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Introduction and outline

The electrocardiogram (ECG) is commonly used to evaluate the electrical activity of the
heart. Due to its non-invasive character and diagnostic power,' it has become one of the
most essential tests that cardiologists use in their daily practice. The ECG results from
the potential difference between the electrodes which is generated by the transmem-
brane currents running in extracellular space. Implementation of the ECG in the clinical
practice dates from the early 20" century when the Dutch physiologist Willem Einthoven
modified the string galvanometer as an ECG recorder with a very high sensitivity.” Prior
to this, he also had contributed significantly to the description of the ECG.>* The 5 typical
deflections in the ECG were named P-Q-R-S-T.

Before the first description of the ECG, investigators were already occupied with the
electrical activity within the heart. In 1856, Kolliker and Miiller developed an inventive
method to investigate the cardiac electrical properties.* They positioned the cut end of a
frog sciatic nerve - still attached to the musculus gastrocnemius — on the surface of the
ventricle of the heart. A contraction of the gastrocnemius was observed just before sys-
tole of the heart, which is nowadays known as the depolarization phase and manifests
as a QRS complex on the ECG.* Kélliker and Miiller were astonished to observe in some
preparations also a second twitch of the frogs leg at the beginning of diastole. Today, we
ascribe this second twitch to the repolarization phase of the heart and identify it as the
T wave on the ECG.*®

Currently, the physiology and pathophysiology underlying the QRS complex are well
understood. Dirk Durrer provided in 1970 the first complete description of the activation
in the human heart and related it to the QRS morphology.® Since then, many studies were
performed to scrutinize abnormal QRS morphologies in conducted and ectopic beats
and their relation with the underlying activation.”® Knowledge of the T wave and the
corresponding repolarization pattern is however less crystalized. T waves are especially
difficult to interpret in ventricular rhythms or rhythms with aberrant ventricular conduc-
tion. When the subject has an AV-conducted rhythm, we can merely denote the T wave
as having a normal or abnormal morphology and indicate whether it is prolonged or
shortened. Nevertheless, T waves hold valuable information on arrhythmogenesis, as
T wave abnormalities have indisputably been associated with life-threatening arrhyth-
mias.""°

Although major efforts have been made to reveal the exact relation between the
typical waveform of the T wave to the underlying repolarization pattern, a thorough
description of the T wave is still lacking. A reason for this is that a detailed observation
of the T wave - as was done with the QRS complex - is complicated. The QRS complex
results from the electrical inhomogeneity during the depolarization phase. Depolariza-
tion is a fast process that causes large transmembrane currents and potential differences
(about 25 millivolt) over short distances (about 1 millimeter) between excitable and
non-excitable cells.* The T wave results from the electrical inhomogeneity during the
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repolarization phase. In contrast to depolarization, repolarization is a relatively slow
process and leads to smaller potential differences over larger distances.” In addition, the
contribution of cellular coupling in reducing the potential differences is larger during
repolarization than during depolarization." The QRS complex is caused by conduction,
in which cellular coupling is essential. The T wave is, however, mainly caused by the
intrinsic property of individual cardiomyocytes (action potential duration), which is
modulated by the amount of cellular coupling, causing more or less ‘synchronization’ of
repolarization.'” Consequently, repolarization results in a small and widespread dipole,
which is more difficult to measure and to interpret. In recent years technology has im-
proved and enabled recordings of multiple channels. This has facilitated more accurate
and simultaneous analyses of T waves and repolarization.

Repolarization can be influenced by multiple factors, like temperature,'® ischemia,"
potassium level,'" stretch,’” sympathetic activation'” and variants in genes encoding
cardiac ion channels."®" These factors may accordingly modulate the vulnerability for
arrhythmias. Therefore, the T wave holds valuable information for diagnostics and risk
stratification. Yet, knowledge about the genesis and modulation of the T wave is incom-
plete. This thesis focuses on elucidating the physiological as well as pathophysiological
aspects of the T wave and explores the explicit effects that diverse factors (pressure,
current, autonomic nervous system) have on the T wave morphology. The thesis also
touches on the translation of results from animal studies to the human ECG.

In order to understand the pathophysiology it is essential to first obtain a thorough
understanding of the normal physiology. Therefore, this thesis starts with a detailed
description of the T wave of a normal pig heart in relation to its underlying ventricular
repolarization (Chapter 2). This chapter considers the differences in repolarization along
the large anatomical axes within the heart (left-right, anterior-posterior, apico-basal and
transmural) and gives an explanation for the origin of the T wave peak.

After obtaining insights in the genesis of the normal T wave, this thesis focuses on
its modulation by ventricular pressure that induces stretch on the ventricular wall. For
decades we are aware of the phenomenon that stretch - by mechano-electric coupling
- impacts on the ventricular action potential and arrhythmogenesis.'®'® The time of
application of stretch relative to the phase of an action potential (AP) has differential
effects on AP duration, and thus on repolarization.”” Chapter 3 will deal with the ef-
fect of the normal left ventricular (LV) pressure pulse on the repolarization in early- and
late-activated myocardium. It discusses the relevance of physiological LV pressure in the
repolarization process within the heart. As stretch is in many diseases also a contributor
to arrhythmogenesis,” it is relevant to know how the stretch-induced changes in repo-
larization may be translated to the ECG. Therefore, the thesis continues in Chapter 4
with the exploration of the effects of LV pressure on the T wave morphology.
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In the clinical setting several ECG abnormalities are supposed to be related to ab-
normal repolarization. In the following chapters of this thesis the analyses of some of
these ECG abnormalities will be described. First, in Chapter 5, inferolateral J-waves on
the ECG will be considered. These inferolateral J-waves are also known as the early re-
polarization pattern and their presence have been associated with an increased risk for
life-threatening arrhythmias.” There is, however, an ongoing debate as to its underlying
mechanism. It was proposed that J-waves result from an prominent early repolarization
phase in the epicardial cardiomyocytes compared to the endocardial cardiomyocytes.”
An alternative mechanism is based on regional conduction slowing. Chapter 5 presents
the results of a study that tested whether repolarization abnormalities or depolarization
abnormalities may induce inferolateral J-waves on the ECG.

The long QT syndrome (LQTS) is characterized by a prolonged QT interval and as-
sociated with sudden cardiac death.”” Moreover, patients with LQTS often present with
typical T wave morphologies.”* The congenital LQT syndromes are classified according
to their associated genetic basis,” resulting nowadays in 15 different types.” Type 2 of
the LQTS (LQT2) encompasses one of the largest groups of LQTS patients and typically
manifests low amplitude bifid T waves.””® From the genetic perspective we learned that
in LQT2 a loss-of-function of the fast activating component of the delayed rectifier chan-
nels is involved.'® The mechanism by which the changes in repolarizing currents give rise
to the bifid T waves in LQT2 patients is not known. In Chapter 6 results are shown of a
dog model of dofetilide-induced LQT2, in which the relation between the repolarization
changes and the bifid T waves is investigated.

In patients with LQTS, T wave abnormalities are not always present on the ECG and in
absence of a marked QT prolongation on the resting ECG, the diagnosis of LQTS is less
straightforward. It has been shown that LQTS patients have an impaired adaptation of
the QT interval - i.e. repolarization duration — in response to a change in heart rate.”**°
Therefore, in the Academic Medical Center in Amsterdam, ECG tests are currently
performed to obtain information about the dynamics in QT adaptation. Chapter 7 de-
scribes the results on the evaluation of the beat-to-beat QT and TQ (i.e. diastole on ECG)
responses to sudden standing in LQTS patients compared to healthy controls. These
results indicate differences between the groups of individuals. In this chapter a new
metric is proposed, which may possibly distinguish LQTS patients from healthy persons.

The last chapter of this thesis provides a comprehensive discussion dealing with all
subjects mentioned above, and future perspectives will be presented.
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