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A new magneto-cardiogram study using a vector model with
a virtual heart and the boundary element method*
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A cardiac vector model is presented and verified, and then the forward problem for cardiac magnetic fields and
electric potential are discussed based on this model and the realistic human torso volume conductor model, including
lungs. A torso—cardiac vector model is used for a 12-lead electrocardiographic (ECG) and magneto-cardiogram (MCG)
simulation study by using the boundary element method (BEM). Also, we obtain the MCG wave picture using a compound
four-channel HT.-SQUID system in a magnetically shielded room. By comparing the simulated results and experimental
results, we verify the cardiac vector model and then do a preliminary study of the forward problem of MCG and ECG.
Therefore, the results show that the vector model is reasonable in cardiac electrophysiology.
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1. Introduction

The magneto-cardiogram (MCG) has been developed for
measuring weak magnetic signals by improving supercon-
ducting quantum interference device (SQUID) systems and
cryogenic or hyperthermia technology.!'! MCG mapping is a
promising new noninvasive tool for obtaining functional infor-
mation concerning the electrical activation of the heart. The
technique has been applied in localizing various bioelectric
events in the heart, such as the accessory conduction pathway
of the Wolff—Parkinson—White (WPW) syndrome.>3! How-
ever, although the MCG is superior to ECG systems, for ex-
ample in terms of spatial resolution, its benefits have not re-
ceived wide recognition from those who are already familiar
with the ECG. More efforts are needed in order to make the
MCG a standard diagnosis tool.

To improve technical performance, it is effective to de-
velop multichannel systems and to use an MCG in a mag-
netically shielded room.!*>! To explore the potential of us-
ing the MCG as a diagnostic tool, it is essential to research
the numerical methods for medical information analysis, such
as the boundary element method (BEM),*1 the finite ele-
ment method (FEM),[1112] and the finite difference method
(FDM),!3! etc. In this paper, we use the BEM to study the
electric and magnetic forward problem only for the interfaces
between different tissue regions that need to be modeled using
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this method.

In cardiac studies, cardiac equivalent sources are often
used to research the cardiac activities and applied to for-
ward and inverse problems of ECGs and MCGs. The more
commonly used heart equivalent sources are equivalent cur-
rent dipoles (ECDs),!"*!5 multiple dipoles, and the equivalent
double layer (EDL) source.!'®!7 These equivalent sources
omit some important information about cardiac electrophys-
iological behavior and pathological characteristics. Thus, a
mathematical model of the cardiac vector model, considered
to be a set of nine distributed dipoles which have size and ori-
entation eccentrically placed in the virtual heart, is applied in
this paper.

On one hand, we carry out an MCG simulation study us-
ing the cardiac vector model by the BEM, based on a virtual
heart model and realistic human torso volume conductor. On
the other hand, we make MCG measurements using a four-
channel HT.-SQUID in a magnetically shielded room. The
results are compared.

2. Theory and method

In biomagnetic forward problems such as in an MCG and
an MEG, magnetic field B is caused by electric current in
conducting body tissues like the brain and the heart. Mag-
netic field B and electric potential @ obey the quasi-static ap-
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proximation of Maxwell’s equations.!'®! The electric potential
& satisfies the Poisson equation with the Neumann boundary
conditions in the torso Q1]
V- (oV®P) =V Jp,
o(VP) -n=0,
where @ is the electric potential, o is the tissue-dependent
conductivity, Jp is the primary current density, n is the out-

in Q,

on Sg,

ey

ward normal vector, and Sp is the body surface which encloses
the volume conductor 2. The magnetic field B is obtained
from the total current density by the Biot—Savart law as

B(r) = %; /J(r’) <V ( )av’, 2)

where V is all the active areas, Ll is the magnetic permeability

|r—7/|

of the vacuum, vector 7 refers to the field point, vector 7’ to
the source point, and J is the current density, containing both
the primary current density Jp and the Ohmic volume current
density Jy = —oV @ which is stimulated by Jp.

Magnetic field is calculated for a particular combination
of the cardiac equivalent source and the volume conductor.
The volume can be considered to be a piecewise homogeneous
volume conductor V, which has M different regions. Each re-
gion has a constant conductivity 6¥ and is bounded by the sur-
face SK. In this case, applying the divergence theorem to the
integral equation (2) leads to!?"!

k
oo Ho k sk
B(r) =B - c_.—o
r) =B~ E2 Y (0 —o)
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where
1
B (r) = i‘—; /VM Jp(r') x V(F - ) vy,
is the magnetic field in an infinite vacuum-like medium due
to the primary current density Jp, and the electric potential @
is obtained from the surface integral equation using the Green
formulas and boundary conditions for Eq. (1)
| M

B(r) = 2&(r) (ot — o)

dr =
, 1
< [ @ )V(
Sk

r— /|
where o and O'_]f_ are, respectively, conductivities inside and
outside the surface S¥, and @*(r) is the potential generated

) .ds*, (4)

by the sources of the field in a finite, homogeneous medium
of conductivity os. For primary current sources Jp inside a
bounded volume conductor, @ (7) is

1
T "

Jp(r’).v(;

=7

= (r) )dVl(,[.

However, exact solutions can be obtained only for simple
geometrical shapes;?!! an approximate solution &(x) should
be given for more realistically shaped surfaces, like human or-
gans or body surface, utilizing the BEM. The realistic human
torso volume conductor is used in this study. The approxi-

mated solution @(r) is defined as a linear combination of N
basis functions,

i’(r):;@gi(r)’ )

with the constraint conditions for any point r on a surface:

n
Y gi(x) = 1. The coefficients ¢; represent the values that are
i=1

determined by constraining & (r) to satisfy Eq. (3) at discrete

points, thereby generating a system of equations in ¢;.
Substituting the expression for Eq. (5) into Eq. (4), B(r)

can be rewritten as a linear combination of vector functions:

n
B(r) =B~(r) = ) {6:Di(r)} (©)
i=1
with the vector function given by

D=1 c*~ot) [[ at)V(=

\r—r’l) x ds". (7)

Ai(j k) €Sk
These vector functions are weighted by ¢;, which are obtained
from the BEM solution to Eq. (3).['8] The surfaces S* are tes-
sellated with suitable triangular elements A; ), which repre-
sent any triangle for the basis function g;. Then, we use the
vector identity and Stokes’ theorem, and the discretized ver-

sion of Eq. (7) can be written as (221

D =2y {0t o) I

Am iGk) 2Ai(jiy
3
<[ Y [ (epx i) Al = (n-0)- Q. ®)
p=1

where A;(ji) denotes the areas of A;( ;). Here the function y[(,)

defined by De Munck?" is redefined by

_ 1 ln(‘yp+l”yp+l_Yp|+yp+l'()’p+1_)’p))'
Yp+1 = pl Ypllype1 =ypl+p - pr1=p)

The coplanar vector ¢, is normal to ¢ and extends from A

)4

to each vertex of A;(j;). A subscript p can be introduced to
refer to points i, j,k for p = 1, 2,3 respectively, and each
point can be cyclically referenced using p — 1 and p + 1.

3
Qijk = ¥ L4pp+1 is the sum of the solid angles. n is the
=1

unit outward surface normal vector for A; j;.
We obtain the final analytic solution for the magnetic
field, so Eq. (3) can be written as

B(r) = B™(r) —i;{% i) {("5 N GD;A;;
|

3. Simulation and experiment

Mm

n-(cpx cper)- 1o = (m-0)- Q| } . 9

1

p

3.1. Simulation

The ECG and MCG simulation studies were performed
based on the virtual heart electric model (LFX) with a spa-
tial resolution of 1.5 mm, which was developed by Xia Ling’s
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group.?3! This anatomically and physiologically based model
contains an atria-ventricular node, a His bundle, left and right
bundles, and Purkinje fiber. In this simulation study, only the
ventricular part was used. Once activation has reached the
ventricles, propagation proceeds along the Purkinje fibers to
the inner walls of the ventricles, and the resultant vector of
the electric activity is illustrated with a thick arrow, therefore
nine electro—cardiac vectors, each representing a segment of
cardiac conduction of excitation, which are shown in Fig. 1(a),
are located spatially at the centroid of the myocardial segment.
The mesh of the torso volume conductor model is shown in
Fig. 1(b).

Fig. 1. (a) Nine distributed electro—cardiac vectors for cardiac
equivalent sources based on the virtual heart and (b) realistic hu-
man torso volume conductor with lungs.

3.2. Experiment

We conducted our MCG measurements in a magnetically
shielded room using a compound four-channel HT.-SQUID
system. The magnetic field sensitivity of all channels is above
100 fT-Hz~'/2. The sensors of HT.-SQUID are arranged in a
6 x 6 grid with a length of 40 mm, giving a measurement area
of 200 mm x 200 mm. The plane of observation (Fig. 2) above
the chest is considered to be the x—y plane, where x and y are
the axes, with x going from right to left and y going from head
to foot. The signals at each recording site, which can be freely

input, are acquired at a sampling rate of 1 kHz with a power-
line noise (50 Hz) filter. The measurement recording time is
30 s—-100 s.

I shielding room I
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I | I FLL2 SQtUIH printer
controller ’
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Fig. 2. Measurement area and 6 X 6 recording sites on the chest.

4. Results and discussion

The simulated 12-lead ECGs and MCG are obtained by
the nine-vector cardiac model based on a virtual heart in a re-
alistic human torso, with internal inhomogeneities, including
the shape and resistivity of the lungs.

Time intervals (QRS and QT times) and wave amplitudes
are calculated using a computer. R-wave amplitudes, QRS
voltage, and Q-wave amplitudes were measured in millivolts.
They were found to be well within the range of normal as seen
in Fig. 3. This serves to validate MCG further.

The simulated plane is parallel to the chest, the distance
between them is 40 mm, according to our measurement system
for MCG. A map of MCG is shown for both the magnetic ana-
log of the QRS wave and the T wave. Compared with the 12-
lead ECQG, it is found that the simulated MCG does not differ
significantly from aVF, V4, V5, V6, I, I, and III in simulated
12-lead ECGs, the rest of which has obvious negative-going
S wave. Using this model, we have conducted a preliminary
study. We will calculate a series of MCG mappings based on
a whole-heart model in the future.

In addition, the simulated MCG is compared with the
measured MCG in D4 of a normal male. The simulated re-
sults can well reproduce the major features of an actual MCG
signal, such as magnitude and durations. The former has the
same wave forms as the latter from 400 ms to 900 ms, and
we can see that the simulated MCG has no P wave because
the cardiac vector model does not include atria. We also find
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that the curves of the measured MCG are not smoother than
those from the simulated MCG; the main reason for this result
is related to external noise, such as the Earth’s magnetic field
and space’s electromagnetic field. Besides the absence of an

analog to the P wave, the factor most noticeable in the map
is amplitude of MCG, which is a physically significant char-
acteristic of the current system in the heart and its vicinities.
Both of them are 65 pT approximately.
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Fig. 3. Simulated 12-lead ECG, normal torso with lungs, the unit of coordinates x is ms.
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Fig. 4. Simulated MCG generated by the 9 electro—cardiac vectors, 107t
(b) measured MCG mapping in D4 of normal male using SQUID. ]
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. . .. . 4
One way of describing cardiac activation is to plot the 9
sequence of instantaneous depolarization wavefronts. In 0
the presented data, the contributions of this cardiac gen- _i
erator during ventricular depolarization (QRS) are simu- _6
lated for the total body surface isopotential map and 2D -8

isomagnetic map of MCG. Figure 5 shows instantaneous
pictures for the R wave of the BSPM and the MCG. The
surface connects all points in the same temporal phase,

the wavefront surface is also referred to as an isochrone.

Fig. 5. For t = 40 ms (a) body surface isopotential map for R wave
and (b) 2D isomagnetic map for R wave on the plane parallel to the
torso model.
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As in the case of the BSPM and the 2D isomagnetic map,
it is found that the magnetic field can be approximated by mul-
tiple vectors fixed in position but variable in magnitude and
orientation. The 2D isomagnetic map is very complex: mul-
tiple satellite minima or maxima come and go and the null
line is also complex and not a straight line. However, we can
still obtain extra information for the activated dipole from the
maxima and minima nodes, such as orientation.

The BSPM and the 2D isomagnetic map of the MCG are
In contrast to BSPM, the
MCG is more localized in that measureable magnetic fields

the imaging diagnosis methods.

exist only near large currents. For example, the MCG does not
need to be simulated in the whole human torso volume con-
ductor. Another crucial difference between the MCG and the
BSPM is that the MCG is dependent only on the transport of
charge within the body, and totally independent of the resis-
tive characteristics of the medium outside of the body, which
makes it easy to visualize the electrophysiological behavior of
the heart.

5. Conclusion

In this paper, we present a cardiac vector model and test
this model using the experimental results obtained from the
compound four-channel HT.-SQUID systems in a magneti-
cally shielded room, and then discuss the forward problem
for cardiac magnetic fields and electric potential based on this
model and the realistic human torso volume conductor model.
Compared with experimental results, some meaningful results
are obtained, which have vital significance for guiding MCG
research and applications.

Further research is needed to establish a new cardiac vec-
tor model, such as a high-precision virtual whole-heart model.
The new model will allow for the study of complex combi-
nations of myocardial infarctions (ST waves), chamber hy-
pertrophy, abnormalities of myocardial conduction, and so
on. Meanwhile, this anatomically and physiologically based

model will, when properly validated, provide a rational basis
for a methodical exploration of parameters in the torso, such
as variations in torso shape, inhomogeneities, and the size and
location of the heart, which might influence an MCG.
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