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3.E6mX2.44mX2.49m [Str 81]. The entrance is made similar to the con-
structions discussed previously, having a width of 0.84 m and a length of
1.17 m. The shield is laid on a concrete floor without any dampers for
the mechanical vibrations. The gradients of the 60 Hz magnetic field have
been found to attenuate by the same factor as the field. The measured
second-order gradient attenuated from 100 pT to 0.6 pT i.e. 44.4 dB when
the shield was installed. Stroink et al. have also measured the time con-
stant of the shield to a nonuniform field produced by a small coil outside
the shield. They found that localized noise sources should be at least as

far from the wall of the shield as the dimension of the shield. if the full
benefit of the shielding is to be realized.

Bercy et al.hzve analyzed difierent shapes ofeddy current shields and
performed m.odel experiments with rectangular and hexagonal (cylinder
approximation) shapes on a 1/5 scale [Ber 81]. According to their results
the shape of the shield has only a minor effect on the maximum available
attenuation. However, the shape of the shield affects the size of the zone

of maximum attenuation. Berce et al. hzve chosen a cubic geometry with
a large doorway for use in a hospital environment. The shield is installed
on a suspended concrete platform to attenuate m.echanical vibration. The
white noise level in the shield is measured to be 50/!,,o"f EzLlz [Nic S3].

8.3. .dctive shielding

The shielded region can be enclosed by coils which produce with
appropriate currents a field which compensates for the external noise field.
The currents which are passed through the coils are driven by detectors at
the position for the best shielding. Active shielding is efrective from DC to
frequencies near the resonance of the coils. However, if the active shielding
is used together with a passive shield, its applicability is determined by
the properties of the passive shield on higher frequencies. The attenuation
of the magnetie noise depends.on the sensitivity of the detectors, their
locations and the type of the magnetic noise field.

6.8.1. DC field eornpensation

The steady magnetic fleld of the earth can always be cancelled by
three orthogonal magnetic field components with appropriate strengths
and directions. The accuracy of the compensation inside a volume depends
on the sum of the in-homogeaeities of the two fields (the compensating
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field and the field to be compensated) inside this volume. Because the
earth's static field can be expected to be relatively homogeneous, the
compensating coils are normally designed to produce a magnetic field with
high homogeneity in a large volume.

Garrett has presented the theory based on Legendre's polynoms to
ealculate the dimensions of a circular coil set to produce the required
homogeneity [Gar 51]. Pittman and Waidelich [Pit 63] have analyzed
different circular coil sets using Garrett's theory. The field strength of a

circular coil can be calculated also by using elliptic integrals fWeb 54, Gar
63, Vau 72]. The magnetic field of a rectangular coil has been studied by
Weber and Bloom ef ol. [Web 54, Blo 65] and the squa,re coils by Kakuno
and Gondo [Kak 76]. If the coil set is symmetric, all odd derivatives of the
field are zero at the origin [Bre 69]. In order to obtain a homogeneous field
it is necessary to eliminate only the even derivatives of higher order. In
practice, the derivatives higher than the sixth order have no essential effect
on the field homogeneity in the space atound the origin. For exam.ple, for
the Braunbek-MeKeehan t5pe coil set consisting of three symnetric coil
pairs with equal ampere turns, all even derivatives up to the 10th order
are zero [Pit 63]. However, it should be noted that in a real situation the
positioning accuracy of the eoils for such a result is impossible to obtain.

The DC compensation coils have been designed and constructed by
many groups in biomagnetic research [Coh 70, Zim 70, Kel 82, Dur 83,

Mer 83]. Our eompensation coil system consists of three coil sets with
four rectangular coils in each [P9]. The ömensions of the vertical coils
are solved according to the method of Kakuno and Kondo [Kak 76], and
the horizontal coils experimentally on the basis of the square coil solution.
The coils are powered by a three channel current source capable offeeding
a maximum current of 2 A for each coil set. The low-frequecy change of
the DC com.pensation field afber the warmup of the source is below 5 nT,
and the line frequency noise belovr the level of the externally coupled line
frequency interferences.

The compensation field distribution was measured with a fluxgate
magnetometer using a squa,re-waye feeding current. The frequeney of the
square-wave was 0.05 Hz, whieh is higher than the externally coupled low-
frequency magnetic field fluctuations and on the other haud lower thau
the frequency of the eddy current shield determined by its time constant.
The sensitivity of the measurement was about 1 nT. In all directions the
shape of the compensation field was the same as calculated theoretically.
Also the distribution of the inhomogeneity follows the theory. However,
the measured inhomogeneity is to sorne extent higher than the theoretical
values.
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This DC compensation system has been used in all YMCG-recordings

fP8l where it is important that the susceptibility signal generated by
the intracardiac blood changes is eliminated. Also the effect of the DC
compensation on the attenuation of the noise induced by the vibration
and moving of the measurement Dewar and the shield has been clearly
demonstrated.

6.3.2. ÄC field eompensation

The active AC compensation needs a sersor which can accurately
detect the variations of the field. If the sensor is inside the passive shield,
its seirsitivity must be at least equal to the sensitivity of the measure-

ment instrument. If the sensor is outside the shield, its location must be

chosen so that the magnetic flux density detected by the sensor is propor-
tional to the magnetic flux in the origin generated by the compensation
coil. On higher frequencies this proportionality may be very complicated.
This one sensor for one compensation f"eld component can cancel only
a homogeneous magnetic noise fleld. If one needs to compensate for a
gradient field noise caused by nearby sources, rnore Eetrsors must be used

to deteet the strength and direction of the gradient. This complicates the
system and lowers its flexibility.

Many research groups have used fluxgate magaetoneters to compen-
sate for an active magnetic field. Ross and Garment have reported a com-
pensation method where a 50 nT field was compensated for at frequencies
below 20 Hz [Ros 69]. Kelhä et aL have reported a closed loop active com-
pensation system used in their magnetically shielded room [Kel 82]. The
fluxgate sensor measures the field component along the symnetry axie of
the compensation coils and a controller adjusts an appropriate compensa-

tion current. The best demonstrated improvement of the shielding factor
due to the active compensation is more than 50 at 0.1 Hz [Kel 82]. Buncick
et al. have obtained a compensation accuracy of 0.5 nT. Their system is
based on a microprocessor, which samples the magnetic field through three
fluxgate magnetometers and A/D-converters and forms å field nullifying
system. The compensator has a recoyery time of 2-3 s to the transients of
the freld [Bun 83]. In systems with induction coil magnetometer sensors

the main purpose has been to compensate the line frequency field com-
pouents. Iland has obtained a 20 dB attenuation on line frequency using
a coil tuned to that frequency [Hau 76].

We have studied the AC compensation with appropriate induction coil
detectors [P9]. The dimensions of the induction coils and their positions

were determiaed so that the magnetic flux density measuring the coil was
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equal to the flrnr densrty in the origin. By using phase-shifthg networks
and an artificial nagnetie noise,source a maximum attenuation of 15 dB
on the frequency range from 0.05 to 50 Hz was obtained. However, for the
normal external magnetic noise,the attenuation was only a few desibels.
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7. NORJVIAL \ yICG

The aim of research in magnetocardiography is to evaluate the diag-.
nostic performance and clinical usefulness of the MCG. In determining
the diagnostic performance we must fust know the normal MCG and
its statistical distribution. After that its diagnostic performance can be
studied in different heart diseases. To fullfil the elinical requirements the
MCG should have at least the same theoretical level as the present clinical
electrocardiographic (ECG) and vector electrocardiographic (VECG) sys-

tems, which both are based on a fixed electric dipole model. In addition, its
signal-to-noise ratio should be sufrcient, its sensitivity distribution in the
heart area should be as ideal as possible and its instrumentation should
be easy to use in routine clinical work.

7.1. Detection of \nvICG

We have performed the normal I|MCG studies by measuring the
magnetic heart vector (MHV) with the corrected unipositional lead system

fP6, P8]. The magnetic heart vector as the model of the cardiac source is

analogous with the concept of the electric heart vector (EHV) which is the
source model of the normal \|ECG. The theoretical levels of both models
a,re equal.

The measurements were carried out with the multiplexed SQUID
vector magnetometer [P5] in our maguetically shielded room [P1, P9]. The
VECG was recorded in addition to the VMCG using the Frank lead system.
The recordings were made from 18 healthy subjects in all. The magnetic
field vector was measured above the heart at 26 points. Recordings at
different locations were made because it was desired to examine how
sensitive the corrected lead system is to the location of the detector.

It was found that a 10 mm displacement of the detector in the frontal
plane around the optimal point of the corrected unipositional lead system
will give rise to a mean error of 5o in the orientation and 6 ?6 in the
magaitude of the maximum QRS ve0tor. The efiect of the detector distance
was examined by malcing the measurement above the optimal poiut with
two measurement distances, about 105 mm and 165 mm from the center
of the heart. The magnitude of the signal was found to decrease by 68
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96 zt tLLe distal point when eompared to that in the proximal point. This
is less than would be expected accordi-ng to the dipole theory' However,

although the same kind of results have been obtained by other researchers

iWik 75, Mal 76], this measurement at only two points is very sensitive to
the errors in the measurement distance, The effect of the orientation of
the MHV when measuring at the distal point was fouad to be only 1o for
the maximum QRS vector and 9o for the maximum T vector'

7.2. Conpa,rison of, thernorma,l MIry and EHV

A total of 20 subjects was studied, but 2 of them were rejected from
the normal naterial because of the abnormal fiadiugs ia their VECG. The
18 subjects were included in the examination material, which was ensured

to be normal according to values in VECG, and who had no history of
heart diseases. The material consisted of 14 males and 4 females of the
age 20 - 40 years.

The QRS loop of the normal MHV is nårrower than that of EHV'
The QRS loop is normally directed superiorly, posteriorly and leftwards.
The mean magnitude of the maximum MIIV is 45.5 pT measured at the
optimal point 35 mm from the skin. The direction, of inscription of the

QRS loop varies in VMCG more than that in the VECG. The T loop
of the normal MHV is located in the same octant as the QRS loop and

directed similarly. The mean magnitude of the maximum T wave is 15 pT.
The spatial angle between the maximum QRS vector and the maximum
T vector was found to be about 23".

The nearly inverse cube dependence on the measurement distance is
not a very serious problem as long as one tries to make the measurements

at the same distance for every subject. It renders difficult, however, the
comparison of the amplitudes of MHV detected by various groups with
different distances. The amplitude criteria of the clinical VMCG can not
be as important as the criteria based on the direction of the MHV, which
is the case also in the present clinical VMCG.

The standard deviations of the EHV and MHV which are caused

by different individual variations are on aYerage of the same order of
magnitude. The direction of the maximum MHV ranges less than that
of EHV, whereas the magnitude has a slightly higher variation angle than
that of the normal EHV. The angle between the maximum MHV and EHV
was fouad to be 98o * 8' (SD) at the instant of the peak MHV, and 99" a 3"

(SD) at the instant of the peak EI{V. By displacing the detector about 2
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em i-nferiorly, the angle of 90" between the maximum MHV and EHV was
detected. The angle between the maximum T vectors was found to be
102" r 13' (SD).

The ratio between the magnitude plots of the MIIV and EHV during
the QRS complex describes the difrerence in relative sensitivities to the
electrical activity of the heart. During the first 10 ms of the QRS complex
the magnitude ratio is greater than 1, indicating that the MHV appears
stronger than the EHV at the beginning of the QRS complex. The next 50
ms, when the excitation is mainly radial, the ratio is less than 1, except
an about 20 ms period around the maximum, when the ratio is about 1.
About 60 ms from the onset of the QRS complex the ratio will reach a
minimum. At the end of the QRS complex, when the activation appears
more tangential, the ratio is about 1.5.

7.3. Worlcs by other investigators

Rosen and Inouye have made a study of the vector m.agnetocar-
diogram by mapping the VMCG components on a plane above the chest
from twelve subjects [Ros 75]. Wikswo has examined the spatial and tem-
poral variation of the VMCG for two normal subjects [Wik 75]. He has
estimated the x-axis position and velocity of the best-fit dipole during
the QRS complex by using the change in the fi.eld magnitude. He has
also demonstrated that the fields differed from those produced by a point
magnetic dipole. He also found that both techniques, VMCG and YECG,
have comparable sensitivity to respiration.

Malmivuo has recorded an VMCG from. a normal subject with four
difrerent lead systems and found that the recordings in all cases had a very
similar form [Mal 7ö]. The magnitude of the dipole moment of the MIIV
calculated by using a volume source approximation to correct the effect of
the magnetometer distance and the distal coil was found to be the same
within L696 aecaracy.

The largest VMCG study up to now has been made by Leifer et ol.
pei 811. They have examined the MHV of 20 nornal subjects using the
ABC lead system and a detecting distance of about 120 mm from the
chest surface above the center of the heart. The direction of the MHV
d.iffers from our results by about 25o in the frontal plane and by about
2" in the sagittal plane when using the same multiplication coefrcients. In
the direction of the maximum T wave the differences are slightly smaller.
Leifer has fouad the angle of 77.2" * 10.5" between the maximum MHV
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and EHV. The statistieal distributions of the mean QRS and T vectors

were in Leifer's study higher than those obtained in our research. Karp
et al. hzve confirmed by using mapping technique that the electric and

magnetic dipoles are roughly orthogonal in all six cases they studied [Kar
s0l. They also found that the dipolarity of the cardiac field is manifest

during the early QRS-complex.
Seppänen et al. have made YMCG recordings using the mapping

nethod and presented real time-time VMCG projection loops of a normal

subject [Sep 83].
The greatest drawback of previous VMCG studies is the limited num-

ber of subjects. Also the comparison of the results is difrcult because of
the different lead system, detector locations and detector constructions.

In spite of the differences in the measurement methods the results of the

normal MHV presented in [Ps] are in good accordance with the results

reported previously.
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8. SUMMARY AND CONCLUSIONS

This dissertation consists of aine publications. The conclusioDs of the
studies presented in the publications can be summarized as follows:

PJ-, This publication describes the design aud construction of the thick-
walled aluminium eddy-current shield for biomagnetic measure-
ments. The shield is equipped with pneumatic dampers and a fl.oor
without a contact to the shield. The attenuation of the shield
measured at line frequency is presented in three orthogonal direc-
tions. The attenuation is 44 dB in the vertical direction and 4E dB
and 50 dB in the two horizontal directions. In two directions the
result is below the theoretical value of 50 dB. This is caused by the
doorway, and thus the structure of the open door was found to have
a yery important efrect on the leaking of the field to the ehield.

P2. The study of the noise reduction method with a matching input
transformer is presented in this paper. With this nethod it is possible
to obtain the optimum source resistance which minimises the noise
figure of the anplifier used. The design and construction of a low-
noise wide-bandwidth instrumentation transformer were presented
and its use in a magnetometer application was demonstrated.

P8. The first three channel magnetometer capable of detecting simul-
taneously the magnetic heart vectör components with the uniposi-
tional lead system was developed in this study using an induction
coil technique. The sensitivity of the magnetometer which operates
at room temperature yvBs:rtr€ssured to be 180 fTr^rf EzLlz zt 20
Hz. An example of the magnetic heart vector measurements lf,as
presented and the noise properties of the instnrment discussed.

P4. This study demonstrates the measurement of the fetal magnetocar-
diogram in our magnetically shielded room. For the recording an
asymmetric SQUID gradiometer system was developed and con-
structed, which was balanced with superconducting discs.

P5" This publication outlines the three-channel SQUID vector mag-
netometer which was designed especially for vector magnetocar-
diographic studies. A completely new method for the multiplex-
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ing of three SQIIIDs reas'developed. This method allows the use

of normal commercial rf SQUIDs and avoids the cross talk and in-
terferences between separate channels. A lorv-noise high-input im-
pedance preamplifier and a fast switch for low-level rf signals were

desigaed and constructed. The noise level of the multiplexed system

of 100 f Tr*" f E zr/2 wzs obtained. The usefulnees of the instrument
was demonstrated by measuring the magnetic heart vector in real

tine from. 20 subjects.

PO. The corrected unipositional lead system for vector magnetocardiog-
raphy is presented in this paper. This system has a simple geometry
consisting of three coils located above the point V2 of the etan-

dard ECG. A special instnr-mentation for the lead field studies waå

developed and implenented. The properties of the lead system were

tested on the normal material by measuring the magnetic field vec-

tor at 26 points above the heart of each subject. The signal-tonoiee
ratio of the lead was found to be sufrcient for clinical uee.

P7. This publication deals with the optimization of the structure
and dimensions of e rector gradiometer for magaetocardiographic
studies. The gradiometer was optimized with respect to the signal'
to-noise ratio when coupled to thin-fflm SQUIDs. The accurecy of
determining the magnetic dipole Bource frorn the measured magnetic
coil flux was examined with circular and rectangular coilg in coaxial

and pl*nrr gradiometers. The efiective flux-trangfer factor which
takee irto account the interdependence of the equivalent flux noise

and the SQUID's self-inductance wa8 derived.

P8, This study describes the vector magnetocardiogram neasured from
18 healthy subjects using the cotrected unipositional lead rystem.
The mean direction and amplitude and the variation range of
the normal nagnetic heart vector åre presented. The emall sen-

sitivity of the magnetic lead to the displacement of the detector was

demonstrated. The relationship between the normal magnetic and

electric heart vectors was studied.

P9" The active compensation system to cancel the steady and low-

frequency maguetic field was designed and constructed. The DC

compensatioa system makes it possible to maintain the ffeld within
5 nT. The perfornance of the DC coil sets was measured and a

measurement method which is insensitive to the low-frequency field
fluctuations was developed. the AC compensation system for the
frequency range from a few hertz to 50 I{z was designed and tested.
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The maximum attenuation of 15 dB with iaduction coil sensors aad
an artifcial noise wås obtained.

The publications,presented il this dissertation are all results of group
efforts. The author has participated in all studies and performed most of
the magnetocardiographic mea.surements. He has particularly contributed
to the design and construction of the instrumentation developed in the
course of the research. The author has contributed also to writing the
manuscripts. The publications P2, P3, P4, P5, P7 and part of P9 are
written by the author.
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