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Magnetocardiography (MCG) is a non-invasive and risk-free technique allowing body surface
recording of the magnetic fields generated by the electrical activity of the heart. The MCG recording
system allows spatially and temporally accurate measurements of the very weak magnetic fields pro-
duced by currents flowing within myocardial fibers during cardiac activity. MCG has now been
around for over 30 years, but only recently has progress in instrumentation put the technique on the
verge of clinical applicability. This review summarizes the physical principles, instrumentation, main
clinical applications and perspectives for the clinical use of MCG. This second part is devoted to the
description of the main current clinical applications and perspectives.

(Ital Heart J 2002; 3 (3): 151-165)

Introduction

During the past 10 years, interest for ap-
plications of biomagnetism to the non-in-
vasive study of the brain, the heart and gas-
trointestinal tract has steadily increased.
Because of their intrinsic electrical activity,
such organs generate a magnetic activity
associated with their electrical currents.
Such magnetic activity is detectable, with
appropriate instrumentation, on the body
surface. Originating in the early ’60s',
magnetocardiography (MCG) has now be-
come a significant application of biomag-
netism, and a useful diagnostic tool. The in-
terest of the technique for cardiologists has
rapidly increased following the introduc-
tion of the superconducting quantum inter-
ference device (SQUID) magnetometer,
which allows the recording of the very
weak magnetic activity generated by the
human heart. The distribution of magnetic
fields measured over the body surface per-
mits the quantification and the spatial
three-dimensional localization of sources
within the heart. MCG can now be regard-
ed as an alternative non-invasive and risk-
free approach to cardiac electrophysiologi-
cal phenomena, complementary to the
well-known electrocardiographic approach.
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The clinical validation of MCG is still,
however, incomplete, because the tech-
nique is not available, with very few excep-
tions, within clinical and hospital environ-
ments. Moreover, most currently available
systems are only working in shielded
rooms, while, already in 1996, almost
every panelist gathered at the round table
on MCG at Biomag '96 wished to have a
multichannel high critical temperature (T )
MCG recording system, working outside a
shielded room?. The introduction of MCG
in a cardiological context for a routine use
also requires the shortening of examination
times, fast data analysis through the use of
dedicated software, fast and readily inter-
pretable presentation of results and larger
validation studies. The newer MCG sys-
tems are multichannel SQUID systems de-
signed for clinical application and routine
use and allowing the fast recording of car-
diac biomagnetic activity. Recent advances
fulfill the clinical needs highlighted above,
and now put MCG on the verge of clinical
applicability. This part of the review will
focus on the current clinical applications of
MCG (summarized in table I), the most
promising areas of research and the most
relevant problems of the field.



Ital Heart J Vol 3 March 2002

Table I. Main clinical applications of magnetocardiography
(MCG).

Localization of preexcitation sites in the Wolff-Parkinson-White
syndrome

Localization of cardiac arrhythmias (ventricular tachycardia,
premature ectopic beats, supraventricular arrhythmias)

Detection of myocardial ischemia (rest and stress MCG) and vi-
ability

Risk stratification after myocardial infarction

Detection of ventricular hypertrophy

Ventricular repolarization study (QT prolongation and disper-
sion)

Fetal MCG

Monitoring rejection after heart transplantation

Localization of preexcitation sites in the
Wolff-Parkinson-White syndrome and
other arrhythmias

Earlier MCG studies, performed using single-chan-
nel instruments, were focused on the evaluation of ar-
rhythmic patients in an attempt at localizing, with suffi-
cient spatial accuracy, the arrhythmogenic sites within
the heart’-°. Comparisons and validation of MCG mea-
surements were made with standard electrocardiogra-
phy (ECG) and, soon after, with results of invasive elec-
trophysiological studies’. MCG appeared to be practi-
cal and informative in the diagnosis of cardiac arrhyth-
mias, and had the sufficient spatial accuracy necessary
for clinical purposes. The combination of MCG with
magnetic resonance imaging (MRI), the development of
biomagnetic multichannel systems, the introduction of
non-magnetic pacing catheters, the availability of digi-
tal subtraction and of high-T . sensors have recently pro-
vided new tools for the investigation of cardiac electro-
magnetic sources. Patients with various cardiac arrhyth-
mias can now be investigated with the goal of localizing
the origin of their disorder'%-1>. The localization of the
source of arrhythmias is important for interventions,
such as catheter ablation or surgery, when pharmaco-
logical therapies are ineffective or inappropriate!o-1°.
Catheter or surgical ablation requires the exact localiza-
tion of the arrhythmogenic substrate. Conventional non-
invasive methods for cardiac arrhythmia localization,
aimed at mapping accessory pathways or foci of ven-
tricular tachycardia, include 12-lead ECG, the body sur-
face potential mapping (BSPM), vectorcardiography,
nuclear phase imaging, computed tomography and
MRI. Standard surface ECG can provide useful infor-
mation but, in many cases, is not efficient in predicting
the exact localization and number of arrhythmogenic
sites?®. The 12-lead standard ECG, using 6 channels on
the thorax surface, is sensitive for the localization of ac-
cessory pathways, but can be used only for the initial
evaluation of the patient. Multichannel BSPM, on the
other hand, has been attempted since the *70s%'22, but
provided only qualitative classification of ventricular
preexcitation sites, with the exception of the work by
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Lorange and Gulrajani**-», who, for the first time, at-
tempted a three-dimensional reconstruction of preexci-
tation pathways based on a solution of the inverse prob-
lem. The accuracy was not however satisfactory?3. Com-
parisons of the relative performance of MCG with other
techniques, including myocardial scintigraphy?® and
echocardiography?’, have been performed. Other tech-
niques have only yielded a qualitative description of the
morphology of the electrical field distribution. In the lo-
calization of the site of origin of ventricular tachycar-
dias, none of these non-invasive methods is accurate
enough to guide surgical or catheter-based ablative ther-
apies?’. This is currently achievable only with catheter
mapping through an electrophysiological study. Howev-
er, an electrophysiological study is time-consuming, in-
vasive, uncomfortable for the patient, and associated
with considerable X-ray exposure for both the patient
and the operator. On the contrary, non-invasive MCG
mapping relying on multichannel systems, allows the
preoperative accurate localization of the accessory path-
way in patients with the Wolff-Parkinson-White
(WPW) syndrome who, in case of potentially life-
threatening arrhythmias, are candidates for catheter ab-
lation. This therapeutic intervention requires great accu-
racy in the localization of the preexcitation site. Since
1985, MCG recordings have been focused on the preop-
erative localization of accessory pathways and the re-
sults so obtained have been compared with those of si-
multaneous invasive catheter localization sites'>?3. Sev-
eral groups have studied WPW patients either with a
single-channel MCG system acquiring MCG maps by
consecutive measurements!22%33 or with multichannel
systems!33435 Soon after, MCG algorithms have been
applied to attempt a non-invasive localization of the site
of origin of atrial and ventricular premature beats and/or
tachycardias®*3¢-+1. Multichannel systems, not requiring
patient repositioning and long acquisition times, are
clearly advantageous, especially in case of hemody-
namically unstable patients with ventricular tachycar-
dia, or in case of short runs of unsustained arrhyth-
mias37-39-42,

The accuracy of the non-invasive MCG localization
of arrhythmogenic substrates has been evaluated by
comparison with the results of conventional invasive
catheter mapping?®3!-3 and with the amagnetic catheter
technique®!!“3-47. Table II!213.30-35384048 summarizes
some results of the main clinical studies on MCG lo-
calization of arrhythmic substrates. As stressed by
Moshage et al.>*, one of the most important steps in the
MCG evaluation of arrhythmic disorders has been the
introduction of multichannel systems. This has allowed
the study of patients with premature ventricular con-
tractions and ventricular tachycardia in short times. In
1991, Moshage et al.?, at the University of Erlangen
(Germany), conducted an interesting work aimed at
verifying the accuracy of the biomagnetic localization
of ventricular arrhythmias. The authors studied 17 sub-
jects with a Siemens Krenikon 37-channel MCG sys-
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Table II. Localization results of main biomagnetic studies of ventricular arrhythmias and accessory pathways in the Wolff-Parkinson-

White (WPW) syndrome.

Authors/Center Instrumentation Comparison method Arrhythmic No. Assignment Mean (+ SD)
disorder patients accuracy

Fenici et al.'2, 1989 Single-channel MCG WPW 18 X-ray 2.0 cm
Rome (Italy) system without syndrome

shielded room
Mikijdrvi et al.’°, 1990 Single-channel MCG WPW 15 X-ray 3.1cm
Helsinki (Finland) system in syndrome

shielded room
Schneider et al.'3, 1990 37-channel Krenikon Invasive catheter WPW 10 MRI 1-2 cm
Erlangen (Germany) system in mapping and blood syndrome

shielded room pool scintigraphy
Moshage et al.?*, 1991 37-channel Krenikon Bipolar pacing PVC, VT, IPB 17 MRI Few
Erlangen (Germany) system in amagnetic catheter millimeters

shielded room
Weissmiiller et al.’>, 1992 37-channel Krenikon Invasive catheter WPW 7 MRI 2.1 (0-5 cm)
Ulm (Germany) system in mapping syndrome

shielded room
Nenonen et al.3!, 1993 Single-channel MCG Intraoperative WPW 12 MRI 21+09cm
Helsinki (Finland) system in multicatheter syndrome

shielded room mapping
Mikijirvi et al.?2, 1993 Single-channel MCG Invasive catheter SVT 26 MRI 20+x1.0cm
Helsinki (Finland) system in mapping (mostly WPW)

shielded room
Fenici and Melillo*®, 1993 Single-channel MCG  Biomagnetic invasive VT 35 MRI 1.0 cm
Rome (Italy) system without catheter mapping

shielded room
Oeff and Burghoff*, 1994  37-channel system PVC, WPW 25 MRI 0.5-2.0 cm
Berlin (Germany) in shielded room syndrome
Nomura et al.33, 1994 7-channel system BSPM WPW 14 MRI Good
Tokushima (Japan) syndrome correlation
Oeff and Burghoff*’, 1994  37-channel system Catheter ablation WPW 18 MRI 2.1+1.7cm
Berlin (Germany) in shielded room syndrome
Moshage et al.*$, 1996 37-channel Krenikon WPW 23 MRI <2.0cm
Erlangen (Germany) system in syndrome

shielded room

BSPM = body surface potential mapping; IPB = induced paced beats; MCG = magnetocardiography; MRI = magnetic resonance imag-
ing; PVC = premature ventricular contractions; SVT = supraventricular tachycardia; VT = ventricular tachycardia.

tem placed in a magnetically shielded room. They ap-
plied the model of the single equivalent current dipole
(ECD) in the infinite homogeneous half-space, and
transferred the MCG coordinates on previously ac-
quired magnetic resonance images. The MCG record-
ings of 10 patients with spontaneous premature ven-
tricular complexes, 3 patients with induced ventricular
tachycardia, and 4 healthy subjects with induced paced
beats (in all 4 cases the site of stimulation was the right
ventricular apex) were recorded for 2-15 min. The site
of origin of the arrhythmias was localized by examin-
ing the magnetic field distribution at the onset of the ec-
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topic beats. To verify the localization accuracy of
MCG, a bipolar pacing catheter made of a non-magnet-
ic material was designed and constructed, allowing en-
docardial stimulation at a given specific site during
MCG recording. The catheter tips were filled with a
MRI contrast agent to improve their visibility on mag-
netic resonance images. At the onset of every single ec-
topic beat, the bipolar magnetic field patterns were ex-
amined, thus allowing the three-dimensional localiza-
tion of an ECD within the heart. The transfer of the site
of electrical activity, obtained from the magnetic field
distributions during the first milliseconds of the prema-
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ture ventricular contraction, to the magnetic resonance
image allowed the localization of the site of origin of
the ectopic beats. The localization of induced ventricu-
lar tachycardia was achieved with a new algorithm
based on the reconstruction of the current density dis-
tribution (“lead fields”), and showed good topographic
agreement with invasive endocardial pace-mapping
procedures. The MCG localization of paced beats in
healthy subjects showed an error of a few millimeters
and related to the catheter tip. After several MCG stud-
ies using single-channel devices in WPW patients,
Weissmiiller et al.% in 1992 used a 37-channel SQUID
sensor system (with shielding) in 7 such patients. They
compared the biomagnetic data with those obtained
from standard invasive catheter mapping. The human
chest was approximated to a homogeneous infinite
half-space, the electrical source within the heart was
approximated to the ECD, and all biomagnetic data
were matched with anatomical structures obtained by
MRI. The site of the ECD was evaluated at the onset of
the delta wave, when the ventricles were excited. The
MCG localization of the accessory pathways corre-
sponded with catheter mapping results within an aver-
age of 2.1 cm (range 0-5 cm). The accuracy of the bio-
magnetic technique was in the order of 10 mm, as also
confirmed in thorax phantoms filled with saline solu-
tion*’. Nenonen et al.’! studied 12 WPW patients with
serious supraventricular arrhythmias refractory to drug
therapy. They used a single-channel device having a
current dipole source in a realistically shaped digital
torso in a shielded room. MCG results were superim-
posed on magnetic resonance images. All patients also
underwent intraoperative multicatheter mapping, now
recognized as a standard clinical method for the local-
ization of the accessory pathways prior to ablation or
surgical dissection, and were actually submitted to sub-
sequent ablation of the accessory pathway. The accura-
cy of the MCG localization was compared with the in-
traoperative mapping. The average three-dimensional
difference between the MCG results and those of inva-
sive catheter mapping was 2.1 = 0.9 cm (mean + SD).
Mikijérvi et al.?? studied 26 patients with supraventric-
ular arrhythmias (most suffering from the WPW syn-
drome) and used a single-channel system in a magneti-
cally shielded room to sample the magnetic field of the
heart at 20-60 locations over the anterior chest. MRI
images were acquired to provide anatomical landmarks
for data analysis. In this study, an ECD source in a re-
alistically shaped torso model was used. An MCG lo-
calization of the preexcitation sites was obtained with
an average accuracy of 2.0 £ 1.0 cm (mean + SD) rela-
tive to results obtained with invasive catheter mapping.
The authors stressed that most of their patients had left
inferior or left infero-lateral accessory pathways, theo-
retically difficult to localize because far from the body
surface. Despite this, the MCG localization was satis-
factory. A limitation of the MCG method was the pres-
ence of multiple pathways, found in 3 out of 26 pa-
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tients: here the secondary pathways were only demon-
strated by means of intraoperative mapping?. Fenici
and Melillo*® have also investigated the MCG method
in 35 patients with severe ventricular arrhythmias sec-
ondary to arrhythmogenic right ventricular dysplasia,
dilated cardiomyopathy or ischemic heart disease.
They used a single-channel system (necessitating se-
quential mapping and off-line reconstruction of time-
correlated MCG waveforms from a 36-point standard
grid) without shielding. The accuracy in the localiza-
tion of arrhythmogenic foci was found to be in the or-
der of 1.0 cm, as demonstrated by the inverse localiza-
tion of a biomagnetic catheter. The same study showed
the potential usefulness of the relative smoothness in-
dex which was found to be lower in patients with car-
diomyopathy or sudden death, but which necessitates
further clinical investigation®®. All these studies
demonstrate that MCG is capable of localizing preexci-
tation sites with an accuracy sufficient to provide ade-
quate information for non-pharmacological therapeutic
interventions.

MCG mapping has also allowed the localization of
ectopic ventricular beats, mostly related to infarct ar-
eas of the myocardium, in patients with coronary
artery disease. An accuracy in the localization of ar-
rhythmogenic sites in the order of 1.0 cm has been re-
ported in several studies!336:37:39-4248 ‘Thus, most MCG
studies on arrhythmias have been focused on ventricu-
lar arrhythmias and on the localization of accessory
pathways. Conversely, studies evaluating supraventric-
ular arrhythmias by MCG have been scanty® 14325051,
This can be ascribed to the lesser clinical relevance of
supraventricular arrhythmias for possible intervention-
al treatments. Other reasons are that atrial excitation is
weaker than ventricular excitation and thus more diffi-
cult to study with a biomagnetic approach, and that the
atria are anatomically located more posteriorly, with a
worse signal-to-noise ratio. Mikijéirvi et al.>? have
studied supraventricular arrhythmias with a single-
channel system in a shielded room. They used an ECD
as the electrical source model and a realistically
shaped torso model as the conductor volume. They
studied one patient with focal atrial tachycardia. The
MCG localization of the onset of the P wave was ob-
tained and the results were related to cardiac anatomy
using MRI. The premature atrial activity was located
in the right atrium. Subsequent catheter mapping con-
firmed the localization of the focus, and catheter abla-
tion was finally planned. In the same study, the risk of
atrial fibrillation in patients with the WPW syndrome
was evaluated. The spatial MCG maps of 26 patients
were analyzed. Patients with episodes of atrial fibrilla-
tion were found to have a more dispersed distribution
of atrial depolarizations during P waves compared to
patients without atrial fibrillation. The evaluation of
the risk of atrial fibrillation in patients with the WPW
syndrome is thus another example of the potential ap-
plications of MCG.
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The amagnetic catheter technique was first used to at-
tempt an objective evaluation of the MCG localization
accuracy of an intracardiac dipolar source®!'! 434547,
The subsequent development of a biomagnetically lo-
calizable multipurpose catheter has provided evidence
of its potential for MCG-guided intracardiac electro-
physiological recordings and ablation*->%7, After the
preliminary studies carried out since 1985 in the un-
shielded electrophysiology laboratory at the Catholic
University of Rome (Italy)3#3434752 further clinical
validation was performed in the shielded room at the
University of Helsinki (Finland), where simultaneous
multichannel MCG and BSPM recordings were ac-
quired for each patient using standard and patient-spe-
cific torso models for the solution of the inverse prob-
lem>353-38, Using individually shaped models (includ-
ing the lungs), the accuracy in localizing source cur-
rents within the heart by MCG and ECG methods was
investigated in 10 patients. A non-magnetic stimula-
tion catheter inside the heart served as the reference
current source. Fluoroscopy was used to localize the
position of the catheter. Simultaneous MCG and
BSPM recordings were performed during catheter pac-
ing. ECD localization sites were computed from MCG
and BSPM data, employing standard and patient-spe-
cific boundary element torso models. With an individ-
ually shaped torso model, the average MCG localiza-
tion error of the catheter tip in patients was 7 = 3 mm
(mean = SD), whereas the average BSPM localization
error was 25 + 4 mm. This result is apparently in con-
trast with the output of computer simulations pub-
lished by Hren et al.> in 1996, suggesting the better
accuracy of BSPM as compared to MCG mapping for
cardiac source localization sites. Thus, recent studies,
including an overall number of 15 patients, apparently
demonstrate that the MCG accuracy in localizing dipo-
lar sources is sufficient for clinical purposes, and that
an accurate localization can also be achieved even
without the use of individually shaped torso models
built for each subject with the help of MRI data33-55-0,
However, realistic and patient-tailored torso models
remain one of the most important factors in determin-
ing the accuracy of MCG. In fact, using standard torso
models, the average MCG localization error was high-
er (9 £ 3 mm). Other sources of error are patient’s
breathing, the signal-to-noise ratio, the adequacy-of-fit
of the mathematical models and the lack of appropri-
ate integration of MCG with MRI and/or fluoroscopic
images. More recently, effort has been devoted to ob-
tain adequate three-dimensional reconstructions of the
patient torso and the heart by using two-dimensional
fluoroscopic profiles and a geometric prior model®!-2,
This approach seems promising for the simplification
of multimodal MCG imaging, without the need of
MRI in each individual patient.

In conclusion, clinical studies performed so far have
indicated a good spatial accuracy of the biomagnetic
technique (below 10 mm for the localization of super-

ficial cardiac sources), with a decrease in accuracy (up
to 20 mm) for deeper sources?*4152, The amagnetic
catheter technique has demonstrated that such a three-
dimensional accuracy can be improved substantially,
and even reach 2 mm, when systematic errors are
avoided>”-%, In spite of such promising results and after
having been around for almost two decades, MCG is
still not accepted for routine clinical use. This is likely
to be due to the need of additional examinations and of
time-consuming procedures for data analysis and pre-
sentation. The current availability of low-cost fast com-
puter processing has completely solved the problems of
the time-consuming procedures of MCG data analysis
for the three-dimensional localization and imaging of
cardiac electrophysiological phenomena and myocar-
dial ischemia. Indeed, the most recent instruments can
perform imaging procedures almost in real time®-%,
New multicenter trials are now investigating the clini-
cal reliability of MCG as a valuable clinical tool. MCG
can thus fairly compete with, or rather be complemen-
tary to, other available techniques (Tables III and IV).

Ischemic heart disease

Rest magnetocardiography. The ability to study the
three-dimensional localization of cardiac electrical ac-
tivity makes MCG a potentially useful tool in the eval-
uation of the presence and localization of coronary
artery disease®, the identification of viable myocardi-
um after myocardial infarction®7, and the risk stratifi-
cation of patients with infarcts®®72, Myocardial is-
chemia induces changes in the electrophysiological
properties of the myocardium, resulting in a decrease in
resting membrane potential and conduction velocity,
with a dispersion of the activation wavefront. The elec-
trophysiological features of an ischemic area are quite
different from those of an infarcted area. The detection
of myocardial ischemia is commonly achieved at stan-
dard surface ECG, at echocardiography or at myocar-
dial scintigraphy, at rest and under stress. Coronary

Table III. Advantages and disadvantages of magnetocardiogra-
phy compared with other cardiological techniques.

Advantages Disadvantages

Non-invasive
Spatially and temporally

Expensive
Magnetically shielded room

accurate necessity for many multi-
Risk-free channel SQUID systems
Contactless No bedside availability

Fast Not portable
Allows beat-to-beat analysis Requires realistic torso models
No tissue interference Sensitive to metal objects and
Allows three-dimensional pacemakers
Allows three-dimensional

reconstruction of cardiac

electrical activity
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Table IV. Main features of magnetocardiography compared
with standard surface electrocardiography.

Analogies

Non-invasive

Based on the same ionic currents

Risk-free

Similar morphological aspects (P-QRS-T waves)
Fast

Differences

Expensive

Magnetically shielded room necessity for many multichannel
SQUID systems

No bedside availability

Not portable

Requires specific electric sources and torso models

Sensitive to metal objects and pacemakers

Uses multichannel system on thorax surface and not only six sur-
face leads

Measures the magnetic field produced by cardiac electrical acti-
vation; not sensitive to differences in electrical potential on the
body surface

Less influenced by electric conductivity of interposed tissues

Contactless, does not use skin electrodes

Sensitive to vortex currents not detectable with electrocardiogra-
phy

More sensitive to tangential currents

Limited number of clinical studies

Results can be superimposed on magnetic resonance images for
three-dimensional reconstruction of current density distribu-
tion

Great accuracy in the localization of accessory pathways in
Wolff-Parkinson-White syndrome and ventricular tachycar-
dia foci

anatomy is usually defined by angiography. Positron-
emission tomography and MRI are also increasingly
used in tertiary centers for the non-invasive functional
imaging of the heart, mostly to detect myocardial is-
chemia and viable tissue. MCG allows the non-invasive
clinical detection and localization of abnormal current
flows associated with cardiac ischemia, and allows the
correlation of such events with the arrhythmogenic po-
tential of that area’. Transient acute myocardial is-
chemia causes well-recognizable changes in the MCG
on the ST segment and the T wave: the orientation of
the maximum spatial gradient of the magnetic field can
be used as a parameter to determine these changes’.
Such changes strongly depend on ischemic regions and
can also be detected with BSPM, but not with 12-lead
ECG”. A beat-to-beat analysis method for MCG
recording during interventions has also been developed
and can be applied for the on-line analysis of MCG da-
ta and detection of myocardial ischemia’. Indeed, the
latter method, which provides heart rate adjustment of
the magnetic field map rotation, improves the perfor-
mance of MCG in ischemia detection, by the analysis
of the ST and T magnetic fields.

MCG detection of ischemia has been attempted at
rest and under physical or pharmacological stress. A
first experimental study on the MCG detection of acute
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myocardial infarction was reported by Cohen and
Kaufman’” in 1975 who found ST-segment shifts dur-
ing the experimental occlusion of the coronary artery in
the dog.

In the normal myocardium, the current flow is al-
most uniform during ventricular repolarization. When
ischemia is present, the current flow becomes less uni-
formly oriented, and the associated magnetic field be-
comes weaker. This results in a decrease in the maxi-
mum integral value in the iso-integral maps obtained
for the two more relevant time intervals (QRS and ST-
T) defined from the MCG waveforms. This has been re-
ported by Sato et al.”® in a recent study on ischemic pa-
tients. In 25 such patients with severe (= 75%) coronary
stenosis as assessed at angiography, MCG, performed
using a 64-channel SQUID system in a shielded room
at the Tsukuba University Hospital in Japan, has been
compared with standard resting 12-lead ECG and
echocardiography. Abnormal mapping patterns were
found during the repolarization phase in 22 out of 25
(88%) of these patients. Resting ECG showed ischemic
changes, such as an abnormal Q wave or ST-T changes,
in 18 patients but no ischemic alterations were detected
in the remaining 7 patients. Echocardiography revealed
an abnormal left ventricular wall motion (asynergy) in
16 patients. MCG abnormalities during the repolariza-
tion phase were detected in all patients with severe
coronary lesions in vector arrow maps and iso-integral
maps, the two kinds of MCG data analysis used by the
authors.

Chaikovsky et al.”® have performed MCG measure-
ments in 49 control healthy subjects and in 51 patients
with coronary artery disease and symptoms of stable
angina but without a previous myocardial infarction.
Eighteen patients were affected by three-vessel disease,
17 by two-vessel disease, and 16 by single-vessel dis-
ease. MCG recordings were obtained using a single-
channel instrumentation in an unshielded environment,
simultaneously acquiring the electrocardiogram on
lead II. MCG data were analyzed in current density
vector maps and current line maps. Maps from healthy
subjects showed a homogeneous distribution of cur-
rents; in contrast, maps from patients with coronary
artery disease showed additional current areas with a
deviated direction. The position of additional currents
might reflect the anatomy of ischemic areas and may be
considered as a footprint of the area served by the dis-
eased coronary artery. In 81% of cases there was a good
correlation between the location of additional current
areas and the angiographic localization of coronary
stenosis. The localization of myocardial ischemia by
MCG has also been successfully attempted using a cur-
rent density reconstruction method®’.

Another interesting study has analyzed the role of
MCG in the detection of electrophysiological changes
in patients with coronary artery disease after percuta-
neous transluminal coronary angioplasty. In these pa-
tients, successful relief of the obstruction is followed
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by a more homogeneous current density distribution in
the MCG map as early as 1 month after the procedure.
This aspect might be exploited for the follow-up of
coronary angioplasty patients®'.

MCG offers information complementary to that
provided by standard surface ECG and BSPM obtained
with 32 leads on the thorax surface$? (Tables III and
IV). BSPM allows a better spatial analysis of ECG in-
formation than the standard ECG; in particular, the iso-
integral maps offer the possibility of rapidly identifying
those areas in which QRST abnormalities are de-
tectable. Magnetic field mapping adds complementary
information through the spatial and temporal recon-
struction of the magnetic field generated within the
heart. The MCG study of ventricular repolarization, in
patients with previous myocardial infarction, has also
allowed a recording of T wave abnormalities in the iso-
magnetic maps, in some cases at a time when T waves
in the standard ECG had returned to normality®s. In
1990 Lant et al.®? have proposed the comparison of
BSPM and magnetic field mapping with the aim of dif-
ferentiating patients with infarcts and normal subjects.
They studied 22 patients with infarcts (11 with a non-Q
wave myocardial infarction and 11 with a Q wave my-
ocardial infarction, anterior in 4 cases and inferior in 7)
and 9 normal subjects. MCG was recorded with a sin-
gle-channel system acquiring data on a 56-point grid in
a shielded room. Time integrals were defined, both for
MCG and BSPM, for every QRST time interval. Maps
were constructed in iso-contour lines connecting the
points with the same integral values. Analyzing mag-
netic field maps, the most profound abnormalities in
anterior myocardial infarction were found in the QRS
complex, while in inferior infarction, abnormalities
were found during the entire repolarization period. In
contrast, examination of the mean iso-integral BSPMs
revealed significant differences between anterior and
inferior infarctions during the QRS complex only, with-
out any alterations in the repolarization phase. The au-
thors concluded that magnetic field mapping and
BSPM are complementary in the evaluation of is-
chemic heart disease®. Similar conclusions have been
more recently reached by Adams et al.®3,

In summary, MCG methods appear promising in di-
agnosing myocardial ischemia, infarction and viabili-
ty3485, but it has to be appreciated that clinical results in
this area are still quite scanty and less extensive than in
the area of arrhythmias.

Stress magnetocardiography. In stress MCG, the sub-
ject undergoes biomagnetic measurements during phys-
ical exercise or pharmacological stress. The ECG exer-
cise test is commonly used in the assessment of patients
with angina pectoris and coronary artery disease, most-
ly through the assessment of ST segment depression.
Cohen et al. conducted the first stress MCG study in man
in 1983. They detected abnormalities of ventricular re-
polarization, including ST segment depression and base-
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line QT segment elevation®®, Changes in ventricular de-
polarization can be already observed in healthy subjects
during stress testing comparing MCG and ECG sig-
nals®-%°, Brockmeier et al.”® have acquired BSPM and
magnetic field mapping before and during pharmaco-
logically-induced stress. They found significant stress-
induced differences during ventricular repolarization in
magnetic field mapping, not present in BSPM. They
suggested that vortex components of the current density
distribution were responsible for the changes observed
in MCG maps under stress. The vortex components of
the current density distribution generate a magnetic
field, without any detectable surface electric potential.
MCAQG is sensitive to these vortex currents, as shown by
the detection of ST-T shifts during the exercise test®’.
These variations in healthy subjects have been consid-
ered as a physiological phenomenon. The origin of the
vortex components under stress is still however uncer-
tain. Further information will be available by larger
comparisons of healthy subjects and patients.

MCQG recordings during physical exercise also show
very few artifacts due to breathing or muscular con-
traction. Conversely, these are common in stress ECG.
Stress MCG is not influenced — contrary to ECG — by
changes in skin resistance occurring because of the in-
creased transpiration during exercise.

MCG appears thus feasible during exercise, and
possibly more sensitive than ECG in detecting early ST
segment shifts in patients with ischemic heart disease®.
In these patients, electrophysiological changes during
ventricular repolarization under stress are well evident
both in BSPM®? and in magnetic field mapping, even in
patients with single-vessel disease®’. However, the real
advantages of MCG over ECG in ischemic patients
have to be further evaluated before any definite conclu-
sions are reached.

Risk analysis in ischemic patients

Late field analysis. MCG has also been used as a prog-
nostic tool after myocardial infarction, with some evi-
dence about the possibility of the early identification of
ischemic subjects at high risk for ventricular arrhyth-
mias®. The duration of the QRS complex in the mag-
netocardiogram was significantly longer in patients
with ventricular tachycardia after an old myocardial in-
farction compared to patients with infarcts but without
ventricular tachycardia (144 vs 109 ms). The sensitivi-
ty and the specificity of MCG in identifying ventricular
tachycardia patients were found to be both around 80%,
and the positive and negative predictive values were 78
and 86% respectively. High-resolution ECG recorded
during the same session performed slightly better,
showing sensitivity, specificity, positive and negative
predictive values all around 90%. The ECG signal-to-
noise ratio was higher than for MCG. This study never-
theless concluded that MCG is helpful in screening pa-
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tients at risk of ventricular arrhythmias after myocar-
dial infarction®. In another study, the sensitivity and
specificity of MCG in the assessment of the risk for
ventricular arrhythmias after myocardial infarction
were found to be 90 and 100% respectively®. Howev-
er, this study had some limitations including the fact
that it was conducted on a few patients, without the es-
tablishment of clearly defined cut-off points, and that a
myriad of different MCG systems were used.

MCG recordings have also been applied for risk
stratification evaluating the risk of ventricular tachy-
cardia after acute myocardial infarction in ischemic pa-
tients. In a recent work, Korhonen et al.”! have pro-
posed the MCG late field analysis in 100 subjects with
remote myocardial infarction as a marker of the
propensity to sustained ventricular tachycardia. Late
fields of the MCG QRS complex are a potential new
method for the non-invasive risk assessment in post-
myocardial infarction patients even in the presence of
severe left ventricular dysfunction. In the latter case,
ECG late potentials loose their informative and prog-
nostic value. However, studies in this area are limited,
and show no significant advantage of MCG when com-
pared to high-resolution ECG recordings.

Prolongation of the QT interval and QT dispersion.
It is well known that prolongation of the QT interval re-
flects an alteration in cardiac electrical properties and
that it is a predictor of malignant ventricular arrhyth-
mias. Prolongation of the QT interval, as detected by
ECQG, is associated with life-threatening ventricular ar-
rhythmias and sudden death after myocardial infarc-
tion”. Arrhythmogenesis seems here to be correlated
more with the inter-lead differences in QT duration than
with the absolute value of the QT interval. QT disper-
sion is therefore measured as the difference between the
maximum and the minimum value of the QT duration in
a standard 12-lead ECG, and is associated with an in-
creased risk of ventricular arrhythmias and sudden
death in subjects with a previous myocardial infarc-
tion®7?8, MCG has been applied as an alternative to ECG
for the evaluation of QT dispersion. In contrast to stan-
dard ECG, multichannel MCG (but also BSPM) mea-
surements permit the determination of QT intervals at
numerous locations above the heart and also the recon-
struction of the spatial distribution of QT dispersion.
At standard ECG, healthy subjects generally show
shorter QT intervals than those with an infarct. van
Leeuwen et al.*® have shown that MCG offers the capa-
bility of examining the spatial distribution of the QT in-
terval duration and that such analysis seems to be more
sensitive than the QT dispersion based on standard 12-
lead ECG. Oikarinen et al.'® studied whether MCG
measurements of the QT dispersion can distinguish
post-myocardial infarction patients with and without a
susceptibility to sustained ventricular tachycardia. Ten
patients with a history of ventricular tachycardia and 8
patients without ventricular tachycardia were studied
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after a remote infarction. In this study, a single-channel
MCQG system was used, and QT dispersion was defined
as the range and the standard deviation of the measured
QT intervals. The ventricular tachycardia group
showed more QT and JT dispersion than controls.
MCG mapping may thus provide a useful method to de-
tect and localize differences in ventricular repolariza-
tion. Hailer and van Leeuwen’” used a 37-channel
Siemens Krenikon MCG system to evaluate the tempo-
ral and spatial aspects of QT dispersion in a study in-
cluding 20 healthy subjects as well as 42 patients after
myocardial infarction. Eleven of the latter had docu-
mented ventricular tachycardia. Healthy subjects
demonstrated a very similar spatial pattern of QT val-
ues, while the pattern of the patients showed marked
differences in terms of the local and global variability
of QT duration and higher values of QT dispersion. The
ECG was not able to distinguish healthy subjects from
patients using the QT dispersion as the temporal para-
meter. Although all these data are promising, it has to
be pointed out that most studies have been conducted
on small populations, with different recording systems
and without standardization of methods for data analy-
sis. Proper comparisons with the rivaling technique of
BSPM are also lacking.

Ventricular hypertrophy, cardiomyopathies
and myocarditides

Cardiac hypertrophy is characterized by an increase
in ventricular mass which can be primitive or caused by
pressure overload, such as in subjects with arterial hy-
pertension or aortic valve stenosis. Echocardiography
is the diagnostic technique of choice for the evaluation
and quantification of the myocardial mass. Less-rou-
tine techniques, such as MRI or the invasive ventricu-
lography, can also be used for the same purpose. Some
studies have suggested a potential role of MCG in the
clinical evaluation of cardiac hypertrophy, both primi-
tive and secondary, and cardiomyopathies, comparing
MCGQG results with those of well-established techniques
such as echocardiography and ECG!°'. MCG tracings
may show an increase in the QRS complex amplitude
and an inversion of the T waves!'2, A superior sensitiv-
ity and specificity of MCG compared to ECG in the de-
tection of left ventricular hypertrophy has been
claimed'®, Nikitin et al.'* studied 18 patients with ar-
terial hypertension, and compared the diagnostic po-
tential of MCG, ECG and echocardiography. Left ven-
tricular hypertrophy was detected at echocardiography,
MCQG (from the abnormalities of ventricular repolariza-
tion) and ECG in 11 (61%), 16 (84%) and 7 (34%) pa-
tients respectively. Left atrial hypertrophy was detected
primarily by echocardiography and MCG. Alterations
in ventricular repolarization were detected by MCG in
39% of patients. Although further investigations in-
cluding larger patient populations are needed to better
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evaluate these aspects, the above results might suggest
that MCG can be used as an additional tool for the in-
vestigation of cardiac hypertrophy.

MCG mapping can also be applied to the study of
the evolution of myocarditis. Myocarditis is commonly
diagnosed and monitored by myocardial biopsy, but
MCQG seems a revolutionary and non-invasive approach
for the diagnosis of this disease. It provides useful mag-
netic parameters (such as the “electrical circulation”
describing the correlation between the instantaneous
current dipole and its localization in consecutive heart
beats) which seem to be related to the lymphocytic in-
filtration occurring in myocarditis'®. Finally, MCG in
the early diagnosis of arrhythmogenic right ventricular
dysplasia seems to be promising!'%.

Fetal magnetocardiography

The application of MCG to the study and monitor-
ing of fetal cardiac activity is novel and promising. Fe-
tal MCG has been applied to the study of the cardiac
time intervals, heart rate variability, congenital heart
disease and fetal arrhythmias. MCG measurements can
usually be made starting from the 20th-22th week of
gestation, and provide information about fetal health
and normal growth!?’. Magnetocardiograms can be ac-
quired already at the 16th week, but such early record-
ings are often inadequate. Tissues interposed between
the fetal heart and the recording system (such as the
vernix caseosa) do not influence the biomagnetic sig-
nal, and this offers an extra advantage with respect to
fetal ECG. In addition, the availability of digital sub-
traction, also used in ECG, allows the removal of ma-
ternal artifacts. A fetal MCG was successfully recorded
for the first time in 1974 by Kariniemi et al.!%8, and was
soon considered as a new and promising tool in the pre-
natal evaluation of several fetal parameters. During fe-
tal growth, the signal amplitude of fetal MCG progres-
sively increases, with a wide interindividual variability.
Even consecutive recordings in the same fetus show
considerable intraindividual variability, which can
probably be ascribed to changes in the intra-abdominal
position of the fetus. Indeed, the morphology and po-
larity of the QRS complex at fetal MCG highly depend
on the fetal intra-abdominal position with respect to the
detector.

Fetal MCG allows the recording of all parts of the P,
QRS, and T waves from the second trimester onwards,
and makes the determination of the cardiac time inter-
vals possible!®. According to Menendez et al.''?, the
cardiac time intervals and amplitudes of fetal MCG in-
crease in parallel with fetal growth from the 10th week
onwards. The mean P wave duration increases from 31
to 49 ms, the PQ interval from 95 to 107 ms, and the
QRS duration from 36 to 52 ms. In the same study, sev-
eral fetal arrhythmias, including episodes of ventricular
and supraventricular tachycardias and atrioventricular
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blocks, were recorded after the 26th week. During fetal
growth, the cardiac time intervals increase, and several
studies have been performed with the aim of establish-
ing the normal values for different gestational ages.
Horigome et al.''! have recently assessed the develop-
mental changes in the PQ, QRS and QT intervals in 150
healthy fetuses > 20 weeks in gestational age. The
QRS, P and T waveforms were successfully recorded in
85, 68 and 43% of the subjects respectively. The QRS
intervals, ranging from 32 to 74 ms, showed a positive
linear relationship with the gestational age, which
probably reflects an increase in the number and size of
myocardial cells. The PQ interval was rather constant
and showed a poor correlation with the gestational age
(average value 100 ms); the QT interval, ranging from
180-302 ms, tended to be slightly shorter during early
gestation. During pregnancy, the duration of the P
wave and of the QRS complex increase, while the PQ
and the QT intervals remain quite constant. Fetal MCG
however does not allow the unambiguous determina-
tion of the T wave!'2. Recently, a database with normal
values of fetal ECG and fetal MCG parameters has
been created, with the collaboration of a number of in-
ternational centers (available on line at: http:/
bcet.tn.utwente.nl). Here, the normal fetal time intervals
registered at either ECG or MCG from uncomplicated
pregnancies have been reported'!3,

The high sensitivity of fetal MCG offers a new
method for fetal surveillance and allows the study of
fetal cardiac activity not otherwise available with cur-
rent methods, such as fetal echocardiography or
Doppler ultrasound. These methods are widely used to
monitor fetal heart rate and to diagnose fetal suffering,
but do not allow the recording of QRS complexes. In
addition, fetal ECG is recorded with an adequate sig-
nal only in about 50% of cases. From the 20th week
onwards fetal MCG reaches a success rate close to
100% in obtaining good-quality QRS complexes in
normal pregnancies'?®. Fetal MCG also has a potential
for the detection and classification of fetal arrhyth-
mias'!4, the prenatal diagnosis of the long QT syn-
drome'">, congenital heart diseases!'®, the study of fe-
tal heart rate variability — which increases with gesta-
tional age —, and the maturation of the autonomic ner-
vous system during pregnancy!'7!18,

Rejection reactions after heart transplantation

The acute graft rejection is the major complication
after heart transplantation. The standard monitoring of
this serious postoperative complication is obtained with
serial myocardial biopsies. MCG monitoring of rejec-
tion reactions after heart transplantation was first at-
tempted in Berlin by Schmitz et al. in the late *80s (un-
published data). In 1992 Schmitz et al.'!® reported a
high sensitivity (91%) and specificity (93%) for the de-
tection of acute rejection in 15 patients after cardiac
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transplantation using the MCG strength of the ECD lo-
calized at the peak of the R wave. This strength in-
creased in patients with acute rejection, perhaps due to
changes in myocardial impedance. In 1991, Fenici et
al.3 reviewed the 10-year MCG activity at the Catholic
University of Rome, and preliminarily reported about a
single patient studied at MCG every week after cardiac
transplantation, starting from the 4th month. In this pe-
riod, three endomyocardial biopsies were performed,
all of which were negative for a rejection reaction.
MCG data (an almost 2-fold increase in the maximal
magnetic field and the ECD intensity) were however
highly suspicious for an acute rejection reaction. Plas-
ma levels of cyclosporine were very low in that patient
because of an interaction with a cholesterol-lowering
drug. MCG would thus appear to be a promising tech-
nique for the early diagnosis of cardiac transplant re-
jection reactions, and the increase in amplitude of the
magnetic index, a parameter which can be considered
as a reflection of the magnetic signal intensity, seems to
be an early sign of rejection, which is comparable to
histology. Achenbach!? has subsequently reported a
sensitivity of 83% and a specificity of 84% for the di-
agnosis of graft rejection in 12 patients (1 to 4 years af-
ter transplantation) and 6 controls. This application of
MCG has not however been further investigated so far.

Conclusions and future perspectives

Areas of MCG application are expanding, and now
include the study of supraventricular and ventricular ar-
rhythmias, preexcitation syndromes and the accurate
localization of arrhythmogenic substrates and accesso-
ry pathways for catheter ablation or surgery. Preopera-
tive MCG can provide the interventional electrophysi-
ologist with useful information to address catheter
placement for the ablation of arrhythmogenic sub-
strates. Furthermore, MCG mapping during electro-
physiologic studies has the potential to three-dimen-
sionally image and guide an amagnetic ablation in con-
tact with the arrhythmogenic target, with minimal use
of fluoroscopy*?#7:39,

MCQG is definitely “unique”, in that it makes it pos-
sible to acquire, with a single non-invasive and quick
procedure, a great amount of information about cardiac
function. Indeed MCG simultaneously provides three
types of information, combining the electrophysiologi-
cal evaluation (useful in arrhythmia localization), the
“metabolic” evaluation (useful in case of myocardial is-
chemia), and a spatial-temporal correlation between the
ischemic and arrhythmogenic areas (useful in the esti-
mation of the risk of sudden death)'?!. All this informa-
tion can be otherwise acquired, in clinical practice, on-
ly with separate and surely more expensive investiga-
tions such as an invasive catheter electrophysiologic
study, BSPM, or nuclear cardiology investigations such
as single photon emission tomography and positron

emission tomography. Compared to electrocardio-
graphic BSPM which detects the electrical aspects of
the same physiological and pathophysiological currents
detected by MCG, the latter is faster and does not ne-
cessitate direct contact. Besides, it probably offers a
better spatial reconstruction.

Some disadvantages of MCG have also, however, to
be considered (Table IIT). The SQUID recording sys-
tem is cumbersome, and the liquid helium, required as
a coolant in the cryostat for low-T. SQUID systems, is
very expensive. In addition, a shielded room is neces-
sary for accurate measurements, e.g. for the evaluation
of the ST segment and in high-resolution MCG. The
magnetic shielding is also very expensive and may pose
difficulties in installation, because it requires a large
space (Fig. 1). Recordings are also sensitive to metal
objects and pacemakers, which inevitably produce
magnetic noise. MCG instrumentation is not bedside-
available and not portable. A new generation of SQUID
systems, the so-called high-T, SQUID, not requiring
liquid helium (at a temperature of 4.2 K) as a coolant,
but liquid nitrogen, at the much higher (and, in practice,
easier to achieve) temperature of 77 K, has been re-
cently introduced. These systems, such as the 16-chan-
nel high-T. SQUID used by Nagaishi et al.'??, although
less performing at present than low-T. SQUID, are less
expensive to maintain, and may be adaptable, in the
near future, to bedside use. This has been recently re-
ported from the Biomagnetism Center of the Universi-
ty of Jena (Germany), where a single-channel equip-
ment, movable from bed to bed, was used!?3. One im-
portant limitation is that, electromagnetic shielding be-
ing mandatory for the majority of MCG multichannel
systems, the integration of MCG, invasive electrophys-
iologic, MRI and/or fluoroscopic data, by necessitating
a change in the patient’s position from one study to an-
other, might significantly affect the accuracy of the spa-
tial localization of intracardiac sources. Thus, being the

Figure 1. Magnetically shielded room installed at the University of Ulm
(Germany).
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Real fime

Figure 2. Example of a normal 36-point magnetocardiographic recording, carried out with the 12-channel system in the unshielded electrophysiology
laboratory of the Biomagnetism Center-CNR at the Catholic University of Rome (Italy). Real time and averaged recordings are shown with the mag-
netic field distribution computed at the apex of the T wave. The size and space required for the whole magnetocardiographic system, highlighted on the
picture of the laboratory, is minimal when compared with that of a shielded room (see Fig. 1).

present trend directed towards the multimodal func-
tional imaging and “electroanatomical integration” of
cardiac electrophysiology, the development of new
MCG instrumentation, working with sufficient sensi-
tivity in unshielded electrophysiology laboratories,
seems to be the most convenient approach. Until a few
months ago this was considered a remote future oppor-
tunity, unreachable with the present technology. The re-
cent installation of the 12-channel system in the un-
shielded electrophysiology laboratory of the Biomag-
netism Center-CNR at the Catholic University of Rome
(Italy)®*%* (Fig. 2), demonstrates that unshielded MCG
is nowadays possible and opens a new way for the de-
velopment of low-cost widespread clinical MCG.

This is also reinforced by the recent progress in
high-T. SQUID technology, which will probably sim-
plify the daily use of superconducting instrumentation
and facilitate novel advanced applications for the bed-
side use of MCG, such as fetal MCG, risk stratification
after myocardial infarction, and the characterization of
viable myocardium susceptible to revascularization. In
the future, the introduction of more realistic models,
both for the torso and the cardiac electrical source, will
also likely lead to further improvement.
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