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Abstract

The aim of our work is to visualize three-dimensional
(3-D) images of atrial excitation. We obtained these
images by projecting the anterior and posterior current-
arrow map (CAM), derived from a magnetocardiogram
(MCG), onto a 3-D standard heart model. We generated
the projected CAM (PCAM) of early and late atrial
depolarization phases for fourteen healthy subjects.
During early and late atrial excitation, the high-current
areas of all subjects were in the right atrium of the
anterior surface, and the left atrium of the posterior
surface. The averaged ratio of the maximal current value
of the early p-wave to the maximal current value of the
late p-wave for all subjects was 0.9 + 0.2. Furthermore,
the averaged maximal current directions of the early and
late p-wave were 78 + 15 and 165 + 17 degrees,
respectively. Thus, we found that the PCAM could
provide separated images of the left and right atrial
excitations.

1. Introduction

Magnetocardiograms (MCGs) are a novel technology
that can produce images of the cardiac electrical current.
An MCG measures the weak cardiac magnetic field
generated by the adults [I] or by fetuses [2], non-
invasively. A two-dimensional (2-D) current-arrow map
(CAM) [3] was developed as a practical method of
calculating pseudo cardiac currents from an MCG. The
CAM provides the foundation of a new diagnosis system
for various heart diseases [4, 5]. Furthermore, we were
able to visualize multiple exited areas during ventricular
excitation using anterior and posterior CAMs [6].
Recently, a novel method for projecting anterior and
posterior CAMs onto a three-dimensional (3-D) standard
heart model [7] was developed. This method is called
PCAM and gives us a clear view of the cardiac electrical
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current.

The aim of our work is to visualize 3-D images of
atrial electrical excitation using PCAM. We used a
superconducting quantum interference device (SQUID)
system to measure the axial components of the anterior
and posterior MCGs. The anterior and posterior CAMs
were calculated by taking spatial derivatives of the
measured anterior and posterior MCGs. The 3-D standard
heart model was generated from the magnetic resonance
(MR) images of three healthy subjects.

This standard heart model was then adjusted to the
optimal position for each subject using information on the
heart’s position. This information took the form of the
sinus node coordinates, which were calculated from MCG
signals. After adjusting the base current values of the
anterior and posterior CAMs, they were projected onto the
positionally corrected standard heart model. We applied
PCAM to obtain a cardiac-current image of the atrial
depolarization phase (p-wave) of fourteen healthy
subjects.

2. Measurement

2.1. MCG measurements

Figure 1 shows the conventional configuration for
measuring MCG signals. We used a Low-Tc SQUID
system (MC-6400, Hitachi High-Technologies
Corporation), with 64 co-axial gradiometers to measure
the MCG signals, which were axial components to the
chest wall (see figure 2). The magnetic flux resolution of
all gradiometers was better than 20 fTHz"2. The SQUID
sensors were laid out in an 8 x 8 matrix, with a pitch of 25
mm, and the measurement area was 175 x 175 mm. For
the anterior chest wall measurement, a sensor (7, 3) was
placed above the position of the xiphoid process. For the
posterior chest wall measurement, a sensor (7, 6) was
placed directly underneath the position of the xiphoid
process. The MCG signals were acquired at a sampling
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frequency of 1 kHz and passed through band-pass (0.1-
100 Hz) and power-line noise filters. The measurement
period was 30 s, and the MCG signals for all pulses over
this period were averaged. To adjust the phases of the
anterior and posterior MCGs, we simultaneously
measured the Lead II electrocardiogram (ECG) signals.

2.2

To visualize the 3-D structure of the entire surface of
the heart, MR images were recorded by scanning 300 x
300 mm coronal planes, vertically separated by 6 mm
using an MRI system (Magnex 100 (1T), Shimadzu
Corporation). We used ECG triggering (R-wave peak) to
control MR image capture. Body motions associated with
the heartbeat were theoretically corrected by using ECG
triggering. The MR examination for each subject was
completed within about 30 minutes.

3. Method

Heart MRI measurements

We generated cardiac excitation images by projecting
anterior and posterior CAMs, which are derived from
anterior and posterior MCG, onto a 3-D standard heart
model [7].

anterior posterior

Figure 1. Configuration for MCG measurement.

Figure 2. MCG system (MC-6400, Hitachi High-
Technologies Corporation).
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We made the standard heart model from chest MR
images of the chest of three healthy subjects. After the
MR images were obtained, heart-outline points were
extracted from each image and 3-D heart models for each
subject were made from these points. The centroid of the
heart model was calculated from all heart-outline points.
Then, the distances from the centroid to each point were
obtained. The averages were calculated from these
distances for the three subjects and were used to generate
the 3-D standard heart model.

The standard heart model was adjusted to the optimal
position for each subject using information about the
heart’s position, in the form of the sinus node coordinates.
The coordinates are obtained by applying an equivalent
current dipole (ECD) algorithm [8] to the MCG signals at
the beginning of the p-wave. Therefore, the optimal
position of the standard heart model was determined by
superposing the position of the sinus node on the standard
heart model from the calculated position of the
corresponding current dipole.

The CAM represents a 2-D pseudo cardiac electrical
current [3]. The current arrows of CAM (I = (1, 1,)) were
calculated by taking orthogonal partial derivatives of the
axial components to the chest wall of the cardiac
magnetic field. In other words, the CAM was obtained
from I, = dB,, / dy and I,=-dB,,/dx, here, B, represents
the axial components of the measured cardiac magnetic
field. Furthermore, the magnitude of the current arrow | I |
was derived from | I | = (Ix2 + Iyz)llz.

The anterior and posterior CAMs were projected onto
the anterior and posterior surfaces of the positionally
adjusted standard heart model, respectively. However, the
projected CAM (PCAM) showed a discontinuous current
pattern at the junction of the anterior and posterior
surfaces of the standard heart model, because the base
currents of the anterior and posterior CAMs were quite
different. This is because the distance between the heart
and anterior measurement plane is not equal to the
distance between the heart and posterior measurement
plane. Therefore, we used a weighting coefficient W,
which adjusted the base currents of the anterior and
posterior CAMs. The weighting function was obtained by
equalizing the anterior and posterior CAM on the outer-
most heart outline for the xy plane.

To evaluate the PCAM of the atrial depolarization
phase (p-wave), we extracted the maximal current value
and direction. The maximal current value reflects the
amplitude of electrical current in the myocardium. The
maximal current direction reflects the electrical axis of
the heart Therefore, PCAM could be verified by
investigating these values in healthy subjects. The
maximal current directions were quantified based on the
definition of the current arrow direction (see Figure 3).
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Figure 4. MCG waveforms for a healthy subject ((a)
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4.1. PCAM for typical healthy subjects front plane, (b) back plane).
Figure 4 shows the MCG waveforms of the anterior () back surk

and posterior measurements for one healthy subject. ack surtace friamt: SUir s
Figures 4 (a) and (b) show the posterior and anterior
overlapped waveforms of all 64 channels. We can see that
the MCG waveforms were composed of the p-wave,
QRS-complex, and T-wave. The lines in Figs. 4 (a) and
(b) represent the two phases (#1: early p-wave, #2: late p-
wave) when the two PCAM images in figures 5 (a) and
(b) were taken. Figures 5 (a) and (b) show PCAMs during
the p-wave. The arrows indicate the current direction, and
the color-map indicates the magnitude of the current (b) back surface front surface

vector.

The high-current area of the PCAM during the early p-
wave stafe (right atrial excitation, 80 ms) was in the right
atrium of the anterior surface of the standard heart model,
and the current flow was in the inferior direction in the
upper right. During the late p-wave (left atrial excitation,
110 ms), the high-value area (red area) was in the left
atrium of the posterior surface. For all subjects, the high-
current areas of the early and late p-wave were in the
right atrium of the anterior surface and the left atrium of

Figure 5. PCAMs for a healthy subject. (a) early
p-wave (right atrial excitation), (b) late p-
wave (left atrial excitaton). RA: Right Atrium,

the posterior surface, respectively. LA: Left Atrium, RV: Right Ventricle, LV:
4.2. Maximal current value and direction Left Ventricle.
of PCAM

Table 1 Maximal current values and directions of early
Table 1 shows the maximal current values and and late p-wave for fourteen healthy subjects.
directions during early and late p-wave. Moreover, the

ratio of maximal current value of early and late p-wave No. [Mexdmal current valie (T/rof . [Meximel current direction (decree)
. . . : v p- - -
appear in Table 1, which also shows the average maximal [ peaelale pwaue ———-eary pruave 1 lale paave
current values, directions, the averaged ratio of the N2 39 68 08 9B 151
. . N3 71 80 12 89 180
maximal current value of the early p-wave to the maximal Na 17 o6 07 2 161
current value for the fourteen subjects (male: twelve, N5 38 37 10 92 162
. NA 21 a0 07 65 129
female: two, average age+SD: 37+5). During the early p- N7 P 40 08 79 171
wave stage, the maximal current values for all subjects N 2 " o8 o 148
was in a range from 17 to 84 pT/m, and the average N10 48 a0 12 @ 159
current value was 38+15 pT/m. The maximal current N pos &1 14 a0 o
direction during early p-wave was in a range of 17 to 95 N13 29 43 07 17 165
degrees. The average current direction was 78 # 15 — 2 A0 = = 156
degrees. During the late p-wave stage, the maximal lama@nl azg | 419 lToo | 777 | 1eag |
s | 147 104 [ 02 [ 15 169 |

current values for all subjects was in a range from 29 to
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68 pT/m, and the current direction during early p-wave
was in the range of the average current value of 42+10
pT/m. The maximal current direction during the late p-
wave stage was in the range of 84 to 233 degrees. The
average current direction was 165 =+ 17 degrees.
Furthermore, the averaged ratio of the maximal current
value of right atrium to the maximal current value of the
left atrium was 0.9 £ 0.2.

5. Discussion

To visualize the cardiac electrical current in an atrial
myocardium, we projected CAMs, calculated from MCG
signals that corresponded to the p-wave, onto a 3-D
standard heart model. The electrical activity in the p-wave
should reflect right- and left atrial excitation [9]. The
PCAMs during the p-wave are seen in Figs. 5 (a) and (b).
During the early p-wave stage, the high-current area was
in the right atrium of the model’s anterior surface. In the
later stage, the region of greatest activity shifted towards
the left atrium of the model’s posterior surface. Similar
results during the p-wave for healthy subjects were
reported using the anterior and posterior 2-D CAMs [10].

To evaluate the validity of the PCAM, we extracted
the maximal current values and directions of early and
late p-wave for fourteen healthy subjects (Table 1). The
averaged ratio of the maximal current value of early p-
wave to the maximal current value of late p-wave was 0.9
+ (.2. This indicates that the current value of right atrial
excitation was almost equal to the current value of left
atrial excitation. On the other hand, the averaged
directions of maximal current of the early and late p-wave
were quite different. Therefore, the anterior and posterior
surfaces of the PCAM reflected the different excitation
activity in the heart. These results show that the PCAM
can produce a clear view of the actual electrical excitation
in the left and right atrium during p-wave excitation.

6. Conclusions

We developed a PCAM method for use with a 3-D
standard heart model. This method was applied to
visualize early and late atrial excitation in fourteen
healthy subjects. During early and late atrial excitation,
high-current areas of all subjects were in the right atrium
of the anterior surface and left atrium of the posterior
surface, respectively. The averaged ratio of the maximal
current value of the early p-wave to the maximal current
value of the late p-wave for all subjects was 0.9 + 0.2.
Furthermore, the averaged maximal current directions of
the early and late p-wave were 78 + 15 and 165 + 17
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degrees, respectively. We found that the PCAMs for
healthy subjects reflected electrical excitation in the left
and right atrium.
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