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ABSTRACT

Ttris study conoems the behavior of the veclor magnetocardiogram (VMCG) in
normal and in some abnormal cases. In vector magnetocardiography the electrical
activity of the heart is modeled with an equivalent magnetic dipole determined in this
study from the recording of the three orthogonal components of the cardiac magnetic
field above the heart using the unipositional lead syslem. For analysis of the VMCG
signals a'measurement and data acquisition syst€m was developed and recordings from
286 normal, healthy subjects and 154 abnormal subjects with various heart disorders
were performed.

The behavior of the VMCG was viewed from three angles. First, the ability of
the magnetic dipole model as an equivalent generator of the heart was evaluated against
the measured magnetic field as well as against the equivalent current dipole recorded
with the Frank vec0or elecEocardiographic (VECG) lead system. The amplitudes of the
magnetic field measured in 57 normal subjects at several distances from the heart
showed a slight deviation from those predicted by a magnetic dipole located in the
estimated center of the heart. Several differences in the spatial sensitivities between
VMCG and VECG were demonstrated in the normal and abnormal subjects during the

QRS-complex of the cardiograms. In 175 normal subjects VMCG was found 0o be on
average more sensitive to the terminal depolarization phase of the ventricles than
VECG in regard !o the initial, predominantly radial activation of the ventricles. In
several heart disorders VMCG showed a higher relative sensitivity than VECG,
particularly to the changes in the depolarization sequence allering the activation of the
anterior part of the heart.

The second approach dealt with the reproducibility of the recording of the
VMCG with the unipositional lead system. The importance of several possible error
factors associated with the recording of the VMCG was evaluated. The lemporal
reproducibility of the lead system was confirmed with successive measurement sessions
with several normal subjects. The study showed that particular attention must be paid
to placement of the VMCG detector in the correct location above the heårt. The
reliability of the VMCG measurements was clearly dependent on the signal-to-noise
ratio.

The third part of the study concentrated upon a statistical description of the
VMCG in 286 normal, healthy subjects. The mean values and the normal limits of
several VMCG measurement parame0ers were determined and tabulated in Appendix
A. The effect and relative importance of sex, age and many constitutional variables of
the body on the normal VMCG were evaluated. Sex and age were found to be the most
important determinants of the normal VMCG paramelers. Comparison of the normal
VMCG and VECG showed that interindividual variability in the amplitude parameters
was slightly higher in the VMCG than in the VECG. Finally, the normal material was
used as reference in studying typical changes in the VMCG caused by various cardiac
disorders and their statistical signifrcance. This analysis showed that the VMCG
contains valuable clinical information about cardiac disorders in addition to that found
in the VECG.
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Chapter 1

INTRODUCTION

1.1 METIIODS AND THEIR APPLICATION IN MAGNETOCARDIOGRAPITY

The electrical activity of myocardial cells originates a primary current density

constituting current dipole elements formed by many cells on a macroscopic scale.

During the activation sequence these current dipoles propagate throughout the

myocardium, forming a depolarization wavefront. BioelecEic and biomagnetic fields of
the heart, are related to electric currents induced by these cardiac current soutces,

flowing in the volume conductor formed by the body. Recording an electric polential

field on the surface of the body is called electrocardiograplry @CG) and recording a

magnetic freld outside the body is called magnctocardiography (MCG).

Although the first electrocardiogram was recorded in a human in 1887 by Waller

the hrst magnetocardiogram was not recorded until 1963 by Baule and McFee by using

an induction coil magnetometer. After this pioneering work the instrumentation and the

methods in MCG have made rapid progress. With a multichannel technique of today

even 37 simultaneous MCG recordings can be made above the thorax with a sensitivity

of better than 5 fTÅlHz (Koch et al., 1991).

The measurement methds in MCG involve magnetic field mapping (MFM) of the

field component perpendicular to the anterior chest wall or of the magnetic field vector

over a wide area above the anterior chest wall, as well as vector magnetocardiography

(VMCG). MFM of the normal component of the field was fust applied in purely

morphological studies of the MCG waveforms in normal subjects (Cohen and

McCaughan, 1972; Saarinen et al., 1978) and later in several cardiac disorders (Cohen

etal.,1976; Siltanen et al., 1983; Fujino et al., 1984; Saarinen et al., 1985; Mori and

Nakaya, 1988; Nakaya et al., 1989; Siltanen, 1989; Iånt et al., 1990a). A further

application of MFM has been localization of cardiac sources with restricted area. These

studies include the localization with high resolution technique of the His bundle (Fanell

et al., 1980; Ern€ et al., 1983a; Fenici et al., 1983; Ernd et al., 1985), the extra pre-

excitation area in WPW syndrome @rn6, 1985; Fenici et al., 1985; Katila et al., 1988;

Fenici and Melillo, 1989; Miikijäirvi et al., 1989), late potentials @rn6 et al., 1983b),

and ectopic ventricular activation (Fenici et al., 1988; Schmitz et al., 1988). MFM has

also been applied in the localization of local myocardial infarctions (Gonnelli et al.,
1985; Stroink et al., 1985). A limited number of studies deal with the mapping of the

magnetic field vector over the chest (Cohen and Chandler, 1969; Rosen and Inouye,

1975; Seppåinen et al., 1983; Shirae et al., 1988; Sakauchi et al., 1989).

A suitable presentation and compression of the data in MFM to a few parameters

are important in visualizing the information content of the maps. Magnetic freld maps

have been presented e.g. in the form of isofield maps, arrow maps and trajectory plots



of the map extrema. The data compression methods consist of inverse solutions in
terms ofequivalent generators (see the next section), and temporal and spatial reduction
of the information in terms of eigenfunctions by using Karhunen-Loåve techniques
(MacAulay et al., 1985).

The aim in VMCG is to determine the magnetic dipole moment of the heart from
a recording of the magnetic field vector. VMCG has also been applied in the study of
normal subjects (Barry et a1.,1977; I-eifer etat., 1981; Nousiainen etal., 1986) and

abnormal cases (Qa et al. 1985; 1988a; 1988b; 1991). In VMCG, in contrast to MFM,
a recording of the three field components at a single point is sufficient. VMCG thus
provides an ideal tool for mass screening of even large populations.

1.2 FORWARD AND IT{VERSE PROBLEMS IN MCG

BioelecEic fields arise from the currents associated with cardiac elecfical activity.
The electrical activation prff€ss in the myocardium is modeled by the impressed

current density.ln that is specified only inside the electrically active myocardial cells

and is zero outside the heart. The total current density J at any point of the body is
given by

J(r) = -o1r1rV(r) +.lr(r\ (1. l)

where the first term on the right-hand side of the equation expresses the current
flowing in the volume conductor having a conductivity o by means of negative gradient

of potentid Y(r).
The calculation of the electric potential on the body surface and the magnetic field

distribution outside the body from cardiac electrical sources is known as a forward
problem. Geselowitz (1967; 1970) has derived the equation for the electric potential
V(r) on the surface of the body and that for the magnetic field B(r) outside of a finite
inhomogeneous volume conductor

r(D= *[/;'r"r.vrlr *-: {,, rw<\.x,)

uo) = *([r(r) x v1lydu * j [,{o, - o,\^,1, "^,)

(1.2)

(1.3)

where surface {. separates neighboring homogeneous regions having different
conductivities o' and o". The first term on the right-hand side of Equations 1.2 and
1.3 is related to the primary source and the second lerm to the secondary sources at
each boundary of the volume conductor. An important difference between the ECG and

the MCG can be seen i-n Equations L.2 and 1.3 @lonsey, 1972; Wikswo et al., 1979):
In an infinite homogeneous volume conductor where the second term on the right-hand
side of Equations 1.2 and 1.3 is zero, the ECG and the MCG are mutuatly independent



because they are determined by independent sources, namely by a flux source v'!f/ and

by a vortex source vXJ;, respectively. In contrast, an addition of boundaries and

inhomogeneities to the volume conductor relates the electric potential to the magnetic

field through the secondary sources. Now the degree of independence between the

MCG and the ECG is determined by strength of the primary sources relative to the

secondary sources for particular MCG and ECG leads. The airn of synthesis of the lead

systems is to develop MCG and ECG teads that cancel as effectively as possible the

effect of the secondary sources on the detected MCG or ECG signals.

The forward problem has a unique solution and its accuracy is dependent on the

accuracy of the heart and volume conductor models and on the numerical methods

used. Several compuler models have been developed for solving the forward problem

in MCG (Horacek, 1973; Geselowitz, 1980; Purcell et al., 1988; van Oosterom et al.,

1990).
The problem of clinical interest is the inverse solution of source I from recorded

potential distribution V(r) or from magnetic field distribution B(r). This inverse

problem, unlike the forward problem, has no unique solution. It can be solved only by

means of source and volume conductor models. The source models are also called

equivalent generators.

Several source models have been applied to the inverse solution of MCG. The

source models can be dehned either in magnetic or in electric terms. The possible

magnetic source models comprise a magnetic dipole located in a fixed position, a

moving magnetic dipole and magnetic multipole moments. In VMCG the cardiac

source is modeled with an equivalent magnetic dipole, also called a magnetic heart

vector (Baule and McFee, 1970; Malmivuo, 1976). Magnetic dipole moment rz of
volume current distribution .I in a finite inhomogeneous volume conductor has been

derived by Geselowitz (1970):

(1.4)

It is the goal of the VMCG lead systems to account only for the primary sources

of the heart (the first part on the right-hand side of Equation 1.4) and to compensåte

for the effects of boundaries and inhomogeneities presented by the second term on the

right-hand side of Equation 1.4. Several lead systems have been developed for the

detection of the magnetic dipole moment of the heart (Baule and McFee, 1970;

Malmivuo, 1976; Eskola, 1983). Malmivuo (1976) and Eskola et al. (1987) have

proposed the unipositional lead system to be used in the clinical research of VMCG.

A moving magnetic dipole corresponds to the dipole term of the magnetic

multipole expansion (Wikswo, 1975). It describes the magnetic field produced by the

heart by means of a magnetic dipole whose location and strength are fitted to the

measured field data. After its preliminary applications (Wikswo, 1975; Wikswo and

Faiöank, 1977) this model has been used in localization of current sources. The

higher-order terms of the magnetic multipole expansion (quadrupole and octopole

moments) were added to the analysis of the cardiac magnetic freld by Karp et al.

(1980). Magnetic multipole expansion is a mathematical tool for presenting the

^ = )1,"r* ++ [,{o' -o'5vrxds,



measured magnetic field in terms of the total current densify uI flowing in the body
(Equation 1.1). It has been estimated that the dipole term of the expansion can account
for up to 80Vo of the magnetic fieldproduced by the heart (Cuffrn et al., 1985).

The electric terms of the equivalent source involve an equivalent current dipole
(ECD) and a current multipole expansion. The theoretical basis for using the current
dipole as an equivalent source model is derived from the observation that in special
geometries (like a homogeneous half-space and a sphere) the field component
perpendicular to the surface originates in the dipole component oriented parallel to the
surface and is not affected by the volume currents of the conductor (Cohen and
Hosaka, 1976; Cuffin and Cohen, 1977; Williamson and Kaufman, 1981). Current
multipole expansion is analogous with magnetic multipole expansion. The equivalent
current dipole is the lowest term of the expansion. The current quadrupoles are related
to the magnetic dipole of the magnetic multipole expansion (Katila and Karp, 1983).
Furthermore, the current dipole can be determined by magnetic and electric
measurements and a remarkable similarify befween the dipoles determined
independently by the magnetic and the electric method has been found (Katila and
Karp, 1983; Nenonen et al., 1985).

The ECD and multipole expansions in terms of current multipoles or magnetic
multipoles have been widely applied in the localization of the current sources in the
heart, as mentioned in the previous section. In most cases the magnetic held pattem is
dipolar enough for the ECD model in an infinite, homogeneous medium to be applied.
The ECD model has an advantage over the multipole expansions in that it has an
electrophysiological meaning in the total dipole moment of the cardiac current dipole
elements. However, in cases with the measured monopolar field pattern the simple
ECD approximation in an infinite homogeneous medium has not been applicable QQtila
et al., 1986; Katila et al., 1987), requiring a more accurate modeling of the thorax
with a finite inhomogeneous volume conductor @urcell et al., 1988). Studies on the
accuracy of source localization have shown that the localization results depend strongly
on the choice of the equivalent model (Katila et al., 1987; Måikijåirvi et al., 1989).

Solutions of the inverse localization problem are based almost without exception
on the same volume conductor model, i.e. a hornogeneous semi-infinite volume
conductor in which case the volume currents have no effect on the magnetic field
produced by current sources in the volume conductor. However, the human thorax
differs considerably from this approximation because of its outer boundary and its
internal inhomogeneities. This means that the effects of the outer boundary and the
inhomogeneities must be included in the inverse solution of the source. Many
experimental studies (varpula et al., 1985; Leifer et al., 1986) and studies with a
realistic tank model @skola, 1983) and with a finite piecewise homogeneous computer
model of the human thorax (Hosaka et aJ.,'1,976; Cuffin, 1981; peters et al., 1983;
Purcell et al., 1988, van oosterom et al., 1990) have shown that especially the outer
boundary of the thorax and the intracardiac blood mass have a sizable effect on the
magnetic field of the heart. The studies with computer models have also demonstrated
that the effect of the torso boundaries is approximately similar both in the mapping of



the normal component of the magnetic field and in the mapping of the body surface
potentids (Hosaka et al., 1976; Cuffin, 1981; Purcell et al., 1988).

It is apparent that all measurement systems in MCG used today suffer at least to

a certain extent from the distorting effect of the boundaries and are based on

insufficient volume conductor models. In the unipositional VMCG lead system this

inaccuracy appeårs in the two field components parallel to the outer boundary of the

thorax while the freld component perpendicular to the frontal plane seems to be

sensitive mainly to the primary source currents @skola, 1983; Varpula et al., 1985;

Irifer et al., 1986). Based on the lead field studies with a finite inhomogeneous tank

model @skola, 1983) one can argue that the solution of the inverse problem in the

corrected unipositional lead system is partially based on a finile inhomogeneous volume
conductor. The effects of the boundaries on the lead fields can also be eliminated in the

two tangential directions when the recordings of the fields obtained from the anterior
and posterior surface of the thorax are combined @skola, 1983).

In MFM of the component perpendicular to the frontal plane only, measurements

at a few grid points above the heart show a minor contribution by the volume currents

but at grid points located farther from the heart a substantial contribution to the MCG
signal comes from the volume currents (Varpula et al., 1985; Leifer et al., 1986). The

first attempts to utilize a bounded homogeneous volume conductor model as a part of
inverse solution of the cardiac source combined with a moving current dipole as a

source model have been made by Purcell et al. (Purcell et a1., 1989, Purcell and

Stroink, 1991). They have applied this model to compare the abilities of the magnetic

and electric mapping techniques in detecting myocardial infarctions.
Van Oosterom has emphasized the importance of modeling the actual torso with

a finite inhomogeneous volume conductor having a true "tailored" geometry rather than

a typical geometry (van Oosterom and Huiskamp, 1989). He has shown that when the

tailored geometries were used for the thorax of individual subjects it was possible to

simulate QRS-waveforms of the MCG from the classical uniform double layer model

derived from the inverse solution of body surface poientials of the ECG (van Oosterom

et al., 1990). The good correspondence between the computed and measured maps

demonstrated the capability of a uniform double layer as a common source model in
ECG and MCG as well as the strong interdependence between ECG and MCG (van

oosterom et al., 1990).

I.3 LEAD FIELD fiIEORY

I*ad held theory is a useful method in analyzing and developing ECG and MCG
leads (McFee and Johnston, 1953; Baule and Mcfee, 1970; Malmivuo, 1976;

Malmivuo and Plonsey, 1991). A lead field presents the spatial distribution of
sensitivity of the lead in the source region and thus gives the contribution of all
elementary source dipoles to the detected signal. According to the lead field theory,
voltage V' in the MCG lead that is produced by the magnetic flux linking the
magnetometer coil is given by



' J'dv
(1.5)

where Jw is the lead field of the MCG lead system, and

"l is the impressed current density of the heart.

The measured signal is thus determined by two independent factors, i.e.
distribution of the impressed current sources and distribution of the sensitivity of the
lead. The lead field .[y is determined by a magnetic induction due to the reciprocal
current flowing in the detecting coil

(1.6)

J*a rxB*

where Bro is the magnetic induction in the body produced by the reciprocal
energization of the detecting coil, and

r is the radius vector with respect to the origin.
In a homogeneous volume conductor, Br' is determined by the geometry of the volume
conductor and the lead configuration. Substituting Equation 1.6 into Equation 1.5
results in

'rxJ'dv. (r.7)

The VMCG lead system should detect only the first term on the right-hand side of
Equation 1.4, i.e. the impressed magnetic dipole moment m,, given by

(1.8)

in a spherical heart immersed in a non-conducting medium. Substituting Equation 1.8
into Equation 1.7 gives

vM= - IB*. mdl (1.e)

implying the reciprocal magnetic field B* of the coil to be spatially uniform in the
source region (Malmivuo, 1976).

For determining the three orthogonal components of the magnetic dipole moment
mi the detector should form three homogeneous reciprocal magnetic fields in the
negative direction of the coordinate axes in the region of the volume source. The
homogeneous reciprocal magnetic field induces concentric lead field current distribution
about the symmetry axis as shown in Figure 1.1. The complete lead field for detecting
the magnetic dipole moment of the volume source is formed by three lead helds such
as in Figure 1.1 oriented orthogonally @aule and McFee, 1970). A lead system having

vun IJ*

lr 1r,"=;J rxB*. J'dv=rJ B*

1e
m,=* | rxJ'dv,

ZJ



Figure 1.1 Iråd field current density of a magnetic lead. The sensitivity is directed
tangentially and increases proportional to the radial distance from the symmetry axis
of the lead (Malmivuo and Plonsey, 1991).

lead fields as depicted in Figure 1.1 is sensitive only to the tangential current sources.

The sensitivity is zero on the symmetry axis and increases proportional to the distance
from the symmetry axis (Malmivuo and Plonsey, 1991).

In a finite inhomogeneous volume conductor the magnetic dipole moment has also
contributions from inhomogeneities and boundaries of the volume conductor (Equation

1.3). However, the effect of these secondary sources on the resultant magnetic dipole
moment is reciprocal with their effect on the leåd field in the source region. Thus it is
possible to detect the impressed magnetic dipole moment of the heart despite
inhomogeneities and boundaries of the human thorax as long as the lead fields remain
tangential to the boundaries. Correspondingly the lead freld Jua in the cardiac region
contains the information associated with the boundaries and inhomogeneities of the

thorax and thus offers a method for analyzing the effects of the secondary sources on

the MCG signals. In mathematical consideration the effects of the boundaries on the
lead voltage can be corrected ifthe potentials at each boundary and the geometry of the
boundaries are known (Plonsey, 1972).

Mathematically, the magnetic dipole moment can be considered as a first-order
approximation of the multipole expansion of the magnetic field of the heart (Karp et

al., 1980; Katila and Karp, 1983). The physical interpretation of the magnetic dipole
is a small current loop, having, however, a poor analogy with the actual current source
distribution of the heart. At this point the power of the lead fields is essential. The lead
field current density describes the sensitivity distribution of the VMCG lead in the
cardiac region and forms a link between the equivalent magnetic dipole moment and
actual electrophysiological sources of the heart. Figure 1.2 clarifres this relationship.
The series of pictures shows schematically the location of the depolarization wavefront
in a frontal projection of the heårt at three time instants. The wavefront is formed by
current dipoles distributed uniformly over the surface of the activation boundary. The
concentric circles denote the lead field current density depicted in Figure 1.1 in that



plane. An electrical lead measures simply the resultant current dipole moment p that

is a sum of all current dipole elements of the heårt at a ceriain time instant. The

magnetic dipole moment is formed by the projections of the current elements along the

circular lead field current density lines. In the simplifred presentation shown in Figure

1.2, the direction of the current dipoles associaled with the initial phase of septal

depolarization is reverse to that of the lead field current density lines, resulting in a

negative VMCG wave. In the middle of the QRS-complex the depolarization wavefront

involves a wide area of the ventricular walls and the net contribution of the dipole

elements determines the VMCG signal. At the end of ventricular depolarization the

dipoles are directed in this schematic presentation in the direction of the rotation of the

lead fields, resulting in a positive deflection in the VMCG signal.

Figure 1.2 Schematic presentation of the genesis of the VMCG signal. The cardiac
depolarization sequence is depicted as uniform activation wavefronts at three time
instants. The lead fields of the VMCG lead are represented by circular lines. The
VMCG signal is produced by a net projection of elementary current dipoles along
the lead field current densitv lines.

1.4 O&IECTIVES OF TIIE STUDY

The research contribution of this thesis is an essential part of a far-reaching

research project whose main goal is to develop vector magnetocårdiography as a

clinical method. The main project is divided into four subprojects comprising (1) study

of the properties and behavior of the VMCG lead system, (2) study and development
of the normal VMCG reference material, (3) development of the VMCG
instrumentation, and (4) development of diagnostic criteria and assessment of the di-
agnostic performance of VMCG in various heart diseases. This thesis falls mainly into
the first two of these subprojects. This context has imposed certain preconditions on

this research. With the available instrumentation fiekkala. 1984) the VMCG



measurements were possible to perform only in the magnetically shielded room at

Tampere University of Technology. This restricted the selection of the patients so that
all acute cases had to be excluded from the study. Another basis of the work was the
application of the unipositional lead system for the detection of the magnetic field and

for the determining of the fixed magnetic dipole of the heart.

The selection of the complexity level of the equivalent source in
magnetocardiography is important when evaluating the clinical usefulness of MCG. The
feasibility of the equivalent magnetic dipole is associated with its correlation with the

electrophysiological events of the heart. Because the equivalent magnetic dipole is easy

!o solve on the basis of detecting the three components of the magnetic freld at a single
point above the heart, it is convenient in routine clinical use. However, the source

model should be complex enough to describe the electric sources of the heart and to re-
produce the measured magnetic field. The magnetic dipole model is a natural choice in
vector magnetocardiography when the magnetic measurement is inlended to complete
the diagnosis based on the standard ECG methods. When the magnetic measurernents

are int€nded for the localization of cardiac electric sources of restricted size, the ECD
model is a more natural choice. Then these magnetic methods are on the same level of
complexity as the electrical, e.g. vector electrocardiography and body surface polential
mapping, which makes a comparison of the properties of these complementary methods
relevant.

The objectives of this study are as follows:

To develop data acquisition and data processing systems for the measurement and

analysis of VMCG and VECG signals.

To assess the ability of the fixed equivalent magnetic dipole to describe the
observed spatial and lemporal behavior of the magnetic field produced by the

heart.

3. To assess statistically the relationship and spatial sensitivities of vector
electrocardiography and vector magnetocardiography in normal subjects and in
various heart diseases.

To assess the reproducibility of the VMCG recording with the unipositional lead
system.

To describe statistically the mean normal VMCG with the ranges of variation in
healthy male and female subjects in order to establish a normal reference material
for clinical VMCG studies.

To assess the importance of sex, age and various constitutional variables of the
body as factors producing intraindividual variation in the normal VMCG.

1.

2.

4.

5.

6.



7. To evaluate the differences between the mean normal VMCG signals and the mean

VMCG signals detected in various heart diseases.

This thesis consists of seven chapters besides the introductory and concluding

chapters, each of which being associated with the corresponding goal listed above.

Chapter 2 of the thesis describes the development of the data acquisition and processing

system for the VMCG and VECG signals. It forms thus a common methodological

section for all following chapters. The development of the system is a result of the

effort of many co-workers. This syst€m was applied in this study to the measurement

and analysis of the VMCG and VECG signals in ,140 normal and abnormal subjects.

Chapter 2 describes this basic study material that consisted of 286 normal subjects and

154 patients with various heart diseases.

Chapters 3-4 describe the bioelectric behavior of the equivalent magnetic dipole

of the heart. Chapter 3 examines experimentally the ability of the equivalent magnetic

dipote to reproduce the observed magnetic field in normal subjects. The spatial and

ternporal behavior of the field is examined. The dependence of the magnetic field on

various possible factors is studied with simple models. In Chapter 4, experimental

results are presented on the relationship of VMCG utd VECG. The angle between the

equivalent magnetic dipole measured by VMCG and the equivalent electric dipole

measured by VECG is examined. A magnitude analysis is introduced for analyzing the

differences in the spatial sensitivities between VMCG and VECG in normal subjects

and in different heart disorders.

Chapter 5 discusses the reproducibility of the VMCG recording with the

unipositional lead system. The effects of the varying individual measurement distances

of the VMCG and the effects of the misplacement of the detector above the heart are

evaluated. Also the oemporal reproducibility of the VMCG measurements between

consecutive recordings is studied.

Chapters 6-8 are statistical in nature. In Chapter 6, the normal VMCG is

described statistically. This analysis is based on a careful study of 286 normal healthy

subjects. The mean values and interindividual variation of several VMCG parameters

of the scalar leads as well as of the vectorial presentation are examined. A comparison

with the mean normal VECG parameters and their variation is also made with the same

material. Chapter 7 makes the description of the normal VMCG more precise. The

effects of various non-cardiac factors on the normal VMCG are analyzed statistically.

The relative importance of sex, age and various constitutional variables as factors

affecting the normal variation ranges of VMCG parameters is evaluated and compared

with the corresponding effects on the mean normal VECG parameters. Finally, in
Chapter 8 the VMCGs are analyzed in various heårt diseases and compared with the

mean normal VMCG. It is the aim of this chapter to evaluate the normal VMCG
reference material relative to the abnormal cases rather than to evaluate the clinical
usefulness of VMCG in various heart diseases.
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Chapter 2

MEASUREMENT METHODOLOGY AND MATERIALS

2.I LEAD SYSTEMS

2.1.1 \MCG lead system

The unipositional lead system developed by Malmivuo (1976) is applied
throughout this study in recording the vector magnetocardiograms (VMCG) in normal
and abnormal subjects. This section gives a short introduction to the properties of this
lead system. The use of the unipositional lead system is based on the properties of the

magnetic field produced by a magnetic dipole moment vector in an infinite
homogeneous space. If the magnetic dipole is located at the origin of the coordinate
system, as shown in Figure 2.1, then the three unit-dipole components fr,, wy, and m,

create a magnetic field at the observation point P, where the amplitude of the B,-
component of the held is exactly twice the negative amplitude in the y-and z-directions.
Another essential property of the field components is that at point P the orthogonal
components of the field originate only from the corresponding components of the

dipole moment. The three orthogonal components of the magnetic dipole (m) can be

obtained from the components of the magnetic flux density (B) using the matrix
operalion

(2.1)

where å is the distance of point P from the origin.
Eskola has proposed an improved version of the unipositional lead system

@skola, 1983; Eskola etd., 1987). In this corrected system most opti.mallead fields
for detection of the magnetic dipole moment of the heart are achieved when the three
orthogonal components of the magnetic field are measured above the heart at the left
margin of the fourth intercostal space and when the sensitivities of the three component
leads are normalized to be equal. Thus the term "corrected" implies in this connection
that the mutual sensitivities of the component leads are equal but not that the lead
vectors associated with the lead system are exactly orthogonal as they should be in an

actually corrected system. When a first-order gradiometer is used in detection of
magnetic lteld differences AB at distance å from the center of the heart, then Equation
2.2 should be used instead of Eouation 2.1:

[]+[ ilIil

1l



Bx

B

')":1

\i

.l'
//

l --'

Figure 2.1 Components of the magnetic field on the x-axis produced by a magnetic
dipole having equal dipole moments in the three directions.
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where å is the baseline of the gradiometer.

The location of the measurement point in the corrected unipositional lead system

is shown in Figure 2.2a. This point on the skin coincides with the electrode location of
lead V2 in the standard l2-lead ECG lead system @skola, 1983). The distance of the

detecting location from the skin is not fixed but the magnetic field can be detected at

various distances on the x-axis that goes through the heart's center. In the actual

VMCG recording the measurement distance from the skin can vary between subjects

because of different body shapes and detector geometries. From the viewpoint of the

best available S/N ratio the most advisable location of the detector is as near to the skin

as possible. However, the proximity effect, i.e. the loss of sensitivity as a function of
distance in the source region, increases when the measurement distance decreases

(Malmivuo, 1976).
The results of Chapter 3 of this thesis show that the strength of the cardiac

magnetic field recorded with a superconducting magnetometer at several distances from
the center of the heart does not exhibit exactly the theoretical inverse cube law of
distance presented in Equation 2.1. Therefore Equation 2.2 is replaced in this study

with Equation 2.3, which responds more accurately to the observed dependence of the

magnetic field produced by the heart on distance:
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(2.3)

The only difference between Equations 2.2 utd 2.3 is the different decreasing rate of
the field amplitude with increasing distance. This phenomenon will be discussed in
more detail in Section 3.3.2. The empirical Equation 2.3 is used throughout this thesis
in the determination of the equivalent magnetic dipole of the heart with the corrected
unipositional lead system.

The measurement distance h from the center of the heart is estimated from the
chest dimensions and from the distance of the coils from the skin. The estimate.d
location of the geometrical center of the heart is at a depth of one third of the sagittal
diameter of the thorax. The diameter of the thorax was measured fur each subject with
a mechanical gauge. The distance of the bottom of the dewar from the skin varied
slightly during respiration and between each subject, being approximately l-2 cm.

Figure 2.2b shows the other measuring positions of the VMCG also applied in
this thesis. The 25 points in Figure 2.2b form a ref,rned measuring grid. The space

between adjacent points is 15 mm in both directions. Point b3 corresponds to the
unipositional measuring point shown in Figure 2.2a.
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Figure 2.2 (a) Measurement location in the corrected unipositional VMCG lead
system at the fourth left intercostal space at the sternal egde, corresponding to point
v2 in the standard l2-lead EcG system. (b) Refined VMCG measurement grid of 25
points. The space between adjacent points is 15 mm in both directions. The grid is
fixed with respect to the unipositional measurement point, point b3.
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2.1.2 VE,CG lead system

The vector electrocardiogram was measured for each subject using the well-
established Frank lead system @rank, 1956). This system is "corrected" on the basis
of the homogeneous tank model. However, recent studies with an inhomogeneous torso
model have shown that the leåd system is actually quite unorthogonal because of the
effect of the chest electrodes (Hyttinen, 1989). The Frank lead system is composed of
seven electrodes combined with a resistor network resulting in three orthogonal leads.
Originally the five thorax electrodes were intended to be located at the level of the
fourth intercostal space each but recently also the level ofthe fifth intercostal space has

been used. This relocation of the electrodes partially combines electrode sites used in
the standard l2-lead ECG system with the Frank lead system. In this study both
precordial electrode locations were used depending on the available VECG amplifier.

2.2 INSTRUMENTATION

Figure 2.3 shows a block diagram of the measurement instrumentation used in
the VMCG and VECG measurements in this study. The properties of the VMCG
instrumentation are described in detail by Irl,*ala (1984). The main components of the
VMCG instrumentation were vector gradiometers connected to RF-SQUIDs, electronic
control unit, magnetic shielding and data acquisition and processing systems. The
VECG instrumentation consisted of an ECG monitor and a vECG amplifier. The data
processing system handled both the magnetic and electric signals. The main
characteristics of the instrumentation system were unchanged during the measurement
period from 1982 to 1990 even if some changes had to be made in the system. The
main properties of the instrumentation system and the changes in it that were essential
from the signal quality point of view are reviewed in the following.

2.2.1 VMCG instrumentation

Vector gradiometers

Vector gradiometers designed by Irkkala (1984) made it possible to measure the
three orthogonal components of the magnetic field in a single location. Two
asymmetric vector gradiometers with a different coil construction were used in the
VMCG measurements. In the first one used in the earlier measurements all the coils
were circular (Figure 2.4). The later construction used in the majority of the
measurements consisted of a circular coaxial coil and two rectangular coplanar coils.
With this coil construction we were able to record the VMCG signals slightly closer to
the skin and thus to achieve a better S/N ratio than with the circular coils. The
effective areas of the coils and the baseline (16 cm) between the distal and proximal
coils were equal in both constructions. No additional balancing methods were used for
the gradiometers. The initial balance of the gradiometers of a few per cent was
achieved with a careful construction Drocess.
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Figure 2.3 Block diagram of the instrumentation showing the magnetically shielded
room, the MCG and ECG units, and the common data acquisition system.

Electronic conffol unit

Each gradiometer coil was connected to one of three thin-film RF-SQUIDs

controlled by a multiplexed electronics unit (lekkala, 1984). The multiplexing was

applied to monitor one of the SQUIDs at a time with a single electronic unit. As a

result of repeated cooling and warming cycles of the dewar one of the original SQUIDs
was broken and was changed to another RF-SQUID with different specifications. After
the change it was no more possible to multiplex the three signals but one had to
meåsure the x-, y- and z-components of the magnetic field sequentially. One can

estimate that about one third of the VMCG measurements presented in this study were
performed using the multiplexed system and two thirds without multiplexing.
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Frgurc 2.4 Coil construction of an asymmetric vector gradiometer. Dimensions are
given in millimeters (*kkala, 1984).

The most remarkable difference in the multiplexed and non-multiplexed VMCG
signals was the improvement of the signal quality. The typical noise level in the

magnetically shielded room was about 40 ff MLlz. The multiplexing in itself increased

the noise level in the VMCG signal by about 7-8 dB (-ekkala, 1984). The change of
the SQUID in the z-channel clearly improved the signal quality of this particular
component.

Magnetic shielding

The VMCG measurements were performed without exception inside a

magnetically shielded room (Malmivuo et al., 1981). An open door in the shield

decreased attenuation slightly from the theoretical value of50 dB at 50 Hz. The eddy-

current shield produced no attenuation for the static magnetic freld of the earth.
Magnetic measurement was disturbed when the detector was moving or swinging even

slightly in the static field. To dampen the mechanical vibration the shielded room was

mounted on four pneumatic dampers and equipped with a wooden floor fixed only to
the laboratory floor without any connection with the shield. This arrangement
eliminated fluctuation in the signal caused by the movement of the patient. The effect
of the swinging of the detector was partialy eliminated with an active system

compensating for the static magnetic field (I*kkala, 1984).
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2.2.2 B.CG instrumentation

In the recording of the VECG signals four different amplihers and devices were
used during the eight-year measurement period. One non-commercial and one

commercial amplifier (Hewlett-Packard Company, USA) were used. The other two
systems were commercial automatic ECG analyzers. One was a KONE 620 ECG
terminal (Instrument Division of Kone Corporation, Finland), the VECG recordings

being analyzed at the University of Kuopio by a computerized data ECG system

originally developed by Cornfield etal. (1973). The other automatic ECG analyzer was

a MAC 12 electrocardiograph (Marquette Electronics, Inc., USA). This stand-alone
device performed the measurement and analysis of the ECG signals in a few seconds.

In both automatic systems, the VECG signals were transferred subsequently to a

microcomputer.
Because the VMCG and VECG signals were not recorded simultaneously from

the patients, a oommon time reference was needed. I-ead II of the standard I2-lead
ECG system was recorded from each subject simultaneously with the VMCG and

VECG recordings. This common reference was also used for synchronization of the
averaging process of the signals.

2.2.3 Data acquisition system

In the present form of the system the VMCG and VECG signals are collected
with an A/D converter connected to an IBM AT microcomputer (Niemi et al., 1988).

Prior to digitization the signals were amplified and filtered. Interference of the line
frequency and its harmonics were removed from the signals by using a digital notch
filter (Heinonen et al., 1984). The bandwidth of the signals was 0.01 Hz to 100 Hz.
During the measurements the signals were monitored with an ECG monitor and a
digital oscilloscope.

The digitization was performed with the I:b Master (Tecmar, Inc., USA) A/D
converter having eight differential channels. The A/D conversion program was

implemented with the Turbo Pascal language (Borland International, Inc., USA). The
program used the stratements of the LabPac program (Scientific Solutions, Inc., USA)
with which for example the initialization and the timing of the converter were
implemented. The sampling rate was set at 500 Hz in each channel. The resolution of
the converter was 12 bits and the input range was set at -10 V to *10 V. The result
of every conversion was an integer between -2048 and 2M7.

There were two prerequisites in the data acquisition. Firstly, the system had to
be able to collect the signals from four channels (three simultaneous VECG or three
multiplexed VMCG signals and one ECG synchronization signal). Secondly, only two
channels were to be used simultaneously (one vMcG signal and one ECG synchroniza-
tion signal). In both cases the signals were fed to the converter in a particular order
and the program was asked to measure only the necessary channels. with a sampling
rate of 500 Hzlchannel the maximum sampling time was limited to 64 seconds by the
restrictions of the Turbo Pascal language.
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2.3 PREPROCESSING OF THE SIGNAIS

The block diagram in Figure 2.5 shows the steps in the processing of the

measured VMCG and VECG signals. The signal analysis was preceded by the

preprocessing of the digitized signal. The preprocessing of the VMCG signals was

necessåry in order to improve the S/N ratio and to determine the representative QRS-
complex and T-wave. The system included artifact elimination and noise reduction
procedures, also implemented with the Turbo Pascal language. The VMCG signal was

comrpted by various artifacts like line interference, cut-off of the signals due to
exceeding the input voltage range, slow baseline drift due to respiration and movement

of magnetic materials, slow recovery of the amplifrers, rapid changes in the signal
level, and high frequency noise.

2.3.1 Elimination of artifacts

Display of thc recorded signals

Prior to preprocessing the data, the first 1,200 samples of the recorded signals
were plotted on the screen using Turbo Graphix Toolbox routines @orland
Internationals, Inc., USA). This display gave the operator an opportunity for a visual
checking of the signal quality.

Saturation of the arnplifiers

Saturation of the amplihers due to a transient in the input signal can cause an

abrupt deflection in the output signal. The saturation could be eliminated efficiently by
lowering the amplification of the system but this would lead to a reduction of the

Figure 2.5 Block diagram of the digital signal processing of the VMCG and VECG
signals.

Data collection from AD-converter

Artifact elimination

Removal of dc-offset

Signal averaging

Amplitude scaling
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resolution. Therefore it was more advantageous to use as high amplihcation as possible

even at the cost of a possible sporadic signal exceeding the linear output range of the

amplifrers. The effect of the saturation on the averaged signal caused by the exceeding

of the output range could be efhciently eliminated by setting positive and negative

thresholds for the values of the samples. Exceeding these levels led to the rejection of
the signal.

Slow baselinc drifi

Elimination of baseline drift was implemented with a simple algorithm. The
baseline was frrst determined in five sample points between each T- and P-wave and

between each P- and Q-wave, after which the line was interpolated linearly using these

samples throughout each 800 ms window.

Abrupt changes in the signnl level

The signal periods that were comrpted by abrupt changes in the baseline were

not corrected by the procedure but these noisy signal periods were omitted from the

averaging process. In order to recognize the noise peaks the changing rate of the signal

was monitored. If the rate exceeded the adiusted threshold the sienal period was

disregarded.

Rejecting the most naisy beats

As a final step in the artifact elimination the noise level was estimated during the

measurements by calculating the square of the difference between any sample in the

heart cycle and the corresponding sample in a template. The template was a coarse

average of the heartbeats after the artifact elimination. The heart cycles to be averaged

were ranged in order according to the mean square error. About 10 % of the heart
cycles with the greatest error were excluded from the ultimate average. This protocol
ensured that the averaged signal was not comrpted by the most noisy signal periods.

The aim of the rejection of some heartbeats was also to protect the averaging process

against the noise peaks that were not observed by the preceding procedures of the noise

elimination program. These were artifacts that could occur within the QRS-complexes
or T-waves, or signals where the changing rate of the amplitude did not exceed the
threshold level for rejection of the beat. The use of the mean square error method
excluded from the final average also signal periods where the real VMCG signal was

lacking due to the slow recovery of the amplifiers after saturation.

2.3.2 Beat averaging

In recent years the signal-averaging technique has been applied to high-resolution
electric and magnetic recording of low-level bioelectric signals of the heart (Simson

and Macfarlane, 1989; Siltanen, 1989). This technique has been used to reduce random
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noise in the MCG and ECG signals and to compute a representative complex. In this

study, the signal averaging was a necessary phase in improving the S/N ratio of the

VMCG measurements. In the averaging process the signal is synchronized with respect

to a stable fiducial point, aligned temporally in a fixed window and then summed. The

misalignment of the trigger point is known as trigger jitter and it determines the upper

limit of the frequency response of the system (Uijen et al., 1979). An inaccurate

alignment of the heartbeats may produce smoothing, broadening and attenuation of the

averaged signal. Therefore the accurate alignment of the consecutive signal periods is
particularly important in the detection of high-frequency components associated with
e.g. late potentials.

Trigger jitter may be caused by noise in the reference signal or by various beat-

to-beat variations in the waveforms of the signals. Therefore the time reference signal

is usually band-pass filtered between about 0.1 and 30 Hz. The possible smoothing of
the signal is caused not only by the trigger jitter but also by the variability between the

signal and the fiducial points (Craelius et al., 1986). This latter variability is associated

with the temporal variation of the P-wave, the His bundle activity or the late potentials

with respect to the QRS-complex. Therefore different trigger schemes for the QRS-
complex and the P-wave have been devised @rn6 et al., 1983a).

There are several time alignment methods applied in ECG and MCG. The

maximum R-wave amplitude or a certain threshold level can be used to trigger the

signal. In an alternative method a derivative of the QRS-complex is used as the

alignment signal. In the cross-correlation technique the synchronization is based on the

alignment of the waves with respect to a reference by maximizing the temporal

coincidence of several points of the target and reference waves.

In order to minimize the computation a simple method based on the R-peak

detection in the ECG reference signal was applied in our system for the

synchronization of the averaging process (Niemi et al., 1988). In the synchronization
procedure the instants in the reference ECG signal were searched where the changing
rate of the signal exceeded the experimentally adjusted threshold level. After that a

global peak value was searched from the signal within each consecutive QRS-complex.
Prior to the onset of the averaging the mean of the consecutive RR-intervals was

calculated. Each individual RR-interval was then compared to the mean interval and if
the interval was less than 70% of the mean interval the corresponding heartbeat was

rejected. This algorithm efficiently excluded premature beats from the hnal average

signal.
The averaging was performed in a window of 800 ms. The first sample within

the window was taken 300 ms before the fiducial point at the R-peak. At heart rates

above 75 BPM some samples in the TP-interval were included twice in the averaged

signal, at the very beginning and end of the 800 ms long period. When the heart rate
was about 100 BPM the TP-interval was so short that the consecutive windows were
partially overlapping during the P- and T-waves. This overlapping of the windows
occurred very rarely during the study of resting subjects.

Normally the average was calculated from 20 to 40 heart beats, depending on the

noise level and the heart rate of the subjects. Figure 2.6 demonstrates the efhciency of
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the automatic noise elimination and averaging program when a different number (n) of
heart cycles was included in the average. Figure 2.6a represents a measurement which

was corrupted mainly by line frequency interference. In Figure 2.6b, the level of the

high-frequency noise is about half that of the signal level in the real time signal; after

the averaging of 45 samples the signal quality is satisfactory.

Figure 2.7 demonstrates the effect of trigger jittrer on the signal. The square

wave was generated by the ECG monitor from the descending edge of the R-wave of
the low-pass frltered ECG reference signal. This square wave was digitized with a
sampling rate of 500 Hz and averaged similarly to the VMCG signals by aligning the

consecutive waves according to the R-peak of the ECG signal. As a result of an

average of 30 waves the square wave signal is broadened by 2 ms at both ends, which
corresponds to the sampling interval.

2.3.3 Storage and display of the data

After averaging, the magnetic dipole moment was calculated from the processed

VMCG signals by using Equation 2.3. The VECG signals were converted into
millivolts. All signals were stored on diskettes in binary form. All data files associated

with a particular subject were named according to a code derived from the initials of
the name of the subject.

A versatile plotting progmm was also developed for the display of the signals on

the screen in several formats and for hardcopy of the signals with a plotter or a laser

Figure 2.6 Effent of the number of samples (n) on the VMCG signal quality when
the raw signal is contaminated (a) by line-frequency noise and (b) by high-frequency
noise.
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Figure 2.7 Effer;t of trigger jitter on the square wave signal. Non-averaged signal is
plotted with a dashed line and the averaged signal of 30 waves with a solid line.

printer. Figure 2.8 shows an example of plotting format that shows averaged VMCG
signals of a normal subject. Figure 2.8 displays the x-, y- and z-signals and the vector

magnitude on the left-hand side and the vector loops in the left sagittal, frontal and

transverse planes on the dght-hand side.
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Figure 2.8 Example of a display of the processed normal VMCG signals. The x-, y-
and z-components and the vector magnitude of the VMCG are shown on the left-
hand side, and the vector loops in the planar projections on the right-hand side. The
right-handed coordinate system is also shown. Amplitudes are given in pAr#.
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The coordinate system shown in Figure 2.8 is a system proposed by Malmivuo
(Malmivuo, 1976; Malmivuo and Plonsey, 1991) for electrocardiology (see Appendix
B). This rectangular, right-handed coordinate system is consistent with conventions in
physical sciences and permits a straightforward application ofthe standard equations of
vector analysis. Furthermore, each of the three coordinate planes is viewed from the
positive side. The xy-, !z- and zx-planes correspond to the tnnsverse, frontal and

sagittal planes of the body, respectively. They are viewed from the superior, anterior
and left directions, respectively. The angles in the transverse, frontal and left sagittal
planes are measured counterclockwise from the positive x-, y- and z-axes, respectively.

This coordinate system differs from that recommended by the American Heart
Association (1967) and applied by a majority of the research groups. The x-, y- and z-

axes in the AHA system correspond to the -z-, x- and -y-iu(es, respectively.

However, these two systems have identical vector loop displays.

2.4 PARAMETER EXTRACTION AND WAVEFORM DETECTION

After the successful averaging of the VMCG and VECG signals several

parameters were extracted from the signals to reduce the amount of the data and to
characterize the temporal variation of the signals. The parameters were grouped into
basic, additional and deduced parameters according to their application.

2.4.1 Determination of the onset and offset of the waves

Before the analysis of the waveforms of the VMCG and VECG signals the onsets

and offsets of the P-, QRS- and T-waves must be identifred as accurately as possible

because the reliability of the analysis of the VMCG and VECG signals depends on the

accuracy of the wave recognition. Several automatic algorithms to determine the onset

and offset of the waves have been used in present diagnostic ECG programs (Willems,
1989). These programs apply different algorithms for the wave recognition. Testing

their performance on a common reference library has shown a wide variation and a
great sensitivity to the noise in the wave measurements (Willems, 1985; Willems et al.,
1987).

Because the noise level in the VMCG signal after the averaging could still be too
high in comparison to the ECG signal quality, a completely automatic wave boundary
recognition algorithm for the VMCG signal was not considered. In an earlier version

of the VMCG waveform analysis program the same automatic wave recognition method
was used as had been applied in the computerized VECG analysis at the University of
Kuopio (Cornfield etal.,1973) but this algorithm turned out to be unreliable in the
analysis of the noisy VMCG signals.

In contrast, an interactive algorithrn was devised that first calculated rough
estimates for the onset and offset times of the waves. The calculation of the estimates
was based on an adjustable threshold in the first derivative of the vector magnitude
with respect to time. At the same time the x-, y- and z-signals and the vector
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magnitude were displayed in alignment on the screen and a cursor showed the estimate

for the beginning of the P-wave. When necessary the operator could correct the

beginning point of the wave by moving the cursor and by selecting a proper time point.

When the corr@t time point had been determined the procedure calculated an estimate

of the next time point until the end point of the T-wave was determined. The indices

of the onsets and the offsets of the waves were stored into the parameter file. In many

cases the P-wave was not sufficiently clear to be determined reliably and it was then

assumed to be absent.

The interactive determination of wave boundaries is based on three time-coherent

leads as recommended by the CSE Working Party (CSE, 1985) and thus minimizes the

inaccuracy in wave recognition associated with non-interactive recognition in the

presence of noise. However, inter- and intra-observer variability of the measurements

cånnot be fully avoided with this protocol. The great majority of the data presented in

this study has been interpreted by the author. When several opemtors perform the wave

recognition, well-defined rules and training are important for the reliability of the

measurements.

2,4.2 Brsic parameters

After the determination of the beginning and end points of tle P-, QRS- and T-
waves the analysis program was applied in order to calculate the basic parameters of
the signals. Basic parameter means that none of these parameters could be deduced

from any other parameter. The set of basic parameters forms a fundamental basis for
the study of the normal VMCG and the clinical performance of VMCG. These

parameters consisted of durations, time intervals, amplitudes and vector angles as

shown in Figure 2.8. For each subject a totål of 137 basic VMCG and VECG

paramete$ were extracted and stored in the parameter files.

Durations and time intervals

The basic parameters consisted of eight interval and duration parameters: the

durations of the P-, QRS- and T-waves; the time instants of the maximum spatial P-,

QRS- and T-magnitudes from the beginning of the corresponding waYe; the time

interval between the P-onset and Q-onset @Q-interval) as well as the interval between

the QRS-offset and T-offset (QT-interval). Because the time intervals tended to vary in
the various leads the longest interval observed within the leads was taken as an estimate

of the parameter (CSE, 1985).

Amplitudes

The basic amplitude parameters consisted of three groups of amplitude
measurements. First the maximum vector magnitudes of the P-, QRS- and T-waves
were determined. Secondly, the instaitaneous amplitudes were determined in the x-,
y- and z-components using a technique of time-normalizing the waves, as shown in
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QR$wctor In the coordlnals planes

Left sagittal

Figure 2.9 Basic parameters extracted from the VMCG and VECG signals.

Figure 2.9. This technique was first applied in the computer analysis of the ECG by
Draper et d. (1964) who divided the duration of the QRS-complex into eight equal

time segments regardless of their absolute duration. In our system, a different number

of time segments was used for the P-, QRS- and T-waves: the P-wave was divided into
nine, the QRS-complex into 15, the ST-interval into five and the T-wave into nine time
segments. During the first and last quarters of the QRS-complex the length of the time
segments was 5% of the total QRS-duration while during the mid-QRS-complex it was

l0Vo of the total QRS-duration. Linear interpolation was used in calculating the

amplitude values between cons@utive samples. The third set of the amplitude
parameters comprised the three maximum QRs-vector amplitudes in the three

coordinate planes. The maximal QRs-vectors in the three coordinate projections did not
necessarily occur at the same instant of time.

Vector angles

The angles of the maximal QRS-vectors in the three coordinate projections were
calculated using the derivations for the positive and negative deviations of the angie
shown in Appendix B.

2.4.3 Additional parameters

In addition to the basic parameters several other parameters were determined
from the QRS-complex of the x-, y- and z-component. Figure 2.9 depicts one set of
these additional amplitude and time measurements. Most of the conventional ECG
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programs make a similar analysis of the l2-lead ECG signals (Willems, 1989). It is
worth noticing that the basic parameters contain approximately the same information as

these additional parameters.

The three signals were studied interactively one component at a time. First the

QRS-morphology was determined by the operator. Then the durations, the peak

amplitudes and the time instants of the peak amplitudes of the various waves (Q, R, S,

R', S'R", S") were determined. The nomenclature of the waves follows the

recommendations of the American Heart Association and the CSE Working Party. The

durations of the waves were the distances between their onsets and offsets. These

points were determined by interpolating befween consecutive samples. The minimum

duration of an accepted wave was 6 ms. The total QRs-duration in each lead was

calculated as a sum of the durations of consecutive deflections.

2.4.4 Derived parameters

Several parameters were derived from the basic parameters in the subsequent

analysis and diagnosis of the signals. These parameters consisted for example of
instantaneous spherical coordinates, instantaneous amplitudes and angles in the

coordinate projections and different amplitude ratios derived from the basic

instantaneous x-, y- and z-amplitudes.

ln the X-, Y- and Z-components:

Peak amplituder ånd durations of waves,

Times ol occuronce of the peak amplitudes

Figure 2.10 A set of additional parameters extracted from the QRS-complex of one
component of the VMCG and VECG signals.
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2.5 DATA MANAGEMENT

2.5.1 Patient data

When the number of subjects participating in the VMCG study increased

automatic management of the patient information became necessary. The database for
the patient information was realized with the dBase III* system (Ashton-Tate, USA).
The principal structure of the database is shown in Table 2.1. The personal data and

the technical data were fed into the system in conjunction with the measurements.

Several batch frles provided for easy entering and updating of the records. The history
of previous heart disease of the patients was added in the record after e.xamination of
their case reports at the hospital. A specihc one-character{ong freld was included in
the records for identifying the patients. The system automatically added this character
to the code created from the initials of the surname and the first name of each subject.
The character (an ascending number or letter) was used to distinguish between subjects
with the same initials.

The statements and the program language of the Dbase III* were used for the

effective handling of the database. The indexing of the database based on several fields
made the handling of the large data f,rle very fast.

2.5.2 File management

In addition to the management of the records of an ever increasing number of
patients, the handling of several permanent and temporary data and parameter files
associated with each record also had to be organized. The first step in the file
management was naming the files with a suitable scheme. All files associated with a
particular subject were named with the same file name derived from the code based on
the initials of the subject and a character added by the database system. Files of
different types were distinguished by the first character in the extension of the file

Table 2.1 Structure of the patient database.

Personal data
Surname, first name, ID-code, address
Additional character
Sex, age, length, weight, chest diameters

Diagnostic data
Primary diagnosis
Secondary diagnosis
Disease code

Technical data
Measurement distance
Measurement date

Remarks
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name. A specific character was reserved for data frles containing the raw measurement

data, for data files containing the averaged VMCG, VECG and computerized VECG

data and for parameter files containing the corresponding basic, additional and derived

parameters. The last two characters in the extension of the file name were used for the

coding of the disease category of the subject. Altogether over 20 different groups were

dehned.

Several independent programs used in the measurement, preprocessing and

averaging of the signals were combined with the Extended Batch Language (Seaware

Corp., USA) which enabled the user to handle the whole measurement process from

the start of the A/D conversion to the backup of the measured and processed files with

a single batch statement.

2.6 STATISTICAL DATA ANALYS$

The ståtistical analysis of the VMCG and VECG measurements was performed
using the StatPac Gold statistical programs (Walonick Associates, USA). The system

required a data file and a codebook file to operate. The data file contained the I3'7

basic VMCG and VECG parameters and the eight parameters from the patient

database. The names of the variables in the data file were defined in the codebook frle.
The statistical analysis of the VMCG and VECG parameters consisted for example of
descriptive statistics, regression analysis, multiple regression analysis, correlation
analysis and test of the ståtistical significance of differences between various groups.

Descriptive statistics utilized were the mean, the standard deviation (SD) and the

coefficient of variation (CV) (Armitage, 1987). The standard deviation of n

observations of variable.r was calculated using an unbiased estimation given by

SD=
D (x,-D'
i.l-6:lt-

(2.4)

(2.5)

where x:Exiln is the arithmetic mean. The coefficient of variation is a usefulness

measure of relative variability between different groups and it is defined as a ratio of
the standard deviation to the mean:

cv = $.rooz .

x

Standard deviation and coeffrcient of variation are used frequently as the

measures of variability especially when several groups are compared. When the

distribution of samples exhibits a symmetrical Gaussian distribution, an addition of *2
standard deviations to the mean determines the range that includes 95% of the samples.

For skewed distributions the variation range should be determined from a percentile
distribution of the samples. In this study, the upper and lower limits of the normal
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values of VMCG parameters are given by the 97.5% and 2.5% prcnntlles,
respectively.

Linear regression analysis is applied in Chapters 6-7 of the thesis to examine the

relationship between two variables. The fitting of the regression line is based on the

least square technique. The coefficient ofcorrelation is calculated by using the Pearson

product-moment method. In Chapter 7, multiple regression analysis is also applied in
the study of the influence of many predictor variables on a dependent VMCG variable.
The analysis calculates the coefficient of determination (IP) by selecting the best subset

of predictive variables with

(2.6)

where f is the predicted value from the regression equation j:a + bx. T\e coefficient
of determination measures the proportion of the variation in y due to the combined
effect of all independent predictor variables (SSR) in the total variation in y (SSY)
(Armitage, 1987). The difference between two means in the interval and the ratio
typed data was examined with Student's t test when the distribution was symmetric.
When the distribution of the samples deviated from the symmetric Gaussian distribution
and when the sample size was less than 20, the non-parametric Wilcoxon test for
assigned rank values and the Mann-Whitney U test for independent groups were
applied. The statistical significance of the differences was given at levels of 0. I %
(p< 0.001), lVo (p<0.01) urd SVo (p< 0.05). A probability of chance greater than 5%

of the difference was denoted ns (not signifrcant).

2.7 STUDY MATERIAL

This section describes the study material used in the thesis. In the various
chapters different subgroups of this basic material are used.

2.7.1 Normal material

The normal material consisted of 286 healthy subjects (192 male and 94 female
subjects). Age and sex distributions of the normal material are shown in Table 2.2. The
mean age of the male subjects was 45.3 years (21-78 years) and of the female subjects
49.1 years (18-70 yeårs).

The normal group was selected from over 300 apparently normal volunteers
consisting of students, laboratory personnel, charwomen, policemen and pensioners.
They were regarded as healthy on the basis of history, medical examination and
electrocardiographic study. An echocardiographic study of the myocardium was
performed on a part of the subjects. The medical examination consisted of auscultation,
measurement of the blood pressure and interview of the subjects. The

6z- ssR =l,o-,YssY 
31r,-ir
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Tzble 2.2 Sex and age distribution of the normal material.

Age (years) Number of cases in the age groups

Mean SD 18-29 30-39 4049 50-59 60-78 Total

Men
Women
An

45.3

49.r
6.5

electrocardiographic study comprised recordings of the VECG with the Frank lead

system and the standard l2-lead ECG. A cardiologist examined all ECG recordings.

The VECGs of about 50 normal subjects were analyzed with a computerized ECG

analysis system at the University of Kuopio. The l2-lead ECGs of about 80 subjects

were analyzed with the Marquette Electronics MAC-12 ECG analyzer.

About ten per c€nt of the volunteers were excluded from the study because of
their abnormal ECG. The most common reason was a prolonged QRS-duration (more

than 120 ms) which was most frequently due to left anterior hemiblock. Physical frtness

was not used as a criterion in selecting the normal material, and varied considerably

befween the normal subjects, all the way to well-trained athleies.
The height and weight information was supplied by subjects themselves. The

mean height and weight were in the male subjects 178.3 cm and 80.I kg, respectively,

and in the female subjects 163.9 cm and 65.3 kg, respectively. The sagittal and

transverse dimensions of the thorax were measured in each subject as described earlier.
These data are needed later in Chapter 7 in the study of the effects of constitutional
variables on the VMCG and the VECG. There was a strong correlation among these

predictor variables. Table 2.3 gives the correlation coeffrcients between the predictor

variables in men and women.

2.7.2 Patient material

The abnormal material consisted of 154 patients (122 men and 32 women). They
were 69 patients with old inferior myocardial infarction (IMI), 40 patients with old
anteroseptal myocardial infarction (AMI), l4 patients with left ventricular hypertrophy
(LVH), six patients with septal hy'pertrophy (SH), one patient with right ventricular
hypertrophy (RVH), five patients with left bundle branch block (LBBB), five patients

with right bundle branch block (RBBB) and 14 patients with left anterior hemiblock
(LAHB). The distribution of the material is summarized in Table 2.4.

The myocardial infarctions were verifred by a history of chest pain, diagnostic

changes in the ECG and a signifrcant release of myocardial enzymes during the hospital
period. The localization of the infarction was confirmed in the most cases with
echocardiography and/or cardiac isotope tomographic methods. The time between the

infarction and the VMCG measurement varied in all patients from a week to several

vears.

13.9 6 18 20 86 22 r92
16.6 18 13 15 l1 3'7 94

15.8 & 31 35 9't 59 286
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Table 2.3 Correlation coefficients between the constitutional variables and their
statistical significancy (p-value) in the whole group and in the male and female
subgroups.

Age Height Weight Sag.diam.

Height
All
Men
Women

Weight
All
Men
Women

Sagittal chest diameter
All
Men
Women

Transverse chest diameter
All
Men
Women

-0.34*
-0.35*
4.25'

0.1I 0.59-
0. 18 0.45*
0.43- -0.05

0.37* 0.26- 0.73-
0.46* 0.01 0.62*
0.61* 4.24 0.77*

0.24* 0.30* 0.74.- 0.68*
0.24" 0.12 0.67* 0.58-
0.53* {.35- 0.61* 0.70*

' p<0.01, " p<0.005, * p<0.001

The classifications ofventricular hypertrophies were based on echocardiography.

The genesis of hypertrophy was diversified: it might be due to aortic or mitral stenosis,

aortic or mitral insuffrciency, mitral valve prolapse or hypertrophic cardiomyopathy.

In many cases of LVH the hypertrophied myocardial mass involved both the left
ventricle and the septum. In SH mainly the septal area was enlarged.

The cases of conduction defects were incidental findings among the whole
material of the study. The classifrcation of these defects was based merely on

characteristic changes in the ECG and the VECG.

Table 2.4 Distribution of the abnormal material.

Age (years) Number of cases

Group Mean min mar( men women total

AMr 59 40 74 33 7 40
IMr 59 38 84 58 11 69
LVH6351759514
sH33r753516
RVH54 1l
L8B8635174t45
R888522870325
LAHB 56 28 70 13 | 14

JI



Chapter 3

MAGNETIC DIPOLE AS
AN EQUTVALENT SOURCE OF THE VMCG

3.1 INTRODUCTION

Determination of an equivalent magnetic dipole of the heart with the

unipositional lead system was discussed in Chapters l-2. It was shown that several

factors affect the determination of the magnetic dipole moment from the measurement

of magnetic field outside the body. One of the important factors is fixation of the point

with respect to which the dipole moment of the cardiac volume source distribution is
determined. It is most convenient to select the geometrical center of the heart for the

origin. The measurement distance is another determinant of the calculated dipole
moment because the magnetic field of the magnetic dipole exhibits an inverse cube

dependence on distance. Furthermore, the measurement location of the magnetic field
vector is, at least theoretically, unambiguously determined. However, in the case of
inhomogeneous volume conductor self-centering of the lead fields caused by the large

difference in conductivity between the heart and the lungs (Baule and McFee, 1970;

Eskola et al., 1987) may permit a small deviation from the prerequisite of making the

unipositional VMCG recording on the x-axis. Fixation of the detector location in the

unipositional lead system is based on tank model studies with an inhomogeneous torso

having a fixed realistic geometry @skola, 1983) and these properties are not

necessarily valid for all human beings.

Although the corrected unipositional lead system has been adapted in many

reports concerning the normal and abnormal VMCG (Nousiainen et al. 1985b; 1986;

1989; Oja et al., 1985; 1988a; 1988b), the suitability of the fixed measurement point
of the lead system is not verified by the actual VMCG recordings from many subjects.

The aim of this chapter is to examine some factors affecting the determination of the

equivalent magnetic dipole moment of the heart. Three topics will be discussed. Section

3.2 is aimed at clarifying how the magnetic freld amplitudes behave statistically as a

function of measurement distance in the normal population and how their known
deviation from the dipolar behavior (Wikswo, 1975) affects the determination of the

equivalent magnetic dipole moment of the heart. In Section 3.3 the VMCGs measured

at several sites in the frontal plane are used to search for a more optimal location for
measuring the equivalent magnetic dipole of the heart, which responds more accurately

to the observed VMCG field data than the dipole determined at the hxed detecting
location.

The third consideration deals with the measuring method of the equivalent
magnetic dipole of the heårt. The magnetic dipole model, as used in VMCG, is in its
simplest form fixed by location. The three components of the dipole can be determined
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from the measurement of the three components of the magnetic freld. Determination of
the strength and location of the dipole requires a greater number of measurements.

Usually magnetic field mapping (MFM) of the field component perpendicular to the

frontal plane is performed at several points above the thorax and a moving magnetic

dipole is fitted to the observed freld data. The relationship between the equivalent

magnetic dipole moments determined by the VMCG and MFM methods is discussed in

Section 3.4. It is worth emphasizing that the main application of the MFM technique

is the localization of cardiac current sources. The inverse solution of the localizåtion
problem is most frequently based on an equivalent current dipole or current multipole

models and less frequently on an equivalent magnetic dipole model.

3.2 BEIIAVIOR OF MAGNETIC NELD AS A FI]NCTION OF DISTANCE

3.2.1 VMCG datå

The material in this section was composed of VMCG recordings as a function of
distance in 57 normal male subjects. The recordings were made from each of them at

a minimum of three and a maximum of seven different distances from the anterior
chest wall. The shortest distance from the chest wall to the coil varied between 35 mm

and 62 mm. The detector was moved further away from the chest wall in the positive
x-direction so that the lonsest measured distance varied between about 10 cm and 20

cm.

3.2.2 Observed magnetic field as a function of distance

Figure 3.1 depicts the mean magnetic field amplitudes in the 57 normal male

subjects as a function of the measurement distance. The effect of the distal coil of the

differential magnetometer was corrected by calculating the magnetic field B(x) at the

first coil from the measured field differencn, AB:B(x)-B(x+b) with equation (Wikswo,

r97s)

B0)=åo
(x+b)3

(3.1)

where å is the baseline of the gradiometer.

The field amplitudes were measured at four consecutive measurement distances

in every subject and then the amplitudes at the three farthest distances were calculated
relative to the amplitude at the shortest distance. Figure 3.l presents the mean values
of these relative amplitudes. The dipolar inverse cube dependence of the magnetic field
amplitude on distance is also given, depicted with a broken line. Figure 3.1 shows that
the mean dependences of the field amplitudes on distance were practically identical in
the X- and Z-leads as well as in the vector magnitude but that the fall-off rates with
distance were smaller than the dipolar inverse cube dependence.



Relative field amplitude

Measurement distance (cm)

Figure 3.1 Relative magnetic held amplitudes of the x,- y- and z-components and

vector magnitude of the VMCG in 57 men at four distances from the heart center.
The dipolar inverse cube dependence on distance is also depicted.

3.2.3 Fitting of the source models

In order to explain the observed behavior of the magnetic field as a function of
distance several source models shown in Figure 3.2 were used. In the model

calculations the magnetic field produced by each model was computed in an infinite
homogeneous space. With models A-D, the magnetometer coils were assumed to be

infinitely small. The field was integrated over the coil areas only with model E. The

field differences were calculated using a gradiometer baseline of 16 cm. In models A-D
the best-fit source was determined so that the root mean square error E*, given by

equation

(3.2)

between the observed field difference (AB) and the calculated held difference (ABJ
was minimum. The number of measurements was n. The error was calculated

separately for the x-, y- and z-components and the vector magnitude. The following
source models were used:

l{tn^-tn^)2
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Model A: A fixed magnetic dipole located in the geometrical center of the heart at a

distance h from the detector. The freld amplitude exhibits inverse cube

dependence on distance:

(3.3 a)

The fitted parameters were the three components of the magnetic dipole
moment.

Model B: A magnetic dipole moving along the x-axis exhibiting the relationship

Ä,8.*m[ 1- t 
l." \ å' (h+93 )

Ä'*{#a-,*yl (3.3 b)

This model had four variables: three components of the dipole and location

x of the dipole on the x-axis with respect to the geometrical center of the

heart.

Model C: A moving magnetic dipole. In this model three-dimensional dipole search

was applied in calculating the field in the proximal and distal coils

B-((h+xr)2 *yf*rl1*

d) e)

Figure 3.2 Models in describing dependence of the field amplitude on distance: (a)
fixed magnetic dipole; @) magnetic dipole moving along the x-axis; (c) moving
magnetic dipole; (d) modified fixed source; (e) current loop.
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produced by the moving magnetic dipole according to equation

n.=!41rrx;o r,-sino u).

ot'*^'(# *h)

(3.3 c)

The field point and the source point were separated by radius vector

4r,0,ö). The six variables of the model, the three components of the dipole
and the three comoonents of the location. were fitted.

Model D: A fixed sourc€ mr modified from the magnetic dipole located in the
geometrical center of the heart. The deviation of the observed field from
the dipolar behavior was reduced to a correcting term c that changed the

effective rate with which the field amplitude decreased as a function of
distance. The field amplitude, given by

(3.3 d)

exhibits the corrected dependence on distance h. This model had four
variables: the three components of the dipole and the effective decreasing

late (h-G+a\ of the field amplitude as a function of distance.

Model E: Current loop source. The freld in the magnetometer coil with radius r, is
produced by the current loop with radius r, and is given by Equation 3.7.

Models A-C are physical models having different number of independent
parameters. Model D is in contrast amathcmaticcl model without physical justification.
Its mathematical correction term of the dependence on distance is similar to the
correction of the coefficients in the transformation matrix in Equation 2.2. The model
reduces the inaccuracy in modeling the volume source with a fixed, concentrated
magnetic dipole and the inaccuracy in modeling the finite inhomogeneous volume
conductor with an infinite homogeneous space to a single parameter, the decreasing
rate of the magnetic field amplitude as a function of distance. Model E was used only
in theoretical speculation in Section 3.2.5.

The fitting procedures were based on the IMSL routine ZXMIN that uses a

quasi-Newtonian method to f,rnd the minimum of the defined function of n variables.
The fitting errors reached their minimum in each model at the mid-QRS-complex. The
error was highest in model A with lowest number of independent parameters. In
models B and D with equal numbers of independent parameters the error figures were
similar. The addition of the y- and z-coordinates of the moving source to model C
improved the fitting results only slightly in comparison to model B that allowed the
dipole to move along the x-axis only.

36



Behnvior ofthcfieA observed in thc x-, y- and z-components

When the magnetic dipole is located and the VMCG is recorded on the x-axis,
it is possible to compare the properties of the three component leads by fitting the field
amplitudes measured by each lead with increasing distance separately to the dipole
component in the same direction. Figures 3.3 and 3.4 compare the fitting results

obtained in the x-, y- and z-components for models B and D, respectively. Figure 3.3

shows the mean best-fit location of the magnetic dipole on the x-axis. Figure 3.4
presents the mean best-fit value of the effective power of distance. These results show

that the dependence of the amplitudes on the measurement distance was very similar in
all three components especially in the mid and late QRS-complex.

y-componenl

* z-COmPonent

x-component

*-------------------

-20 -'r0 0 10 20 30

QRS-time instant (ms)

Figure 3.3 Mean best-fit location of the magnetic dipole on the x-axis at five time
instants of the QRS-complex (model B). The location was frtted for the amplitudes
of the x-, y- and x-components measured in 57 subjects.

Interindividual variability in models B and D

Figure 3.5 shows the mean results and standard deviations observed in models
B and D for the QRS-magnitude. In the mid-QRS the mean best-fit location of the

magnetic dipole in model B was x:-25 mm (+ 23 mm, SD) (Figure 3.5a).
Anatomically this point was located behind the geometrical center of the heart at a
depth from the anterior chest wall that was equal to about 45Vo of the thickness of the
thorax. In the initial and terminal phases of the QRS-complex the magnitude of the
measured magnetic field varying with distance provided a better match with the freld
produced by an equivalent magnetic dipole that was located nearer to the geometrical

Location on the x-axis (mm)
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Figure 3.4 Mean best-frt power of distance at five time instants of the QRs-complex
(model D). The power of distance was fitted for the amplitudes of the x-, y- and z-

components measured in 57 subjects.
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Figure 3.5 (a) Best-frt location of the magnetic dipole on the x-axis (model B), and

@) besrfit power of distance (model D) fitted for the QRS-magnitude at five time
instants. The meansiSD are shown for 57 subjects.
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center of the heart. In model D where the equivalent source was located in the center

of the heart, the mean best-fit value for the power of distance at the maximum QRS-
vector was about -2.6 (+0.38, SD).

The standard deviations shown in Figure 3.5 indicate a noticeable variation in the

VMCG amplitude dependence on distance between the 57 normal subjects. The

variation was smallest during the mid-QRS and increased toward the beginning and the

end of the QRS-complex.

Best-fit locaion of the moving magnctic dipole in model C

Figure 3.6 illustrates the best-fit location of the magnetic dipole of model C at

five time instants during the QRS-complex. In all subjects the dipole generally moved

in the -x-direction during the first half of the QRS-complex and in the *x-direction
during the latter half. The direction of the movement was the same as predicted by

model B but the magnitude of the movement was on average about 10 mm smaller.

Model C predicts that the dipole is located in most cases in the left inferior part of the

myocardium. The mean distance of the best-fit location of the dipole from the

estimated center of the heart was at the time of maximum QRS-magnitude about 25

mm, which was exactly the distance predicted by model B.

Figure 3.6 Mean locations of the moving magnetic dipole at five QRS-time instants
in the frontal and left sagittal planes. The moving magnetic dipole was fltted to the

x-, y- and z-components of the magnetic field in 57 subjects.

Effect of the increase in measurement distance

The field-versus-distance lines depicted in Figure 3.1 showed a varying fall-off
rate of the field amplitudes as a function of distance, approaching dipolar inverse cube

dependence on distance when the measurement distance increased. This phenomenon

was also observed when the fitting was performed with different data sets. Figure 3.7

Left sagittal Frontal
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Figure 3.7 Mean effective best-fit powers of distance in model B calculated with
different data sets for the x-, y- and z-amplitudes and the vector magnitude at five
time instants of the QRs-complex.

shows how the effective best-fit power of distance in model D changed when the

measurements at the first (nearest) distance and at the first and second distances were

omitted in the frtting procedure. The results are presented only if the number of cases

in the fitting was above ten. It was observed that the value of the mean best-fit power
of distance increased when the measurement distance of the closest measurement

included in the fitting procedure increased. The relative change in the power of
distance was greatest and most significant in the middle of the QRs-complex. These

data show that when the measurement distance from the skin is more than about 80

mm, the field amplitudes behave in a very dipolar fashion as a function of distance.

Pov/er of distance

Po\r€r of distence
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3.2.4 Magnetic dipole moments in the different models

The results presented in the previous section showed clearly that the original
dipole model (model A) applied in the unipositional lead system has a limited accuracy
to represent the observed behavior of the magnetic freld amplitude as a function of
measurement distance. This behavior varies temporally during the QRS-complex
between the normal subjects and depends on the measurement distance occurring in its
turn. A much better agreement with the measured field data was achieved with models
having more independent variables.

In order to compare the effects of the models on the dipole parameters the mean
dipole moments in the 57 subjects were computed with each model. Comparison of the
dipole moments calculated with the different models showed a wide variation in mean
amplitudes, in ratios of the instantaneous x-, y- and z-amplitudes, and in ratios of the
instantaneous vector directions between the models.

Figure 3.8 compares the mean QRS-amplitudes in 57 normal subjects at five time
instants between models A and B. In model A the location of the dipole is fixed but in
model B variable. Because the magnetic dipole in model B is located in most subjects
at a greater distance from the detector, the dipole moments are larger than in model A.
The minimum difference (about 6%) in the amplitudes between the models is formed
in the y-component at the time instant of -20 ms and the maximum difference (about
52%) in the z-component at the time instant of -6 ms. The angles of the instantaneous
vectors in the coordinate planes varied less than 6'between models A and B. The
difference in the dipole moments between models A and c was slightly greater than
between models A and B.

c) z-component
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Figure 3.E Mean amplitudes
moments in models A (solid

QRS-complex.
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of the x-, y- and z-components of the magnetic dipole
lines) and B @roken line) at five time instants of the
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Model D is quantitatively not comparable to the other models because of its
different manner of accounting for the measurement distance. It predicts the largest

dipole magnitudes.

3.2.5 Estimated fractions of dipolar and non-dipolar fields

One basic difference between dipolar, quadrupolar and octopolar fields is their
different dependence on measurement distance: the quadrupolar field amplitude is
inversely proportional to the fourth power and the octopolar field to the fifth power of
distance from the source. When the magnetic field contains also a contribution of
higher-order moments of the current sources of the heart, their fraction of the total
field diminishes at longer measurement distances. The respective fractions of the

dipolar and higher-order non-dipolar fields in the VMCG measurement can thus be

estimated by assuming that the magnetic field of the heart is rnainly dipolar at long
measurement distances. The non-dipolar field can be extracted from the measured field
by calculating the difference between the measured field and the field caused by a
magnetic dipole. For this purpose the magnitude of the dipole located in the center of
the heart was calculated for every subject from the VMCG recorded at the longest

distance from the chest wall. The decreasing rate of this residual difference field with
respect to measurement distance was then fitted.

The mean best-fit power of distance of the residual field varied in the three leads

at different time instants between -3.5 and -4.8. The mean value for 20 amplitude
measurements was *4.3, which was close to the quadrupolar dependence of the

amplitude on distance. The portion of the non-dipolar residual field in the measured

total VMCG freld varied greatiy during the QRS-complex. In the initial and terminal
phases of the QRs-complex the dipolar field was able to describe on average about
95% of the observed field. In contrast, at the time instant of maximum QRS-amplitude
the portion of the estimated non-dipolar field was on average about 20Vo of the dipolar
field magnitude.

Figure 3.3 shows that the best fit between the magnetic field of the heårt and the

field of the single dipole could be achieved when the dipole was located on average

about 25 mm behind the center of the heart. When this location was used for the

dipole, a mean value of -4.6 was obtained for the best-fit power of distance of the

aforementioned residual field. In this case the mean fraction of the estimated non-
dipolar field at the peak QRS-amplitude was only about 5% of the total VMCG field
recorded at the nearest distance from the chest wall.

3.2.6 Factons affecting the experimental results

The results presented above were not completely in accordance with the

assumption of the unipositional lead system that the source of the cardiac magnetic
freld can be modeled with a fixed magnetic dipole located in the geometrical center of
the heart and a volume conductor with an infinite homogeneous space. This
disagreement may arise mainly from the distorting effect of the thorax as volume
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conductor resulting in limitations in the lead fields of the VMCG leads. Consequently
the VMCG lead system may not record only the magnetic dipole moment of the heart
but also some non-dipolar components of the current sources. It may also be true that
the fixed location of the recording point in the unipositional lead system predicted by
torso model experiments @skola, 1983) is not the most optimal in the VMCG
meåsurements in all subjects. This section deals with the possible effects of these

factors on the dependence of the VMCG measurements on distance.

1. Approach based on the lead fiel.d theory

Principles of the lead field theory in synthesizing VMCG leads were shortly
discussed in Chapter 2. The spatial behavior of the magnetic field is affected by
properties of the lead in the source region. These properties depend on the geometry

of the lead (diameters of the coil and baseline) and on the effects of the volume
conductor. Malmivuo (1976) and Eskola (1983) have studied the properties of the

unipositional lead system both theoretically and experimentally. There are at least two
variables that can affect the dependence of the magnetic freld amplitudes on distance,

namely changes in the sensitivity of the lead and changes in the shape of the current
density lines of the lead frelds in the heart's region when measurement distance
increases.

Spatial sensitivity of a magnetometer

The dependence of lead field current density on measurement distance can be

examined with the current loop model E shown in Figure 3.le. The spatial sensitivity
distribution of the reciprocally energized magnetometer is presented in an infrnite
homogeneous volume conductor by lead freld current density J, as in

(3.7)

where å is the distance between the magnetometer coil and the plane with the

coaxially situated lead field current lines, and

r, and r, are the magnetometer coil radius and the lead field current flow line
radius, respectively.

E(å) and K(/<) are complete elliptic integrals of the first and second kind, respectively.
Parameter t2 is obtained from

).lt].-j F--:----= I ^
J = - - ",1 (h' +(r,+r,)z t0 - ;k')K(k)-E(k)lr^'z

4r,r.
kz= ''

h2 +(rr+rr)2

(3.8)

The strength of reciprocal circular flow field J of the lead depends on the radii
of the coil and the lead freld current flow line (r, and r) and on the distance (å)
between them. Malmivuo (1976) has calculated lead field current densities with
different distances and radii. It is of interest to compare the effect of the coil distance
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on the strength of the lead field current density with the effect of the measurement

distance on the magnetic field amplitude of the concentrated magnetic dipole. This
comparison is made in Figure 3.9, where the sensitivity of the coil with radius
rr: 14 mm is calculated as a function of distance h at rr:39 mm and rz:50 mm. It is
assumed that with an infinite distance (å+o) the lead sensitivity behaves in a dipolar
fashion. Clearly the dependence of the lead field current density on distance å differs
from the dipolar inverse cube dependence on distance the more the smaller the
mqrurement distance and the greater the radial distance r, from the symmetry axis.
The fitting algorithm used in the previous section resulted in the best-fit decreasing rate
of h'27 for the relative current densities of the current loop having radius rr:59 66.
This radius corresponds approximately to the epicardial surface of the myocardium.
This deviation from the dipolar inverse cube dependence on distance is very similar to
the observed deviation of the VMCG freld from dipolar behavior.

Application of the fixed magnetic dipole model instead of the more accurate
current loop source approximation leads to a difference in the estimated magnetic
dipole moments of the heart. Malmivuo (1976) concluded that this difference is small
with a magnetometer distance of 200 mm or more. However, with shorter distances the
difference can be pronounced, as can be seen in Figure 3.10 showing the difference in
magnetic dipole moments calculated for concentrated magnetic dipole and the current
loop with different measurement distances h and different radial distances r, from the
symmetry axis. At a typical measurement distance of h=120 mm the dipole moments
in the models differed by about 20Vo at radial distance rz:50 mm from the symmetry
axis. The error remains roughly consiant when the ratio of the measurement distance

100
Relative amplitude (%)

Magnetic dipole

Current loop r.3O mm

Current loop r.5O mm

12 14 16
Measurement distance (cm)

Figure 3.9 Relative strength of lead field current density as a function of distance at
two radii, compared to the dipolar inverse cube dependence on distance.
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Difference (o/o)

å to the radial distance r, remains constant. One can conclude that the dependence of
VMCG amplitudes on distance is affected by the ratio between the size of the volume
source and the measurement distance.

h.100 mm

h'12O mm

h.140 mm

h.160 mm

10 20 30 40 50 60
Distance from symmetry axis (mm)

Figure 3.10 Differences between the magnetic dipole moments calculated for a
concentrated dipole and for a current loop with different measurement distances and
different radii of lead freld current densitv.

Proximity effect

Equation 3.6 showed that the impressed magnetic dipole moment of the volume
source can be detected only if one assumes that the detector has a homogeneous

reciprocal magnetic field in the entire 3-dimensional source region. The reciprocal
magnetic field in an uncompensated lead system formed by a single-coil magnetometer
described above is not homogeneous along the symmetry axis because magnetic
induction decreases as a function of distance. Consequently the sensitivity of such a

lead system to the current sources in the anterior heart is much higher than it is to
those in the posterior heart, in the case of a perfectly dipolar coil 8 times more
sensitive to equal sources at distances of 80 mm and 160 mm from the coil. This
effect, called the proximiry effect, is not compensated for in the unipositional lead
system. In an infinite homogeneous space the proximity effect can be calculated with
Equation 3.7 . In contrast, in a finite inhomogeneous volume conductor the situation is
more complicated because the lead fields are modified by the torso @skola, 1983).

The influence of the proximity effect on the decrease with distance of VMCG
amplitudes is difficult to evaluate because the measured amplitudes do not depend only
on the loss of sensitivity with increasing distance but also on impressed current
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distribution. As a general consequence of the proximity effect, the VMCG lead detects
the sources closest to the detector with the highest sensitivity.

Asymmetry in lead field current density lines

Studies with different torso models have shown that in the unipositional lead

system the shape of the model affects the form of the lead field current density lines in
different regions of the heart (Malmiwo, 1976; Eskola, 1983). In the experiments done
by Malmiwo (1976) with the two-dimensional tånk model the lead fields had a good
concentric symmetry and the lead field current densiry was very accurately inversely
proportional to the third power of the magnetometer distance (Malmivuo, 1976). In
contrast, in the inhomogeneous torso model having a realistic body shape the lead
fields suffered from a high asymmetry @skola, 1983). In this case the lead field
current densify no longer exhibited the inverse cube dependence on magnetometer
distance.

This asymmetry of the lead freds appears in the unipositional lead system as a
shift of the zero sensitivity line of the Y- and Z-leads to the posterior part of the heårt
(Cuffin, 1981; Eskola, 1983), depending on the dimensions of the homogeneous model
and the measurement distance @skola, 1983). An increase in the thickness of the
model in the direction of the coil axis transfers the line further from the delector but
an increase in measurement distance from the chest wall shifts the line towards the
central axis of the conductor @skola, 1983).

According to Equation 3.5 the magnetic dipole moment of the volume source
depends on the choice of the origin (Geselowitz, 1970). Analogously, the magnetic
dipole moment of a volume source c:m be determined with the VMCG lead system
with respect to the origin of the lead. Ideally the origin corresponds to the center of the
spherical volume source of the heart. In general, the origin for a particular VMCG lead
system is defrned as the zero sensitivity point of the leåd (Wikswo et al., 1979). The
model studies predicted that the zero sensitivity point of the anterior unipositional lead
system is located in the posterior part of the heart. This can be interpreted in such a
way that the Y- and Z-leads of the anterior unipositional lead system approximately
record the corresponding components of the uncorrected magnetic dipole moment of
the heart with respect to the zero sensitivity point rather than the correct impressed
magnetic dipole moment of the heart with respect to the geometrical center of the
heart. This interpretation is in good accordance with the observation made in this study
that the best-fit position of the magnetic dipole is located in the posterior part of the
heart.

Because of the asymmetry in the lead fields the anterior unipositional Y- and Z-
leads are, like the X-lead because of the proximity effect, much more sensitive to the
current sources located in the anterior part of the heart than to those in the posterior
part. A probable consequence of this is that the magnetocardiographic signals in the Y-
and Zleads of the anterior unipositional lead system may result mainly from the
current elements of the anterior part of the heart in the z- and y-directions,
respectively. The aforementioned model studies (Malmivuo, 1976; Eskola, 1993)
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showed that when the measurement distance from the chest wall was decreased the

eccentricity of lead field current density lines increased. Because measurement

distances throughout the present study have been shorter than in the aforementioned

model studies, the increase in the asymmetry of the lead fields can be even greater than

the increase predicted by the model studies.

2. Approach based on thc multi-polariry ofthc currenr sources

The resultant magnetic dipole discussed in the previous section is a first-order
model for the current distribution of the cardiac volume source and is not able to
describe all the spatial and temporal properties of the magnetic field with the desired

accuracy. One possibility of improving the matching between the observed field and the

calculated freld is to take into arcount the complicated nature of the volume source and

the effects of boundaries by adding multipole moments (quadrupolar, octopolar etc.) to
the source model (Wikswo, 1975; Karp et al., 1980; Katila and Karp, 1983).

When the total magnetic field is composed of the sum of a dipolar field and a
quadrupolar field, the fall-off rate of the field amplitude as a funclion of distance

depends on the respective fractions of these field components and of course on the

location of the field point. Figure 3.11 shows graphically, by means of the best-frt

power of distance, how the resultant field attenuates on the x-axis as a function of
distance when the fraction of quadrupolar field component of the total field changes.

The fraction of the quadrupolar field of the total field is calculated at a distance of
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Figure 3.11 Calculated best-fit power of distance of the magnetic field as a function
of respective fraction of the quadrupolar field of the dipolar field at the nearest
measurement point (x:120 mm).

o

-o.5

-1

- 1.5

-2

-2.5

-3

-3.6

200



distance approaches asymptotically the value of four. The quadrupolar field has to be

several times greater than the dipolar field at the nearest measurement point
(x:120 mm) before the dependence of the total field amplitude on distance begins to

resemble the quadrupolar dependence. When the fraction of the quadrupolar field with
an opposite sign to the dipolar freld increases, the decreasing rate of the total field
amplitude as a function of distance goes down very rapidly. When the amplitude of the

quadrupolar field is equal but with an opposite sign to the dipolar field amplitude at the

nearest measurement point (-100%), the procedure failed in fitting the single
parameter describing the decreasing rate of the total field.

The mean value -2.6 for the best-fit power of distance observed in section 3.1.4
would suggest, according to the Figure 3.11, that the fraction of the quadrupolar held
amplitude should at the nearest measurement point be about -30% of the dipolar freld
amplitude. This value is slightly higher than the estimated non-dipolar fraction in the

measured VMCG freld but nevertheless is reasonable for describing the mcan behavior

of the magnetic field amplitude as a function of measurement distance. But if one tries

to explain the observed interindividual variation in the dependence of the VMCG
amplitudes on distance only by means of the contribution of the quadrupolar field, the

dipolar vs. quadrupolar properties of the cardiac source will inevitably vary
considerably between normal subjects. The upper and lower limits of the 95% range of
the observed besffit power of distance in the measured VMCG data correspond to
fractions of the quadrupolar freld component of about -55% utd 70%, respectively,

as can be seen in Figure 3. I 1. Probably other factors than the properties of the source

should be taken into consideration when analyzing the observed behavior of the

magnetic field with respect to distance.

3. Approach bosed on the consideration of an error in the measurement location

The amplitudes of the magnetic dipole located at the origin exhibit inverse cube

dependence on distance only on the axis passing through the origin. Deviation from this
measurement geometry gives rise to a deviation from the dipolar dependence of the

field amplitude on distance. This deviation depends also on the direction of the

magnetic dipole. Thus a possibly incorrect location of the measurement point in the

unipositional lead system with respect to the center ofthe heart in different subjects has

an effect on the mean and the variation ofthe dependence ofthe amplitude on distance.

It was not possible to evaluate in this study the variability of the location of the
VMCG measurement point with respect to the actuai center of the heart. In order to
aralyze quantitatively the effect of error in the detector location let us instead consider
a held created by a magnetic dipole located in the origin. The relative strengths of the
x-, y- and z-components of the dipole are -1, 0.4 and 0.8, respectively. This
orientation corresponds to the mean orientation of the magnetic dipole observed in
normal subjects. The magnetic field of this dipole was calculated at several points on
the x-axis as a function of distance and also at eight other points in the frontal piane for
each distance. These eight points were located on the circumference at a distance of 10
mm from the x-axis. Amplitudes at these points, constituting nine sets of magnetic field
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the x-axis as a function of distance and also at eight other points in the frontal plane for
each distance. These eight points were located on the circumference at a distance of 10

mm from the x-axis. Amplitudes at these points, constituting nine sets of magnetic field
amplitudes as a function of distance, can be considered the data sets of VMCG
recordings from nine subjects with slightly different measurement locations with respect

to the origin. Only the data set on the x-axis corresponds to the unipositional

recordings made at the correct locations while the other eight recording sets are

erroneous. Model D was again applied by fitting the power of distance of amplitude
dependence for the nine sets of magnetic field amplitudes.

The mean values and the standard deviations of the best-fit power of distance in
the nine cases were -2.92+0.12, -2.6310.80, and -2.80*0.28 in the x-, y- and z-

directions, respectively. The deviation from the expected value of -3.00 as well as the

standard deviation are greatest in that direction where the relative strength of the dipole
is smallest, in this case in the y-direction. This simulation also shows that an error of
1 cm in the measurement location is adequate, at least partly, to explain the mean

behavior and variability of VMCG amplitudes as a function of distance. Adding
quadrupolar comlnnents to the dipole source increases the standard deviation of the

mean of the aforementioned nine data sets because a quadrupolar freld has a higher

spatial frequency than a dipolar field.
The distances from the heart of the unipositional recordings were not totally

accurate because the trocation of the heart center can be estimated only with limited
accuracy. An error of 10 mm in the estimate of measurement distance was quite
possible. This means that underestimation of an actual measurement distance of 13 cm

by 1 cm gives rise to a best-fit power of distance of about h'2'8. Tlte observed mean

behavior of the field could only be explained by underestimation of the measurement

distance by about 2.5 cm assuming that the source is a magnetic dipole.

4. Comparison of the different approaches

The previous sections show that the observed dependence of the magnetic field
amplitude on meåsurement distance can be examined using different approaches. The

lead field theoretical approach is illustrative in describing the effect of the volume
conductor and volume source on the recording of the equivalent magnetic dipole of the

heart. It showed that the observed deviation in the dependence of the magnetic field
amplitudes on distance from the dipolar inverse cube dependence on distance can be

associated with the properties of the volume source and the asymmetric properties of
the lead fields of the non-axial leads.

Magnetic multipole expansion is a mathematical method to describe the origin of
the magnetic field with a total current density of the volume conductor. Although
multipole moments cannot be solved from VMCG measurements performed only on a
single line, the different dependences of dipolar and quadrupolar fields on distance can

be used in explaining the mean behavior of the field with regard to distance. However,
neither the lead field approach nor thö multipole approach is adequate to explain the
variability in the dependence of VMCG amplitudes on distance among normal subjects.
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Thus an explanation worth considering is variability in actual volume conductor
geometries among subjects. Of these geometric factors the position of the heart may be

the most important.

3.3 OPTIMIZING TIIE I,OCATION OFMEASUREJVIEAIT POINT IN vl\{CG

In the previous s€ction an error in the detector location with respect to the heart
was found to be one possible factor affecting the VMCG data measured at several
distances. Because the actual relationship between the location of the detector and
location of the geometrical center of the heart was not available, another method was

selected for the analysis of effects of this possible error. The analysis comprised
recording the VMCGs in five normal subjects at eight points above the heart (points

^3-4, 
b2-4 and c2-4 in Figure 2.lb) and searching for a measurement location among

these eight meåsurements that would yield the best correspondence between the
magnetic field of the dipole an the observed field.

3.3.1 Effect of the measurement location on the magnetic dipole in YMCG

It was noted that in each subject the magnetic field measured at the eight
locations mentioned above near the heart could be described more accurately with a
magnetic dtpole which was not necessarily recorded at the fixed location c3 in Figure
2.1b but at different locations for each subject. In order to estimate the effect of
fixation of the measurement location on the field error, the best and worst locations
for detecting the magnetic dipole were searched for among the eight measurement
points for each subject. The best and worst locations were chosen such that the
minimum and maximum errors respectively were obtained between the observed and
the calculated dipole field. The freld error calculated for the fixed unipositional
recording site was in all five subjects much closer to the minimum error than to the
maximum error.

Using each of the eight measurement points in turn as a basis of the unipositional
recording, three sets of eight mean rms-errors were obtained for the thre€ field
components. A comparison of these eight mean rms-enors in all directions indicated
that within the grid areå there was no single fixed point among the eight points where
the equivalent magnetic dipole of the heart could be recorded more accurately than at
other points. This was because the "best" locations to record the dipole varied
considerably between the subjects and between the field components. This observation
may reflect different relationships of the heart position with the recording position
between the subjects.

The spatial behavior of the x-component of the freld could be represented most
accurately with a single magnetic dipole when the dipole was measured at grid point d4
anatomically located inferiorly and to the left of the unipositional recording point. The
minimum value of the rms-error occurred at this point in three subjects. In the y- and
z-directions it was not possible to find any common point of minimum error as
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unambiguously as in the x-direction. On average the best agreement with the observed

field distribution was achieved when the magnetic dipole was recorded at points c2, c3

or d2. One of these points is the original measurement point in the unipositional lead

system and the other two points correspond to the area located above the anatomical

center line of the thorax.

3.3.2 Magnetic dipole recorded with the unfixed unipositional lead systern

Although none of the eight fixed measurement points turned out to represent the

most accurate recording of the magnetic dipole in the five subjects, it was possible to
find one meåsurement point for each subject that best represented the measured

magnetic field at the grid points. This individual VMCG measurement can be referred

to as unfixed unipositional recording. It may be presumed that in this unfixed recording

of the magnetic dipole the uncertainty in the geometric relationship Lretween the heart
position and the measurement location is partially corrected. Consequently it is

reasonable to expect part of the interindividual variation caused by different volume
conductor geometries to be eliminated in the unfixed lead system. This hypothesis was

lested by calculating the ståndard deviations of some parameters of the equivalent
magnetic dipole moment measured at different meåsurernent points of the grid. The
five parameters examined were the maximum QRS- and T-magnitudes and the angles

of the maximum QRS-vector in the three coordinate planes. The results are shown in
Table 3.1.

Table 3.1 Mean standard deviations (SD) benveen five normal subjects of five
VMCG parameters observed at different measurement points.
A: SDs in VMCG recordings made at the fixed unipositional point.
B: Smallest SDs obtained between the eight measurement points.
C: SDs in VMCG recordinss made at the unfixed unioositional measurement
point.

Standard deviation

VMCG parameter

Maximum QRs-magnitude (%)
Maximum T-magnitude (%)
Angle in frontal plane (degrees)
Angle in sagittal plane (degrees)
Angle in transverse plane (degrees)

18.9
52.'l
8.4

15.6
lJ. /

18.9
47.3

8.4
9.9
5.6

t5.5
46.7
't.0
5.1
6.2
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The standard deviations of the parameters were first calculated for the eight fixed
measurement points. Column A in Table 3.1 shows the standard deviations obtained at
the original unipositional recording point (point c3 in Figure 2.1b). The smallest
standard deviations of each parameter for the eight fixed measurement points were
picked out in column B in Table 3.1. The minimum values of these five parameters
were distributed between three different measurement points. Column C in Table 3.1
shows the standard deviations of the five parameters when the dipole moment was
determined in each subject from the unfixed unipositional measurement. Using the
unfixed measuring location in each subject produced a clear decrease in variation in the
mean direction of the equivalent magnetic dipole. In confast, the variation of the mean
maximum QRS-magnitude increased slightly from that observed in the actual
unipositional recording. It is interesting to not€ that in two of the five parameters the
smallest variability was observed at the original unipositional measurement point.

The mean direction of the equivalent dipoles in the five subjects was only
slightly affected by the choice of measurement point. The mean differences in the
direction of the magnetic dipoles measured with the original unipositional lead system
and with the unfixed lead system were 1f, 6' and f in the sagittal, frontal and
transverse planes, respectively.

3.4 COMPARISON OF TIIE VMCG AND MFM SYSTEMS

The relationship bet'ween the VMCG and magnetic field mapping (MFM) system
is considered briefly in this section. The magnetic field distribution was mapped in
three normal subjects at 36 locations above the anterior chest wall using a flexible
meå.surement grid (Kårp et al., 1980). The x-, y- and z-components of the field were
measured in two of the subjects while only the field component perpendicular to the
frontal plane (the x-component) was mapped in the third subject. The VMCGs were
measured from each of them using the same measurement distances as in the MFM
technique.

3.4.1 Comparison of the equivalent magnetic dipoles

The relationship between the VMCG and MFM methods can be studied by
comparing their equivalent sources that can reproduce the observed field data with the
best possible accuracy. To be fully comparable, the sources must be at the same
theoretical level, i.e. the number of independent parameters of the models must be
equal in both methods. The equivalent magnetic dipole was fitted to the MFM data by
using model B (magnetic dipole moving along the x-axis) introduced in Section 3.2.3.
Only the x-component of the field was used in the fitting of the source. In each subject,
the fitting procedure resulled in the best-fit location for the dipole. The equivalent
magnetic dipole was then determined from the unipositional VMCG measurement with
respect to this same point.
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Table 3.2 shows the mean values and differences between them in some

parameters of the best-fit and unipositional dipole moments in three normal subjects.

In all three subjects the frtting of the source resulted in smaller absolute amplitudes in

the x-component and larger amplitudes in the z-component of the dipole moment. The

changes in the direction of the maximum QRS-vector were parallel in all subjects.

Table 3.2 Comparison of the parameters of the equivalent magnetic dipoles

determined by the unipositional VMCG system and the MFM system in three
normal subjects. Columns A and B represent the mean values in the VMCG and

MFM systems, and column C the difference between the means.

Mean value

AB
(VMCG) (MFM)

c
Difference

Max. QRSx-amplitude'
Max. QRSy-amplitude
Max. QRSz-amplitude
Max. QRS-magnitude
Max. T-magnitude
Angle of maximum QRS-vector in

sagittal plane'
frontal plane
transverse plane

1.10
0.34
0.56
r.29
0.34

0.61
0.31
0.77
1.05
0.42

-39

67
-154

457o

9%
-38%
20%

-24%

23"
60

11"

42
61

-165

'Amplitude velues are h pA-'and angle values in degrees.

3.4.2 Comparison of the magnetic fields

Alternatively, the relationship between the VMCG and MFM methods can be

studied by comparing the magnetic field data measured at the grid points to the field
data calculated with the magnetic dipole recorded in VMCG. In this case the magnetic

dipole was located in every subject at point x= -25 mm, the mean best-fit location of
the dipole in model B, and the magnetic field of the the dipole was calculated by using

Equation 3.3c. Figure 3.12 shows the measured (solid lines) and calculated (broken

lines) x-, y- and z-components of the magnetic field at 36 measurement points during
the QRS-complex. The uniposirional measurement point is grid point D4 in the figures.
In all three subjects the equivalent magnetic dipole measured with the unipositional lead

system could reproduce the general features of the magnetic freld measured over an

extensive area above the thorax.
A detailed examination of Figure 3.12 reveals that the agreement befween the

measured and calculated held patterns showed a strong dependence on the measurement
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Figure 3.12 Measured (solid lines) and calculated (broken lines) x-, y- and z-
components of the magnetic field during the QRS-complex at 36 grid points. The
observed magnetic freld is compared to the freld of magnetic dipole determined with
the unipositional VMCG recording. The unipositional recording point corresponds to
grid point Da. (a) x-component, and O) y-component. (Figure continues.)
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location. The freld error increased in general when the distance from the unipositional
measurement point increased. hrge errors were also associated with the low signal
amplitudes that were very often obtained on the edges of the measurement grid. In
Figure 3.12 the difference between the measured and calculated fields in the x-direction
was maximal at point A2 where the mean rms-error calculated with Equation 3.2
between the sample points of the QRS-complex was l7 .IVo .In the y- and z-components
the maximum errors were 20.3Vo (at point 81) and 32.3% (at point Fl), respectively.
In another subject the corresponding error values were l8.4Vo (at point 83) in the x-
component, 43.0% (at point C2) in the y-component, and 25.6V0 (at point E3) in the
z-component. It was characteristic of these subjects that the magnetic dipole determined
with the unipositional lead system predicted too low peak amplitudes in the x- and y-
components over the lower right area of the grid, corresponding to the area above the
apex of the myocardium.

For a comparison, Figure 3.13 shows the x-cornponent of the magnetic field
originated by the best-fit dipole presented in the previous section. The correspondence
between the measured and calculated field data in the x-component is now slightly
better than in the case of field data calculated with the dipole determined by the
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Figure 3.13 Measured (solid lines) and calculated @roken lines) x-component of the
magnetic field during the QRS-complex at 36 grid points. The observed magnetic
field is compared to the field of magnetic dipole determined as a result of frtting a

magnetic dipole to the x-component of the field. The unipositional recording point
is grid point D4.

unipositional lead system. The maximum error in the x-component was in this case

20.9V0 (at point A2). In the y-component the concordance between the observed and

calculated data was in general about similar to and in the z-component worse than with
the unipositional dipole recording. The maximum errors were in the y-component

44.0Vo (at point 81) and in the z-component3L.4Vo (at point Fl).

3.5 SIJMMARY OF CHAPTER 3

The spatial behavior of the magnetic field produced by the heart was analyzed in
this chapter. The magnitude of the VMCG was studied in detail as a function of
measurement distance on the x-axis. The behavior of the unipositional recording of the
magnetic dipole was examined as a function of measurement location. Finally the
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relationship between the unipositional lead system and the magnetic field mapping

system was analyzed.
The dependence of the VMCG amplitudes on measurement distance was studied

in 57 normal subjects. The results demonstrated that the strength of the magnetic field
of the heart did not exhibit exactly the dipolar power-law relationship with distance in
the vicinity of the anterior chest wall. However, when the measurement distance from

the chest wall increased to about 80 mm, the behavior of the magnetic field with regard

to distance clearly approached that of a concentrated magnetic dipole located in the

geometrical center of the heart. These results are in good accordance with the results

reported by Wikswo (1975) and follow the general principles of physics.

The dependence of the magnetic field on distance showed a correlation with the

time instant during the QRS-complex. During the initial and terminal phases of the

QRS-complex the concentrated magnetic dipole located in the geometrical center of the

heart performed well in representing the decrease in the magnetic field with distance.

In mid-QRS the best fitting between the observed field and the calculated dipole field
was achieved when the magnetic dipole was located on the x-axis on average about 25

mm posleriorly to the heart center. This result is in disagreement with the presumption

of the unipositional lead system that the equivalent magnetic dipole of the heart is

recorded with respect to the estimated geometrical center of the heart, i.e. at a depth

of one third of the sagittal diameter of the thorax. If the equivalent generator of the

heart was assumed to be located in the heart center, the decreasing rate of the observed

field with distance exhibited on average the power-law h'2'6 with distance. This model

was selected in this study as a basis for determining the magnetic dipole moment of the

heart from the VMCG measurements performed near to the chest wall and it is applied

throughout this study. This model results the magnetic dipole in the same magnitude as

the VMCG recordings performed farther from the chest wall, where the magnetic field
behaves like the field of a magnetic dipole located in the center of the heart.

It was possible to explain the deviations of the mean results from the behavior
of the dipole freld by means of the effects of the boundary and inhomogeneities of the

thorax on asynnmetry in the lead fields of the unipositional lead system and by means

of the effects of non-dipolar components in the magnetic field. However, neither of
these approaches was satisfactory in explaining the observed high variability in the

mean dependence on distance between normal subjects, but the actual volume
conductor geometries and locations of the hea( among the subjects should also be

considered.

Effects of the fixed measurement location in the corrected unipositional lead

system were studied with the VMCG recordings in frve normal subjects, The

relationship between the actual position of the heart and the fixed mesuring position on

the skin varies between subjects. This limits the accuracy of determining the equivalent
magnetic dipole and may cause variability in the VMCG parameters between normal
subjects. It was assumed that a more ideal lead geometry could be achieved if the

dipole were determined for each subject at an individual measurement point where a

better correspondence between the observed magnetic held and the calculated dipole
field was obtained. An idea of an unfixed unipositional lead system was introduced in
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preference to the fixed unipositional system. By applying the unfixed system in the

recording of the magnetic dipole from five normal subjects the variability in the dipole
moments between the subjects was considerably decreased. This obsewation must be

verified by correlation with the anatomical position of the heart.

The relationship between the unipositional lead syslem and the magnetic field
mapping system was studied in three normal subjects. The differences in the

parameters of the equivalent magnetic dipoles determined with the VMCG system and

the MFM syslem showed that the three components of the magnetic field detected

above the heart contain partly different information than the x-component mapped over
the anterior thorax. The equivalent magnetic dipole of the heart recorded with the

corrected unipositional lead system was able to reproduce the general features of the

magnetic field measured with the mapping system. The error between the observed and

calculated field was dependent on the measurement location and on the component of
the field. The error generally increased when the mea.surement location was shifted in
the frontal plane further away from the heart, and it was slightly smaller in the x-
direction than in two other directions. These results are in good agreement with other

observations that the boundary generally has a substantial effect on the magnetic freld
in the areas with a high curvature of the torso and in particular in the y- and z-

components of the magnetic field (Varpula et al., 1985).
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Chapter 4

RELATIONSHIP BETWEEN
THE ELECTRIC AND MAGNETIC DIPOLES

INTR.ODUCTION

The relationship befween the MCG and the ECG has been an olbject of great

interest in biomagnetism @lonsey, 1972; Rush, 1975; Katila and Karp, 1983; Wikswo

and Barach, 1982; Wikswo, 1983; van Oosterom et al., 1990). The theoretical

relationship between them is defined by the equations for the magnetic field and the

electric potential produced by primary current sources in a frnite, inhomogeneous

conductor (Equations 1.2 znd 1.3 in Chapter 1) (Geselowitz, 1967; 1970; Plonsey,

1972; Wikswo et a1., 1979). Briefly, theoretically MCG and ECG exhibit different
responses to the primary sources but through the contribution of the volume conductor

they are more or less closely related (Wikswo, 1975). Wikswo and Barach (1982) have

considered a hypothetical model of cardiac sources that might be a result of the spiral

geometry of cardiac muscle fibers within the heårt, containing information detectable

only with the magnetic method. However, the presence of unique information in the

MCG that would not be available in the ECG has not been evidenced in experimental

studies. In fact, recent studies have demonstrated convincingly a strong relationship
between the lechniques of mapping body surface potentials and the magnetic field
component perpendicular to the frontal plane (van Oosterom et al., 1990).

The relationship between MCG and ECG can be considered by observing their
sensitivity distributions. Both theoretical and experimental studies have shown the

differences in the spatial sensitivities of the VMCG and VECG leads @aule and

McFee, 1970; Plonsey,1972; Malmivuo, 1976; Eskola, 1983), an itleal VMCG system

being sensitive to tangential primary sources only and an ideal VECG system equally

sensitive to both radial and tangential sources. Another important feature in the

sensitivities is associated only with the VMCG lead, whose sensitivity increases with
increasing radial distance from the symmetry axis. Thus the ideal VMCG lead has a

minimal sensitivity to the current sources located in the center of the heart and its
sensitivity increases toward the epicardium.

In practice the intracardiac blood mass distorts the sensitivity distribution of
VECG leads by augmenting the radial dipoles and attenuating the tangential dipoles
within the heart (Brody, 1956). This effect, known as the Brody effect, was clearly
demonstrated in the VECG with dog experiments by Nelson etal. (1972). They showed

that the presence of intracardiac blood mass enhanced the voltages due to radial
excitation during the initial phase of the QRs-complex but terminal, tangential forces
were attenuated. In contrast, the ideal VMCG lead system is immune to the Brody
effect. If the VMCG lead system is actually sensitive only to tangential dipoles in the
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heart, the ratio of terminal QRS-magnitude to initial QRS-magnitude should be much

higher in the VMCG than in the VECG @skola, 1983). Thus this ratio allows an ideal

test for analyzing the spatial sensitivities of VMCG and VECG to the radial and

tangential electric dipoles of the heart.

The differences in spatial sensitivities may appear in the measured VMCG and

VECG signals in many ways, depending on the direction of the primary sources in the

heart. In the human heart, as described by Durrer et al. (1970), the main direction of
the depolarization wavefront in the left and right ventricles is radial, resulting in almost

concentric activation isochrones moving from the endocardium to the epicardium. In
the terminal phase of ventricular excitation a partial loss of concentric symmetry gives

way to a more or less tangential direction of the activation, the main direction being,

however, radial (Siltanen, 1989).

The symmetrical nature of the activation isochrones in the ventricles leads to a

partial cancellation of the activation wavefronts proceeding in opposite directions, as

recorded from the body surface. As a result, the activation of the left ventricle masks

almost completely the activation of the right ventricle in the normal body surface ECG.

Because VMCG is sensitive mainly to tangential sources and VECG to radial sources,

the partial cancellation may be different in these techniques and may result in different

responses in the signals in conditions which alter the ventricular depolarization

sequence.

Drawing conclusions from the measured VMCG and VECG signals concerning

their spatial sensitivities is problematic because so many factors are responsible for the

different spatial sensitivities of the VMCG and VECG leads. Changes in the activation
sequence of the heart due to cardiac disorders may be reflected in different ways in the

VMCG and the VECG. Typical abnormal conditions of the heart include defects and

blocks in the cardiac conduction system, anatomical alterations in the myocardium like
dilation of the cardiac cavities and hypertrophy of the atrial or ventricular walls,
myocardial infarctions, as well as changes in the conductivity of the intracardiac blood
mass.

Magnitude analysis is used in this chapter to study how the difference in the

spatial sensitivities of the VMCG and VECG leads actually appeffs in the recordings

of cardiographic signals. In this analysis vector magnitude curves are used in
intelpreting differences in the spatial sensitivities of the VMCG and VECG lead

systems. The analysis is applied in a large number of normal and abnormal subjects.

Because of their different spatial sensitivities the MCG and the ECG can in
principle contain different, independent information. The possibility of independent

information between the MCG and the ECG is related with the actual activation
wavefront within the heart. Traditionally the activation sequence of the heart is

modeled as propagation of a cup-shaped, uniform double-layer depolarization

wavefront. In this simple case both the MCG and the ECG are determined by the rim
of the double layer (Rush, 1975). However, the MCG and the ECG have been shown

to have different sensitivities to perturbations in that rim caused by some myocardial

defect (Wikswo et al., 1979).lf the uniform double{ayer model is a valid model for
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the depolarization sequence of the heart, magnetic dipole m detected with an ideal
VMCG lead system and electric dipole p detected simultaneously with an ideal VECG
lead system should be related by (Wikswo etzl., 1979)

(4.1)*=){r,t)

where ris the vector from the origin to the center of the circular rim. Equation 4.1
predicts that the magnetic and electric dipoles will be perpendicular. Because of the
anisotropic nature of conductivity within the myocardium the uniform double layer is
not an exact model of cardiac activation (Corbin and Sher, 1977; Wikswo and Barach,
1982). However, van Oosterom et al. (1990) have recently demonstrated the validity
of the uniform double-layer in modeling the genesis of both the ECG and the MCG. If
this simple model is not valid, Equation 4.1 and the requirement for the magnetic and
electric vectors to be perpendicular is not valid any more either. The abilify of the
MCG and ECG leads to detect possible independent information about cardiac
activation is limited by the non-dipolarity of the cardiac electric sources and the
disturbing effect of the irregular shape and internal inhomogeneities of the human body
(Wikswo, 1982).

Statistical testing of the angle between the magnetic and electric dipoles of the
heart during the QRS-complex and the T-wave is performed in this chapter. The
analysis involves normal activation as well as many cardiac disorders.

4.2 MAGNITI]DE ANALYSIS OF fiIE VMCG AND YECG

4.2.1 Methodological introduction

According to the lead field theory (see Section 1.3), the comparative analysis of
the spatial vector magnitude curves of the VMCG and VECG produces information not
only about the strength of the electric generators ofthe heart but also about the relative
sensitivities of the VMCG and VECG. The concept of sensitivity needs some
clarification. In general, the sensitivity of the lead system has direction and magnitude.
The direction ofthe sensitivity is given by the direction ofthe lead field current density
lines and the magnitude by the density of these lines in the source region. Thus the
sensitivity is given in units of A/m2. The sensitivity can also be expressed in terms of
transfer coefficients, in ECG in units of V/Am and in MCG in units of TiAm. The
sensitivities vary considerably between various VMCG lead systems (Malmivuo, 1976;
Eskola, 1983) and between various VECG lead systems (Hyttinen, 1989).

In this presentation sensitivity is interpreted as a relative measure of changes
occurring in the VMCG and VECG signals. Changes in the signals are caused by
changes in the current sources ofthe heart. Thus a given sensitivity indicates the ability
to sense these changes, comprising temporal changes during the activation sequence
and changes caused by various heart diseases. Information about the spatial sensitivities
of VMCG and VECG can be obtained relative to eaitr other, relative to a particular
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phase of the activation sequence or relative to the normal case in rrarious heart

disorders.
In this section, three methods are applied in evaluating the sensitivity merits of

VMCG and VECG. Because their absolute sensitivities in various parts of the heart are

impossible to determine, only relative sensitivities can be discussed. In each method the

vector magnitude of the VMCG and VECG is assumed to represent the total sensitivity
of the method. First, the sensitivities can be evalualed by analyzing the instantaneous

QRS-magnitudes in relation to thc maximutn sparial QRS-magnitude. The ratio of
relative QRS-magnitudes befween the VMCG and the VECG is calculated at different
time instants f with equation

*r- lM'llP*l
' lP,llM*l

_ lM,l lPrlR"=ffi, and Ä,=iiJ,

(4.2)

where lP*l and lM*l are the maximum QRS-vector magnitudes in the VECG and

VMCG, respectively, and

l,P, I and lM,l arc the instantaneous QRS-magnitudes in the VECG and VMCG,
respectively.

This normalized magnitude ratio describes the temporal changes in the sensitivities of
the VMCG and the VECG at different time instants of the QRs-complex in relation to

the time of the maximum spatial QRS-magnitude.
Secondly, the ratio between the terminal and initial vector rnagnitudes can be

calculated for the VMCG and VECG according to equations

(4.3a,b)

respectively. The changes in these magnitude ratios can be used in interpreting the

differing sensitivities of the two methods to the initial and terminal activation of the

ventricles.
Thirdly, the absolute instantaneous magnitude ratio ftb' can be calculated

between the VMCG and the VECG with

(4.4)

By means of this absolute magnitude ratio the changes in the mutual sensitivity of
VMCG and VECG produced by various heart diseases can be evaluated relative to the

normal case. Equation 4.4 has no physical meaning. When the VMCG is given in units

of pAm2 and the VECG in units of mV, the ratio has a unit of pAm2lmV. Equation 4.4
provides a mathematical tool for comparing the impacts induced by various heart
diseases in the VMCG and VECG signals relative to each other. This method is
comparable to that presented by Wikswo et aJ. (1977) who showed the instantaneous

VMCG masnitudes as a function of the VECG magnitudes.
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4.2.2 Magnttude analysis in normal subjects

The analysis of the vector magnitude curves in normal subjects is based on
VMCG and VECG recordings in 170 normal subjects.

Spatial magnitude curves in normal subjects

Figure 4.la presents a plot of simultaneous vector magnitudes of the VMCG and
VECG during the QRS-complex recorded from a normal subject. Three peaks, M,, M,
and Mr, can be recognized in the curves, each pea.k corresponding chronologically to
different phases of the spread of the excitation wavefront in the ventricular walls

@urrer et al., 1970). In many subjects M, orM, were hardly distinguishable.
M, occurred in normal subjects at approximately the same time in the VMCG

and VECG, on average at about 20Vo of the QRS-duration. In this initial phase of the
depolarization of the myocardial cells the radial, inside-outside excitation takes place
in both ventricular walls @uner et al., 1970).

Mr was usually the highest peak in the normal VMCG and VECG, occurring on
average at 45% of the QRS-duration. It was found that this maximum magnitude
occurred in the VECG about 3 ms earlier than in the VMCG (p<0.001). M,

VECG (mV) VECG (mV)

b)a)

t.4

1.2

20 40 60 80

QRS-duration (ms)
o20406080

Normalized QRS-duration (%)

Figure 4.1 Simultaneous vector magnitudes of the VMCG and VECG during the
QRS-complex. (a) Magnitudes recorded in one normal subject, and @) group-mean
rnagnitudes relative to the maximum QRS-magnitude in 170 normal subjects.

VMCG (uAm ) VMCG (uAm1
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corresponds to the mainly radial spread of the activation wave toward the epicardium.
In certain parts of the myocardium, for instance in the right ventricular wall, also
tangential spread of activity can take place @urrer et al., 1970).

M, occurred in the normal VMCG on average at78Vo and in the normal VECG
at 73% of the QRS-duration. This difference was statistically very significant
(p < 0.0001). M, is caused mainly by the wave fronts moving more or less tangentially
toward the base in the posterobasal and the posterolateral parts of the heart @urrer et
al., 1970). Figure 4.lb shows the mean QRS-vector magnitudes of the VMCG and

VECG in 170 normal subjects by scaling the maximum QRS-magnitude to 10070. The
differences between the relative magnitude curves were statistically very significant
during the second half of the QRS-complex except at time instants of 75-80% of the

QRS-duration.
The differences shown in Figure 4. I between the magnitude curves are

presented in Figure 4.2aby the mean of instantaneous ratios ryt between the VMCG
and VECG magnitudes in 170 normal subjects. This mean is by definition equal to one

at the maximum QRS-magnitude. VMCG and VECG detect the activation during the
ftrst 40% of the QRS-duration with approximately the same sensitivity in respect of the

maximum magnitude. After the instant of the maximum magnitude until '15% of the

QRS-duration the sensitivity in VECG was greater than that in VMCG. Toward the end

of the QRs-complex the relative sensitivity in VMCG to the terminal electric forces of
the heart exceeded that in VECG.

b)

Magnitucje ratio (uAm2/mv)

a)

0 20 40 60 80 100

Normalized QRS-duration (%)
O 20 iao 60 aO 1OO

Normalized ORS-duration (%)

Figure 4.2 @) Mean instantaneous ratios Ri', and O) ,q.0" between the VMCG and
VECG magnitudes in 170 normal subjects.

Relative magnitude ratio
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Figure 4.2b shows the groupmean instantaneous absolute magnitude ratio ,F,b"

berween the VMCG and the VECG during the QRS-complex in normal subjects. This
ratio varied less than the mean ff during the QRS-complex. A mean minimum value
of about 0.5 pAm2lmV was obtained at 60Vo of the QRS-duration and a mean

maximum value of 1.3 pAm2lmV at the end of the QRS-complex.

Magniturlc ratio M3/Mt between VMCG and WCG in normal subjects

To test the differences in sensitivities in VECG and VMCG to the initial.
predominantly radial forces and to the terminal, more or less tangential forces of the
heart the magnitude ratio Mr/M, was computed in 170 normal subjects. Because peak
values M, and M, cannot be determined accurately for all subjects, ratios R^, and R,
between instantaneous terminal and initial magnitudes were calculated using Equations
4.3a and 4.3b, respectively. Table 4.1lists some of these ratios for the VMCGs and
the VECGs measured at several time instants during the QRS-complex. The difference
between the mean values and the statistical significance of the difference are also
given. The subscript numbers refer to the relative times of occurrence during the QRS-
complex. The magnitudes were clearly greater in the VMCG than in the VECG during
the last 20% of the QRs-duration with respect to any magnitude during the fust half of
the QRS{uration.

Relative difference (RM-itp)/Rp in the magnitude ratio between the VMCG and

the VECG was maximal when any terminal magnitude was compared to the initial
magnitude at time instant 20% of the QRs-duration independently of the terminal time
instant. At this time instant the initial activation of the heart may be most radial. The
relative difference between the ratios Rn and R"increased toward the end of the QRS-
complex independently of the initiat time instant. This may be an indication of an

Table 4.1 Magnitude ratio Rn and R. for different initial and terminal time instants
and the statistical significance (p-value) of their differences.

Time instants VMCG VECG Differ. p-value

80% vs. 15%
85% vs. 15%
90% vs. 15%

80% vs.20%
857o vs.20%
90% vs.20%

SQVo vs.25%
85% vs.25Vo
9Q% vs.25%

1.98 r .56
1.39 0.96
0.88 0.56

I.40 1.04
0.97 0.63
0.60 0.3'l

0.95 0.76
Q.67 0.47
0.42 0.2'l

27 Vo < 0.05
45Vo < 0.0001
62Vo < 0.0001

35% <0.0005
55Vo < 0.0001
63% <0.0001

25Vo < 0.005
q% <0.0001
56% <0.0001
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increase in sensitivity to the tangential terminal activation observed in VMCG but not
in VECG.

4.2.3 Magnitude analysis in subjects with conduction defect

The activation sequence of the ventricles is altered in the presence of various
defects in the conduction system of the myocardium. Consequently, the directions of
the activation wavefront in various parts of the heart may be changed from normal,
resulting in augmentation of the tangential current sources in the heart. In the normal
heart the septum and the right and left ventricles activate to a large extent
simultaneously, but in the case of complete left bundle branch block (LBBB) and right
bundle branch block (RBBB) the septum and the left and right ventricles activate
partially separately, as illustrated in Figure 4.3. This partratly different activation
sequence of the ventricles can be used in assessing the spatial differences in the
sensitivities of the VMCG and VECG leads.

Normalization of the time scale of the QRs-complex is problematical because
activation sequences differ systematically in various heart diseases. In LtsBB and RBBB
activation sequences were normalized with respect to the normal sequence of the heart.
The mean normal QRS-duration of about 90 ms equals 100%. Delayed activation due
to conduction defects results in prolonged QRS-complexes with mean durations above
90 ms. In LBBB the mean QRS-duration of 150 ms equals r65vo of the normal value
and in RBBB the mean QRS-duration of 125 ms equals 140%.

NORMAL
SEPTUM

LEFTVENTRICLE

RIGHTVENTR.

RBBB

LBBB

rrll
120 14O 160 nn

Figure 4.3 Schematic presentation of the duration of electrical activity in the septal
and left and right ventricular mass in a normal heart, and in LBBB and RBBB
(adapted from Witham, 1975).
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I*fi bundle branch block

The instantaneous me:m QRS-vector magnitudes of the VMCG and VECG
recorded from five patients with LBBB are plotted in Figure 4.4a approximately on the

a) b)

vvcG (unmz)VECG (mv)

0 20 10 60 60 'l0O 12o 1ua0 t60

Normalized ORS-dur. (% ot normal)

c)
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O 20 ilo 50 80 tOO 120 1,aO .t6O

Normalized QRS-dur. (% ot normat)

0 20 10 30 80 loo '120 1,ao 160
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d)

O 20 /t0 60 80 too 12O 140 160

Normalized QRS-dur. (% of normal)

Figure 4.4 Comparison of the instantaneous vector magnitudes and magnitude ratios
Rlb'in five patients with LBBB and in 170 normal subjects.
(a) the VMCG and VECG magnirudes in LBBB,
O) the VMCG magnitudes in LBBB and normal subjects,
(c) the VECG magnitudes in LBBB and normal subjects, and
(d) the magnitude ratios between the VMCG and the VECG in LBBB and normal
subjects.

vMcc (uAm1

Magnitude ratio (uAm /mV)
1.1 r
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same relative vertical scale. Figures 4.4b-c compare the group-mean vector magnitude
curves in LBBB with the corresponding curves in normal subjects. Figure 4.4d plots
the ry.u' curve together with the corresponding normal curve.

Figure 4.4a shows that during the first fifth of the totål QRS-duration the vector
magnitude in the VMCG was greater than in the VECG with respect to the maximum
magnitudes (p < 0.05). This difference resulted in a mean maximum instantaneous ratio
Rl':1.9. The initial phase corresponds to the activation of the right ventricle and the
s€ptum, where the depolarization wavefront is traversed from the right septal surface
to the left surface. At about 30 ms after the onset of the QRS-complex, when the
activation approximately breaks through the right ventricular wall, the magnitude ratio
decreased below one. At this moment the relative magnitudes of the vECG were
signifrcantly greater than the VMCG magnitudes (D<0.005).

The maximum spatial magnitudes occur approximately simultaneously in the
VMCG and VECG. The appearance of the slow phase after the maximum septal vector
in the activation of the septal attachment of the free wall of the left ventricle (interval
60Vo-IA0Vo in Figure 4.4a) was very similar in both cardiograms. During the last phase
of the QRs-complex the relative sensitivity in VECG increased resulting in statistically
aimost signihcant differences in the magnitude curves (p<0.05).

Figure 4.3 shows that in the case of left bundle branch block the QRS-duration
is prolonged by about 60 ms compared with the normal value because the activation of
the left ventricle is delayed due to the prolonged septal activation. The right ventricle
and the interventricular septum are depolarized sirnultaneously. The delayed activation
associated with LBBB is clearly seen in Figures 4.4b-d. One can discern at least four
distinct differences between LBBB and the normal case. Firstly, in the initial phase of
the QRS-complex the ratio of the magnitude of the VMCG to that of the VECG was
greater in LBBB than in normal subjects (Figure 4.4d). This difference was mainly due
to the decreased magnitudes of the VECG rather than the increased magnitudes of the
VMCG in the LBBB patients compared to normal subjects.

The second feature was that in LBBB the mean maximum spatial QRS-
magnitudes increased from the mean normal values more in the VMCG than in the
VECG (42 % nd 26 %).It should be emphasized that in a normal heart the maximum
magnitude represents the maximum vectors of the free wall of the left ventricle while
in LBBB the rnaximum magnitude corresponds to the septat forces that are maximal on
average at about 58 ms from the beginning of the QRs-complex.

The third difference occurred during the last phase of the activation when in
LBBB the free wall of the left ventricle is depolarized. This phase is at least to some
extent comparable to the normal activation of the left ventricle. In the normal heart the
maximum magnitudes appeared at about 40 ms from the onset of the eRs-complex,
when the magnitude ratio between the VMCG and the VECG was about 0.6 pAmzlmV.
In LBBB this phase corresponded to the delayed activation appearing at about 100 ms,
when the magnitude ratio was about 0.8 y.Am2/my. This difference was due to the
mean magnitude in LBBB deviating from the normal value more in the vECG than in
the VMCG Q0Vo and 30Vo\.
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Finally, toward the end of the QRs-complex the magnitude ratio between the
VMCG and the VECG in LBBB fell, being only about half of the mean normal value
at the end of the QRS-complex. This may be caused by a panial cancellation of two
simultaneous wavefronts moving tangentially in opposite directions in the left anterior
and posterior free walls of left ventricle.

a) o)
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Figure 4.5 Comparison of the instantaneous vector magnitudes and magnitude ratios
Rib'in 14 patients with LAHB and in 170 normal subjects.
(a) the VMCG and VECG magnitudes in LAHB,
O) the VMCG magnitudes in LAHB and normal subjects,
(c) the VECG magnitudes in LAHB and normal subjects,
(d) the magnitude ratios between the VMCG and the VECG in LAHB and normal
subjects.

vucc (pAml

l.2Magnilude 
ratio (uAm /mV)

69



Lefi anteior hcmiblock

In left anterior hemiblock (LAHB) the order of the activation of the left
ventricle is altered, while the activation of the right ventricle is unchanged. The
posterior and inferior portions of the left ventricle are depolarized normally.
Accordingly, the initial activation is changed by the absence of the activation of the
anteroseptal area. The activation of the anterior and lateral regions of the left
ventricular wall are delayed, resulting in an abnormal, superior and posterior spread of
the excitation. This delayed depolarization vector is augmented because of its
unopposed nature.

Figure 4.5a compares the group-mean QRS-vector magnitude curves of the
VMCG and VECG in 14 patients with LAHB. Figures 4.5b-c show a comparison of
the VECG and VMCG magnitudes befween LAHB and the normal case. Figure 4.5d
plots the instantaneous magnitude ratio Rf".

The most distinct differences befween the VMCG and the VECG were seen in
the initial and middle phase of the QRs-complex. In relation to the maximum QRS-
vector magnitudes, the initial magnitudes were more pronounced in the VMCG than in
the VECG. The difference was most evident at 15% of the QRs-duration (p<0.01),
when the magnitude ratio RII was about 1.5.

In LAHB, the mean QRS-duration was only slightly increased from the mean
normal duration so that the magnitude curves associated with LAHB were plotted on
the same time scale as the normal curves in Figures 4.5b-c. The mean magnitude
curves in LAHB differed clearly from those in the normal case. The mean
instantaneous magnitudes were increased from the mean normal values, more in the
VMCG than in the VECG during the first 30Vo and more in the VECG than in the
VMCG during the last 40Vo of the QRS-duration. These differences resulted in an

increased absolute magnitude ratio in the initial QRS-complex and in a decreased ratio
in the terminal QRS-complex compared to the normal case (Figure 4.5d). In contrast,
the mean maximum QRS-magnitudes were decreased in LAHB by about 20Vo from the
mean normal values both in the VMCG and VECG. In most individual magnitude
curves the three definite peaks M1, M, and M, were observed, whereas in the group-
mffrn curyes they were less noticeable. The maximum QRS-magnitude occurred in the
VECG on average about 5 ms later than in the VMCG (p<0.05). The main reason for
the decrease in the mid-QRS-magnitudes and the increase in the terminal QRS-
magnitudes may be the delayed activation of the anterolateral wall of the left ventricle
in LAHB. This delayed activation in LAHB appeared in the VECG of some subjects
as the magnitude peak Mr, which was higher than middle peak M2.

Right bundle branch block

In RBBB, the left ventricle is depolarized in the normal fashion. The activation
of the free wall of the right ventricle takes place after the activation of the free wall of
the left ventricle is almost completed (Figure 4.3). Thus in RBBB the contributions of
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the activation of the left and the right ventricles to the VMCG or VECG signals can be
distinguished.

Figure 4.6a compares the instantaneous meån vector magnitudes in frve patients
with RBBB between the VMCG and the VECG and Figures 4.6b-c compare the

VMCG and the VECG magnitudes between LAHB and the normal case. Figure 4.6d
depicts the instantaneous magnitude ratios -R 

Ö' in LAHB and in the normal case.

The only statistically significant difference in the relative magnitudes between
the VMCG and the VECG occurred during Mr, corresponding to the activation of the

right ventricle. In that phase of the activation sequence the instantaneous vector
magnitudes were in the VMCG noticeably greater than in the VECG in relation to the
maximum vector magnitudes, resulting in a ratio Rl"':1.5. In the VMCG the maximum
magnitude of peak M, was as much as about 65% of the maximum magnitude Mr,
corresponding to the left ventricular activation, while in the VECG the respective
fraction was only about 38%.

It is reasonable to compare the spatial magnitudes in RBBB with the normal case

only during the first half of the QRs-complex because the delayed activation of the

right ventricle in RBBB has no counterpart in the normal activation sequence. During
the initial phase of the QRs-complex, the instantaneous spatial magnitudes are slightly
increased in the VMCG (p<0.05). This activation phase corresponds to the
depolarization ofthe septum that occurs in an abnormal fashion solely from left to right
without the canceling wavefront from right to left.

The mean maximum magnitudes were unchanged by RBBB both in the VMCG
and the VECG, showing that the contribution of the activation of the right ventricle is
minimal during the normal activation sequence of the heart.

4.2.4 Magnttude analysis in patients with yentricular hypertrophy

Figure 4.7 cnmpares the mean spatial magnitudes in the VMCG and VECG
observed in various cases of ventricular hypertrophy. In Figure 4.8 the magnitude
curves and in Figure 4.9 the magnitude ratio curves measured in the hypertrophy cases

are compared with the corresponding curves measured in the normal subjects.

Lefi vewicular hypenrophy

Figure 4.7a shows that in 14 patients with left ventricular hypertrophy (LVH)
the mean instantaneous magnitudes during the initial phase of the QRs-complex were
greåter in the VMCG than in the VECG with respect to the corresponding maximum
magnitudes. The difference between the VMCG and the VECG was most prominent at
30% of the QRS-duration (p<0.05). Accordingly, the maximum QRS-vector
magnitude appeared in the VMCG on average about 7 ms earlier than in the VECG
(p < 0.02).

A comparison of Figures 4.8a and 4.8b shows that in LVH the instantaneous
initial QRS-magnitudes were clearly increased only in the VMCG from the mean
normal values. LVH augmented the maximum QRS-vector magnitudes more in the
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Figure 4.6 Comparison of the instantaneous vector magnitudes and magnitude ratios
.(b'in five patients with RBBB and in 170 normal subjects.
(a) the VMCG and VECG magnitudes in RBBB,
(b) the VMCG magnitudes in RBBB and normal subjects,
(c) the VECG magnitudes in RBBB and normal subjects, and
(d) the magnitude ratios between the VMCG and the VECG in RBBB and normal
subjects.

VMCG than in the VECG (by about 13% and about 35%) from the mean normal
values, particularly in patients with a volume overload caused by aortic regurgitation.

A comparison of the maximum spatial QRs-magnitudes with the msrn normal
magnitude in all the 14 individual patients suggested that VECG could diagnose LVH

VECG (mV) Magnitude ratio (pAm2/mV)
1.,1 r
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better than VMCG. The maximum QRS-magnitude in LVH exceeded the mean normal
value only in nine VMCG recordings and in 1l VECG recordings. When sex and age
of the subjects were considered, the VMCG magnitude exceeded the mean normal
value additionally in fwo female patients, whereas in all patients the VECG magnitudes
were greater than the mean normal VECG magnitude.
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Figure 4.7 Comparison of the QRS-vector magnitudes in various cases of ventricular
hypertrophies and in 170 normal subjects.
(a) the VMCG and VECG magnitudes in 14 patients with LVH,
O) the VMCG and VECG magnitudes in six patients with SH,
(c) the VMCG and VECG magnitudes in three patients with HC, and
(d) the VMCG and VECG magnirudes in a patient with RVH.
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The difference between the time instants of the occurrence of the maximum

QRS-magnitudes in the VMCG and VECG resulted in a decrease in .ff'during the
latter phase of the QRS-complex. The magnitude ratio was in its minimum only about

two thirds of the mean normal value. The mean instantaneous terminal QRS-
magnitudes were near the mean normal values in the VMCG but in the VECG they

were increased from the mean normal values both absolutelv and relative to the

maximum QRS-magnitude.

Septal hypenrophy

Figure 4.7b shows that in six patients with septal hypertrophy (SH) the relative
magnitudes of the VMCG exceeded the corresponding VECG magnitudes during the

first half of the QRS-complex. The difference was most prominent at25% of the QRS-
duration, when the mean magnitude in the VMCG was about 1.7 times greater than in
the VECG in relation to the maximum magnitudes.

In SII the initial septal activation generated noticeably increased magnitudes in
the VMCG compared with the normal heart whereas the instantaneous initial VECG
magnitudes were not increased, as c:m be clearly seen in Figure 4.8. The mean

instantaneous YMCG magnitude at 25Vo of the QRS-duration was 0.49 pAm2 in SH

and 0.29 pAm2 in the normal case (p<0.001). The instantaneous initial VMCG

vMcc (uAm2)
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Figure 4.8 Comparison of the mean instantaneous spatial QRS-magnitudes in various
cases of ventricular hypertrophies (shown in Fig. 4.7) and in the normal subjects (a)
in the VMCG and (b) in the VECG.

t4



Magnitude
1.2 r

ratio /mV)

o.2
o 20 40 60 80 100

Normalized QRS-duration (%)

Ftgurc 4.9 Comparison of the mean instantaneous magnitude ratios ,Rib' in various
cases of ventricular hypertrophies (shown in Fig. 4.7) and in normal subjects.

magnitudes were greater than the corresponding mean normal magnitudes in 83% of
the patients. In the VECG the corresponding fraction was only 50%. Consequently ffbt
was almost two times greåter in SH than in the normal case.

The occurrence of the maximum QRS-magnitude was slightly delayed and the
maximum QRS-magnitudes were increased by about 30% both in the VMCG and in the
VECG compared with the corresponding meån normal values. Augmentation of the
terminal QRS-magnitudes in relation to the mean maximum QRS-magnitude and to the
corresponding mean normal magnitude was slightly stronger in the vECG than in the
VMCG. However, these differences were not statistically signifrcant.

Hy p e n rophic c ardi omy op athy

In three patients with hypertrophic cardiomyopathy (HC) the VMCG and VECG
magnitude curves differed at the very beginning and in the middle of the QRs-complex
(Figure 4.7c).The most striking change from the normal case was that in the middle
phase of the QRS-complex the mean VMCG magnitudes were sharply decreased,
whereas the VECG amplitudes were only slightly attenuated (Figure 4.8), the mid-
QRS-magnitudes being only 60% in the VMCG and 85% in the VECG of the
respective mean normal values. Because of a deep notch in the vMCG magnitude
curves of all the three patients at about ffi% of the QRs-duration, the ('b' was only
about 0.25 pAm2lmV at this time instant.

a
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Ri ght vewricular hypenrophy

The changes observed in the vector magnitudes in a female patient with right
ventricle hypertrophy (RVH) demonstrated differences between VMCG and VECG in
their spatial sensitivities to the activation of the right ventricle. In the patient with RVH
the initial QRS-vector magnitudes were prominently increased in the VMCG, being
about three times greater than the corresponding mean VMCG magnitudes in normal
female subjects. The maximum QRS-magnitude in the VMCG occurred about l0 ms

earlier than normal.
In mid-QRS the VMCG magnitude was prominently decreased, being only about

one third of the mean normal value, probably because of an increased partial
cancellation caused by an augmented activation of the right ventricular wall. In the
VECG, the h)'pertrophied right ventricle flattened the R-peak amplitudes by about
15%.

4.2.5 Magnitude analysis in patients with myocardial infarction

Myocardial infarction (MI) destroys electrically active cells of the myocardium.
Changes in the VMCG and VECG induced by MI depend on the size and site of the
electrically inert infarcted area. Magnitude analysis is applied in this section to two
classes of MI, anterior and inferior.

Figure 4.10 shows a comparison of the mean spatial magnitudes in VMCG and
VECG observed in the two classes of MI. In Figure 4.11 these magnitudecurves are
compared with the corresponding curves measured in normal subjects. The magnitude
ratio curves are in turn depicted in Figure 4.12.

Antero sept al my ocardial infarction

In anteroseptal myocardial infarction (AMI) the infarcted area involves the
anterior portion of the interventricular septum and the adjacent anterior wall of the left
ventricle. This is the area activated in the initial phase of the ventricular activation
sequence. In the VECG the infarction of the anteroseptal region has its most profound
effect during the initial phase of the QRS-complex, resulting in absence of the anterior
initial deflection. Consequently the magnitude of the initial vector of the VECG may
be reduced.

Figure 4.10a shows that in 40 patients with AMI the difference in the mean
instantaneous QRS-magnitudes relative to the QRS-maximum magnitude was clearly
noticeable between the vMcG and the VECG during the whole initial phase of the

QRS-complex. Moreover, during the last quarter of the QRS-complex the differences
in the instantaneous relative magnitudes were statistically very significant between the
VMCG and the VECG.

Figure 4.11 shows that the effect of the loss of anterior and septal activation on
the initial vector magnitudes was opposite in the VECG and vMCG compared with the
normal case, resulting in an increase in the instantaneous magnitude ratio Aj'b" during
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Figure 4.10 Comparison of the mean QRs-vector magnitudes of the VMCG and the
VECG (a) in 40 patients with AMI and (b) in 69 parients with IML

the first third of the QRS-complex, as can be shown in Figure 4.12. Also in the
terminal phase of the QRs-complex the magnitude ratio increased clearly from the
mean normal values.

Inferior infarction

In inferior myocardial infarction (IMI) the damaged area involves the inferior,
diaphragmatic aspect of the left ventricle. The damage may comprise the adjacent
lateral wall of the left ventricle. Because of the depolarization sequence of the left
ventricle, IMI is mostly manifested in during the initial QRS-complex of the VECG.

As Figure 4.10b shows, the mean magnitude curves were in 69 patients with
IMI very similar in the VMCG and VECG. However, the small difference in favor of
the VMCG seen in the very early phase of the QRS-complex and the difference in
favor of the VECG seen immediately after the maximum vector were statistically
significant. The maximum QRS-vector magnitude occurred on average about 6 ms later
in the vECG than in the vMCG (p<0.0001).

The group-mean instantaneous vector magnitudes of the VMCG and VECG did
not differ significantly from the corresponding normal values (Figure 4.11). The mean
maximum magnitudes in the VMCG and in the VECG were only about l0% and 20%
smaller than the corresponding normal values, respectively. Due to minor changes in
the vector magnitudes, ,ffb' remained near the mean normal values in IMI, as can be
seen in Figure 4.12.

vMcc (uAm2)
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Figure 4.11 Comparison of the mean instantaneous QRS-vector magnitudes in
various cases of MI (shown in Fig. 4.10) and in normal subjects (a) in the VMCG
and (b) in the YECG.
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Figure 4.12 Comparison of the instantaneous magnitude ratios Rib" in myocardial
infarctions and in the normal case.
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4.3 ANALYSIS OF THE ANGLE BETWEET.I THE EQUTVALENT
ELECTRIC AND MAGNETIC DIFOLES

4.3.1 Angle in the normal zubjects

Mean angles during thc QRS-complex and the T-wave

Table 4.2 shows the mean angle between the electric and magnetic dipoles in
170 normal subjects and in various abnormal cases at the instants of the maximal QRS-
vector and the maximal T-vector. At the maximal QRS-vector, a deviation of 9o was
found from the theoretical value of 9ff expected by the uniform double-layer model.
This slight discrepancy between the observed and theoretical values can be a result of
the distorting influence of the human bdy to the sensitivity distributions of the
unipositional VMCG and the Frank VECG lead system, or of the non-dipolar nature of
the cardiac source (Wikswo et al., i983). It is very difficult to distinguish between
these two possible effects on the angle between the dipoles. The following paragraphs
illustrate how the properties of the cardiac source and the properlies of the lead
systems affect the angle between the electric and magnetic dipoles.

The temporal behavior of the angle between the electric and magnetic dipoles
was examined first in normai subjects during the QRS-complex and the T-wave (Figure
4.13). The mean angle varied during the QRS-complex between 82'and 110, being
90' in the middle of the QRS-complex slightly after the instant of the maximum eRS-
magnitude. The standard deviations of the mean values varied from 15. at maximum
QRS-magnitude to about 35o at the beginning and end of the QRS-complex. This large
variability reflects noticeable temporal differences in the instantaneous angles between
normal sub.jects. Nevertheless, despite considerable variability, the temporal patterns

Table 4.2 Mean angles between the magnetic and electric dipoles and standard
deviations (SD) in 170 normal subjects and in various heart diseases at the instants
of the maximum QRS- and T-magnitude.

Angle (degrees)

QRS-complex
mean SD

T-wave
mean SD

Normal subjects
LBBB
LAHB
RBBB
LVH
SH
AMI
IMI

99 ls
124 24
9't 30
105 12

106 t7
81 2l

t0z 22
94 29

98 22
121 40
109 26
97 1'l
101 30
89 2A

87 29
84 32
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Figure 4.13 Mean instantaneous angles befween the magnetic and electric dipoles
during (a) the QRS-complex and (b) T-wave in 170 normal subjects. The triangles
denote the values for mean*SD.

of the instantaneous angles were in most subjects similar to the mean pattem depicted
in Figure 4.13a.

Figure 4.i3b shows that the mean angle was almost constånt during the whole
T-wave. At the instant of the maximum T-amplitude the mean angle was 98 (+22',
SD). Maximum variation of the angle befween the subjects occurred at the very
beginning and end of the T-wave when the standard deviation of the mean was about
30".

Effect of VMCG me(Nuremew distance on the angle

The effect of the increase in the measurement distance of the VMCG on the

angle between the electric and magnetic dipoles is shown in Figure 4.14. The two
curyes shown in Figure 4.14 are the means observed in 12 subjects, when two different
VMCG measurement distances were used. The curves have the same temporal pattern
as the meån curve in Figure 4.13a, obtained with a much larger normal group. The
increase in the VMCG measurement distance shifted the angle between the electric and
magnetic dipoles closer to the theoretical value of 9CP during the whole QRS-complex.
The differences between the curves were in general statistically significant (p<0.001).
This observed effect of the measurement distance on the angle between the electric and
magnetic dipoles is in good accordance with the previous observation that the dipolarity
of the cardiac magnetic field increases when the measurement distance from the skin
increases.
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Figurr 4.I4 Mean instantaneous angles between the magnetic and electric dipoles
during the QRS-complex in 12 normal subjects. The VMCGs were recorded at
distances from the skin of about 4 cm @roken line) and 10 cm (solid line).

Effect of IMCG measuremcw locaion on thc angle

The results presented in Chapter 3 suggested that the equivalent magnetic dipole
could be determined more accurately at a variable measurement location that may differ
from the fixed unipositional measurement point. This effect of the measurement point
of the VMCG on the angle between the magnetic and electric dipoles was studied by
measuring the magnetic dipole at 25 locations shown in Figure 2.lb above the hefft.
The angle is illustrated as a function of varying VMCG meåsurement location in Figure
4.15 in the form of isogonal curves. Figure 4.15 shows that the electric and magnetic

dipoles are perpendicular to each other when the magnetic dipole is detected about 20

mm inferiorly to the actual unipositional measurement point.

4.3.2 Angle in the abnormal subjects

The mean instantaneous angles between the magnetic and electric dipoles during
the QRs-complex observed in various heart disease categories are compared in Figures
4.16a-c with those observed in normal subjects. In LBBB and RBBB the time scale was

normalized in the same way as in Section 4.2.3.
In conduction defects (LBBB, RBBB and LAIIB) the mean angles differed most

from the corresponding mean normal. values at the time instants when the abnormal
activation sequence appeared in the heart (Figure 4.16a). In LBBB the delayed

activation of the left ventricle drastically altered the depolarization sequence of the
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Figure 4.15 Mean angle between the electric and magnetic dipole as a function of
the VMCG meåsurement location over the area shown in Figure 2.1b at the instant
of the maximum QRS-magnitude. Angles (in degrees) are depicted as isogonal
curves.

ventricles, resulting in very clear differences from normal values during the whole

QRS-complex. LAHB, in contrast, altered the sequence of the late activation of the left
ventricle. Consequently, the instantaneous meån angles differed clearly from the
normal mean values only during the terminal phase of the QRs-complex, resembling
the mean values observed in LBBB. RBBB delayed the activation of the right ventricle,
while the left ventricle depolarized almost normally. As a result, the angle between the

magnetic and electric dipoles remained unchanged during left ventricular activation.
The distinct increase in the angle during the initial phase of the QRS-complex
compared with the mean normal values may be associated with the absence of the

initial activation of the right septal surface.

In ventricular hypertrophy and especially in aortic stenosis the mean angle
between the magnetic and electric dipoles tended to be above the mean normal values
during the whole QRS-complex (Figure 4.16b). The angle pattern was less affected by
valvular regurgitation or by hypertrophic cardiomyopathy. In septal hypertrophy the
temporal pattern of the mean instantaneous angles was changed from the mean normal
values during the initial and terminal phases of the QRS-complex. A common feature
with the patients with ventricular hypertrophy was a clearly increased mean

0
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Figure 4.16 Comparison of the mean instantaneous angles between the magnetic and
electric dipoles during the QRs-complex in various abnormal cases and 170 normal
subjects.
(a) the angle in LBBB, RBBB and LAHB and in normal subjects,
(b) the angle in LVH and SH and in normal subjects, and
(c) the angle in AMI and IMI and in normal subjects.
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instantaneous angle at an instant of about 80Vo of the QRs-duration.
In myocardial infarction departures from the mean normal values in the mean

angle were not pronounced (Figure 4.16c). In anterior myocardial infarction the initial
mean angles were slightly changed from the mean normal values, which may be

associated with the different sensitivities of VMCG and VECG to the loss of initial
activation of the anterior and anteroseptal wall of the left ventricle.

The standard deviations of the mean angle within each patient group were
noticeable especially in the early and late phases of the QRS-complex. A minimum
standard deviation of about 2CP was obtained at the time instant of the maximum QRS-
magnitude in LBBB, LVH and MI. In contrast, the deviation was smallest at about 70-

80% of the QRS-duration in LAHB, RBBB and SH. In RBBB and in SH the minimum
standard deviations were only about 7 and l2o, respectively.

4.4 STMMARY OF CIIÄPTER 4

Magnitude analysis

A comparative analysis of the vector magnitudes of the VMCG and the VECG
was made in this chapter. This magnitude analysis turned out to be a useful tool in
analyzing the relative sensitivities in VMCG and VECG. When the instantaneous

magnitudes were examined relative to the maximum QRS-vector magnitude, VMCG
showed higher sensitivity to the terminal activation during the last quarter of the QRS-
complex. However, during the third quarter of the QRs-complex the relative sensitivity
in VECG clearly exceeded that in VMCG. These results suggest that VMCG is actually
more sensitive to the terminal activation of the heart when the depolarization wavefront
proceeds further from the center of the heart in the periphery of the myocardium in a
more or less tangential direction.

As part of the magnitude analysis, the method used by Nelson et al. (1972) in
the study of the Brody effect on the VECG was also applied in this chapter. This
analysis involves examination of the ratio of the terminal magnitude due to the more or
less tangential activation to the initial magnitude due to the predominantly radial
activation. This magnitude ratio in the normal subjects was much greater in the VMCG
than in the VECG, giving additional evidence of the higher sensitivity in VMCG to the
tangenlial forces of the heårt and in VECG to the radial forces.

The different sensitivities in VMCG and VECG were clearly demonstrated in
various heart disorders. In most cases the changes in the sensitivities between VMCG
and VECG were associated temporally with the altered activation sequence of the heart.
In LBBB, VMCG detected the septal activation and the delayed activation of the left
ventricle with a higher relative sensitivity than VECG in comparison to their
sensitivities to normal activation. LAHB created different changes from the normal
values in VMCG and VECG: the initial activation was augmented in VMCG and the
terminal activation in VECG in comparison to the corresponding normal values. In
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RBBB the sensitivity in VMCG was prominently higher than that in VECG to the
delayed activation of the right ventricle.

In ventricular hypertrophies and in myocardial infarctions the differences in the
sensitivities between VMCG and VECG were not demonstrated as clearly as in
conduction defects because of smaller changes in the activation of the heart associated
with these abnormal cases. In LVH the mean initial magnitudes were increased from
the normal values only in VMCG, whereas the maximum spatial QRS-magnitude was
augmented much more in VECG than in VMCG. Also in SH the sensitivity to the
initial septal activation was evidently increased only in VMCG. VMCG and VECG
showed clearly different sensitivities to the augmented activation of the right ventricle
in one patient with RVH. The effect induced by AMI on the initial magnitudes was
opposite in VMCG and in VECG: the loss of the anterior and septal forces of the heart
decreased the initial magnitude in VECG while increasing the initial magnitude in
VMCG compared with the normal values.

Angle benveen the magnctic and electric dipoles of thc hean

The technique introduced by Wikswo (1983) to test the mutual independence of
the MCG and ECG was applied in this chapter for both normal and abnormal subjects.
This method involves analysis of the angle between the magnetic and electric dipoles
measured by the vMCG and vECG lead systems. The angle between the dipoles was
found to be very variable in the normal and abnormal subjects and dependent on the
time instant during the QRS-complex and the T-wave. At the instant of the maximum
QRS-magnitude the mean angle in normal subjects was about 99, which differs from
the theoretical value of 90'expected on the basis of the uniform double{ayer model of
cardiac activation. wikswo has supposed that although this discrepancy could be an
indication of independent information in MCG and ECG it is more likely due to the
unidealities of the vMCG and vEcG lead systems and the non-dipolar nature of
current sources of the heart (Wilawo, 1983).

The effects of the VMCG lead on the angle were studied by altering the VMCG
measurement location. An increase in the measurement distance in VMCG shifted the
angle between the dipoles closer to the 90' value during the whole QRS-complex,
demonstrating that the recording of the magnetic dipole of the heart near the chest wall
with the unipositional lead system is slightly disturbed, which partially explains the
departure of the angle from the expected relationship. The effect of the vECG lead
system should also be evaluated. The angle was found to be also dependent on the
location of the VMCG detector in the frontal plane. Moving the detector about 20 mm
inferiorly declined the magnetic vector perpendicular to the electric vector at the
maximum QRS-complex.

In many cardiac disorders the angle between the magnetic and electric dipoles
showed several characteristic features. In conduction defects the deviation in the mean
angle from the mean normal value was clearly associated with the abnormal activation
sequence. In ventricular hypertrophies and in myocardial infarctions the changes in the
mean angle from the normal values were not as prominent as in conduction defects.
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