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In this paper, we present a magnetocardiogram (MCG) simulation study using the boundary element method

(BEM) and based on the virtual heart model and the realistic human volume conductor model. The different contribu-

tions of cardiac equivalent source models and volume conductor models to the MCG are deeply and comprehensively

investigated. The single dipole source model, the multiple dipoles source model and the equivalent double layer (EDL)

source model are analysed and compared with the cardiac equivalent source models. Meanwhile, the effect of the volume

conductor model on the MCG combined with these cardiac equivalent sources is investigated. The simulation results

demonstrate that the cardiac electrophysiological information will be partly missed when only the single dipole source

is taken, while the EDL source is a good option for MCG simulation and the effect of the volume conductor is smallest

for the EDL source. Therefore, the EDL source is suitable for the study of MCG forward and inverse problems, and

more attention should be paid to it in future MCG studies.
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1. Introduction

The magnetocardiogram (MCG) is a noninvasive
and noncontact technique for measuring the weak
magnetic signals generated by cardiac electrophys-
iological activities. MCG and electrocardiography
(ECG) have essentially the same cardiac ionic current
signal generator, however, they have different perfor-
mances and sensitivities to the cardiac activity due to
the different characteristics of the electric and mag-
netic fields, and the complicated relationship between
the MCG and the ECG has not been fully clarified.!"]
Although the MCG has not yet been accepted as a rou-
tine clinical tool in hospitals like the standard 12-lead
ECG has, it has proved to be superior to the ECG for
the diagnosis of several cardiac diseases like myocar-

dial ischemia, arrhythmias, fetal heart, etc. and in
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(28] Unfortunately, there

cardiac source location, etc.
are still many debates about the widespread clinical
application of MCG diagnosis due to the lack of clin-
ical equipment and evidence-based information about
the clinical benefits.

In addition to the experimental studies of
MCGs,[23 79 including the advancement of super-
conducting quantum interface device (SQUID),[10—13]
cardiac computer modeling, developed as a useful tool
to investigate the cardiac physiology and pathology,
has been used in MCGs. MCG research, combined
with a cardiac model, includes the forward problem
of the generation analysis of MCG and MCG pat-
terns according to various cardiac activities,[®14-18]
and the inverse problem of the MCG mapping of car-
diac information.[”:18=22 The former is to calculate

the cardiac electromagnetic field on the torso surface,
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while the latter is to reconstruct/recover the cardiac
electrophysiological information from the measured
ECG/MCG.

In the cardiac problem, cardiac equivalent source
models are often used to theoretically represent the
cardiac activities and applied to forward and inverse
calculations of ECG/MCG. The commonly used car-
diac equivalent sources are current dipole source, cur-
rent multipole source and equivalent double layer
(EDL) source.l?3] For the MCG problem, the former
two are often used,!”17722:24] while the latter one is

seldom taken.[2?]

The different performances of the
MCG generated from these source models have not
been presented before. Meanwhile, it has been found
that the torso volume conductor model has little effect
on the MCGI719 and is always neglected in the MCG
inverse problem due to the difficulty of its construc-
tion. However, the different influences of the volume
conductor combined with the different source models
on the MCG have seldom been studied.

In the present paper, we carry out the MCG sim-
ulation study using the boundary element method
(BEM), based on the virtual heart electrophysiolog-
ical model and the realistic torso volume conductor
model. First, we describe and compare the dipole
source model and the EDL source model in terms of
the simulated MCG. For the dipole source, we used 1
dipole and 53 dipoles to macroscopically represent the
heart separately. The results from the 53 dipoles serve
as the reference to investigate other solutions. Then,
combined with these cardiac source models, the con-
tribution of the volume conductor model to the MCG
is analysed. Finally, some conclusions are summarized
about the source models and the volume conductor.

2. Theory and method

In the quasi-static approximation, the electric po-
tential @ can be expressed by Poisson equation as

V- (oVP)=V-Jp,in £,

o(V®) -n=0, @

on Sg,

where o is the electric conductivity, Jp is the primary
current density, n is the outward normal vector, {2 is
the volume conductor and Sp is the body surface. The
magnetic field B(r) due to the total current density
J is obtained based on the Biot—Savart law as

B(r) = ZTOT/V/ J(r;%i‘ngdv,’ (2)

where V' is the volume containing all active sources,
and po is the magnetic permeability of the vacuum,
R is r — 7', with 7 being the field point and 7’ the
source point. In the cardiac electromagnetic field, the
total current density J contains the primary current
density Jp and the ohmic volume current density Jvy .
The Jv is induced by Jp due to the changed conduc-
tivities of different organs. It exists on the interfaces
of different organs, and can be written as

JV =—0oV9o. (3)

Solving Egs. (1) and (2) using the BEM method,

the integral equations for the cardiac electric and the

magnetic field can be obtained as!!6-26]

o(r) = —QS (r)
1 m
2

Poo(r) = 47ms/

B(r) = Bu(r) — Bual,

1
B(r')V— - nds’
/Sl (r") I nds’,

-V— dVH, (4)

) < — + / / R
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Bo(r) = 2 [ 1) x BRIV, 6
I8 Vi

where @ (r) and B, are the potential and the mag-
netic field in an infinite homogeneous medium, gener-
ated by the primary current density Jp in the car-
The surface S; (I = 1,2,...,m)
is the closed interface between different conductiv-

diac region Vy.

ity regions, which separates the homogenous media

of isotropic conductivities Uf

on the outside and o,
on the inside. & is the mean conductivity. In the car-
diac electromagnetic field calculation, cardiac equiv-
alent source models are often used to represent the
cardiac electric activities and to calculate @ (r) and
B.,. The dipole source model and the EDL source
model are used in this study.

Based on the bidomain equations, the equiva-
lent dipole source for isotropic myocardium Jp can

be calculated from transmembrane potential (TMP)
@,, asl?7]

Jp = 70’1V@m5(7‘/), (6)

where o; is the macroscopic intracellular conductivity
and §(r’
represented by six parameters:

) is the Dirac delta function. The dipole is
three for location r’
in Cartesian coordinates and the other three for the
moment as the gradient components of the transmem-
brane potentials in Cartesian coordinate system. The
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lumped dipole source is the sum of many cellular unit
dipoles. Substituting Eq. (6) into Eq. (4), the & (7)

can be expressed as

1
B dmog

Do (T) / -0V &, VldVﬁ. (7)
Vit R

If the anisotropy ratios of the inner domain and the

outer domain in the bidomain model are equal, the

dipole moment with the gradient of the TMP as

Eq. (7) can be replaced by the TMP as the EDL source

through the vector calculus(?®!

1
" dwo,

Do (T) / —0; @mvi -ndSy. (8)
Su R

Comparing Eq. (7) with Eq. (8) shows that the
volume integral is transformed into a surface integral,
and the gradient of the TMP is replaced by TMP,
from dipole source to EDL source. The EDL source
model is the distributed source model, which includes
the endo-cardial surface and the epi-cardial surface
of the ventricle. The strength of the EDL source is
equivalently described by the TMP. For more details
about the dipole and EDL source, please refer to the
publication?® and the references in it.

With a similar procedure, the B, calculated from
the dipole and EDL source can be expressed as

1
Ba(r) =10 /V oV B x VdVh, (9)

B.o(r) = @/S aiqsmv% x ndS}.  (10)
i |

Activation
time/ms
—1 60

3. Simulation protocol

The MCG simulation study is implemented based
on the virtual heart electric model (LFX), which was
developed by our group.2?:39 The original anatomic
model including the heart and volume conductor
model was obtained from the computed tomography
(CT) scans of a human. The constructed heart model
consists of approximately 65000 myocardial units with
a spatial resolution of 1.5 mm. The main electrical
conduction system, consisting of an atria-ventricular
node, a His bundle, left and right bundles and Purk-
inje fibres, is designed according to cardiac physiology.
After setting action potential wave forms and exci-
tation propagation velocities for different myocardial
units, the electrical excitation simulation is realized
and the activation time of each unit is obtained. In
this study, only the ventricular part was used for the
MCG simulation. Figure 1(a) displays the ventricle
part with activation time information from 0 to 61ms.
The locations of the single-dipole source (DIP_I) and
53-dipole source (DIP_II) are shown in Fig. 1(b), in
which the DIP _I is indicated as a large sphere and the
DIP_II are shown as the small spheres. The DIP_I
is located in the centre of the ventricle 9.6 cm away
from the MCG measurement plane. The DIP_II with
53 lumped dipoles are calculated based on the seg-
mentations of the ventricle by summing the cellular
dipoles in each region.®) While for the EDL source,
the whole closed ventricular surface including endo-
and epi-cardial surfaces with 7082 nodes and 14160
triangular elements is taken in this study.

(b)

Fig. 1. Virtual heart model with ventricular part: (a) the activation time of the ventricular part, (b) the locations of

dipole sources: 53 small spheres for DIP_II and one large sphere for DIP_1.

The mesh of torso volume conductor model is shown in Fig. 2, which includes the lung. The lung has 297

nodes and 586 elements, while the torso has 412 nodes and 820 elements. The conductivities of the lung and

the torso are 0.04 and 0.2 siemens/m respectively. To simulate a realistic measurement situation, the MCG is

calculated on the 130 points in an area of 25 cmx30 cm, 3 cm distance from the frontal chest as shown in Fig. 2.

With regard to the Cartesian coordinate system, the measured MCG is the normal component as the one in the
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—y direction in this study, labeled as B,, which is to be used in the following text. The infinite homogeneous

magnetic field By, is compared with the total field B to check the effect of the volume conductor model.

The differences between MCGs generated from different source models and volume conductor models are

evaluated with a relative error (RE) and a correlation coefficient (CC).|

T T
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.

(b)

Fig. 2. Torso volume conductor model: (a) the anterior view and (b) the side view. The 130 small spheres are

the locations of calculated MCG, while the one large sphere is used to show the MCG signal curve in Fig. 4(b).

4. Results

4.1. Cardiac equivalent source models

The MCG is first simulated based on the inho-
mogeneous volume conductor model from dipole and
EDL sources. The body surface potential (BSP) is
normalized into 1 mV, then the MCG is normalized
as the same scale. Figure 3 shows the MCGs at Q, R,
S and T wave instants: 3 ms, 30 ms, 51 ms and 246 ms,
generated by sources: DIP_I (a), DIP_II (b) and EDL
(c). The BSPs generated by the source DIP_II (d)
are also displayed for comparison. It can be seen that
the main distributive characteristics of the simulated
MCG are similar to the measured ones, and the distri-
butions of electric and magnetic fields are orthogonal
to each other. The three source models can generate
similar MCGs most of the time, however, the MCG
from the DIP_I source is very different from those
from the other two sources, e.g. the MCG at T wave
time instant.

To quantitatively check the difference among the
three cardiac source models for each time, we com-
pare the MCGs generated by DIP_I and EDL sources
with the one by DIP_II as the reference one. Fig-
ure 4 shows the CCs for DIP_I and EDL. We can see
that the results of EDL are much closer to those of

‘the DIP_II most of the time, while the ones of DIP_I

are very different due to the lower resolution. How-
ever, the difference between the MCG generated by
EDL from that by DIP_II becomes larger after the
T wave time instant, and it reaches a maximal value
at the 348 ms as shown in Fig. 4(c). Here, the large
differences of the EDL source from the DIP_I and
the DIP_II are due to the fact that the EDL is ex-
pressed only with the cells on the ventricular surface.
At the end of the T wave, the ventricle has finished
repolarization. Therefore, the cardiac information in-
cluded in the EDL source is less than that included
in the DIP_I and DIP_II sources. However, when we
further check the MCG signal curves at the locations
shown in Fig. 2 (see Fig. 4(b)) and the MCG distri-
butions (see Fig. 4(c)) for minimal CC time instant
(348 ms), we can see that at these time instants the
MCG signals are very weak (< 0.001 pT) and can
be approximated to zero with considering the SQUID
precision of measurement. Besides, the MCG signals
at the time instants after the T wave include less di-
agnostic information about cardiac diseases. In addi-
tion, the small CC for the EDL appears mainly after
the T wave, therefore, the EDL is accurate and more
suitable for MCG simulation compared to the DIP_I

source.
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Fig. 3. The simulated MCG generated by sources: DIP_I (a), DIP_II (b), and EDL source (c), and the BSP generated
by DIP_II (d). From top to bottom are the results for Q, R, S and T wave time instants.
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Fig. 4. (a) The MCG CCs calculated from DIP_I and EDL sources with the MCG of DIP_II source taken as the reference
one, (b) the MCG signal curves at the locations shown in Fig. 2, and (c¢) MCG distributions at 348 ms with a minimal CC for
EDL source. The dot line is for EDL source, the dash line for DIP_I, and the solid line for DIP_II in panels (a) and (b). The
MCG distributions from left to right in panel (c) are generated by DIP_I, DIP_II and EDL sources, respectively.

4.2. Volume conductor model

The volume conductor model can affect the car-
diac electromagnetic field as a secondary source. Its
influence on the electric field is larger than that on
the magnetic field, therefore, it was often left out in
previous MCG studies and always acts as an infinite
homogeneous medium.[?%22 In the present study, the
contribution of the volume conductor model to the
MCG is investigated in detail based on the virtual
heart model. In fact, the magnetic field of the infinite
homogeneous medium is By,. Figure 5 shows the CCs
and the REs between B, and B for DIP_I, DIP_II
and EDL sources, with the B taken as a reference

value. We can see that the volume conductor model

09 F

08}

v
&}
: ------ DIP_1
' DIP_11
0.7 F + EDL
0.6 F
(a)
(1151 WIS IS PETI IPPIPETY IPUPUIT EPETEPY PP I
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‘has little effect on the MCG distribution (large CC),

which is helpful for the inverse solution. The effect
is smallest for the EDL source. The different volume
conductor effects can be explained by the distance of
the source point from the inhomogeneous lung region,
and the distance is larger for dipole source than that
for the EDL source. As an example, the distributions
of infinite homogeneous magnetic field B, volume
conductor magnetic field By, and their resultant field
B, i.e., B, — By in the measurement plane, calcu-
lated from three source models at the time with the
smallest CC (24 ms), are shown in Fig. 6. Here, only
the normal component of the magnetic field is shown
in order to make it consistent with the MCG measure-

ment.
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300

Fig. 5. Statistic results of CC (a) and RE (b) for the infinite homogeneous magnetic field Boo, which are
evaluated with the resultant magnetic field B as the reference one.

It can be seen that the magnitude of the B, is larger than that of the By, and the secondary magnetic
field By, weakens the primary field B, as implied by the minus sign before By, in Eq. (5). The By, for DIP_I
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source is symmetric, while the B, fields for DIP_II and EDL sources are asymmetric, which is due to the more

complicated distributions of these two source models. In addition, the distribution of the B, is more regular
than that of the By: more extreme values exist in the By, which is due to the geometrical complicacy of the
volume conductor model. Considering the dependence of the performance of the volume conductor model on
the source model, the volume conductor model should be considered in the cardiac magnetic field calculation

to simulate a more accurate MCG.

By/pT

By /pT

B_DIP 1 _3 B_DIP 1I

(a) (b)

Bvol _DIP_1I

By/pT

Binf_EDL

By/pT
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Bvol _EDL

Fig. 6. Normal components of the three different magnetic field distributions in the measurement plane for the time
instant with smallest CC (24 ms) from sources (a) DIP_I, (b) DIP_II and (c¢) EDL. Infinite inhomogeneous magnetic

field Boo, volume conductor magnetic field By, and total field B as (Boo —

5. Conclusion

In this paper, the different contributions of the
cardiac source models and the volume conductor
model are systematically analysed and compared
based on a MCG simulation with a virtual human
heart model. In the study of cardiac source models,

the results of a 53-dipole source are set to be a ref-

vol) are shown from top to bottom.

erence to investigate the single dipole source and the
EDL source. The single dipole source is often used
in MCG study, while the EDL is seldom concerned.
The simulated results demonstrated that the MCG
from DIP_I is much different from that from DIP _II,
which means that the cardiac information is partly
missed for the forward simulation of BSP or MCG
from the DIP_I source. Figures 3 and 4 also demon-
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strate that the DIP_T is less inaccurate at QRS time
instants than at other time instants. However, the
simple representation of the DIP_I source makes up
for its deficiency in cardiac information, thereby mak-
ing the DIP_I source commonly and successfully used
in source location studies. The EDL source can gen-
erate a similar MCG to that from the DIP_II source.

The simulated results of the volume conductor
model show that the effect is more important on the
MCG magnitude than on the MCG spatial distribu-
tion. Therefore, it might be possible to just multi-
ply the result with a factor to offset the inhomoge-
neous volume conductor effect. However, the factor
value depends not only on the property of the vol-
ume conductor model but also on the source model
used, due to the various contributions of the volume
conductor to the MCG as shown in this study. There-
fore, more detailed studies are needed to appropri-
ately determine the factor value. The smallest effect
of the EDL source on the volume conductor model also
suggests the rationality and effectiveness of the EDL

source, though it is seldom used in MCG compared
with the dipole source. From a diagnostic viewpoint,
the EDL is directly related to the electrophysiological
characteristics of heart-like activation times, ectopic
pacemakers, conduction blocks, etc., which can be eas-
ily and directly understood by clinicians. However,
the dipole source is more complicated for clinicians
to use and needs some physical knowledge relevant
to certain cardiac diseases. Of course, the applica-
tion of the EDL source needs more work on the heart
anatomy information collected by imaging. With the
advancement of imaging modalities such as high-field
MRI and the image process techniques, obtaining in-
formation about heart anatomy will become much eas-
ier, which will further promote the application of the
EDL source. However, the advantages of the EDL
source make it valuable.

In all, in the presented study we suggested that
the EDL source could be considered as an appropriate
option for future MCG study and should receive more
attention.
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