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Abstract

Over the last decades, the information content derived
from cardiac electric and magnetic field measurements has
been debated. Our co-workers Wilhelms et al. inves-
tigated electrically silent acute ischemia in human ven-
tricles caused by occlusion of a coronary artery. In the
present work, we extend the previous study by calculating
associated magnetic fields produced by early stage acute
ischemia with varying transmural extent. Multiscale com-
putational simulations were performed for calculations of
body surface potential maps (BSPM) and magnetocardio-
grams (MCG) on a magnetometer sensor matrix situated
above the anterior chest wall. Depending on the ischemia
size, the ST-segments of the simulated electrocardiograms
(ECG) experienced depression for subendocardial cases
and elevation for transmural ischemia. One intermedi-
ate extent resulted in a zero ST-segment which makes
it diagnostically indistinguishable from the healthy case.
Magnetic field calculations for this electrically silent is-
chemia also revealed no difference compared to the control
case. Otherwise, both ECG and MCG signals during ST-
segments showed either depression or elevation from zero
line. In this simulation study, MCG did not deliver addi-
tional information to uncover electrically silent ischemia.
For a general conclusion, further in-silico investigations
with different ischemia shapes, sizes and positions should
be performed and clinical studies with recordings of both
ECG and MCG signals have to be conducted.

1. Introduction

Acute cardiac ischemia is caused by reduced blood sup-
ply due to occlusion of a coronary artery. In many cases,
pathoelectrophysiological properties of the affected tissue
result in severe ventricular arrhythmias that appear in two
phases in the first 30 minutes of an acute ischemia [1]. The
first phase, Phase 1a, lasts between 2 and 10 minutes and
is associated with hyperkalemia, acidosis and hypoxia, re-
sulting in reduced conduction velocity and action potential
amplitude. These time-dependent effects lead to further

classification: stage 1 (S1) is reached in minutes 5 to 7
of Phase 1a, stage 2 (S2) in minutes 10 to 12 [2]. The
following Phase 1b lasts between 20 and 30 minutes after
occlusion and is related to cellular electrical uncoupling.

Besides these temporal changes, ischemia undergoes
spatial variations: immediately after coronary artery occlu-
sion it often appears first on the subendocardium. In the
absence of proper early management the subendocardial
acute ischemia spreads transmurally toward the subepi-
cardium.

Diagnosis of acute ischemia in 12-lead ECG is mainly
based on changes during the ST-segment that are caused
by injury currents flowing from healthy to affected tis-
sue. Direction and strength of these currents are greatly
influenced by ischemia extent and stage. Magnetocardio-
graphy (MCG) records the magnetic fields produced by
the same bioelectric currents giving rise to ECG [3]. In
comparison to ECG, MCG was shown to be more sensi-
tive to tangential currents in the heart [4]. Furthermore, it
can detect vortex-like sources, which are electrically silent,
and thus deliver an information complementary to ECG
[5, 6]. Thereby, computational simulations of electromag-
netic fields generated by cardiac sources represent an es-
sential step towards comprehensive understanding of un-
derlying mechanisms and an improved early diagnosis.

2. Methods

Our co-workers Wilhelms et al. investigated acute elec-
trically silent ischemia in the human ventricles caused
by occlusion of a coronary artery in an in-silico model
[7]. They introduced heterogeneous ischemic regions with
varying transmural extent and analyzed the ECG effects of
these ischemia at three stages (S1, S2, Phase 1b) during the
first 30 minutes. As the primary goal of the current work
was to investigate whether MCG contains information ad-
ditional to ECG for cases of electrically silent ischemia,
we restricted ourselves to the stage S1: For these, we re-
produced five ischemia simulations and calculated the cor-
responding body surface potential maps (BSPM) as well
as magnetic fields on a magnetometer sensor plane situ-
ated above the anterior chest wall.
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Figure 1: Ventricular model with spatially varying zone
factors for simulation setups 1-5.

2.1. Modeling of acute ischemia and BSPM
calculation

In our work, we used the Ten Tusscher ventricular cell
model [8]. For modeling of acute ischemia, modified cell
model paramenters from [7] were adopted. Excitation
propagation and transmembrane voltages for a voxel-based
heart model (0.4 mm resolution) of a healthy male volun-
teer were calculated with the parallel monodomain solver
acCELLerate [9]. A rule-based endocardial stimulation
profile imitating Purkinje fibers was used for simulating
a normal ventricular activation sequence [10].

Similar to [7], an occlusion of the distal left anterior de-
scending coronary artery was simulated. Regional hetero-
geneity of ischemia effects was modeled with the so-called
zone factor (ZF). The normal zone (NZ) corresponding to
healthy tissue was to set 0 and central ischemic zone (CIZ)
to 1. Border zone (BZ) with varying hyperkalemia, aci-
dosis and hypoxia dependent parameters was set to inter-
mediate values [7]. The ischemic regions were modeled
as ellipsoids and varied from subendocardial (setup 1) to
almost transmural (setup 5) extent. In Fig. 1, the used ven-
tricular model is visualized together with the simulation
setup 1, image sections of varying ischemic transmural ex-
tents for simulation setups 2-5 are shown in the box to the
left.

For numerical field calculations, a tetrahedral thorax
model with a rule-based generated fiber orientation in the
heart was used for solving the bidomain equations:

∇ · ((σe + σi)∇φ) = −∇ · (σi∇Vm) (1)

where Vm are previously calculated transmembrane volt-
ages, σe is the extracellular conductivity, σi the intracel-
lular conductivity in the heart and φ are the electrical po-
tentials to be computed at every geometry point. The cal-
culations were done for the QRST-complex. The standard
12-lead ECG was derived from the BSPM, i.e. potentials
on the torso surface.

2.2. Calculation of magnetic fields

The magnetic flux density B at the measurement points
r is given by the Biot-Savart law:

B(r) =
µ0

4π

∫
Ω

J(r′)× (r − r′)
|r − r′|3

dΩ (2)

where J is the total current density at each source point r′

and µ0 the vacuum permeability.
The current density in the bidomain formulation reads:

J = −(σe + σi)∇φ− σi∇Vm (3)

Whist the first term is due to Ohm’s law, the second sum-
mand describes the impressed current density in the heart.

The magnetic field was calculated at 33 magnetometer
sensors located in average 4 cm above the anterior chest
wall. Afterwards, the signal was calculated in the direction
normal to the sensor plane.

3. Results

In the present work, we performed computations of elec-
tromagnetic fields in a human body for a control case and
5 ischemia simulation setups with varying transmural ex-
tent during stage S1. In line with the previous findings of
our colleagues, the ECG signals in the precordial lead V4

showed the most prominent changes in the 12-lead ECG.
Resulting electrocardiograms at V4 are presented in Fig. 3.

While the QRS-complexes from the acute ischemia se-
tups were very similar to the control case, major changes
arose in the ST-segment and T-wave. For the simulation se-
tups 1 and 2, a slight ST-segment depression was observed.
The ischemia corresponding to setup 3 was almost indis-
tinguishable from the control case, whereas the ischemia
of greater transmural extent showed a clear ST elevation.
For these setups, the T-wave started earlier and had a larger
amplitude than the control case.

In Fig. 2 (upper row) the BSPM for the time instance
t = 200 ms, which corresponds to the ST-segment, of all
6 cases are visualized on the torso surface. For the con-
trol case a slight elevation near the V4 lead was observed.
Whereas the BSPM for setup 3 was almost identical to the
control case, setups 4 and 5 featured a distinct elevation of
this region.

In order to evaluate the differences in magnetic fields
produced from healthy and ischemic source configura-
tions, we visualized the MCG signals on the sensor plane
at the same time instance t = 200 ms (see Fig. 2, lower
row). Note that the MCG maps for the control case and
setup 3 showed a very similar pattern, whilst other is-
chemia setups revealed more distinct positive and negative
pole location shifts. The correlation coefficients between
the healthy case and setups 1-5 were 92.79 %, 92.52 %,
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Figure 2: BSPM (upper row) and MCG (lower row) of the control case and ischemia simulation setups 1-5.

99.57 %, 89.02 % and 86.9 %, respectively. In Fig. 4 and
5 MCG signals minima and maxima for all sensors for
the simulated heart cycle are plotted. While the QRS-
complexes of the control and ischemic cases stayed very
similar, the most prominent changes arose during the ST-
segment and T-wave time intervals. The largest amplitude
difference was achieved for setups 4 and 5.
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Figure 3: ECG at Wilson V4 lead for the control case and
simulation setups 1-5.

4. Discussion and conclusions

In the last decades there have been discussions and argu-
ments concerning additional information content provided
by magnetic field measurements. One possible application
of MCG could be detection of electrically silent ischemia
that mostly manifests in the ST-segment shift in the ECG.
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Figure 4: Largest positive MCG signal for the control case
and simulation setups 1-5.

Although the BSPM improve the detection rate compared
to the standard 12-lead ECG [11], some cases are still in-
distinguishable from the healthy one.

The complementary nature of MCG and ECG for pa-
tients with ischemic heart disease was demonstrated by
Lant et al. in [6]. In many clinically reported cases, MCG
showed morphological changes in the QRS-complex, ST-
segment shifts and T-wave alterations resembling those in
the ECG [12]. In several studies for acute ischemia patients
and patients with myocardial infarction showing non-ST-
changes, MCG was able to detect the heart disease [13,14].

In contrast to these findings, we did not observe any im-
provement in the detection of ischemia with no ST-shift in
the ECG. In our work, the compensation effects leading to
non-ST-segment shift and no changes in MCG could prob-
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Figure 5: Largest negative MCG signal for the control case
and simulation setups 1-5.

ably be caused by the simplified elliptical form of the sim-
ulated ischemia. Therefore, further ischemia simulation
studies with varying geometrical forms, sizes and locations
are mandatory for evaluation of MCG performance for is-
chemia patients [15]. Furthermore, it should also be tested
in simulation and clinical studies whether a combination
of both approaches and application of new spatio-temporal
ECG-MCG markers would improve detection rates for non
ST shift ischemia patients.
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J, Oikarinen L, Simelius K, Toivonen L, Katila T. Magneto-
cardiographic and electrocardiographic exercise mapping in
healthy subjects. Annals of biomedical engineering 2001;
29(6):501509.

[4] Mantynen V, Konttila T, Stenroos M. Investigations of sen-
sitivity and resolution of ECG and MCG in a realistically

shaped thorax model. Physics in Medicine and Biology
2014;59(23):7141–7158.

[5] Roth BJ, Wikswo JPJ. Electrically silent magnetic fields.
Biophys J 1986;50(4):739–745.

[6] Lant J, Stroink G, tenVoorde BJ. Complementary nature
of electrocardiographic and magnetocardiographic data in
patients with ischemic heart disease. Journal of Electrocar-
diology 1990;23(4):315–322.
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