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A new method for the imaging of cardiac electrical activity in patients with complete right bundle branch block
(CRBBB) or complete left bundle branch block (CLBBB) is investigated using magnetocardiographic recordings of the
surface of the body. This is based on the assumption that an equivalent single-current dipole moves along the unblocked
bundle branch, whose position in the measurement plane is expressed in terms of the maximum and minimum, as well
as the maximum gradient value of the measured magnetic field. The trajectory of the moving dipole on the measurement
plane is indicative of the excitation conduction of the CRBBB or CLBBB subject during ventricular depolarization and
repolarization, which is deduced by comparing each change between the dipole moment and the maximum current density
in a corresponding pseudo-current density map. In summary, this method can distinguish CRBBB from CLBBB subjects
by means of the dipole depth and two dipole moment components. The possibility of visualizing the excitation conduction
in a CRBBB or CLBBB subject during ventricular depolarization and repolarization is then discussed.
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1. Introduction

Since the emergence of superconducting quantum inter-
ference devices (SQUIDs), which allow weak cardiac mag-
netic signals to be detected over a subject’s body surface,
a new technique known as magnetocardiography (MCG)!!-3!
has aroused considerable interest among scientists. MCG has
been investigated with the aim of estimating cardiac dipoles
and visualizing cardiac electric activity, and noninvasively di-
agnosing heart disease.

Previous studies have attempted to solve electrocardiog-
raphy (ECG) inverse problems by seeking the generators of
body surface potential maps (BSPMs), since BSPMs are the
manifestation of cardiac electric sources on the surface of the
body.[*-8! Thenceforth, equivalent dipole solutions were inves-
tigated with the aim of functional source localization in elec-
trocardiograms or magnetocardiograms.*-!1]

In recent decades, the reconstruction of the current
dipole of the cardiac magnetic field has been studied using
the distributed source model!'>"15! or the current multipole

[16.17] whereby the intracellular current is approximated

model,
as a set of equivalent dipoles with fixed positions in the heart.

The use of distributed source solutions not only overcomes
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the ill-posed problem in source parameter calculations, but
also has the ability to extract local information about cardiac
electrical activity on the surface of the heart or in a three-
dimensional myocardium. However, visualizing cardiac elec-
trical activity in the spatiotemporal domain still remains a
great challenge in clinical applications.

In this study, the cardiac electrical activities of patients
with complete right bundle branch block (CRBBB) and com-
plete left bundle branch block (CLBBB) are investigated based
on the solution of equivalent single current dipole and bipolar
magnetocardiograms. An assumption is made that the equiv-
alent current dipole is always located at the point where the
maximum gradient exists in the magnetocardiogram.!'3! The
dipole moves along the unblocked bundle branch that is in-
dicative of the propagation of the electrical excitation in the
heart. The dipole parameters are expressed in the form of the
maximum value of the field and the maximum gradient value
of the field in an MCG map, as a visual aid.[8

In Section 2 of this paper, the solution of an equivalent
single-current dipole is described. In Section 3, the calculated
results of two sets of MCG data from CRBBB and CLBBB
subjects are shown, and in Section 4, a comparison of this
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method with the pseudo-current density (PCD) map is given.
The possibility of visualizing the excitation conduction in a
CRBBB or CLBBB subject during ventricular depolarization
and repolarization is discussed. Section 5 is the conclusion.

2. Model and method
2.1. Inverse solution

Based on quasi-static approximation of the Maxwell
equations, the magnetic induction B(r) is given by the Biot—

Savart law!!8!

_H [ T gy
B(r) =22 [ 1) x g (1)

where the field B (r) outside the volume conductor G with the
permeability of the vacuum L is determined by the total cur-
rent density J(r') and the properties of the volume conduc-
tor. The z component of B (r) perpendicular to a measurement
plane outside of the volume conductor, i.e., field B, produced
by a single equivalent current dipole can be expressed in Carte-
sian coordinates as

B. — & (y_y0>Qx_(x_x0)Qy
CAm ((x—x0)2+ (y—y0)2+23)3*

(@)

where (xp, yo, zo) is the location of the equivalent current
dipole. O, and Q, denote two components of the dipole mo-
ment.

The modulus of the gradient vector of field B, is of the

9B.\> [9B,\>
n-y () + () ®

The point at which the maximum or minimum of M exists can

form

be found by setting the derivative of M to zero as dM/dx =
dM/dy = 0.
We have from Eq. (2) that
JdB
sz = o~ {3(x—x0)(y—y0)QOx
+H(y=0)* +25 — 2(x —x0)*|Qy } /47 = 0,

0B 4)
TyZ = po-{[(x—x0)* +25—2(y — y0)*] O«
+3(x—x0)(y —y0)Qy } /47 = 0.
Equation (4) implies
(x—x0)*+ (y—y0)* =25/2. ®)

That is, the dipole parameter (xo,Yo,20; Qx,Qy) in Eq. (2) can
be determined by Egs. (2), (4), and (5), as shown in Eq. (6).
In this study, we calculated the dipole position using the
following methods to reduce the influence of the MCG signal
noise and the heart volume conductor, which generally needs

to be described by a heart-torso model.!%-23]

2.2. The extrema circle in the magnetocardiogram

We defined an extrema circle, whose diameter is equal to
the distance between the maximum and the minimum value
positions in a magnetic field map (MFM). Ideally, the max-
imum gradient value is located at the midpoint of a line be-
tween the maximum and minimum values of the simulated
MFM shown in Figs. 1(a) and 1(b). However, due to the influ-
ence of data interpolation or measurement error, the maximum
gradient value sometimes appears on the boundary of the ac-
tual MCG maps, as shown in Figs. 1(c) and 1(d). Therefore,
we chose only the maximum gradient value, indicated by an
asterisk, in the extrema circle of Fig. 1 for source reconstruc-
tion. By using the maximum values (Xmax , Ymax ) and the max-
imum gradient values (Xumax,Ymmax) Of the field, the dipole
parameter (Xo,Y0,20) in Eq. (2) can be expressed as!>4!

X0 = Xmmax;
Y0 = Ymmax, (6)
0 = ﬁ \/(xmmax _xmax)2 + (ymmax _ymax)2~

The validity of this approach has been demonstrated in
simulation, where the accuracy of dipole source localization
depends on the resolution of the MFM or the number of mea-
surement sites.
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Fig. 1. (color online) The simulated MFM and corresponding gradient map
are shown in panels (a) and (b). The MCG map and the corresponding gradi-
ent map regarding the MCG data at 544 ms are shown in panels (c) and (d),
where the red spot e indicates the position of the maximum gradient value,
and the red asterisk * indicates that of the maximum gradient value within
the extrema circle.

3. Results
3.1. MCG data

In the following studies, we compute the equivalent cur-
rent dipole parameters using two sets of real MCG data from a
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CRBBB subject and a CLBBB subject, as shown in Figs. 2 and
3. The data were recorded by a four-channel low-temperature
SQUID system at Shanghai Ruijin hospital, and the sampling
frequency of the signal was 1 kHz.
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Fig. 2. (color online) The measured MCG (a) and ECG (b) signals
of a CRBBB subject at ST-T intervals.
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Fig. 3. (color online) The measured MCG (a) and ECG (b) signals
of a CLBBB subject at ST-T intervals.
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Fig. 4. (color online) The equivalent dipole source parameter curves for
the CRBBB subject from 615 ms to 714 ms over a T wave interval: (a)
the corresponding time-dependent equivalent dipole location curve on
the measurement plane, (b) the dipole depth curve, and (c) and (d) two
time-dependent dipole moment component curves.

The reconstructed equivalent dipole source parameters
of two subjects during the first 100 ms before the peak of
the T wave are shown in Figs. 4 and 5. The corresponding
time-dependent equivalent dipole location curve (upper left),
the dipole depth curve (upper right), and two time-dependent
dipole moment component curves (lower left and lower right)

are plotted on the measurement plane in panels (a)—(d), re-
spectively. It is shown in panel (a) of Figs. 4 and 5 that the
equivalent current dipole moves in a small area at a T wave in-
terval. The dipole depth and dipole moment curves of the two
subjects have different characteristics, as shown in panels (b)
and (c).
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Fig. 5. (color online) The equivalent dipole source parameters of the
CLBBB subject from 565 ms to 664 ms over a T wave interval: (a)
the corresponding time-dependent equivalent dipole location curve on
the measurement plane, (b) the dipole depth curve, and (c) and (d) two
time-dependent dipole moment component curves.

3.2. Cardiac electrical activity

Coronal (a) and sagittal (b) MR imaging of a normal heart
are shown in Fig. 6. Three dashed ellipses are used to indicate
the position of the heart, the left ventricular and the right ven-
tricular in Fig. 6 and Figs. 7 and 8, respectively.

(b)

Fig. 6. Diagrammatic sketch of a normal heart in coronal (a) and
sagittal (b) MR imaging.

After zooming in on a 5 cm X 5 cm area in Fig. 4(a) or
7(a), the trajectories of the moving single dipole in the QRS
interval are seen in Figs. 7(b) and 7(c), respectively, where
the QR segment is indicated by green arrows from 364 ms to
410 ms, the RS by red arrows from 411 ms to 437 ms, and that
in the T interval is shown by the red arrows from 665 ms to
714 ms in Fig. 7(d). That is to say, the propagation of the elec-
trical excitation from the upper left goes through the lower left
to the right side of the heart during the ventricular depolariza-
tion of the CRBBB subject.!'] In other words, for a CRBBB
subject, the right ventricle contracts later than the left ventri-
cle. The propagation of the electrical excitation from the left
ventricle wall to the right ventricle wall during ventricular re-
polarization is also shown in Fig. 7(d).
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Fig. 7. (color online) (a) The trajectories of the current dipole of a CRBBB subject on the measurement plane, (b) the trajectory
during the QRS interval in the x—y plane, (c) the trajectory during the QRS interval in the z—y plane, and (d) the trajectory during the
T interval.
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Fig. 8. (color online) (a) The trajectories of the current dipole of a CLBBB subject on the measurement plane, (b) the trajectory
during the QRS interval in the x—y plane, (c) the trajectory during the QRS interval in the z—y plane, and (d) the trajectory during the
T interval.
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In Fig. 8, the trajectory of the moving dipole of a CLBBB
subject in the QRS interval is seen, as in Fig. 5(a), where QR
is indicated by green arrows from 254 ms to 336 ms, RS by
red arrows from 337 ms to 390 ms, and that in the T interval
is shown by red arrows from 615 ms to 664 ms in panels (b),
(c) and (d), respectively. In an area about 5 x 10 cm? on the
measurement plane, the direction of the excitation conduction
is opposite to that of the CRBBB subject, from the upper left
through the lower right to the left side of the heart. In other
words, the propagation of the electrical excitation is from the
left ventricle wall to the right ventricle wall during ventricular
depolarization, as shown in Figs. 8(b) and 8(c); but this is re-
versed, going from the right ventricle wall to the left ventricle
wall during repolarization, as shown in Fig. 8(d).[*!

4. Discussion
4.1. Results and analysis

We calculated six sets of MCG data, including three with
CRBBB and another three with CLBBB, and obtained results
that are similar to Figs. 7 and 8, respectively.

The source localization accuracy of this method depends
on the maximum value of magnetic signals in measurement
sites, which can be refined usefully through data interpolation.
Since the maximum value and the maximum gradient value in
the measurement sites could reflect the effect of a heart vol-
ume conductor, this method is used to improve the source lo-
calization accuracy in the case of the lack of an acceptable
heart-torso model.

4.2. Comparison with the current density map

The pseudo-current density (PCD) map is a well-known
tool for clinical diagnosis of cardiac disease.[?03% The
pseudo-current distribution of the heart is calculated based on
the gradient estimation of the z component of the magnetic
field on the measurement plane.[!"!

The trajectories of the maximum pseudo-current during
the 100 ms of the T wave from a CRBBB subject or a CLBBB
subject are compared with those of the reconstructed moving
current dipole in Figs. 9(a) and 9(b), respectively, where green
(corresponding to the first 50 ms) and red (the later 50 ms) ar-
rows are the trajectories of the current dipole on the measure-
ment plane. The black arrows represent the magnitude and
direction of the dipole moment, and the blue ones are those of
the maximum PCD.

We noted that the black and blue arrows in Figs. 9(a) and
9(b) remain a related certain phase at a T wave interval, which
may be due to the maximum PCD and the equivalent current
dipole at different depths. The phases of the black arrows for
the CRBBB subject are clearly larger than those of the blue
ones, as shown in Fig. 9(a). This also shows that the dias-
tolic times of the left and right ventricle of the CRBBB patient

are asynchronous, since the excitatory propagation of the right
ventricle is prolonged and the electrical activity is delayed.

9.7 —_— —
time: 615 ms—664 ms yayavi Y
[ etime: 665 ms—714 ms & §= &= ¢= = e ¢
9.8} s
99l ey A
> ¢ Ke P
10.0} v iaka &
2 .// / [
101} Voddosdat | (a) |
10.7 10.9 11.1 11.3 11.5
z/cm
tin;e: 615lms—6‘64 ms
10.6F - e time: 665 ms—714 ms
i s
10.7p Vo
i IR
g 10.8 e -
O
s o)
10.9}F 3
" l
11.0p (b)y
12.8 13.2 13.6 14.0 14.4
z/cm

Fig. 9. (color online) The trajectories of the moving current dipole
from a CRBBB subject (a) and a CLBBB subject (b) in 100 ms of
the T wave. The black arrows represent the magnitude and direc-
tion of the dipole moment, and the blue ones those of the maximum
current density.

5. Conclusion

A new method to visualize the cardiac electrical activity
of CRBBB or CLBBB patients is presented, in which the pa-
rameters of an equivalent moving current dipole are expressed
by the maximum value and the maximum gradient value in
magnetocardiograms. This will be useful in improving source
localization accuracy.

The results of two sets of MCG data from CRBBB and
CLBBB subjects demonstrated that their dipole parameters in
the QRS and T intervals provide useful information for differ-
entiating CRBBB and CLBBB subjects.

We also show the possibility of imaging the excitation
conduction in a CRBBB or CLBBB subject during de- and re-
polarization through the trajectory of the reconstructed equiv-
alent dipole combined with their MCG data. This method will
require further evaluation by means of statistical analysis and
clinical research.
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