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Abstract : A close relationship exists between electric current and the magnetic field. How-
ever, electricity and magnetism have different physical characteristics, and magnetocar-
diography (MCG) may provide information on cardiac current that is difficult to obtain by
electrocardiography (ECG). In the present study, we investigated the issue of whether the
current density map method, in which cardiac current is estimated from the magnetic gra-
dient, facilitates the visualization of cardiac current undetectable by ECG.

The subjects were 50 healthy adults (N group), 40 patients with left ventricular over-
loading (LVO group), 15 patients with right ventricular overloading (RVO group), 10 pa-
tients with an old inferior myocardial infarction (OMI group), and 30 patients with dia-
betes mellitus (DM group). MCGs were recorded with a second derivative superconduct-
ing quantum interference device (SQUID) gradiometer using liquid helium. Isopotential
maps and current density maps from unipolar precordial ECG leads and MCGs, respec-
tively, were prepared, and the cardiac electric current was examined.

The current density map at the ventricular depolarization phase showed one peak of cur-
rent density in the N group. However, in the OMI group, the current density map showed
multiple peaks of current density areas. In the RVO group, two peaks of current densities
were detected at the right superior region and left thoracic region and these two diploles
appeared to be from the right and left ventricular derived cardiac currents, respectively.
Moreover, there was a significant correlation between the magnitude of the current density
from the right ventricle and the systolic pulmonary arterial pressure. The current density
map at the ventricular repolarization phase in the N group showed only a single current
source. However, abnormal current sources in the current density maps were frequently
detected even in patients showing no abnormalities on isopotential maps in the LVO, DM,
and OMI groups.

The findings herein suggest that opposing dipoles of the ventricular depolarization and
repolarization vectors were summed and evaluated as a single dipole in the electrocar-
diogram. However, MCG facilitated the detection of multiple dipoles because of its supe-
rior spatial resolution as well as difference in physical properties between magnetic and
electrical fields. Our results suggest that MCG with a current density map is useful for
detecting cardiac current undetectable by ECG in an early stage. J. Med. Invest. 54 : 116-
123, February, 2007
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INTRODUCTION

The electrical current from the heart has a mag-
netic field component, and magnetocardiograms
reflect the heart-derived magnetic field. This mag-
netic field is extremely weak, and corresponds to 1/
1,000,000 of the geomagnetism. Therefore, a super-
conducting quantum interference device (SQUID)
magnetocardiometer must be used in order to de-
tect it (1, 2).
A close relationship exists between the electric

current and the magnetic field. However, electricity
and magnetism have different physical characteris-
tics, and magnetocardiography (MCG) may provide
information on cardiac current that is difficult to ob-
tain by electrocardiography (ECG)(3). Although a
magnetic isofield map can be used to express mag-
netic field resulting from cardiac current for many
years, cardiac current is estimated according to Bio
Sabar’s laws (4). Therefore, untrained physician can-
not have the direct idea of current dipole from this
map.
In the present study, the issue of whether the cur-

rent density map method, in which cardiac current
can be estimated from the magnetic gradient would
facilitate the visualization of cardiac current unde-
tectable by ECG was investigated.

SUBJECTS AND METHODS

1) Subjects

The subjects were 50 healthy adults (N group :
40 men, 10 women, 45.2±13.6 years), 40 patients
with left ventricular overloading (LVO group : 30
men, 10 women, 52.9±12.8 years), 15 patients with
right ventricular overloading (RVO group : 7 men,
8 women, 42.2±15.6 years), 25 patients with old
inferior myocardial infarction (OMI group : 14 men,
11 women, 58.9±10.2 years) and 30 patients with
diabetes mellitus (DM group : 13 men, 17 women,
52.2±12.6 years).
The N group consisted of 50 healthy adults in

whom physical findings were normal without a his-
tory of heart or respiratory disease, a resting blood
pressure of 140/90 mmHg or less, and no abnor-
malities on standard 12-lead ECG, chest X-ray, uri-
nalysis, or blood biochemistry.
The LVO group consisted of 40 patients with es-

sential hypertension in whom the resting blood pres-
sure was 160/90 mmHg or more. Patients with myo-
cardial infarctions, valvular heart disease, or diabetes

were excluded from the study. The RVO group con-
sisted of 4 patients with atrial septal defects, 1 patient
with pulmonary arterial stenosis, 6 patients with mi-
tral valve stenosis, 2 patients with pulmonary vascu-
lar disease, and 2 patients with primary pulmonary
hypertension in whom these disorders were diag-
nosed based on physical, echocardiography, chest
X-ray, and standard 12-lead ECG findings. Pulmonary
arterial pressure was measured on right cardiac
catheterization in all patients of the RVO the group.
Old inferior myocardial infarction was diagnosed
based on the patient’s medical history, laboratory
data such as abnormal serum myocardial enzyme
levels, and echocardiography and ECG findings. All
patients in the OMI group were examined more than
2 months after the acute myocardial infarction attack.
The patients of the DM group were diagnosed ac-
cording to the criteria for a 75 g glucose tolerance
test. Patients in whom standard 12-lead ECGs showed
abnormal Q waves and those with heart disease such
as valvular heart disease and cardiomyopathy were
excluded from the study.
In all groups, subjects with ventricular conduction
disorders such as complete right or left bundle
branch block and pre-excitation syndrome were ex-
cluded. Prior to participation in the present study,
written informed consent was obtained from all
subjects.

2) Magnetocardiography and unipolar lead elec-
trocardiography

A second derivative SQUID magnetocardiometer
using liquid helium was employed for the MCG. The
subjects were laid in a supine position on a non-
magnetic bed, and a magnetic detector was placed
close to the thoracic wall and the magnetic compo-
nent perpendicular to the chest wall was recorded
simultaneously with the lead II ECG. The points for
recording the MCG are shown in Fig. 1. The verti-
cal lines passed through C3R to C4 of the ECG and
the mid point between C4 and C5 of the ECG. These
lines were designated 0, 1, 2, 3, 4, 4’, respectively.
There were six horizontal lines ; namely, the first
to sixth intercostals lines, designated A, B, C, D, E
and F, respectively. The MCGs were recorded at the
intersections of these lines. The sensitivity of the
MCG was controlled at 1.05 × 10-11 tesla/cm.

3) Current density map and isopotential map

At the 36 leads in the anterior thoracic region, cur-
rent dipoles were calculated from the magnetic gra-
dients for 2 points adjacent to each other. Regard-
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ing the lead II ECG as the time reference, spline
complementation for current distribution in the an-
terior thoracic region from magnetic fields at the 36
leads were performed, and a current density map was
constructed.
The current-arrow maps were calculated from the
derivatives of the normal component (Bz) of the
MCG signals as Ix=dBz/dy and Ix=dBz/dy. Where
Ix and Iy are magnitude of current arrow in X and Y
directions, respectively. Current density map method
displays a contour map of the current density. The
magnitude of current density (CD) at each position
was calculated as follows (4-6). CD= (Ix2+Iy2)1/2

Furthermore, an isopotential map from unipolar
lead ECGs recorded at the 36 leads were prepared,
regarding lead II ECGs as the time reference.

4) Statistical analysis

Statistical analyses were performed using a PC
computer. Comparisons between the two groups
were performed using chi-square test. Statistical sig-
nificance was set at p<0.05.

RESULTS
1) Current density maps in ventricular depolariza-
tion vectors
(1) Ventricular depolarization vectors in healthy
adults (N) group

Fig. 2 shows current density maps at 30 and 40
msec after the onset of the QRS wave in a healthy
adult. A single peak of current density was noted on
these maps. In the N group, current density maps
at 30 to 40 msec after the onset of the QRS wave
showed a single current density peak for all subjects.
No subject showed 2 or more peak of current density.

(2) Ventricular depolarization vectors in patients
with old myocardial infarction (OMI) group

Fig. 3 shows isopotential and current density maps
at 30 and 40 msec after the onset of the QRS wave in
a patient with an old inferior myocardial infarction.
On the isopotential map at 30 and 40 msec after the
onset of the QRS wave, a minimum was noted at the
center of the anterior thorax, and a maximum was
noted in the left superior anterior thoracic region,
suggesting a single dipole in the left superior direc-
tion. However, the current density map in this patient
showed two peaks of current densities, one at the cen-
ter of the anterior thorax and the other on the left.
Fig. 4 shows isopotential and current density maps
at 30 and 40 msec after the onset of the QRS wave
in another patient with an old inferior myocardial in-
farction. On the isopotential map at 30 and 40 msec
after the onset of QRS wave, a minimum was noted
in the superior anterior thoracic region, and a maxi-
mum was noted in the left inferior anterior thoracic
region, suggesting a single dipole in the left inferior
direction. However, the current density map in this
patient showed two peaks of current densities, oneFig. 1 Points for recording the MCG.

Fig. 2 Current density maps at 30 and 40 msec after the on-
set of the QRS wave in a healthy adult. ☆ : peak of current den-
sity.

Fig. 3 Isopotential and current density maps at 30 and 40 msec
after the onset of the QRS wave in a patient with an old inferior
myocardial infarction. ☆ : peak of current density.
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at the center of the anterior thorax and the other on
the left.
In the OMI group, current density maps 30 to 40

msec after the onset of QRS wave showed two peaks
of current densities, different from those in the N
group. In the OMI group, the presence of multiple
current sources was suggested in 4 patients, with
the absence of multiple current sources on the iso-
potential map. Multiple current sources were sig-
nificantly detected in current density maps than iso-
potential maps (p<0.01).

(3) Ventricular depolarization vectors in the patients
with right ventricular overloading (RVO) group

Fig. 5a and 5b show current density maps at 60
msec after the onset of the QRS wave in a healthy
adult and a patient with right ventricular overload-
ing, respectively. A single peak of current density
(current density = 8.1×10-11 tesla) was noted at the
left center of the anterior thorax in Fig. 5a. On the
other hand, in a patient with right ventricular over-
loading, as shown in Fig. 5b, a cardiac current (cur-

rent density = 21.6×10-11 tesla) was separately ob-
served in the right superior region in addition to
the current source (current density = 7.9×10-11 tesla)
at the left center of the anterior thorax.
Fig. 6 shows the correlation between the current

density at the right superior region and systolic pul-
monary arterial pressure in the RVO group. There
was a significant correlation between systolic pul-
monary arterial pressure and the estimated magni-
tude of current density from the right ventricle (r=
+0.73, p<0.01).

2) Current density maps in ventricular repolariza-
tion vectors
(1) Ventricular repolarization vectors in healthy
adults

Fig. 7 shows isopotential and current density
maps in the peak of the T wave on a lead II ECG in
a healthy adult. On the isopotential map in the ven-
tricular repolarization phase, a negative area was
detected in the right superior direction, and a maxi-
mum was noted at the left center of the anterior

Fig. 4 Isopotential and current density maps at 30 and 40 msec
after the onset of the QRS wave in another patient with an old
inferior myocardial infarction. ☆ : peak of current density.

Fig. 5 Current density maps at 60 msec after the onset of the
QRS wave. (Panel a, healthy adult ; Panel b, patient with right
ventricular overloading.) ☆ : peak of current density.

Fig. 6 Correlation between the estimated magnitude of cur-
rent density and systolic pulmonary arterial pressure in the RVO
group. PA, systolic pulmonary arterial pressure (mmHg).

Fig. 7 Isopotential and current density maps in the peak of
the T wave on a lead II ECG in a healthy adult. ☆ : peak of cur-
rent density.
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thorax, suggesting a single dipole toward the left
inferior. On the current density map, a single cur-
rent source was also noted at the left center region
of the anterior thorax. In the N group, a single peak
of current density was observed in all subjects, and
none showed multiple peaks of current densities.

(2) Ventricular repolarization vectors in the left ven-
tricular overloading (LVO) group

Fig. 8a shows isopotential and current density
maps in the peak phase of the T wave on a lead II
ECG for a patient with essential hypertension. On
the isopotential map of this patient, a negative area
was detected in the right superior direction, and a
maximum was noted at the left center of the ante-
rior thorax, suggesting a single dipole toward the
left inferior. The pattern of the isopotential map
was similar to that in the healthy adult shown in
Fig. 7. However, on the current density map, two
peaks of current densities were noted at the left
center of the anterior thorax and in the inferior area,
suggesting the presence of two peaks of current
sources.
Fig. 8b shows isopotential and current density

maps in the peak phase of the T wave on a lead II
ECG for a patient with severe essential hypertension.
On the isopotential map of this patient, a minimum
was detected in the left anterior thoracic region,
and a maximum was noted at the center of the an-
terior thorax, suggesting a single dipole toward the
right. On the other hand, on the current density map,
two peaks of current densities were noted, one at the
left center of the anterior thorax and the other in the
right inferior area, suggesting the presence of two
peaks of current sources.
In the LVO group, two current sources were pre-

sent on current density maps in 37.5% of the patients
who showed normal findings on body surface ECG.
Two current sources were present on the current
density maps in 60.0% of patients with a dipole to-
ward the right on the isopotential map, as shown
in Fig. 8b. Multiple current sources were signifi-
cantly detected in current density maps than iso-
potential maps (p<0.001).

(3) Ventricular repolarization vectors in the diabe-
tes mellitus (DM) group

Fig. 9 shows isopotential and current density maps
in the peak of the T wave on a lead II ECG for a pa-
tient with diabetes. On the isopotential map of this
patient, a negative area was detected in the right
superior direction, and a maximum was noted at the
left center of the anterior thorax, suggesting a single
dipole toward the left inferior. The pattern of the
isopotential map was similar to that for the healthy
adult shown in Fig. 7. However, on the current den-
sity map, two maxima were noted, one at the left
center of the anterior thorax and the other in the
inferior area, suggesting the presence of two cur-
rent sources.

Fig. 8 Isopotential and current density maps in the peak phase
of the T wave. (Panel a, patient with mild essential hyperten-
sion ; Panel b, patient with severe essential hypertension) ☆ :
peak of current density.

Fig. 9 Isopotential and current density maps in the peak of
the T wave on a lead II ECG for a patient with diabetes. ☆ :
peak of current density.

a

b
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In the DM group, the current density maps sug-
gested the presence of two current sources in 33.3%
of the patients without abnormalities on a body sur-
face ECG. Two current densities were significantly
detected in current density maps than body surface
ECGs (p<0.01).

(4) Ventricular repolarization vectors in the OMI
group

Fig. 10 shows isopotential and current density
maps in the of the T wave on a lead II ECG for a
patient with an old inferior myocardial infarction.
On the isopotential map of this patient, a negative
area was detected in the right superior direction,
and a maximum was noted at the left center of the
anterior thorax, suggesting a single dipole toward
the left inferior. The pattern of the isopotential map
was similar to that for the healthy adult shown in
Fig. 7. However, on the current density map, two
maxima were noted, one at the center of the ante-
rior thorax and the other in the right inferior area,
suggesting the presence of two current sources. On
current density maps, current dipoles, which could
not be detected as abnormalities on a body surface
ECG, as demonstrated in this patient, were detected
as abnormal current sources in 36.0% of the OMI
group. Abnormal current dipoles were significantly
detected in current density maps than body surface
ECGs (p<0.001)

DISCUSSION

There have been several methods for express-
ing cardiac current dipole, a magnetic isofield map,

a vector arrow map, and so on. In the present study,
expressing the cardiac magnetic field using a cur-
rent density map facilitated the detection of ven-
tricular depolarization and repolarization vectors
undetectable by ECG, suggesting its clinical useful-
ness.

1. Ventricular depolarization vectors and the cur-
rent density map
(1) Ventricular depolarization vectors in patients
with old myocardial infarction

The ECG findings for the patient with small myo-
cardial necrosis is expressed as a non-Q wave myo-
cardial infarction or subendocardial infarction and
an abnormal Q wave, expressing myocardial necro-
sis (7-9), could not be detected by an ECG in this
patient. When the residual normal myocardium ac-
counts for more than 30% of the myocardium, mo-
tion abnormalities can not be detected using echo-
cardiography or left ventriculography, but abnor-
mal cardiac currents could be detected by the MCG
method, even in these patients (7-9). As shown in
Fig. 4, two separate current sources derived from
the normal myocardium and a necrotic myocardial
lesion could be detected on the current density map
even in the patient with only a single dipole in the
left inferior direction on the isopotential map.

(2) Ventricular depolarization vectors in patients
with right ventricular overloading

The ECG diagnosis of right ventricular overload-
ing is not highly accurate (10-12). However, since
the distance between right ventricular current and
a magnetic sensor is short, a current dipole itself
can be detected more easily by the MCG, thus im-
proving the accuracy of the diagnosis (13, 14). In
the MCG, the right ventricle is located in an area
adjacent to a magnetic sensor, and this procedure
is more advantageous than ECG for evaluating car-
diac current from the right ventricular magnetic field.
This may contribute to the greater accuracy in an
MCG diagnosis of right ventricular overloading (13,
14). Moreover, in this study, we investigated the
ventricular depolarization abnormality of the RVO
group at 60msec from the onset of QRS wave, be-
cause this phase is to reflect right ventricular mus-
cle mass.
As shown in Fig. 5, the right ventricle derived
current was observed separately, in addition to the
left ventricular depolarization current in a patient
with a right ventricular overloading. The present
study suggests that pulmonary arterial pressure can

Fig. 10 Isopotential and current density maps in the of the T
wave on a lead II ECG for a patient with an old inferior myocar-
dial infarction. ☆ : peak of current density.
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be non-invasively estimated by detecting the right
ventricular current.

2. Ventricular repolarization vectors and the cur-
rent density map
(1) Ventricular repolarization vectors in patients
with left ventricular overloading

The current density map method may facilitate
the early detection of cardiac current undetectable
by an isopotential map (15). Moreover, the current
density map may facilitate the simultaneous detec-
tion of normal and abnormal repolarization vectors
(16). The pervious reports (15, 16) of ventricular
repolarization were studied on a peak of T wave, and
this study was also performed in a same phase.
Nomura, et al. (15) reported, using magnetic

isofield and departure maps, that abnormal ventricu-
lar repolarization vectors were detected in 10.0% of
patients with left ventricular overloading. In the pre-
sent study, abnormal current sources were detected
by the current density map method in 37.5% of pa-
tients without any abnormalities in the isopotential
map. The above results suggest that the current
density map method is more useful than the con-
ventional MCG method for detecting abnormal cur-
rent sources.

(2) Ventricular repolarization vectors in the DM
group

It is known that diabetes frequently leads to the
development of microvascular disorders (150 μm
or less), leading to diabetic cardiomyopathy (18).
In the present study, MCG facilitated the detection
of the current source that could not be detected as
an abnormality in the isopotential map (15, 16). In
patients in whom abnormal current is detected in
an early stage, strict diabetes control and early treat-
ment for secondary cardiomyopathy might improve
their prognosis.

(3) Ventricular repolarization vectors in the OMI
group

Repolarization waves in the presence of a myo-
cardial infarction serially normalize (19, 20). In the
present study, two current sources were present
in the current density map, even in infarction pa-
tients without abnormalities of ECG. Therefore, the
current density map may be useful for evaluating
residual myocardial ischemia. MCG facilitated the
detection of an ischemia vector that was not de-
tected by ECG, suggesting its clinical usefulness.

3. Current density map and its clinical usefulness

In the present examination of ventricular depolari-
zation and repolarization vectors, multiple opposing
dipoles were detected separately using a current
density map as a single dipole in the method of ECG.
In 1963, Baule and McFee (21) recorded a cardiac
magnetic field for the first time. Since then, biomag-
netism has been measured with a single-channel or
multi-channel SQUID (22, 23). However, this pro-
cedure is not commonly applied due to the complex-
ity and high cost of the instrumentation (3). ECG,
which is routinely employed in clinical practice, is
inexpensive and simple, and therefore, essential for
clinical medicine.
However, recent studies have reported the use-

fulness of a magnetocardiograph (24-27). Along with
the development of multi-channel devices, they are
costly, making their widespread clinical use difficult.
The present study suggests that a single channel
magnetocardiograph facilitates the detection of ab-
normal cardiogenic currents on measurements at
several points without the need for many leads. In
conclusions, MCG with a current density map may
be useful for predicting pulmonary arterial pressure
in patients with right ventricular overloading, and
for detecting cardiac current undetectable by elec-
trocardiography, in an early stage.
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