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Abstract

Myocardial ventricular ischemia arises from the lack
of blood supply to the heart, which may cause abnormal
excitation wave conduction and repolarization patterns in
the tissue, leading to cardiac arrhythmias and even
sudden death. Current diagnosis of cardiac ischemia by
the 12-lead electrocardiogram (ECG) has limitations as
they are insensitive in many cases and may
showunnoticeable differences compared to normal
patterns. As the magnetic field provides extra information
of cardiac excitation and is more sensitive to tangential
currents to the surface of the chest, whereas the electric
field is more sensitive to radial currents, it has been
hypothesized that the magnetocardiogram (MCG) may
provide a complementary methodto the ECG in ischemic
diagnosis. However, it is unclear yet about the differences
in the sensitivity of the ECG and MCG signals to
ischemic conditions. The aim of this study was to
investigate such differences by using multi-scale
biophysically detailed computational models of the
human ventricles and torso model, to simulate normal
and ischemic conditions.

1. Introduction

Ischemic heart disease is one of the principal causes of
death in developed countries and worldwide [1-3].
Coronary artery occlusion can cause, within hours, cell
death in ischemic myocardium [1]. This results from a
lack of blood flow to the heart which decreases partially
or completely the oxygen supply to the cell, damaging the
muscle [1]. Significant ischemic regions within the heart
can promote abnormal excitation wave conduction and
repolarization patterns, leading to ventricular arrhythmias
and even sudden cardiac death [4,5]. Therefore, being
able to detect, quantify and locate the site ofacute
transient ischemic regions in the heart by non-invasive
techniques is a clinically important challenge [3,6]].
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The 12-lead electrocardiogram (ECG) has been
implemented as a standard bedside evaluation procedure
for cardiac condition diagnosis for multiple decades.
Unfortunately, the standard 12-lead ECG has been shown
to be insensitive to cardiac ischemia; the ECG waveforms
of patients with ischemia may only differ by 70-85%
compared to normal patients [3,4,6,7]. This therefore
suggests that the 12-lead ECG provides insufficient
information for satisfactory ischemia diagnosis. Other
non-invasive techniques, including radionuclide methods,
magnetic resonance imaging and positron computed
tomography, are far more sensitive to the detection of
ischemia. However, they are highly expensive andtime
consuming, and therefore not practical for day-to-day,
bedside monitoring and detection of asymptomatic
ischemia (i.e. which does not present as an arrhythmia)
[8,9].

Previous studies have shown that spatially extended
recordings of ECG configurations on the torso provide
more information for the diagnosis of irregular cardiac
conduction and repolarization patterns than the standard
12-lead ECG [7,9,10]. Moreover, the magnetic field
produced by the electrical activity of the heart may
provide a greater level of detail of cardiac excitation
compared to the body surface potential, because
magnetocardiograms (MCG) are more sensitive to
currents tangential to the surface of the chest than ECGs.
Combined with its high independent tissue
inhomogeneities in electrical resistivity inside the body
and on the skin [9,11,12],the MCG therefore provides a
potential practical alternative to the ECG for monitoring
the cardiac conditions. However, detailed correlation
between the presence of ischemia and the characteristics
of the MCG has yet to be established.

In this study, we compare and quantify the effect of the
presence of ventricular ischemia on the 36-lead ECG and
MCG using multi-scale computational models of the
human heart and torso.

2. Methods

Biophysically detailed computational models of the
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human ventricles in 1D, 2D and 3D were incorporated
into a heart-torso model to simulate normal and ischemic
conditions (Figure 1). The 1D ventricularmodelcomprises
of a strand 1.5 cm in length composed of 100 cells
connected through gap junctions (Figure 1A). The 2D
ventricular model comprises of a slice through the right
and left ventricles, segmented from the female visible
human dataset [13] (Figure 1A).The 3D ventricular
anatomical model was previously developed and is also
segmented into the major distinctive regions in the heart
[14] (Figure 1A). All of the models incorporated
anatomical structures and detailed electrophysiological
heterogeneity with cellular electrophysiology being
modelled by the Ten Tusscher et al. single cell model
[15].

In simulations, four different -electrophysiological
conditions for acute ischemia-induced changes in cardiac
electrophysiology were considered: (i) an increase in
extracellular  potassium  concentration;  (ii)  both
extracellular and intracellular acidosis; (iii) anoxia; and
(iv) integrated action of (i)-(iii), following the work of
Shaw and Rudy for implementing ischemic parameters in
the models [16].
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Figure 1. Multi-scale computer models of the human
ventricles and torso. (A) 1D, 2D and 3D ventricular
models used to simulate the normal and ischemic
conditions. (B) Torso model and positions of the
electrodes/sensors in the surface of the body, used to
measure the MCG and ECG signals through the BEM
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Figure 2.Simulated action potentials (APs) of the
normal (Control) and integrated ischemic conditions. (A)
Endocardium. (B) Myocardium cell. (C) Epicardium.

Figure 2 shows the action of ischemia on the action
potential of three different ventricular cells: Endocardium
(Figure 2A), Mid-myocardium (Figure 2B) and
Epicardium (Figure 2C). It was shown that ischemia
caused an elevation in the resting potential, reduced
amplitude of AP and shorter action potential durations
(APDs) at the cellular level.

To simulate ECG and MCG, the ventricle models were
placed within a previously developed torso model which
considers the presence of lungs, liver, blood masses and
spinal cord, each of them with different electrical
conductivity [17]. A boundary element method was used
to compute the magnetic field and the electric potentials
on the surface of the body, resulting from the electrical
activity on the surface of the ventricular tissue-models
(Figure 3). Elements of the torso mesh corresponding to
the locations of the electrodes and magnetic sensors were
selected to simulate 12- and 36- lead ECGs and 36-lead
MCG (Figure 1B).

The body surface potentials and multi-lead ECG
configurations were validated in previous studies [17].
The polarity patterns of the MCG signals was compared
to experimental data.

At the tissue level, we considered three different
extents and locations of ischemia, covering (i) the whole
epicardial region; (ii) the whole midcardial region; and
(iii) the whole endocardial region.
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Figure 3.Validation of the simulated ECG and MCG.
(A) Electric and magnetic fields produced by the 3D
ventricular model. The black arrows show the direction of

the electric potential, while the green arrows show the
direction of the magnetic field, consistent with the right
hand rule and the calculation of BZ. (B) Comparison of
the magnetic experimental data [18] (red line) and the
simulated data (blue line) of two different lead position
D3 and D4.

4. Results

During normal conditions, the simulated QRS complex
and T-waves of the ECG and MCG showedstrong
agreement to experimental data (Figure 3B), which
validated the multi-scale models of the ventricle.

Figure 4 shows the effects of the ischemic conditions
on the ECG and MCGs. The presence of ischemia
resulted in only minor alterations to the 12-lead
ECGcompared to control (normal conditions). The 36-
lead ECG and MCG provided more information
compared to the 12-lead ECG; more significant
alterations to the waveforms of the ECG and MCG maps
were observed in specific regions. Primarily, the ST
segment was more affected by the presence of ischemia in
both ECG and MCG (Figure 4), consistent with previous
studies [8,11].

In the 1D model, small differences between ECG and
MCG ischemic conditions were observed. In most of the
ischemic conditions, the relative differences compared
with normal conditions were on the same order of
magnitude for both ECG and MCG data, where a delay of
40 ms of QRS complex was seen. However, marked
changes were seen in the T-wave, which was dependent
onassociated ischemic regions (i.e., celltype), which
could even lead to a change in the polarity of the T-wave
(Figure 4A).
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In the 2D model, both ECG and MCG showed marked
alterations to the ST-segment due to the presence of the
ischemic conditions. The precise alterations were highly
dependent on the anatomical region (and associated
celltype) in ischemia (Figure 4 B); the T-wave was more
affected by the presence of ischemia in the Epicardium
compared with the Endocardium and Mid-Myocardium,
which showed changes up to 40% of the amplitude.
Unlike the 1D case, the MCG in this case was more
sensitive to certain ischemic conditions than the ECG.

Also, in the specific ischemic condition with an
elevated extracellular potassium concentration
(Ko=10mM) in the 2D model (Figure 4B), marked
changes in the ST-segment in both of calculated ECG and
MCG were observed. However, whereas the T-wave of
the ECG was almost unaffected by the ischemic
condition, marked changes in the T-wave of MCG were
observed in some ischemic cases (depending on ischemic
location, i.e. celltype), especially when ischemia was in
the Epicardium.

Results from the 3D model simulations are still under
development and analysis, but preliminary results showed
greater sensitivity of the MCG than the ECG to ischemia,
in accordance with results from 2D simulations.
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Figure 4. QRS complex and T-wave of lead D4 of
ECG and MCG under control and ischemic condition in
one of the three different regions models: Normal (black
line), Epicardium (red line), Myocardium (green line) and
Endocardium (blue line). (A) 1D model with the
integrated ischemic condition. (B) 2D model with the
integrated ischemic condition.



5. Conclusion

Computer modelling provides a useful tool to compare
the electric and magnetic field produced by the electrical
activity of the heart during normal and ischemic
conditions, which is a challenging task in clinical settings.
Usingbiophysically detailed models of 1D, 2D and 3D
human ventricle and torso, we have compared the
sensitivity of the ECG and MCG in response to ischemic
conditions, to identify the advantages that the MCG may
offer.

Our simulation results show that the 12-lead ECG is
insufficient to provide effective diagnosis of the ischemia,
whereas the 36-lead ECG and in particular MCG offer
advantages in the identification of ischemic conditions.
The T-wave and ST segment present the most significant
alterations under ischemic conditions, indicating a
primary effect on ventricular repolarisation. These
repolarisation heterogeneities may play an important role
in the development of arrhythmias and thus identification
of these alterations may prove valuable in early diagnosis
and treatment.

References

(1]
(2]

Katz AM. Physiology of the Heart. Lippincott Williams
& Wilkins; 2006. 670 p.

Pagidipati NJ, Gaziano TA. Estimating Deaths From
Cardiovascular Disease: A Review of Global
Methodologies of Mortality Measurement. Circulation.
2013 Feb 12;127(6):749-56.

Hamm CW, Bassand J-P, Agewall S, Bax J, Boersma E,
Bueno H, et al. ESC Guidelines for the management of
acute coronary syndromes in patients presenting without
persistent ST-segment elevation. Eur Heart J. 2011 Dec
1;32(23):2999-3054.

Taggart P, Sutton PMI, Boyett MR, Lab M, Swanton H.
Human Ventricular Action Potential Duration During
Short and Long Cycles Rapid Modulation by Ischemia.
Circulation. 1996 Nov 15;94(10):2526-34.

Ghuran AV, Camm AJ. Ischaemic heart disease
presenting as arrhythmias. Br Med Bull. 2001 Jan
10;59(1):193-210.

Cohen JL, Chan KL, Jaarsma W, Bach DS, Muller DW,
Starling MR, et al. Arbutamine echocardiography:
efficacy and safety of a new pharmacologic stress agent
to induce myocardial ischemia and detect coronary artery
disease. The International Arbutamine Study Group. J
Am Coll Cardiol. 1995 Nov 1;26(5):1168-75.

Stilli D, Musso E, Macchi E, Manca C, Dei Cas L, Vasini
P, et al. Body surface potential mapping in ischemic
patients with normal resting ECG. Can J Cardiol. 1986
Jul;Suppl A:107A - 112A.

(3]

(4]

(5]

(6]

(7]

520

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Tolstrup K, Madsen BE, Ruiz JA, Greenwood SD,
Camacho J, Siegel RJ, et al. Non-invasive resting
magnetocardiographic imaging for the rapid detection of
ischemia in subjects presenting with chest pain.
Cardiology. 2006;106(4):270-6.

Hailer B, Chaikovsky I, Auth-Eisernitz S, Schafer H,
Van Leeuwen P. The value of magnetocardiography in
patients with and without relevant stenoses of the
coronary arteries using an unshielded system. Pacing
Clin Electrophysiol PACE. 2005 Jan;28(1):8-16.

Kittnar O, Slavicek J, Vavrova M, Barna M, Dohnalova
A, Malkova A, et al. Repolarization pattern of body
surface potential maps (BSPM) in coronary artery
disease. Physiol Res Acad Sci Bohemoslov.
1993;42(2):123-30.

Kwong JSW, Leithduser B, Park J-W, Yu C-M.
Diagnostic value of magnetocardiography in coronary
artery disease and cardiac arrhythmias: a review of
clinical data. Int J Cardiol. 2013 Sep 1;167(5):1835-42.
Geselowitz DB. Electric and Magnetic Field of the Heart.
Annu Rev Biophys Bioeng. 1973;2(1):37-64.

Ackerman MJ. The Visible Human Project. Proc IEEE.
1998 Mar;86(3):504-11.

Adeniran I, McPate MJ, Witchel HJ, Hancox JC, Zhang
H. Increased Vulnerability of Human Ventricle to Re-
entrant Excitation in hERG-linked Variant 1 Short QT
Syndrome. PLoS Comput Biol. 2011 Dec
15;7(12):¢1002313.

ten Tusscher KHWJ, Noble D, Noble PJ, Panfilov AV. A
model for human ventricular tissue. Am J Physiol Heart
Circ Physiol. 2004 Apr;286(4):H1573-89.

Shaw RM, Rudy Y. Electrophysiologic effects of acute
myocardial ischemia: a theoretical study of altered cell
excitability and action potential duration. Cardiovasc
Res. 1997 Aug;35(2):256-72.

Perez-Alday EA, Colman MA, Langley P, Butters TD,
Higham J, Workman AJ, et al. A New Algorithm to
Diagnose Atrial Ectopic Origin from Multi Lead ECG
Systems - Insights from 3D Virtual Human Atria and
Torso. PLoS Comput Biol. 2015 Jan 22;11(1):e1004026.
Zhang C, Tang F, Ma P, Gan Z. A simplified HTc rf
SQUID to analyze the human cardiac magnetic field. AIP
Adv. 2014 Dec 1;4(12):127131.

Acknowledgements
This work was supported by CONACyYT and EPSRC
project grant.

Address for correspondence.
Erick Andres Perez Alday
erickandres.perezalday @postgrad.manchester.ac.uk





