneous medium at a distance r can be

approximated as follows [Plonsey, 1989]:

, {,,Ö,,) Yrttrl-rt?
T̂

- ( I t4no,) l(o övt

s

Q,(r) = (2.2)



where:
--+

S = the normal vector of the cell surface directed
outward from the surface

= the surface of the cell,
= infacellularconductivity
= extracellular conductivity
= inmacellularpotential

= extracellular potential

s,,
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oo

öi

oo

The above equation states that a single cell behaves consequently like a double
layer. The behavior of a layer of active cells as an elecEomagnetic source can be

represented by a vector field ,/ ''1r,) describing the dipole moment in a volume unit
lGeselowitz, 1967]:

n

=E
: -,

Q1r1= -(tt4no) fV(o,<D,

[7, a,,
vs

| rc^a^{,ö, ) d?
/s)

(2.3)

where v, is the volume of the active cell mass and n is the number of cells. The
total source current of the cell mass is the sum of the sources arising at each cell.
Another approach has been proposed in [Plonsey, 1989]. Using average
inracellular and extracellular potential and conductivity values, the divergence
theorem can be utilized. The electric field produced by the cardiac tissue in an
infinite homogeneous medium is given by

- ooöo )'Y ( I lr) dv (2.4)

and the space averaged impressed current dipole moment source density -Ii can be
expressed as follows

-)'J''= V (G,öi {uQn)

This states that the sources arise only by spatial changes in the transmembrane
potenrial.

2.2.2 Equivalent heart sources

The general conception is that in myocardial activation the lengths of the current
dipoles in the dipole field are very short compared to the area of the dipole field.
This being the case, the dipole field can be replaced by a double layer
IMalmivuo and Plonsey, 1994]. The myocardial activation can be approximated
by a uniform double layer cup, and the field in a homogeneous unbounded
medium can be expressed simply as follows

(2.s)



o = /' c)
4no

(2.6)

where C) is the total solid angle seen from the a given point, and o is the

conductivity. This solid angle theory, introduced by Helmholtz, states that in an

infinite homogeneous volume conductor the cup can be replaced by a cover of the

opening of the cup. This equivalent source produces an external field identical to

the original double layer.

ln similar conditions the double layer can be replaced by a single dipole of the

same dipole moment. This equivalent dipoie representation is in many cases

sufficient and also seryes as a basic tool in clinical ECG analvsis.

The postulated equivalent dipole concept, using the uniform double layer and the

unbounded volume conductor models, is of course not very precise. With the

eccentric spherical model Frank IFrank, 1953] anained an approximative

difference of L)Vo between potentials generated by the dipole layer compared to

the equivalent dipole. Using a realistic thorax model the error would be greater.

The uniform double layer model is not a very accurate description of myocardial

activation [van Oosterom, 1989]. Axial and Eansverse (radial) activation, as well
as anisoffopic effects, should be included for more realistic results. For example

Colli-Franzone et al. have postulated a so-called "oblique dipole layer" model

which includes the transverse component lColli-Franzone et al., 1982]. [n view
of the weaknesses of the uniform double layer and the equivalent dipole concept,

more complex current dipole models have been used allowing better

approximation of the elecnical sources of the heart.

The single dipole model can be extended to a moving dipole model. The

location, orientation and the dipole moment of the moving dipole follow the shape

and the location of the opening of the activation cup. The dipole is positioned at

the center of the opening.

The multiple dipole model uses a number of dipoles, each representing local

activation. The dipoles can be related to the uniform or nonuniform cup-shaped

double layer or more complex activation fronts such as the oblique dipole layers.

ln the first two instances the dipoles approximate the transverse activation and are

directed outward as in the model of Selvester et al. [Selvester, Collier and

Pearson, 1965; Selvester et al., 1967: Selvester, Solomon and Gillespie, 19681. ln

rnodels including axial activation, directions of dipoles are not constrained.

The multipole model is a multipole expansion of the volume source. It rnay

include monopole, dipole, quadrupole, etc. The higher components model the

nondipolar properties of the ECG. This multipole representation has only slight



connections to the real physiological sources, or at least depiction of the

activation from the model is innicate. The multipole sources contain information

on the behavior of the source. and also information relevant to effects of the

inhomogeneities and the shape of the volume conductor.

2.2.3 Heart models used in ECG analysis

Dipole models have been used as a means of comprehending or describing the

sensitivity of the ECG leads to measure the heart's electrical activity. The

equivalent dipole model has been commonly used in ECG diagnoses anC in many

model studies [Burger and van Milaan, 1946, 1947, l94tt], [Frank, 1954, 19561.

The multiple dipole model is the most widely applied concept [Schmitt and

Simonson, 1955; Fischmann and Barber, 1963; Selvester, Collier and Pearson,

1965; Grayzel and Lizzi, 1967: Selvester et al., 1967, Selvester, Solomon and

Gillespie, 1968; Fischmann, Barber and Weiss, 1971; Rush, 1971b, 1975: Miller

and Geselowitz, 19781. The moving dipole has been used mainly in inverse ECG

studies, for example when approximating the site of the pre-excitation in the

Wolf-Parkinson-White syndrome [Savard et al., 1982: Gulrajani, Roberge and

Savard, 1984; Gulrajani et al., 1984; Lorange and Gulrajani, 1984; Nenonen et al.'

1991; Mäkijärvi, 1992: Mäkijärvi et al., 19921.

Despite the physiological expression to be achieved by the double layer model, it

has been less widely employed than the dipole models because of the difficult

realization with analogical methods. As mentioned, Frank has compared the fields

of dipole and cup-shaped double layer in a spherical model [Frank, 1953]. Also

some studies of inhomogeneities with double layer and spherical analytical models

have been made for example by Bayley et al. [Bayley, Kalbfleisch and Berry,

19691 and Rudy et al. [Rudy and Plonsey, 1979; Rudy, Plonsey and Liebman,

1979: Amoore and Rudy, 19881. Recently computer models have increased the

use of this concept. Van Oosterom et al. applied double layer type models in their

studies [Huiskamp and van Oosterom, 1988; Huiskamp and van Oosterom, 1989;

van Oosterom and Huiskamp, 19891. The epicardial potential disnibution

calculable from the body surface potentials [Geselowitz and Miller, 1983] has

also been used to describe cardiac activation [Yamashita, l98l; Kinosada et al.,

1982; Yamashita and Takahashi, 1984; Messinger-Rapport and Rudy, l9tt6;

Stanley, Pilkington and Monow, 1986; Kilpatrick and Walker, 1987; Walker and

Kilpatrick, 1987, Rudy and Messinger-Rapport, l98tJ; Kilpatrick, Bell and

Walker, 19tJ9; Kilpatrick, Walker and Bell, 1990; Budgett et al., 1993: Johnston

et al., 1994). This concept is in fact htudly a model of the activation, but a new

representation of the body surface potentials.



Models have also been used to simulate some heart diseases. Such was the

approach in the early studies of Selvester et. al. [Selvester, Collier and Pearson,

19651 employing an analog computer model with radially directed dipoles. The
dipole sequence was obtained from clinical studies of the spreading of the heart's
activation. The results of Durrer et al. [Duner et al., 19701 have been widely
exploited. In computer simulations of activation, the heart muscle has been

divided into small separate regions or elements and the activation spreads from
one element to another analogously to the real myocardium as reflected either by
clinical measurements or specific computational rules. One of the first such

models was developed by Selvester et al. [Selvester et al., 1967: Selvester,

Solomon and Gillespie, 19681. The so-called Miller-Geselowitz model [Miller
and Geselowitz, 19781 was based on the bidomain idea and on Durrer's
measurements. It modelled the activation of the heart with an array of
approximately 4000 elements simulating both a healthy and an ischemic heart.

Models have also been developed with simulated spreading of the activation based

on Huyghen's principle, that of Okijama et al. [Okijama et al., l96lJl being among

the first. A recent hean activation model included 250 000 points [Lorange and

Gulrajani, 1993; Lorange et al., 19931. [n most cases the computational elements

are subdivided for macroscopic equivalent multiple dipole model for the

calculation of simulated ECG. In the Miller-Geselowitz model and in that

developed by Lorange et al. the elements were subdivided into 23 regions, each

representing a dipole.

Recently models with membrane elecffochemical properties have been proposed

for studies of activation propagation. The computer CPU-time needed for
calculations has however limited the use of these models. and. as discussed in

Chapter 3.1, there is some uncertainty as to the cellular level phenomena. The

studies concentrate mainly on modelling the conduction system [Pollard and Barr,

l99ll or propagation in a simplified one-dimensional [Plonsey, Barr and

Witkowski , 1991; Cartee and Plonsey, 1992a, bl or two-dimensional specimen

ILesh, Song and Goel, 1992). The use of parallel vector processors will doubtless

increase research possibilities in this field, as models of the function of the

mammalian sinus node [Winslow et al., 1992] with an anay of 1048576 cells or

a simulation of the whole cardiac syncytium with a parallel processor computer

[Thakor and Fishler, 1992) have indicated.

In most cases, studies of myocardial activation do not employ exact thorax

models. Increased computational power will certainly be required to achieve a

combination of the models of cell membrane action potential, action potential

propagation in a single cell or a bundle of cells, action potential propagation in

the cell mass, a nonuniform, anisotropic myocardium, the source currents

generated by the activation, and the generation of the ECG by the sources and the

inhomogeneous anisotropic volume conductor.



2.3 Modelling the thorax

2.3.1 Equations describing the thorax as a volume conductor

The thorax is considered a resistive, piecewise homogeneous, linear, and aniso-

rropic volume conductor [Plonsey and Heppner, 1967]. Equation (2.7) describes

the potential generated by the heart in such a bounded inhomogeneous volume

conductor [Geselowitz, 1967].

(2.7)

where surface S, with potential O; it the boundary between homogeneous regions

1 and 2 having different conductivities d, and dr. The first term is equal as in

Equation (2.4), which states the potential in a homogeneous infinite volume

conductor. The second term contains the effects of the inhomogeneities and the

rhorax boundary. The boundary condition of the potential (Equation 2.8) and the

normal component of the current (Equation 2.9) across the boundaries of

inhomogeneities I and 2 apply; thus

) 'v (ttr)dv -l lto; n;taY(t tr) 'dS,4noQ(r)=-)J'(r. 7l

Ö,=Ö, (2.8)

(2.e)

and

.J
6rEi'i--orEr'rt

where d is the unit normal to the interface and is oriented from region I to region

2. This is the Neumann boundary condition [Gulrajani, Roberge and Mailloux,

19891. If a reciprocal potential V(x,y,z) is applied to the boundary, the Dirichlet

condition is as follows:

Q,= V(x,y,z) (2.10)

ln the general case with injected curent density J,(x,y,z) we have a mixed

Dirichlet and Neumann boundarv condition:

Q, = v(x,y,z) on 5,, 1oY@,)'rt = J^(x,!,2) on s, (2'11)

r0



The union of S, and S, equals the boundary to which the reciprocal source is

applied [Gulrajani, Roberge and Mailloux, l9lt9].

2.3.2 Thorax models and their anatomical accuracv

When modelling the thorax the different conductivities of the internal organs and

the shape of the thorax should be taken into account. Since all the details of the

human body cannot be modelled, the model must be sirnplified. This may reach

the point where even the shape of the thorax is not considered, as for example in

the infinite homogeneous model. Usually only those properties mostly affecting

the electromagnetic field of the heart are included. The internal sftucture of the

organs and some less important properties like limbs and most parts of the

digestive system are usually omitted. The most important inhomogeneities and

their resistivities are set out in Table 2.1. Resistance values of the anisonopic
muscles depend on the model of the tissue structue [Plonsey and Barr, 1986]. In

Table 2.1 the values are based on a uniform, anisofropic, monodomain model. In

bidomain concept both domains have distinct resistivity values. This model

represents the cardiac tissue more accurately, however, it lacks the characteristic

of discontinuities and junctional points as discussed at the beginning of this

chapter. Accurate description of the resistive properties of myocardial structure

are of importance in developing cardiac models. Monodomain concept is

acceptable in modelling the volume conductor properties

TAsr,B 2.1
Tug MAIN INHoMoGENEITIES. TUE nSSISTANCE vALUES ARE FROM THE STUDY BY RUSH.

A-Brr-osrov a,No McFsE [RusH, Annnsrov nNo McFsE, 1963].

BIooo AND BONE RESISTANCE VALUES ARE THOSE GIVEN BY

GEDDES AND BAK-ER [GEloEs nNo Bnxrn,1967]

Inhomogeneity Resistivitv

Bone (spine, sternum, ribs)

Lungs

Liver

Blood (intracardiac blood mass. great veins)

Skeletal muscle

Heart muscle

Subcuumeous fat

16fi)0 Ocm

2100 Qcm

700 Ocm

148-176 Ocm

150 Ocm parallel to the fibers,

230 Qcm perpendicular - " - )

252 dlcm parallel to the fibers,

563 Qcm perpendicular - " - )

ll

2500 Ocm



The models used to determine properties of the ECG can be divided into five

categories; theoretical, analog, physical, animal and computer

I ) The theoretical or intuitive models are mainly media to understand pheno-

mena. This concept is employed by Einthoven and Wilson to illustrate the

properties of the standard lZ-Lead system.

2) The analog use s analogical but different phenomena to describe the original

phenomenon .

3) Phvsical models are consffuctions that imitate the resistive properties of the

thorax. The most popular construction is the elecnolytic tank model; A

thorax-shaped tank filled with elecnolytic substance. The inhomogeneities are

modelled by either sand bags [Burger and van Milaan, 1946, 1947,194ti;

Malmivuo, 1976f, plexiglass [Rush, 1971b, 1975] or plastic foam [Eskola,

19831. The physical models give a direct measurable solution to the forward

problem. However, the limited possibilities of varying anatomical features

reduce their useabilitv.

4) Both intact animals and isolated hearts of animals and humans are commonly

used in research into the myocardial activation sequence [Kldber et al.,

1978; Janse et al., 19801 or relating the epicardial potentials to the measured

surface ECG [Duner et al., 1970; McLaughlin et al., 1974]. Likewise

population sfudies, where clinical ECG findings have been related to various

heart diseases, can be regarded as models.

5) Computer models use mathematical methods to solve the problem posed by

the heart as a source and the thorax as a volume conductor. The shape of the

model can be symmetrical with respect to at least one axis, when the problem

can be calculated analytically. Such models have been used e.g. by Rudy and

Plonsey as well as Amoore and Rudy [Rudy and Plonsey, 1979. Rudy,

Plonsey and Liebman, 1979: Amoore and Rudy, l98til'

Naturally shaped models require finite element calculation methods and thus

ample computer CPU time. There are three different methods to assess the

electric field in a naturally shaped quasistatic volume conductor; finite

element (FEM), finite difference element (FDM), and boundary element

methods (BEM). ln each of these, the volume conductor is divided into finite

elements, each representing a part of the conductor, and calculation with

boundary conditions (2.8) and (2.9) is applied to all elements.

None of these models contains all the inhomogeneities mentioned earlier. The

early model constructed by Burger and Van Milaan contains the spine, liver and

Iungs [Burger and van Milaan, 1947]. One of the latest constructions made by

l2



Eichtinger et al. [Eichtinger et al., 1985] contains the lungs and the heart area.

The computer model of Horåcek [Hordcek, l97ll, and Arthur [Arthur, l96tJl
included the blood within the heart. Mailloux and Gulrajani used the Horåcek's
version. They extended the model to include the anisotropic skeletal muscle

[Mailloux et al., 1980]. Also the subcutaneous fat is featured in a computer model
by Hirakayanaki et al. [Hirakayanaki, Tanaka and Furukawa, 1985], the fat pad

around the heart has been used by Johnson et al. [Johnson, MacLeod and Dutson,

1992), and Gulrajani and Lorange introduced the anisotropy of the heart muscle

in their simulation study [Gulrajani and Lorange, 1988]. One of the flust

individualized computer thorax models was made by Walker and Kilpatrick

[Walker and Kilpatrick, 1987]. They modelled heart, lungs, spine, and sternum.

They calculated several models constructed from CT scans. Kamiya et al.

[Kamiya et al., 1988] and Oosterom and Huiskamp [Huiskamp and van Oosterom,

1989; van Oosterom and Huiskamp, 19891 have likewise used individualized mo-

dels in their forward problem simulations and inverse calculations.

2.3.3 Computer models of the thorax

Finite element analysis is based on the representation of the complex volume

conductor with simple finite elements. The equation governing element behavior

is simple and a group of these equations describing the whole volume conductor

can be used to represent the complex problem.

In principle the boundary element method (BEM) uses Equation (2.7). All the

surfaces are divided into a number of area elements and the integral in (2.7) will
become a sum of the potential at each area multiplied by the solid angle of the

element obtained at the point of calculation. The potential of each element is

determined by calculating the effect of each element on other elements, i.e., a

group of linear equations can be formed. Gelernter and Swihart proposed an

iterative method, based on inruitive physical argument, for solving the problem

[Gelernter and Swihart, 1964]. The Jacobi method used can be described as

follows:

Qo= E,

Qr= E r+Aqo
Qr= E ,* Aq, etc..

(2.t2\

where Qo, Qt, q, are successive approximations for the potentials of the elements.

Matrix E represents the source, i.e., the fust part of Equation (2,7) and matrix A

contains the solid angle coefficient. Assumably this iterative process will converge

to the correct solution q.
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With the boundary element technique the forward problem can be obtained

directly by manix operations based on the work of Barr et al. lBarr, Ramsey and

Spach, 19771and Lynn and Timlake [Lynn and Timlake, 1968]. The procedure is

described in [Cuppen and van Oosterom, 1984]. The boundary elements can be

extended to include the anisotropic effects and partly the surface contours [Pullan,
Bradley and Hunter, 19931. Also, coordinate transformation can be applied to

boundary elements providing rnodel of anisotropy [Zhou and van Oosterom,

rge4l.

In the other two methods the problem is solved by approximating the thorax by

linear equations on a grid of points throughout the volume conductor. The t'inite

element method (FEM) gives a "piecewise approximation" and the finite

difference method (FDM) a "pointwise approximation" to the geometry

[Gulrajani, Roberge and Mailloux, 1989]. For all points Laplaces's equation

applies. [n rectangular coordinates, this equation is as follows:

*,"#,*,*#r.$r',{}) =o (2.t3)

where ox, oy, and o, are the resistivities in X, Y, and Z directions, respectively.

ln the finite difference method the frst terrn can be approximated at a gliven point

(x,, y,, z,) as given by Smith [Smith, GD, 1978]:

@ ( x t + d,! t,z,) - 2@ ( x t,! t,z,) + @ (x, - d,Y,,z,) (2.t4)

Here d is the grid spacing in .r direction. Similar approximation in y and z

directions substituted into (2.13) gives a linear equation for a potential at a given

point in terms of surrounding points. Using this for all points will provide the

porentials of all the volume conductor grid points. lterative methods yield the

potential distribution generated by the source.

The FDM method is utilized in the another model adopted in this thesis.

According to Gulrajani et al. [Gulrajani, Roberge and Mailloux, 1989] Teny

[Teny, 1967] has compared the most corrrmon integral approach and the

difference method and concluded the following:

The integral equation approach is superior for approximate calculation using

a coarse subdivision grid

Refinement of the grid, leads to improved accuracy in the difference equation

approach, with no significant improvement in the integral equation approach

ö20w d2
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3) For a given computer time the accuracy of the integral equation approach
greater if the coupling between elements is calculated more accurately than
the grid is made finer.

The last conclusion may differ if noninterative BEM methods and. alternarively.
modern parallel processing techniques with the FDM are used. These conclusions
are based on the observation that with the difference method the three-
dimensional character of the problem remained whereas in the integral approaches
the surface elements define the model. Alternatively, with the boundary element
method, the potential on one element is calculated from all the other elements.
The marrices in the difference equation are sparse, but with the integral equation
approach the dimension is smaller. The need for modelling the whole volume
conductor (large matrices) also produces the solution at all the points. In some

cases this is a benefit.

The potential of a finite element Q(x,y,z)is approximated by a linear combination
of potentials of the nodes (cr,) of the element:

IS

if

6 ( x,y, z) =E u,( x,!, z)Q, (2.15)

The solution will be arrived at when the function Q(x,y,z) is found which
minimizes the energy function (2.16) and satisfies the boundary conditions (2.10)

and (2.1 1) [Gulrajani, Roberge and Mailloux, 1989]

rll
l;l o
u -L

., ?,'.o, r 
?9 

r'*"" t t? r!, - 

[, ^',y,2)e 
rtv Q t6)

The boundary element method has been widely adopted. For example it is used

in the models developed by the group van Oosterom [van Oosterom and Strackee,
l9ti3; Cuppen and van Oosterom, 1984; Huiskamp and van Oosterom, l98t{,
1992: Huiskamp and van Oosterom, 191J9; van Oosterom and Huiskamp, l9t{91

and by Horacek [Horäcek, 1971, 1973: Mailloux et al., l9ft0; Mailloux and

Gulrajani, 1982: Savard et al., 1982; Purcell, Snoink and Horacek, l9ufl;
Gulrajani, Roberge and Mailloux, 1989; Nenonen et al., l99ll.. The finite
difference method has been applied by Terry lTerry, 1967],Lo [Lo, 1977], Kim
et al. IKim, Tompkins and Webster, l9tJ3], and Walker and Kilpatrick IWalker
and Kilpatrick, l9fi7l. Recently parallel computing has also been used in solution
of FDM thorax model IMonro and Budgett, 1992: Budgett et al., 19931. The flnite
element method was used by Johnson et al. [Johnson, Macleod and Dutson,

1992) to construct an accurate model with a large number of elements.
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2.4. Describing the sensitivity of ECG leads: lead field and lead vector

theories

The lead vector concept provides a simple relation between the electrical

activation of the heart, the source, and the measured lead voltage. It is also

referred to as "n'ansfer Impedance" or "impedance vector". The lead vector

concept was flust introduced by Burger and Van Milaan [Burger and van Milaan,

1946, 1947, 19481. Burger described the theory systematically [Burger, 1967].

The lead voltage 7. is related to the heart's equivalent dipole moment I through

the lead vector d. as follows: [Burger, 1967, Malmivuo and Plonsey, 1994]

Vr= c' 'i

The lead vector contains the information on how a certain lead in a certain

volume conductor, together with inhomogeneities of the conductor, affect the lead

voltage generated by the soruce. This constitutes the sensitivity of the lead to

measure the equivalent heart vector. When the myocardium is divided into regions

with a dipolar sotuce representing the sum activation of the region, Equation

(2.17) is modified as follows:

(2.t7)

(2.18)v,=E I 'f'j =t

where d, and 11 are the lead vectors and dipole moments of the source dipoles 7,

respectively. The lead vectors form a sensitivity distribution of the lead in the

heart, i.e., they reflect the local sensitivity of the lead. The tips of the lead vectors

form the image surface.

The leod field theory is an extension of the le ad vector theory. It was formulated

by McFee and Johnston [McFee and Johnston, 1953, 1954a, b]. In this approach

the activation of the volume source is modelled by a source dipole field that

generates a source dipole moment density J'(x,y,z) which is zero outside the

source area. The properties of the lead to measure the dipole moment density is

described by a continuous lead field d 6,y,2). The lead voltage 7. produced by the

source J' of a volume v. can be described as follows:

l6



r+ +
V =l C" J'dv,J

(2.1e)

The lead field forms the sensitivity distribution of the lead. The original concept
formulated by McFee and Johnston [McFee and Johnston, 1953, 1954a, b] was

based on the reciprocity theorem described by Helmholtz [Helmholtz, 1853]. The

reciprocal current /"ilRllied to a lead generates in the volume conductor vh a

current density field "I,". ln the term of the reciprocity theory this current density
field gives the lead field.

The lead vector or lead field concepts do not restrict the complexity of the

volume conductor. Additionally, depending on the accuracy of the sensitivity
obtained , the activation of the heart can be modelled with one dipole or a

continuous source current density. Thus the properties of the ECG leads to
measure a myocardial injury source generated by ischemia in an inhomogeneous

and anisonopic human body can be studied using these concepts. The complexity
and accuracy of the equivaient injury soruce depend on the realization of the

sources in the thorax model.
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3. CORONARY ARTERY DISEASE

3.1 Physiological basis of coronary artery disease

Before the new ECG leads for the detection of coronary iutery disease can be

constructed the sources of ECG signal generated by the disease should be studied.

The sources reflect ischemic electrochemical changes in the myocardial cells and

the geometrical features of the ischemic regions, which both manifest the

parhophysiology of the disease. These characteristics of the ischemic source are

the target which the new leads should detect.

The myocardial perfusion suppiied by the coronary arteries has certain specific

characteristics compared to other perfusion systems. The evident fact that the

perfusion and function of the heart depends on the pumping action of the heart

itself is the main reason for these features. The development and manifestation of
perfusion impairments relate to factors affecting the myocardial blood flow.

A reduction in the blood flow capacity of the coronary arteries - coronary artery

disease (CAD) - may be caused by a variety of factors, the occlusion formed by

lipid accumulation being the most commonly known. Also coronary artery

vasoconstriction with or without occlusion can cause a marked reduction in the

perfusion in the condition known as variant angina [Rasmussen, 1990]. [n both of

these cases the diameter of the blood Eansporting arteries decreases. Three basic

characteristics of myocardial perfusion increase the effects of an occlusion:

l) In normal conditions myocardial oxygen demand and supply are in
equilibrium. At rest the artero-venous oxygen difference approaches

maximum and the heart has virtually no reserve of oxygen [Haunso and
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Svendsen, 19901. The increase in oxygen consumption during exercise can

be compensated only by an increase in the circulation of blood in the

muscle [Pitt, 1975]. Reduced perfusion capability of the arteries has

extensive influence on the oxygen supply to the heart muscle and shortage

of it is felt most promptly by the ischemic myocardium [Katz, 1977).

The blood flow is inversely related to the fourth power of the radius of the

vessels, when the blood flow in the vessels is assumed to be laminar. Thus

the flow is sensitive to even minor constrictions. A consffiction of 50Vo

reduces the flow significantly when a high flow rate is demanded [Chung,
19791. This is considered the diagnostic criterion for CAD. A reduction of
707o rn the artery diameter causes a dramatic decline in blood circulation,

as shown by in vitro studies [Elamin et al., 1980].

During the peak of the systole, when the heart muscle has a higher internal

pressure than the aorta, the circulation in the myocardium is minimal. ln the

subendocardial portion there is no circulation [Ganong, 1987]. Lowering the

perfusion pressue from 100 mmHg to 60 - 70 mmHg will reduce the blood

flow in the subendocardium by 32 %o, whereas the flow is unchanged in the

subepicardium. Further reduction will decrease the endocardial flow

significantly. The upper autoregulatory range in the inner layers of the left

ventricle is more easily reached than in the mid- and subepicardial layers

[Haunso and Svendsen, 1990]. The situation is aggravated by the greater

subendocardial work and energy demand [Haunso and Svendsen, 1990].

Left ventricular hypertrophy is a known cause of angina pectoris, and with

ST-T abnormalities there is an elevated risk of CAD [Huwez, Pringle and

Macfarlane, 19921. According to Prinzmetal et al. [Prinzmetal et al., 1948]

a better collateral circulation may also be instrumental in maintaining good

epicardial perfusion. For these reasons subendocardial ischemia is the most

coffrmon outcome of coronary artery disease with partially occluded arteries.

This has also been demonstrated in studies with dogs. A partial reduction in

flow with increased HR induces subendocardial ischemia [Vincent,
Abildskov and Burgess, 19771.

The main branches of the arteries and the division of the left ventricle used in this

the sis are illustrated in Figure 3.1. In many cases (also in this thesis) only the left

ventricle is considered because of its dominant role and higher risk of ischemia.

The left side carries most of the work load and comprises the major part of the

myocardial mass. For the reasons mentioned above, the thick wall is more prone

to ischemia than the thin muscle surrounding the other chambers.

The stage of CAD is influenced by the degree of the constriction of the vessels.

The location of the constriction in the coronary free and the number of coronary

arteries subject to profound constriction are related to the location and area of the

3)
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disease. Also degree of constriction and duration of ischemia have an effect on

the area of the ischemic change. These aspects also affect the severity of the

ischemia. A continued ischemic state will cause irreversible damage, i.e. necrosis

of the muscle, myocardial infarct (MI). There a"re two main coronary arteries

supplying the heart muscle. These start from the base of the aofta and the

branches supply different parts of the heart muscle [Pick and Howden, 197 4).

Some branches supply exclusively a specific section of the heart, whereas some

sections receive blood from several branches. Collateral vessels, i.e. additional
vessels between the normal coronaries, are not normally significant, but could

comprise up to 60 7o of the blood circulation [Haunso and Svendsen, 1990].

Depending on the diagnostic method, these facts make localization of the stenosis

or the ischemia difficult.

3.2 Changes in the electrophysiology of the heart and related ECG changes

As stated above, reduced blood circulation due to occlusion of arteries reduces

above all the subendocardial perfusion. lschemia impedes the ability of the cells

to maintain the K+ and Na+ levels at rest. Also the normal flow of ions during all

stages of the myocardial action potential (MAP) is hindered by ischemia.

Depending on the severity and duration of the oxygen shortage there are four

basic types of changes [Vincent, Abildskov and Burgess, 1977; Kldber et al.,

19781:

I ) Conduction abnormalities
2) Decreasing negativity of the resting membrane potential

3) Reduction in the amplitude of the action pulse

4) Changes in the myocardial action pulse shape

The observed changes in the ECG derive from elecmophysiological changes,

generating sources called injury currents, and also from the properties of the

leads. These latter are not considered here; the emphasis is on the changes

generated by the ischemia in the myocardial activation.
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Figure 3.1 The anatomical sections of the heart and the main arteries supplying
each section. The left ventricle is presented in three views. Direction of the
projections: a) basal, b) lateral and c) anterior.

Though myocardial injury currents have been studied for decades by many

researchers (as early as 1879 Burdon-Sanderson and Page studied the potentials

of healthy and injured areas of the frog heart [Burdon-Sanderson and Page, 1879])

apparently there is some uncertainty regarding the electrophysiological changes

and the order of the changes during the fust stages of ischemia.

ln studies with dogs using epicardial and subendocardial electrodes Vincent et al.

[Vincent, Abildskov and Burgess, 19771 observed that the initial
electrocardiographic changes (in T-wave) occuned at rest when the blood flow in
the main coronary arteries was reduced 30 - 50 Vo. This T-wave change may be

generated by a delay in repolarization. In ECG the inverted T-wave is considered

to manifest a sympathetic reaction after the ischemic state, but this stage is also

observed in the first nansient phase, during which the MAP is altered by the

ischemia [Kl6ber et al., 1978]. However, according to Kldber et al. [Kl6ber et

al., 19781 the first change to be observed is a decrease in the resting membrane

potential (Figure 3.2b). TQ changes have also been observed by Prinzmetal et al.

[Prinzmetal et al., 1961] and Samson and Scher [Samson and Scher, 1960]. The

o)
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latter concluded that the TQ segment shift preceded the true ST segment shift

and the changes in the ST segment were associated with a decreased duration of

the second phase of the repolarization of the innacellular action potential.

However, the TQ and ST changes are at fust small and may go unnoticed in

precordial ECG, and the first change in slight ischemia is the alteration in the T-

wave.

When the duration of the ischemic stage is extended the resting membrane poten-

tial is further weakened and the action potential proceeds to decrease [Kl6ber et

al., 19781 (Figures 3.2 c). The ST segment shift found in the ECG signal

comprises an alteration in the resting baseline of the cell membrane potentials (TP

shift) and changes during the systole (ST shift) (Figure 3.3). Due to the AC nature

of the precordial ECG measurement, TQ and ST changes cannot be differentiated.

As shown in studies of epicardial potentials, the resting membrane potential shift

is the main source of the ST segment shift [Vincent, Abildskov and Burgess,

19771. The true ST segment shift was not observed and the shift was generated in

the TP segment.
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Figure 3.2 The cellular elecnophysiological changes ischemic heart disease:

a) normal MAP b) slight ischemia c) ischemia d) prolonged state of ischemia e)

infarct
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As the ischemic state becomes increasingly severe, the resting membrane potential
and the MAP waveform become relatively weaker; the MAP upstroke velocity
decreases, the action potential amplitude has a steeper negative slope with a

shorter duration (Figure 3.2 c). Also the propagation velocity slows down. All
these changes generate different wave patterns in the measured ECG, but the

characteristically ischemic changes are those related to the ST segment. The
mechanism of ST segment generation also reflects the shape of the ischemic ST
segment shift. The decrease in the negativity of the resting cell membrane
potential generating the TQ shift is isoelectric and a flat change is observed

[Prinzmetal et al., 196ll (Figure 3.3 a). A steeper negative slope during the

plateau state would cause an increasing potential difference and injury currents

generating an ST se-qment depression of increasing magnitude (Figure 3.3 b). The

horizontal and especially the downsloping ST segment have been proved to have

higher predictive value for ischemia [Ellestad, Cooke and Greeenberg, 1979]. The

TQ and ST segment shifts are maximal when the ischemic cells are electrically
unresponsive and no action potential can be measured. The resting membrane

potential is -65 mV IKldber et al., 1978].

lschemic MAP a

MAP b

Normal MAP

ECG o

- - -4- Measured ST-
- - J-segment depression

lschemic section
Normal myocarium

Diastollc iniury currenl
Systollc Inlury current

Figure 3.3 ST segment shift consisting of true ST segment and TP segment
shifts a) Flat ST segment generated mostly by TP shift b) Descending ST
segment generated by faster MAP reduction in the ischemic cells

A continued severe ischemic state will eventually give rise to necrosis. This
infarcted iuea is elecnically silent (Figure 3.2 e)) Here the changes in the ECG

signal occur mainly in the QRS complex. The nature of these changes will depend

on the site and volume of the necrosis and the lead employed.
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3.3 Methods of diagnosing CAD

3.3.1 Introduction

CAD is not the only disease or phenomenon which alters the blood flow in the
arteries and cause s ischemic heart disease . There is a group of diseases, i.e., valve
disease, hyperventilation, myocardial hypertrophy, narrowing of the small
coronuy vessels in conditions like cardiomyopathy and other conditions, which
may generate myocardial ischemia or similar changes observed in ECG [Bishop
et al., 19871. These diseases affect some section of the myocardial blood
circulation system, and the changes they induce in the pathophysiology of the
heart are quite similar, causing difficulties in diagnosing the disease.

The basic methods adopted in the study of CAD are the exercise ECG test, T1201

or technetium-99m sestamibi (MIBI) single photon emission computed
tomography (SPECT) myocardial imaging and coronary angiography. The
relatively recent myocardial echo-exercise test is gaining popularity and its good
clinical performance is close to being confirmed. Also the use of magnetic
resonance imaging is undergoing extensive research.

In this thesis only ECG and angiography are referred to. The imaging merhod was
used as a reference.

3.3.2 The exercise ECG test

When the heart is stressed, oxygen consumption in the muscle and the blood
circulation increases. When the point where the ability of the coronary arteries to
supply the muscle is reached, ischemic heart disease can be detected, basically as

an ST segment shift. As noted above, an ischemic state in the heart muscle may
also be caused by diseases other than CAD. The exercise test should be designed
to measure the precise symptoms of CAD. For example, a sudden increase in
work load may induce fatigue before ischemic state sets in. There is also a risk of
ST changes in the healthy heart if the load is increased too sharply IEllestacl,
Cooke and Greeenberg, 19791. In a meta-analytic database survey Detrano
IDetrano, 19921found considerable variability in exercise ECG test results carriecl
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out by various work groups and postulates that one reason may be the inconsistent
meticulousness of the laboratories. The exercise test used in acquiring the clinical
material for this study will be explained in chapter 7.2.

The standard l2-lead system with slight modifications is that generally used in the

exercise test. To avoid motion artifacts the limb elecffodes are replaced by

elecnodes on the thorax: the electrodes from the arms are transfened to the shoul-

der region and those from the legs to the pelvic region. This is the so-called

Mason-Likar system [Mason and Likar, 19661. ln bipolar chest leads the limb
elecnodes have been replaced by a single reference electrode. The leads are

renamed after the reference electrode location. Most popular are the Mason-Likar

system and the CH lead system [Chung, 19791.

The two parameters most generally studied in the exercise ECG are; maximal

heart rate (HR), and deviation and shape of the ST segment. HR reports on the

maximal performance of the heart and the myocardial blood circulation system

and an ST segment shift corresponds to an ischemic state in the heart muscle. The

ST/HR slope is used to describe the severity of the disease [Elamin et al., 1980,

19821. The diagnostic performance of the exercise test is only about 70Vo

[Nosratian and Froelicher, 1989; Deffano, 1992].ln recent years progress has been

made in analyzing the exercise ECG. For example in an STAIR analysis method

called MUSTA (multivariate ST/FIR analysis) many ECG variables are considered

[Sievänen, L99l; Sievänen et al., 1991]. This method employs optimized rules

derived for every ECG lead. The sensitivity, specificity and diagnostic per-

formance were enhanced with respect to the starrdard tests [Lehtinen et al., 19941.

3.3.3 lmaging methods

In the study population angiography was used as reference method. Different
imaging methods have certain distinct benefits and disadvantages when used as a

reference in detecting ischemia with ECG. These features depend on the method

they employ to detect ischemia and on their clinical performance.

SPECT imaging and exercise ECG measure the myocardial state. The imaging

method measures the size of the ischemic section but the changes in the ECG

correlate on the cross section of the area and severity of the oxygen shortage in

the area [Thiry, Rosenberg and Abbott, 1975: Holland, Brooks and Lild, 1977].

According to some researchers the ECG may also detect the extent of ischemic

IVincent, Abildskov and Burgess, 1977; Kldber et al., 1978].

Angiography is considered the ultimate diagnosing method for coronary artery

disease. It measures directly the degree of stenosis in the coronary vessels. The
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difference between angiography on the one hand and SPECT and ECG on the

other is that the former measures the cause of the ischemia while the latter
measure symptoms of consnictions. Thus coronary angiography is not an ideal
reference for the exercise ECG. However, when methods diagnosing CAD are to
be developed or validated, angiography is the gold standard. SPECT, and mostly
also the ECG, also measure other diseases reducing myocardial perfusion; they are

thus not specific to coronary disease alone [Koskinen, Pöyhönen and Seppänen,

l9lJ7; Kaul, 19891. Left ventricular hypernophy, cardiomyopathy, sarcoidosis,
myocardial tumor and cell anemia cause false positive results and decrease

specificity [Kaul, 1989]. However, angiography is viable only for large vessels

and it cannot be used to ascertain the extent of the perfusion contributed by the

vessels. Additionally, the variable contribution of collaterals in perfusion disturb
results. According to Verani [Verani, 1992) "there is a wide variation in
myocardial perfusion defect sizes caused by stenosis of similar severity and in
simrlar locations" and "coronary angiography alone cannot predict the amount of
myocardium in jeopardy".

The level of exercise in the test affecting the ischemic state and area, the time
elapsed between imaging and exercise test as well as possible medication or
operations increase the likelihood of faulty results.

3.4 Detection of ischemic sources using ECG

3.4.1. Inffoduction

Different ECG leads indicate ischemia with varying sensitivity. According to
some researchers the electrode location C5 is the best of the chest electrodes to
indicate ischemia and CM5 has especially good properties [Chung, 1979: Simoons

and Block, l98l; Simoons, 19891. The leads also have different spatial sensitivity
properties. In Table 3.1 the rueas where the leads are most sensitive to indic--ate

ischemia are presented [Heikkilä, i 982]. ST segment deviation. Q wave changes

and T wave inversions in different ECG leads and narrowings in different
coronary arteries have been observed to correlate; changes in leads I. aVL, and

Vl-V4 correlated with the presence of LAD (left anterior descending coronary
artery) disease and changes in leads II, iII and aVF with RCA (right coronary

artery) or LCx (left circumflex coronary artery) narrowing (Table 3.1 ) lFuchs et

al., 19821. These locations correlate quite well with the anatomical areas also

presented in Table 3.1.
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Trsls 3.1
T'rtE sEc'r-t<-rNS wHERE ltE l2-t-rnt) .sysrEM ts M()sT' sE\sr]'rvri 'r()

I\I)ICATE ISCHEMIA

Le:rd

The section where the lead is the

most sensitive to indicate ischemia

lHeikkilä. l9lt2l

The location of the constriction
that can bc detectcd by the leatl

[Fuchs et :r1.. l9tt2l

wall

well

wall

I

II

III

lateral

inf'erior

int'erior

LAD

RCA. LCx

RCA. LCx

aVR

aVL

aVF

no specitic

erntero-lateral wall

inferior wall

no specific

LAD

RCA. LCx

VI

v2

v-l

v4

V5

V6

septum, anterior wall (possibly posterior

septum. anterior wall (possibly posterior

anterior wall (possibly seprum and laterzrl

antero-lateral wall

imtero-lateral wall

:mtero-lateral wall

wall)

watl)

wall)

LAD

LAD

LAD

LAD

no specific

no specitic

The above results prompt several questions: Why do the leads possess the
properties discussed above. What specific properties do the leads have in those
sections where they are more sensitive to ischemia and is there any possibility of
developing even more sensitive leads'l

In the detection of changes generated by ischemia two aspects should be
considered separately; The characteristics of the injury sources generated by the
electrochemical changes and the ability of ECG leads to detect them.

3.4.2 Properties of the sources

Changes in the heart's electrochemical function give rise to three basic
characteristics in the injury source; delayed MAP, altered MAP, and a potential
difference between the healthy and ischemic myocardium. The first two,
generating an ECG signal mainly during depolarization and repoliuization as the
normal myocardial activation (Equation 2.4), affect the QRS and T waves of the
ECG signal. These sources can be effectively modeled onty by simulating the
ischemic myocardial activation; moreover, the behavior of the sources is complex
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and prone to alter due to small changes in the ischemic state. This constitutes a

poor basis for studying the detection of these ischemic sources. The last form of
ischemic injury source (the potential difference between the adjacent healthy and

ischemic cells) generates an injury current between the regions. It is speculated

that this source would be absent if the cells were not contiguous. The

phenomenon is known as the contiguity effect [Thiry, Rosenberg and Abbott.
te1 sl.

This type of injury source current does not arise from the differences between the

intracellular and exnacellular potentials as in the first two types. The extracellular

potential difference over the ischemic and healthy myocardium can be defined as

follows

^O 
= ör-ö, (3.1)

where subscripts h and i refer to the healthy and ischemic myocardium,

respectivety. Tlir potential difference forms a double layer source with a double

layer sffength M ,= L@q dipole moment per unit volume. The field of the double

layer in a homogeneous unbounded volume conductor is expressed in Equation
(3.2) [Plonsey, 1989].

O = 1tl4n) ' dS lr'

where d, is from the source point to the field point, 7 is the distance. The normal

of the layer dS is oriented from the ischemic to the healthy cell layer. lf the

double layer is uniform the field can be expre ssed using Equation (2.6),

substituting the source dipole moment density by M,.

The field of the injury current depends mainly on the area of the border and on

the severity of the ischemic state, which alters the dipole moment density. The

measured extacellular potential distributions of a pigs heart indicate an increase

of TQ depression and a decrease of ST elevation with maximum value s of - 15

and +35mV, respectively [Kl6ber et al., 19781. On the other hand, the recorded

maximum current sources are in the order of 2 - 5 pA/mmr, which is

approximately half of the snength of the sources arising in a normal myocardial

activation wavefront [Janse et al., 1980]. These were calculated by taking the

Laplacian of the measured potentials representing more than a 60 mV potential

difference in a volume conductor of approximated 400 C)cm resistance.

According to Thiry et al. [Thiry, Rosenberg and Abbott, 1975], the area where the

contiguity effect generates the injury current is the border between the healthy

cells and cells suffering from hypoxia. Apart from the contiguity effect, also the

reduction in the ftansmembrane potential amplitude of single cells generates

changes depending on the volume of the ischemic cells; however, the effect on

the ST segment is very small. Thus the generated current would not depend so

jrca, (3.2\



much on the volume of the ischemic region as on the area of the border region
[Rosenberg, 19751. " The most obvious effect of acute ischemia, the ST segment
shift, is not a quantitåtive measure of the volume of the ischemic dssue present
but rather of the cross-sectional area of such tissue normal to the direction of
signal propagation" [Thiry, Rosenberg and Abbott, 1975].

However, the situation may not be so simple. According to Vincent et al.
[Vincent, Abildskov and Burgess, 19771, ffansmural ischemia in dogs generares
gradually to the center of the ischemic region an increasing potential difference,
i.e. a volume cturent source - or a set of source layers becoming gradually more
and more ischemic. Additionally, fransmural ischemia in pigs also produced
gradually to the center changing pattern during the diastole, while during other
time instants the source was situated in the border zone [Kl6ber et al., 1978]. The
results with dogs may be explained by the good collateral vessels rendering the
ischemia border zone more complicated. In pigs and humans the collateral
circulation is not as well developed [Holland, Brooks and Lild, l97j].

Holland et al. compared the measured epicardial potentials of ischemic pig hearts
to calculated potentials obtained by a simple solid angle analysis of the ischemic
border and electrode location [Holland, Brooks and Lild, 1977]. Their findings
support the conception of the source lying in a border zone. They concluded that
the relative magnitudes and polarities of the measured potentials can be fairly
exactly determined - at least in quantitative terms - by the position of the
elecffode with respect to the ischemic boundary modelled by the double layer, and
the geometry of the ischemic area, that is: the area of the ischemic section, the
ffansmural shape and thickness of the ventricular wall. Figure 3.4 describes the
polarity and relative magnitude of the TQ and ST segment deflections in different
ischemic geomeffies.

A strong correlation between experimental measurements and theoretical
calculations employing the double layer source and solid angle analysis has also
been observed in studies of epicardial potentials in pigs [Richeson, Akiyama and
Schenk, 19781 and with a homogeneous cylindric tank model including an isolated
canine heart [Maehera et al., 19861. Even though the double layer model produced
good results, in pigs the potential difference at the border was observed to be
disEibuted over I cm border region [Richeson, Akiyama and Schenk. l97tt].
Spatial and magnitudial correlation of ST-segment isopotential maps recorded on
a tank model including an isolated rabbit heart with the site and area of the
ischemic lesion has also been observed [Mirvis et al., 1978]. In the same study,
a single dipole and a single moving dipole model accounted for 7 4Vo and 96% of
the measured ST segment potentials; respectively. On the other hand, it has been
demonstrated that also in humans the polarized volume provides more accurate
results than the polarized layer when the calculated epicardial porentials åue

compared to those measured [Smith"GT et al., 1983].
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ECG-electrode

Figure 3.4 The polarity and relative magnitude of ST segment deflections in

epicardial, intramyocardial and endocardial locations and in precordial ECG in

different cases of ischemia

ln precordial measurements the source characteristics are less crucial than in the

epicardium. The increased distance smooths the difference between the volume

source and the double layer source. [n nontransmural ischemia the depth of the

ischemic region is small and the importance of the border zone is higher. All in
all the source currents - whether the model is the polarized volume or the surface

- are directed between the ischemic and normal myocardium. This is also the case

in ffansmural ischemia: the potential difference across the myocardium, i.e.

between endo- and epicardium, is small [Kl6ber et al., 1978] and the sources are

tangential. Of course this depend on factors like collateral circulation decreasing

the border effect. The double layer model (Equations 3.1 and 3.2) can be extended

ro represent the polarized volume by applying several double layer sources.

In a review article Okin and Kligfield conclude from the experimental evidence

that the ST segment measured reflects the double layer- source characteristics

IOkin ancl Kligfield. l994bl. According to their conclusion the ischemic lesion
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remains spatially stable during the exercise test. The measured ST segment as a
function of exercise follows the magnitude of the potential over the double layer,
i.e. the severity of ischemia in the region manifesting the importance of the

ST/FIR slope in ischemia detection .

3.4.3 Detecting local injury sotuces with ECG leads

ECG leads possessing a high sensitivity to measure ischemic injury culrents must

have their lead vectors parailel to the source. This is the case regardless of
whether the source is a layer or a volume, i.e., a pile of layers. Basically the

direction of the change in the precordial ECG signals depends on the same factors

as the epicardial potentials: the geometry of the ischemic region and the location

of the measuring electrode (Figure 3.4).

Subendocardial ischemia can usually be detected as a depression of the ST

segment and outer endocardial or transmural ischemia as an elevation [Heikkilä,
19821. As noted earlier, subendocardial ischemia is the most colnmon type

[Ganong, 1987]. Especially a gradual increase of exercise in the exercise ECG test

should in the case of CAD generate a subendocardial ischemia. The border

between the healthy and the ischemic region is mainly parallel to the surface of
the muscle; thus the injury current is radial. When the chest leads are used.

common anterior or lateral ischemia generates an ST segment depression. Leads

with opposite sensitivity properties would show opposite ST segment shifts. This

"reciprocal" change has been observed in many studies. For example Fuchs et al.

IFuchs et al., 1982] found that in patients with single-vessel disease reciprocal

changes are seen more often with RCA and LCx (88Vo and 807o) than with LAD
(39Vo) disease. In the areas perfused by RCA and LCx the leads of the l2-lead

ECG have more diverse sensitivity properties and both depression and elevation

in a l}-Iead ECG could be expected. In a study of ST-T change s with balloon

occlusion, most probably generating a ftansmrual ischemia, Saeffe et al. [Saene

et al., 19921observed an ST elevation in subjacent corresponding leads.

The above reasoning and results suggest that leads with high radial sensitivity are

likely to indicate ischemia, especially when the condition is generated during

exercise. Even the possibility of differentiating between Eansmural and

nonfiansmural ischemia can be considered. The direction of the net injury currents

is the opposite and they seem to be mainly tangential or radial in transmural or

nontransmural ischemia, respectively. However, as noted in Chapter 2., according

to the solid angle theory a uniform cylindric double layer generated by transmural

ischemia and the cup-shaped boundary of nontransmural ischemia in an intinite
homogeneous medium can be replaced by closing endocardial/epicardial caps with
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reverse sign and by a single endocardial layer, respectively, introducing only

radial sources. Defining the dipole moment density at the caps accordingly, this

is also valid for a pile of eccenffic cylindric or cup-shaped double layers

modelling the polarized volume. The correlation with the radial dipole fields in a
thorax model and ischemic ST elevations produced by occluded arteries [Saene

et al., 1992) suggests that also in transmural ischemia a sum radial injury current

is generated. However, in transmural ischemia detection of the injury sourues is

more complex than in the nontransmural case. While in one situation the ischemic

injury currents are detected well by a lead, a small change in the location of the

ischemia or the lead may alter the situation [Holland, Brooks and Lild, 1977: van

Oosterom, 19891. The closing double layer caps of ffansmural ischemia produce

opposite fields and the radial field declines further from the sources

According to the above reasoning, leads with high local radial sensitivity would

generally detect ischemic injury sources arising from the potential difference at

the border of healthy and ischemic myocardium. The correlation between the

sensitivity of ECG leads and the clinical properties of the leads to indicate

localized ischemia has to be studied. The normal ECG leads do not possess

distinct tangential or radial sensitivity properties. By developing leads having

either high radial or tangential sensitivity the detection of ischemia can be studied

and ensured.
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4. MODELS AND METHODS DEVELOPED I.'OR STUDYIN(; THE
PROPERTIES OF ECG LEADS

4.1 Introduction - the thorax models used in this thesis

As discussed in Chapter 2., the ECG signal is also affected by the medium of the

signal transmission - the thorax. It forms an inhomogeneous anisotropic volume
conductor diverting the elecnic field produced by the heart's activation. A correct
representation of the thorax as a volume conductor is a fundamental prerequisite
for accurate analysis of the characteristics of ECG leads.

To study the properties of ECG leads two models were developed. The first was

based on a physical model made by Stanley Rush [Rush, l97lb, 1975]. The

measured sensitivities were processed and analyzed by a computer. A spline
function was fitted to the measured sensitivity distributions, providing a

continuous sensitivity of the thclrax surface. The model gives the sensitivity of
ECG leads to measure a dipolar source situated in l5 different locations. This
model is hereafter referred as the hybrid model.

The other model employed in this study was a computer model based on a finite
difference computing method. This model is more versatile; its sources and shape

of volume conductor are tailorable. Here the capabilities of the model were not
fully employed; this model is meant mainly for future studies. Here it was utilized
in a double layer type simulation of ischemic injury sources and in validation;
some results already obtained using the hybrid model were recalculated using the

computer model.
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The original programming for this model was devised by Stephen Walker

[Walker, 1985; Walker and Kilpanick, 19871. During the present study models of
the intracardial blood mass and the great vessels. double layer and dipolar

sources, and reciprocal energization of the ECG leads were introduced into the

model and the modelling sotlware. This model is hareafter referred to as the finite

ditference method model (FDM model). Both models are quite well documented

and validated and both have been used in ECG studies.

4.2 The hybrid thorax model

4.2.1 The basis of the hvbrid model

A physical thorax model made by Stanley Rush [Rush, 1971b, 1975] was used as

the basis of the hybrid model. The Rush model, or the UVM model after the

University of Vermont, is probably the most extensive physical model of the

conductivities of the thorax ever constructed. Even the computer mod"bls do not

possess more comprehensive properties or details. This model comprises an

inhomogeneous electrolyte tank. The inhomogeneities are removable, so that

homogeneous model data are also available.

The UVM model was constructed twice life size to include more details. It has

also been called the Rush giant. The inhomogeneous anisotropic interior structure

contained lungs, liver, spine, sternum, heart muscle, blood inside the heart and the

great vessels, subcutaneous fat and anisotropic skeletal muscle. The

inhomogeneities were constructed using plexiglass rods. The resistance valttes of

the organs were as listed in Table 2.1 [Rush, Abildskov and McFee, 1963]. Blood,

with the lowest resistivity, was represented by a completely open structure. When

greater resistivity was needed, more rods were inserted. Bone was assumed to

have infinite resistance and was modelled by solid plexiglass.

The shape of the model and the inhomogeneities were derived frortl a basic

reference source, 'A Cross-Section Anatomy' by Eycleshymer and Schoemaker

(1903). Also more detailed references were used when constructing the heart area.

A computer was used to ffansfer the coordinates and the resistivities of the organs

ro the placing and dimensioning of the rods. Thus the model was constructed by

a digital computer and the calculations were performed by an analog computer -

the physical resistivities in the model with elecnical currents and potentials.

34



On the surface of the model there were 860 silver-silverchloride elecfrodes. [n
Figure 4.1 the geomeffy of the surface of the mcldel is represented in terms of the

locations of these measuring elecnodes. The locations are expressed as rectangular

markers. The myocardial sources in the heart were consffucted as 15 electrode

ffiplets, each of them representing the three orthogonal components of the source

dipole location. Each dipole was consffucted by an electrode pair with 1.26 cm
( 1i2 inch) spacing between source and sink. On the scale of the real thorax the

spacing is half of that. The location of the soruce dipoles in the heart are

presented in Figures 6.2 and 6.3.

Figure 4.1 The electrode locations on the Hybrid model. The places of the

elecnodes of the physical model are expressed as rectangular markers.

Rush measured all the sensitivities, i.e. the lead vectors, of the 860 surface points

to measure the three orthogonal components of the 15 source dipoles. The

measurements were made from both the homogeneous and the inhomogeneous

models. The measured data contain 90 sensitivity disributions, each comprising

tJ60 data points.
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4.2.2 The construction of the hvbrid model

A model with 860 measuring elecnodes should provide the data needed for

analysis of the properties of the standard leads. However, the data points specified

by Rush do not contain the exact electrode locations of the standard leads. The

missing lead vectors can be obtained by means of interpolation of the data. Horan

et al. [Horan et al., 1989] have used the Rush model and calculated an 802-point

potential map for obtaining the Gabor-Nelson relationship [Gabor and Nelson,

19541, using an average of 10 nearest points for each of the points. [n the present

study a continuous sensitivity distribution was determined by fitting an adequate

function to the measured 860-point data. lnterpolating the lead vectors from the

neighboring electrodes could have served equally well for the calculation of the

lead vectors of the standard leads. The use of surface fitting was chosen to obtain

a more versatile tool for ECG studies. This approach provides the lead vectors of
all the surface points.

The locations of the electrodes on the three-dimensional skin, i.e. the surface of
the model, were ffansformed to a two-dimensional plane in order to simplify the

fitting procedure. The locations of the surface elecfrodes were projected to the

surface of a cylinder opened at the back to give a point distribution on a plane.

ln Figure 4.2 the surface electrode locations are presented on this two-dimensional

surface. It should be emphasized that this procedure did not alter the model or the

data and that it was intended purely for the fitting procedure.

There are two reasons that support the choice of the spline function to find a

function for the complex set of points on the thorax surface.

1) The sensitivity distribution is complex and it contains areas vrhich have

specific characteristics

2) There are ample data points (860) and it is difficult to find one function

which would illustrate the whole area without increasing the degree of fitted

polynomial beyond practical value.
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Figure 4.2 The surface elecffodes of the source model on the cylindrical
surface. The locations of the elecftodes are indicated by rectangular markers.

Generally adequate interpolation can be achieved when using cubic splines, which
are polynomials of degree 3 or less with continuous first and second derivatives.
Thus a cubic spline consists of a set of cubic polynomial arcs joined smoothly
end to end. There is also no reason why splines with higher degrees could not be

used, but cubic splines usually give an adequate fitting [Clenshaw, 1970].

According to Hayes and Halliday [Hayes and Halliday,1974) the basic or B-spli-
nes have good properties for fitting complex data sets. The cubic B-splines are

cubic splines which are nonzero between the limiting knots (1.,, borders of the

subareas) of the four adjacent subareas. The knots define the B-spiine unam-

biguously except for the arbinarily selected scale factor y [Hayes and Halliday,
19741. A surface is defined by double cubic splines. A set of B-splines M,(x)

based on the knots \ and the corresponding set of B-splines Nly) based on the

knots p, provide the basic set M,(x)N,(y).The bicubic spline can be expressed as

follows;

_,
oE)oo

s(x,y) = E E y,,U,(r)NiLy,)
J=I r=l

14.1 )

where Mlx) and N,(y) are cubic B-splines. The fitted surface is divided into å x
,( subareas. On the edge of the original area four additional knots rue clefined.

giving a total of (h+4)x(k+4) knots. The double cubic polynomial fitted for each
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subarea is continuous at the borders of the subareas. Also the first and the second

derivatives are continuous. It is possible to reduce the continuity by defining more

knots to the same value. With two knots the second derivative is discontinuous.

With three knots the first derivative and with four knots the function also

becomes discontinuous.

The observation equation in mamix form can be presented as follows;

Ay = f (4'2)

where A is a maffix with r rows and (h+4)x(k+4) columns and f is the set of data

points. The elements get the values of M,(x)N,(y) corresponding to the coefficient
values of Tu [Hayes and Halliday, 1974].

In this study an NAG subroutine EO2DAF was used to fit a double cubic B-spline

representation (Equation (4.1)). This subroutine was based on the procedure

presented by Hayes and Halliday [Hayes and Halliday, 1974). With this program

it is possible to fit a set of B-splines to scattered data, i.e. a set of points without

a regular mesh, which was the case in this study. The B-splines also provide good

numerical conditioning [Cox, 1987].

The subroutine EO2DAF fits a double cubic spline S(x,y) into the set of points (x,,

y,,f,). The fitting procedure minimizes the weighted least mean squares of errors.

For correct fitting, however, this criterion is not enough. There might be a set of
splines giving the same error value. From these sets the program chooses that set

of splines in which the least mean squares of the coefficients Y is the smallest. By

this method it is possible to avoid the instability caused by those coefficient pairs

which have great values but different sign [Hayes and Halliday,1974]:

The fitting procedure was as follows:

- A subroutine E}ZZAF is used to sort the data for the EO2DAF subroutine.

- The EO2DAF gives the spline coefficient matrix C(ij) describing the 1 for

each subarea defined by the knots. The knots can be freely chosen according

to the set of data.

-With the subroutine EO2DBF the values of the fitted surface can be calculated

using the coefficient matrix C(ii).
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1.2.3 On the accuracv of the hvbrid model

When calculating the splines, the problem is to choose valid positions for the

knots. There is no universally applicable rule for choice of positions . The only
way is to try different knot positions to determine the configuration that produces

the best results. The knots define the borders of the cubic polynomials; they

should therefore be located in the areas of sharp changes [(NAG), Volume 3].

To determine the quality of the fitting, the fitted surfaces and the original data

sets were compared. Differences between original and fitted values were

calculated at each individual data point. Two error values were obtained; relative
to the value at a given point and relative to the maximum sensitivity of the

surface. It is possible to increase the accuracy, i.e. to reduce the error values, by
increasing the number of knots. However, low error values alone do not guarantee

the success of the fitting. ln the lower areas of the thorax and in the neck area the

measurement points are widely scattered. If too many knots had been used, sub-

iueas without measurement points would have been formed and an undesired fluc-
tuation might have been the result. The small number of measurement points in
the border iueas limits the quantity of knots and also limits the choice of the knot
positions. [t was sought to minimize the error values while keeping the graphical
representation of the fitted surface appropriate. Figure 4.3 represents a titted
spline function, the sensitivity distribution of a septal X source, i.e. a potential

disnibution of a septal unit dipole pointing in the X direction. The coordinate
system employed in this thesis is depiceted in Appendix (i).

Table 4.1 indicates average error values. The figures reflect the complexity of the

surfaces, i.e. the more complex sensitivity distributions of the inhomogeneous

cases have higher error values. The mean error relative to the maximum
sensitivity is well below IVo.T1ire error values relative to each individual value are

between 5.4 to l0.4%o. The highest values are in the X and Y dipole sensitivity
disributions of the inhomogeneous model. These distributions have large areas

with relatively low sensitivity. Thus even small errors in these areas appear large

when compared to the value at each point.
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T.qBI-B 4.1
THr veax ERRoRS oF THE FITTED suRFACES coMpARED To rHE
ORIGINAL DATA; ERROR AT EACFI DATA POINT RELATIVE TO THE
VALUE oF THE POINT/ERROR AT EACH R)INT RELA'nVE To TTIE

MAXIMUM SENSITIVIry VALUE (PERCENTAGES).

Dipole Homogeneous Inhonrogeneous. Mean

8.6Ta10A4%

7.0%,10.55 vo

5.4%,10.49%

7.0Vo10.48%

10.4%,10.587a 9.5%,10.507t

9.2%,10.58Vo 8.t10.57%

6.5%ol0.60Va 6.010.52%,

8.7%,10.58Va 7.810.53%,

In the Rush measurements, comprising 77400 individual observations, some errors
or misprints have been noticed. Errors have also been made when feeding the
measurements into the computer. These errors have been sought and corrected.
The checking was based on continuity, which means that individual values cannot
drastically deviate from the values of their neighbors. The data listed by Rush
were altered only when the measurement was obviously wrong, for example when
the sign of one measurement was opposite compared to the surrounding data
points.

Rush and Baldwin have also published the lead vectors of the Frank VECG lead
system [Rush and Baldwin, 1976]. These results were not included in "An Atlas
of Heart-lead Transfer Coefficients" [Rush, 19751, which contains the data used
for the hybrid model. These results can be used for validation; the models are
similar and if there were differences in obtained lead vectors they would result
from the somewhat different electrode locations (Rush did not give the locations
of the Frank electrodes) and the surface fitting. Table 4.2 shows the correlation
coefficients (r) of the vectors obtained by Rush and those calculated here. [n all
other cases the coefficients indicate that the data have good correlation (r >
0.633, p < 0.001,) except in the homogeneous model z-lead of the X- and y-
coordinate and in both cases the Y-coordinate of the X-lead. The lead vectors of
the homogeneous Z-lead given by Rush were observed to point towards the right
shoulder region and the X-lead towards the E-electrode [Hyttinen, 1986]. For the
X-lead a fairly similar set of lead vector was obtained from the hybrid model by
omitting the C electrode from the X'-lead. The results in this case are more in
accordance, as shown in Table 4.2. This means that the lead vectors given by
Rush are somewhat distorted. Generally, the differences between results are

constant in each lead, i.e. the graphical presentations of the lead vectors do not
reveal differences in individual values. Thus the differences do not result from
errors in individual surface fitting but from the measuring electrode arrangements.
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T tstg 4;2
CoRRET-attoN coEFFICIENTS oF rHe X.Y eNo Z coMpoNENTS oF THE LEAD vEcroRS
oF TI{E FReux VECG LEADS oBTATNED ey RusH [Rusu eNo BlLowN. 1976] eNo

CALCULATED USING THE HYBRID MoDEL. Leno Xc Is CALCULATED WITH THE HYBRID

MoDEL wITHour rue C ELECTRoDE

Homogeneous model

X-component Y-component Z-component

X-lead

Xc-lead

Y-lead

Z-lead

0.73

0.86

0.70

0.37

0.25

0.95

0.78

0.10

0.86

0.79

0.84

0.83

Inhomogeneous model

X-lead

Xc-lead

Y-lead

Z-lead

0.61

0.92

0.85

0.92

0.06

0.59

0.91

0.73

0.91

0.94

0.77

0.75

4.2.4 The radial - tangential coordinate system

As described in the previous sections, the hybrid model is a group of sensitivity
disributions defined by the spline functions. These distributions describe the

sensitivity of the skin to measure the dipolar sources in the heart. The height of
the surface is the magnitude of the lead vector in that particular surface location
(Figure 4.3).

The orthogonal X, Y and Z sensitivity distributions measured by Rush and

utilized in the hybrid model do not yield particularly useful information as to the

abilities of the ECG leads to measure the electrical activation of the heart. It is
very difficult to depict the relationship between the orthogonal sensitivity
information and the anatomy of the heart. The physiological relationship between

the activation and the sensitiviw information is even more difficult to interpret.

ln order to present the sensitivity information in a more useful torm a

radial/tangential coordinate system was constructed. The physiological reasoning

for developing this coordinate system is obvious; the normal activation of the

heart spreads radially through the myocardium starting from the endocardial layers

IDurrer et al., 1970]. ln coronary artery disease exercise induces a radial ischernic
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double layer injury source, as discussed in Chapter 3. A good simulated ECG has
been obtained with models using only radial dipoles [Selvester, Collier and
Pearson, 1965; Selvester et al., 1967: Selvester, Solomon and Gillespie, l96lt];
also the radial dipolar fields correspond to measured ischemic ECG in a l6-lead
study by Saene et al. [Saetre et al., Ig92].

For every source iuea a radial and two tangential direction vectors were clefined.
These direction vectors specify an orthogonal coorclinate system at each source
location. The directions of radial vectors were defined as they were normal to the
rnyocardium. Additionally, two tangential vectors parallel, i.e. tangentially, to the
myocardium, one pointing towards the apex region (axial) and another circling the
heart's basal-apical axes (circumferential) were derived. Figure 4.4 depicts a

simplified situation of the direction vectors. In Appendix (iii) the specified
direction vector defining the radial and tangential coordinate axes iue presented.
Using these vectors the X, Y and Z sensitivity was transformed to
radial/tangential sensitivity.

Choice of the directions on the tangential plane is quite arbitrary from a
physiological and anatomical point of view. Our selection of the tangential
directions was based on major anatomical features of the heart. However, the
tangential spread of the activation is complex. It depends on the anisofropy of the
heart muscle and the junctional points of the cells. Based on physiological
aspects, proper directions to describe the tangential sensitivities to detect
activation cannot be stated. To simplify analysis of the sensitivities the two
tangential components were combined to represent the total tangential sensitivity
by calculating the total tangential lead vector (7,), which has two components;
circuferential (7,) and axial (7,).

To improve the plausibility of the sensitivity information the source dipoles were
selected to represent the main four anatomical sections of the heart, i.e. right and
left arium and ventricle. The sources of the left ventricle were further divided to
represent the six regions of the left ventricle (described in Figure 3.1). Table 4.3
depicts the labels of the source areas and conesponding anatomical sections.
Locations of the fifteen sources in the heart are presented in Figures 6.2 and 6.3.

At each section the radial and tangential sensitivities were calculated. [n those
sections with more than one source a mean value was obtained to describe the
sensitivitv.
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Figure 4.4 The main direction of the radiaVtangential coordinate system;

radial, axial and circumferential.

A lead vector gives the local magnitude and direction of the sensitivity, it does

not report the ability of the lead to differentiate the local source from other

myocardial activation. Disnibution of sensitivity gives a better estimate of the

ability of the leads ro reflect the local activity. Sensitivity disnibutions

representing total, radial, axial and tangential sensitivities were calculated. The

total relative sensitivity of a lead (So) reports the local (section p) magnitude of

the lead vector (lcol) relative to the sum magnitude of all the lead vectors

(Equation 4.3). The total tangenrial relative sensitivity (S,o), which comprises axial

(S*) and circumferential (S.o) components and the radial relative sensitivity (S,o,)

report the local component of the lead vector relative to the sum magnitudes of

the radial and the total tangential components of all the lead vectors (Equations

,1.4-4.7).
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Two different distributions were calculated: the total sensitivity in the four
compartments of the heart and the radial/tangential sensitivity distribution in the

left ventricle.

TmlB 4.3
SouRcg LocATIoNs IN THE HEART's ANAToMIcAL SECTIoNS

Section of the heart Labels of the sources located

r in the section

Right venricle

Right atrium

Lefr atrium

Left ventricle Anterior: 4,7, ll
Lateral: 6, 10

Inferion 5. 15

Posterior: 3. 9

Septal: 2

Apical: 14

t.8

t2

13
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4.3 The finite difference element model

4.3.1 tntroduction

The physical models - whatever their accuracy - entail one crucial drawback:

They are rigid consffuctions without flexibility for modifications. The hybrid

rnodel, based on the most accurate physical model, has only two rigid modes:

homogeneous and inhomogeneous. Only the total effect of all inhomogeneities has

been documented by Rush. Anatomical interindividual variations and variations

due to physiological functions like that of the heart cannot be considered. Not

only the physical appearance of the model is rigid, but also the configuration of
the sources cannot be changed. Fifteen source elements may not provide an

accurate description of the sensitivities of the ECG leads. Differences in the

sensitivities in endocardial or epicardial sections cannot be cgnsidered, since only

the bulk sensitivity of each region is available. Furthermore, characteristics of
ischemic sources discussed in Chapter 3 are difficult to model using one or in
some cases three dipoles in each section.

To study the effects of the above-mentioned problems a more variable and

flexible tool for ECG studies is needed. A suitable and tested program was

available for FDM modelling. In the present study this model was employed in

two investigations. The lead vectors of the l2-Iead ECG obtained from the

homogeneous hybrid model were recalculated using the FDM software to validate

the date. The inhomogeneous model was not used because only the sfructure of
the outer surface of the hybrid model was available. A double layer type source

demonstrating ischemic injury sources was simulated employing the

inhomogeneous FDM model. The outcome of this test indicates the properties of
the standard ECG leads and of the leads constructed based on the hybrid model

data in a model with different anatomy and sfructure.

The FDM method modelling programs used in this study are based on the work

of Stephen Walker in the University of Tasmania [Kilpatrick and Walker, 1987;

Walker et al., 1987; Kilpatrick, Bell and Walker, 1989; Kilpatrick, Walker and

Bell, 19901. Some of the ideas were derived from an earlier work by Lo [Lo,
l977l.Most of the original programs were modified or rewritten, and some new
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ones were developed to obtain a suitable tool for our studies. [n the following
paragraphs the original model and developments of it are described.

4.3.2 Construction of the orieinal FDM model

The FDM programs developed by Stephen Walker [Walker, 1985] were

originally constructed for inverse epicardial potential calculation. The
preprocessing programs define the node sfiuctue using a non-uniform grid and

anatomical data. These data can be acquired from CT or MR scan images or other

cross-sectional anatomy references. The coordinates of the boundaries on each

slice are digitized and stored. Each slice is approximated by rectangular elements

defined by the grid, which is freely definable by the user. The tissue code and the

size of the element ile used to calculate the internode resistances to obtain the

FDM simultaneous linear equations. The original model running in a PDP-lll44
had over 20,000 nodes for an average male torso. The tissue resistivity values are

expressed in Table 4.4. These iue almost the same as those used in the UVM
model. The subcutaneous fat, skeletal muscle and other thorax regions not listed
in the table are presented as a homogeneous structure coded as "thorax".

TnsLs 4.4
THE MAIN INHOMoGENEITIES. THp nISISTANCE VALUES ARE FROM THE STLIDY BY RL'SH.

Asrlost<ov nNn McFpE [RusH. A.BrLusrov nnu McFEE. 19631. Blooo AND BoNE

RESISTANCE vALUES ARE THosE GrvEN sv Gepoes nNo BnrsR [GEoogs nNo BnrrR. 1967]

Inhomogeneity Resistivitv

Bone (spine, sternum. ribs)

Lungs

Bltxrd (intracardiac blood mass. great veins)

Heart muscle

Thorax

l6fiD ()cm

2100 Ocm

160 ()cm

380 ()cm

460 ()cm

The solver calculates the simultaneous linear equations defining potentials at each

node. Equation 4.8 describes the potential at node n as shown in Figure 4.5.

Equation 4.9 expresses the situation if the node is a source.

(

ön =l t - I *....

I t" rr

\-r' e o')+ r l.lo,+ ,+ u | (4.tt)
I t- |

'r J [t, rt' 'I )

O = t/ (4.9)
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The solving of the linear equations is based on the successive over relaxation
(SOR) method. The iteration scheme is:

Oj'.t'- Oj" + to(Oj'.'' - Ol") (4.10)

The rate of convergency depends on the value of the acceleration factor co. The

optimum factor can be calculated [Smith,GD, 19781. The optimum acceleration

factor in this modelling problem is in the order of l.ti5 - 1.91 [Walker, l9tt5].
The iteration was discontinued when the maximum change in any variable was

less than the specified value. All calculations were made in double precision and

absolute value of 10.'was used as a limit to the iteration.

The procedure and the programs were validated by forming a homogeneous

spherical volume conductor model with two point current sources and comparing

the model solution with the known analytic solution [Walker, 19851. The

isopotential contour maps were almost identical. The greatest differences occurred

near the source, as would be expected as the analytically calculated potential

generated by a cunent dipole approaches infinity. The geometrical errors due to

the rectangular node structure, which cannot exactly fit the spherical model

increase the errors on the surface. However, the errors were still quite small,

beins in the order of 4Vo - 5Va and decreasins to l%o - 2Vo below the surface.

\*.

Figure 4.5 Node n and neighbors, see Equations 4.8 and 4.9
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4.3.3 New features of the FDM model

The original modelling programs were not suitable for a study of the properties
of ECG leads to detect myocardial sources. Modelling the source as epicarclial
surface potentials gives no information as to what the leads measure inside the
myocardium. The development and modification of the model had two objectives:
to improve the accuacy of the model and to improve the means of representing
the properties of the ECG leads, i.e. models of the cardiac sources.

Improving the accuracy

The accuracy of the model was improved in two ways: defining a finer grid and
introducing new anatomical features.

Firstly, intracardiac and aortic blood masses were included in the model. These
were digitized from MR images. The intracardiac blood masses are of no
importance when the potentials of a closed boundary surrounding all the sources
are calculated [Geselowitz and Miller, 1983]. However, for our studies, i.e., when
myocardial sources are introduced, the inFamyocardial blood masses are of the
utmost importance [Brody, 1956; Rush, l97la; van oosterom and Huiskamp,
1989; van Oosterom and Plonsey, 19911.

Secondly, the grid specifying the computational elements was made finer. The
original computer facilities (PDP I I ) limited the size of the node srrucrure. A grid
with 0.5 cm spacing in the heart increasing to I cm further from the heart was
used. The original CT-scan slices with I cm spacing and 45 slices were
employed. Additionally, a model with extra slices in the heart area was developed.
With this accuracy the model of 45 and 57 slices comprised 78571 or 91282
nodes, respectively. The extra slices were estimated from the original slices.
Figure 4.6 shows three slices from this model; two original slices and an

approximated extra slice in the middle. This figure illustrates the accuracy of the
grid. Inhomogeneities including the intracardiac blood masses of the ventricles
and the aorta are depicted.
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Slice 24

Slice25

Slice26

F'igure 4.6 Three slices of the moclel showing the grid spacing used. The upper

ancl lower slices are from the original cligitized CT-images and the middle one

is approxirnated from the other slices.



A douhle luyer ischemic injury source

To test the ability of the ECG leads to detect ischemic sources, programs were

developed to realize a double layer type source model. This model (Equation 3.2)

describes an ischemic injury source arising at the border of healthy and ischemic

myocardium. The most probable location of the ischemia is the subendocardial

region, as noted in Chapter 3. For each anatomical section of the heart (Figure

3.1) a double layer subendocardial source was defined. This arrangement

represents a source generated by a nontransmural ischemia, i.e. a radially oriented

double layer. The endocardial nodes of each section (35 nodes, which are closest

to the center of the section) represent the fust, ischemic, layer and the next layer

of nodes towards the epicardium represent the second, healthy, layer. The second

layer was located one grid spacing from the first one in the X, Y or Z direction

towards the epicardium. Figure 4.7 shows an example of the arrangement of the

layers. The thorax model with exna approximated slices was used with the double

layer source. The distance between the layers of the source was the same as that

between the nodes, i.e., 0.5 cffi, and the area of the double layer was

approximately 9 cm2.

An ideal double layer source has a homogeneous current density leaving and

entering the two layers. lmplementing a current source into the model can be

done by checking the currents entering and leaving the source nodes after a

certain number of iterations and adjusting the source node voltage accordingly.

This would increase the number of iterations enormously. Moreover, as discussed

in Chapter 3, the double layer ischemic injury source does not arise from the

activity of the cells, i.e., impressed current, but from the voltage difference

between ischemic and healthy myocardium. Hence, a double layer source

representing the voltage difference is a valid model of ischemic injury source.

Here voltages of +100V and -100V were applied to the soruce nodes of the

layers. [n further analysis of the surface potentials the results were scaled

corresponding to a 65 mV double layer ischemic soruce. This value represents a

measured extracellular potential difference between ischemic and healty

myocardium [Kl6ber et al., 1978; Janse et al., 1980].

ln the original rnodel rhe validity of the solution was checked by combining all

the sources of the heart surface forming a one +100V source closing the heart.

Here the double layer and reciprocal sources were computed twice. The locations

of the +100V and -100V sources were exchanged. The combined solution should

have zero potentials. This checking is not as convincing as that used in the

epicardial source model, but may indicate erroneous convergence. The observed

differenccs were less than 10"4.
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Slice2S

Figure 4.7 Nodes of an anterior double layer source of a slice at micl-left
ventricle level. The ischemic layer is marked with large dots and the healthy
layer with smaller dots.

R e t' ip r o t' o I e ne r gi zatio n

The general procedure to obtain the sensitivities of ECG leads to detect
rnyocardial sources is to energize a source in the heart and then measure or
calculate the surface potentials. To obtain the sensitivities at l5 different source
locations would have entailed 45 sets (three orthogonal dipoles in each location)
of measurements or calculations.

The sensitivity distribution of a lead can also be calculated using reciprocal
energization of the lead. as mentioned in Chapter 2.By this method the sensitivity
at every point of the volume conductor can be obtained simultaneously. This
method is exffemely useful when the properties of leads to measure ciudiac
activation are to be calculated [Hyttinen, Malmivuo and Walker, 19931.

Obtaining the lead field by means of reciprocal energization has been used in
some early model studies [Brody and Romans, 1953; Rush and Driscoll, 19691.

It has also been used by Malmivuo in MCG studies [Malmivuo, 1976, l9lt0l. A
computer thorax model has been employed in finding the field of cardiac
defibrillation, IOostendolp and van Oosterom, 1991; Shahidi and Savard, 1992],
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rvhich is actually a direct way to energize the defibrillation source. Reciprocal

energization has been suggested for ECG by Horacek [Horåcek, 1971] as well as

by Oostendorp and Oosterom in their article on the use of the boundary element

method in calculating the defibrillation field [Oostendorp and van Oosterom,

l99ll. In a thesis including a finite element thorax model study Horåcek

IHoråcek, 1971] used the reciprocity theorem to define lead vector and lead field
concepts, but he used direct energization of the dipoles to calculate the lead

vectors. Reciprocal energization has probably not previously been used in
computer thorax models to determine the properties of ECG leads.

The energization of defibrillation electrodes involves more problems than

reciprocal energization for the ECG leads. The current and voltage disribution
under the large electrode is one problem. Another arises from the capacitive and

inductive components generated in the skin-electrode border and in the thorax

surfaces. However, these question have no pertinence here.

The reciprocity problem is a mixed boundary value problem, where on the model

surface at the locations of the ECG electrodes - source nodes - the potential Q -
V, and öQ/öA = 0 elsewhere, where 7 is the normal of the surface. The current

generator was modelled by applying a voltage source and defining a high

internode resistance value for the source nodes. A 10 kO resistance between the

rest of the model node structure and each soruce node was used. because the

surface nodes can have different numbers of neighboring nodes, the internode

resistances of a soruce node can vary, but the effective total resistance was 10 kQ.

This resistance is about ten times higher than an average internode resistance,

giving a fairly stable current independent of electrode location. It may be that a

higher valued resistance would have increased the stability, but the amount of
loading of the model would have decreased, increasing the number of iterations.

At each ECG electrode location the eight closest nodes within a 2 cm x 2 cm

square were defined as source nodes. The elecmode was slightly larger than an

average ECG elecfrode, but with this size the locational errors and variations ue
somewhat decreased.

Reciprocal energization of +100V for the measuring electrode and -100V for the

reference elecnode was applied. The energization of the limb leads was performeci

directly. For the precordial leads, the left leg was used as a reference electrode

instead of the Wilson cennal terminal. Because of linearity, the lead vectors of the

precordial leads can be obtained from the lead vectors of the limb leads and the

lead vectors of the CLL lead (lead left leg - precordial electrode). The lead vector

of the VF lead (Wilson cenfral terminal - left leg) can be calculated from the lead

vectors of the limb leads. The lead vector of a precordial lead is the sum of lead

vectors CLL and VF, as shown in Figure 4.tl
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VJ = LL - WilsonCI= 213 <i - I tZ'O

vl

= CLLr + VF

Figure 4.8 Calculation of the lead vectors of the precordial leads from the lead
vectors of the limb leads and the CLL lead (left leg - precordial elecnode) .

The reciprocal current field was calculated using the node potentials arrived at by
the FDM model and the internode resistance data. For each node the current was

defined as a mean of the currents entering or leaving the node in the X, Y and Z
directions as follows

(o,,_,- ön .)lQ^._,) 
* (ön.- Q 

^..,)l(r^
)

!.1
(4.11)

where subscripts x, x-1, andx+ I are related to the node in question, the previous

node and the next node in the X direction respectively. Accordingly, r,.1and r,*,
are related to the internode resistances between the node and the previous node

and the node and the next node, respectively (Figure 4.9). With a similar equation

applied in the Y and Z dnections the components of the reciprocally induced

current at each node were obtained. The current goes through the area of the

node, i.e., the components of the current go through the areas of the faces of the

rectangular node, which can be determined from the grid dimensions. A current

density at each point is directly related to the sensitivity of the ECG lead at the

point.

The integrity of the reciprocal calculation was checked by calculating the lead

vectors of limb lead [I from the lead vectors of leads I and III. Due to linearity
these should be the same as the lead vectors obtained by energizing the lead.

Errors are mainly generated by the nonideal reciprocal current sources. The

observed differences were in the order of | - 2Vo.
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f" = lrnr*lrnu*lrn,

lrr' = (lrrx_r +ltn**)12

Figure 4.9 Calculation of the reciprocal curent at each node from the
internode resistances and node potentials.

4.4 Comparison of the lead vector obtained from the homogeneous models

To validate the model data the lead vectors of the homogeneous hybrid model
were recalculated employing the FDM software. The anatomy of the
homogeneous model, i.e., thorax boundary, is available [Rush, 1975] and these
data can be used to construct the slices for generating a FDM model. With similar
source and measuring elecrode locations the lead vectors computed with the
FDM method and with the hybrid model should be similar. The sensitivity
disributions of the l2-lead ECG were calculated employing the reciprocal
energization of the leads and compared to the results obtained from the hybricl
model.

The electrode locations given by Rush [Rush, 19751were used to approximate the
outer boundary of the model. With the 860 electrodes this approximation can be

I hx.x+ I
@hx+ I

Inx- t .x

lrnx*r= (@nx*r - Ön*)/R['lrcx+t
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made by quite crude methods. Each slice was formed by the elecuodes at 1 cm
distance from the location of the slice in Z coordinate. After arranging the

electrodes in each slice in consecutive order the consffuction of the node sffucture

and the equations can be performed using MR or CT data. In the neck area the
number of electrodes was low and some exffa locations were approximated to get

a smooth surface. Because no elecffodes of the l2-lead ECG are placed on the

neck area this has practically no effect on the results.

Table 4.5 shows the conelation coefficients of the lead vectors calculated with the

hybrid model and with the FDM model employing reciprocal energization. All the

coefficients were high, giving very significant correlation. ln leads II, [II the Y
and Z components, and in lead V3 the Z components of the lead vectors had

correlation coefficient below 0.9. All in all the correlation coefficients of the Z
components were lower. This may be due to lower resolution in the direction of
the Z coordinate ( I cm) of the FDM model applied. The correlation coefficients
of the lead vector magnitudes were all very high. The lower correlation of the

components compared to the magnitudes of the lead vectors may indicate
inaccuracy of the Rush model in aiming the electrode riples forming the three

components of the source .

Tanlp 4.5
ConRPI-aTIoN coEFFICIENTS BETwEEN LEAD vEcToRS cALcULATED wITH

THE HYBRID MODEL AND WITH THE FINITE DIFFERENCE MODEL

Direction of sensitivity

X Y Z Magnitude

I

il

v5

V6

m

VI

v2

V3

V4

0.976

0.989

0.971

0.953

0.980

0.993

0.998

0.985

0.958

0.934

0.837

0.876

0.995

0.991

0.998

0.984

0.968

0.950

0.959

0.818

0.827

0.953

0952

0.852

0.978

0.942

0.937

0.992

0.994

0.978

0.986

0.981

0.993

0.996

0994

0.993

The inhomogeneous structure of the Rush model was not available. Validation of
inhomogeneous models can be only based on general agreement of the results and

on tests performed with the clinical data discussed in Chapters 6 and 7,

respectively
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5. AIMED LEADS

5.1 The Aimed ECG

Numerous ECG measurement systems and electrode placements have been

suggested during the history of ECG. Various methods have been devised for

assessing the sensitivity properties of the leads. In the construction of these leads,

models of thorax have generally been utilized. The leads developed by Einthoven

are an exception; elementary technology limited the choice of electrode locations

ro rhe limbs. To this day these leads form the basis for clinical ECG recording .

ln most cases the ECG leads have been constructed to measure the so-called

equivalent dipole: the source representing the summed activation. This is the case

with the l}-lead ECG lead qystem as well as the VECG lead systems. These are

not intended to depict any specific aspect of the heart's activation, e.g. changes

due to a specific disease.

One approach in depicting the sources generated by a disease has been to measure

all the information on the body surface, i.e. body surface mapping. However,

empirical modes of diagnosis have also been used with this method. Another

approach is to construct leads that are especially sensitive in measuring the

sources induced by a disease. The more selective leads we can construct, the more

precise information we can acquire about the heart's condition. "The identification

of specific leads having predominant and specified sensitivity to a particular car-

diac region, would be the most direct method of regional cardiac examination"

IAbildskov et al., 19771. The same principle can be extended to cover the entire

field of bioelectromagnetism, i.e. uimed leuds huve a predominant und spet'ilied
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sensitiviry rc a particular source region. Aimed ECG leads can be constructed to
probe a specific section of the heart, as Abildskov suggested, or to measure the

local injury signal generated by a disease, €.8., aimed leads for ischemia
diagnosis, or tiugeted leads, have a predominant and specffied sensltiviry tu o par-
ticular source localized in spatiol and time domain. This concept increases the

signal to noise ratio, i.e., a higher proportion of the measured signal is generated

by the changes induced by the disease. This improves the predictabiliry of the

signal, providing more accurate knowledge of the source. Aimed leads should

facilitate the development of more rational'diagnostic criteria. The differences

between the principles of the aimed lead method and those of the conventional

ECG leads ile summarrzed in Fieure 5.1.
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Diagnosis

Aimed lead

ECG signal

ECG generated
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Figure 5.1 Concepts of the conventional and aimed ECG measuring systems.

Aimed leads facilitate an accurate detection of injury sources providing more

precise information regarding the myocardial disorders.
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A number of studies have been made in which the consffuction of such so-called
aimed ECG leads has been attempted. As is the case with other ECG leads, there
have been many different conceptions of the construction of the leads and many
different ideas as to what they should measure. [n this study new aimed leads
were constructed for the detection of ischemic heart disease. i.e.. the leads were
optimized to measure a local ischemic injury source. With leads sensitive to
indicate ischemia in different sections of the heart the diagnosis of the ischemia
should be easier and more exact than with conventional leads. It should be

possible to diagnose the presence and also thb extent and the site of ischemia.

In the following sections the basic principles of some clinical ECG leads and

some interesting developments are commented on and the principles and methods
of the aimed lead generation developed for this study are discussed.

5.2 Standard ECG lead systenrs

5.2.1 The l2-Iead svstenl

The aim of the l2-lead system was to measure the heart from different view-
points. Development was based principally on intuitive reasoning with elementary

models. The capacity of the system to measure various directional components of
the heart's electrical activatipn, that is the star-shaped sensitivity distribution, was

attained using a spherical homogeneous volume conductor as a model of the

thorax. On a frontal plane the star is formed by the lead vectors of the limb leads

and Goldberger's augmented limb leads. The lead vectors of the chest leads

developed by Wilson in the 1940's provides a similar sensitivity disribution in
the transverse plane (Figure 5.2). This star model, also known as the hexaxial
reference system, has been used as a support in clinical ECG diagnosis.

The actual sensitivities do not follow the star model very precisely. Even the

theoretical sensitivities obtained from the elementily model are not as in the star

model. Due to the geometry of the model and the use of the average of the limb
electrodes as a reference. the sensitivities of the chest leads and the ausmented
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limb leads are lower [Malmivuo and Plonsey, 1994]. Using more accurate thorax

models the directions of the lead vectors will also deviate from the star shape.

SAGITTAL FRONTAL

SPHERICAL HOMOCENEOUS
VOLUME CONDUCTOR TRANSVERSE

Figure 5.2 The star model known as the hexaxial reference system showing the

lead vectors of the limb leads on frontal projection and lead vectors of the

chest leads in transverse projection.

The precordial leads were assumed to record predominantly, if not exclusively,

the subjacent myocardium and therefore to be able to detect local changes. This

somewhat misleading conception was reached via an erroneous application öf the

theory and experimental evidence [Guntherot, 1976]. The I}-lead ECG does

observe the heart from different viewpoints - only the points somewhat diverge

from those assumed with the trivial model. In this respect the l2-lead ECG is in

a sense an early aimed lead system.

X
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5.2.2 VECG lead svstems

The aim of the vector electrocardiographic leads (VECG) is to measure the three
orthogonal sum components of the heart's electrical activation with equal
sensitivity. The X, Y and Z components of the measured signal are considered to
reflect the entire activation of the heart. Thorax models have been used in
developing the these leads. Studies with homogeneous thorax models produced the
Frank [Frank, 1956], SVEC Itr [Schmitt and Simonson, 1955] and Axial [McFee
and Parungao, 19611 VECG lead systems respectively.

The sensitivity distributions of these leads are largely orthogonal; most of the

deviations are due to the inhomogeneities [Mailloux and Gulrajani, 1982; Hyttinen
et al., 19881, which were not taken into account when the leads were designed.
However, this deficiency is of minor significance in that the analysis of these

leads is based on empirical methods. The VECG leads did not provide the
powerful new tool the developers envisaged. The leads do, it is true, have more

controlled sensitivity distributions, but the orthogonal components only innoduced
a new viewpoint to the ECG., On the other hand, the development of these leads

expanded the use of theories of volume conductors and sources in the field of the

ECG.

There have been studies where the signals of the VECG leads were estimated

from the 12-lead ECG or visa versa. These so-called derived leads are obtained

using transfer coefficient matrices. The coefficients were obtained using the

sensitivities measured by Frank [Dower, Machado and Osborne, 1980] or statisti-
cal methods fWolf, Rautaharju and Steward, 1976: Uijen, van Oosterom and van

Dam, 1988]. The perforrnarpe of the leads obtained from Frank's homogeneous

model measurements may work at the center of the heart, i.e, at the location of
the single equivalent source. Since the sensitivity of ECG leads shows large local
deviations, the calculated ECG signal is not the same as the original - not even

in a thorax equal to that utilized. All in all, the aiming of the sensitivities of these

new leads was quite successful, but some errors like inverted T-waves occurred.

Rubel et al. [Rubel, Benhadid and Fayn, 19921deduced that methods similar to

the one proposed by Dower [Dower, Machado and Osborne, 1980] may be

considered for routine use. According to Uijen et al. there could be wide
variations between the signals of the actual and derived leads, and the transfer

matrix derived using statistical methods produces better results [Uijen, van

Oosterom and van Dam, 19881.
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5.3 Aimed ECG leads

Developing a lead especially for measuremönt of a specific component of the

heart's elecrical activation is the idea of the aimed ECG. The specific component
can be a particular spatial section and/or a signal generated by a disease.

Kozmann et al. [Kozmann, Lux and Green, 1988] defined the aimed leads thus "a

linear combination of unipolar leads which respond to cardiac sources in localized

regions of the heart, while suppressing the contributions of the other regions". The

concept of aimed ECG leads was fust innoduced by Fischmann and Barber

[Fischmann and Barber, 1963]. Using a thorax model with heart muscle and

innacardiac blood mass they obtained coefficients for determining the activation
related to the six radial dipole sources, that is, they attempted to calculate the

inverse problem using specific leads for every dipole area. The aimed leads were

synthesized using the SVEC trI VECG lead system.

A VECG lead system has been employed to obtain the direction and magnitude

of the equivalent dipole in different heart disorders, which may also be

classified to aimed ECG. This approach of separating VECG signal space into
pathological subspaces has been suggested for computerized ECG analysis

[Young and Huggins, 1964].

A theoretical study of aimed leads using multipole expansion has been carried out

by Geselowiu and Arthur fGeselowitz and Arthur, l97l]. ln a spherical model

eight myocardial regions, represented by radial dipoles, with considerable overlap
(50To) can be distinguished. Quadrupole terrns added increase the number of
sections to ten.

lncreasing the information content of the lead system has been one important

goal. Body surface ECG mapping includes all information on the body surface. A
weakness of the system is that the large number of measured leads makes the

instrumentation complicated and expensive. Several groups, e.g., Barr, Spach and

Herman-Giddens lBarr, Spach and Herman-Giddens, 1971], Kornreich as well as

Lux et al. [Lux et al., 1978, 1979), have attempted to reduce the number of
measurement locations, i.e., identify a set of leads that include all information on

the body surface. The problem is to obtain a set of leads with a minimum amount

of redundant information; every lead should measure particular aspects of the

heart's electrical activation. According to some researchers, 24 properly selected
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electrodes comprise most of the information from the 150 point body surface
maps [Barr, Spach and Herman-Giddens, 197l]. [n another study the I 2-lead
ECG and a grid of 30 evenly spaced electrodes performed well [Lux er al., lgig).
The number of electrodes was observed to be less important, and 20 - 35
properly located electrodes are sufficient. Body surface maps have been
constructed with the Frank VECG lead system and five additional optimally
located elecfrodes [Kornreich, 1973]. A study of 17 normal individuals indicate
that over 93Vo of all the electrocardiographic information (32 elecrrode body
surface maps) is accounted for by 3 factors [Scher, Young and Meredith, 1960].
The number of independent signals depends on the point of time of the ECG
signal. During QRS complex 0-14 (mean 7) signals and in the ST-T interval 0-9
(mean 3) signals were detected [Uijen and van Oosterom, 1993]. In the population
study of 6l subjects in question interindividual variations were not considered,
i.e., these variations resulted in noise. Considering these variations permitted no
data reductions from the 64 channel body surface map.

The problem can be simplified by concentrating on one specific disease. New
electrode locations (e.g. aimed leads) for improved acquisition of ECG
information from the body surface by means of clinical surface ECG mapping
information and statistical methods have been sought [Kornreich et al., 1985,
1986; Kozmann, Lux and Green, 1988]. Kornreich's aim was to discover the best
leads for diagnosing infarction and Kozmann's for diagnosing ischemia. They
used body surface potential disnibutions from normal patients and patients with
localized disease and constructed the aimed leads by statistical methods.
According to the results of Kornreich et al. the optimal locations of the leads

depend on the location of the infarcted area [Kornreich et al., 1986]. Certain
locations for general infarction classification were also observed. A set of three
optimal leads produced sensitivity of 95Vo and specificity of 95 Vc ancl as l2-lead
ECG had 88Vo and 95Vo specificity and sensitivity, respectively [Kornreich et al.,
19851. Madias attempted te locate the best single lead for the monitoring of
ischemia from the body surface maps of 49 leads. The lead with the greatest ST
deviation was used for monitoring [Madias, 1988] .

A study to utilize a heart and thorax model to produce classification criteria for
infarction has been carried out with considerable success. The result of the study,
the Selvester QRS-scoring system lldeker er al., 1982; wagner et al., 1982 Roark
et al., 1983; Ward et al., 1984; Selvester and Solomon, 19861, can be classified as

an aimed ECG. In the construction of this system no new leads were created, but
the rnethods to improve diagnosis were developed. The electrical activation of the
heart with local infarcts was simulated by 20 dipole sources and the changes in
the ECG leads were calculated. Using these calculated signals the diagnosing rules
were obtained. Selvester et al. also proposed a similar study for ischemia
diagnosis ISelvester, Solomon and Tolan, 1987]. The procedure may be functional
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for the diagnosis of an infarct. Since the infarcted area does not produce any

signal, it is impractical to study the sensitiviry distributions of a lead for the

detection of infarction .

The ultimate aimed lead system is the inverse ECG - calculation of the

myocardial activation from the measured ECG. This ill-posed problem is

generally considered unsolvable. However, when the solution of the problem is

restricred, regularized, a solution may be achieved. The VECG lead systems have

a high level of restriction - it has only thröe variables to be solved. A more

complicated model of the heart increases the accuracy of the solution but also the

uncertainty and noise amplification. For a correct solution more independent

measurements and a more accurate model of the system, i.e., the thorax, is

required.

Two different approaches to the solution of the inverse problem can be

distinguished; ascertaining the activation sequence (or the equivalent sources) of

the hezu't and determining the potentials of the epicardial surface. Since, in the

later case, the sources are located inside the closed epicardial surface, the

potenrial is solvable [Geselowitz, 1989]. The display of epicardial surface

potentials shows more local information than the precordial ECG but does not

exclusively display the underlying activation. Whether it has. more value than the

body surface maps needed for calculation of the epicardial potentials will be

observed in the near future. Use of models with tailored anatomies has been found

to be essential for correct solution lWalker and Kilpatrick, 1987; Huiskamp and

van Oosterom, 1989; van Oosterom and Huiskamp, 1989; van Oosterom and

Huiskamp, 1989; Kilpatrick, Walker and Bell, 1990; Huiskamp and van

Oosterom , lgg2). With pertinent regularization the number of solvable epicardial

potential regions can be increased and dependence on the number of body surface

data points is not critical - the spatial regularization smoothens the data [Johnston

et al., lgg4). Also temporal regularization has been suggested to improve the

solution [Oster and Rudy, 19921.

lnverse calculation of the real or a sufficient number of equivalent sources is far

more complicated task than calculation of the epicardial potentials. At a given

time instant each point of the epicardial surface has only one variable to be

solved. Each myocardial equivalent dipole source has three parameters to be

cletermined. The general problem may be unsolvable, but with strict physiological

regularization and utilizing an appropriate model of the source a solution may be

obtainable. Finding the onset of activation in the WPW syndrome by a single

moving dipole model [Savard et al., 1982: Gulrajani et al., l9ti4; Purcell and

Stroink, l99l I is a prime example of this.
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One special group of aimed ECGs are the esophagal and intracavitary leads used

especially in localization of the pre-excitation in the WPW syndrome and the sites

of myocardial e xrasystoles or anhythmias. These procedures are applied more and

more routinely and the use of innamyocardial leads will increase. Highly detailed

information on the heart's function can be found by means of catheterization; the

invasiveness of the method. however. restricts its utilization.

5.4 Optimization of the aimed leads

5.4. 1 General construction procedure

In this work special interest is focused on ensuring the important properties of the

leads to indicate ischemia. New leads can be formed by locating more powerful

electrode sites, or they can be formed from the existing leads. A set of

coefficients can be optimized to achieve the desired sensitivity properties. The

standard l2-lead ECG was chosen as a basis for developing the new leads,

clinical compatibility being the main reason. Finding sufficient clinical ECG data

would be very difficult if new elecftode locations were to be inroduced. The

standard l2-lead ECG is quite readily available. The other common ECG lead

sysrem is the Frank VECG lead system. Since with VECG leads the information

is compressed into three signals, they are not suitable for the synthesis of aimed

ECG leads. The I Z-lead ECG include s eight independent leads - or at least eight

independent measurements These leads do not provide all the information

observed in body surface mipping. According to Furukawa et al. the l2-lead ECG

comprises 83Va of the body surface information [Furukawa, Hirayanaki and

Tanaka, 19851. In another study the body surface maps and the l2-lead ECG

yielded comparable results in MI diagnosis [Uijen, Heringa and van Oosterom,

19871. In this study, however, only the presenoe and not the location of MI was

analyzed.

Figure 5.3 describes the procedure for calculating the aimed leads to indicate

CAD. The sensitivity information expressed as radial, axial and circumferential

component.s derived from the Hybrid model was used to develop new leads with

high local radial, axial and circumferential sensitivity. These leads were optimized

for detection of local activation in the anterior, lateral, septal, inferior and poste-

rior sections of the left ventricle.
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The signals of the new leads Vocan be calculated from those of the lZ-lead ECG

V,, by means of a nansfer coefficient matrix A. The ECG signals, e.g. l2-lead
ECG, can be obtained according to lead vector theory from the dot product of the

lead vector C,rand source dipole moment P matrices. Since the coefficient matrix
contains scalar elements, the lead vectors of new leads (C" ) can be calculated
from the lead vectors of the l2-lead ECG with a fransfer coefficient matrix A.

Vo= AVrr= A(Crr' P) = (ACt)' P = C,' P (s. 1)

To obtain a lead with optimal sensitivity to detect local radial, axial or

circumferential sources one of these three components of the local lead vector

should be maximized and other sensitivity of the lead minimized at the same

time. In the ideal case all lead vectors except one are zero and the signal of the

lead is generated by a single component of the particular source. For example, in

the ideal case, an anterior radial source should generate potential only in the

anterior radial lead. This illustrates that the lead vector matrix of an ideal aimed

lead system is diagonal.

The transfer is a linear one, and as stated in Chapter 2, the problem of developing

new aimed leads is equivalent to inverting Equation 2.1. In the case of l2-lead

ECG the coefficient matrix can be determined by calculating the inverse of the

lead vector matrix

A=Cr) (s.2)

ln the Rush model there are originally fifteen sources, each having three

orthogonal components. The l2-lead ECG has eight independent leads, i.e. the

maximum effective rank of the lead vector matrix is eight or less. To obtain leads

to detect these 45 sources is equivalent to calculating an inverse of an t'l x .15

maffix C r,or. To reduce the number of sources the sources of left ventricle. where

the most ischemic soruces arise, were grouped into six anatomical source areas

(Table 4.3). This produced å lead vector matrix Cr,,r.

A unique inverse of these matrixes cannot be obtained. An inverse can be

appraised using the methods of least square solution or singular value

decomposition (SVD). Optimization methods can also be applied to determine the

coefficients.
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Modelled inhomogeneities :

- sbrnurn ribs, spine, lungs,
liver,unisotropic skeletal musde,
subcutaneous fat, heart musde,
great veins, dood mass inside
the heart.

The sensitivities of the ECG
leads to measure radial.
axial and

-sources.

*
circumferential

,I
OPTIMIZATION öt tne
calculate new leads from

coefficients to
the 12-lead ECG

NEW AIMED

Coefiicients to weight the signals
of the 12-lead ECG to obtain leads
with high regional radial, axial
and circumferential sensitivity

ECG.LEADS

The leads measure especilally
radial, axial or circumferential
sources in some limited region of
the left ventride

Figure 5.3 The procedure for calculation of regional aimed ECG leads.

The two latter methods were used. [n the method of singular value decomposition

the mxn matrix, C, is decomposed into the product of three maffices

C = UWV,

where U is an mxn column orthogonal matrix, V an mxn orthogonal maffix and

W an nxn diagonal matrix whose elements wii are all positive or zero. These

(5.3)
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elements iue the singular values of C ordered from largest to smallest. The

coefficient matrix A can be obtained as

A -- C-t = l/l,l/-rYt (5.4)

where the elements of W-t are the inverses of the singular values, I|w,,. The

method of SVD produce the least-squares approximation to the optimization

problem. Defining the smaller singular values and their reciprocals to zero

provides a means of enhancing the outcome.. Decreasing the number of singular

values increases the numerical stability, reduces the effect of noise but increases

the residual, e.g., the leads produced would have lower aimed sensitivities.

ln the optimization method the scheme was to maximize the relative local radial,

axial or circumferential sensitivity and at the same time reduce all other

sensitivity (Equations 4.4,4.6 and 4.7). A linear optimization scheme based on the

Newtonian method was used to determine a set of coefficients to produce a lead

with chosen sensitivity properties. One principal difference between the methods

employed is that the SVD generates the whole transfer matrix, whereas the

produce of one run of the optimization procedure is the coefficients for one lead.

5.4.2 Calculated new leads

Both methods were used in establishing coefficients to calculate leads with high

radial, axial or circumferential sensitivity in anterior, lateral, inferior, posterior,

septal or apical section of the left venfficle. The SVD was also employed to

determine leads to detect the components of the original 15 sources.

As stated in Chapter 7. the available clinical data do not constitute classification

of the ischemia location, i.e.,'there are no means of evaluating the local sensitivity

properties. Therefore leads with maximal total radial, axial and circumferential

sensitivity were optimized.

To depict the perforrnance of the optimization procedure, it was employed to

synthesize an orthogonal VECG lead system from the leads of the 12-lead system.

ln the optimization of a VECG lead the sensitivity is simply directed in the same

direction and there is no need to maximize the local sensitivity. The properties of

the synthesized lead system demonstrate the properties of the optimization

procedure. If the optimization of the VECG leads was not successful, the

oprimizarion of the leads with more complicated sensitivity disribution would

likewise be inefficient.
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Another test of the optimization procedure and of the model data was to obtain

leads that would simulate those of the Frank VECG-leads. By comparing the

sensitivity properties and clinical results from these new derived Frank-like leads

to existing derived leads reported in the literature, the relationship between the

sensitivity properties and the clinical properties can be evaluated. A large

deviation in clinical results would suggest that the lead vectors obtained do not

relate to the properties of the leads to detect myocardial activation.

The sensitivities of the new leads were adjusted to get comparable ECG signals.

The lead vectors of the derived Frank VECG leads were optimized to be the same

as those of the Frank VECG leads. Mean sensitivities of leads with maximal

radial, axial and circumferential sensitivity were set the same as that of limb lead

I. The regional aimed sensitivities were adjusted to be the same as the radial

inferior sensitivitv of lead tr.

The sensitivity properties of the new optimized aimed leads are described in

Chapter 6, and the clinical evaluation of the leads in Chapter 7.
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