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Abstract. Two source models based on a simplified double magnetic dipole (DMD) and a single current dipole
(SCD) have been developed. In order to evaluate the methods of the cardiac dipole source localization (DSL),
we used a simulated source and a graphical model for replacing the heart-torso model in simulation. The
simulated source is constructed according to the real MCG- recordings of a subject. The graphical model can be
easily reconstructed by using different source models and various MCG measurements combined with the
optimized algorithm. The graphical model method was investigated in terms of the GOF, RSME and EPP
criteria in this paper. Furthermore, the two models mentioned above and two algorithms, the Nelder-Mead
algorithm (NM) and the Levenberg-Marquart (LM) algorithm, were compared in the DSL simulation. The
average localization error and the average root mean square error are investigated by different noise levels and
initial values. The aim of this work is to develop a method for estimating cardiac source parameters by means of
the detected MCG data.
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1. Introduction

The accuracy of dipole source localization (DSL) depends upon both forward model and the
algorithm of inverse solution. A localization accuracy of 10-20 mm has been reported on the equivalent current
dipole (ECD) model, when comparing MCG results with those obtained at cardiac surgery and ECG
localization [Isabella Tavarozzi, et al., 2002].

During the past decade, the torso models, such as finite element method (FEM), boundary-element
method (BEM), were developed, which were used to approximate the electrical conductivity profile of the
human torso combining with the magnetic resonance imaging (MRI) data on solving the bio-magnetic forward
and inverse problem. The improved accuracy of 2-8 mm has been reported on the results obtained at MCG
localization research and cardiac surgery [Jens Haueisen, et al., 2002].
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We have recently developed a simplified double magnetic dipole source model, i.e., the
bio-magnetic sources are modeled by a pair of magnetic dipole. A necessary condition for this simplified model
is that the magnetic moments of the two dipoles must be perpendicular to the measuring plane and be opposite
in direction. The magnetic field map (MFM) and the schematic illustration of source locations are shown in
Figure 1. It is considered that the simplified double magnetic dipole is similar to a single current dipole, because
they follow circular paths perpendicular to the direction of an equivalent current dipole. This model has 8
parameters. In other words, using this model can more effectively approach the detected MCG data than with
the SCD model. Compared with the current source, the DMD is more suitable for experimental implementation.

Figure 1. Schematic illustration of the double magnetic dipole.

In order to compare the accuracy of DSL inverse solutions, between the simplified double magnetic
source model and the single current dipole source model, we proposed two simulation methods. The aim is to
take place of the existing heart-torso model in our simulations.

The first method is to construct artificially a simulated source in place of an equivalent current
dipole source of the heart, by which magnetic field maps can be generated as similar as the detected magnetic
field maps. Therefore, two kinds of simulated sources, a simplified double magnetic source and a single current
dipole source are constructed according to the real MCG- recordings of a subject, respectively.

The second method is to reconstruct a kind of graphical model (GM) by using MCG measurements.
It is used to describe cardiac electrical activity in temporal and two-dimensional spatial domain. The simulation
results indicated that the reconstructed GM is able to effectively close to the cardiac magnetic field distribution
of the human body surface. It is used in DSL simulation in this paper.

Furthermore, the DSL results based on two models combined with Levenberg-Marquart (LM)
algorithm and Nelder-Mead (NM) algorithm are demonstrated, respectively. The localization errors are also
shown in different noise levels and initial values.

2. Models

2.1. Single current dipole source model

According to Biot-Savart’s law, when the magnetic field strength B is measured along the axis
direction of SQUID, a single current dipole model can be obtained:
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where (Xo, Yo, Zo) is the location of the dipole, Q,, Q, are the magnitude components of the dipole in x-direction
and y-direction, respectively [J. Nenonen, et al. 1991].

2.2. Double magnetic dipole source model

The double magnetic dipole source model mentioned above assumes that the magnetic field B is
generated by a pair of magnetic dipole, in which either of two dipoles is simplified to have only one magnetic
moment along the Z-direction. Thus, the magnetic field B can be expressed as:

B(x,,y,) = i m; (22" = (X; = %) = (y; — yo;))% @)

i=t 4 ((X; — XOi)2 +(y; - in)z + 2y
where (X, Yyi12,;)(1=12) is the source location and m, (i =1,2) is the magnetic moment of two

magnetic dipoles, respectively. One moment is positive and the other is negative. This model has more
parameters than the SCD model for the source presentation.

2.3. Simulated sources

Using the MCG measurements of a subject during 100ms in the ST-T segment, we obtained two
sets of data from the inverse solutions, when LM (left) and NM (right) algorithms are applied, respectively.
Then, according to the planar maps generated by a single current dipole and a double magnetic dipole,
respectively, two kinds of simulated sources are constructed artificially. In Fig. 2 (a), the location (above) and
the depth (below) change of the single current dipole is shown, when LM (left) and NM (right) algorithm are
used, respectively. In Fig. 2 (b), the location (above) and the depth (the positive dipole in the middle and the
negative dipole in the below) change forming the double magnetic dipole is shown. The MCG measured area is
0.175m>0.175m with 36 sites.
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(a) Simulated source for the SCD. (b) Simulated sources for the DMD.

Figure 2. Two kinds of simulated sources.
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It is assumed that the location of single current dipole moves along a semi-circle on the X-Y plane
during 100ms ST segment. The diameter of the circle is 30 mm, the central angle changes from -45° to -225°
anti-clockwise. The Z variable of the dipole is random within 110 £ 10 mm (including the 40mm distance from
the detected plane to the chest surface), because the single current dipole depth changes in an extremely small
range. The current strength in X and Y-direction are selected with the real estimated values of inverse solution,
respectively. The simulated magnetic field maps with a time interval of 4 ms for the single current dipole are
shown in Figure 3 (a).

On the same principle, the simulated magnetic field maps with a time interval of 4 ms for the
double magnetic dipole are constructed and shown in Figure 3 (b).
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(a) MFMs generated by the simulated SCD. (b) MFMs generated by the simulated DMD.

Figure 3. Magnetic field maps generated by two simulated sources.

2.4. Graphical model

Due to the limitation of the simulated sources, we proposed a graphical model which is a set of
magnetic field maps reconstructed based on a source model and the MCG measurements. The magnetic field of
the graphical model is generated by known electrical or magnetic sources.

The procedure for reconstructing the model is illustrated in Figure 4. It is implemented by four
steps:

1) give a kind of model, and calculate initial values of parameters in the model, according to the

detected MCG data;

2) estimate source parameters of the detected MCG data by inverse solution using the LM or NM

algorithm. Obtain the known sources;

3) reconstruct the GM, that is, obtain the calculated MCG data through the forward calculation by

the known source parameters. The reconstructed magnetic field data has high-solution.

4) optimize the source parameters by fitting the calculated MCG data with the detected MCG data

which is inserted values.

Graphical models reconstructed based on two different source models are shown in Figure 5. Each
graphical model includes 25 (or more) magnetic field maps related to 100ms in ST-T segment. Each magnetic
field map corresponds to different source parameters. These two models are used in DSL simulation in this

paper.
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Figure 5. Two graphical models and MFMs of the detected MCG. (a) MFMs for the single current dipole. (b)
MFMs for the double magnetic dipole. (c) MFMs of the detected MCG data.

2.4. Evaluation criteria
The two graphical models mentioned above have been evaluated in terms of the following criteria:

1. The goodness of fit (GOF) between the detected magnetic field and the reconstructed magnetic
field. It is defined as following:

N

Z(Bzi_Bsi)2
GOF= -2 ®)
z Bzi2

1

2. The root mean square error (RMSE) is defined as:

l N 2
RMSE =\/WZH(BU—BSJ @
where B,; is the detected magnetic field, By is the reconstructed magnetic field, and the number of measuring
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points N = 36 ,
3. The error of peak positions (EPP) is defined as [Bin He, 2004.]:

EPP = J(x, - %) + (¥, - ¥,)} 5)

where (X,,Y,) are the coordinates of the peak in MCG measurements and (X, Y, ) are the coordinates of

the peak in the reconstructed magnetic field.

Figs. 6 (a), (b) and (c) illustrate the GOF, RMSE and EPP of these two graphical models being
used during the ST-T segment, respectively, from which we can see that the DMD graphical model performs
better reconstruction than that of the SCD model.
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(a) GOF of the two graphical models.
(b) RMSE of the two graphical models.
(c) EPP of the twoGMs.

Figure 6. GOF, RMSE and EPP of these two graphical models.

3. Simulation Results

The SCD and DMD models are used in the cardiac DSL simulation. The inverse problems are
solved by applying two non-linear local optimization algorithms, LM and NM algorithms, respectively.
Different noise levels and initial values are considered.

3.1. Results of the simulated sources

The average location error and the average location RMSE in 100ms ST segment for two models
mentioned above are shown in the Table 1, 2 and Table 3, 4, respectively. For the SCD model, the initial values
( Xo, Yq ) are the center location of the circle, Z,=110 mm. The initial current strength of X and Y-direction is
determined in two cases: 1) actual value of the inverse solution from the subject (Accurate), and 2) a random
number whose magnitude is 10% of the actual value (10% random) being add to it in 100ms S-T segment,
respectively. The 5% and 10% noise mean that the noise magnitude is relative to the simulated MCG signals in
percent. On the same principle, the initial values for DMD model are given.
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Table 1. Average localization errors of the single current dipole model (mm)

Initial values

Accurate 10% random
Data noises LM NM LM NM
No noise 0.0121 4.558 e-004 0.9684 3.823e-004
5% noise 0.1190 0.1954 1.022 0.1954
10% noise 0.2676 0.4501 1.024 0.4502
Table 2. Average RMSEs of the single current dipole model (pt)
Initial values Accurate 10% random
Data noises LM NM LM NM
No noise 6.432e-004 3.984e-005 0.0453 3.849e-005
5% noise 0.0466 0.0460 0.0743 0.0460
10% noise 0.0937 0.0981 0.1730 0.0981

Table 3. Average localization errors of the double magnetic dipole model (mm)
Initial values

Accurate 10% random
Data noises LM NM LM NM
No noise 0.0025 0.9961 0.2588 0.9451
5% noise 0.0909 1.1991 0.3512 1.1747
10% noise 0.1635 0.9478 0.3287 1.3022

Table 4. Average RMSEs of the double magnetic dipole model (pt)

Initial values

Accurate 10% random
Data noises LM NM LM NM
. 2.824
No noise 0.0201 0.0052 0.0189
e-004
5% noise 0.0441 0.0528 0.0448 0.0522
10% noise 0.0882 0.0915 0.0880 0.0928

Table 1 and Table 2 show that the NM algorithm performs appreciably better than the LM
algorithm in the case of using single current dipole model with an average localization errors about 1 mm and
the average RMSE of less than 0.1 pt in 200 ms ST-T segment.
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For the simplified double magnetic dipole model, Table 3 and Table 4 indicate that the average
localization errors of LM algorithm are less than that of the NM algorithm, also its average localization errors
are about 1 mm and the average RMSE are less than 0.1 pt in 100 ms ST-T segment, because the low level of
the noise are added to the simulated MCG data.

3.2. Results of the graphical model

For describing the cardiac electrical activity in temporal and two-dimensional spatial domain, and
considering the influence of a torso volume conductor, the GM is used in DSL simulation.

The average localization error and the average localization RMSE in 100ms ST segment for the two
models are shown in the Table 5, 6 and Table 7, 8, respectively. Table 5 and 6 show the results of the SCD
model in the case including no noise and 20dB signals-noise-ratio (SNR). Because an SNR of 20-40 dB
corresponds to the approximate noise level , which is on the order of a high-Tc SQUID system without a
shielded room [Shigeharu Ohyu, et al., 2002].

The initial parameters are determined in two cases: actual value of the inverse solution from the
subject (Accurate) and the actual value is added a random number whose magnitude is 10% of the actual
parameters (10% random) in 100ms S-T segment, respectively. The initial values can also be obtained in term
of the theoretical formula [Wilfried Andra, et al., 1998]. By the same way, the simulation results for DMD
model are given. The inverse solutions process for two algorithms in 100ms S-T segment also are shown in
figure 7-12, except for the case of accurate initial values and no noise level.

Table 5. Average localization errors of the single current dipole model (mm)

Initial values Accurate 10% random
Data noises LM NM LM NM
No noise 1.141e-007 0 0.640 7.858e-005
20db noise 1.843 2.633 1.964 2.634

Table 6. Average RMSE of the single current dipole model (pt)

Initial values Accurate 10% random
Data noises LM NM LM NM
No noise 8.767e-10 0 1.187 1.414e-004
20db noise 4,238 5.006 4.397 5.006
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Figure 7. Average localization errors of the SCD model in Table 5 when no noise and the initial values
adding 10% random number .
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Figure 8. Average localization errors of the SCD model in Table 5 when 20dB noise level and the accuracy
initial values .
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Figure 9. Average localization errors of the SCD model in Table 5 when 20dB noise level and the initial
values adding 10% random number .

Table 7. Average localization errors of the double magnetic dipole model (mm)

Initial values

Accurate 10% random
Data noises LM NM LM NM
No noise 1.049e-07 0 0.214 0.345
20db noise 3.224 6.689 3.240 5.933

Table 8. Average RMSE of the double magnetic dipole model (ft)

Initial values Accurate 10% random
Data noises LM NM LM NM
No noise 4.977e-007 0 0.025 0.039
20db noise 5.882 6.067 5.885 5.995
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Figure 10. Average localization errors of the DMD model in Table 7 when no noise and the initial values
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The result of left dipole, (right) The result of right dipole.
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Figure 11. Average localization errors of the DMD model in Table 7 when 20dB noise level and the accuracy
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The result of left dipole, ( right ) The result of right dipole.
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Figure 12. Average localization errors of theDMD model in Table 7 when 20dB noise level and the initial
values adding 10% random number . (above) The result of LM algorithm, ( below ) The result of
NM algorithm, ( left ) The result of left dipole, ( right ) The result of right dipole.

The above simulation results show that the magnitude of localization error is obviously related to
SNR. When the signal-to-noise ratio (SNR) is 20dB, the average localization errors of the SCD model increases,
about in 1.843 to 2.634 mm, the average localization errors of the DMD model obviously increases, about in
3.224 to 6.689 mm. The results of the LM algorithm are slightly better than that of the NM algorithm when the
SNR is 20dB. Furthermore, the localization errors vary relatively few for both algorithms when the initial

values are limited in small random perturbation.

4. Conclusion and discussion

In order to investigate the DSL error of two models based on the different inverse methods, a set of
computer simulations have been performed. In the simulations we use the MCG data generated by the graphical
model (or simulated sources) to take place that of the heart-torso model. Because the graphical model which is
of high time solution, shows the inhomogeneity of cardiac magnetic field. Due to the parameters of graphical
model vary with the time, the average localization error and the average RMSE can be obtained by these
parameters calculated in 100ms S-T period. Could this model be used to approximately describe the active
magnetic field between the detected MCG data and the cardiac electromagnetic sources? It is still a problem that
needs to be studied.

The simulation results show that the magnitude of DSL error is relational to measured noise levels
and the initial values selected, two local optimal algorithms, LM algorithm and NM algorithm, are only
effective in the case of high-SNR and small perturbation region.
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Furthermore, the DSL accuracy of the double magnetic dipole model has not shown it is better than
that of the single current dipole model. It is also shown that the multipole approach has the limitation of
localizing cardiac electrical activity.
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