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SPECT Single photon emission computerized tomography

SQUID Superconducting quantum interference device

VECG Vector electrocardiogram, vector electrocardiography

VEMCG Vector electro-magnetocardiogram,

vector electro-magnetocardiography

VMCG Vector magnetocardiogram, vector magnetocardiography

WPW Wolff-Parkinson-White pattern
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PARAMETERS

The following parameters were measured from each individual VMCG (and VECG)

recording and used in statistical analysis in this study. The extraction and calcula-

tion of these parameters is described in section 4.6.

P."* Maximum of the three-dimensional P vector magnitude

QRS-." Maximum of the three-dimensional QRS vector magnitude

*QRS-.",

,QRS_"",

"QRS."* Coordinates of the QRS-"*

T-n* Maximum of the three-dimensional T vector magnitude

Pau. Duration of the P vector

QRSou. Duration of the QRS vector

P& PR time, time from beginning of the P vector to the beginning of

the QRS vector

QT, QT time, time from the beginning of the QRS vector to the end of

the T vector

VAT Ventricular activation time, time from the beginning of the QRS

vector to the instant of the QRS."*

QRSx** Maximum amplitude of the x-component of the QRS vector

QRSx-o*-, Time of the QRSx-,-

QRSx-. Minimum amplitude of the x-component of the QRS vector

QRSx-r* Time of the QRSx-t

QRSy.", Maximum amplitude of the y-component of the QRS vector

QRSy**-, Time of the QRSy-^*

QRSy*, Minimum amplitude of the y-component of the QRS vector

QRSy-.-, Time of the QRSy.*

QRSz-"* Maximum amplitude of the z-component of the QRS vector

QRSz**-, Time of the QRSz-"-

QRSz*, Minimum amplitude of the z-component of the QRS vector

QRSz-,", Time of the QRSz-.
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Pxo*,

PXro*,

...Pxr*x Time-normalized amplitude of the x-component of the P vector at

0%, l0%, ... 100% of the P vector duration

PYo*,

PYro*,

...Py,*o Time-normalized amplitude of the y-component of the P vector at

0%, llVo, ... IW% of the P vector duration

Pzoo,

Pzto*,

.,.Pzr** Time-normalized amplitude of the z-component of the P vector at

O%, l0% , ... 100% of the P vector duration

QRSxs5,

QRSx5s,

... QRSx,66s Time-normalized amplitude of the x-component of the QRS vector

at UVo, 5%, ... 100% of the QRS vector duration

QRSyo*,

QRSysx,

... QRSyr** Time-normalized amplitude of the y-component of the QRS vector

at0%,5%, ... 100% of the QRS vector duration

QRS4*'
QRSz5*,

... QRSz,*o Time-normalized amplitude of the z-component of the QRS vector

atUVo,5%, ...LA0% of the QRS vector duration

ST-Txo*,

ST-Tx5r,

... ST-Tx,** Time-normalized amplitude of the x-component of the ST-T seg-

ment at UVo , 5% , ... lN% of the duration of the ST-T segment

ST-Tyo*,

ST-Ty5",

... ST-Ty,** Time-normalized amplitude of the y-component of the ST-T seg-

ment at OVo, 5To, ... lW% of the duration of the ST-T segment

ST-Tzo*,

ST-Tzr*,

... ST-Tz1so* Time-normalized amplitude of the y-component of the ST-T seg-

ment at 0Vo , 5To, ... I00Vo of the duration of the ST-T segment
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S.ryr Angle of the maximum two-dimensional QRS vector in the left

sagittal (xz) plane

SA Maximum amplitude of the two-dimensional QRS vector in the left

sagittat (xz) plane

F,oer" Angle of the maximum two-dimensional QRS vector in the frontal

(yz) plane

FA Maximum arnplitude of the two-dimensional QRS vector in the

frontal (yz) plane

T"oer" Angle of the maximum two-dimensional QRS vector in the trans-

verse (xy) plane

TA Maximum amplitude of the two-dimensional QRS vector in the

transverse (xy) plane
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1. INTRODUCTION

Electrically active heart muscle cells produce small currents which flow in the

volume conductor formed by the human body. These currents generate an electric

potential field on the surface of the body and induce a magnetic field which also

exists outside the body. Electrocardiography (ECG) is a method of recording the

electric potential field. The first human ECG measurement was made over one

hundred years ago (Waller 1887). Today the most widely used clinical ECG stan-

dards are I}-lead ECG (Macfarlane 1989) and vector ECG (VECG) (Frank 1956).

Both ECG methods have long been used to study and diagnose normal and patho-

logical conditions of the heart. Clinical diagnostic ECG criteria for most myocardial

diseases have been established. Magnetocardiography (MCG) is a method of

recording the magnetic held produced by the heart. Measurement of the MCG has

not been possible until recently due to the very weak magnetic signal of the heart.

The strength of the magnetic freld of the heart during the depolarization of the

ventricles is only one millionth of that of the earth's magnetic field. The first

human MCG recording was obtained thirty years ago (Baule and McFee 1963) using

an assembly of two coils, each wired with two million turns. The system operated

at room temperature. However, after the development of a very sensitive low-

temperature magnetometer, the superconducting quantum interference device

(SQUID) (Cohen et al. 1970), the signal quality of MCG became more comparable

to that of the clinical ECG methods. Both ECG and MCG originate from the

bioelectric activity of the cardiac tissue, but their sensitivities to the different current

sources of the heart are not the same. It is assumed that MCG contains ECG-

independent information (Wikswo et al. 1979).

MCG has not yet been adopted widely in the clinical practice except for some

special techniques, because it is still a much more laborious and expensive method

compared to the clinical ECG methods. Diagnostic MCG criteria for myocardial

disorders have not been developed. The earlier MCG studies were made on

technical and theoretical aspects of the measurement and instrumentation using small

materials consisting of only a few normal subjects. The number of MCG recordings

ever performed in the world is a few thousand. There has not been a single

standard to meåsure the MCG signal, which makes it difficult to compare the studies

reported by different research groups. The present work was aimed to produce a

descriptive analysis of various myocardial disorders with a well dehned MCG
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siandard, the unipositional vector MCG (VMCG) (Malmivuo 1976), and to evaluate

the clinical usefulness of this method.

The studied materials included myocardial infarctions, left ventricular hypertrophy,

Wolff-Parkinson-White patterns and ventricular conduction defects. The clinical

evaluation of VMCG was based on linear discriminant analysis. The same multi-

variate statistical technique was also used to compare the classification ability of

VMCG to Frank's VECG measured from the same patients. It was also possible to

use simultaneously both VMCG and VECG derived parameters in the analysis and

evaluate the combined clinical performance of these methods.
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2. REVIEW OF TIIE LITERATTJRE

2.L The theoretical basis of electrocardiography and magneto-

cardiography

2.1.1 The genesis of electrocardiography and magnetocardiography

The basis of both ECG and MCG are the electrical currents associated with myocar-

dial activation. According to GeselowiLz (1967, 1970) the electrical activation of the

heart can be modeled by the impressed current density l, which is specified only

inside the electrically active myocardial cells and is elsewhere zero. Since the

electrocardiographic problem is quasi-static, the total current density,/ at any point

in the body can be given by

J = -aYV +J'.

The first term on the right-hand side of the equation expresses the current flowing in

the volume conductor of conductivity o formed by the body on the basis of the

negative gradient of a scalar potential y.

Equations I and 2 for the electric potential on the body surface and the magnetic

field distribution outside the body resulting from cardiac electrical activity were first

derived by Geselowitz (1967, 1970) for the case of a finite volume conductor

containing internal volume sources and inhomogeneities:

4rov=[l.v(1ar-2[@t-ot\w1!1.as, (1)
uu I ius, r '

4n B= [t,rv1!1ar*E [@t-ot)rv11;xas,. Q)
Fo uu I tusl I

A boundary surface ,! separates neighboring homogeneous regions possessing

different conductivities o' and o". Upon examination of these equations we note

that the first term on the right-hand side results from the impressed current density .lo

and the second term from the boundary effects of the internal inhomogeneities and

outer surface of the body. The contributions of the first terms are called primary

sources. They arise directly from myocardial electrical activity. The contributions

of the second terms are called secondary sources since they affect the electric
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potential and magnetic freld in the manner of new electrical sources if the conductor

is envisaged homogeneous and infinite.

2.1.2 The independence or dependence of electrocardiography and magnetocar-

diography

The fundamental question in the application of MCG is its relation to ECG. If these

two methods were not independent there would be little justifrcation for measuring

MCG, since ECG is a non-invasive method which is at present much easier and

clinically more frequently used for the monitoring of cardiac electrical activity.

Initially the question can be approached theoretically by analyzing Equations 1 and

2.

If the volume conductor is infinite and homogeneous, the second term on the right-

hand side of Equations I and 2 is zero. Then the electric potential and the magnetic

field are mutually independent because they are determined by two independent

sources, namely by a flux source v'li and by a vortex source vxJi, respectively

(Plonsey 1972, Wikswo et al. 1979). However, the living body contains internal

inhomogeneities (boundaries) and has a definite geometry (it is not infinite). Now

the effect of the volume conductor connects the magnetic field partially to the

electric potential through the secondary sources. It is clear that the degree of
independence between MCG and ECG is determined by the strength of the primary

sources relative to the secondary sources (Rush 1975, van Oosterom et al. 1990).

The lead systems used in actual ECG and MCG measurements alter the relative

effects of the secondary sources (Malmivuo and Plonsey 1993). One of the most

important aims in developing lead systems for MCG should be the most effective

possible cancellation of the effect of the secondary sources on the detected MCG

signal.

2.1.3 Forward and inverse problems in magnetocardiography

The forward problem in MCG is defined as the calculation of. the magnetic field

produced by the heart's electrical activity for various myocardial conditions (differ-

ent sources) and various structures of the human body (different conductors). It is
analogous to the forward problem in ECG, where one has to calculate the surface

potential distribution. The forward problem has a unique solution in MCG as in

ECG, and the accuracy of the solution is dependent on the accuracy of the source
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and volume conductor models and on the numerical methods used (see Malmivuo

and plonsey 1993). Several computer models have been developed for solving the

forward problem in MCG (Horacek 1973, Geselowitz 1980, Purcell et al' 1988, van

Oosterom et al. 1990).

In clinical cardiology the problem is reversed. Here interest focuses on the condi-

tion of the heart, which must be deduced from the measured MCG or ECG signals.

The inverse problem is defined as the solution of source .l from the recorded surface

potential distribution Y (in ECG) or from the magnetic field distribution B (in
MCG). The inverse problems in ECG and MCG have no unique solutions even

when the volume conductor is exactly known (see Malmivuo and Plonsey 1993).

They can be solved only by means of a strongly simplifying source model often with

a handful of free parameters.

Different source models have been applied to the inverse solution of MCG. They

include a magnetic dipole located at a fixed position (3 free parameters), a moving

magnetic dipole (6 free parameters) and magnetic multipole moments. VMCG is

based on a fixed dipole model where the heart is modeled with an equivalent

magnetic dipole, also called a magnetic heart vector, located at the center of the

heart (Baule and McFee 1970, Malmivuo 1976). This model is analogous to that

used in the clinical l2-lead ECG and Frank's VECG, where the heart is modeled

with an equivalent electric dipole, also called an electric heart vector located at the

center of the heart. According to Geselowitz (1970) the magnetic dipole moment rz

of volume current distribution J in a finite inhomogeneous volume conductor is

given by

(3)

Several lead systems have been developed for the detection of the magnetic dipole

moment of the heart (Baule and McFee 1970, Malmivto 1976, Eskola et al. 1987).

Solution of the inverse prdblem also requires a model for the volume conductor.

The l2-lead ECG and Frank's VECG are both based on homogeneous volume

conductor models; l2-lead ECG assumes an infinite space and Frank's VECG a

realistically shaped torso model. The unipositional VMCG used in the present study

is based on a finite inhomogeneous volume conductor model (Eskola 1983).
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2.1.4 l*ad field theory and the physiologicat basis of vector magnetocardio-

graphy

The lead field theory is an illustrative method of analyzing the contribution of

different sections of the heart to the MCG signal' This chapter gives only a short

introducticin to the theory. The mathematical basis of the lead field theory in ECG

and MCG has been described in detail by several authors (McFee and Johnston

1953, Baule and Mcfee 1970, Malmivuo 1976, Malmivuo and Plonsey 1993). The

lead field of a particular VMCG lead presents the spatial distribution of sensitivity of

the lead in the heart's source region. The contribution of different elementary

source dipoles to the detected signal is then determined solely by the strength of the

dipole and the sensitivity of the lead in that region.

According to the lead field theory, the voltage V*roin the VMCG lead produced by

the magnetic flux linking the magnetometer coil is given by

rr -l t, -riÅtt (4)v*,o=tlt*-. Jidv,

where Jm' is the lead field of the VMCG lead system, and .l" the impressed current

density of the heart.

The VMCG signal is thus determined by the distribution of the heart's current

sources and the distribution of the sensitivity of the particular VMCG lead. The

lead field Jn-is determined by magnetic induction currents inside the body due to

the reciprocal energization of the pickup VMCG coil:

J ,r"o= lrr x n,

where B is the magnetic induction produced by the reciprocal energization of the

detecting coil, and r is the radius vector with respect to the origin'

Combining Equations 4 and 5 we obtain

v*".=l[ rxn. J'dv=l t u' rxJidv. (6)
VMLU 2J., Z+

v

An ideal VMCG lead system should detect only the first term on the right-hand side

of Equation 3:

(5)
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Combining Equations 6 and 7 we obtain

V*"o=-[n.ndv.

Hence an ideal VMCG lead system would be based on a detector forming three

homogeneous orthogonal reciprocal magnetic fields in the negative direction of the

coordinate axes in the heart's region. The magnetic field of an ideal VMCG lead

would induce a concentric lead field current distribution about the symmetry axis

passing through the center of the heart (Figure 1). The complete VMCG lead field

system for detecting the magnetic dipole moment of the heart would be composed of

three orthogonal ideal lead fields. The lead system would be sensitive only to the

tangential current sources, the sensitivity of the lead fields would be zero at the

center of the heart and increase proportional to the distance from the center of the

heart (Malmivuo and Plonsey 1993).

*,=i,lrrt'or. (7)

Figure 1. The lead field current density of an ideal VMCG lead.
proportional to the distance from the symmetry axis and the
tangential sources (Malmivuo and Plonsey 1993).

The sensitivity increases
lead is sensitive only to
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In a real case, inhomogeneities and the outer surface of the body distort the VMCG

lead configurations from the ideal (Cuffin 1981). Eskola (1983) carried out a series

of studies with an inhomogeneous torso model to search for the optimal point to

minimize the effect of the secondary sources in measuring VMCG. The real VMCG

measurements (in this study) were not made with an ideal lead system. However,

the ideal lead field can be applied to interpret how the VMCG signals result from

physiological electrical events in the heart.

The physical interpretåtion of the magnetic dipole is a small circular current loop

with a vanishing radius. The magnetic dipole cannot directly model any actual

electrophysiological events in the heart, but by combining the ideal lead field with

the VMCG signal (Figure 2) it is possible to relate the magnetic dipole to the

physiological activation of the heart (Nousiainen 1991). The figure depicts the

depolarization of the ventricles and the genesis of the QRS vector in the VMCG in

three phases: during septal activation, in the middle of the vector and in the terminal

depolarization. The depolarization wavefront is formed by current dipoles distribut-

ed uniformly over the surface of the activation boundary. The concentric circles

denote the lead field curent density of an ideal VMCG lead in that plane. The

magnetic dipole moment of that plane is formed by the sum of the projections of the

current elements along the circular lead field current density lines multiplied by the

sensitivity of the lead. The sensitivity of the lead field increases proportional to the

distance from the center of the heart.

V^
Figure 2. The genesis of the x component of the QRS vector in a VMCG signal. The lead

Reld of an ideal VMCG x-lead are represented by circular lines. The signal is produced by

the net projection of all elementary current dipoles along the lead field current density lines

(Nousiainen 1991).
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2.2 Magnetocard io g ra phy

2.2.L Magnetocardiograph ic measurin g metho ds

The first MCG measurements were performed by measuring one component of the

magnetic field of the heart (perpendicular to the anterior chest-wall) at one or a few

points over the anterior chest of the subject (Baule and McFee 1963, Cohen 1967,

Safonov et al. 1967, Cohen et al. 1970, Saarinen et 
^1. 

1974). The study group

consisted of a few normal subjects in these studies except in the work of Saarinen et

aL. (1974), where the MCG's were measured at three points over the anterior chest

on 24 normal subjects and on a heterogeneous group of 31 patients with myocardial

diseases mainly premature beats, atrial and ventricular overloads and myocardial

infarctions.

It soon became evident that a standardized measuring method should be established

in MCG research. Two fundamentally different measurement strategies emerged.

The first measures one component of the magnetic field of the heart (perpendicular

to the anterior chest-wall) at several points in a predefined grid over the anterior

chest of the subject (Siltanen 1989). Several different grid-systems have been

utilized in various studies, which makes it difficult to compare the results. These

methods constitute so-called MCG mapping. The other approach is VMCG. In

VMCG the equivalent magnetic dipole moment vector of the heart (units in prAm2) is

calculated from the measured magnetic field vector (units in pT). The three ortho-

gonal components of the magnetic dipole moment vector of the heart form the

magnetic heart vector (Baule and McFee 1970), which is analogous to the electric

heart vector developed and used to interpret both l2-lead ECG and Frank's VECG

recordings (Burger and van Milaan 1946). In some reports the three components of

the magnetic held vector of the heart have been mapped over the anterior chest of

the subject (Cohen and Chandler 1969, Rosen and Inouye 1975, Seppänen et al.

1983, Shirae et al. 1988, Sakauchi et al. 1989). These reports contain only a

description of normal subjects, and no clinical results are currently available. The

main results achieved with MCG mapping and VMCG are reviewed in the following

chaoters.
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2.2.2 Mapping of magnetocardiograms

The morphology of the MCG with different grid-systems has been studied statistical-

ly in normal subjects (Cohen and McCaughan l9T2,Irpeschkin 1974' Saarinen et

al. 1978, Nakayasu et al. 1990). The basic morphology and statistical variation of

the magnetic P wave, QRS complex and T wave in 6, "l, 4l and 26 healthy subjects,

respectively, were described in these reports. Although each material was measured

with a different grid, there is good agreement about the morphology of the signals

over the chest. The largest deflections of the MCG were obtained when measure-

ment was made close to the heart's center. Saarinen et al. (1978) also compared the

MCG maps of normal male subjects and normal female subjects. No distinct

differences in morphology were observed, but the median QRS complex of the

women was slightly smaller. These normal materials were later used to compare

abnormal recordings. Most clinical MCG mapping results from patients have been

gathered by a Japanese research group. The number of clinical MCG measurements

they have performed exceeds one thousand (Mori and Nakaya 1988b).

The mapping of a few individual patients or a statistical description of an abnormal

MCG mapping in old myocardial infarction (MI) has been carried out in several

studies (Cohen etal. 1976, Siltanen et al. 1983, Gonnelli et al. 1985, Saarinen et al.

1985, Siltanen 1989, Lant et al. 1990). Characteristic QRS-complex changes in

anteroseptal myocardial infarction (AMI) and inferior myocardial infarction (IMI)

when compared pairwise to normal subjects were reported by Murakami et al.

(1988). The materiat included 17 patients with an old IMI, 14 patients with an old

AMI and 14 normal subjects. In the AMI group an increase in the incidence of an

appearance of a negative initial deflection of the QRS complex was reported in the

upper left measuring positions, and in the IMI group similar negative initial deflec-

tions were found in lower right measuring positions. The T wave abnormalities in

IMI have also been recorded with a material of 50 normal subjects compared to 33

patients with an old IMI (Nakaya et al. 1989b, Nomura et al. 1989a). In many

reports it is claimed that in some patients the MCG maps showed differences

compared to normal controls, while the l2-lead ECG measurements of the same

patients were within normal limits. However, no estimates of the sensitivities or

specificities of MCG mapping to MI or comparisons to the clinical ECG methods

have so far been made.
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Fujino et al. (1984) concluded that the diagnostic performance of MCG mapping and

the standard l2-lead ECG with conventional criteria in diagnosing left ventricular

hypertrophy (LVH) were about the same. The result was based on a material of 60

normal subjects and 95 patients with a left ventricular overloading. The cause of

LVH in these patients was hypertension, aortic or mitral valve disease. The

molphology of the MCG maps showed a decrease in the initial deflection of the QRS

complex in the lower measuring positions, which was interpreted as a decrease in

the septal force compared to the left ventricular posterior wall. A simple MCG

criterion for the diagnosis of LVH was constructed by adding two QRS complex

amplitudes. The limit was set to the normal mean plus twice the standard deviation.

This criterion yielded a sensitivity, a specihcity and a correct classification rate of

MCG mapping of 44.3%, 97.5% and 72.8%, respectively. The corresponding

values in the standard l2-lead ECG were 48.6%, 88.9% and 70.2%. They also

found that repolarization abnormalities were more frequent in MCG maps. Single

measurements or a statistical description of MCG mapping in LVH have also been

reported elsewhere (Cohen et al. 1976, Nakaya et al. 1984, 1989a, b, Nomura et

al. 1988, Siltanen 1989). Nakaya et al. (1991) have recently published the classif,t-

cation results of fitting a single moving dipole source model of the heart to the MCG

maps of 20 normal subjects and 28 patients with LVH. Comparing the amplitudes

of the dipole between normal subjects and LVH, they claimed that the sensitivity of

an MCG criterion based on the amplitude of the dipole was better than that of

standard l2-lead ECG criteria. No statistically significant differences emerged

between the specificities of MCG and ECG.

Several studies have been published on right ventricular hypertrophy (RVH)

(Morikawa et al. 1982, Fukuda et al. 1987a, b, Nakaya et al. 1984, 1988). The

largest material, that published by Katayama et al. (1989a), consisted of 96 normal

subjects and 57 patients with right ventricular overloading. Clear morphological

changes in the QRS-complex were found. The study showed that a simple two-

parameter MCG criterion of RVH yielded a significantly higher sensitivity than

standard L2-lead ECG criteria, while the specificities of these methods were not

significantly different. This result was obtained with learning and test set validation.

In addition to this, significant correlations between right ventricular pressure and

several MCG amplitudes were observed. Diagnostic MCG criteria for RVH have

also been refined in the presence of right bundle branch block (RBBB) (Katayama et

al. 1989b. Katavama and Nakava 1990).
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Severatr clinical reports of MCG mapping studies on atrial hypertrophies have been

published. The first MCG measurements in atrial abnormalities were performed by

Saarinen et al. (1974). In left atrial overload the diagnostic performance of simple

MCG criteria has been estimated to be about the same compared to standard l2-lead

ECG criteria for left atrial hypertrophy (Sumi et al. 1986, Mori and Nakaya 1988a,

Takeuchi et al. 1988, 1989). The largest of these materials included a comparison

of 40 patients with 60 healthy subjects (Takeuchi et al. 1989). However, in several

patients the MCG map was abnormal while the standard l2-lead ECG was not

diagnostic (and vice versa). The conclusion was that MCG might add useful

information on the culrent source to supplement that obtained by ECG. The

sensitivity of MCG mapping has been claimed to be significantly better than that of

the standard l2-Iead ECG, while the specificities were equal in right atrial overload

(Takeuchi et al. 1989). This result was based on a material of 28 patients with right

atrial overload and 60 normal subjects. Other reports with similar results have also

been published (Takeuchi et al. 1988, Nakaya et al. i989a).

These studies were always based on bi-group analysis between normal subjects and

patients. Multigroup classifications have only been made by Stroink et al. (1992)

using magnetocardiographic trajectory plots and iso-integral maps. Their study

population consisted of 30 normal subjects, 15 patients with MI and 15 patients

prone to ventricular tachycardia.

The aim of the MCG mapping studies has also turned to the Location of small

cardiac sources by high-resolution techniques. They apply basically the same source

location algorithm as studies on the magnetic fields of the brain (Williamson and

Kaufman 1981). The activation and location of the activity of His bundle has been

studied with a high-resolution mapping of the PR segment of the MCG (Farrell et al.

1980, Ernd et al. 1983a, 1985, Fenici et al. 1983, L,einiö et al. 1989). However,

the most studied clinical topic in high-resolution mapping has been the location of

the pre-excitation point of the ventricles in the Wolff-Parkinson-White (!VP!V)

syndrome prior to surgical or catheter ablation of the locus (Ernd 1985, Fenici et al.

1985, 1989, Katila et al. 1988, Fenici and Melillo 1989, Måikijiirvi et al. 1989, 1992

Nomura et al. 1989b, Weismiiller et al. 1992). Other research areas include

magnetic late fields of ventricular depolarization in the context of risk analysis (Ern€

et al. 1983b, Montonen et al. 1989, Stroink et al. 1989, Miikijåirvi 1991, Mäkijärvi

et al. 1993), ectopic ventricular depolarization (Fenici et al. 1988, Schmitz et al.

1988) and myocardial infarctions (Gonnelli et al. 1985, Stroink et al. 1985). High-
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resolution MCG mapping has been successfully utilized in clinical practice, but the

question of its value compared to high-resolution ECG methods is still open.

2.2.3 Y ector magnetocardiography

The magnetic heart vector concept was introduced by Baule and McFee (1970), who

also measured oRe component of the vector with an induction coil assembly. There

are several possible ways to measure the magnetic field of the heart and to calculate

its dipole moment (Malmivuo 1976). In the unipositional VMCG methd

(Malmivuo 1976) the three orthogonal components of the magnetic field vector are

measured at a single point above the chest. It is currently the only VMCG method

utilized in clinical VMCG studies (Eskola et al' 1987).

Several studies have been published on normal VMCG (Barry et al. I97l,I-eifer et

al. 1981, Nousiainen et al. 1985a, c, 1986a, b, 1989, 1992). The largest normal

material of 286 healthy subjects was reported by Nousiainen (1991). The study

included an extensive statistical description of the mqur magnetic P, QRS and T

vectors and their variational limits in healthy subjects. Several VMCG parameters

of normal male subjects were compared to the corresponding values of normal

female subjects. It was found that most amplitude parameters of the QRS vector

were significantly smaller in women. This was most apparent in young subjects, the

differences being much smaller in older subjects. Age, height, weight and the

dimensions of the thorax of the normal subjects were also found to affect the VMCG

parameters. Age was the most important determinant of the VMCG amplitudes,

which were generally smaller in older subjects. The observed variability in VMCG

was greater than in VECG of the same subjects. Various parameters of the VMCG

of normal subjects were found to correlate significantly with those of the VECG of

the same subjects. However, when multivariate regression was applied, the VECG

was able to explain only less than 40Vo of the variation in the VMCG parameters.

In addition, various technical experiments were performed: the effect of magnetome-

ler displacement over the chest on the VMCG parameters' compensation of the

measurement distance from the center of the heart and the reproducibility of the

VMCG measurement over several years.
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Barry et al. (1977) have shown two VMCG measurements of ventricular conduction

defects. The other clinical VMcc'studies have all been performed by the VMCG-

research group in Tampere. Research has been done on old MI (Oja et al. 1985,

1990, 1992, Nousiainen et al. 1986b), LVH (Oja et al. 1988a) and ventricular

conduction defects (Oja et al. 1988b). The clinical VMCG material in the Universi-

ty of Tampere and Tampere University of Technology is the second largest MCG

material in the world, consisting of approximately 300 patients with myocardial

disorders (259 were included in this study). No realistic figures on the diagnostic

performance of VMCG have previously been published. Currently there are no

diagnostic criteria or decision roles for VMCG for different myocardial diseases.

As these are constructed for this relatively large VMCG material, it is of value to

review the relevant studies of the modern computer analysis of the ECG and the

classification methods for ECG that have been developed and that could be adopted

in computerized VMcc-analysis.

2.3 Computer analysis of the electrocardiogram

2.3.1 Computer measurement and parameter extraction of the

electrocardiogram

Before the age of computers the criteda for various myocardial diseases were

established and continuously refined by manual trial-and-error clinical studies where

pairwise comparisons were made between normal subjects and patients with cardiac

disorders. The first attempts to utilize a computer in ECG analysis were made in

the late 50's. With the present technology, the computer can aid ECG analysis in

two processes: in the measurement of the ECG and in its interpretation (Rautaharju

et al. 1978).

The value of the computer in the measurement of the ECG is unquestionable. In the

modern ECG equipment, the computer aids in data acquisition, preprocessing and

signal conditioning. It has also been utilized in the detection and boundary recogni-

tion of the QRS complexes, P waves and ST-T segments. However, comparison of
the onset and offset points of the waves reported by different computer programs

with a large reference library of ECG measurements has shown considerable

variation in the wave measurements (Willems 1985, Willems et al. 1985, 1987b,

Bjerle and Niklasson 1988). The presence of noise in the recordings increases the

variation. There is currentlv no strict agreement on a standardized boundarv
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recognition algorithm for the different waves, while continuous research on this

topic is being carried out (Willems 1989).

The last phase in the measurement of the ECG is the extraction of various parame-

ters for the automatic interpretation of the ECG and for the use of a clinician. A

possible source of error in the feature extraction process is the estimation of the

signal baseline to which the different amplitude measurements are referred. Many

researchers have taken the amplitude of the QRS onset as reference point with

respect to which all other amplitudes of the P wave, the QRS complex and the ST-T

segment have been measured (Macfarlane and Lawrie 1989). However, there are

also other approaches, and no universally accepted solution to this problem has been

achieved (CSE Working Party 1985). The various ECG amplitude measurements

have shown less variation under the influence of noise than the measurements of the

wave boundaries (Zywietz et al. 1990). This was most apparent in programs analyz-

ing averaged beats. After the wave boundaries and signal baselines have been

estimated, the calculation of various parameters is a relatively straightforward task.

The different parameters that are extracted from a typical ECG recording include

time intervals, wave durations and amplitudes of the various wave deflections. An

ingenious method of compensating slight variations in the durations of the QRS

complex and the ST-T segment of different individuals has been developed by

Draper et al. (196a). The time duration of the QRS complex and the ST-T segment

was divided into nine equal parts, and the amplitudes of the waves measured at the

instant of the endpoint of each part. This technique is called time-normalization,

and it has been utilized in several different computer programs (Cornfield et al.

1973, Willems et al. 1987a, Kornreich et al. 1989a). Frequently more than 300

parameters are extracted from an ECG measurement. However, the relevance of

each parameter is not known, and they are often highly intercorrelated (Kornreich et

al. 1989a, Willems 1939). Usually only a limited subset is eventually used in

interpretation programs.

2.3.2 Computer interpretation of the electrocardiogram

The aim of computer interpretation is the classification of the ECG measurement of

a patient into some diagnostic category. There are currently two different approach-

es to the classification problem. The first is called a deterministic approach. This

method involves coding conventional clinical ECG criteria for various myocardial

diseases into a decision tree with several Boolean statements in the computer
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program. It relies on prior knowledge and empirical research on the clinical ECG,

and therefore the classification ability of the program should optimally resemble very

much that of an experienced cardiologist. The structure of the program is open to

changes, and it is relatively easy to follow the logic of the computer diagnosis.

Today the main problem with this approach is the complete lack of standardization

of nearly all aspects of the computer processing of the ECG (wave recognition, wave

boundary estimation, reference baseline for amplitudes, what parameters should be

extracted from the ECG measurement and definitions and diagnostic criteria for

various different myocardial diseases). This leads to wide variability in the mea-

surements and classifications of the different computer programs (Miyahara et al.

1985, Willems et al. 1985, 1987b, c, Zywietz et al. 1990). However, a major effort

towards standardization is now being made by the CSE Working Party (1985). The

details of deterministic classification programs are not reviewed in detail here, since

there is as yet no prior knowledge of clinical VMCG criteria that could be incorpo-

rated into a deterministic VMCG classification program. For further reference on

deterministic ECG classification programs, see Willems (1989). The other classih-

cation methods perform a statistical multivariate analysis of the parameter values

extracted from the ECG measurement. With this approach no prior knowledge of

the ECG criteria is needed, since the method automatically chooses the parameters

that give the best discriminating power between the groups used in the analysis

during the program run. The statistical approach has also some disadvantages

compared to the deterministic approach (Willems 1989). A large database is needed

to develop the statistical classification, and it is less clear how individual parameters

contribute to the diagnosis, at least when the number of parameters used to classify

patients is large. It is obvious that most problems with standardization also affect

the statistical ECG classification programs.

The most frequent multivariate technique used in statistical ECG classihcation

programs is linear discriminant analysis (LDA). LDA was first introduced as a

multivariate statistical method for taxonomic purposes (Fisher 1936). It was adopted

in Frank's VECG analysis by Pipberger and coworkers in several studies (Eddleman

and Pipberger L97L, McCaughan et al. L973, Yankopoulos et aJ. 1977). At first

only one group of patients was compared pairwise to normal controls, but later LDA

was introduced to multigroup comparisons of up to seven simultaneous groups

(Cornfield et al. 1973, Pipberger et al. 1975). The material used in these studies

consisted of 2602 normal subjects and well-diagnosed patients including myocardial

infarctions and ventricular hypertrophies. At first it seemed that the correct
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classification rates far exceeded (30%-40Vo better) the corresponding figures of the

clinical diagnosis made by cardiologists. However, the first classification figures

from the LDA programs were obtained without cross-validation. It was soon

understood that evaluating the classification results with the same data-set as was

used to teach the method leads to a gross over-estimation of the quality of the

classification (I-achenbruch and Mickey 1968). With proper cross-validation, the

correct classification rates have varied between 60% and 80% depending on the lead

system, the number of groups used in the analyses and how the prior probabilities

were set in the analyses (Kornreich et al. 1989a).

LDA has also been applied in the classification of l2-lead ECG's (Jain and Rauta-

harju 1980, Nestico et al. 1986, Willems and Lesaffre 1987, Kornreich et al. 1989a)

and in the classification of body surface potential mapping (Kornreich et al. 1985a,

b, 1989b, Uijen et al. 1987). with LDA it is also possible to analyze Frank's

VECG and l2-lead ECG measurements simultaneously (Willems et al. 1987a). The

diagnostic classification results of various computer programs have shown large

variation (Willems et al. 1987c). In this study, when the same data set of 250

recordings was analyzed by 12 different computer programs @oth deterministic and

statistical) the specificity values varied between 72Vo and 99%, while the sensitivity

values of seven different myocardial disorders varied even more. With this degree

of variability it is obvious why statistical computer analysis of the ECG has not

replaced the clinician's interpretation. However, combining computer classification

with a cardiologist's interpretation of the ECG has increased the average accuracy of

ECG diagnosis (Milliken et al. 1983).

The use of LDA is based on the assumption that the individual parameters of ECG

measurements are multivariate and normally distributed. Since many of the ECG

parameters are clearly not normally distributed (Draper et al. 1964, Macfarlane and

I:wrie 1989) and not multivariate (Kornreich et al. 1989a), various distribution-free

discriminant analyses have been applied to the classif,tcation of the ECG (Poeppl et

al. 1980, Lesaffre et al. 1985, Willems and Lesaffre 1987). They have shown

somewhat better classification rates compared with LDA, but the differences have

not been so dramatic as one would expect. However, they indicate that LDA is

probably not the best possible way to classify the ECG in the future.
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3. AIMS OF'THE STT]DY

The aims of the present study were:

1. To characterize the normal VMCG and its physiological variation as a

reference material for patients with myocardial disorders and to study

the effects of sex and age on the normal VMCG.

2. To determine typical changes in the VMCG induced by old MI, LVH,

WPW patterns and ventricular conduction defects.

3. To evaluate the diagnostic performance of VMCG in MI and LVH.

4. To compare the diagnostic performance of VMCG and VECG'

5. To evaluate the diagnostic performance of combined VMCG and VECG

analysis and compare the results with VECG analysis.
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4. MATERIALS AND METHODS

4.1 Normal reference material

The normal reference material consisted of 290 healthy subjects without a history of
or medical treatment for chest pain or other possibly heart-related symptoms, normal

arterial blood pressure (systolic pressure < 150 mmHg and diastolic pressure < 90

mmHg) and normal heart sounds. The normal group was selected from university

students, laboratory personnel, older policemen and pensioners of both genders. A

duration of the QRS vector of less than 110 ms in Frank's VECG was required to

exclude incidental ventricular conduction defects from the normal material. Cases

with a mean QRS axis of -30 degrees or less in the frontal plane were also not

included in the normal material. The age of the normal subjects varied between 16

and 78 years (mean 46 + 15 years), 198 were male (mean age 45 + 14 years) and

92 female (mean age 49 + 17 years). The age and sex distribution of the normal

material is described in detail in Figure 3. A cardiologist performed echocardiog-

raphy to a small group of 30 healthy policemen to measure the location of the center

of the heart in order to study the effect of varying VMCG measurement distance

from the center of the heart (Nousiainen 1991). They were found normal in the

sizes and wall thicknesses of the ventricles. Echocardiography was not done to the

whole normal material. Frank's VECG-measurements were available for 200 of the

normal subjects.

11-20 21-30 31-40 41-50 51-60 61-70 71-80
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Figure 3. The age and
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The age distributions of the materials in different myocardial disorders were

different from that of the normal material. The statistical analyses in this study were

performed by omitting normal subjects not within the same age range as the patients

in the analysis.

4.2 Patients with myocardial disorders

4.2.1 Number of patients

VMCG measurements from altogether 259 patients were included in this study. The

number of patients in the different groups of myocardial disorders is shown in Table

1. The largest groups were old MI in different locations in the heart and LVH.

Table 1. Number of patients in various myocardial disorders

Myocardial infarction 183

anteroseptal myocardial infarction (AMI)
inferior myocardial infarction (IMI)
lateral myocardial infarction (LMI)
posterior myocardial infarction (PMI)

Irft ventricular hypertrophy (LVH) 24
Ventricular conduction defects 39

left bundle branch block (LBBB)
right bundle branch block (RBBB)
left anterior fascicular block (LAFB)

Wolff-Parkinson-White (WPW) pattern 13

Type A
Type B

4.2.2 My ocardial infarction

This material comprised 183 patients with a clinical diagnosis of a former MI. The

patients were mainly selected periodically (when the VMCG instrumentation was

ready and cooled with liquid helium) from the patients that had just undergone

hospitalization in Tampere University Hospital due to MI and then released to home.

The clinical diagnosis of MI was always based on a history of chest pain and a

significant release of creatine kinase from the heart (CK>300 U/l and CK-B> 10%)

in the acute phase of the infarction during the hospital period. A duration of the

74
93
T2

4

t2
t4
13

9
+
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QRS complex of less than 110 ms in the l2-lead ECG and Frank's VECG was

required !o exclude sporadic ventricular conduction defects from the material. The

time between the MI of the patient and the VMCG and VECG measurements

analyzed in this study varied from one week to several years. Clinically these are

classified as old infarctions. Measurement of acute infarction changes in the VMCG

has not yet been possible due to the l0-kilometer distance between Tampere Univer-

sity Hospital and the biomagnetic measurement laboratory in the Tampere University

of Technology.

In L23 patients the classification of the infarction into anteroseptal, inferior, lateral

or posterior groups was based on one or more positive findings in the following

diagnostic tests in the corresponding wall of the heart (anteroseptal, inferior, lateral

or posterior): 1) a rest perfusion defect in cardiac isotope tomography (T1-201

SPECT), 2) a hypo- or akinetic wall of the heart detected by a cardiologist in echo-

cardiography or 3) an epicardial scar in the myocardium found during a coronary

by-pass operation. In 50 patients a single positive test was used to classify the case

and in 73 two coherent positive tests (usually echocardiography and isotope tomogra-

phy). If there was a discrepancy between different tests, evidence of multiple

infarction sites in some test or the l2-lead ECG measured in the acute phase showed

evidence of previous infarctions, the case was excluded from the present study.

Each of these ECG-independent classification methods has some limitations with

respect to sensitivity and specificity in locating the MI. These are briefly reviewed

below with the detåils of the tests. Furthermore, the injured area in the MI is often

continuous in the circular walls of the myocardium and classifications between

anterior and lateral walls and between inferior and posterior walls are difficult.

The Tl-201 isotope tomographies were performed in the Department of Clinical

Physiology in the Tampere University Hospital with a GE 400T gamma camera

(General Electric, USA) and a PDP Gamma-ll computer (Digital Equipment Corp.,

USA) using SPETS-1l software (Digital Equipment Co.p., USA). Data acquisition

was accomplished with 180-degrees rotation and 64 x 64 matrix. The sample

collecting time was 30 seconds. Tl-201 behaves like potassium and is accumulated

by muscle cells in such parts of the myocardium where the blood flow is adequate.

A single injection technique was used in conjunction with maximal physical exercise

test. Two polar tomographic picture sets were taken, the first immediately after

exercise and the second four hours later. The polar tomograms were analyzed by a
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clinical physiologist. An infarction scar was likely if the radioactivity in any part of

the polar tomogram was below 70Vo (60% in the posterior section) of the maximum

radioactivity in the first (post-exercise) polar tomogram and the increase in radioac-

tivity in the same area in the second (resting) polar tomogram smaller than 20%. In

addition, the area of the perfusion defect should be more than 25% of the corre-

sponding area of the particular wall (anteroseptal, inferior, lateral or posterior) area.

This means that about 5To of the. total area of the left ventricle should have had a

defect in order to make the test positive. The sensitivity of T1-201 tomography in

detecting myocardial scars is high, but the specificity much lower (Kayden et al.

1988, Pieri et al. 1990, Pohost and Henzlova 1990, Maisey et al. 1991). Several

myocardial conditions (e.g., severe rest ischemia) prevent the perfusion defect from

disappearing in possibly as many as 25% of the cases (Liu et al. 1985).

The echocardiographies were performed by cardiologists from the Department of

Adult Cardiology in Tampere University Hospital. Assessment of the myocardial

motility of the ventricular walls was solely based on the visual judgement of the

cardiologist. A scar tissue in the myocardium manifested itself as motion abnormali-

ties or absence of systolic wall thickening. However, it is known that ischemic parts

of the myocardium also do not contract normally (Däwson and Sutton 1984,

Feigenbaum 1986) and the sensitivity of the wall motion to small infarctions is not

good (Pandian et al. 1985).

The scars found during by-pass operations represented large transmural infarctions.

However, assessment of the presence of scar tissue was again based only on the

operating surgeon's visual judgement, and smaller endocardial scars could not be

detected by this method.

Classification of the infarction by ECG-independent methods was not possible in all

patients. In 60 patients the location was thus based solely on diagnostic clinical 12-

lead ECG changes measured in the acute phase of the infarction during the hospital

period (QRS complex deformity, ST segment elevation and subsequent T wave

inversion). These changes had mainly disappeared before Frank's VECG measure-

ments were recorded in this study. However, the use of the ECG method in case

selection may favor VECG over VMCG in diagnostic comparisons.
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The material with an old AMI consisted of 74 patients. Location of the infarction

was based on ECG-independent information in 56 patients and on diagnostic l2-lead

ECG changes in leads Vr-Vo during the hospital period in 18 patients. The maxi-

mum total CK-enzyme release from the heart varied from 310 to 6000 U/l (mean

1881 + 1447 VII). The age of the patients varied from 39 to 74 years (mean 58 f
9 years); 62 were male (mean age 57 * 9 years) and 12 female (mean age 66 + 9

years). Figure 4 describes in detail the age and sex distribution of patients with an

AMI.

The material with an old IMI consisted of 93 patients. Location of the infarction

was based on ECG-independent information in 57 patients and on diagnostic l2-lezd

ECG changes in leads II, III and aVF during the hospital period in 36. The maxi-

mum total CK-enzyme release from the heart varied from 322 to 4565 U/l (mean

1576 + 1017 U/l). The age of the patients varied from 33 to 84 years (mean 59 t
10 years); 75 were male (mean age 57 + 10 years) and 18 female (mean age 65 *
10 years). The age and sex distribution of the patients is shown in Figure 5.
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Figure 4. The age and sex distribution of patients with an AMI.
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Figure 5. The age and sex distribution of patients with an IMI.

The material with an old LMI consisted of 12 patients. Location of the infarction

was based on ECG-independent information in eight patients and on diagnostic 12-

lead ECG changes in leads I, aVL or Vn-Vo during the hospital period in four

patients. The maximum total CK-enzyme release from the heart varied from 328 to

6050 U/l (mean 1474 + 1723 U/l). The age of the patients varied from 43 to 70

years (mean 57 + 8 years); 10 were male and two female.

The material with old PMI consisted of three male patients and one female. Loca-

tion of the infarction was based on ECG-independent information in two patients and

on diagnostic VECG changes (anterior loop area > 70% in the transverse-plane)

during the hospital period in two patients. The mean maximum total CK-enzyme

release from the heart was 1609 + ll57 Ull. The age of the patients varied from

44 to 60 years.

4.2.3 Lcft ventricular hypertrophy

The material with an LVH consisted of 24 patients. The diagnosis of the LVH was

based on increased left ventricular posterior wall diastolic thickness on clinical echo-

cardiography done by a cardiologist. The diagnostic limit used was a left ventricular

posterior wall diastolic thickness of more than 11 mm (Feigenbaum 1986). The

basic cause for LVH was aortic valve stenosis in 5, aortic valve insufficiency in 4,

mitral valve insufficiency in 4, hypertrophic cardiomyopathy in 3 and hypertrophic
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obstructive cardiomyopathy in 8 patients. The diastolic thickness of the posterior

wall of the left ventricle varied from 12 to 19 mm (mean 14 t 3 mm)' In the

patients with obstructive cardiomyopathy the septal thickness was increased more

than the left ventricular posterior wall thickness. The diastolic septal wall thickness

in these patients varied from 17 to 26 mm (mean 20 * 4 mm) and the ratio of septal

and posterior wall thicknesses from 1.5 to 2.0. The age of the patients varied

between I7 and 75 years (mean 55 + 15 years); 16 were male and 8 female.

4.2.4 Y entricular conduction defects

This material consisted of 39 patients (12 LBBB, 14 RBBB and 13 LAFB) without

any history of a prior myocardial infarction. However, echocardiography or isotope

tomography was not performed in most cases. The diagnosis was based only on the

clinical ECG criteria (de Pådua et al. 1989). In complete LBBB the ECG diagnosis

was based on a QRS-duration of more than 120 ms and slurred and broad R waves

on left-sided leads (V5, Vu, I and AVL). In complete RBBB the duration of the

QRS-complex should also be more than 120 ms and leads I and V5-Vo must have a

wide negative deflection. In LAFB a QRS-duration of more than 100 ms but less

than 120 ms is required, qR pattern in AVL, R peak time in AVL greater than 45

ms and a mean QRS axis deviation from -30 to -80 degrees in the frontal plane in

the l2-lead ECG or Frank's VECG (Chou et al. 1967, Witham 1975). The age of

the patients varied from24 to 74 years (mean 55 * 12 years); 25 were male and 14

female.

4.2.5 Wolff-Parkinson-White patterns

The material here consisted of 13 patients (nine with type A and four with type B).

The diagnosis and classification of the WPW pattern was based only on clinical 12-

lead ECG criteria measured from the patients (see de Pädua et al. 1989). It agreed

also in 9 cases with the classification of the MAC 12 VECG unit (Marquette

Electronics Inc., USA) that was used in the ECG measurements. A delta wave in

some of the leads of the I2-lead ECG was required which led to a shortened PR

time (often less than 120 ms) and an abnormally wide QRS complex (often duration

over 120 ms). In type A a positive delta wave was most apparent in the V1 and Vt

leads which showed also a predominant R wave. In type B the delta wave was most

apparent in leads I and II while the S wave dominated the leads Vt and Vr.

However, tachycardic episodes were not used in patient selection. The age of the
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patients varied from 20 to 62 years (mean 41 + 1a); eight were male and five

female.

4.3 The vector magnetocardiography measurement system

4.3.1 Magnetic shielding and irstrumentation

The VMCG measurements were made in a magnetically shielded room (Malmivuo et

al. 1981) in the biomagnetic laboratory of the Tampere University of Technology.

It was constructed from 45 mm thick 99.5% pure aluminum plates and its outer

dimensions were2 mx2 m x 2 m. Ithad an open doorway with a short corridor

inside, which decreased attenuation slightly from the theoretical value of 50 dB at 50

Hz. The typical noise level of the radio frequency SQUID (RF-SQUID) in the room

was about 40 ff ilUz. The magnetic shielding was based on eddy-currents on the

aluminum walls and the attenuation decreased with lower frequencies, being zero for

the earth's static field. The 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 to reduce the noise from the mechanical vibration of the

detector in the earth's static field. An active system to compensate the static field

was also used (kkkala 1984). This was composed of large coils surrounding the

magnetically shielded room. A small current was induced in the coils to oppose the

static magnetic field of the earth.

Figure 6 shows the VMCG measurement system inside the shielded room as well as

the block diagram of the data acquisition system. The properties of the VMCG

instrumentation are described in detail by kkkala (1984) and Nousiainen (1991).

The magnetic detector was placed inside a dewar containing liquid helium (4.2 K).

The main components of the VMCG detector were vector gradiometers connected to

RF-SQUIDs, an electronic control unit and subsequent datå acquisition and digital

processing systems. A simultaneous ECG lead II recording was made to provide a

common time reference for VECG studies and to trigger the digital signal averaging

pr(rcess.
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Figure 6. VMCG measurement in the magnetically shielded room. The gradiometers are

located inside the dewar over the chest of the subject. The block diagram shows the main
components of the electronics of the VMCG instrumentation.

Ickkala (1984) designed two different coil sets to measure all three components of

the magnetic freld simultaneously in a single location over the chest. At first all

coils of the gradiometers were circular, but the later construction (Figure 7)

Figure 7. The coil construction of an asymmetric vector gradiometer. The dimensions are
given in millimeters (Lekkala 1984).
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consisted of a circular coaxial coil and two rectrangular coplanar coils. This later

version was used in the majority of VMCG recordings in this study. Both systems

had equal effective areas of coils and a 16 cm baseline between the coils. Careful

construction of the gradiometers ensured an initial balance of the gradiometers of a
few per cent, no additional balancing methods were used.

Each three gradiometer coils were connected to one thin-film RF-SQUID controlled

by a multiplexed electronics unit (Lekkala 1984). Initially the VMCG measurements

were made multiplexing all three channels simulianeously. The multiplexing

increased the noise level about 7-8 dB. After one of the original RF-SQUIDs was

broken and changed to a new SQUID with different specifications the three VMCG

signals had to be measured sequentially without multiplexing. About one third of
the VMCG measurements were made multiplexing and two thirds without. The

VMCG signal was f,rltered with a digital notch filter (Heinonen et al. 1984) to

eliminate interference from the line frequency (50 Hz) and its harmonics. The band-

width of the signal was from 0.01 Hz to 100 Hz.

The signal-to-noise ratio varied considerably from one VMCG measurement to

another. In optimal conditions the signal-to-noise ratio of the z component of the

VMCG resembled a clinical ECG recording, but in many cases it was close to one

particulady in the x and y components. Signal averaging was later applied in the

datå acquisition to improve the VMCG signal quality.

4.3.2 Methodology used in the measurements

The three orthogonal components of the magnetic freld produced by the heart were

measured at a single location (unipositionally) 1-3 cm above the chest (depending on

the chest geometry) of the subject with three orthogonal gradiometers connected to

RF-SQUIDs (Irkkala 198a). The measurement point was at the junction of the

fourth left intercostal space and the sternum (the point coincides with point V, in the

l?-lead ECG). This point has been shown by an empirical analysis using an

inhomogeneous torso model of realistic shape to be optimal with respect to the sensi-

tivity distributions of the VMCG leads (Eskola 1983). The magnetic dipole moment

of the heart was then calculated from the measured magnetic field. This process is

briefly reviewed in the following sections.
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In infinite homogeneous space the three orthogonal components of the magnetic

dipole (rz) can be calculated from the measured field (B) if the x-axis goes through

the measuring pornt and the origin of the dipole using the matrix equation

where å is the distance of the measuring point from the origin of the magnetic dipole

and po is the vacuum permeability (Malmivuo 1976). If inhomogeneities of the

internal structures of the body and the realistic boundaries of the torso are intro-

duced to the model the lead sensitivities change. Based on empirical studies with an

inhomogeneous torso model Eskola has proposed such a corrected version of the

unipositional lead system that the coefficients of the B, and B, components of the

magnetic field should be -1 instead of -2 (Eskola 1983, Eskola et al. 1987). The

effect of varying measurement distance from the center of the heart in different

individuals has also been shown by an empirical study with normal subjects not to

follow exactly the inverse cube law of distance because of the internal inhomogene-

ities and torso boundary (Nousiainen et al. 1985b, Nousiainen 1991). The center of

the heart was estimated to be at a depth of one third of the chest sagittal thickness

from the anterior chest wall. Rather than the theoretically expected å3 dependence

an experimentally determined dependence (Nousiainen et al. 1985b, Nousiainen

1991) of h26 has been used in the matrix equation. This was used to correct the

interindividual differences in the thorax dimensions.

The unipositional VMCG measuring standard with the correpted unipositional lead

system (Eskola et. al 1987) was used in all VMCG recordings in this study. Also

the effect of varying measurement distance was corrected with the realistic distance

term (Nousiainen 1991). The reproducibility of the unipositional VMCG has been

studied in detail by Nousiainen (1991) with respect to small variations of the

measurement point and to varying meåsurement distances from the heart. He also

studied the temporal reproducibility with a restricted material of 15 normal subjects

when the repeat period of a new VMCG recording varied from one month to five

years. In general, the inaccuracy of about 10 mm in the measurement location and

distance leads to less than 20Vo error in the parameters. The temporal variability

Hl +[ ;:] 61
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was comparable to the beat-to-beat variability. The effect of respiration phase was

found to be negligible in the VMCG.

4.4 The vector electrocardiography measurement system

All VECG measurements in this study were performed with Frank's lead system
(Frank 1956). The measurements were made with one of the four different VECG
instruments because of the long measurement period of eight years. The instruments
were Hewlett-Packard 1507A VECG amplifier (Hewlett-packard company, USA),
KONE 620 ECG-terminal (Instrument Division of Kone Corporation, Finland),
MAc 12 ECG unit (Marquette Electronics Inc., USA) and one non-commercial

VECG unit which was built in the laboratory. KONE 620 and MAc 12 units have a
computerized diagnostic option but the clinical analysis of the VECG was always
based on examination by a clinical physiologist using standard diagnostic criteria
(chou et al. 1967, witham 1975). In abour 100 normal subjects and a few patients

the vECG recordings were not available for computer processing due to a MAC-12
ECG unit measuring program version change, which refused to transfer the vECG
recordings. It was also not feasible to decipher manually the proprietary recording

format.

4.5 Data processing

The three components of the magnetic field of the heart were measured successively

each with ECG lead II to trigger the averaging process. They were digitized with a

Lab Master A/D converter (Tecmar Inc., USA) with 500 Hz sampling frequency and

transferred to the computer for further digital processing. The real-time signal was

digitally averaged to improve the signal-to-noise ratio using from 10 to 40 separate

heart beats (Niemi et al. 1988, Nousiainen 1991). The program averaged the beats

using the greatest signal level (R peak) in ECG lead II to mark the same time instant

in each heart cycle. The averaging program eliminated particularly noisy periods

from the input signal (on the basis of abrupt changes in the signal level) and eli
minated most ectopic beats (on the basis of too short R peak intervals). It also

rejected about 10% of the most noisy beats as assessed by the greatest mean squ.ue

error compared to the average signal. Computer display gave the operator an oppor-

tunity for visual checking of signal quality. The three components of the magnetic

dipole of the heart (the x, y and z components of the VMCG) were computed on the

principles outlined in the previous sections. The signal quality of the final averaged
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VMCG recording often approached that of a clinical VECG recording. An accept-

able signal-to-noise quality in the VMCG was such that the peak-to-peak noise level

in the VMCG leads was less than 1/10 of the maximum amplitude of the QRS-

complex in that lead. This was only assessed visually. Almost invariably a repeat

run of an unacceptable recording produced a better one. However, on some days

the noise level in the laboratory was so high that no meåsurements could be made.

The resulting output file was a S00-ms-long time window of the x, y znd z compo-

nents, so that 300 ms of the signal were included before and 500 ms after the R

peak occurred in ECG lead II. Table 2 compares the average signal quality (of the

QRS vector) between the beat averaged VMCG and VECG from the same normal

subjects. The figures for VMCG are slightly lower, but the difference is less than

l0%. This should not influence the QRS vector analysis in this study significantly

when the number of normal subjects and patients in the analysis is large enough

(e.g. n>50). However, in ST-T segment analysis (and P-vector analysis) the signal

quality is even more important and better quality VMCG recordings would be

needed there.

Table 2. Signal quality comparison of VMCG and VECG measured from the

normal subjects. The average ratio of the amplitude range of each QRS vector
component divided by the first amplitude value of the ST-T segment of the same

component is shown

component VMCG-ratio VECG-ratio

In all VECG systems the three components of the VECG were processed by the

same digitizing process, with a 500 Hz sampling frequency, as the components of

VMCG. All components were now collected simultaneously. The VECG was also

averaged with the same program as VMCG (using from 4 to 10 separate heat beats).

This was not needed for the signal quality but resulted in the same type of output

files as the VMCG signal.

x

v
z

135

r32
78

Lt4
90
129



_45_

4.6 Analysis of the vector magnetocardiograms and the vector

electrocardiograms

4.6.1 Deterrnination of wave boundaries

Both VMCG and VECG signals were analyzed with the same set of computer

programs. At first the onset and offset points of the P and QRS vector and the

offset of the T vector were determined partially manually with the aid of a computer

program. The program first searched out the local maximum of the vector magni-

tude of the signal around 300 ms in the time window, which was the maximum QRS

vector magnitude. The program then analyzed the signal backwards and forwards

from this point and pinpoints the onset and offset of the QRS vector when the signal

level and its first derivative felt below experimentally determined thresholds. These

thresholds were so fixed that the onset and offset points coincided with visual display

of the three time-coherent leads and the vector magnitude. The onset and offset

points of the P vector were found by the program establishing the local maximum of

the vector magnitude before the QRS vector onset (maximum P vector magnitude);

the P vector wave boundaries were determined by the same method as before. Fi-

nally the offset of the T vector was determined by first searching out the local

maximum after the QRS vector offset and then analyzing the signal only forwards.

It was also possible to correct the computed wave boundaries manually together with

the isoelectric line in the components using all three time-coherent leads on the

display as recommended by the CSE Working Party (1985). This partially manual

method was employed because fully automatic wave recognition algorithms have

shown a wide variation and sensitivity to the noise in the measurements (Willems

1985, 1989, Willems et al. 1987b). The noise level in some of the VMCG measure-

ments was too high to rely on a fully automatic wave-recognition program.

All the final wave boundaries used in this study for later extraction of signal

parameters were estimated or checked by the author. The onset and offset points of

the QRS vector were quite reproducible when different operators or test runs were

applied to the data. Differences between runs were less than or equal to 2 ms (time

resolution with 500 Hz digitizing frequency) even in the presence of noise. Howev-

er, the tolerances in the onset and offset points of the P vector and in the offset point

of the T v@tor were around 4 ms, since these vectors were smaller and flatter than

the QRS vector.
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4.6.2 Ertraction of signal parameters

The right-handed coordinate system was used in the VMCG and VECG recordings

in this study (Malmivuo 1976, Malmivuo et 
^1. 

1977). The positive directions of the

x-, y- and z-components of the VMCG and VECG recordings were anterior, left and

superior, respectively. The angle of zero in left sagittal (xz), frontal (yz) and

transverse (yx) plane was set direcfly to superior, left and anterior, respectively, and

the positive-angle direction was counter-clockwise (Malmivuo et aJ. L977).

A second computer program was used to extract all parameters automatically from

the VMCG or VECG measurements when the wave boundaries were already known.

The total number of parameters calculated and analyzed from one VMCG or VECG

meåsurement was 188. The following time durations could be directly calculated

from the VMCG and VECG signals: durations of P vector (Pu) and QRS vector

(QRS.J, PR and QT times (P& and QTJ. In analyzing the vector magnitude

maximum three-dimensional P vector (PJ, QRS vector (QRSJ and T vector

(TJ magnitudes and maximum QRS vector coordinates (,QRS*, ,QRS* and

"QRSJ 
were calculated. Ventricular activation time (VAT) was the time from the

beginning of the QRS vector to the time of QRS*. Maximum and minimum

amplitudes and time-instants of the x-, y- and z-components of the QRS vector

(QRSx*, QRSx-., QRSx*', QRSx"**, QRSy*, QRSy.r, QRSy**-,, QRSy.i"-,,

QRSz .,, QRSa,i,, QRSz.-* and QRSz-;,,-) were found. In addition, the amplitudes

and directions of the maximal QRS vector in left sagittal, frontal and transverse

coordinate planes were calculated from the corresponding components (Sn, S*r, Fe,

F.ogb, Te and T.rgJ.

Time-normalization of the durations of P vector, QRS vector and ST-T segment was

used to compensate slight differences in the wave durations. This method has been

introduced in computer analysis of ECG (Draper et. aJ L964, see also Willems

1989). When the differences in the durations of the vectors are large (e.g. in

ventricular conduction defects), time-normalization may cause problems in that the

normalized amplitude values- of these patients are not measured close at the time

instant to the corresponding amplitude values of normal subjects.

The duration of the P vector was divided into 10 equal parts resulting in IOVo

resolution of the duration. The amplitudes of the x-, y- and z-components were

calculated at 0%, l}Vo,.. lNVo of the duration of the P vector (Pxo*, Pxtoo,...
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Pxroor, Pyor, Pyror,...Pyroo* and Pzi1s, Pzro*,... Pzr*r). The durations of the QRS

vector and ST-T segment were divided into 20 equal parts (5% resolution) to allow

more detailed analysis. The amplitudes of the x-, y- and z-components were calcu-

lated at |Vo,SVo,.. 100% of the duration of the QRS vector and ST-T segment

(QRSxo*, QRSx5a,... QRSxr**, QRSyo*, QRSys*,..' QRSYrmr and QRSA5'

QRSz5s,... QRSz,sos; ST-Txo*, ST-Txr*,... ST-Tx1s6s, ST-Tyo*, ST-Tyir'...

ST-Ty,** and ST-Tza*, ST-T25*,... ST-Tzt*o).

The reproducibility of these parameters with the same data depended only on the

accuracy of estimating the wave boundaries, since the extraction was fully automat-

ic. Direct testing of the effect of small variations in the onset and offset points has

not yet been made.

4.7 Statistical methods

All statistical analyses in this study were made with the BMDP Statistical Software

(I-os Angeles, CA, USA). Sample arithmetic mean, standard deviation (SD), lower

and upper quartiles (Ql and Q3) and coefficient of variation (CV) were used in

describing the linear parameters of the VMCG (Armitage 1987). Angular data was

analyzed using the prevalent direction (PD) method recommended by Macfarlane and

I-awrie (1989) since linear statistics are not appropriate for angular data. The SD of

an angular parameter was calculated using the smaller angle (clockwise or counter-

clockwise) referenced to the PD.

The skewness and kurtosis of the distributions of several VMCG parameters were

also analyzed. The ratio of skewness to its standard error can be read roughly as a

standardized score from a normal distribution and absolute values exceeding 2

indicate a skewed distribution. The ratio of kurtosis to its standard error can be

read roughly as a standardized score from a normal distribution and values exceed-

ing 2 indicate longer tails than in a normal distribution. Shapiro and Wilk's W-test

was used to test the normality of the distribution of individual parameters. In most

figures the VMCG is shown with the mean + SD to reduce the output although the

distributions of individual parameters show non-normality'

The nonparametric Mann-Whitney U-test was used to test differences of locations

between the parameters of two groups and the Kruskal-Wallis H-test between several

groups. Univariate linear regression analysis was applied to study the linear
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relationship between two variables and best-possible-subsets multiple linear regres-

sion between one dependent and several independent variables.

Stepwise linear discriminant analysis (LDA) (Mardia et al. 1989) was used to

evaluate the diagnostic performance of the VMCG, VECG and the combined VMCG

and VECG analysis in classifying cases correctly using parameter values calculated

from individual recordings. The method finds the linear combination of parameters

that best predicts the group to which a case belongs. The combination of predictor

paramet€rs is called a classification function. A separate classification function is

assigned to each group. It is the linear combination of variables that best discrimi-

nates the group from the rest of the cases. Each case is assigned to the group for

which the classification function has the largest value. These functions can also be

used to classify new cases. The method assumes normality of the individual

parameters but it has also been widely used for non-normal data, for example in

computerized ECG studies (Eddlemann and Pipberger I97I, McCaughan etal. 1973,

Cornfield et. al1973. Willems and Lesaffre 1987).

Stepwise LDA is characterized as follows. At step 0 the method performs a one-

way analysis of variance (ANOVA) of each parameter for the groups used in the

analysis. The F-to-enter values are the corresponding F statistics. The first

parameter entered into the classification functions has the highest F-to-enter value

and the linear effect of that parameter is removed from the other parameters. At

each succeeding step the method performs a one-way ANOVA on the residuals of

the parameters not entered, i.e., a one-way analysis of covariance where the

covariates are the parameters previously entered. The F-to-enter values at each step

are the corresponding F statistics. The parameter entered into the classification

functions at each step has the highest F-to-enter value and the linear effect is

removed from the other parameters. The stepping is discontinued if all F-to-enter

values are below the predefined F-to-enter limit. With each parameter entered the

method also performs a one-way analysis of covariance where the covariates are the

other entered p:rameters. The F-to-remove values at each step are the corre-

sponding F-statistics. A parameter is removed from the classification functions if the

F-to-remove value is below the F-to-remove limit.

In this study discriminant analysis was used with forward stepping, beginning with

no parameters, equal prior probabilities and default F-to-enter and F-to-remove

values of 4.000 and 3.996, respectively. In addition the effect of increasing the
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number of parameters to the classification results was studied by removing the F-to-

enter limit so that each parameter was picked in turn to the classification functions.

The results were expressed by direct classification using all data and with the

jackknife modifrcation (Lachenbruch and Mickey 1968). This modification reduces

the bias of using the same data in learning and evaluating the classification, which

usually leads to overly optimistic- results. The jackknife is performed by leaving

each case in turn out of the computåtion of the classification functions and then

using the functions to classify the case left out. In large groups it was also possible

to divide the material into a learning set and a test set. This was so performed that

each third subject was selected to the test set from the alphabetical list of subjects

within each group of myocardial disorders and normal subjects. The other subjects

formed the learning set. To achieve more reliable results the process was repeated

twice so that each subject was once in the test group and twice in the learning

group. The classification results were averaged from the three individual random

subset runs.

McNemar's test of symmetry, see Bailey et al. (1988), was used to test the signifi-

cance of the observed differences in the classifications by different methods (VMCG,

VECG, and combined VECG and VMCG). In the different analyses, it was applied

to compare the classification results of the best jackknifed classifications of all data,

the classifications of the three separate test sets and the summed best classifications

of the test sets. The comparisons of the jackknifed classifications and the summed

classifications violate the complete independence of the learning and test sets, but the

sizes of the materials were not yet large enough to apply McNemar's test only to

completely independent sets.
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5. REST]LTS

5.1 Normal vector magnetocardiogram

5.1.1 Physiologicat variation of the vector magnetocardiogram

A VMCG recording from an older healthy male subject is shown in Figure 8 in

scalar and vectorial form. The main deflection of the x-component of the QRS vec-

tor was negative. It was preceded by a smaller positive deflection. The y-compo-

nent was biphasic and started with a positive deflection. The main deflection of the

z-component was positive and a negative deflection was found at the beginning and

end of the QRS vector. The QRS vector magnitude had three distinct spikes. The

y- and z-components of the T vector were positive, while the x-component was very

small. The x-component of the P vector was largest but it was also visible in the

other components. The QRS vector loops were narrow in all three planes and the

maximum QRS vector pointed to posterior, superior and left. The T vector showed

most clearly in the frontal plane, and the maximum T vector pointed to superior,

left and slightly anterior.

pAm2
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Figure 8. A VMCG recording from a healthy 65-year-old male subject. The x-, y- and z-

.otnpon"n6 of the VMCG are shown in scalar form on the left and in left sagittal, frontal

and lransverse planes on the right. The m denotes the three{imensional vector magnitude

of the x-, y- and z-components. The vector loops are cut at 10 ms intervals and the

amplitude scale is the same on each axis of the three planes.
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Figure 9. The time-normalized QRS vector and ST-T segment of normal subjects (n=290,
mean + SD, , =Q1, - =Q3). Statistical significance of the deviation from the normal
distributionwithShapiroandWilk'sW-test: *P < 0.01, **P < 0.001, ***P < 0.0001.



-52-

The time-normalized QRS vector and ST-T segment in all normal subjects are shown

in Figure 9. Table 3 summarizes the other normal VMCG parameters. The x-

component of the QRS vector began usually with a small positive initial deflection

which was observed in TIVo of the normal subjects. The second negative deflection

was the largest deflection in 94Vo of the subjects. The mean maximum negative

amplitude of the x-component was -0.79 pAm2. The mean terminal potrion of the

x-component was again slightly positive and a positive terminal deflection was

observed in 73Vo of the subjects. The mean amplitude range of the x-component

was 0.94 p.Am2. The mean y-component was clearly biphasic, beginning with a

positive and ending with a negative deflection. ln I5To of the subjects there was

also a small negative initial deflection which lasted more than 5% of the total

duration of the QRS vector. The mean amplitude range of the y-component was

0.45 pAmz, which was less than half of the other components. The mean z-compo-

nent began with a negative initial deflection followed by the main positive deflection.

A clear negative initial deflection was observed in 96Vo of the subjects. The

positive deflection was the largest deflection in 97% of the subjects, and the mean

maximum positive deflection was 0.71 tr{m2. The mean terminal deflection of the

z-component was again slightly negative, and a negative terminal deflection was

observed in 87% of the subjects. The mean amplitude range of the z-component

was 0.92 pAmz. The mean maximum P vector magnitude was less than one tenth of

the mean maximum QRS vector magnitude, and the mean maximum T vector

magnitude about one third of it. The x-component of the T vector was negative in

85Vo, the y-component positive in97% and the z-component positive in97Vo of the

normal subjects.

The variation of all amplitude parameters during the QRS vector and the ST-T

segment was large in the normd VMCG (Figure 9 and Table 3). Also the distri-

butions of individual values of the VMCG parameters often deviated from normal.

Shapiro and Wilk's W-test was significant (P < 0.01) in 63% and highly signifrcant

(P < 0.001) in 57% of the amplitude parameters of the components of the QRS

vector, indicating a deviation from the normal distribution in these parameters. The

effect of kurtosis was more important than the effect of skewness. The absolute

value of the ratio of skewness to its standard error exceeded 2 in 43 parameters and

6 in 11 parameters. The ratio of kurtosis to its standard error exceeded 2 in 51

parameters and 6 in 28 parameters, indicating a flat shaped distribution. Shapiro

and Wilk's W-test was highly significant in 90To of the amplitude parameters of the

components of the T vector. The effect of kurtosis was again more important. The
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absolute value of the ratio of skewness to its standard error exceeded 2 in 48

parameters and 6 in 26 parameters. The ratio of kurtosis to its standard error

exceeded 2 in 59 parameters and 6 in 57 parameters. The durations of the P and

QRS vectors, the PR and QT times and the VAT showed less variation.

Table 3. The mean VMCG-parameters and their variation (mean * SD for linear
data or PD + SD for angular data) in normal subjects (n:290)

Parameter Value Ql Q3 P.cv

Po". (ms)

QRS.,. (ms)
PR* (ms)

QT, (ms)
P* (prAm2)

QRS* (pAmt)
VAT (ms)
T*. (trrAm2)

QRSx* (pAm')
QRSx.. (pAm')
QRSy* (pAm')
QRSy.i, (pAmt)
QRSz* (pAm')
QRSz-r (pAm')
S"*," (degrees)
S" (pAm2)
F*r" (degrees)
F" (pAm2)
T.,rr" (degrees)
T" (pAm2)

94+13
88+9

t67 + 20
408 + 26

0.083 + 0.040
l.l2 L 0.47
40+5

0.35 + 0.18
0.15 + 0.13
-0.79 + 0.42
0.26 + 0.16

-0.19 + 0.14
0.71 + 0.37
-0.2t + 0.t4

313 + 2l
r.09 + 0.47

73+29
0.76 + 0.36
166 + 42

0.85 + 0.41

0.14 0.0059
0.10 0.0005
0.r2 0.0000
0.06 0.7454
0.48 0.0000
0.42 0.0000
0.r2 0.0000
0.52 0.0000
0.89 0.0000
-0.53 0.0000
0.63 0.0000
-0,74 0.0000
0.s3 0.0000
-0.66 0.0000

0.43 0.0000

0.48 0.0000

0.48 0.0000

84

82

152
392

0.057
0.77
36

0.2r
0.05
-1.11
0.13
-0.27
0.43
-0.30
306
0.72
64

0.49
159

0.50

102
96
r78
426

0.101
1.38

^a
0.45
0.2r
-0.44
0.35
-0.09
0.92
-0.11
332
r.36
86

0.95
180
1.13

'statistical significance of the deviation from the normal distribution with Shapiro and Wilk's W+est.

5.1.2 Effect of sex, age and body dimensions on the normal vector

magnetocardiogram

The effect of sex on the VMCG amplitudes and waveforms was very pronounced

(Figure 10, Table 4). Male and female subjects differed significantly (P < 0.01) in

27 amplitude parameters of the QRS vector and in 44 amplitude parameters of the

ST-T segment. The most apparent difference was a decrease in the VMCG ampli-

tudes of the female subjects compared to the males.
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For the females the maximum magnitudes of the P, QRS and T vectors werc 65Vo,

62% and 547o of the corresponding values of the males. The basic morphology of

the VMCG remained, but some clear morphological differences existed. The female

subjects had a less negative x-component of the QRS vector and the mean maximum

negative deflection was only 59Vo of the corresponding value of the male subjects.

However, males and females had quite similar initial and terminal portions of the x-

component. The females had a less negative terminal deflection of the y-component

of the QRS vector and the mean maximum negative deflection was only 48% of the

corresponding value of the males. There was also a slight decrease in the amplitude

of the positive deflection of the y-component, but the females had only 25% smaller

maximum amplitude of the y-component. The females had significantly smaller

absolute values of nearly alt positive and negative amplitude parameters of the z-

component of the QRS vector, and the maximum amplitude of the z-component was

37Vo smaller than in males.

Table 4. VMCG parameters (mean or PD + SD) of normal male subjects (n=198)

compared to female subjects (n:92)

Parameter Males Females P.

Pou. (ms)

QRS.,, (ms)
P\ (ms)

QT, (ms)
P* (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx-* (pAmt)
QRSx^;" G.Amt)
QRSy* (pAm')
QRSy-r ftrAmt)
QRSz,."* ftrAm')
QRSz-r (pAmt)
S"*r" (degrees)

Sa (pAm2)
F.*r" (degrees)
F" (pAm2)
T"*r" (degrees)
T" (pAm2)

95+15
91 +9

168 + 19

4t0 + 27
0.093 + 0.042

t.27 + 0.46
40+5

0.41 + 0.18
0.18 + 0.14

-0.91 + 0.43
0.28 + 0.r7

-0.23 + 0.15
0.80 + 0.39
-0.26 + 0.14

313 + 2l
t.24 + 0.46

74+34
0.86 + 0.38
169 t 43

0.97 t 0.41

9I+14
83+8

l&+24
402 + 23

0.060 + 0.025
0.79 + 0.27

38+4
0.22 + 0.10
0.10 + 0.09
-0.54 + 0.26
0.21 + 0.13

-0.11 + 0.08
0.s0 t 0.21

-0.11 + 0.07
315 + 20

0.75 + 0.26
69+16

0.55 + 0.22
160 + 38

0.59 + 0.25

0.0151
0.0000
0.0623
0.0076
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0020
0.0000
0.0000
0.0000

0.0000

0.0000

0.0000

'statistical signifrcance of the difference between sexes with the Mann-Whitney U-test.
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Female mean T vector amplitudes were significantly smaller in all three components

and slight ST segment differences were also present. The polarity of the T vector in

the x-, y- and z-components was not so much affected. A positive T vector in the

x-, y- and z-components was observed in l4To,97Vo and 99Vo of the females,

respectively, while in l8Vo,97To and 96Vo of the males. Women had slightly

shorter durations of the P and QRS vectors, the VAT and the PR and QT times.

Table 5. The limits of the explanatory variables used to group the normal male

subjects (n:198) almost evenly into three groups

Limits

Variable Group 1 Group 2 Group 3

Age (years) <40 (n:66) 40-52 (n=64) >52 (n:68)
Height (cm) <176 (n:72) 176-180 (n:61) > 180 (n:62)
Weight (kg) <77 (n:66) 77-84 (n:67) > 84 (n:61)
Chest sagittal

diameter (cm) <24 (n:79) 24-25 (n:63) >25 (n:56)
Chest transverse

diameter (cm) <32 (n:43) 32-33 (n:71) >33 (n:64)

The number of subjects in each group is given in parenthesis. The height, weight and chest transverse

diameter were not known for all subiects,

Table 6. The limits of the explanatory variables used to group the normal female

subjects (n=92) almost evenly into three groups

Limits

Variable Group 1 Group 2 Group 3

Age (years) <42 (n=30) 42-63 (n=34) >63 (n=28)
Height (cm) <162 (n:32) 162-168 (n:32) > 168 (n:25)
Weight (kg) <61 (n:33) 6l-68 (n:26) >68 (n:30)
Chest sagittal

diameter (cm) <22 (n=30) 22-23 (n:32) >23 (n=30)
Chest transverse

diameter (cm) <30 (n:23) 30-31 (n:21) >31(n:24)

The number of subjects in each group is given in parenthesis. The height, weight and chest transverse

diameter were not known for all subjects.
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The effects of age, height, weight and chest sagittal and transverse diameters of

normal males and females were studied separately with the nonparametric Kruskal-

Wallis H-test. The males and females were divided into three groups in each

grouping factor (fables 5 and 6). The limits of the grouping-variables were chosen

so that approximately one third of the subjects fell into each group.

The effect of age was found to be most significant for both sexes on the VMCG

amplitude parameters (Tables 7 and 8). The males had 61 amplitude parameters

signifrcantly (P < 0.01) affected by age, the females 29 amplitude parameters. The

observed differences in individual parameters were also systematically greatest in the

age-grouped data; there were highly significant changes (P < 0.001) in 40 parame-

ters of the males and in 23 parameters of the females. Weight and the sagittal

diameter of the chest were the next most important factors. Univariate linear regres-

sion analysis was also used to assess the effect of age, height, weight and chest

sagittal and transverse diameter on the VMCG amplitude parameters of the QRS

vector and the ST-T segment (data not plesented here). The effect of age was again

most noticeable. There was also no clear nonlinear correlation on the other factors

when the scatterplots were examined. The data was scattered randomly on these

factors while the trends on age were apparent.

Table 7. Number of amplitude parameters of the QRS vector significantly affected

by age, height, weight and chest sagittal and transverse diameter grouped data in

male (M, n:198) and female (F, n:92) subjects

P.

Chest Chest

Age Height Weight sagittal d. transverse d.

MF MF MF MF MF

5446
5 3 62
31 00
1000

11 3 22 4 5

10 3 3 0 3 6

030001
62 00 00

0.01 - 0.05
0.001 - 0.01
0.0001 - 0.001

< 0.0001

Total 27 11 52 712 148 108
'P values of the Kruskal-Wallis H-test for the difference between the groups'

Total number of the QRS vector amplitude parameters was 63.
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Table 8. Number of amplitude parameters of the ST-T segment significantly
affected by age, height, weight and chest sagittal and transverse diameter grouped
data in male (M, n:198) and female (F, n:92) subjects

Age Height Weight
Chest

sagittal d.
Chest

transverse d.

MF MF MF MF MF

4 5 513 1510 12 11 616
11 6 8 7 12 4 8 8 8 5
10631547503
2412 0 0 0 0 0 0 0 0

0.01 - 0.05
0.001 - 0.01
0.0001 - 0.001

< 0.0001

49 29 t6 21 32 18 27 24 14 24

'P ,,.1u", of the Kruskal-Wallis H-test for the difference between the groups.
Total number of the ST-T segment amplitude parameters was 63.

Table 9. VMCG parameters (mean or PD + SD) in three normal male age-groups
(n:66, n:64 and n:68, respectively)

Age-group

Parameter (40 years 40-52 years )52 years

Pou. (ms)

QRS^,, (ms)
P& (mO

QT, (ms)
P* (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (pAm')
QRSx-r (pAmt)
QRSy* (pAm')
QRSy.r GrAm')
QRSz* (pAm')
QRSz* (pAm')
S*r" (degrees)

S" (pAm2)
F-rr (degrees)
F" (pAm2)
T"*r" (degrees)
T" ftiAm2)

93+13
93+9

165 + 19
412 + 28

0.093 + 0.043
L43 t 0.47

40+4
0.50 + 0.18
0.16 + 0.14

-1.03 + 0.43
0.31 + 0.19

-0.30 + 0.17
0.91 + 0.41

-0.30 + 0.15
312 + l7

1.40 + 0.46
76+31

0.97 + 0.41
167 + 30

0.97 + 0.4r

94+16
90+10

170 + L9

409 + 28
0.097 + 0.042

1.30 + 0.41
41 +5

0.4t + 0.17
0.20 + 0.14
-0.94 + 0.42
0.28 + 0.17
-0.20 + 0.t2
0.80 + 0.38
-0.26 + 0.r2
3ll + 22
r.27 + 0.41

75+36
0.86 + 0.36
t7L + 43

1.00 + 0.39

98 + 13 0.1191
90 + 8 0.1207

168 + 18 0.2929
408 + 24 0.5185

0.083 + 0.039 0.0984
1.00 + 0.42 0.0001

40 + 6 0.4250
0.28 + 0.13 0.0000
0.16 + 0.14 0.0227

-0.68 + 0.40 0.0002
0.24 + 0.15 0.1388

-0.19 + 0.13 0.0000
0.u + 0.34 0.0013
-0.2r + 0.t4 0.0031

315 + 25
0.96 + 0.43 0.0000

72+34
0.70 + 0.33 0.0012
170 + 55

0.74 + 0.37 0.0001

'statistical significance of the difference between male age-groups with the Kruskal-Wallis H+est.
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The main effect of age on both sexes was found to be a diminution of most ampli-

tudes of the QRS vector and the ST-T segment (fables 9 and 10, Figures 11 and

I2). The amplitudes of the positive and negative deflections of the x-, y- and z-

components of the QRS vector changed but the basic morphology of the x-, y- and

z-components was not affected. The males had more evident changes in the ampli-

tudes of the QRS vector. The maximum QRS vector magnitude in the oldest male

group was only 70Vo of the corresponding value of the youngest male group, while

the corresponding value in female subjects was 83%.

Table 10. VMCG parameters (mean or PD + SD) in three normal female age-
groups (n=30, n=34 and n:28, respectively)

Age-group

Parameter 142 yezrs 42-63 yeas >63 years P.

Po". (ms)

QRS.". (ms)
P& (ms)

QT, (ms)
P* (trrAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (pAm')
QRSx-;, (pAm')
QRSy* (pAm')
QRSy.r" (pAm')
QRSz* (pAm')
QRSzu" (pAmt)
S"*r" (degrees)
S" (pAm2)
F.*r" (degrees)
F" (pAm2)
T*r" (deBrees)
T" (pAm2)

89+14
84+8

153 + 19

401 + 23
0.058 + 0.024
0.87 + 0.25

39+4
0.28 + 0.09
0.08 + 0.08
-0.57 + 0.24
0.30 + 0.14

-0.14 + 0.06
0.57 + 0.21

-0.13 + 0.08
3t6 + 20

0.82 + 0.25
62+16

0.65 + 0.20
157 + 38

0.65 + 0,24

92+15
84+8

172 + 28
406 + 22

0.058 + 0.026
0.78 + 0.31

38+4
0.21 + 0.10
0.11 + 0.12

-0.58 + 0.31
0.20 + 0.10

-0.12 + 0.10
0.47 + 0.22

-0.11 + 0.07
3ll + 2l

0.75 + 0.32
69+15

0.51 + 0.21
160 t 43

0.63 + 0.28

93 + 12 0.3680
81 + 7 0.1163

168 + 21 0.W77
40t + 24 0.6277

0.064 + 0.026 0.5893
0.72 + 0.23 0.0301

37 + 5 0.1554
0.19 + 0.09 0.0001
0.10 + 0.08 0.5994
-0.49 + 0.23 0.3846
0.15 + 0.10 0.0000

-0.09 + 0.07 0.0087
0.48 + 0.20 0.0678

-0.09 + 0.07 0.1065
317 + 17

0.70 + 0.23 0.1260
67+13

0.50 + 0.20 0.0046
165 + 35

0.51 + 0.23 0.0774

Statistical significance of the difference between female age-groups with the Kruskal-Wallis H-test.

The maximum T vector magnitude of the oldest male group was 56Vo of the

youngest male group. In oldest female group it was 68% of the youngest female

group. In the older male subjects the main deflection of the x-component of the
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QRS vector was less negative, and the mean maximum negative deflection of the

oldest group was 66Vo of the value in the youngest group. In the age-groups of the

female subjects there were no noticeable differences in the x-component. In the

older male subjects the second negative deflection of the y-component was smaller,

while in the older female subjects both deflections were significantly smaller than in

the younger subjects. The main positive deflection of the z-component of the oldest

males was 70To of the value in the youngest males. The older subjects, both male

and female, had in general smaller T vector amplitudes. The directions of the

planar maximum vectors of the QRS vector of the males and females were not much

affected. There were no major changes in the durations of the QRS vector, VAT,

PR and QT times in the age-groups of either sex.

t0 20 30 rl0 50 60 70 0o 90

duration of QRS vector lll
f cmales

r0 20 30 40 50 60 70 80 90

durrtion of QRS vector lll

Figure 13. Squared multiple correlation coefficients (R') of the x-, y- and z-components of
the QRS vector when the age, the height, the chest sagittal and transverse diameters of the
male subjects (n=198) and the female subjects (n=92) were used as independent variables in
all-possible-subsets regression. Statistical significance against the hypothesis that all the
regressioncoefficientswerezero: *P < 0.05, **P < 0.01, ***P < 0.001.
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The joint effect of age, height, weight and chest sagittal and transverse diameters

was studied with all possible subsets regression on the amplitude parameters of the

x-, y- and z-components of the QRS vector at l0Vo intervals separately in the male

and female subjects (Figure 13). The criterion for the best subset was !o yield the

maximum squared multiple correlation (R2). The R2 values of the male subjects

varied between 0.02 and 0.16, and the R2 values of the female subjects between 0.04

and 0.28. Age contributed mostly to the R2 values in 10, height in 4, weight in 1,

chest sagittal diameter in 8 and transverse in 4 parameters studied in males. The

corresponding figures for the females werc 12, 2, 2, 6 and 5, respectively.
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5.2 Vector magnetocardiogram in myocardial disorders

5.2.1 Myocardial infarction

5.2.I J Anteroseptal myocardial infarction

The VMCG recording from a patient with an AMI (Figure 14) can be compared to a

normal VMCG recording (Figure 8). There was no negative initial deflection of the

z-component of the QRS vector, and the terminal positive deflection of the x-compo-

nent was abnormally large. The QRS vector magnitude had only two spikes; the

first spike had disappeared. The y- and z-components of the T vector were very

small but the x-component was clearly negative.

pAm2

0

{.8

0

-0.8

0.8

/- o'.g

Figure 14. A VMCG recording from a 5l-year-old male patient with an AMI. The Tl-210
SPECT showed a rest perfusion defect in the anteroseptal wall of the heart. The maximum
CK release from this patient wu 1722 U/1. The vector loops are cut at 10 ms intervals.
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The time-normalized QRS vector and ST-T segment in AMI were compared to the

normal VMCG of the same age-group (Figure 15 and Table 11). The initial part of
the z-component of the QRS vector was much more positive in AMI; in 72Vo of the

patients the normal negative initial deflection of the z-component had even disap-

peared. The maximum positive deflection of the z-component was not significantly

affected, but minor changes in the terminal negative deflection were present. The

mean negative maximum amplitude of the x-component of the QRS vector was much

smaller (64Vo of the normal value) and in 69% of the patients the terminal positive

deflection was larger than the negative deflection. The first deflection of the y-

component was smaller in AMI and the maximum amplitude was only 79To of the

normal value. The second negative deflection was not affected.

Table 11. The mean VMCG parameters (mean or PD + SD) in AMI (n=74)
compared to normal subjects aged 39 years or more (n:203)

Parameter AMI Normal subjects P.

Pou. (ms)

QRS.", (ms)
PR, (ms)

QT, (ms)
P* (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (pAmt)
QRSx"* (pAm')
QRSy* (pAmt)
QRSy-.Q,Am')
QRSz.* (pAm')
QRSz.r (pAmt)
S"*r" (degrees)

Sn ftiAm2)
F*r" (degrees)

Fn (pAm2)
T*r" (degrees)
To (pAm2)

9L+14
87+14

179 + 17

407 + 3l
0.085 + 0.045
0.87 + 0.34

43+12
0.27 + 0.13
0,28 + 0.26

-0.48 + 0.31
0.19 + 0.13

-0.19 + 0.12
0.60 + 0.32
-0.17 + 0.22

335 + 58
0.84 + 0.35

76+50
0.68 + 0.31
r59 + 82

0.63 + 0.27

94+14
88+10

169 + 20
408 + 26

0.084 + 0.041
1.06 + 0.46

40 15
0.32 + 0.17
0.16 + 0.13
-0.75 + 0.42
0.24 + 0.16
-0.17 + 0.12
0.67 + 0.36

-0.20 + 0.14
3t4 + 22

1.03 + 0.46
73+32

0.72 + 0.35
t67 + 46

0.80 + 0.40

0.0190
0.2648
0.0000
0.9361
0.8283
0.0018
0.4178
0.0859
0.0003
0.0000
0.0293
0.2532
0.1889
0.0002

0.0026

0.4681

0.0030

'Statistical significance of the difference between AMI and normal subjects with the Mann-Whitney U-test.
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The z-component of the ST-T segment was clearly affected in AMI. In 38% of the

cases the z-component of the T vector was even negative. The x- and y- compo-

nents of the ST-T segment were not so markedly affected. The mean maximum

QRS vector magnitude in AMI was only 82Vo of the normal value, and the mean

maximum T vector was 84% of the normal value. The PR time was considerably

longer but the QT time, the duration of the QRS vector and the VAT were not

changed. The mean maximum amplitudes of the planar QRS vectors in left sagittal

and transverse planes were significantly smaller in AMI.

5.2. 1.2 Inferior myocardial infarction

A VMCG recording from a patient with an IMI is shown in Figure 16. The y-

component of the QRS vector was completely negative. The x-component of the

QRS vector was abnormally positive but the z-component seemed not influenced.

There was an ST segment shift and an inverted T vector in both x- and z-compo-

nents of the patient's VMCG compared to a normal recording.

Figure 16. A VMCG recording from a 68-yearold male patient with an IMI. The Tl-210

SPECT showed a rest perfusion defect in the basal area of the heart. The maximum CK

release from this patient was 2900 U/1. The vector loops are cut at 10 ms intervals.
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The time-normalized QRS vector and ST-T segment in IMI are compared to the

normal VMCG of the same age-group in Figure 17 and Table 12. The first deflec-

tion of the y-component of the QRS vector was diminished, an initial negative

deflection was observed or the y-component was even completely negative in the

patients with an IMI. A negative initial deflection was found in 8I% of the patients

and in 6To of the cases the y-component of the QRS vector was completely negative.

The maximum negative deflection of the x-component of the QRS vector was

sr-naller (74% of the normal value) and the terminal part of the x-component was not

so positive as in the normal VMCG. A positive terminal deflection was found only

in 33To of the patients. The z-component of the QRS vector was very little affected.

Table 12. The mean VMCG parameters (mean or PD + SD) in IMI (n:93)
compared to normal subjects aged 33 years or more (n:221)

Parameter IMI Normal subjects P'

Po,. (ms)

QRS.,. (ms)
P\ (ms)

QT, (ms)
P* (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (frAmt)
QRSx-. (f,Amt)
QRSy* (pAmt)
QRSy-i, GrAm')
QRSz** (lAmt)
QRSz-r (pAmt)
S"*r" (degrees)

S" (pAm2)
F*r" (degrees)
F" (pAm2)
T*r" (degrees)
To (pAm2)

95+14
90+13

t78 + 20
420 ! 26

0.074 t 0.043
0.86 + 0.33

42+7
0.22 + 0.13
0.17 + 0.18

-0.56 + 0.34
0.16 + 0.14

-0.19 + 0.12
0.56 t 0.30

-0.18 + 0.13
321 + 4I

0.84 + 0.33
81+53

0.62 + 0.27
174 + 66

0.64 + 0.30

94+15
88+10

t68 + 2l
408 ! 26

0.083 t 0.040
1.08 + 0.47
40+5

0.32 + 0.r7
0.15 + 0.13
-0.76 + 0.42
0.24 + 0.t6
-0.r7 + 0.12
0.68 t 0.38

-0.20 + 0.14
3r3 + 22
I.05 + 0.47

73+31
0.73 + 0.37
167 + 44

0.81 + 0.40

0.9022
0.1578
0.0000
0.0015
0.0585
0.0004
0.0008
0.0000
0.9344
0.0002
0.0000
0.2328
0.0145
0.3361

0.0006

0.0150

0.0009

"Statistical significance of the difference between MI and normal subjects with the Mann-Whitney U-test.
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Figure 17. The time-normalizd QRS vector and ST-T segment (mean * SD) in IMI (.,
n=93) compared to normal subjects aged 33 years or more (r, n=221). Statistical signifi-
cance of the difference between IMI and normal subjects with the Mann-Whitney U-test: * P

< 0.01, ** P < 0.001, *** P < 0.0001.
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There were significant differences in the y- and z-components of the ST segment and

in all components of the T vector. In 52Vo of the cases the x-component of the T

vector was positive, in 25% the y-component was negative and in 44Vo the z-compo-

nent was negative. The mean maximum QRS vector magnitude was only 80Vo and

the T vector magnitude 69Vo of the normal values in IMI. The durations of the P

and QRS vectors were the same but the PR and QT times longer in the patients.

5.2.1.3 Iateral myocardial infarction

A VMCG recording from a patient with an LMI is shown in Figure 18. The z-

component of the QRS vector appeared smaller compared to the normal VMCG

(Figure 8). There were no apparent changes in the x- and y-components of the QRS

vector. The z-component of the T vector was inverted and the x-component of the

T vector was small.

uAm2 p
ToF-1r-
rl

-ef x
fl,',.l.",.,.l...,.,.|.,.,...|.,.,.,.l.@

Figure 18. A VMCG recording from a 59-year-old male patient with an LMI. The Tl-210
SPECT showed a rest perfusion defect in the lateral wall of the heart. The maximum CK
release from this patient was 1801 U/1. The vector loops are cut at 10 ms intervals.
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The time-normalized QRS vector and ST-T segment in LMI are compared to the

normal VMCG of the same age-group in Figure 19 and Table 13. The mean

maximum amplitude of the z-component of the QRS vector was smaller (65Vo of the

normal value) and in most patients there was an abnormally large terminal negative

deflection of the z-component compared to normal subjects. In 42% of the patients

the terminal negative deflection in the z-component was even larger than the positive

deflection. The mean terminal deflection of the x-component of the QRS vector was

also more positive than the mean normal signal. The y-component of the QRS

vector was not altered at all. The x-component of the T vector was positive in 33%

of the patients and the z-component negative in 5OVo.

Table 13. The mean VMCG parameters (mean or PD + SD) in LMI (n:12)
compared to normal subjects aged 43 years or more (n:188)

Parameter LMI Normal subiects P.

Pu", (ms)

QRS.,, (ms)
P& (ms)

QT, (ms)
P*. (prAm2)

QRS* (pAm')
VAT (ms)
T* fuAm2)
QRSx* (p,Amt)

QRSx-r (pAmt)
QRSy-.ft.,Am')
QRSy-r ftrAmt)
QRSz** (pAmt)
QRSz-. (irAm')
S*r" (degrees)

56 ftiAm2)
F*r" (degrees)
F" (pAm2)
T"*r" (degrees)
T" (pAm2)

90114
92+9

174 + 13

436 + 34
0.093 + 0.071
0.98 + 0.38

40+6
0.26 + 0.14
0.29 + 0.2r
-0.73 + 0.47
0.27 + 0.19

-0.20 + 0.13
0.43 + 0.29

-0.30 + 0.20
302 + 37

0.91 + 0.43
75+92

0.57 + 0.28
178 + 60

0.87 + 0.39

95+15
87+10

t69 + 2r
406 + 26

0.083 t 0.040
1.05 + 0.44
40+5

0.31 + 0.17
0.16 + 0.14
-0.74 + O.4r
0.23 + 0.15

-0.16 t 0.12
0.66 t 0.35

-0.19 + 0.13
313 + 22
t.02 + 0.44

73+28
0.7r + 0.34
t68 + 47

0.79 + 0.39

0.252
0.115
0.193
0.004
0.675
0.812
0.673
0.377
0.009
0.860
0.706
0.262
0.008
0.032

0.570

0.154

0.4r4

'statistical significance of the difference between LMI and normal subjects with the Mann-Whitney U-test.
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cance of the difference between LMI and normal subjects with the Mann-Whitney U-test: *

P < 0.05, **P < 0.01, ***P < 0.001.
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5.2.I.4 Posterior myocardial infarction

A VMCG recording from a female patient with a PMI is shown in Figure 20. The

positive deflection of the y-component of the QRS vector was much larger than in

the normal VMCG. The initial negative deflection of the z-component was also

abnormally deep. The x-component of the T vector was inverted.

pAm2;
r

o F,^v.1 r-# \
i l/l-wLx

4.55 t, ..,. ., ..,. ., . '. ., ,

0.55 [t/l
0f--.-Jl-*.-----\-r,,v

0.55

,/' - oi.t

Figure 20. A VMCG recording from a 60-year-old female patient with a PMI. The Tl-210

SPECT showed a rest perfusion defect in the posterior wall of the heart. The maximum CK

release from this patient wu 2552 U/1. The vector loops are cut at 10 ms intervals.

The time-normalized QRS vector and ST-T segment of the patients are compared

with the normal VMCG in Figure 2I and Table 14. The initial part of the positive

deflection of the y-component of the QRS vector was not different from normal but

the maximum positive deflection was higher. The amplitudes in the first half of the

z-component of the QRS vector were smaller than normal. An ST segment shift was

observed in the y-component. There were no signifrcant changes in the components

of the T vector.
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Table 14. The mean VMCG parameters (mean or PD + SD) in PMI (n:4)
compared to normal subjects aged 44 years or more (n:182)

Parameter PMI Normal subjects P.

Po* (ms)

QRS.,, (ms)
P\ (ms)

QT, (ms)
P* (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (pAm')
QRSx.. (pAmt)
QRSy* (pAm')
QRSy^r" GrAmt)
QRSz* (pAmt)
QRSz-. (pAmt)
S*r" (degrees)

S" fuAm2)
F*r" (degrees)
F" (pAm2)
T*r" (degrees)
T^ (pAm2)

89+2
87+12

166 + 34
427 + 26

0.094 + 0.008
0.94 + 0.33

44+6
0.30 t 0.05
0.14 + 0.24
-0.72 + 0.33
0.34 + 0.r2

-0.18 + 0.09
0.45 + 0.36

-0.19 + 0.10
305 + 27

0.87 + 0.38
62+93

0.60 + 0.29
t49 + 25

0.81 + 0.26

95+14
88+9

169 + 20
407 + 26

0.084 + 0.040
r.04 ! 0.44
40+5

0.31 + 0.17
0.16 + 0.14
-0.74 + O.4l
0.23 + 0.15
-0.17 + 0.12
0.66 + 0.35

-0.19 + 0.13
3t4 + 22

1.01 + 0.44
73+28

0.71 + 0.34
168 + 47

0.79 + 0.39

0.3
0.9
0.9
0.2
0.4
0.7
0.2
0.7
0.2
1.0
0.1
0.6
0.3
0.8

0.6

0.5

0.8

'statistical significance of the difference between PMI and normal subjects with the Mann-Whitney U-test.

5.2.2 Left ventricular hypertrophy

A VMCG recording from a patient with an LVH is shown in Figure 22. The QRS

vector magnitude was clearly enlarged. This was most prominent in the z-compo-

nent of the vector which had also lost the initial negative deflection. The y-compo-

nent of the QRS vector was a monophasic positive vector, and the terminal part of

the x-component of the QRS vector was more positive than in that of the normal

subjects.
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Figre22. A VMCG recording from a 74-yeu-old male patient with an LVH due to aortic

stenosis. The posterior wall diastolic thickness of the left ventricle of the patient was 15 mm

and the systolic pressure gradient of the aortic valve 90 mmHg. The vector loops are cut at

10 ms intervals.

The time-normalized QRS vector and ST-T segment in LVH are compared to the

normal VMCG in Figure 23 and Table 15. The z-component of the QRS vector was

larger than in the normal VMCG. This showed most during the initial and terminal

parts of the z-component. The maximum positive deflection was only slightly

enlarged. The x-component of the QRS vector was abnormally positive. The y-

component of the QRS vector showed little change. There were secondary ST

segment and T vector changes in all components, most obvious in the z-component.

The mean maximum QRS vector magnitude was surprisingly not larger than in

normal subjects. The mean maximum T vector magnitude was smaller in LVH.

Irft sagital

Transverse



11

FAme
o2

o.t

0

-0.1

-o2

-0.3
too20 /+0 60 60

dur.tion of QRS vector [Il

20 40 00 E0

duration of QRS voctor (Il

*t+*. ! **l*r*.ITltt.rllll+

++iiiilt"tlirlllr' 'r

yAmt
0./t .

T*I*
iitl

i'l
1-

rrrrrTilTrlilt

20 40 60 80

duration of ST-T regment lll

20 40 60 80

duration of ST-T segment lll

20 40 .60 E0

duration of ST-T regmont (Il

Figure 23. The time-normalized QRS vector and ST-T segment (mean * SD) in LVH (o,
n=24) compared to normal subjects (r, n=290). Statistical significance of the difference

between LVH and normal subjects with the Mann-Whitney U-test: * P < 0.01' ** P <
0.001, ***P < 0.0001.

*T lT
Tlllr
I lr I I.r' 'trlT

^f
IIT

l..r'

duration of QRS vcctor (Il

t

I t
t'
I

I



_78_

Table 15. The mean VMCG parameters (mean or PD + SD) in LVH (n=24)
compared to normal subjects (n=290)

Parameter LVH Normal subjects P.

Po". (ms)

QRS* (ms)
P& (ms)

QT, (ms)
P* (pAm2)

QRS* (pAmt)
VAT (ms)
T* furAm2)
QRSx* (pAmt)
QRSx-r (pAmt)
QRSy* (pAmt)
QRSy-r ftrAm')
QRSz* (pAmt)
QRSz-r (pAmt)
S"*r" (degrees)
Sa ftiAm2)
F-rr (degrees)
F" (pAm2)
T*r" (degrees)
T" ftrAm2)

88+15
90+11

180 + 21
400 + 36

0.082 + 0.056
1.09 + 0.46

42+r0
0.23 + 0.09
0.26 + 0.25

-0.54 + 0.31
0.25 + 0.15

-0.20 + 0.19
0.88 + 0.47

-0.13 + 0.09
328 + 29

1.06 + 0.47
77+16

0.92 + 0.47
168 + 86

0.68 + 0.26

94+13
88+9

167 + 20
408 + 26

0.083 + 0.040
1.12 t 0.47
40+5

0.35 + 0.18
0.15 + 0.13
-0.79 + 0.42
0.26 + 0.16

-0.19 + 0.14
o.7L + 0.37
-0.2t + 0.t4

313 + 2l
l.o9 + 0.47

73+29
0.76 + 0.36
166 + 42

0.85 + 0.41

0.069
0.556
0.004
0.233
0.919
0.961
0.138
0.001
0.037
0.007
0.978
0.47r
0.060
0.002

0.910

0.074

0.079

'sratistical significance of the difference between LVH and normal subjects with the Mann-Whitney U-

Linear regression with the left ventricular wall thickness as an independent variable

was applied to the amplitude parameters of the QRS-vector (Figure 24). Clear

positive correlations were observed in most parameters of the z- and x-components

of the QRS vector. The y-component was not so well correlated. The correlation

between the wall thickness and the maximum QRS vector magnitude was positive

(r:0.38, P:0.1), but it was clearly less than the maximum correlations of the z-

component. The VECG maximum QRS vector magnitude was even less closely

correlated to the wall thickness (r:0.21, P:0.4).
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Figare 24. Correlation of the amplitude parameters of the x-, y-, and z-components of the
QRS vector to the thickness of the left ventricular wall of the patients with an LVH (n=24).
Statistical significance of the correlation x P < 0.05.

5.2.3 Yentricular conduction defects

5.2.3.1I-eft bundle branch block

The QRS vector in a typical recording from a patient with an LBBB (Figure 25) was

characterized by a huge and wide positive monophasic z-component, while the other

components were very small. A clear ST segment shift and a T inversion of the z-

component were present. The mean VMCG parameters in LBBB (Figure 26 and

Table 16) showed the expected rise in the duration of the QRS vector and VAT.
The QT-time was increased by l0%. The mean maximum QRS and T vector

magnitudes were slightly enlarged @oth l29Vo of the normal value). The mean

amplitude ranges of the x- and y-components of the QRS vector were 72Vo and 34Vo,

respectively, of the amplitude range of the z-component.

0.6

0.4
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r -i

Figure 25. A VMCG recording from a 59-year-old female patient with an LBBB.
Tl-210 SPECT of this patient showed no perfusion defect in Öe heart.

Table 16. The mean VMCG parameters (mean or PD + SD) in LBBB (n:12)
compared to normal subjects aged 43 years or more (n:188)

Parameter LBBB Normal subjects P'

I

o

Lcft sagittal

Transverse

P*. (ms)

QRS.", (ms)
P& (ms)

QT, (ms)
P* (pAm2)

QRS* (pAmt)
VAT (ms)
T* ftrAm2)
QRSx* (pAmt)
QRSx-" (irAmt)
QRSy* (pAmt)
QRSy-r" ftrAm')
QRSZ*. (r.Amt)
QRSz-. GAm')
S,*r" (degrees)

S" fuAm2)
F.*r. (degrees)

F" (pAm2)
T*r" (degrees)

To fuAm2)

81 +9
l4l + 14

t67 + r8
448 + 40

0.092 + 0.030
1.35 + 0.59

61 +9
0.40 + 0.19
0.4r + 0.52
-0.42 + 0.35
0.19 + 0.08

-0.20 + 0.20
1.05 + 0.63

-0.10 + 0.09
356 + 45

1.33 + 0.57
90x12

1.07 + 0.65
170 + 92

0.76 + 0.43

95+15
87+10

169 + 2l
406 + 26

0.083 + 0.040
1.05 + 0.44
40+5

0.31 + 0.17
0.16 + 0.14
-0.74 + 0.41
0.23 + 0.15

-0.16 + 0.12
0.66 + 0.35

-0.19 + 0.13
3r3 + 22
r.02 ! 0.44

73+28
0.71 + 0.34
168 + 47

0.79 + 0.39

0.0024
0.0000
0.7944
0.0002
0.323r
0.0909
0.0000
0.0863
0.1839
0.0090
0.6233
0.7920
0.0121
0.0111

0.0728

0.0299

0.7524

'statistical significance of the difference between LBBB and normal subjects with the Mann-Whitney U-

test,
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Figure 26. The time-normalized QRS vector and ST-segment (mean + SD) in LBBB (o,
n=12) compared to normal subjects ageÅ 43 years or more (1, n:188). The time scale of
the QRS vector has been normalized to the duration of the normal QRS vector. Statistical
significance of the difference with the Mann-Whitney U-test: * P < 0.01, ** P < 0.001,
*** P < 0.0001.
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5.2.3.2 Right bundle branch block

The most apparent deformity of the QRS vector in the recording from a patient with

an RBBB (Figure 27) was the terminal slow negative deflection of the z-component,

the other components being morphologically more normal. The z-component of the

T vector seemed more peaked than normal. The mean VMCG parameters in RBBB

(Figure 28 and Table 17) showed the rise in the duration of the QRS vector. The

QT time was increased by 7%. The distribution of the values of the VAT was

bimodal since in some patients the maximum QRS vector appeared on the terminal

slow deflection due to the RBBB. The mean maximum QRS and T vector magni-

tudes were not different from normal. The y-component of the ST segment had a

negative shift and the z-component a positive shift. It was not as striking as in

LBBB.

FA-'I
t-^0r*a/\-.^-r
rV_r[,,,,,:

tlF^
o F -----JV--',-\Ir

Figare 27. A VMCG recording from a 47-year-old male patient with an RBBB. The Tl-
210 SPECT of this patient showed no perfusion defect in the heart. The QRS vector loops

are cut at 10 ms intervals.
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Figure 28. The mean time-normalized QRS vector and ST-T segment (mean + SD) in
RBBB (r, n=14) compared to normal subjects aged24 years or more (o, n=266). The

time scale in the QRS vector has been normalized to the duration of the normal QRS vector.
Statistical significance of the difference with the Mann-Whitney U-test: * P < 0.05, ** P <
0.01.
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Table 17. The mean VMCG parameters (mean or PD + SD) in RBBB (n:14)
compared to normal subjects aged24 years or more (n:266)

Parameter RBBB Normal subjects P.

Po,. (ms)

QRS'., (ms)
P\ (ms)

QT, (ms)
P-. (pAm2)

QRS* (pAm')
VAT (ms)
T* (pAm2)

QRSx* (pAm')
QRSx-t (pAmt)
QRSy."* Q"Am')
QRSy-r (pAm')
QRSz* (pAm')
QRSz-r (pAm')
S"*r" (degrees)
So (pAm2)
F*r" (degrees)
F" (pAm'z)
T,or" (degrees)
To (pAm2)

95+20
133 + 25
170 + 18

435 + 29
0.110 + 0.062
0.96 + 0.35

63+34
0.39 + 0.20
0.34 + 0.30

-0.69 + 0.41
0.22 + 0.12

-0.16 + 0.14
0.43 + 0.36

-0.56 + 0.20
281 + 80

0.95 + 0.35
356 + 82

0.70 + 0.26
179 + 85

0.78 + 0.36

94+14
89+10

167 + 20
408 + 26

0.082 + 0.040
t.tz + 0.47
40+5

0.35 + 0.18
0.15 + 0.13
-0.79 + 0.42
0.26 + 0.16

-0.19 + 0.14
0.7r + 0.37

-0.21 + 0.14
3r3 + 2l

1.09 + 0.47
73+29

0.76 + 0.36
166 + 42

0.85 + 0.41

0.7503
0.0000
0.4691
0.0019
0.0349
0.3535
0.1010
0.3696
0.0183
0.3972
0.6770
0.3097
0.0067
0.0000

0.4164

0.9218

0.6647

'statistical significance of the difference between RBBB and normal subjects with the Mann-Whitney U-
test.

5.2.3.3 Irft anterior fascicular block

A positive large terminal wave of the x-component of the QRS vector was observed

in the recording from an otherwise normal healthy male with an LAFB (Figure 29),

the other components of the QRS vector were morphologically quite normal. There

was an ST segment shift in the x- and y-components of the VMCG. The T vector

appeared not much changed. The mean VMCG parameters in LAFB (Figure 30 and

Table 18) showed a slight rise in the duration of the QRS vector. The distribution

of the values of the VAT was flat since in some patients the maximum QRS vector

appeared on its terminal part due to the LAFB. The mean maximum QRS and T

vector magnitudes were not different from the normal. The mean maximum

amplitude of the x-component of the QRS vector was nearly 4.5 times greater than

the normal value, while the mean maximum negative amplitude only half of the

normal value. The first deflection of the y-component of the QRS vector was
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slightly smaller, and the second deflection much larger than the normal deflection.

The z-component of the QRS vector was morphologically the most normal compo-

nent. An ST segment shift appears negative in the x-component and positive in the

y-component of the VMCG.

Figure 29. A VMCG recording from a 28-year-old healthy male patient with an LAFB.
The QRS vector loops are cut at l0 ms intervals.
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Figure 30. Thetime-normalized QRS vector and ST-T segment (mean + SD) in LAFB (.,
n=13) compared to normal subjects aged28 years or more (1, n=233). The time scale in
the QRS vector has been normalized to the duration of the normal QRS vector. Statistical
significance of the difference with the Mann-Whitney U-test: * P < 0.05, ** P < 0.01,
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Table 18. The mean VMCG parameters (mean or PD + SD) in LAFB (n=13)
compared to normal subjects ageÅ 28 years or more (n:233)

Parameter LAFB Normal subjects P.

Po,. (ms)

QRS.,, (ms)
P\ (ms)

QT, (ms)
P-"* (trrAm2)

QRS..* furAmt)
VAT (ms)
T*. (prAm2)

QRSx* (pAm')
QRSx*. (pAmt)
QRSy-",ftrAm')
QRSy-r (pAm')
QRSz*" (pAm')
QRSz-r (pAmt)
S-r," (degrees)

Sa ftiAm2)
F,,rr" (degrees)
Fo (pAm2)
T*r," (degrees)
To (pAm2)

75+16
105+9
163 + 17

389 + 27
0.084 + 0.049
0.87 + 0.48

48+10
0.30 + 0.16
0.67 + 0.48
-0.33 + 0.23
0.19 + 0.18
-0.29 + 0.t6
0.50 + 0.48

-0.19 + 0.19
49+64

0.85 + 0.49
65+85

0.63 + 0.42
344 + 79

0.75 + 0.43

94+15
88+10

168 + 2l
409 + 26

0.082 + 0.040
L09 + 0.47
40+5

0.33 + 0.16
0.15 + 0.13
-0.77 + 0.42
0.25 + 0.16
-0.t7 + 0.12
0.69 + 0.38

-0.20 + 0.14
3t3 + 22
r.06 + 0.47

73+31
0.74 + 0.37
167 + 44

0.82 + 0.41

0.0002
0.0000
0.6081
0.0215
0.7444
0.1188
0.0009
0.5514
0.0000
0.0001
0.0906
0.0089
0.0230
0.329s

0.1422

0.1236

0.5282

'statistical significance of the difference between LAFB and normal subjects with the Mann-Whitney U-
test.

5.2.4 Wolff-Parkinson-White patterns

A clear delta-wave appeared in the y- and x-components of the QRS vector in a

typical type A recording of the WPW pattern (Figure 31) and in the z-component of

the QRS vector in a type B recording (Figure 32). Clear ST segment shifts were

also visible. In the mean QRS vectors and ST-T segments (Figures 33 and 34) the

delia-waves were present in the x-, and y- components in type A and in the z-

component in type B. The ST segment changes were present in the y- and z-

components in type A and in all components in type B. The z-component had the

largest ST segment shift. The PR times were shorter, the durations of the QRS

vector and the VAT longer than the normal values in both types of the WPW pattern

(Tables 19 and 20).
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Figure 31. A VMCG recording from a 20-year-old female patient with a type A WPW
pattern. The QRS vector loops are cut at 10 ms intervals.
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pattern. The QRS vector loops are cut at l0 ms intervals.
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Figure 33. The time-normalized QRS vector and ST-T segment (mean I SD) in a type A
WPW pattern (o, n=9) compared to normal subjects ageÄ 20 years or more (1, n=271).
The time scale of the QRS vector has been normalized to the duration of the normal QRS
vector so that the maximum QRS vector magnitudes in WPW and normal subjects coincide.

Statistical significance of the difference with the Mann-Whitney U-test:
*P<0.05,**P<0.01.
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Figure 34. The time-normalized QRS vector and ST-T segment (mean * SD) in a type B
WPW pattern (a, n=4) compared to normal subjects aged 39 years or more (r, n=203).
The time scale of the QRS vector has been normalized to the duration of the normal QRS
vector so that the maximum QRS vector magnitudes in WPW and normal subjects coincide.
Statistical significance of the difference with the Mann-Whitney U-test: * P < 0.05, ** P <
0.01.***P<0.001.

*iIt.iiiii*
iiliiiiiiiti"tliii.

r.rtl
J

..i I

rlt-
rtlh.

IF
0 20 40 60 60 100

dur.tion of normal ORS vcctor (fl

/t0 60

ITIIIII



-91 -

Table 19. The mean VMCG parameters (mean or PD I SD) in a type A WPW pattern (n=9)
compared to normal subjects ryed 2O years or more (n=288)

Parameter Type A WPW Normal subjects P''

P* (ms)

QRS.* (ms)
P& (ns)
QT, (ms)
P^ (irAm)
QRS* GAm'?)
VAT (ms)
T* (rrAm)
QRSx* (pAn')
QRSx-b QiAm'z)
QRSy* QrAm')
QRSya fuAm'?)
QRSz* (pA-")
QRSz-" (pAm)
S"-." (degrees)

S^ (BAm'?)

F.o. (degrees)

Fa (pAm'z)
To, (degrees)

T^ (pAm'?)

97 *tz
93r18

r42 + 22
404 t 32

0.065 t O.O22
1.37 t 0.63

50t15
0.31 1 0.17
0.10 t 0.07

-1.02 t 0.56
o.22 t 0.2O

4.10 t 0.07
0.76 t 0.60

-0.18 t 0.22
3O7 t 28

1.35 + 0.63
72t68

0.88 t 0.51
l7l X9

1.04 I 0.58

94*14
89110

166 t 2l
408 t 26

0.083 t 0.040
t.l2 t 0.47
40t5

0.35 t 0.18
0.15 t 0.13
4.79 t O.43

0.26 t 0.16
{.19 t 0.14
o.7l t 0.37
4.21 t O.t4

313 + 2l
1.09 t 0.47

73 X29
0.76 * O.37
166 + 42
0.8 t 0.41

o.524
0.629
0.003
0.606
0.210
o.213
0.057
0.565
o.5M
0.199
0.248
o.o27
0.909
0.138

0.188

o.493

0.277

'Strtistical significance of the differcnce between type A WPW pEtlem and nomal subjects with the Mam-Whitney U-tast.

Table 20. The mean VMCG parameters (mean or PD t SD) in a type B WPW pattern (n:4)
compared to normal subjects aged 39 years or more (n:203)

Parameter Type B WPW Normal subjects P'

P* (m")

QRS.* (ms)
P& (ms)

QT, (ms)
P* (pAn)
QRS* (pAm'?)

VAT (rns)

T* (pAm)
QRSX* (pAm')
QRSx-" (pAm'?)

QRSy* (pAm'?)

QRSyo" fuAm'?)
QRS4* @Afr)
QRSz-r (pAm'?)

Sor (degrees)

S^ GAm'?)
Fo, (degreas)

FA @Am'?)
To. (degrees)

T^ (;rAm'?)

97 t7
93111

130 * ll
40/.tl7

0.069 t 0.021
1.58 * 0.57

53+15
o.43 x O.27
0.11 1 0.15

-1.11 1 0.35
0.05 t 0.07

-0.37 t 0.50
0.97 x 0.57

-o.19 I 0.10
308 I 18

1.51 t 0.50
lo2 x t6

1.05 f 0.69
195 t 24

1.24 + O.35

94t14
88110

169 x20
408 t26

0.084 I 0.041
1.06 t 0.46
40r5

0.32 t 0.17
0.16 I 0.13
4.75 t O.42
o.24 x 0.t6
4.r7 t O.t2
0.67 t 0.36

-0.20 * 0.14
314 x 22

1.03 t 0.,16

73 t32
o.72 t O.35
t67 t 46

0.80 i 0.40

0.701
0.299
0.001
o.7ll
0.569
o.067
0.055
o.444
0.453
0.100
0.005
o.730
0.266
0.946

o.o77

0.354

0.045

*StatisticEl 
signihcance of the differcnce betw*n type B WPW pattem and noml subjecb with the Mam-whitney U-test.
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5.3 Evaluation of the diagnostic performance of vector

magnetocardiography in myocardial diseases

5.3.1 General remarks

The diagnostic performance of VMCG was first evaluated pairwise comparing

normal subjects to AMI, IMI, LMI and LVH with stepwise linear discriminant

analysis (LDA). Three-group, four-group and five-group analyses follow the

pairwise comparisons. The order of the multigroup comparisons was based on the

number of cases in the groups since the classification ability of LDA is dependent on

sample size. LDA was first performed only on parameters of the QRS vector with

the jackknife and random subsets validation. ST-T segment parameters were later

included in the LDA and studied only with jackknifing.

5.3.2 Normal subjects compared to anteroseptal myocardial infarction

In the stepwise LDA based only on the QRS vector (Table 2l) 93.lVo specifrcity,

77.0Vo sensitivity and 88.8% correct classification rate was achieved using 10

parameters in the classification functions (Table 22). The jackknifed classification

results were exactly the same. LDA was also applied to data where the female

subjects were excluded (Table 23). The classification of males only resulted to

nearly the same jackknifed classification (88.0% colrect jackknifed classif,rcation

rate, 86.2% sensitivity and 91.9% specificity). The first parameter that was entered

to the classification was the same, but differences in the other entered parameters

were found. The effect of increasing the number of parameters in the classification

functions was further studied with jackknifing (Figure 35). The correct jackknifed

classification rates were around 88Vo and the difference between the classification

using all data and the jackknifed classif,rcation was negligible using 10-20 parame-

ters. The best correct jackknifed classification rate was 89.5% (20 parameters).

The jackknifed classification began to deteriorate and the classification difference

became significant when the number of parameters exceeded 20.
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Table 21. Classification results of stepwise LDA using the QRS vector between
normal subjects ageÅ 39 years or more (n=203) and patients with AMI (n=74)

LDA predicted group
actual
group normal AMI coner,t (Vo)

normal
AMI

r89
L7

I4
57

93.1
77.0

The jackknifed classification was identical.

Table 22. The coefficients of the
vector in normal subjects aged 39
(n=74)

best LDA classification functions using the QRS
years or more (n:203) and patients with AMI

coefficient of the predictor function

parameter normal AMI

QRSz,5s
VAT
QRSxo5s
QRSzur*
QRSz.r

"QRS*
QRSzooo
QRSy-.
QRSYrox
QRSy*

constant

6.29
0.76
-t.62
-2.r2
4.35
1.19
6.32

-0.41
-5.30
12.03

-18.66

20.93
0.84

-0.07
4.20
-0.24
-4.32
r0.82
-5.27

-13.95
18.03

-22.75

The parameters were ordered according to the sequence they entered the LDA. The values of the two
classification functions for the LDA prediction of each case in turn (both normal subjects and AM[) were

obtained by multiplying the preceding parameter values of the case with the coefficients. The constant

terms were added to the results. The case was assigned to the group which had a greatet value of the.

predictor classification function. These functions can also be used to classiff new cases.
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(n=203) aged 39 years or more with the three random subset runs
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Table 23. The coefficients of the best LDA classification functions using the QRS
vector in normal male subjects aged 39 years or more (n:138) and male patients
with AMI (n=62)

coefficient of the predictor function

parameter normal AMI

QRSz,5*
*QRS*
QRSyrss
QRSzzo*
,QRS*

constant

-4.29
-2.24
5.32

-4.38
4.22

-4.01

6.84
-1.06
r.25

-t.27
2.69

-r.69

The mean correct classification rates of the test groups of random subsamples were

only slightly lower than those estimated with jackknifing (Figure 36). The best

classification rates of the three test sets weret90.2Vo (17 parameters), 88.0% (10

parameters) and 84.9Vo (12 parameters), lespectively. The mean jackknifed

classification of the three learning groups was systematically more optimistic than

the mean classification of the test groups. However, this discrepancy was less than

2% if not more than 13 parameters were used. When ST-T segment parameters

were included the stepwise LDA chose only ST-Tz75o. The correct jackknifed

classification rate was not increased but the number of parameters dropped to 9.

The first parameter that entered all LDA runs was always QRSzr5o, indicating that it
was most sensitive to AMI.

5.3.3 Normal subjects compared to inferior myocardial infarction

The stepwise LDA based on the QRS vector (Table 24) resulted in 9l.0Vo specifici-

ty,78.5To sensitivity and 87.3% correct classification rate with 11 parameters (Iable

25). The jackknifed classification results were almost the same. When the same

analysis was applied only to male subjects (Table 26) the correct jackknifed classifi-

cation rate was 85.7% (87.2/o specifrcity and 82.7Vo sensitivity). The correct

jackknifed classification rates were around 85% using from 6 to 20 paramelers

(Figure 37). There were also no apparent differences from the classification of all

data in this range. The best correct jackknifed classification was 87.3% (30

parameters). The jacld<nifed correct classification rate began to drop when the

number of parameters exceeded 35.
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Table 24. Classifrcation results of LDA using the QRS vector between normal

subjects aged 33 ye:rs or more (n:221) and patients with IMI (n:93)

actual
group

LDA predicted group

normal IMI cone.ct (Vo)

normal
IMI

201 (1e9)
20 (20)

20 (22)
73 (73)

91.0 (e0.0)
78.5 (78.5)

The results are for the classification of all data (ackknifed classification in parenthesis).

Table 25. The coefficients of the best LDA classifrcation functions using the QRS

vector in normal subjects aged 33 yeårs or more (n=221) and patients with IMI
(n:93)

coefficient of the predictor function

parameter normal

QRSYT'*
QRSxr5s
QRSYsox

QRSYs*
QRSY-i"-,
VAT
QRSz55
QRSztoo
QRSxr5*
QRSz-"
F"ogto

constant

0.93
t.23
5.45

23.39
0.10
t.34

-96.14
38.22

-11.91
5.50

-4.98

-31.95

-11.78
-9.22
-0.68
5.86
0.07
1.46

-143.45
54.88
-9.28
-2.57
2.94

-34.70

The mean correct classification rates of the test groups of random subsamples were

slightly less than those estimated with jackknifrng (Figure 38). The best classifica-

tion rates of the three test sets were 88.5% (17 parameters),86.7% (8 parameters)

and 84.8% (5 parameters), respectively. Now the jackknifed classification of the

learning groups followed closely the classification of the test groups. When ST-T

segment parameters were included the correct classification rate was increased to

93.0% (92,7% jackknifed) (Table 27) and the number of parameters dropped to 10.

The stepwise LDA includes one parameter on the z-component and one on the x-
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component of the T vector (Table 28). The first parameter that entered the LDA

was always found on the initial part of the y-component of the QRS vector (QRSYrsx

or QRSy265).

Table 26. The coefficients of the best LDA classification functions using the QRS
vector in normal male subjects aged 33 years or more (n:149) and male patients

with IMI (n:62)

coefhcient of the predictor function

parameter normal IMI

QRSYror
QRSxrro
QRS-n*
QRSys*
QRSxroo
QRSY-.-,
QRSz5o

QRSztoo
QRSz-.*,,
QRSxrro

constant

0.59
- 1.81
4.22

-1.81
-t6.37

0.11
-76.54
20.57

1.46
-2.16

-37.65

-12.20
-9.31
2.45

-5.5s
-1t.96

0.08
-130.35

43.38
1.55

-11.68

-37.33

Tab\e 27. Classifrcation results of LDA
between normal subjects aged 33 years
(n:93)

using the QRS vector
or more (n:221) and

and ST-T segment
patients with IMI

LDA predicted group

actual
group normal IMI conect (%)

normal
IMI

2r0 (209)
11 (11)

rr (r2)
82 (82)

9s.0 (94.6)
88.2 (88.2)

The results are for the classification ofall data (ackknifed classification in parenthesis).



correct

-98-

classification rate (X)

100

.1. ,I".1"'I"'I"'1"'l"r

o20406080
number of Parameters

Figure 37. Correct classification rate of LDA in IMI (n=93) and normal subjects aged 33

yeärs or morc (n=221) as a function of parameters used in the classification functions

(r =classifrcation of all data, o =jackknifed classification).
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Figure 38. Mean correct classification rate of LDA in IMI (n=93) and normal subjects aged

3f years or more (n=221) with three different random subset runs (r:learning groups,

a =test groups, v=jackknifed learning groups).
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Table 28. The coeffrcients of the best LDA
vector and ST-T segment in normal subjects
patients with IMI (n:93)

classification functions using the QRS
aged 33 years or more (n:221) and

coefficient of the predictor function

parameter normal IMI

QRSYtos
ST-Tzrro

QRSx*5o
ST-Txtro
VAT
QRSzr*
QRSyso*
QRSY-.,
QRSyso
QRSx**

constant

-0,29
2.41
6.14

-2.9r
1.19

-45.03
3.69
0.09

32.t8
-6.33

-28.04

-11.53
-8.30
-7.t7
2.45
r.33

-68.56
-0.19
0.05
6.64

-2.67

-3r.28

5.3.4 Normal subjects compared to lateral myocardial infarction

Applying the stepwise LDA on rhe QRS vector (Table 29) 89.9% specificity, 75.0%

sensitivity and 89.0Vo correct classifrcation rate (ackknifed 89.9% specificity,

66.7% sensitivity and 88.5% correct classifrcation rate) were achieved using only 3

parameters (Table 30). The correct jackknifed classification rates were more than

85% using almost any parameter number (Figure 39).

Table 29. Classification results of LDA using the QRS vector between normal

subjects ageÅ 43 years or more (n:188) and patients with LMI (n:12)

LDA predicted group
actual
group normal LMI cortert (Vo)

normal
LMI

169 (169)
3 (4)

19 (19)
e (8)

89.9 (89.e)
7s.0 (66.7)

The results are for the classification of all data (ackknifed classification in parenthesis).
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Table 30. The coeffrcients of the best LDA
vector in normal subjects ageÅ 43 yqrs or
(n:12)

classification functions using the QRS
more (n:188) and patients with LMI

coefficient of the predictor function

parameter normal LMI

QRSzror
QRSxroo
F"ogtu

constant

0.92
1.73
0.04

-2.25

-25.26
11.79
0.06

-5.83

correct classification rate (X)

100

20 40 60

number of parameters

Figure 39. Correct classification rate of LDA in LMI (n= 12) and normal subjects aged 43

years or more (n= 188) as a function of parameters used in the classification functions
(l =classification of all data. a =iackknifed classification).
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The difference between the classification of all data and jackknifed classification was

small when the number of parameters was less than 14. Random subset validation

was not applied due to the small sample size in LMI. No improvement of the

classification was observed when different ST-T segment parameters were included.

The first parameter in the classification functions was QRSzroo.

5.3.5 Normal subjects compared to left ventricular hypertrophy

In the stepwise LDA based on the QRS vector (Table 3l) 90.3% specificity, 54.2%

sensitivity and 87.6% correct classification rate (86.9% jackknifed) was achieved

using 4 parameters in the classifrcation functions (Table 32). The correct jackknifed

classification rates were around 87% using 10-20 parameters and the best colrect

jackknifed classification was 91.7% with 30 parameters. There was no significant

difference from the classifrcation of all data when the number of parameters was less

than 30 (Figure 40).

Table 31. Classihcation results of stepwise LDA using the QRS vector between

normal subjects (n:290) and patients with LVH (n:24)

LDA predicted grouP

actual
group normal LVH correct (%)

normal
LVH

262 (26r) 28 (29)
rL (r2) 13 (r2)

90.3 (90.0)
54.2 (s0.0)

The results are for the classification of all data (ackknifed classifrcation io parenthesis).

The mean correct classifrcation rate of the test groups of random subsamples was

more than 87Vo (Figure 4l). The classification was not particularly sensitive to the

number of parameters. The best correct classification rates of the test groups were

gl.3% (14 parameters), 89.5% (4 parameters) and 92.4% (10 parameters). The

mean jackknifed classification of the learning groups was only slightly more optimis-

tic than the mean classifrcation of the test groups. When different ST-T segment

parameters were included in the analysis the correct classification rate was increased

to 93.9% (93.3% jackknifed) with 6 parameters (Table 33). Two ST-T segment

parameters were entered (Table 34). The first parameter to enter the LDA runs was

QRSz,ro or QRSzro*.
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Table 32. The coefficients of the best LDA classification functions using the QRS
vector in normal subjects (n:290) and patients with LVH (n:24)

coefficient of the predictor function

parameter normal LVH

QRSz,5s
QRSaos
QRSx*
QRSz-i"-,

constant

-18.40
5.73
4.77
0.10

-3.g3

-10.58
12.53
10.83
0.14

-6.80

Table 33. Classification results of stepwise LDA using the QRS vector and ST-T
segment between normal subjects (n:290) and patients with LVH (n:24)

LDA predicted group
actual
group normal LVH conect (Vo)

normal
LVH

276 (274)
5 (5)

14 (16)
1e (1e)

9s.2 (94.s)
79.2 (79.2)

The results are for the classification ofall data (iackknifed classification in parenthesisr.

Table 34. The coefficients of the best LDA classihcation functions using the QRS
vector and ST-T segment in normal subjects (n:290) and patients with LVH (n:24)

coefficient of the predictor function

parameter normal LVH

QRSao*
ST-Tz*o
QRSz*.
QRSz.*-,
ST-Txroo

QRSx*

constant

23.94
6.39
0.34
1.90
5.97
8.56

-39.16

34.83
-5.68
2.9r
2.r9

t3.94
t4.46

-53.24
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Figure 40. Correct classification rate of LDA in LVH (n:24) and normal subjects (n=290)
as a function of parameters in the classification functions (l=classification of all data,
3 =jackknifed classification).
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Figure 41. Mean correct classification rate of LDA in LVH (n=24) and normal subjects
(n=290) with three different random subset runs (l=learning groups, a=test groups,
w =jsckknifed learning groups).
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5.3.6 Three groups in comParison

The stepwise LDA in normal subjects, AMI and IMI yielded 76.8% correct classifi-

cation rate (76.0Vo jackknifed) with 7 parameters of the QRS vector (Tables 35 and

36). The effect of the number of the parameters is shown with jackknifing in Figure

42 and with random subsamples in Figure 43. The correct classification rates with

the two validation methods agree fairly well, around 75%. The best correct classifi-

cation rates of the test groups were 72.9Vo (12 parameters), 79.1% (19 parameters)

and 73.8Vo (5 parameters). The mean correct jackknifed classification rate of the

learning groups of the random subsamples is now in good accordance with the

classification of the test groups, at least when the number of parameters is less than

20. An increase to 81.2% (80.2% jackknifed) in the correct classification rate

(Table 37) was observed when the ST-T segment parameters were included in the

stepwise LDA (Table 38). Two ST-T segment parameters were chosen with nine

QRS vector parameters.

Table 35. Classification results of stepwise LDA using the QRS vector between

normal subjects aged 33 years or mote (n:221), AMI (n:74) and IMI (n:93)

LDA predicted grouP

actual
group normal AMI IMI conect (%)

normal
AMI
IMI

r79 (r79)
12 (r3)
14 (15)

20 (20)
47 (46)
7 (8)

22 (22)
1s (15)
72 (70)

81.0 (81.0)
63.s (62.2)
77 .4 (7s.3)

The results are for the classification ofall data (ackknifed classification in parenthesis).
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Figure 42. Correct classification rate of LDA in AMI (n=74), IMI
subjects aged 33 years or more (n:221) as a function of parameters

functions (l =classification of all data, o =jackknifed classification).
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Figure43. Mean correct classificationrate of LDA inAMI (n=74), IMI (n=93) and normal

subjects aged 33 years or more (n:221) with three different random subset runs (r=learn-
ing groups, a =test groups, w=jackknifed learning groups).
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Table 36. The coefficients of the best LDA classification functions using the QRS
vector in normal subjects aged 33 years or more (n:221), AMI (n:74) and IMI
(n=93)

coefficient of the predictor function

parameter normal AMI IMI

QRSzt5l -6.56

QRSyro* 7.37

QRSxroo -1.13

QRSx* 5.54

QRSys* 3.83

QRSyss* 2.33

QRSzoro -0.35

constant -2.18

6.96
3.44

-0.96
10.05

-r3.78
2.54
t.45

-2.87

-7.79
-3.98
-8.82
9.07

-20.48
-0.77
0.21

-2.56

Table 37. Classification results of stepwise LDA using the QRS vector and ST-T
segment between normal subjects aged 33 years or more (n-221), AMI (n:74) and

IMI (n=93)

LDA predicted group
actual
group normal AMI IMI corlert (%)

normal 188 (187) 13 (13) 20 (2r)
AMr 14 (15) 50 (48) 10 (11)

rMr 10 (11) 6 (6) 71 (76)

8s.1 (84.6)
67.6 (64.e)
82.8 (81.7)

The results are for the classification of all data (ackknifed classification in parenthesis).



-107-

Table 38. The coeff,rcients of the best LDA classification functions using the QRS
vector and ST-T segment in normal subjects aged 33 years or more (n:221), AMI
(n:74) and IMI (n:93)

coeffrcient of the predictor function

parameter normal AMI IMI

QRSz,ro
ST-Tzrro

QRSyro*
QRSxroo
VAT
ST-Txtr*
QRSx-,*
QRSyr*
QRSzro
QRSY-r-,
QRSzuoo

conslant

18.14
11. 15

-0.19
3.98
0.70

-4.03
-2.65
30.05

-43.25
0.r2
2.64

-r9.92

31.76
4.83

-3.48
4.II
0.78

-2.81
0.97

14.71
-47.39

0.11
3.s9

-22.45

18.44
-0.09

-10.66
-3.42
0.76
0.54
0.70
6.42

-62.67
0.09
1.89

-20.34

5.3.7 Four groups in comparison

The stepwise LDA in normals, AMI, IMI and LVH yielded 69.0% correct classifi-

cation rate (67.6% % jackknifed) using 9 parameters on the QRS vector (Tables 39

and 40). The effect of the number of the parameters is shown with jackknifing in

Figure 44 and with random subsamples in Figure 45. The correct classiftcation

rates with the two validation methods agreed quite well, around 70%. The best

correct classification rates of the test groups were '10.0% (20 parameters), 72.3%

(25 parameters) and 70.2% (17 parameters). The jackknifed classification of the

learning groups in random subsamples was practically identical to that of the test

groups regardless of the number of parameters. An increase to 78.8% (75.7%

jackknifed) in the correct classification rate was observed when the ST-T segment

parameters were included in the stepwise LDA (Table 41). Two ST-T segment

parameters were chosen with nine QRS vector parameters (Table 42).



Table 39. Classification
normal subjects (n:290),

_108_

results of stepwise LDA using the QRS vector between

AMI (n:74), IMI (n:93) and LVH (n:24)

LDA predicted group

actual
group AMI IMI LVH correct (Vo)

normal
AMI
IMI
LVH

2rr (209)
8 (e)

13 (14)
5 (s)

11 (11)
38 (34)
8 (8)
3 (3)

35 (3s)
14 (1s)
6e (68)
2 (2)

33 (35)
14 (16)
3 (3)

14 (r4)

72.8 (72.r)
51.4 (45.9)
74.2 (73.r)
58.3 (58.3)

The results are for the classification ofall data (ackknifed classification in parenthesis).

Table 40. The coefficients of the best LDA classification functions using the QRS
vector in normal subjects (n:290), AMI (n:74), IMI (n=93) and LVH (n:24)

coefficient of the predictor function

parameter normal AMI LVHIMI

QRSz,5o
QRSYTo*

QRSxroo
QRSx-"*
QRSzu5o

,QRS."*
QRSYTo

QRSYsou

QRSzn5o

constånI

-4.87
6.42
-0.44
4.40

-2.6r
3.50

-0.79
3.14
L.Z5

-3.95

8.43
t.12

- 1.88
10.40
-0.12
-t.72

-r9.16
2.65
5.29

-3.95

-5.73
-5.78
-8.88
9.r2
-1.26
0.87

-22.95
-0.02
2.77

-3.64

1 A^l.+L

8.40
5.17
6.66
1.30
1.00

-17.16
4.40
4.57

-5.55

Table 41. Classification results of stepwise LDA
segment between normal subjects (n:290), AMI
(n:24)

using the QRS vector
(n:74), IMI (n:93)

and ST-T
and LVH

LDA predicted group

actual
group AMI IMI LVH correct (%)

normal
AMI
IMI
LVH

242 (239)
8 (10)
8 (10)
3 (4)

8 (8)
45 (3e)
4 (6)
4 (5)

22 (2s)
10 (12)
78 (74)
3 (3)

18 (18)
11 (13)
3 (3)

14 (r2)

83.4 (82.4)
60.8 (s2.7)
83.9 (7e.6)
58.3 (50.0)

The results are for the classification of all data (ackknifed classification in parenthesis)
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Figure 44. Correct classification rate of LDA in AMI (n=74), IMI (n:93), LVH (n:24)
anä normal subjects (n=290) as a function of parameters used in the classification functions

(l =classification of all data, 1=jsckknifed classification).
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Figure 45. Mean correct classification rate of LDA in AMI (n=74), IMI (n=93), LVH

1n-=Z+1 and normal subjects (n:290) with three different random subset runs (r:learning
groups, a =test groups, v=jackknifed learning groups)'
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Table 42. The coefficients of the best LDA classifrcation functions using the QRS
vector and ST-T segment in normal subjects (n:290), AMI (n:74), IMI (n:93)
and LVH (n:24)

coefficient of the predictor function

paramercr normal AMI IMI LVH

QRS4os
ST-Tzrr*
QRSyror
QRSxro*
QRSz5og
ST-Txtro
QRSx*

"QRS-*
QRSyr*
QRSyno*
QRSzro

constant

-1.36
7.71
2.6r
0.16

-0.10
-4.33
4.61
3.40
2.49
4.22

-7.58

-4.51

8.44
2.87
0.30
-t.75
4.55

-2.70
10.13
-r.62

-r9.57
2.45

-2.13

-4.t9

-0.50
-1.97
-7.53
-8.33
0.89
0.18
8.98
2.02

-22.36
1.09

-26.28

-3.73

7.45
-0.91
3.78
5.16
5.24
0.13
6.69
0.46

-r3.28
6.29

-8.46

-5.91

5.3.8 Five groups in comparison

The stepwise LDA in normals, AMI, IMI, LMI and LVH yielded 65.3Vo correct

classification rate (61.9% jackknifed) using 10 parameters on the QRS vector

(Tables 43 and 44). Increasing the number of parameters made only a slight impact

on the classihcation (Figure 46). An increase to 73.6V0 (69.2% jackknifed) in the

correct classification rate was observed when the ST-T segment parameters were

included in the stepwise LDA (Table 45). Two ST-T segment parameters were

chosen with eight QRS vector parameters (Table 46).



Table 43. Classif,rcation results
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(n:24)
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of stepwise LDA using
(n:74), IMI (n:93),

the QRS vector between
LMI (n:12) and LVH

LDA predicted group
actual
group AMI IMI LMI LVH conert (%)

normal
AMI
IMI
LMI
LVH

6 (7)
36 (30)
6 (6)
I (3)
3 (3)

20 (24)
13 (r4)
2 (2)
1 (1)

15 (14)

201 (1e5)
8 (8)

14 (ls)
2 (2)
3 (4)

33 (33) 30 (31)
14 (16) 3 (6)
63 (61) 8 (e)

1 (1) 7 (5)
2 (2) I (1)

6e.3 (67.2)
48.6 (40.5)
67.7 (6s.6)
s8.3 (41.7)
62.s (s8.3)

The results are for the classification ofall data (iackknifed classification in oarenthesis).

'fable 44. The coefficients of the best LDA classihcation functions using the QRS
vector in normal subjects (n:290), AMI (n:74), IMI (n:93), LMI (n:12) nd
LYH (n:24)

coefficient of the predictor function

parameter normal AMI LMI LVHIMI

QRSzt5o
QRSYzo*

QRSx*oo
QRSx*

"QRS**
QRSzroo
QRSzroo
QRSyso
QRSysox
QRSaox

constant

-4.10
6.94
0.24
3.94
4.38

-0.54
-8.10
0.87
2.86
7.62

-4.20

9.73
3.21
-r.32
9.78

-0.20
3.62

-4.24
-19.40

r.69
- 1.03

-4.17

-5.56
-5.69
-8.14
8.46
2.30
0.68

- 1.58
-2r.59

-0.27
-3.14

-3.75

-6.15 7.93
7 .t9 9.52
1.65 5.67
8.94 6.02
0.42 2.30
t.74 3.57

-10.5 r 1.36
-15.41 -16.23

1.70 3.59
-3.7r -3.62

-5.33 -5.74
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Figure 46. Correct classification rate of LDA in AMI (n:74), IMI (n:93), LMI (n=12),

LVH (n=24) and normal subjects (n=290) as a function of parameters in the classification

functions (r =classification of all data, o =jackknifed classification).

Table 45. Classification results of stepwise LDA using the QRS vector and ST-T
segment between normal subjects (n:290), AMI (n:74), IMI (n:93)' LMI (n:12)
and LVH (n:2a)

LDA predicted group

actual
group AMI IMI LMI LVH correct (7o)

60

40

normal
AMI
IMI
LMI
LVH

12 (r2)
38 (31)
6 (7)
1 (1)
2 (2)

12 (14)
11 (15)
4 (4)
1 (l)

r7 (r3)

228 (222)
10 (12)
7 (7)
o (2)
2 (4)

23 (24) ls (18)
rr (12) 4 (4)
71 (68) s (7)

1 (1) e (7)
2 (3) I (2)

78.6 (76.6)
51.4 (41.e)
76.3 (73.r)
75.0 (58.3)
70.8 (s4.2)

The results are for the classiircation ofall data (jackknifed classification in parenthesis).
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Table 46. The coefficients of the best LDA classification functions using the QRS
vector and ST-T segment in normal subjects (n:290), AMI (n:74), IMI (n:93),
LMI (n:12) and LVH (n:24)

coefficient of the predictor function

parameter normal AMI IMI LMI LVH

QRSz,5o
ST-Tz,75o

QRSYTo*
QRSxroo
QRSz*oo
VAT
ST-Txrro
QRSz5oa

QRSx**

"QRS**

constånt

2.38
3.60
6.19
s.33

- 1.86
0.87

-5.83
-7.45
,5.52

11.60

-2r.25

16.45
-t.97
0.44
4.35

-2.58
0.93

-4.41
-4.31
-0.99
8.2r

-23.16

0.59
-6.05
-9.00
-1.79
-1.41
0.91
-1.29
-7.75
-2.30
|t.27

-22.t0

-2.16 13.81
-11.55 -3.91
4.80 8.12
6.39 11.29

-12.63 r.47
0.84 0.94
-2.23 -1.05
-5.85 -4.05
-r.28 -4.90
9.00 10.69

-2t,29 -25.01

5.4 Comparison of the diagnostic performance of Yector

magnetocardiography and Yector electrocardiography

5.4.1 General remarks

All the following comparisons were based on material where both VMCG and

VECG measurements of the same subjects were available. The statistical compari-

sons of VECG and VMCG with McNemar's test were based on the best possible

LDA classifications regardless of the number of parameters in the LDA.

5.4.2 Normal subjects compared to anteroseptal myocardial infarction

The correct jackknifed VECG classification rate was compared to the correct

jackknifed VMCG classification rate (Figure 47) with an increasing number of QRS

vector parameters in the LDA. The difference of the best correct jackknifed classifi-

cation rates between VECG (90.0%, 35 parameters) and VMCG (90.5Vo, 30

parameters) was minimal (Table 47). This was further confirmed by random

subsamples validation (Figure 48), where both VECG and VMCG scores were

slightly lower than with jackknihng. The best correct VECG classification rates of
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Figure 47. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n=72) and normal subjects aged 39 years or more (n=138) as a function of
parameters in the classification functions (r =VECG, o =Vlv{CG).
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Figure 48. Mean correct classification rates of the test groups in three different random
subsamples in AMI (n=72) and normal subjects aged 39 years or more (n:138) as a
function of parameters in the classification functions (r =VECG, r =VMCG).
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the three test groups were 87.1% (6 parameters),84.3vo (2 parameters) and 85.7vo

(6 parameters); the corresponding VMCG rates were 88.6% (17 parameters),

88.6%(9 parameters) and 88.67o (19 parameters), respectively. The VECG and

VMCG classifications of the test groups were statistically not significantly different
(P:0.8, P:0.4 and P:0.5, respectively). Also the summed best classifications of
the test groups in VECG and VMCG were almost the same (Table 48). When ST-T
segment parameters were included in the LDA the best correct jackknifed VECG
classification was 89.0% (12 QRS vector and 3 ST-T segment parameters) and the

best correct jackknifed VMCG classification 89.5Vo (29 QRS vector and 1 ST-T
segment parameters), again no significant difference existed (P:0.9).

Table 47. Comparison of the best jackknifed classifications of VECG and VMCG
using the QRS vector in normal subjects aged 39 or more (n:138) and AMI (n:72)

VECG class
VMCG
class correct wrong

coffect
wrong

174
15

T6

5

McNemar's test for this comparison indicated that no significant (P:0.9) difference existed in classifica-
tion rates of VECG and VMCG. The kappa measure for reliability was 0.16.

Table 48. VECG to VMCG comparison of the summed best classifications of the
three test groups in normal subj ects ageÅ 39 or more (n : I 3 8) and AMI (n:72)

VECG class
VMCG
class correct wrong

correct
wrong

r64
t6

22
8

McNemar's test for this comparison indicated that no significant (P:0.3) difference existed in classifica-
tion rates of VECG and VMCG. The kappa measure for reliability was 0.19.
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5.4.3 Normal subjects compared to inferior myocardial infarction

The effect of the number of QRS vector parameters on the jackknifed classification

of VECG and VMCG is shown in Figure 49, the best jackknifed classiftcation rates

of VECG and VMCG being equal (90.7%). No major differences between VECG

and VMCG were found with the random subsamples validation (Figure 50), where

both methods scored around 87 % . The best correct VECG classification rates of the

test groups were 92.7Vo (7 parameters),90.2Vo (18 parameters) and 84.I% (16

parameters); the corresponding VMCG rates were 9l.5Vo (6 palameters), 91.5% (5

parameters) and 87.8% (12 parameters), respectively. The VECG and VMCG

classifications of the test groups were statistically not significantly different (P:0.7,

P:0.8 and P:0.5, respectively). Nor did the summed classifications show any

difference (Table 49). When ST-T segment parameters were included in the LDA

the best corect jackknifed VECG classification rate rose to 92'3% (18 QRS vector

and 2 ST-T segment parameters) and the best correct jackknifed VMCG classifica-

tion rate to 93.9% (22 QRS vector and 3 ST-T segment parameters). No significant

difference between VECG and VMCG existed (P:0.4).

Table 49. VECG to VMCG comparison of the summed best classifications of the

three test groups in normal subjects aged 33 or more (n:154) and IMI (n:92)

VECG class

VMCG
class correct wrong

corTect
wrong

McNemar's test fbr this comparison indicated that no significant (P=0.6) difference existed in classifica-

tion rates of VECG and Vlr{CG. The kappa measure for reliability was 0.10.

200
19

22
5
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Figure 49. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in IMI (n:92) and normal subjects aged 33 years or more (n:154) as a function of
the number of parameters in the classification functions (r =VECG, o =VMCG).
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Figure 50. Mean correct classification rate of the test groups in three different random

subsamples in IMI (n=92) and normal subjects aged 33 years or more (n= 154) as a

function of the number of parameters in the classification functions (r =VECG,
o=VMCG).
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5.4.4 Normal subjects compared to lateral myocardial infarction

The best correct jackknifed classification rate in VECG was 97.8% (18 parameters)

and in VMCG 94.8% (30 parameters) when the number of parameters of the QRS

vector was studied (Figure 51, Table 50). The VECG classification was higher, but

the difference was not statisticalty signihcant. Random subsamples validation was

not performed due to the small sample size in LMI. When ST-T segment parame-

ters were included the best correct jackknifed VECG classifrcation rate remained

97.87o (23 QRS vector and 2 ST-T segment parameters) but the best correct

jackknifed VMCG classification rate rose to 97.0% (24 QRS vector and 1 ST-T

segment parameters). No signihcant difference existed (P:0.4).

20 40 60

number of parameters

Figure 51. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in LMI (n:12) and normal subjects aged 43 years or more (n=123) as a function of
parameters in the classification functions (l =VECG, o =VMCG).

correct classification rate (X)
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Table 50. Comparison of the best jackknifed classifications of VECG and VMCG in
normal subjects aged 43 years or more (n:123) and LMI (n:12)

VECG class

VMCG
class wrong

corTect
wrong

t26
6

2

1

McNemar's test for this comparison indicated that no significant (P:0.2) difference existed in classifica-

tion rates of VECG and VMCG. The kappa measure for reliability was 0.17.

5.4.5 Normal subjects compared to left ventricular hypertrophy

The best correct jackknifed classification rate of VECG was 94.6Vo (5 parameters)

and of VMCG 93.3Vo (20 parameters) when the number of QRS vector parameters

was studied (Figure 52, Table 51). The classifications were not significantly

different (P:0.5) although the VECG classification seemed slightly higher. The

classification rates agreed fairly well in the random subsamples validation (Figure

53). The best correct VECG classification rates of the test groups were 93.2Vo (8

parameters), 93,2% (6 parameters) and 89.3% (13 parameters); the corresponding

VMCG rates were 91.9% (6 parameters), 93.2Vo (6 parameters) and 94.7Vo (4

parameters), respectively. The VECG and VMCG classifications of the test groups

were statistically not significantly different (P:0.7, P:1.0 and P:0.2, respective-

ly). The summed classifications were also not significantly different (Table 52).

When ST-T segment parameters were included the best jackknifed VECG classifica-

tion remained 93.7% (10 QRS vector and 3 ST-T segment parameters). but the best

jackknifed VMCG classif,rcation rose to 94.6% (9 QRS vector and 3 ST-T segment

parameters). No signifrcant difference was observed (P:0.6)'
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Figure 52. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in LVH (n=23) and normal subjects (n=200) as a function of parameters in the

classification functions (r=VECG, r :VMCG).
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Figure 53. Mean correct LDA classification rates of the test groups in three different
random subsamples in LVH (n=23) and normal subjects (n=200) as a function of parame-

ters in the classification functions (l =VECG, r =VMCG).
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Table 51. Comparison of the best jackknifed classihcations of VECG and VMCG in
normal subjects (n:200) and LVH (n:23)

VECG class

VMCG
class correct wrong

correct
wrong

20r
10 5

McNemar's test for this comparison indicated that no significant (P:0.5) difference existed in classifica-

tion rates of VECG and VMCG. The kappa measure for reliability was 0.33.

Table 52. VECG to VMCG comparison of the summed best classifications of the

three test groups in normal subjects (n:200) and LVH (n:23)

VECG class

VMCG
class wrongcorrect

correct
wrong

r97
11

8

7

McNemar's test for this comparison indicated that no significant @:0'6) difference existed in classifica-

tion rates of VECG and Vlr{CG. The kappa measure for reliability was 0.38.

5.4.6 Three groups in comparison

The three groups comprised normal subjects, AMI and IMI. The best correct

jackknifed classification rate in VECG was 81.8% (35 parameters) compared to

8l.l% (12 parameters) in VMCG when the T,DA was applied to the QRS vector

parameters (Figure 54, Table 53). The classifrcation rates also agreed well in the

random subsamples validation (Figure 55). The best correct VECG classification

rates of the test groups werc 78.3% (16 parameters), 81.1% (20 parameters) and

80.2% (9 parameters); the corresponding VMCG rates were 74.5% (25 parameters),

80.2% (8 parameters) and 78.3Vo (8 parameters), respectively. The VECG and

VMCG classihcations of the test groups were statistically not significantly different

(P:0.4, P:0.9 and P:0.7, respectively). The summed classification was also not

significantly different (Table 54). The correct jackknifed classification
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Figure 54. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n=72), IMI (n=92) and normal subjects aged 33 years or more (n:154) as a
function of parameters in the classification functions (r =VECG, o =VMCG).
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rate rose to 83.3% in VECG (28 QRS vector and 2 ST-T segment parameters) and

82.7% in VMCG (13 QRS vector and 2 ST-T segment parameters) when the ST-T

segment parameters were included in the LDA. No significant difference was

observed (P:0.8).

Table 53. Comparison of the best jackknifed classifications of VECG and VMCG in
normal subjects aged 33 years or more (n:154), AMI (n:72) and IMI (n:92)

VECG class
VMCG
class wrongcorTect

corTect
wrong

221

39
JI
2l

McNemar's test for this comparison indicated that no significant (P=0.8) difference existed in classifica-
tion rates of VECG and VMCG. The kappa measure for reliability was 0.21.

Table 54. Comparison of the summed best classifications of the three test groups
with VECG and VMCG in normal subjects aged 33 years or more (n:154), AMI
(n:72) and IMI (n:92)

VECG class
VMCG
class wrongcorrect

corTect
wrong

208
46

39
25

McNemar's test for this comparison indicated that no significant (P:0.4) difference existed in classihca-
tion rates of VECG and MI{CG. The kappa measure for reliability was 0.20.

5.4.7 Four groups in comparison

The four groups comprised normal subjects, AMI, IMI and LVH. The best corect
jackknifed classif,rcation rate in VECG was slightly higher (78.0%,18 parameters)

compared to VMCG (74.4%, 17 parameters) using only QRS vector parameters

(Figure 56, Table 55). However, no statistically significant difference was found.

The classification rates were more equal in the random subset validation (Figure 57).
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Figure 56. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n=72), IMI (n=92), LVH (n:23) and normal subjects (n=200) as a

function of parameters in the classification functions (r =VECG, o =VMCG).
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Figure 57. Mean correct classification rates of the test groups in three different random

suisamples in AMI (n=i2),IMI (n=92), LVH (n:23) and normal subjects (n:200) as a

function of parameters in the classification functions (r =VECG, r:VMCG)'
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The best correct VECG classification rates of the test groups were 72.1% (17

parameters), 72.9% (5 parameters) and 75.2% (9 parameters); the corresponding

VMCG rates were 74.4Vo (8 parameters), 72.9Vo (25 parameters) and 74.4% (15

parameters), respectively. The VECG and VMCG classifications of the test groups

were statistically not significantly different (P:0.6, P:1.0 and P:0.9, respective-

ly). The summed classification was also not significantly different (Table 56). The

correct jackknifed classification rate rose to 79.1% in YECG (22 QRS vector and 3

ST-T segment parameters) and77.8% (21 QRS vector and 4 ST-T segment parame-

ters) in vMcG when the ST-T segment parameters were included in the LDA. No

significant difference was observed (P:0.6).

Table 55. Comparison of the best jackknifed classifications of VECG and VMCG in

normal subjects (n:200), AMI (n:72), IMI (n:92) and LVH (n:23)

VECG class

VMCG
class correct wrong

coffect
wrong

236
66

52
JJ

McNemar's test for this comparison indicated that no significant (P:0.2) difference existed in classifica-

tion rates of VECG and VMCG. The kappa measure for reliability was 0.16.

Table 56. VECG to VMCG comparison of the summed best classifications of the

three test groups in normal subjects (n:200), AMI (n:72), IMI (n:92) and LVH
(n:23)

VECG class

VMCG
class correct wrong

correct
wrong

227
57

59
44

McNemar's test for this comparison indicated that no significant (P:0.9) difference existed in classifica-

tion rates of VECG and VMCG. The kappa measure for reliability was O.22.
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5.4.E Five groups in comparison

The five groups comprised normal subjects, AMI, IMI, LMI and LVH. The best

correct jackknifed classification rate in VECG was higher (73.2Vo,30 parameters)

compared to VMCG (68.7%,15 parameters) when the LDA was used on the QRS

vector (Figure 58, Table 57). However, no statistically significant difference

existed. The correct jackknifed classification rate rose to 73.7% in VMCG (11 QRS

vector and 2 ST-T segment parameters) while it remained 73.7Vo (13 QRS vector

and 2 ST-T segment parameters) in VECG when the ST-T segment parameters were

included in the LDA.

20 40

number of parameters

Figure 58. VECG to VMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n:72), IMI (n=92), LMI (n=12), LVH (n=23) and normal subjects

(n=200) as a function of parameters in the classification functions (r:VECG, r =VMCG).

correct classification rate (X)
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Table 57. Comparison of the best jackknifed classif,rcations of VECG and VMCG in

normal subjects (n:200), AMI (n:72), IMI (n:92), LMI (n:12) and LVH
(n:23)

VECG class

VMCG
class wrong

correct
wrong

2t5
7'7

59
48

McNemar's test for this comparison indicated that no significant (P:0.12) difference existed in

classification rates of vECG and vMcG. The kappa measure for reliability was 0.18.

5.5 Diagnostic performance of the combined vector

magnetocardiographic and vector electrocardiographic analysis

5.5.1 General remarks

The stepwise LDA was next allowed to pick both VECG and VMCG parameters

from the same individual for the classification functions. The classification functions

with both VECG and VMCG parameters were named vector electro-magnetocardiog-

raphy (VEMCG) and this was compared to VECG in the following chapters.

5.5.2 Normal subjects compared to anteroseptal myocardial infarction

The correct jackknifed VECG classification rate was compared to the correct

jackknifed VEMCG classification rate (Figure 59) with an increasing number of

QRS vector parameters in the LDA. The difference in best correct jackknifed

classif,rcation rates between VECG (90.0%, 35 parameters) and VEMCG (95.2%,22

VECG and 13 VMCG parameters) was clear (Table 58). A similar result was

achieved with the random subsamples validation (Figure 60). The best correct

VECG classification rates of the three test groups were 87.1% (6 parameters),

84.3Vo (2 parameters) and 85.7% (6 parameters); the corresponding VEMCG rates

were 94.3% (55 parameters), 91.4% (5 parameters) and 92.9% (34 parameters),

respectively. Both VECG and VMCG parameters were always entered in the LDA

in VEMCG. While none of the differences between VECG and VEMCG classifitca-

tions of the test groups was statistically significant (P:0.06 in all three cases), the
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Figure 59. VECG to VEMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n:72) and normal subjects aged 39 years or more (n:138) as a function of
parameters in the classification functions (r=VECG, o=VEMCG).
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Figure 60. Mean correct classification rates of the test groups in three different random

subsamples in AMI (n=72) and normal subjects agefl 39 years or more (n= 138) as a

function of parameters in the classification functions (r =VECG, o =VEMCG)'
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difference in summed best classifications of the test groups between VECG and

VEMCG was significant (Tabie 59). Including ST-T segment parameters did not

improve VECG or VEMCG analysis.

Table 58. Comparison of the best jackknifed classiftcations of VECG and VEMCG
in normal subjects aged 39 or more (n:138) and AMI (n:72)

VECG class

VEMCG
class correct wrong

correct
wrong

184

5

r6
5

McNemar's test for this comparison indicated an almost significant (P:0.02) difference in classification

rates of VECG and VEMCG. The kappa measure for reliability was 0.28.

Table 59. VECG to VEMCG comparison of the summed best classihcations of the

three test groups in normal subjects aged 39 or more (n:138) and AMI (n:72)

VECG class

VEMCG
class wrongcorrect

correct
wrong

t71
3

18

t2

McNemar's test for this comparison indicated a significant (P:0.001) difference in the classification rates

of VECG and VEMCG. The kappa measure for reliability was 0.48.

5.5.3 Normal subjects compared to inferior myocårdial infarction

The effect of the number of QRS vector parameters on the jackknifed classification

of VECG and VEMCG is shown in Figure 61, the best correct jackknifed classifica-

tion rate in VECG being90.7% (30parameters) and in VEMCG 95.5% (16 VECG

and 14 VMCG parameters). The difference was statistically almost signifrcant

(Table 60). A similar difference between VECG and VEMCG was found with the

random subsamples validation (Figure 62). The best correct VECG classification
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Figure 61. VECG to VEMCG comparison of the correct jackknifed classification rate of
LDA in IMI (n:92) and normal subjects aged 33 years or more (n=154) as a function of
the number of parameters in the classification functions (r =VECG, e =VEMCG).
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Figure 62. Mean correct classification rate of the test groups in three different random

subsamples in IMI (n=92) and normal subjects aged 33 years or more (n= 154) as a

function of the number of parameters in the classification functions (r =VECG,
r=VEMCG).
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rates of the test groups were 92.7Vo (7 parameters),90.2% (18 parameters) and

84.lVo (16 parameters); the corresponding VEMCG rates were 95.lVo (25 parame-

ters),97.6Vo (35 parameters) and 9l.5Vo (6 parameters), respectively. One of the

differences between VECG and VEMCG classifications of the test groups was

statistically almost significant (P:0.09, P:0.01 and P:0.06, respectively). The

summed best classifications showed a significant difference (Table 61). When ST-T

segment parameters were included in the LDA the best jackknifed VECG classifica-

tion rose to 92.3% and the best jackknifed VEMCG to 96.3Vo. The difference

between VECG and VEMCG remained almost significant (P:0.01).

Table 60. Comparison of the best jackknifed classifications of VECG and VEMCG
in normal subjects aged 33 or more (n:154) and IMI (n:92)

VECG class

VEMCG
class wrongcorrect

corTect
wrong

218
5

t7
6

McNemar's test for this comparison indicated an almost significant (P:0.01) difference in the classifica-

tion rates of VECG and VEMCG. The kappa meåsure for reliability was 0.31.

Table 61. VECG to VEMCG comparison of the summed best classifications of the
three test groups in normal subjects aged 33 or more (n:154) and IMI (n:92)

VECG class
VEMCG
class correct wrong

correct
wrong

215
/+

18

9

McNemar's test for this comparison indicated that a significant (P=0.003) difference exist in the

classification rates of VECG and VEMCG. The kappa measure for reliability was 0.41.
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5.5.4 Normal subjects compared to lateral myocardial infarction

The best correct jackknifed classihcation rate in VECG was 97.8% (18 parameters),

which was the same as in VEMCG (4 VECG and 5 VMCG parameters) when the

number of parameters of the QRS vector was studied (Figure 63). ST-T segment

parameter analysis did not improve the results in VECG or VEMCG.

number of Parameters

Figure 63. VECG to VEMCG comparison of the correct jackknifed classification

rate of LDA in LMI (n:12) and normal subjects aged 43 years or more (n:123) as

a function of parameters in the classification functions (r:VECG, o:VEMCG).

5.5.5 Normal subjects compared to left ventricular hyperlrophy

The best correct jackknifed classification rate in VECG was 94.6% (5 parameters)

and in VEMCG 97.3Vo (21 VECG and 19 VMCG parameters) when the number of

QRS vector parameters was studied (Figure 64). The difference was statistically

almost significant (Table 62). The classification rates of VECG and VEMCG also

differed slightly in the random subsamples validation (Figure 65). The best correct

VECG classification rates of the test groups were 93.2Vo (8 parameters),93.296 (6

parameters) and 89.3% (13 parameters); the corresponding VEMCG rates

80604020
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Figure 64. VECG to VEMCG comparison of the correct jackknifed

LDA in LVH (n:23) and normal subjects (n:200) as a tunction
classification functions (r =VECG, o =VEMCG).
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Figure 65. Mean correct classification rates of the test groups in three different random

subsamples in LVH (n:23) and normal subjects (n=200) as a function of parameters in the

classification functions (r =VECG, e:VEMCG).
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werc 95.9Vo (17 parameters),94.6Vo (18 parameters) and 96.0% (9 parameters),

respectively. The differences between VECG and VEMCG classifications of the test

groups were statistically not significant (P:0.3, P:0.3 and P:0.06, respectively).

The summed best classifications were almost significantly better in VEMCG (Table

63). Adding ST-T segment parameters to the LDA did not improve the VECG or

VEMCG classifications.

Table 62. Comparison of the best jackknifed classifications of VECG and VEMCG
in normal subjects (n:200) and LVH (n:23)

VECG class
VEMCG
class correct wrong

correct 2I0
wrong I

7
5

McNemar's test for this comparison indicated an almost significant (P:0.03) difference in the classifica-
tion rates of VECG and VMCG. The kappa measure for reliability was 0.54.

Table 63. Comparison of the summed best classihcations of the three test groups
with VECG and VEMCG in normal subjects (n:200) and LVH (n:23)

VECG class
VEMCG
class correct wrong

correct
wrong

203
2

10

8

McNemar's test for this comparison indicated an almost signihcant (P:0.02) difference in the classifica-
tion rates of VECG and VMCG. The kappa measure for reliability was 0.55.
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5.5.6 Three groups in comparison

The best correct jackknifed classification rate in VECG was 81.8% (35 parameters)

compared to 88.4Vo (19 VECG and 2l VMCG parameters) in VEMCG (Figure 66,

Table 64) when the LDA was used on the QRS vector. The difference was highly

significant. The result was the same in the random subsamples validation (Figure

67). The best correct VECG classification rates of the test groups were 78.3Vo (16

parameters), 8l.lVo (20 parameters) and 80.2% (9 parameters); the corresponding

VEMCG rates were 82.1% (46 parameters), 86.8% (22 parameters) and 86.8Vo (10

parameters), respectively. One of the differences between VECG and VEMCG

classifications of the test groups was statistically almost significant (P:0.3, P:0.2
and P:0.02, respectively). The difference in the summed classifications was

signif,rcant (Iable 65). The correct jackknifed classification rate rose to 83.3% in

VECG and to 90.IVo in VEMCG when the ST-T segment parameters were included

in the LDA. The difference was highly signifrcant (P:0.0005).

Table 64. Comparison of the best jackknifed classifications of VECG and VEMCG
in normal subjects ageÅ33 years or more (n:154), AMI (n:72) and IMI (n:92)

VECG class

VEMCG
class wrong

correct
wrong

McNemar's test for this comparison indicated a highly significant (P:0.0006) difference in the classifica-

tion rates of VECG and VEMCG. The kappa measure for reliability was 0.55.

252
8

29
29
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Figure 66. VECG to VEMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n:72), IMI (n:92) and normal subjects aged 33 years or more (n:154) as a

function of parameters in the classification functions (r =VECG, o =VEMCG).
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Figure 67. Mean
random subsamples
more (n:154) as
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correct LDA classification rates of the test groups in three different
in AMI (n:72), IMI (n:92) and normal subjects aged 33 years or
a function of parameters in the classification functions (r=VECG,
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Table 65. Comparison of the summed best classifications of the three test groups
with VECG and VEMCG in normal subjects aged 33 years or more (n:154), AMI
(n:72) and IMI (n:92)

VECG class

VEMCG
class corTect wrong

corTect
wrong

24r
13

30
34

McNemar's test for this comparison indicated a significant (P:0.009) difference in the classificatioo rates

of VECG and VEMCG. The kappa measure for reliability was 0.53.

5.5.7 Four groups in comparison

The best correct jackknifed classihcation rate in VECG was 78.0Vo (18 parameters)

compared to83.5% (14 VECG and 11 VMCG parameters) in VEMCG (Figure68)

when the LDA was used on the QRS vector. The difference was statistically

significant (Table 66). A similar result was found in the random subsamples

validation (Figure 69). The best correct VECG classifrcation rates of the test groups

were72.l% (17 parameters), 72.9% (5 parameters) and 75.2% (9 parameters); the

corresponding VEMCG rates were 80.6% (40 parameters), 80.6% (39 parameters)

and 88.4% (45 parameters), respectively. One of the differences between VECG

and VEMCG classifications of the test groups was slatistically highly signihcant and

one almost significant (P:0.02, P:0.06 and P:0.0007, respectively). The

difference in the summed classifications was highly signihcant (Table 67). The

correct jackknifed classification rate rose to 79.lVo in YECG and to 85.6% in

VEMCG when ST-T segment parameters were included in the LDA. The difference

was significant (P :0.001).
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Figure 68. VECG to VEMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n:72), IMI (n:92), LVH (n=23) and normal subjects (n:200) as a

function of parameters in the classification functions (l =VECG, o =VEMCG).
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Figure 69. Mean correct classification rates of the test groups in three different random

subsamples in AMI (n:72), IMI (n=92), LVH (n=23) and normal subjects (n=200) as a

function of parameters in the classification functions (r =VECG, o =VEMCG).

correct classification rate (X)



-139-

Table 66. Comparison of the best jackknifed classifications of VECG and VEMCG
in normal subjects (n:200), AMI (n:72),IMI (n:92) and LVH (n:23)

VECG class
VEMCG
class correct wrong

correct 288
wrong 14

McNemar's test for this comparison indicated a significant (P=0.003) difference in the classification rates

of VECG and VMCG. The kappa measure for reliability was 0.60.

Table 67. Comparison of the summed best classifrcations of the three test groups

with VECG and VEMCG in normal subjects (n:200), AMI (n:72), IMI (n:92)
and LVH (n:23)

VECG class

VEMCG
class corTecl wrong

35

50

corTect
wrong

266
18

56
47

McNemar's test for this comparison indicated a highly significant (P:0.0000) difference in the classifica-

tion rates of VECG and VEMCG. The kappa measure for reliability was 0.45.

5.5.8 Five groups in comparison

The best correct jackknifed classification rate in VECG was 73.2% (30 parameters)

compared to77.7% in VEMCG (17 VECG and 13 VMCG parameters) when QRS

vector parameters were used in the LDA (Figure 70). The difference was statistical-

ly almost significant (Table 68). The jackknifed correct classification rate remained

73.7% in VECG, while it rose to 8l.4Vo in VEMCG (P:0.0005) when ST-T

segment parameters were included in the LDA.
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Figure 70. VECG to VEMCG comparison of the correct jackknifed classification rate of
LDA in AMI (n:72), IMI (n=92), LMI (n=12), LVH (n=23) and normal subjects

(n=200) as a function of parameters in the classification functions (r =VECG,
o=VEMCG).

Table 68. Comparison of the best jackknifed classifications of VECG and VEMCG
in normal subjects (n:200), AMI (n:72), IMI (n:92), LMI (n:12) and LVH
(n:23)

VECG class

VEMCG
class correct wrong

corTect
wrong

271

2l
39
68

McNemar's test for this comparison indicated an almost significant (P:0.02) difference in the classifica-

tion rates of VECG and VEMCG. The kappa measure for reliability was 0.60.
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6. DISCUSSION

6.1 Vector magnetocardiographic measurement system

Apart from the diagnostic information content an ideal method for a routine clinical

use should have the following properties. It should not be dangerous to the patient,

it should be painless and non-invasive. The costs of the instrumentation and the

costs of measurements should be minimal, the measurement time short and the

application of the method so easy that it does not require highly skilled personnel.

The method should also be widely accepted and used in many research centers so

that gathering data and measurements for the future development of the method is

possible.

In comparison to the clinical ECG methods used today (l2Jead ECG and Frank's

VECG) the unipositional VMCG method is adequate in respect of some items in the

above list, while it clearly lags in some others. It is an equally harmless and non-

invasive method of recording the electrical activity of the heart. The present

measurement time of VMCG in optimal noise conditions is less than 15 minutes,

which is not much more than the time required to record a l2-lead ECG. Compar-

ing the costs of instrumentation and measurements is more difficult since no

commercial VMCG equipment is available. With the present cryotechnology

SQUID magnetometers the cost of any MCG method exceeds the small costs of the

clinical ECG methods. However, since high-temperature SQUIDs are being

developed for biomagnetic measurements (Koch et al. 1989), the costs should come

down.

The unipositional VMCG is applied by only one research group in the world, while

ECG research is using multicenter studies (CSE Working Party 1985). It is

somewhat surprising to note how little effort has been devoted to standardization the

various MCG methods. While the number of research groups on MCG mapping is

large, not a single standard measuring grid has been utilized in the studies (Siltanen

1989). Part of this heterogeneity arises from the fact that the researchers of MCG

mapping now mainly concentrate on the location problems, where the lack of a

standard grid is not so important. The unipositional VMCG used in this study offers

clear advantages over MCG mapping (with a single channel magnetometer) in large-

scale clinical studies on the diagnostic performance of MCG, since it is measured at

a single, well-defined point over the chest within fifteen minutes with a three-
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channel vectormagnetometer. Today, multichannel MCG instruments with 30 to 56

channels are commercially available (Moshage et al. 1991). The cost of the

multichannel instruments rises with the SQUIDs and extra electronics needed. Also

the data flood from all different channels contains much redundant information

which must be processed if large scale measurements are made. The multichannel

instruments are best suited to source localization problems where VMCG is of little
use.

6.2 Normal vector magnetocardiogram

In this study the normal VMCG was briefly studied as a reference group in the

comparisons with ditTerent groups of myocardial disorders. A thorough statistical

evaluation of the normal VMCG and various constitutional and physiological factors

affecting the VMCG parameters has already been published by Nousiainen (1991).

In the present study more emphasis was placed on the morphology of the compo-

nents of the QRS vector and the ST-T segment, which were later used in the

comparison between descriptive analyses of the patients and in LDA. The distribu-

tions of various VMCG parameters were clearly non-normal, which was taken into

account when non-parametric ståtistical analyses were made later. The distributions

of the time-normalized amplitude parameters of the QRS vector and the ST-T

segment were rather flat than skewed, as previously reported with the maximum and

minimum amplitudes of the VMCG components (Nousiainen 1991).

Clear, statistically signihcant differences emerged between normal male and female

subjects in several inslantaneous amplitude values during the QRS vector and the ST-

T segment. The most prominent effect was the diminution of the deflections of the

components of the QRS vector and the ST-T segment in female subjects. This has

also been reported with MCG mapping studies (Saarinen et al. 1978). The mean

maximum QRS and T vector magnitudes in the female subjects were only abortt 60Vo

of the corresponding values of male subjects. In Frank's VECG the differences

between the sexes are not so marked (Macfarlane and Lawrie 1989). The basic

morphology of the components was not affected, but it was clear that different

components were not equally affected by sex, and a simple scaling cannot correct

the difference. A general declining trend in the VMCG amplitudes in older age-

groups was observed in both genders. The results suggested that both sex and age

should be taken into consideration when normal subjects are being compared to
patients with myocardial disorders. In this study only the age range of the normal
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subjects was matched to the patients, but the male and female subjects were pooled

in the analyses. The number of female patients in most groups of myocardial

diseases was so small that this was the practical solution. However, later studies

with a larger VMCG material should be made separately on men and women.

In research on normal ECG waveforms, the sample sizes of normal references vary

from a few hundred to several thousand (Macfadane and I-awrie 1989). Simonson

(1974) has proposed a minimum sample size of several hundred normal subjects for
a represeniative statistical analysis of the normal limits of ECG if the material

conlains both male and female subjects. Within this context the sample size of 290

healthy subjects in VMCG seems to be small and the need to measure more normal

VMCG's is clear. However, this is the largest normal MCG material in the world

to date, and it is already large enough for statistical comparison to patients with

myocardial disorders.

6.3 Vector magnetocardiogram in myocardial disorders

It was possible to identify the different characteristic VMCG changes in all groups

of myocardial disorders used in the study, while the sample sizes in some of the

groups were so small that the results are only tentative. The largest groups were

measured in old AMI and IMI, in which the results were quite reliable. In AMI the

most sensitive change in VMCG was the increased positivity of the initial part of the

z-component of the QRS vector. This was followed by a fall in the middle negative

amplitude and an increase in the terminal positive amplitude of the x-component of
the QRS vector. The y-component of the QRS vector was slightly smaller, and only

the z-component of the ST-T segment was affected. On the other hand, in IMI the

most sensitive change was the increased negativity of the initial part of the y-

component of the QRS vector, which was followed by a decrease in the terminal

positive amplitude of the x-component of the QRS vector. The z-component of the

QRS vector was not affected at all. The repolarization abnormalities were more

apparent than in AMI, since all components of the ST-T segment were affected.

Characteristic repolarization abnormalities in IMI have also been reported with MCG

mapping (Nakaya et al. 1989b, Lant et al. 1990). In LMI, in which the sample size

was signihcantly smaller, the general diminishing of the z-component of the QRS

vector was a typical change. It concentrated on the terminal part of the QRS vector.

Repolarization abnormalities were present in the x- and z-components of the ST-T

segment. In PMI the tentative result was an increase in the maximum amplitude of
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the y-component of the QRS vector, and the increased negative amplitude of the

initial part of the z-component of the QRS vector. No conclusions could be drawn

as to the repolarization changes in PMI.

The LVH was characterized by increased amplitudes of the z-component of the QRS

vector. The morphological changes in the initial and terminal parts of the z'

component of the QRS vector were clearly larger than the increase in the various

one- to three-dimensional maximum amplitudes of the QRS vector. The changes in

LVH resemble somewhat the changes in AMI. This is a result of an increase in the

forces of the left ventricular posterior wall compared to the septal forces, and it has

also been recognized in l2-lead ECG and VECG morphology (Chou et aJ. 1967).

The main deficit in this material was the heterogeneity of the genesis of LVH since,

it has been shown that the VMCG morphology of the QRS vector in the LVH

caused by hypertrophic obstructive cardiomyopathy differs somewhat from the LVH

caused by valve diseases (Oja et al. 1988b, Nousiainen 1991). It is also known that

in cardiomyopathies the thickening is at least partially caused by an increase of the

frbrous tissue in the myocardium which is not electrically active. However, the

sample size in LVH was not yet large enough to make separate analyses.

The VMCG changes in various ventricular conduction defects (LBBB, RBBB and

LAFB) and in the WPW patterns, while they were not needed in the LDA in this

study, were recorded for future application of VMCG in clinical research. Such

myocardial disorders are known to disturb ECG analysis, and it is equally important

to recognize the changes in VMCG. The results show that the conduction defects

and the WPW patterns have characteristic changes in the QRS vector waveform with

typical repolarization abnormalities also in VMCG.

The typical VMCG changes can also be found among the first parameters to enter

the LDA analyses. In AMI the QRSz,5o was the first parameter in the LDA runs.

It corresponds to the missing tangential septal currents in the transverse plane that

are normally directed opposite to the currents of the main ventricular wall depolar-

ization. In IMI the most sensitive parameter (QRSyror) reflects the tangential

currents of the heart muscle in right sagittal plane. In this plane the inferior and

posterior parts of the heart correspond mostly to the measured signal.
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6.4 Properties and limitations of linear discriminant analysis

Linear discriminant analysis (LDA) was chosen as the method to evaluate the

diagnostic performance of VMCG. Clinical VMCG research is still in a very

premature stage and there were no prior evaluation rules that could be incorporated

into a deterministic diagnostic approach. Since evaluation should include several

groups, it would be a very time-consuming trial-and-error approach to rehne a

decision tree for different myocardial disorders in VMCG. It would also be difficult
to obtain the optimum discrimination of VMCG. LDA has been widely applied to

analogous computerized ECG analyses (Willems 1989), while it is currently not the

most frequent computer method in ECG analysis. One major drawback of LDA is

that it requires a large number of subjects in order to teach the method to discrimi-

nate the groups.

LDA is, as its name implies, a linear method and it combines the VMCG and VECG

parameters into linear classification functions which is certainly not the optimal way

of obtaining the discriminating information from the parameters. It is certain that

even better classification rates could be found when non-linear or logistic classifica-

tion strategies are applied to this data in the near future.

The classification results were sensitive to the number of VMCG parameters

included in the classification functions. The correct classification rate of all data

without any cross-validation clearly increased monotonically with the number of
parameters in the LDA and approached asymptotically to a high value. This is the

same result that was behind the first over-optimistic results of statistical ECG

classif,rcation studies (Eddleman and Pipberger 1971, McCaughan et al. 1973,

Yankopoulos et al. 1977). The result was expected theoretically (Duda and Hart

1973), since it comes from over-fitting the LDA to individual details of the subjects

in the learning group which are no longer represenlative of other subjects. More

reliable results on the classification performance of VMCG were oblained with the

two cross-validation methods, in which the correct classification rate first rose to a
peak with increasing the number of parameters and then began to deteriorate. The

peaking and subsequent deterioration of the classification with too many parameters

in the classification functions was predicted theoretically (Duda and Hart 1973), and

it has also been found with ECG classification (Willems and Lesaffre 1987).
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There are no strict theoretical rules as to the maximum number of parameters that

will yield the highest correct classification without over-fitting the classification

functions, when the distributions of the parameters are not known (not normal). It is
clear that this depends much on the number of subjects in the different groups. It
has been proposed that the number of subjects in each group should be several (more

than three) times the number of parameters used in the LDA for a proper overdeter-

mination of the classification (Duda and IJafi 1973). This ratio has also been

applied to ECG classification (Uijen et al. 1987). The results of the various

comparisons in this study also support the same ratio. When the largest groups

(AMI and IMI) were compared pairwise to normal subjects, the difference between

the classification of all data and jackknifed classification became clear when the

number of parameters exceeded 20 in AMI (n:74) and 35 in IMI (n:93). When

three groups (normal subjects, AMI and IMI) were compared, the separation point

was again around 20 parameters. The number of parameters that could be used for

optimal classification of the test groups was clearly smaller with the random

subsamples validation than with jackknifing, since the number of subjects in the

learning groups was only 2/3 of all data. This also causes a slight decrease in the

classification results compared to those achieved with jackknifing. It should be

noted that the VMCG classifrcation results of the stepwise LDA were obtained when

the ratio of the number of subjects and the number of parameters in the LDA was

much higher than three in all pairwise comparisons and in the three-group compari-

son in this study. This resulted in the minor differences between classifications of
all data and jackknifed classifications. In the four-group comparison the ratio was

slightly less than three due to the sample size of LYH (n:24), and in the frve-group

comparison less than two due to the small sample size of LMI (n:12). It is obvious

that the VMCG classification results of LDA on the four- and five-group compari-

sons are as yet only tentative.

The mean jackknifed classification of the learning groups was compared to the mean

classification of the test groups to evaluate a possible bias in the jackknifed proce-

dure. These classifrcation results should be close, since in both cases the number of

subjects in the teaching part of the LDA was about the same (the difference was one

subject). It is known that the jackknife procedure eliminates the large bias of using

the same data in teaching and evaluating classification (Mardia et al. 1989).

However, the parameters that enter the classihcation functions are selected to

perform well with the subjects on the databank, and jackknifing does not eliminate

the smaller bias (Murray 1985). Indeed, the jackknifed classifications were always
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slightly more optimistic than the mean classification of the test groups. The

difference was most apparent in AMI, while in most cases it was quite small. It
would be possible to apply the jackknife procedure even before the parameters are

selected, but this requires much more compulation, and it was not used in this study.

In this study the LDA was applied with equal prior probabilities for a case to belong

to each group. Different results would have been obtained if the prior probabilities

had been changed. In a number of ECG classification studies the probabilities have

been set to the proportions of cases in the learning group (Willems and I-esaffre

1987, Willems et al. 1987a). This results in a better classification since it is fitted

to the composition of the learning group. However, the results will not be the same

when the same probabilities are applied to a different material with a different

composition.

6.5 Diagnostic performance of vector magnetocardiography

The correct jackknifed classification rates of VMCG were just below 90% in all the

pairwise comparisons of normal subjects with AMI, IMI, LMI and LVH using only

QRS vector parameters. The inclusion of the ST-T segment parameters made the

classification slightly better in IMI and LVH. The published LDA classification

results of Frank's VECG or the l2-lead ECG with pairwise comparisons in MI and

LVH are close to the observed VMCG results (Eddleman and Pipberger 1971,

McCaughan et al. 1973, Yankopoulos et al. 1977, Willems et al. 1987a, Kornreich

et al. 1989a), indicating that there should be no major differences in the diagnostic

performance of VMCG and ECG methods in these diseases.

The classifrcations were first based on the QRS vector parameters alone, for several

reasons. First, it is known that only major disorders of the heart change the

depolarization process of the ventricles. The repolarization of the ventricles is a less

localized process and it is affected by various factors such as heart rate, medication

etc. Repolarization abnormalities are usually used only as secondary evidence in

ECG diagnosis (chou et al. 1967, Wirham 1975). Slight fluctuations of the QT rime

might also change the true form of the ST-T segment of the VMCG in the averaging

process, since the trigger is fixed on the maximum QRS complex in lead II of the

12{ead ECG.
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Most of the LDA analyses in this study were made when both male and female

subjects were present in normal and abnormal groups. This was necessary since the

sample sizes in many groups are still too small to analyze the sexes separately.

However, according to Table 4 VMCG can distinguish well between males and

females and there is always a possible systematic error when the ratio of males and

females varies in different groups. This is evident if we examine the results that

were obtained when females were dropped out of the analyses (Tables 23 and 26).

The performance figures remain about the same, but some parameters do not enter

the LDA.

However, bi-group comparisons do not give a realistic performance figure for

VMCG. The situation is the same as in ECG classification, as was pointed by

Rautaharju et al. (1976). They proposed that assessment of the sensitivity or

specificity of ECG for a given myocardial disorder should be based on comparison

against all other patients and normal subjects in the material and not only against

normal subjects. Alternatively a multigroup approach could be used, which is the

usual case in ECG studies (Cornheld et al. 1973, Willems and Irsaffre 1987,

Willems et al. 1987a, Kornreich et al. 1989a).

A clearly decreasing trend with the number of groups in the multigroup classifica-

tions was observed in the VMCG classification. The correct jackknifed classifica-

tion rates using the QRS vector were 76Vo, 68% and 62% with three, four and five

groups, respectively, in the LDA. Including the ST-T segment parameters produced

corresponding figures of 80%,76% and 74%, tespentively. The trend is partly a

result of an overlap in the changes between different myocardial disorders. Another

reason for the decrease in the corect classiltcation rate is the natural effect of

random chance in the classification (Afifi and Clark 1984), since in pairwise

comparisons the expected random correct classification rate is 50%. In three-group

comparison it is 33%, in four-group comparison 25% and in hve-group comparison

20%. If the expected random correct classification is subtracted from the previous

figures, it shows that in all comparisons over 40Vo of the cases more than randomly

expected were correctly classifred with VMCG. A decrease in multigroup classifica-

tions has also been documented in ECG studies (Cornheld et al. 1973, Willems et

al. 1987a, Kornreich et al. 1989a). Kornreich et al. (1989a) found 84% cortect

jackknifed classification rate in a four-group (normal subjects, AMI, IMI and LVH)

l2-lead ECG classif,rcation using P wave, QRS complex and ST-T segment parame-

ters. which was 8% better than the corresponding VMCG four-group result with
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QRS vector and ST-T segment parameters. However, it should be noted that the

sample sizes in LVH and LMI were obviously not yet large enough to evaluate the

optimum four- and five-group classification results in VMCG.

This study analyzed the diagnostic performance of VMCG only dichotomously when

the particular myocardial disorder was thought to present or not. The severity of

most myocardial disorders is, however, often a continuous function (e.g. the degree

of hypertrophy in the ventricular wall and even the size of an infarction).

6.6 Comparison of the diagnostic performance of vector electrocar-

diography and vector magnetocardiography

The missing Frank's VECG material consisted mainly of pensioners older than 65

years. The exclusion of these subjects from the VMCG classification obviously

reduced the variation in the normal VMCG, since age has a great effect on the

VMCG amplitudes. This may explain the small increase in the classification rate of
VMCG compared with previous figures. A smaller number of subjects in the

learning sets of the LDA should decrease classification ability, but it is apparent that

the factor limiting the LDA classifications in this study is the number of subjects in

the different groups of myocardial diseases.

It was sought to make the side-by-side comparisons of VECG and VMCG as equally

as possible: the same parameters were extracted from the same number of leads (x-,

y- and z-leads) and compared by the same LDA classification procedure. The only

difference was that the VMCG recordings were averaged more than the VECG

recordings to improve the signal-to-noise ratio. However, the overall signal quality

of VECG still remained better than the overall signal quality of VMCG. Compari-

sons to the l2-lead ECG diagnostics with standard clinical criteria were not made

since these criteria are not optimal, and it has been demonstrated that almost any

kind of optimization of the ECG methods improve significantly the diagnostic

performance over the standard criteria (Simonson et al. 1966, Willems et at. 1987a).

Only cross-validated classification results of VECG and VMCG obtained with

jackknifing or with the test groups of the random subsamples were compared.

The comparisons were based mainly on graphical comparisons of the jackknifed

classifications and the mean classifications of the three test groups when the number

of parameters was increased in both VECG and VMCG. In addition, McNemar's
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test was applied to the comparison of the best jackknifed classifications of VECG

and VMCG (Bailey et al. 1988) regardless of the number of parameters needed to

achieve the optimum classihcation. In some cases this violates the requirement that

the number of parameters should not exceed one third of the available subjects in

each group. However, only cross-validated results were compared and the proce-

dure was used equally in VECG and VMCG. McNemar's test was again applied to

compzue the best VECG and VMCG classification of each individual test group,

which is a statistically sound comparison. The best VECG and VMCG classifica-

tions of the three test groups were also summed and compared by the same test.

This procedure means that each individual is used once in the test group and twice in

the learning group, which does not follow the statistical principle of complete

independence of learning and test groups. The same argument applies to the

comparisons of the jackknifed classifrcations, in which each subject in turn once

forms the test group while remaining in the learning group in other turns.

It was not possible to show significant differences between any of the VECG and

VMCG classifications of LDA graphically or statistically. Especially in AMI and

IMI, in which the sample sizes were the largest, the optimal classifications were

quite near to each other. The same applies to the three-group comparison with these

large groups (normal subjects, AMI and IMI). The tentative results with LVH,

LMI, four- and five-group classifications indicate likewise no differences in the

diagnostic performance of VECG and VMCG in these cases. The equal classifitca-

tion results with LVH are in accordance with a previously published comparison

between l2-lead ECG and MCG mapping (Fujino et al. 1984). No references of the

classification results of MCG mapping in other myocardial diseases used in this

study have been published.

While the diagnostic performance figures of VECG and VMCG seemed equal in all

cases, this does not necessarily mean that the information contents of these two

methods are the same. When the classification tables were analyzed, they showed

that a large number of subjects were off the diagonal. This means that in several

cases the VECG has classified the patient or normal subject incorrectly while the

VMCG classification was correct (and vice versa). The kappa measure for reliabili-

ty is a measure of correlation betwe€n two methods, and figures less than 0.4 reflect

poor agreement between the methods (Fleiss 1981). The kappa values in AMI, IMI,

LMI and LVH were 0.16,0.10,0.17 and 0.33, respectively, indicating that the

methods do not correlate very well. The result was similar in the multigroup
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classifications in which figures of 0.20, 0.16 and 0.18, respectively, were obtained

for the three-, four- and five-group classifications. Differences between individual

classifications or a different information content of ECG and MCG methods have

also been reported previously with VMCG (Oja et al. 1985) and in several studies

with MCG mapping (Fujino et al. 1984, Sumi et al. 1986, Fukuda et al. 1987a, b,

I-ant et al. 1990).

6.7 Combined analysis of vector electrocardiography and vector

magnetocardiography

In several previous MCG studies it has been stated that MCG could add information

to the clinical ECG methods (Fujino et al. 1984, Sumi et al. 1986, Fukuda et al.

I987a, b, Lant et al. 1990). However, no one has hitherto tried to combine ECG

and MCG classifications. One possible reason for this is the complexity of the

multivariate techniques involved. With LDA the combination of VECG and VMCG

comes naturally by simply allowing both VECG and VMCG parameters to enter into

the same classification functions. When the combined classification of VECG and

VMCG (VEMCG) was compared to the classification of VECG, it was possible to

evaluate quantitatively the possible extra information in VMCG that could not be

found by increasing the number of VECG parameters in the LDA.

The statistical remarks made above on the number of parameters in the classihcation

functions and on the use of McNemar's test in the comparison of the jackknifed

classifications and in the comparisons of the summed best classifications of the test

groups apply also to these results.

When the pairwise comparisons were evaluated, the graphs of the correct jackknifed

classification rates in AMI and in IMI showed that there was an increase of around

5% in the classification rates of VEMCG over VECG. However, the number of

incorrect classifications was reduced about 50% in both cases. McNemar's tests of

the best jackknifed classifications in AMI and in IMI indicated that the differences

were almost significant. The differences between VECG and VEMCG classiftca-

tions were of about the same magnitude in each individual test sample in AMI and in

IMI. However, because the sample size of each individual test group was small,

McNemar's test indicated an almost signifrcant difference in only one individual test

set, while the other differences were just on the borderline of significance. The

summed best VEMCG classifications of the test groups were again signifrcantly
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better in both cases, but the complete independence of the learning and test groups

was no longer valid, as was earlier discussed. In LVH the best jackknifed VEMCG

classification was 3Vo better (the number of incorrect classif,rcations was 50% less),

as was also found with the random subsamples validation. McNemar's tests of the

individual test samples were not significant, but the comparison of the summed best

classifications of the test samples was almost significant. No apparent differences

could be detected in LMI.

The classification difference between VEMCG and VECG remained around 5%-6Vo

in the multigroup comparisons. This could be observed in the individual graphs

with increasing number of parameters or with the comparisons of the best classih-

cations. More subjects were now available in the evaluation of the classification,

and the significance levels of McNemar's test were higher than in the two-group

comparisons. The results of the three-group comparison should be fairly reliable

since the sample sizes in normal subjects, AMI and IMI were adequate. The four-

and five-group classification results were not optimal due to the sample sizes in

LVH and LML

The comparisons of VMCG and VEMCG were performed with Frank's VECG, and

it could be argued that using the l2lead ECG would produce different results.

However, at present there is controversy as to the diagnostic superiority or inferiori-

ty of 12-lead ECG compared to Frank's VECG. A multitude of former publications

have claimed that VECG was superior, while a co-operative classic study of several

cardiologists' interpretations by Simonson et al. (1966) concluded that the t2-lead

ECG was slightly better. When the L2-lead ECG and VECG were compared in a
modern multivariate computer analysis by Willems et al. (1987a), the classification

results of the two methods were equal. The evaluations were based on multigroup

comparisons of up to 7 diagnostic entities with 3266 cases. They also tried to

combine the information contents of the 12{ead ECG with VECG (l5-lead ECG) in

a way similar to that used in this study with VECG and VMCG. The l5-lead ECG

performed actually worse than either the l2-lead ECG or VECG, indicating that the

information contents were equal. Judging from these ECG results it is most

probable that the findings of this study also apply to the l2-lead ECG.
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7. STJMMARY AND CONCLUSIONS

The aim of this study was to describe the changes in VMCG waveforms in various

myocardial disorders compared to normal subjects and to evaluate the clinical

significance of unipositional VMCG. Analyses were based on a material of 290

normal subjects and 259 patients with different diagnostic entities. The diagnostic

performance of VMCG was evaluated with stepwise LDA, which has been applied

to analogous computerized ECG studies.

The major findings and conclusions were:

1. Normal VMCG has a well-defined basic morphology, which is not changed by

sex and age. While the basic morphology remains the same, signifrcant differences

in various VMCG parameters were observed between sexes and different age-

groups.

2. All myocardial disorders examined in this study (AMI, IMI, LMI, PMI, LVH,

LBBB, RBBB, LAFB and WPW) were characterized by different significant changes

in the QRS vector and ST-T segment waveforms and in various VMCG parameters.

3. The diagnostic performance of VMCG was shown to be about 40% better than

random chance in all pairwise and multigroup comparisons of normal subjects to old

MI and LVH.

4. There were no significant differences between the diagnostic performance of

VMCG compared to Frank's VECG in any of the pairwise or multigroup compari-

sons of normal subjects to MI and LVH.

5. The diagnostic classifications of VMCG and VECG were dissimilar in several

cases. Combining the VMCG and VECG parameters increased the correct classih-

cation rate maximally about 5% over the VECG-classification. The number of

incorrect classifications was reduced as much as 50%.
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