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ABSTRACT

To be able to accurately measure the magnetic heart vector, various cor-
rected and combined vector mag4etocardiographic lead systems have been
designed and studied by using a physical, realistic torso model. Many of
these new lead systems produce a low signal level thus lowering the ac-
tual information capacity of the lead system. Further, the combined lead
systems were found to be technically complex and slightly impractical to
use. The corrected unipoaitionol leod ryater? was found to be free of all
these disadvantages. This system has a simple geometry consitting of three
coa:rial detector coils located on the point V2 of the standard ECG. On
the other haad, it's accuracy for the determination of the magnetic heart
vector was concluded to be sufrcient. Based on the VMCG measured on
normal subjects it was also stated that the lead system has a low sensitivity
to the displacement of the detector.



1 INTRODUCTION

The standard l2-lead clinical electrocardiography is primarily based
on the electric dipole model of the heart. For the vector electrocardiog-
raphy, YECG, this model is exact.

Wlen considering the measurements of the heart's magnetic field
from this standpoint, it is logical to use the equivalent magnetic dipole
as the subject of the clinical MCG-recording. whether the recorded three
components of this rnagnetic heort vector are displayed as a function of
time in scalar form or one as a function of another in the veetor loop form
is a tecbnical question and of minor importance. The theory of recording
the magnetic heart vector, or uect,or mognetocordiography (VMCG) was
first presented by Baule and McFee [ 1 ].

An ideal vector magnetocardiographic lead system gives straightfor-
wardly and accurately the three components of the mognetic heort vector
(MHV). The problem is to design such a lead system, which has ideal lead
fields or sensitivity distributions in the real heart surrounded by various
tissues. This problem is to be solved with realistic torso models.

Ä standard clinieal lead system must also meet other requirements.
It should be praetical and inexpensive to use and it should produce
a suff.cient signal-to-noise (S/N) ratio. Further, it should have a high
reproducibility and a low sensitivity to individual anatomical variations
and to the displacement of the detectors.

We have tested the ideaiity of the lead fields of numerous leads by
using a physical torso model. The most ideal lead systems have then been
used to record the vMCG on normal subjects to evaluate the practicality
and to demonstrate the properties of the lead fields.

2 METHOD

LEAD SYSTEMS

There are two baeic geometriee for detecting the magnetic heart vec-
tor.

0 The unipositional lead system [ 2 ], [ 3 ] consists of three coils
situating at a single location and orientated perpendicularly to
each other.

(q The XYZ- lead system [ 2 ] consists of detectors located on the
coordinate axes, the detector coil axes coinciding with them. By
using special kind of orientations for the coordinate axes the
Å3C- lead sTstem results [ 2 ].
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Both of these basic geometries produce ideal lead flelds in a distant spheri-
cal volume conductor.

Three trew groups of VMCG lead systems have been developed in this
study.
(1) In the corrected lead ayaterna the location, orientation, shape

and the size of the detectors have been modified to produce
more ideal lead fields.

(2) Also some eepo,rate lead geometrr'es were developed by usibg
simple torso models.

(3) Finally, two combined lead aysteme were designed by optimally
combining appropriate pairs of the measured lead fields.

TORSO MODEL

The lead fields were measured in an experimental torso model having a
realistic shape and realistic conductivity ratios for various tissues (relative
resistivities of 1:2.5:5:10:oo for blood, muscle, liver, lung and bone tissue,
respectively). This model is schematically represented in Fig. 1. Iuduction
coil magnetometers [ 4 ] were used in these measurements. This enabled
easy tests of various shapes, sizes and orientations of the detection coils.
A circular coil was mostly used, having 1500 turns and a diameter of 105
mm. The dipoles constructed of two copper spheres (1.2 mm diameter, 10

mm distance) were energized with a current of 10 nA and 80 Hz. In this
way the lead vectors were measured in 31 points of the myocardial volum,e
of the model. The method is rnore closely discussed by Eskola [ 5 ], [ 0 ].

CRITERU FOR THE ANÄLYSIS

Three pararneters were chosen to characterize the quality of the
measured lead flelds.

HF Tbe hornogeneity factor IfF gives the relative magnitude of
the lead vectors compared to those in an ideal lead field. The
number I fot EIt means that the lead vector amplitudes are
equal to the ideal ones everJrwhere in the myocardium.

OF The orthogonality faetor OF gives the orientation of the lead
fi.eld compared to the ideal lead field. When all lead vectors
have the desired tangential orientation (with respect to the
geometrical center of the heart), OF is unity.

SF The sensitivity factor 9F is simply the mean of the 31 lead
vector magnitudes. This quantity is proportional to the S/N
ratio achieved when recording the VMCG.

The mathematical expressions of these parameters are given in Ref. [ 5 ].
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ZERO SENSITTWTY LINE

To understand the shapes of the lead fields the concept of the zero
sensitioity li.ne is next determined. It is a continuous locus of those points
in a volume conductor, where the sensitivity of the lead considered is zero
to all elementary electric dipoles. The zero sensitivity line is illustrated for
two simplified cases in Figs. la and 2b. Fig. 3 shows this Iine measured in
our torso model when using a special Y-lead geometry.

AII magnetic leads have at least one zero sensitivity line inside a
volume conductor. When the location of the zero sensitivity lines are
known, the overall behaviour of the lead field can quite clearly be il-
lustrated. This is because the lead field current must circulate around
the zero sensitivity lines and on the other hand it is limited by the outer
boundaries of the torso. In an ideal component leod, ft,eld of the VMCG
only one straight zero sensitivity line exists in the heart, passing through
the geometrical center of the heart in the direction of the desired magnetie
dipole component.

MCG RECORDINGS .

The most promising lead systems were used to record the magnetic
heart vector of the normal material. This material consisted of 14 male and
4 female subjects, aged from 19 to 38 years and diagnosed to be clinically
normal. In these recordings, a multiplexed SQUID vector magnetometer
instrumentation was used, haviag a gradiometer type detector with a
baseline of 160 mm [ 7 ]. The bandwidth of the instrument was 0.1-100
Hz. The line irequency noise was rejected with a digital notch filter. The
recordings were made in an eddy current magnetically shielded room [ 8

J.

Simultaneously, the Franlc's VECG was recorded for a reference. The
signals were averaged to make the morphological comparison more reliable.
The signal level, the variation of the vector loop parameters for the normal
material and the sensitiviiy to the detector location were studied.

THE COORDINATE SYSTEM

The results of this study are given iu an orthogonal right-handed
coordinate system, where the X-, Y- and Z-a,xes point to the anterior, left
and superior directions, respectively [ 2 ], I I ]. The origin of this coordinate
system is fixed at the geometrical center of the heart.
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3 TI{E LEAD SYSTEMS DEVELOPED

According to the lead field experiments, two cotrected lead systems

were designed:

(1- 1) trn the eorrected, unipoeitional lea! ayatem the three coils were
located anteriorly at the same point and orientated perpen-
dicularly to each other so that the reciprocal dipole momentq of
the X-, Y- and Z-coils point to the positive X-direction, negative
Y-direction and negative Z-direction, respectively. Anatomically
the optimal detector site was found to be over thb fourth inter-
costal space, 15mm left from the center line. Then the point V2
of the standard ECG locates the axis of the X-coil.
In the lead field experiments, the induction coils were located
at the point (170mm, 0, 15mm). Wheu using an unipositional
SQUID gradiometer, it was possible to achieve a high S/N ratio
by positioning the proximal coils closer to the heart at the point
(105mm,0, 15mm).
The geometries of the unipositional and corrected unipositional
lead systems are illustrated in Fig. 4.

Iu its simplest configuration the conected XTZ-leod eyatcm con'
sists of three sensor coils, one for each component lead. The
X-coil was located at the point (170mm, 0, 15mm), the coil a:rie

orientated to the X-direction. The Y-coil should be located at
the point (80 mm, 150mm, 0), the coil a,:<is tilted about 30" to
the positive Y-axis and 60o to the positive X-a:ris. The optimal
location for the Z-coil was found to be at the point (80mm, 0,

250mm), the coil axis orientated to the Z-direction.

(1-2)

The following separate lead geometries were found to produce a lead field
quality comparable to that of the corrected lead systems:

(2-1) Tlne posterior unipoaitionol leod ayrtem is based on the uniposi-
tional lead geometry. The detector is located on the back so

that the center of each component coil is situated on the nega-

tive X-axis.

t2-2) Double-coil lead.s were tested for Y- and Z-components. They
consist of two anterior coils. Ä sufrcient lead field quality was

obtained for the double.coil Y-lead, which is constructed of the
Y-coil of the corrected XYZ-lead system and a correcting coil
on the right side of the chest at the point (60mm, -170mm, 0),

the axis of the coil orientated to the center of the heart (see Fig.
3). The lead fields of the double-coil leads were found to be very
sensitive to small variations in the location and orientation of
the coils.
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(2-3) The shape and size of the coil was also altered. An oval coil
was constructed whieh had the same area and number of turns
as the circular coil. The ratio of the maximum and minimum
diameters of this coil was two. The small coil was a circular coil
with one flfth of the area of the normal coil.

Two kinds of cambined, lead systerns were designed.

(3-1) The cornbined, unipooittonul leod, systernconsists of simultaneous
anterior and posterior unipositional recordings. The superposi-
tion of the three pairs of the componeat Iead fields produced
most ideal lead fields when the posterior component signals Xp,
Yp and Zp were weighted with a special coefficient I,l/ in propor-
tion to the anterior component signals Xa, Ya and Za. The
combined component signals Xc,Yc and Zg are then expressed
byIo]

Xe * WXp
^c: 2 ,

' Ya I-WY7ic: z t

Zc: Zn*WZr ,

(1)

(2)

(3)

(&2)

and I,Ir is obtained from the ratio of the mean sensitivities of the
anterior and posterior recording geometries, i.e. the mean ratio
of the magnitudes of the magnetic fi.eld recorded for the anterior
and posterior unipositional coil geometries. This deffnition for
I,l/ enables one to use this combination method for any kind of
eonstruction and recording distance of the unipositional detec-
tor. (The denominator 2 is missing from Eq. (3) because of
the high cancellation of the lead fields of the anterior and pos-
terior Z-leads. In other words, the two Z-lead fields Za andZp
resemble each other less than Xa and Xp or Ya and Yp.)
The VECG-cornpensated, lead ayetem is based on the improve.
ment of the sensitivity distributions of the Y-and Z-leads of the
corrected unipositional lead system by using the negative Z-lead
and the positive Y-lead of a vector electrocardiographic (VECG)
lead system, respectively. By using the measured lead fields for
the corrected uuipositional VMCG lead system and ideal VECG
lead fields, optimal combinations have been approximated [ 6 ].
For the SQUID gradiometer used for the MCG recordings, the
follov,ring expressions resulted for the components Ys alld 26
of the magnetic heart vector:

Xc: Xa , (4)
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YI:YA+@B#)ZE , (5)

zc-zo-gsffi)ve , (6)

where Ys znd ZE represent the Y-and Z-components of Frank's
VECG. The VECG-compensation has its effect in increasing the
symmetry of the lead freld with respect to the zero sensitivity
line. Thus it is not useful for the X-lead, which has quite å sym-
metrical lead field. As can be seen from Eq. (4), no compensation
was proposed for the X-lead.

4RESULTS FROM LEAD FIELD ANAIYSIS

In this analysis only such lead fields are considered that have a zero
sensitivity line inqide an intracardiac sphere with a radius of of 48mm, on
the surface of which all lead field measurements were made. For example,
the double-coil Y-lead sketched in Fig. 3 was thus accepted for the analysis.

Total of L5 leads clearly fulfilled this condition. The parameters HF,
OF and SF are given for these leads in Table 1. Based on these numbers
and the measured shape of the lead fields, the leads are overviewed next.

CXt The X-leads have the most ideal lead fields. Especially the or-
thogonality factor is high, which means that the orientation of
the sensitivity is correct.
The corrected unipositional X-lead has quite a low homogeneity
factor, which mostly arises from lhe prodmity efiect. Thts
rneans tbat the lead is more sensitive to the proximal (anterior)
parts of the heart than to the distal (posterior) heart. It is quite
obvious that the proximity efrect can be compensated by uaing
the combined unipositional lead system, i.e. the combination of
anterior and posterior X-leads.
Another effect, termed the flattening efrect was also detected,
which means that in the frontal plane the circular shape of the
lead field current is flattened due to the boundaries. An anterior
oval coil, the longer axis orientated in right-to-left direction, was
therefore tested to bring the shape of the lead field more ideal.
As can be seen from the comparison of the fi.rst and third row
of Table 1, this modification produced slightly higher HF, but
lower OF.
When comparing the overall sensitivity parameter SF of the X-
leads, a high dispersion is obtained. Especially the usefulness of
the posterior unipositional X-lead seems to be low because of a
low S/N ratio of the signal.
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0f) All Y-leads were found to produce z r,eto sensitivity line situated
posteriorly in the heart. This eccentricity of the lead f.eld results
in low values for both HF and OF. The eccentricity is highest
for the corrected unipositional and XYZ-lead systems, which
on the other hand have high values for SF. On the contrary,
the posterior unipositional Y-lead produces the highest ideality
(indicated by HF and OF) of Y-leads, but the lowest sensitivity
(SF). The Y-leads of the combined unipositional, double-coil
and VECG-compensated lead systems can be concluded to have
moderate ideality and sensitivity levels.

(Z) The lead fields of the Z-leads resemble those of the y-leads. The
orthogonality factors OF are lower than for the X-and y-leads.
The corrected unipositional Z-lead includes a r,ero sensitivity
line locating near to the posterior boundary of the heart and
has thus a low value for OF. For a reference, a smaller coil was
used, which was possible to locate 22 mm closer to the heart.
The lead field of this small coil suggests that when moving the
detector closer to the heart the ideality slowly diminishes, but
the signal level increases rapidly. This conclusion was confi.rmed
for both the Y- and Z-leads by a separate set of experiments.
The posterior unipositional Z-lead has an extremely Iow sen-
sitivity and slightly better ideality than the anterior geometry
or corrected unipositional Z-lead. This posterior geometry
produces a lead field differing from all other leads because of the
anterior location of the zero sensitivity line. This property sug-
gests that the combination of anterior and posterior geometries
would result in an optimal lead field. The numbers of Table I
show that the combined unipositional Z-lead really has slightly
higher ItrF and much higher OF than either of the two elemen-
tary leads. However, the value 0.40 for SF indicates that the
signal level is very low.
When comparing all Z-leads, the VECG-compensated Z-lead
can be considered to have adequate yalues for all three lead field
parameters of Table 1. The Z-leads of the corrected XyZ-lead
system and the double-eoil lead system are not presented in this
table, because they both have a poor lead field ideality and quite
a low sensitivity level.

To compare the properties of complete lead, systerns the idealities and
sensitivities have been calculated for each system and given in Table 2.
The ideali'ty is obtaired as a mean of the six ideality values, namely the
OF and HF for each of the three component leads. The sensitiuity of a lead
system is expressed by the "resultant" of the SF:s of the three component
Ieads:
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senaitiaity:W (7)

It is important to have a correct normalisation between the three

component leads. This means that the three components of the magnetic

heart vector should be obtained from the three measured component

signals by weighting them appropriately. The relative sensitivity of the

component ieads are given by the relative SF values obtained for the

lead.s. For convenience, the normalizing coefficients of the component leads

are approximated by small integers. Both the relative sensitivities of the

component leads and the recommended iuteger values are $iven in Table

2. The negative factors indicate that to detect the positive Y-and Z-

components of the magnetic heart vector by using the unipositional lead

geometry, one must measure the negative Y- and Z-conponents of the

magnetic field.
As cas be seen from Table 2, the combined unipositional lead system

has the highest ideality, while the corrected unipositional lead system is

most sensitive. The posterior unipositional lead system has quite low values

for both parameters and is thus not used in the comparison of the vMCG
record"ings in next chapter. In addition to the ideality and sensitivity, the

utility of the leads can be compared intuitively. In this sense the corrected

ulipositional lead system is superior. For the normalization of the three

meaeured components, the values of * unity were found |o be satisfactory,
with the exception of the coefrcient -2 for the z-lead of the combined

unipositional lead systrlm. As can be seen, this coefrcient wa8 already

taken to account in Eq. (3).
It is especially noteworthy that our model approximately gives for

the corrected (anterior) unipositional lead system the simple coefficients

1, -1 and. -1 for the X- Y- and Z-leads, respectively' Wtren approximat-

ing the rneasured coefficients 1, -0.86 and -1.19, respectively, with these

integer values, a worst-case deflection of only 9o results for the heart vec-

tor orientation. These unity coefr.cients lie between those calculated by

Geselowiiz [ lC ] (1, -1.2 and -0.93, respectively, for a homogeneous torso)

and those obtained for our inhomogeneous model. The simple geometry

of the correciecl unipositional lead system is illustrated in Fig. 4b.

5 RESULTS FROM TI{E VMCG RECORDINGS

COMPARISON OF TITE LEAD SYSTEMS

The corrected unipositional, combined unipositional and vEcG-
compensated lead systems were used to estimate the magnetic heart vec-

tor on normal subjects. For comparison, Frank's vector electrocardiogram
was also recorded. Four parameters were chosen to characterize the Yector



loops in each coordinate plane:

(1)

(2)

(3)

(4)

The maximum amplitude of the QRS-vector,
the direction of the QRS-vector at maximum,
the maximum amplitude of the T-vector, and
the direction of the T-vector at maximum.

Table 3 gives the means and standard deviations of all these
parameters for 18 normal subjects. The angles are given in the clockwise
direetion from the positive Y-, Z- and X-axes in the frontal, sagittal and
trausverse planes, respectively. Additionally, the time interval between the
maxima of QRS- and T-waves was calculated for each lead system from
the magnitude curve.

It is first ensured that the values for the VECG are in good agreement
with the normal criteria [ 11 ]. When comparing the directions of the QRS-
and T-vectors for the four lead systems it is found that the QRS-loops
of the corrected unipositional and combined unipositional VMCG-leads
are inclined to the QRS'vector of YECG about 110", g0o and 50o in the
frontal, sagittal and transverse plane, respectively. For the T-vectors, the
numbers of about 1000, 110" and 70o are obtained, respectively.

The VECG-compensated lead system produces vector loops differing
considerably from those reeorded by using the two other VMCG lead
systems. The angle deviations vary from 25" up to 133o.

The amplitudes are about 30 96lower for the combined unipositional
lead system than for the corrected unipositional lead system. This indi-
cates a partial cancellation when combining the lead fields of the anterior
aad posterior lead geometries.

In relation to the timing, all VMCG lead systems were concluded to
have very similar features. The time interval between the QRS- and T-
watres was found not to vafy more than 4 ms between the three VMCG
lead systems. Iiowever, when comparing them to the VECG, it was found
that the interval is about 20 ms shorter for the magnetic heart vector
than for the electric heart vector. We concluded that this arises from
the different sensitivity distributions of the VMCG and VECG lead sys-
tems: The VMCG should then be more sensitive to the beginning of
the ventricular repolarisation and achieve the ma>rimum earlier than the
VECG.

When comparing the standard deviations of the four lead systems it
is found that most of them are smallest for the corrected unipositional
lead system. The high standard deviations of the combined unipositional
lead system can partly be assoeiated with the low S/N ratio. The low
variation of the normal VMCG parameters for the corrected unipositional
lead system suggests that this lead system may be diagnostically valuable.



10

IDEALITY ÄND S/N RATIO

The corrected unipositional lead system has this far showed itself
to be superior to the other VMCG Iead systems in respect to all other
properties except to the ideality of the lead fields. The main unideality
of this lead system is that it is mueh more sensitive to the anterior than
to the posterior electrical sources of the heart. To evaluate this proximity
effect from the recorded MCG data, the vector loops of the corected
unipositional lead system can be compared to those recorded by using
the combined unipositional lead system, which is practically free of the
proxinity effect. Å-s can be seen from Table 3, the differences of the loop
angles vary from 40 to 23", which means that at least for the normal
material, the corrected unipositional lead system does not considerably
distort the magnetic heart vector.

For the corrected unipositional lead system, the S/N ratio varied from
12 dB to 25 dB in our measurements. An example of the real-time VMCG
recorded by using this lead system is given in Fig. 5. The QRS-loop is
orientated posteriorly, superiorly and slightly leftward, which is also seen
from the mean values listed in Table 2.

DETECTOR LOCATION

Finally, the sensitivity to the detector location of the corrected
unipositional lead system was tested for the same normal material. From
the measurements around the optimal point it was coucluded that for a l0
mm displacement of the detector in the frontal plane a vector loop results
which is in error 6 96 in the magnitude and 5o in the orientation. The
biggest and smallest errors were obtained for the right inferior and left
inferior displacement of the detector, respectively.

The deteetor was also displaced 60 mm in the X-direction, i.e. normal
to the frontal plane, for each subject. Ftom this data it was approximated
that when displacing the detector 10 mm in the X-direction, the errors of
less than 2E 96 anå 1o result for the vector magnitude and orientation,
respectively. These values are in good agreement with the lead field studies,
which showed that the distance of the deteetor affects strongly to the
sensitivity level, but does not practically change the shapes of the lead
fields.

As a conclusion, the deflections of the neasured fi.eld vector due to
the 10 mm displacement of the unipositional detector are much smaller
than the standard deviations obtained in the optimal point for the normal
material. Obviously this small sensitivity to the detector displacement is
due to the se!1'-ssrdertng e{ieei oi the well-conducting heart surrounded by
the low-conducting lungs [ 1 j.

The fall-otr of the heart's magnetic field when displacing the detector
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60 mm was caleulated to respond to a eoncentrated. magnetic dipole source
located 83 t 31 mm from the surface of the chest in the X-direction.
Although this distance differs about 15 mm from the anatomical distance
of the geometrical center of the heart, it gives the actual volume source by
means of a concentratec dipole source. The distance was used to calculate
the heart's magnetic dipole moments, listed in Table 3.

6 DISCUSSION

The magnetocardiographic lead fi.elds have previously been studied
by Malmivuo [ 2 ] and Cuff"n [ 12 ]. When considering the X-leads, both
of them obtained quite similar results as we did.

The comparison of the Y-and Z-leads is possible by using the con-
cept of the zero sensitivity line. Compared to our results, Malmivuo ob-
tained more centric location, while Cuffin concluded that the lines lo-
cate slighily more eccentric. By using physical models with various shapes
and iahomogeneity levels we have shown that these differences cau be
well explained by the constructions of the models. The main reasons for
the differences have been the shape of the experimental models used by
Ivlalmivuo and the lorv conductivity variation (1:2 between blood and lung
tissues) of Cufr.n's digital model. Our model had a realistic geometry for
the torso and realistic conductivities (1:10 between blood and lung).

Leifer [ 13 ] also tested the unipositional lead system by measuring
the VMCG on four dogs with and without covering the heart with an
insulating rubber bag. irrom a conparison of these signal amplitudes a
high ideality results for the X-lead, a low ideality for the Y-lead and the
lowest ideality for the Z-lead. This qualititative result is in good agreement
with our results.

A very important result from our studies was that the normalisa-
tion of the measured X-, Y- and Z-components of the magnetic field
should be performed by using the coefrcients 1, -1 and -1, respectively,
to obtain the magnetic heart vector. A zeroth-order analyiical model and
the two-dimensionai inhomogeneous models produce the coefficients l, -2
and -2, respectively [ 2 ]. The simulation study of Geselowitz I l0 ] was
based on a three-dimensional, homogeneous mathematical torso model.
The amplitude ratios obtained in his study slightly difier from the sen-
sitivity factors reported in this paper, but would result in the same integer
coeffcients 1, -1 and -1 for the three unipositional component leads.

Our physical roodel is, as far as we know, the most realistic one
used for any liind of fuiCG studies. ,4.s a consequence it was possible, for
instance, to confirm lhe self-centering effect suggeeted by Baule and McFee
[ 1 ]. The fact that the intracardiae blood mass was modelled by a sphere
does not essentially distort this effect.
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To efficiently reduce the external magnetic noise in the VMCG record-
ings we used a gradiometer, while single coils were used for the lead field
studies. It was, however, shown that the lead fields of ihe Y-and Z-coils are
quite similar for the sensor and distal coils. For the X-coils, the proximity
effect was evaluated to be about L0 95 higher for the sensor coil than for
the distal coil. As a conclusion, the difierential coil geometry practically
effects only in the attenuation of the signal, in our gradiometer only about
6%.

To confi.rm the normal VMCG data measured by using the uniposi-
tional lead system, a cornparisor can be made to the earlier works. The
resuits of Rosen and Inoye [ 14 ], Malmivuo [ 2 ], Barry et al. [ 15 ], Leifer
et al. [ 10 ] and Seppänen et al. [ 17 ] were each compared to our mag-

netic field vector recorded in the point locating nearest to the correspond-
ing measurement poi.nts. For the QR.S-loop direction, the most significant
deflection from our results rvas 25o, obtained by Leifer in the frontal plane'
Even this deflection is quite small when taking into account the amount
of subjects (!ot more than 20) and the differences in the locatiou of the
sensor coil aåd in the gradiometer geometry.

7 CONCLUSION

The corrected unipositional lead system was found to fulfill best the
requirements of a standard clinical VMCG lead system. This recording
is made with a vector magnetometer locating over the beginning of the
fourth intercostal space (corresponding to point V2 of the standard ECG).

In an infinite, homogeneous medium the components of a magnetic
dipole m czn be obtained with a vector magnetometer from the magnetic
field F according to the well-known expression:

{::\:w{L :,
\*"J l'o \o o

when the detector is located in X-direction at the distance r from the
source (unipositional lead system).

However, when measuring the dipole moment of the heart locating in
the real torso the magnetic fi.eld vector measured at the ideal point was

found to have the foilowing relation to the magnetic heart vector MEV:

the detector of this corrected uniposltioual lead eystem located at
the distance r from the equivalent magnetic dipole source.

(8)ilffi,

{MHV"\ ,r*-s fl 0 0 \/4"\
iidavoi:=il o -1 o !l B, I , (s)

\nrgv") r'o \o o -L/\B,J
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Figure captions

Fig. 1. The physical torso model. A perspex contailer having the shape of
a male thorax was turned upside down and filled with a sodium chloride
suspension, the relative resistivity of which is given by the number 2.5 in
the flgure. The intraeavitary blood was modelled by a carbon suspension
having the relative resistivity of unity. The models of the liver and the
lungs were fabricated of porous plastics produ'cing the relative resistivities
of 5 and 10, respectively. The spine and the sternum werq modelled by
insulating plastics.

Fig. 9. The lead field and the zero sensitivity line sketched for two coil
orientations in a homogeneous, cylindrical volume conductor.
(a) The axially s5rmmetrical case, where the coil axis coincides with the
symmetry axis of the cylinder. The lead field is obtainable from the
reciprocal fleld of the coil in a homogeneous, boundary-free space. In this
case the zero seasitivity line (z-z) coiucides with the symmetry axis.
(b) The coil axis is tilted 90" to the s5rmmetry axis. The zero sensitivity
line (z-z) is a curved line. The current density lines are circulating around
the zero sensitivity line in planes orientated normal to it.

Fig. &. The zero sensitivity line illustrating the measured lead field of
the double-coil Y-lead. The coil on the left side on the chest, situated on
the right side of the figure, produces alone the Y-lead of the corrected
)CfZ-lead system. The proximity effect of this lead is compensated by
using another coil on the right side of the torso, located and orientated
to produce an optimal lead fleld. The unideality of the lead system is
obtainable from the deviation of the zero sensitivity line from the Y-a,:cis
inside the heart. The boundaries of the heart muscle are indicated by the
inner circle filled with dots (the intracardiac blood) and by the dashed line.
The dotted eircular line indicates the site of the lead field measurements
in the model.

trig. 4. (a) The unipositional lead geometry. This basic lead geometry
gives the three components of the heart's magnetic field on the X-axis. The
Y-and Z- (frontal plane) components must be detected with a sensitivity
which is twice the sensitivity in the X-direction. This is based on the field
of a distant magnetic dipole in a homogeneous medium.
(b) The corrected unipositional lead geometry. The experiments on a
realistic physical torso model showed that the thorax affects considerably
the distribution of the magnetic field near to the torso. Therefore, to ob-
tain the correct sensitivity reiationship between the three components of
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the magpetie hea,rt vector, the three components of the magnetic field vec-

tor shall be detected with identical sensitivities' The optimum measure-

ment point is located on the fourth intercostal space.

Fig. 5. A real-time vector magnetocardiogram of a uormal 30 year male
subject, measured by using the corrected udpositional lead system. The
scalar components and the magnitude are given on the lefb. On the right
side of the flgure, the vector loop is displayed in the three coordinbte
planes. These projections are illustrated in a standard way so lla+" the
blunt ends of the short lines are leading. Each line as well as eacb space

between the lines correspond to a time interval of 2 ms.

Figure 1.
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2.Figure

Figure 3.
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Ta,ble ca,ptions

l|able 1. The lead field quality of various VMCG component leads ob-
tained from the measurements in the torso model. The ideality of the lead
ffelds is expressed by the homogeneity factor HF and the orthogonality
factor OF. The sensitivity factor SF is proportional to the sigaal level
obtained for the lead geometry. The lead systems are labelled according
to the numbers used in the text in Chapter 3;

Ta,ble 2. Comparison of four lead systems, labelled according to the
numbers used in the text in Chapter 3. The ideality is obtained by the
mean of the idealities of the componeat leads. The sensitivity is calculated
from the sensitivities of the component leads by according to Eq. (7).
The measured normalisation factors for each of the component leads are
expressed by the sensitivity factors in relation to the sensitivity factor of
the X-lead of the same lead system.

llable 3. The parameters of the vector loops recorded by using three
VMCG lead systems and Frank's VECG lead system. The VMCG lead
systems are labelled according to the numbers used in the text in Chapter
3. The loop angles are given in a clockwise rotation from the positive Y-, Z-
and X-axis in the frontal, sagittal and transverse planes, respectively. The
loop amplitudes are given in the units of dipole moment, corresponding
to a dipole locatiag 120 mm from the center of the three sensor coils.
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