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Abstract

During acute cardiac ischemia, electrophysiological

properties of the affected tissue are altered in the subendo-

cardium firstly. If the occlusion worsens, the effects spread

transmurally. Diagnosis of cardiac ischemia, which should

be improved by computer simulations, is based on shifts of

the ST segment. In this work, we simulated heterogeneous

ischemic regions with varying transmural extent. The exci-

tation propagation and ECGs were calculated for the dif-

ferent setups. We showed that ST segment polarity can be

dependent on the transmural extent of the ischemic region.

In case of subendocardial ischemia, short action potentials

were initiated in the ischemic zone causing a slight trans-

mural gradient of the transmembrane voltage. Therefore,

the ST segment was depressed in leads near the ischemic

region in the chosen case. During transmural ischemia,

this gradient showed in the opposite direction from epi-

cardium to endocardium leading to ST segment elevation.

1. Introduction

Acute cardiac ischemia, which often leads to lethal heart

failure or severe ventricular arrhythmias, is characterized

by a deficient blood supply of the heart muscle due to the

occlusion of a coronary artery. Consequently, a shortage of

nutrients and oxygen as well as an insufficient removal of

metabolic waste products can be observed. Mainly three

effects occur during the course of acute ischemia: hyper-

kalemia, acidosis and hypoxia. Due to these changes, some

electrophysiological characteristics are modified: The rest-

ing transmembrane voltage increases, the action potential

duration (APD) decreases, the refractory period is pro-

longed, the conduction velocity (CV) is reduced and the

excitability is altered [1]. Furthermore, these effects ap-

pear in the subendocardium at first (subendocardial is-

chemia). This is due to the greater distance to the coronary

arteries and the greater myocardial contraction, blood flow

and metabolic activity there. If the occlusion of the artery

worsens or continues for longer periods, ischemia and
later on necrosis spread transmurally towards the subepi-

cardium [2], which is called transmural ischemia.

In clinical practice, shifts of the ST segment of the elec-

trocardiogram (ECG) are an important indicator of cardiac

ischemia. They are caused by so-called injury currents

flowing between ischemic and healthy tissue. The direc-

tion of the shift depends on the transmural extent of is-

chemia [3]. This can be explained by vectors caused by

the injury currents. During subendocardial ischemia, this

ST vector points away from the injury region leading to ST

depression in leads close to the ischemic region, whereas it

is directed towards the injury in case of epicardial ischemia

causing ST elevation [4]. However, the exact mechanisms

responsible for these shifts are still incompletely under-

stood and the diagnosis based on ST segment elevation or

depression is discussed extensively [4].

In this work, the impact of the transmural extent of is-

chemia on the ECG is investigated using computer sim-

ulations. The aim is to better understand the underlying

effects and to improve the early diagnosis of ischemia.

2. Methods

The anatomical models of the ventricles and thorax used

for the simulation of cardiac excitation propagation and

for the calculation of body surface potential maps (BSPM)

were derived from MR images of a healthy volunteer. The

cardiac fiber orientation was modeled using a rule-based

method as in [5].

The electrophysiology of ventricular endocardial, mid-

myocardial and epicardial cells was described based on the

cardiac cell model developed by ten Tusscher et al. in 2006

[6]. Modifications of Weiss et al. [1] modeled the main ef-

fects of acute cardiac ischemia ten minutes after the oc-

clusion of a coronary artery: hyperkalemia, acidosis and

hypoxia. For this purpose, e.g. an ATP-sensitive potassium

current was added. However, the formulation of the half-

maximum inhibition constant Km of this channel was ad-

justed, so that the current was inhibited at healthy ADP

concentrations leading to Km = (−151.0919 + 75.5379 ·
[ADP ]0.256i ) ·Km,factor. Furthermore, electrophysiologi-

cal transmural and apico-basal heterogeneities were incor-

porated to allow a realistic excitation and repolarization
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itive values due to the increased resting voltage in the is-

chemic region. However, a comparison of the ST segment

shifts with the control case would be closer to the clinical

setting, if the baseline was also shifted to zero in case of is-

chemia. For this purpose, the ischemia related offset of the

baseline in lead V4 should be subtracted, which happens

in clinical practice during baseline wander removal using

high-pass filters. In this case, the ST segments of the is-

chemia setups would be more negative. As a consequence,

a setup between Ischemia6 and Ischemia7 instead of Is-

chemia5 would show a similar ST segment as the control

case. However, the shift of the TQ segment gives further

information about the occlusion site, since it can be ob-

served only in leads close to the ischemic region. Due to

this, the baseline was not corrected in case of ischemia.

The diagnosis and localization of acute cardiac ischemia

can sometimes be very difficult. The example presented

in this work showed that the detection of some non-

transmural ischemia setups can be hard. For example, the

ST segment shift was small or not visible, which would

be even worse in real measurments with noise. In general,

the diagnosis of acute ischemia using ECG measurements

strongly depends on the occlusion site and the location of

the electrodes. As proposed in [11], the electrode posi-

tions should therefore be optimized regarding this diagnos-

tic task.

As already described in [8], ST depression does not nec-

essarily have to be the reciprocal effect of ST elevation in

leads whose positive pole is directed opposite to the lead

registering ST depression. Our simulations also showed

that subendocardial ischemia with injury currents in trans-

mural direction causes negative ST segment shifts in leads

close to the ischemic region as well.

However, the simulations of cardiac ischemia still can be

improved. The morphology of the ischemic regions could

be modeled more realistic using a diffusion model of the

blood supply in the coronary arteries. Furthermore, other

occlusion sites, different sizes of the ischemic region and

relations between CIZ and BZ should be simulated for ex-

tended investigation of the effects of cardiac ischemia.
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