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Prologue, Outline and Synopsis

Prologue

The original idea behind this thesis was to elaborate on repolarization 
abnormalities associated with specific mutations within subtypes of the long
QT syndrome (LQTS). Despite the fact that the number of  patients affected by 
this rare disease is by far outnumbered by the total of  individuals suffering from 
ischemic heart disease and heart failure, LQTS is of  a certain interest, because 
of  the attractive simplicity of  a (seemingly) monogenetic disease. The idea that 
a mutation in a single gene provides a simple causal explanation for a serious 
disease, carries the promise of  future control of  heart disease in general.

Einthoven described the ECG as early as in 1895 [1] and we understand 
the process of  activation of  the human ventricle in detail, including its transla-
tion into the QRS complex of  the surface ECG, thanks to the seminal work of  
Durrer and colleagues [2]. Such knowledge is not available for the repolarization 
process of  the human ventricles. From an intellectual point of  view it appears 
unacceptable to me that we still, after more than 100 years do not fully under-
stand how this repolarization process translates into the T-wave of  the ECG. 
Had Durrer and colleagues [2] just looked another 350 msec later in their sets 
of  data, we might have understood a lot more nowadays of  repolarization and 
the T-wave, as pointed out recently by Coronel [3]. A major problem in under-
standing the T-wave is that the large majority of  signals during repolarization is 
in fact cancelled [4]. Moreover we can transform cardiac repolarization data into 
the T-wave, but not the reverse, a problem well recognized by biophysicists and 
known as ‘the inverse problem’ [5].

Over time, thinking about rare peculiarites in the repolarization process 
of  the ventricle started to feel as building a house on ice. Therefore my inter-
est moved from rare aberrations in the repolarization process to its more basic 
features. The latter is reflected in the more extensive chapters 2 and 3 of this
thesis, whereas some of  the aberrations associated with LQTS are described in 
the chapters 4 till 9, which have the more usual format of  journal papers. 
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Prologue, Outline and Synopsis

Outline of thesis

The chapters in this thesis are not identical to the papers which were de-
duced from them. On the first page of each chapter I have explicitly mentioned
where one or more of  the associated papers were published. In addition I pro-
vide the reader here with a brief  outline per chapter, including information on 
the associated papers.

Chapter 2 extensively reviews the repolarization process in relation with 
the genesis of  the T-wave. We assess the clinically accepted way of  correcting 
the QT interval of  the ECG for changes in heart rate and we pay attention to 
the effects of  the sympathetic nervous system on several electrophysiological 
parameters. The large bulk of  this material has been published in:
- Conrath CE, Opthof T. Ventricular repolarization. An overview of (patho)physiology, 
sympathetic effects and genetic aspects. Prog Biophys Mol Biol 2006; (in press).
A small part of  chapter 2, focusing on the genesis of  the U-wave has been pub-
lished in:
- Conrath CE, Opthof T. The patient U wave. Cardiovasc Res 2005; 67: 184-186.

Chapter 3 describes the effect of  variation of  the repolarizing currents  
IKr and IKs on action potential duration, studied in a single cell computer model. 
Furthermore a computer simulation of  transmurally and longitudinally oriented 
strands is used to study the relation between intercellular gap junctional coupling 
and transmural dispersion of  repolarization time. The role of  M cells is assessed 
with special attention for the human heart. Finally, we pay attention to the fact 
that the endocardial-epicardial gradient in repolarization time, which has been 
thought to underlie the concordance between QRS complex and T-wave in most 
of  the standard leads of  the human ECG, in fact does not exist, at least in the 
human heart. The chapter is an amalgam of  three papers on human ventricle, 
of  which the first focuses on the literature on M cells, the second on the role of
M cells and the third on the role of  the (virtually non-existing) endo-epicardial 
gradient in repolarization time.
- Opthof T, Conrath CE, Wilders R, Taggart P, Coronel R. The transmural gradient  
 of action potential duration in the in vivo human heart and in model simulations:  
 is there a contribution of M cells ? Einthoven 2002. Hundred years of  
 electrocardiography, ed. by Schalij MJ, Janse MJ, van Oosterom A, Wellens HJJ,  
 Van der Wall EE.  The Einthoven Foundation, Leiden (2002), pp. 311-317.
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- Conrath CE, Wilders R, Coronel R, de Bakker JMT, Taggart P, de Groot JR, 
  Opthof T. Intercellular coupling through gap junctions masks M cells in the human 
  heart. Cardiovasc Res 2004; 62: 407-414.
Under review:
- Conrath CE, Wilders R, Coronel R, de Bakker JMT, Taggart P, de Groot JR,  
 Opthof T. Transmural repolarization does not underlie the T wave in the human 
 heart. Correlation between in vivo data and computer simulations. 

Chapter 4 describes the prolongation of  the QT/QTc interval in relation 
with dispersion in QT intervals in asymptomatic and symptomatic patients suf-
fering from (genetically based) LQTS1 and LQTS2. It appears that not only the 
gene involved, but also type and location of  the mutation, play a role in clinical 
characteristics. This chapter primarily describes the patient population and its 
novelty is only incremental. It is well known that prolonged QTc intervals im-
pose a risk for LQTS patients and the same is pertinent with respect to increased 
dispersion. Our observation that patients with longer QTc intervals indeed also 
have larger dispersion has not previously been reported.
Under review:
- Conrath CE, van Tintelen, JP, van Langen IM, Jongbloed RJE, Alders M,  
 Doevendans PA, Hauer RNW, Opthof T. Electrocardiographic differences between  
 LQTS1 and LQTS2 patients with different types of mutations: predictors for  
 symptomatology.

In chapter 5 the effect of  ß-adrenoceptor blockade is analyzed in our 
patient group and factors that are related to failure or success of  treatment are 
identified. The study is in principle in revision, but because we wish to extend
the follow-up period considerably, we anticipate a de novo submission of  this 
material in the future.
Under revision:
- Conrath CE, van Tintelen, JP, van Langen IM, Jongbloed RJE, Alders M,  
 Doevendans PA, Hauer RNW, Opthof T. Predictors for efficacy of ß-adrenoceptor 
 blockade in symptomatic LQTS1 and LQTS2 patients.

Chapter 6 focuses on gender related aspects of  LQTS1 and LQTS2, be-
cause it is known that women are more susceptible to symptoms based on a pro-
longed QTc interval. The chapter is a mixture of  two of  our published papers.
- Conrath CE, Wilde AAM, Jongbloed RJE, Alders M, Van Langen IM, 
 Van Tintelen JP, Doevendans PA, Opthof T. Gender differences in the long QT  
 syndrome. Effects of ß-adrenoceptor blockade. Cardiovasc Res 2002; 53: 770-776. 
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Prologue, Outline and Synopsis

- Opthof T, Conrath CE. Gender differences in diseases with a genetic background.  
 Proc Physiol Soc 2005; 231P-232P.

Patients suffering from the several LQTS subtypes differ in responsiveness 
to all kinds of  external stimuli. These differences between LQTS1 and LQTS2 
patient groups are described in chapter 7. The latter chapter, originally published 
in 1999, appeared a little outdated from the molecular biological point of  view. 
The fact that our interpretation of  the data on triggering phenomena in LQTS1 

and LQTS2  patients has changed, was the main reason for revising the original 
paper. Previously, we followed the reasoning that differences in responses to 
exercise and to acoustic stimuli might be explained by systemic vs. more local 
release of  catecholamines in respectively LQTS1 and LQTS2 patients. Here we 
provide an alternative explanation based on the underlying channel kinetics of  
the slow and rapid rectifier current rather than on differences in catecholamine
release.
Original publication:
- Conrath CE, Jongbloed RJE, van Langen IM, van Tintelen JP, Hauer RNW, 
 Robles de Medina EO, Düren DR, Hoorntje TM, Lubbers LJ, Doevendans PAFM,  
 Mannens MMAM, Geelen JLMC, Smeets HJM, Wilde AAM. Gene-specific 
 distribution bof cardiac events in LQTS1 and LQTS2. Cardiologie (Neth Heart J)  
 1999; 6:254-259.

 Chapter 8 describes the occurrence of  triggers for cardiac events in rela-
tion with specific mutations in a larger group of LQTS2 patients. The material 
has not yet been submitted for publication and only appeared as an abstract.

In chapter 9 we have simulated the observed aberrations in LQTS1 and 
LQTS2 patients in a similar simple model strand as used for normal human ven-
tricle in chapter 3. Here -again- we question the supposed importance of  trans-
mural inhomogeneity and we focus on the pivotal role of  intercellular coupling. 
This chapter is based on a published paper and a paper under review.
- Conrath CE, Wilders R, Jongsma HJ, Opthof T. Modeling of the long-QT syndrome  
 type 1 and 2. In: Proceedings of the 25th Annual International Conference of the  
 IEEE Engineering in Medicine and Biological Society; 2003: 48-50.
Under review:
- Conrath CE, Wilders R, Opthof T. QT interval and dispersion in LQTS1 and  
 LQTS2. Role of M cells.
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Finally, we provide a Dutch summary in chapter 10. An English summary 
is provided in the separate leaflet which focuses on the key figure of each chap-
ter with a brief  explanation.
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Prologue, Outline and Synopsis

Synopsis

Treatment with ß-adrenoceptor blocking agents of  patients with LQTS1 
or LQTS2 prolongs QT intervals, but shortens QTc intervals. This is the very 
simple outcome from the fact that the treatment prolongs QT intervals, but that 
it lengthens RR intervals even more (see the Discussion section of  chapter 5 for 
details). The QTc interval has no obvious physiological meaning. Treatment with 
ß-adrenoceptor blocking agents has some remarkable effects. It is successful in 
groups of  patients suffering from prolonged QT intervals (chapter 5). In LQTS1 
and LQTS2 patients the symptomatology is correlated with the severity of  the 
prolongation (chapter 4). The paradox in the success of  the treatment (chapter 
5) lies in the fact that the treatment itself  increases the malignantly prolonged 
QT intervals even further (chapter 5). Readers searching for an answer to this 
paradox may be disappointed after reading this thesis. We have no answer to 
this paradox other than to point at the prolongation of  the RR intervals during 
ß-adrenoceptor blockade. Most cardiac events occur during fast heart rates or 
at increased sympathetic tone, both of  which are diminished by ß-adrenoceptor 
blockade. A simple decrease in heart rate might thus be the common denomi-
nator of  the success rate of  ß-adrenoceptor blocking agents as antiarrhythmic 
agents in such widely separated cardiac diseases as acute ischemia, healed myo-
cardial infarction, heart failure and genetically based diseases as LQTS. Despite 
the fact that I consider the QTc interval an empty shell from the physiological 
point of  view, I cannot escape from the important observation that treatment 
with ß-adrenoceptor blocking agents corrects QTc intervals and dispersion in 
QT intervals in patients that benefit from treatment to values observed in pa-
tients affected by the disease, but without symptoms even before treatment. 
This does not happen in patients in whom the treatment will be without effect. I 
therefore consider Figure 3 in chapter 5 as a key Figure of  this thesis. It is regret-
table that these observations are relevant for the patient groups as a whole and 
that the response of  individual patients comes with large individual variability 
(Figure 5 in chapter 5).
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Chapter 2

Ventricular Repolarization

An overview of (patho)physiology, sympathetic effects
and genetic aspects

Chantal E. Conrath and Tobias Opthof

Parts of this chapter have been published:
- Conrath CE, Opthof T. Ventricular repolarization. An overview of (patho)physiology, 
  sympathetic effects and genetic aspects. Prog Biophys Mol Biol 2006; (in press).
- Conrath CE, Opthof T. The patient U wave. Cardiovasc Res 2005; 67: 184-186.
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Ventricular repolarization

Abstract

Most textbook knowledge on ventricular repolarization is based on animal 
data rather than on data from the in vivo human heart. Yet, these data have been 
extrapolated to the human heart, often without an appropriate caveat. Here, we 
review multiple aspects of  repolarization, from basic membrane currents to cel-
lular aspects including extrinsic factors such as the effects of  the sympathetic 
nervous system. We critically discuss some mechanistic aspects of  the genesis of  
the T-wave of  the ECG in the human heart.

Obviously, the T-wave results from the summation of  repolarization all 
over the heart. The T-wave in a local electrogram ideally reflects local repo-
larization. The repolarization moment is composed of  the moment of  local 
activation plus local action potential duration at 90% repolarization (APD90). 
The duration of  the latter largely depends on the balance between L-type Ca2+ 
current and the delayed rectifier currents. Generally speaking, there is an inverse
relationship between local activation time and local APD90, leading to less dis-
persion in repolarization moments than in activation moments or in APD90. In 
transmural direction, the time needed for activation from endocardium towards 
epicardium has been considered to be overcompensated by shorter APD90 at 
the epicardium, leading to the earliest repolarization at the subepicardium. In 
addition, mid-myocardial cells would display the latest repolarization moments. 
The sparse human data available however, do not show any transmural dispersion 
in repolarization moment. Also, the effect of  adrenergic stimulation on APD90 
has been studied mainly in animals. Again, sparse human data suggest that the 
effect of  adrenergic stimulation is different in the human heart compared to 
many other mammalian hearts. Finally, aspects of  the long QT syndrome are 
discussed, because this intrinsic genetic disease results from repolarization dis-
orders with extrinsic aspects.
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Introduction

One hundred years after Einthoven recorded his first ECG, cardiac re-
polarization is still not completely understood and a debated issue. Although 
the activation sequence of  the human heart has been unraveled in detail in the 
isolated heart (Durrer et al., 1970), the sequence of  repolarization in the healthy, 
let alone the diseased human heart awaits a comparable detailed analysis, because 
data on repolarization in the in vivo human heart are sparse and hard to obtain. 
This led to extrapolation of  animal data and studies in diseased human ventricle. 
Here, we review multiple aspects of  cardiac repolarization, ranging from ion 
channels to the inscription of  the T-wave on the body surface electrogram, its 
relation to arrhythmogenesis, and the influence of the sympathetic nervous sys-
tem. Finally, we address the long QT syndrome, a familial ion channel disorder.

Membrane currents, action potentials and arrhythmias

Membrane currents

Cardiac excitation and repolarization are based on the consecutive activa-
tion of  many membrane currents. Fig. 1 (adapted from Rosen, 2002) shows the 
role of  these currents during different phases of  the action potential. Differ-
ences in current densities result in variability in action potential configuration in
the respective cardiac tissues. The main depolarizing currents are the inward so-
dium current, giving rise to the upstroke of  the action potential, and the inward 
L-type calcium current, underlying the plateau phase. Two main repolarizing 
currents are the rapid (IKr) and the slow components (IKs) of  the delayed recti-
fier current. The balance between those depolarizing and repolarizing currents,
and their time and voltage characteristics, determine the duration and shape of  
the action potential. Mutations in both the gene encoding the sodium channel 
(SCN5A, (Wang et al., 1995)), the KCNQ1 gene (responsible for IKs, (Wang et 
al., 1996)) and the KCNH2 (HERG) gene (Curran et al., 1995), responsible for 
IKr), as well as mutations in the ß-subunits of  the KCNQ1 (Splawski et al., 1997) 
and KCNH2 genes (Abbott et al., 1999), are related to the long QT syndrome 
(see last section).
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The ventricular action potential is extremely long compared to action po-
tentials of  skeletal muscle or neural tissue. The duration of  the action potential is 
more or less equal to the duration of  the mechanic systole. Action potential du-
ration is also adapted to cycle length over a long physiological range. This serves 
three functions. First, the long ventricular action potential causes a very long re-
fractory period, preventing a physiological status like tetanus in skeletal muscle. 
Second, whenever the ventricular working myocardium is activated, the tissue in 
the wake of  the activation front is refractory, which prevents circular reactiva-
tion, known as “reentry” (Janse and Wit, 1989). Third, the duration of  the action 
potential is important for the amplitude and duration of  the calcium transient. 
This transient is based on influx of calcium ions during the plateau phase of the
action potential through L-type Ca2+ channels. In contrast to smooth muscle in 
which all Ca2+ needed for contraction has to pass the cell membrane, this cardiac 
calcium transient triggers the massive release of  Ca2+ from the sarcoplasmic 
reticulum. Thus, the long ventricular action potential causes long refractoriness 
and provides modulation of  contractility.

Although the total number of  membrane currents involved in the ven-

Figure 1
The relative contribution in time of ionic currents, and the genes and/or channels underlying 
these currents, to the cardiac action potential. Downward deflections represent inward cur-
rents, upward deflections outward currents. Modified from (Rosen, 2002).



26

2

tricular action potential is large (Carmeliet, 1999), the long plateau phase re-
sults from a delicate balance between the inward L-type Ca2+ current and two 
components of  the outward delayed rectifier K+ current, a rapidly activating 
component (IKr) and a more slowly activating component (IKs) (Carmeliet, 1999). 
The transient outward currents have a direct effect on APD90 in rodents (f.e. 
mouse and rat) in which action potentials lack a plateau phase and a QT interval 
in local electrograms and the ECG (Danik et al., 2002). A reduction in transient 
outward current will prolong APD90, whereas an increase will shorten APD90 
in rodents. In larger species, including man, the transient outward currents have 
an indirect effect, because they determine the level of  the plateau of  the action 
potential. A decrease in transient outward currents can, therefore, against intu-
ition, shorten rather than prolong APD90, because delayed rectifier currents ac-
tivate more rapidly and experience a larger driving force at more positive plateau 
membrane potential levels in combination with stronger inactivation of  L-type 
calcium current.

Action potential duration

The concept of  wavelength, i.e. the product of  conduction velocity and 
refractory period (Wiener and Rosenblueth, 1946; Rensma et al., 1988), is useful 
in understanding the circumstances under which the heart is vulnerable to 
reentrant arrhythmias. Although this concept has been developed primarily in 
relation with atrial fibrillation, it can also be applied to the ventricle. Wavelength
can be defined as the distance traveled by an activation front during the duration
of  exactly one refractory period (wavelength = refractory period x conduction 
velocity). Under normal, i.e. non-ischemic circumstances action potential dura-
tion is about equal to the refractory period. A short action potential decreases 
the wavelength. A short wavelength implies that a larger number of  reentrant 
circuits will ‘fit’ into a fixed mass of tissue. Thus, a short wavelength will reduce
the critical mass required for the onset of  reentrant arrhythmias and thereby 
increase the propensity of  the ventricles to this type of  rhythm disturbance. 
On the other hand, a long action potential with concomitant long refractori-
ness is thought to protect the heart against fibrillation. During the last decades
of  the previous century this notion led to the proposition of  a separate class of  
anti-arrhythmic agents, the so-called class III anti-arrhythmic agents (Vaughan 
Williams, 1975, 1984), based on prolongation of  the ventricular action poten-
tial. The unexpected increased mortality observed in the CAST trial, despite a 
proven reduction in triggering events following the administration of  several 
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class I antiarrhythmic agents, suggested that antiarrhythmic agents may create 
the electrophysiological substrate for arrhythmias, possibly by disparate effects 
on normal and infarcted myocardium (The CAST investigators, 1989).

In addition, it should be realized that wavelength is a one dimensional pa-
rameter, composed of  a true one dimensional parameter (conduction velocity) 
and a local, zero dimensional parameter (local refractoriness) which is influenced
by electrotonic interaction with the environment. 

Disparate effects on normal and diseased parts of  the heart are not the 
only reason why prolongation of  the action potential is not so beneficial as it
was thought to be on theoretical grounds. Also in a normal ventricle, prolonga-
tion of  the action potential may be deleterious if  it is excessive and thereby leads 
to so-called early afterdepolarizations (Roden and Hoffman, 1985), which may 
serve as a trigger for ventricular arrhythmias. Furthermore, prolongation of  the 
action potential may be proarrhythmic if  it is not a global phenomenon, but 
restricted to a circumscript part of  the ventricle, thereby increasing dispersion in 
action potential duration and concomitant refractory periods (Kuo et al., 1983). 
In the latter case arrhythmogenesis is not based on an increase in the triggering 
events (as with early afterdepolarizations), but on the altered electrophysiological 
substrate for arrhythmias.

Dynamics of action potential duration over time: 
immediate changes, memory and remodeling

Physical activity requires increased cardiac output, brought about by an 
increase in heart rate and stroke volume. An increase in heart rate requires a 
shortening of  action potential duration, leading to shorter electrical and hemo-
dynamic systole, leaving time for diastolic filling. Immediate shortening of ac-
tion potential duration after an increase in heart rate is therefore a physiological 
prerequisite. The dynamics of  this adaptation (also known as electrical restitu-
tion) has provoked debate with respect to its bearing on arrhythmogenesis (see 
for review and references Franz, 2003; Taggart et al., 2003). 

Although shortening of  action potential duration in response to an in-
crease in heart rate is useful, it is surprising that the ventricles can be driven at 
much faster pacing rates than can ever be achieved during sinus rhythm or even 
during AF. 
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Electrical restitution (adaptation of action potential duration to heart rate)

The dynamics of  action potential duration can be expressed by a so-called 
electrical restitution curve. The APD is measured after an extrastimulus given at 
a progressively shorter couping interval (S2) after a basic train of  stimuli (S1). 
Fig. 2 (Taggart et al., 2003) shows restitution curves in the human heart with 
the diastolic interval (cycle length minus action potential duration) along the 
abscissa and the action potential duration following the diastolic interval along 
the ordinate. Panel (A) shows that  the slope of  the restitution curve is less 
steep at shorter cycle length and panel (B) shows that isoprenaline (but also 
adrenaline, Taggart et al. 2003) increases the slope of  the restitution curve at 
constant cycle length. Fig. 3 (Weiss et al., 1999) shows two examples of  res-
titution with slopes >1 and <1. It has been claimed that a slope >1 would be 
arrhythmogenic (Weiss et al., 1999), because it would enhance action poten-
tial alternans, whereas a slope <1 would dampen action potential alternans 
(but see also Franz, 2003). In our opinion this reasoning does not hold. The 
consecutive series of  diastolic intervals and action potentials can be read from 
Fig. 3 and are thought to lead to convergence in panel A and to divergence 
(chaos) in panel B. However, this reasoning completely ignores the fact that 
the restitution slopes in Fig. 2 can only be applied to a first premature stimulus. 
For each next cycle at whatever prematurity, a new restitution slope with a re-
duced slope is pertinent. This can already be appreciated from the difference 
between the slope of  the restitution curves in Fig. 2A at 600 and 400 msec. Fig. 
4 (Franz et al., 1988) explains this in more detail.  The top panel (Fig. 4) shows 
that the action potential duration in right human ventricle is about 310 msec at 
a cycle length of  750 msec. During a period of  3 minutes of  pacing at 480 or 
410 msec there is a sudden shortening of  the action potential to about 285 msec 
after the first stimulus at the shorter cycle length. This process of shortening
of  the action potential continues, albeit at reduced speed towards around 250 
msec at cycle length 480 msec. The bottom panel of  Fig. 4 shows the mono-
phasic action potentials from which curves as in the top panel of  Fig. 4 were 
constructed. It shows also that the ongoing reduction in action potential dura-
tion during a 3 minutes period of  driving at 430 msec, logically must lead to a 
complementary increase of  the diastolic interval. Obviously, within this period 
of  rapid pacing the restitution curve would ‘appear’ to have a negative slope: a 
beat-to-beat prolonging diastolic interval is followed by a beat-to-beat decreas-
ing action potential duration. In fact this negative slope has no physiological 
meaning, because the restitution curves during the 3 minutes period of  rapid 
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pacing will still have a positive slope during each of  the 400-500 beats if  one 
compares the relation between the diastolic interval and action potential duration 
just before the onset of  rapid pacing with the same relation during any of  the 
beats during that period of  rapid pacing. However, there will be several changes 
during the 3 minutes period.  The slope of  the restitution curves will decrease 
as will probably also the minimum and maximum values along the ordinate.  

Figure 2
(A) Action potential duration (APD) restitution curves from a patient at cycle length 600 
and 400 msec. (B) Isoprenaline steepens the APD restitution curve at 400 msec basic cycle 
length. The effect follows from action potential prolongation at diastolic intervals between 
30 and 60 msec in response to isoprenaline. Reproduced with permission from Taggart et al., 
2003. Circulation 107, 285-289.

A

B
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Thus, a scheme as in Fig. 3 is only relevant for one extra stimulus at basic cycle 
length. For the transition of  ventricular tachycardia into ventricular fibrillation
Fig. 3 might be more relevant, but only when the slope of  the restitution curves 
would be assessed at cycle lengths that actually occur during ventricular tachycar-
dias and not during normal physiological heart rate. We would not be surprised 
when the slope of  these curves would always be much smaller than 1. Data on 
action potential duration as obtained in man in Fig. 4 (Franz et al., 1988) have 
been reported in the dog with respect to refractory periods more than 3 decades 
ago (Janse et al., 1969). The results were comparable. After the first two beats
at the shorter cycle length, the difference between the steady state refractory 
periods at the longer basic cycle length and the shorter cycle length was already 
bridged by some 40%. For the remaining 60% of  the difference about 500 beats 
at the short cycle length were required. Different kinetics of  the membrane 
currents (especially IKs) underlying the action potential probably cause the im-
mediate adaptation during the first cycles at the higher heart rate. For the slow

Figure 3
Putative relationship between steepness of action potential duration (APD) restitution and 
spiral wave stability. The scheme is thought to explain why a steep restitution curve would 
be proarrhythmogenic. a= starting APD leading to convergence of values of DI (diastolic 
interval) and APD in panel A and leading to divergence of both values in panel B. See text 
for further comments. Reproduced with permission from Weiss et al., 1999. Circulation 99, 
2819-2836.
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component of  the delayed rectifier (IKs), it has been demonstrated that this cur-
rent accumulates after a period during as many as 30 cycles, but especially dur-
ing the first cycles, at physiological heart rate at least in the guinea pig (Lu et al.,
2001). IKs tends to transform from a transient current during low heart rate into 
a more constant current at high heart rate, because there is not enough time for 
deactivation during a short cycle. Of  course, also other membrane currents are 
involved in the adaptation process (Franz, 2003). Thereafter, a much longer pe-
riod (of  some 500 beats; Franz et al., 1988; Janse et al., 1969) is still required for 
reaching a full steady state pointing to other factors involved such as intra- and 
extracellular ion concentrations and the activity of  ion pumps. These changes 
(immediate and over seconds to minutes) are not considered as electrical remod-
eling but rather as physiological adaptation. 

Fig. 2 (taken from Taggart et al., 2003) shows that isoprenaline (or adrena-
line) increases the slope of  the restitution curve. Interestingly, this increase in 
slope does not result from a decrease in action potential duration at the mini-
mum diastolic interval, but from a prolongation at diastolic intervals between 
30 and 60 msec (see also ”Action potential duration”, page 26 - 27). We do not 
consider this increase in slope per se as a proarrhythmogenic factor, although 
proarrhythmia following increased sympathetic tone is beyond doubt (for ref-
erences see Taggart et al., 2003). In the setting of  acute ischemia, it has been 
demonstrated that noradrenaline may affect refractoriness in normal and acutely 
ischemic tissue in an opposite way, thereby increasing dispersion (Opthof  et al., 
1993).

 

Cardiac memory and remodeling

Bradycardia, due to chronic complete atrioventricular nodal block in dog 
and in rabbit, causes changes in action potential duration (Vos et al., 1998; Tsuji 
et al., 2002). Ectopic activation causes T-wave changes in the ECG which may en-
dure after a period of  fast pacing (Chatterjee et al., 1969; Rosenbaum et al., 1982). 
This may also occur after ventricular tachycardia, after bundle branch block or 
after ablation of  an accessory pathway in the WPW syndrome. Changes in cycle 
length -either bradycardia or tachycardia- maintained over longer periods (weeks) 
lead to electrophysiological changes beyond the period of  pacing. These observa-
tions led to the formulation of  ‘cardiac memory’ (Rosenbaum et al., 1982; Rosen 
et al., 1998). Interestingly, Rosen and colleagues wrote about ‘cardiac memory’  
“…..it may be that cardiac memory is not an isolated event but is, rather, a relative-
ly early change in electrophysiologic function that - while completely reversible -  
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Figure 4
A decrease in cycle length causes an immediate decrease in action potential duration (APD) 
in the human ventricle, which is followed by a further gradual decrease until a steady state is 
reached in about 2 to 3 minutes (top panel). The bottom panel shows that during another pe-
riod of rapid pacing (starting at the first arrow) APD decreases, which implies (because cycle
length does not change) that the diastolic interval increases. Thus, during the period of rapid 
pacing there is an inverse relation between the diastolic interval and APD, which would 
lead to a restitution curve with an apparent negative slope. See text for further explanation. 
Modified from Franz et al., 1988. J. Clin. Invest. 82, 972-979.
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also augurs more persistent structural and functional changes to come if  the 
inciting stimuli for memory are not reversed” (Rosen et al., 1998).

In disease states such as atrial fibrillation, acute ischemia and heart fail-
ure the term ‘electrical remodeling’ has become quite fashionable over the last 
decade, although not very precisely defined. Electrical remodeling could be de-
fined as a change over time of an electrophysiological parameter in response to
some triggering event. Typically, this change persists with or without full revers-
ibility even if  the triggering event is no longer present. Repeated flow of cur-
rent through gap junctions has been suggested to decrease their resistance and 
-by amplifying electrotonus- to contribute to the transition from ‘short term’ to 
‘long term’ memory (Costard-Jäckle et al., 1989; Saffitz et al., 1999). The fact
that cycloheximide, a general protein synthesis inhibitor, prevents long-term car-
diac memory (Shvilkin et al., 1998), suggests that downregulation of  membrane 
proteins essential to membrane channels is involved. Therefore, in our opinion 
electrical remodeling can be considered as an extreme form of  cardiac memory 
in which full reversibility may eventually be lost.

T-wave

Origin of the T-wave

Deflections in the ECG result from voltage differences in the heart, which
can be recorded at the body surface. The QRS complex reflects the electrical
activation of  the ventricles, whereas the T-wave reflects their repolarization. The
duration of  the T-wave is much longer than the duration of  the QRS complex. 
The short duration of  the QRS complex is caused by the fast upstroke of  the 
ventricular action potential (well above 100 V/s) itself, as well as its fast conduc-
tion over the specialized conduction system followed by conduction over the 
working ventricular myocardium at about 60 cm/s in the longitudinal direction 
and about 20 cm/s in the transverse direction in most animal species (Kléber et 
al., 1986). There is a remarkable paucity of  such basic data in the human ven-
tricle, but the available data point into the same direction, although transverse 
conduction velocity might be higher in man (Taggart et al., 2000). Dispersion in 
activation moment is thus reflected in the duration of the QRS complex and is
about 80 msec in the human heart (Durrer et al., 1970). 

The local repolarization moment or repolarization time results from the 
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summation of  local activation time and local action potential duration. The  
T-wave, however, does not represent the dispersion in repolarization moment, 
but represents the electrical inhomogeneity in the ventricles during the whole 
repolarization phase. The duration of  the T-wave is much longer than the dura-
tion of  the QRS complex, because the underlying signal is much slower (i.e. the 
duration of  the repolarization phase of  the action potential compared with its 
upstroke), but also because there is no conduction system providing the pathway 
for repolarization. On the contrary, the repolarization process is not a matter of  
conduction, but of  synchronization (see below). Despite the fact that the dura-
tion of  the T-wave is much longer than that of  the QRS complex, the moment 
of  repolarization is more synchronized than the moment of  activation, due to 
electrotonic influences, and is adapted to the moment of activation, because
there is a tendency to shorter action potentials in late activated areas. Thus, 
a long activation time is “compensated” by a relatively short action potential 
(Franz et al., 1987). 

Fig. 5 (adapted form Franz et al., 1991) explains why repolarization is slow 
compared with activation of  the ventricles. The activation of  the ventricles is 
caused by conduction. The repolarization process, however, is based on syn-
chronization rather than conduction. This difference is more than semantic. The 
electrical connection between the ventricular myocytes by so-called gap junc-
tions is a conditio sine qua non for the conduction of  the cardiac impulse over the 
ventricles. In contrast, the repolarization of  the ventricles would occur with and 
without gap junctions, because the repolarization is an intrinsic property of  the 
myocytes which will occur in each individual cell following activation.    Here, the 
electrical connection between the cells does not “conduct” repolarization, but it 
“synchronizes” repolarization. Fig. 5 shows that the duration of  the T-wave is 
longer than the duration of  the QRS complex, but that the dispersion in repo-
larization moment is smaller than the dispersion in activation moment (compare 
arrowed horizontal lines). 

Slight differences in the phase of  repolarization over a relatively long pe-
riod, and hence a voltage gradient during the same period are displayed on the 
ECG as a deflection. Relevant for arrhythmogenesis is neither dispersion in the
repolarization phase, nor dispersion in action potential durations, but dispersion 
in the moment of  full or nearly full repolarization, because the latter heralds 
the end of  refractoriness. Thus, although the duration of  the T-wave is much 
longer than the duration of  the QRS complex, the dispersion in the moment of  
repolarization in the normal human heart has been reported to be smaller than 
the dispersion in activation moment (14 msec dispersion in repolarization mo-
ment vs 23 msec dispersion in activation moment measured along the epicardial 
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surface (Cowan et al., 1988). In another study, dispersion in repolarization mo-
ment was 26 msec along the endocardial surface and 41 msec along the epicar-
dial surface Franz et al., 1987)). These reports, however, are based on endo- and 
epicardial registrations, and do not include midmyocardial registrations (Franz et 
al., 1987; Cowan et al., 1988). Although the study of  Franz and colleagues was 
not designed to compare endocardial with epicardial repolarization moments, 
a comparison of  the mean of  the  latest repolarization time in 7 patients with 
endocardial measurements and 3 patients with epicardial measurements yields 
interesting results. 

Fig. 6 shows a significant difference between the maximum repolarization time
(363 ± 8.5 msec (mean ± s.e.m.) at the epicardium vs. 319 ± 13.5 msec at the 
endocardium (data compiled from Table 1 in ref. (Franz et al., 1987)). Fig. 6 also 
shows that the earliest repolarization moment along the epicardium was similar 
to the latest repolarization moment along the endocardium. This suggests that 

Figure 5
Graphical representation of voltage gradients underlying deflections on the surface ECG.
Dispersion in repolarization moment is smaller than dispersion in activation time. This is 
due to the fact that activation time is mainly determined by conduction velocity, whereas 
during repolarization synchronization through gap junctions further decreases intrinsic dif-
ferences in repolarization moment between adjacent cells. However, because repolarization is 
a slow cellular process, whereas activation is fast, the duration of the T-wave is longer than 
the duration of the QRS complex. Reproduced from Franz et al., 1991. Prog. Cardiovasc. 
Dis. 33, 369-384.
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repolarization occurs later at the epicardium than at the endocardium in the hu-
man heart and not vice versa. Also, this suggests that the concordance between 
polarity of  the QRS complex and the T-wave does not result from transmural 
inhomogeneities but from f.e. apico-basal differences both along the endocardial 
and the epicardial surface. The effect of  cooling may have prolonged the epicar-
dial repolarization times, although the authors have avoided recordings from the 
anterior side of  the heart. Interestingly, later or at least synchronous epicardial 
repolarization time compared to endocardial repolarization time was recently 
described in man (Conrath et al., 2005) and dog (Janse et al., 2005).

Figure 6
Moments of repolarization (repolarization time, RT) along the endocardial (n=7) and epi-
cardial surfaces (n=3) from the human left ventricle. Minimum and maximum RTs are 
given. The endocardial measurements were performed with closed chest and the epicardial 
measurements were made with open chest. A small drop in temperature may have prolonged 
the epicardial repolarization moments, although the anterior surface of the left ventricle 
was not used for measurements. Although a small temperature effect may be involved, it is 
surprising that the minimum RT along the epicardial surface occurs slightly later than the 
maximum RT along the endocardial surface. A transmural gradient in repolarization in the 
human ventricle, therefore, seems to run from endocardium towards epicardium rather than 
in the opposite direction. The difference between maximum RTs at endocardium and epicar-
dium proved significant. Compiled from Franz et al., 1987. Circulation 75, 379-386.   
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Fig. 7 illustrates the relation between action potential duration and T-wave 
polarity on the ECG. Fig. 7A shows the effect of  identical action potential du-
ration at all ventricular sites. Consequently, the activation sequence determines 
the repolarization sequence, leading to a negative T-wave. Fig. 7B explains the 
concordance of  QRS complex and T-wave in the normal heart as it is explained 
in textbooks (Mirvis and Goldberger, 2005). This concordance is considered to 
result from the interplay between opposite transmembrane signals (depolariza-
tion vs. repolarization), which move over opposite activation (from endocar-
dium towards epicardium) and repolarization fronts (from epicardium towards 
endocardium). Fig. 7B assumes that the concordance in polarity is due to a slight 
overcompensation of  action potential duration for activation time over the 
transmural wall. However, concordance in polarity of  QRS complex and T-wave 
following a relation between activation time and action potential duration as in 
Fig. 7B may apply to any gradient, whatever its direction.

Interestingly, if  each cell in the heart would repolarize at exactly the same 
moment, in case of  complete coupling and/or perfect compensation of  action 
potential duration for activation time (Fig. 7C), no voltage differences would 
exist during repolarization and a T-wave would be absent in the ECG, despite 
the fact that there would be normal repolarization in each individual cell of  the 
billions of  cells in the heart.

Heterogeneity in action potential duration and repolarization moments

Heterogeneity in repolarization moment may be found at a regional level, 
i.e between base and apex or between the anterior or posterior side of  the ven-
tricles, between the two ventricles, or transmurally as stated above (for review 
see De Bakker and Opthof, 2002). The duration of  the action potential depends 
on the relative contribution of  membrane currents in the cell membrane. These 
currents vary over different regions of  the heart. Data on current distribution 
in the human heart are sparse. In the rabbit, the sum of  both delayed rectifier
currents is larger at the base than at the apex of  the ventricle. In fact, IKs at the 
base is larger than IKr at base and apex (and also larger than IKs at the apex). In 
contrast, IKs at the apex is smaller than IKr at base and apex (Cheng et al., 1999). 
In rabbit ventricle apical action potentials are significantly longer than basal ac-
tion potentials (Cheng et al., 1999). In canine hearts, apical action potentials are 
shorter than basal action potentials (Szentadrassy et al., 2005). In porcine ven-
tricle the action potentials are also shorter at the apex than at the base (Dean and 
Lab, 1990). Obviously, species differences are important. In canine and human 
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ventricle the molecular data on IKs are in agreement with the functional data 
in the dog (Szentadrassy et al., 2005). IKs current is about twice as large in the 
right compared to the left ventricle (Volders et al., 1999), but it is lower in a 
midmyocardial layer of  cells, also known as M-cells, than in subepicardium and 
subendocardium (Liu and Antzelevitch, 1995). Franz et al. (1987) described a 
transventricular gradient in activation time and action potential duration (short-
est activation time and longest action potential duration in the diaphragmatic 

Figure 7
Relation between activation time and action potential duration and the consequences for 
T-wave polarity. 
(A): Action potential durations unadapted to activation time. The identical direction of  
  activation and repolarization front give rise to T-waves with a polarity opposite to that of  
  the QRS complex. This situation can be found in LV hypertrophy or in case of ectopic  
  activation. See text for further details.
(B): The celllular basis of the concordance of the QRS complex and the T-wave under 
  physiological circumstances. A slight overcompensation of action potential duration for  
  activation time results in opposite directions of activation and repolarization front,  
  classically the explanation for concordance between QRS complex and T-wave. 
(C): When activation time is exactly compensated for by action potential duration, no voltage  
  differences exist during the repolarization phase. Therefore, the ECG shows no deflection 
  where a T-wave would be expected. The absence of voltage gradients during repolarization  
  and thus the absence of dispersion in repolarization moment seems a powerful defense  
  mechanism against arrhythmias. 
APD= action potential duration, AT= activation time. Modified from Franz et al., 1991.
Prog. Cardiovasc. Dis. 33, 369-384.
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and apicoseptal subendocardium, and longest activation time and shortest action 
potential duration in the anteroapical and posterolateral endocardium). How-
ever, only epicardial and endocardial measurements were performed, and not in 
the same patient, as explained above (Franz et al., 1987).

Transmural dispersion of  action potential duration is a debated issue. The 
initial theory about a transmural (ventricular) gradient was formulated by Wilson 
in 1931 (Wilson et al., 1931; 1934). According to this theory, the repolarization 
front across the ventricular wall is opposite to the activation front (primary repo-
larization; see also previous section). During ectopic ventricular activation, the 
intrinsic properties of  the myocardium are not anymore “adapted” to the activa-
tion sequence, and the activation sequence becomes the main determinator of  
the sequence of  repolarization (Fig. 7A), resulting in discordant T-waves. Activa-
tion dependent repolarization characteristics were called secondary repolariza-
tion (Horan et al., 1978). However, primary repolarization is not completely 
independent on activation sequence, and therefore not strictly “primary”. With 
respect to this Rosenbaum introduced the term “pseudo-primary” repolariza-
tion (Rosenbaum et al., 1982). 

M-cells, repolarization and dispersion

The transmural gradient of  repolarization in the in vivo human heart has 
thus far not been investigated, and its existence is in fact presumed on the basis 
of  animal studies. A substantial amount of  these studies has been performed in 
a canine transmural wedge preparation (Sicouri and Antzelevitch, 1991). These 
studies have led to the postulation of  a midmyocardial cell layer with longer 
action potentials than at subendocardium or subepicardium (Sicouri and Ant-
zelevitch, 1991; Yan and Antzelevitvh, 1998; Yan et al., 1998). The long intrinsic 
action potential duration of  these so-called M-cells is due to a low density of  IKs 
(Liu and Antzelevitch, 1995). The voltage difference between electrodes placed 
on the endocardial and on the epicardial surface delivers an artificial ECG in-
cluding a surrogate T-wave (Antzelevitch et al., 1999). It has been suggested that 
the T-wave of  the body surface ECG is a reflection of the transmural dispersion
of  repolarization as observed in such a wedge preparation. In this preparation 
epicardial cells have the shortest action potentials, and subendocardial cells have 
action potentials of  intermediate duration between M-cells and epicardial cells 
(Yan and Antzelevitch, 1998; Antzelevitch et al., 1999). Fig. 8 shows that the 
moment of  repolarization in the subepicardial cell layer coincides with the  peak 
of  the surrogate T-wave in the wedge preparation, whereas the repolarization 
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of  the M-cell layer coincides with the end of  this wave (Yan and Antzelevitch, 
1998). Fig. 9 shows the collected data of  15 wedge preparations. There were 
neither significant differences between the QT interval and the repolarization
moment of  the M-cells (AT+APD90 in the terminology of  the authors) nor 
between the time interval from Q-wave until the moment of  the peak of  the 
T-wave and the repolarization moment of  the subepicardial cells. Therefore, 
the authors have suggested that the interval between the peak of  the T-wave 
and the end of  the T-wave represents the transmural dispersion in repolariza-
tion moment, at least in this wedge preparation (Yan and Antzelevitch, 1998). 
Consequently, in many studies the difference between QTpeak and QTend is taken 
as a measure for transmural dispersion in the in vivo heart. First, it is question-
able to which extent transmural voltage differences in such a preparation may be 
taken as a model for the T-wave on the ECG. Second, the functional relevance 
of  M-cells is at debate (Conrath et al., 2004a), even in the dog (Anyukhovsky  

Figure 8
Simultaneous transmembrane potentials and transmural pseudo-ECG recorded in a canine 
transmural wedge preparation. “Epi” denotes subepicardial, “M-cell” midmyocardial, and 
“Endo” subendocardial action potential recording. Panel A shows that the peak of the T-
wave on the pseudo-ECG coincides with epicardial repolarization. M-cell repolarization 
coincides with the end of the T-wave in this registration. Panel B shows that the repolariza-
tion moment in Purkinje fibers occurs after inscription of the T-wave and is not reflected
in the transmural ECG. Reproduced with permission from Yan and Antzelevitch, 1998. 
Circulation 98, 1928-1936.
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et al., 1999). As illustrated in Fig. 9, transmural dispersion in repolarization mo-
ment is minimal at the physiological cycle length of  500 msec, even when the 
difference between AT+APD90 of  the M-cells and AT+APD90 of  the epicar-
dial cells is accepted as a parameter for this dispersion. Also, the QT interval 
is consistently longer than the repolarization moment of  the M-cells (Fig. 9).  
Finally, a recent extensive simulation study has implicitly shown that the top 
of  the T-wave does not coincide with the moment of  epicardial repolarization 
(Clayton and Holden, 2004).

Figure 9
Relationship between pseudo-ECG parameters (QT interval and QT peak) and repolariza-
tion moments in 3 cell layers (AT+APD90 in M-cell, Endo and Epi) and their relation to 
the RR interval. Measurements in a canine wedge preparation (15 data sets). At physiological 
canine RR interval (500 msec), little dispersion is observed. See text for details. Reproduced 
with permission from Yan and Antzelevitch, 1998. Circulation 98, 1928-1936.
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Cells with M-cell properties have been described in slices of  human ven-
tricle (Drouin et al., 1995), although this could not be confirmed in another
study with the same wedge preparation (Conrath et al., 2004a). However, in the 
in vivo human heart, midmural zeniths in activation-recovery intervals (Taggart 
et al., 2001) or repolarization moments (Conrath et al., 2004a) have not been 
observed and a functional role of  M-cells in transmural dispersion so far cannot 
be established. Moreover, also in the dog relevant dispersion in action potential 
duration has been shown to be absent at least at physiological cycle length (Any-
ukhovsky et al., 1996; 1999). Thus, the assumption that the interval between the 
peak of  the T-wave and the end of  the T-wave represents transmural dispersion 
is not based on sufficiently solid data and is, therefore, at least preliminary (Xia
et al., 2005; Coronel, 2005).

Effects of electrotonus on action potential duration

Action potential duration is an intrinsic feature of  ventricular myocytes, 
but also depends on the electrotonic effect of  neighbouring myocardium. We 
recently showed that myocytes have a longer action potential duration when 
isolated than in intact myocardium. Thus, computer simulations of  strands of  
ventricular myocytes were performed with transverse and varying coupling of  
the myocytes. The total transmural width of  the simulated strands, comprising 
600 transversally coupled myocytes,  amounted to 12 mm (the width of  the hu-
man left ventricular wall) and was either based on guinea pig (Luo-Rudy model) 
electrophysiological characteristics or on human (Priebe-Beuckelmann model) 
electrophysiological characteristics (Conrath et al., 2004a). The inner 60% of  
myocytes comprised subendocardial myocytes, the next 30% M-cells and the 
final 10% comprised subepicaridal myocytes. Fig. 10A shows the maximal and
averaged action potential durations when the strand comprised guinea pig type 
ventricular myocytes. Fig. 10B shows the same for human ventricular myocytes. 
Both the action potential durations for isolated myocytes and for coupled myo-
cytes -as a function of  intercellular coupling- are shown. In both types of  simu-
lations the presence of  M-cells becomes irrelevant when intercellular coupling is 
sufficiently strong as can be appreciated from the distance between the bold and
thin lines compared with the distance between the filled and open circles. An-
other extensive simulation study, in which the cellular orientation was ignored, 
also showed a prominent reduction in action potential duration of  the M-cells 
at stronger intercellular coupling (Clayton and Holden, 2004). The effect of  an 
increase in intercellular coupling on averaged or maximum action potential du-
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Figure 10
(A): Maximum and averaged action potential duation (APD) in strands of 600 transversally 
 coupled guinea pig ventricular myocytes based on the Luo-Rudy model with 60% 
  subendocardial myocytes, 30% M-cells and 10% subepicardial myocytes. Circles depict  
 APD in single myocytes (filled: APD of M cells, open: weighed, averaged APD of the three 
 cell types). 
(B): Similar analysis based on the Priebe-Beuckelmann model for human ventricular myocytes.  
Compiled from Figures 3 and 4 in Conrath et al., 2004a. Cardiovasc. Res. 62, 407-414.
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ration appears much stronger in large mammalian hearts than in the hearts of  
small rodents (compare the steepness of  the lines in Figs. 10A and 10B). There is 
also experimental evidence for this phenomenon in (myocytes from) the human 
ventricle. Action potential duration is much longer in single human ventricular 
myocytes (Verkerk et al., 2000; Veldkamp et al., 2001) than in intact human ven-
tricle (Taggart et al., 2001). The explanation for this huge difference is probably 
based on much higher electrotonus in the hearts of  larger mammalian species, 
including man, than in the hearts of  small rodents. Electrotonus can only cor-
rectly be assessed at the resting membrane potential when all conductances are at 
steady state, but may be regarded as proportional to the square root of  the ratio 
between membrane resistance during phase 3 repolarization and axial resistance. 
The latter is the series resistance based on cytoplasmic and gap junctional resis-
tance. A relatively low conductance of  repolarizing membrane currents during 
phase 3 repolarization combined with relatively high gap junctional conductance 
in the human heart might explain the large difference. A practical consequence 
is that experiments performed in single myocytes may be less relevant for their 
behaviour in the intact heart in man than in small rodents. 

The U-wave

After having described the electrocardiogram in 1895, Einthoven (Ein-
thoven, 1895) extended our notion of  the ECG by mentioning the U-wave in 
a later paper in the Lancet in 1912 (Einthoven, 1912). Sandwiched between a 
paper on paratyphoid fever following meat poisoning and a paper on a ruptured 
kidney, Einthoven ended that seminal paper by two brief  sentences: “The meth-
od of  electrocardiography is still a young plant. We may reasonably expect that 
it will continue to bear good fruit” (Einthoven, 1912). Einthoven died in 1927 
after having earned the Noble Prize in 1924 and he could not foresee that, al-
most one century later, we still do not fully understand the relationship between 
cardiac repolarization and the T-wave in the ECG, let alone the significance of
the U-wave….

Einthoven described the U-wave as of  “considerable height” in pathologi-
cal cases, but as present also in normal hearts, albeit of  small amplitude. Lewis 
had estimated that the U-wave was present in 75% of  all ECGs and Einthoven 
agreed that it was present in more than 50% of  all persons (Einthoven, 1912). 
The source of  the U-wave remained insecure at that time, but Einthoven made 
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two other important observations. First, he noted that the U-wave was “not of  
equal height in all heart beats. This wave must be regarded as an inconstant one.” 
Second, we quote the following: “The end of  the U-wave lies after the second 
(heart) sound, so that there is no doubt that wave U falls wholly or partly in that 
phase of  the cardiac cycle which follows the closing of  the semilunar valves. The 
heart is in diastole after the closing of  these valves. But the heart muscle, which 
does not begin to contract at all points at the same time, does not relax at all 
points at the same time either.”

After a long period of  dormancy, it was reported that  a negative U-wave, 
whatever its nature, was specific for the presence of heart (related) disease, such
as systemic hypertension, aortic and mitral regurgitation and (chronic) ischemia 
(Kishida et al., 1982). But the debate on the significance of the U-wave contin-
ued and there were two hypotheses. One argued that the U-wave reflects the
fact that repolarization of  Purkinje fibers outlasts that of working myocardium
(Hoffman and Cranefield, 1960). The other hypothesized that mechanoelectrical
feedback with a prolonging effect on late repolarizing ventricular muscle under-
lies the U wave (Lepeschkin, 1972; Surawicz, 1982). Recently, a third hypothesis 
was formulated on the basis of  a computer simulation study. Late midmyocar-
dial repolarization of  M cells would underlie the U-wave (Ritsema van Eck et 
al., 2005). The latter study explained in a relatively simple way, that at infinity it
is only relevant to know subendocardial and subepicardial action potential dura-
tions (or better configurations) and repolarization times (or better configura-
tions) to construct the ECG at the body surface. Therefore, at infinity it does not
matter what occurs in the midmyocardium. However, the distance between the 
body surface and the heart is far from infinity and this complicates the picture,
unfortunately with as a practical consequence that it does matter what happens 
between endocardium and epicardium. 

Concerning the first (‘Purkinje’) hypothesis it should be mentioned that
amphibians do have U-waves, whereas they do not have a Purkinje network 
(Lepeschkin, 1972). The small mass of  the Purkinje system has been mentioned 
as another argument against the ‘Purkinje’ hypothesis (Wu et al., 2002).

The second, ‘mechanoelectrical feedback’ hypothesis states that stress 
during regional relaxation produces the U-wave (Lepeschkin, 1972; Surawicz, 
1982). 

The third hypothesis for the U-wave was based on late midmyocardial re-
polarization (Ritsema van Eck et al., 2005). The authors showed that there were 
no examples of  an isoelectrical segment between the end of  the T-wave and 
the onset of  the U-wave. On the basis of  this they concluded: “T and U form 
a continuum. Together they are the resultant of  one and the same process of  
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repolarisation of  the ventricular myocardium. This has implications for the mea-
surement of  QT duration and for safety testing of  drug-induced QT prolonga-
tion.” This requires clarification. There are examples of short QT syndromes
in which there is an isoelectric segment between the end of  the T-wave and the 
onset of  the U-wave. If  the U-wave indeed is the result of  late repolarization of  
normal ventricle, this implies that a short QT syndrome still constitutes a long 
QT syndrome. In addition, most patients with a normal QT interval would have 
a long QT syndrome if  the U-wave is included in the measurement.

Dispersion in repolarization moment assessed by dispersion 
in refractory periods

As long as ventricular myocardium is not ischemic, recovery of  excitabil-
ity (end of  refractoriness) directly follows repolarization (Janse and Wit, 1989). 
Thus dispersion in refractoriness may give a clue to the dispersion in action po-
tential duration. For arrhythmogenesis it is highly relevant to know over which 
distance dispersion occurs. Thus, differences between minimum and maximum 
values can be quite large without proarrhythmic consequences as long as they are 
gradual between distant sites, but maximal dispersion between adjacent sites is 
highly arrhythmogenic as has been demonstrated in ventricle (Kuo et al., 1983) 
and in atrium (Allessie et al., 1976). Fig. 11 illustrates that local dispersion in 
refractoriness indeed does not have to match with global dispersion (Burton 
and Cobbe, 2001). In these simulated grids of  16x16 cells, global dispersion is 
similar, although local dispersion is markedly different between the three panels 
(Burton and Cobbe, 2001). The heterogeneity in refractory periods in panel C is 
the most arrhythmogenic both in animals (Allessie et al., 1976; Kuo et al., 1983) 
and in human atrium (Ramdat Misier et al., 1992).

 Data about dispersion in refractoriness in the human ventricle are re-
stricted to ventricular fibrillation intervals (Ramdat Misier et al., 1995), and it
appears that in patients who develop ventricular fibrillation after myocardial in-
farction the maximal difference in “refractoriness” (i.e. in the setting of  induced 
ventricular fibrillation) between adjacent sites is about 10 msec in the non-in-
farcted part of  the ventricle, whereas it is only 6 msec (during induced VF) in 
patients in whom a ventricular tachycardia previously did not deteriorate into 
ventricular fibrillation (Ramdat Misier et al., 1995). In other words, the basic dis-
persion in the normal part of  the heart seems important for the development of  
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Figure 11
Dispersion of repolarization moments in simulated grids of 16x16 electrode sites. Refractory 
periods range from 150 (light) to 180 (dark) msec. In each panel global dispersion is 30 
msec. However, local dispersion in repolarization moments is very different. Panel A shows 
a gradual transition in repolarization moment. Panel B also shows a gradual transition, but 
adds a central square with opposite direction of repolarization front. Panel C shows random 
distribution in repolarization moment. Panel D explains a method to indicate local disper-
sion in repolarization. At each four electrode sites, the maximum dispersion between two ad-
jacent sites is taken, and graphically displayed below panels A-C. Although global dispersion 
is similar in all three panels, local dispersion is least in panel A. The maximal dispersion in 
repolarization between adjacent sites is 2 msec, which is the same at all sites. In panel B most 
electrodes have a maximal local dispersion of 2 msec, as in panel A, but those electrodes lo-
cated at the rim of the center square display a larger local dispersion, at some places exceeding 
15 msec. In panel C however, local dispersion is largest. Nearly all sites have a local dispersion 
which is in the range of 5-30 msec. The heterogeneity in refractory periods in panel C is the 
most arrhythmogenic both in animals (Allessie et al., 1976; Kuo et al., 1983) and in man 
(Ramdat Misier et al., 1992). Reproduced with permission from Burton and Cobbe, 2001. 
Cardiovasc Res. 50, 10-23.

A B C D
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fatal arrhythmias. Data from larger animal species give some clue of  what may 
be expected under normal conditions, when the heart is not fibrillating. Disper-
sion in refractoriness is between 10 and 35 msec in the whole canine ventricle. 
Interestingly for the debate on the significance of M-cells, similar values have
been observed when dispersion is assessed along the epicardial surface (Han and 
Moe, 1964; Millar et al., 1985) or intramurally by plunge electrodes (Kralios et 
al., 1975; Janse et al., 1985). In the canine wedge preparation dispersion in action 
potential duration was 51 msec at 1 Hz, whereas dispersion in repolarization 
moment was 34 msec, which underscores that these values obtained from small 
cut and healed preparations are already at the upper limit of  data obtained in 
intact hearts (Yan et al., 1998).

Dispersion of repolarization moments and QT intervals

As stated above, large dispersion in repolarization moment is arrhythmo-
genic. A spontaneous or induced premature beat occurring at a moment when 
part of  the ventricle is still depolarized or not completely repolarized, may initi-
ate arrhythmias. Because of  incomplete repolarization of  certain areas, unidirec-
tional block may occur. Partial repolarization may give rise to so-called graded 
responses. These are action potentials with a slow upstroke (Cranefield et al.,
1975) leading to slow conduction. 

The dispersion in QT interval on the 12-lead electrocardiogram does not 
directly reflect local differences in repolarization moment (Malik et al., 2000).
However, a large QT dispersion on the body surface electrocardiogram is related 
to propensity to arrhythmias during treatment in, f.e., the long QT syndrome 
(Priori et al., 1994). Dispersion in APD has been related to dispersion in QT in-
terval (Zabel et al., 1995; Zabel et al., 1998). 

Multiple factors may contribute to a large QT dispersion. First, the determi-
nation of  the end of  the T-wave is often difficult, especially when repolarization
is abnormal. The occurrence of  notched T-waves, biphasic T-waves and large  
U-waves may obscure the true end of  the T-wave (Lepeschkin and Surawicz, 
1952), and thereby lead to a artefactually large dispersion. Second, low voltage 
T-waves may produce errors in determination of  the end of  T-wave. Apart from 
these technical difficulties, another factor plays a role in the dispersion of QT
intervals. At each time instant, the vector of  repolarization has different spatial 
coefficients and a different voltage. During the time period of repolarization,
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these vectors constitute a loop, which is projected on the body surface. The T-
wave, as it is observed in any precordial lead, is a registration of  the projection of  
this T-loop at that particular site on the body surface. Abnormalities in repolar-
ization, will affect the projection of  this T-loop. An increased dispersion in the 
end of  the T-wave on the electrocardiogram is related to a more complex T-loop 
(Kors et al., 1999). Regional dispersion in repolarization moment may lead to QT 
dispersion through a more complex T-loop, and an unusual projection of  this 
loop (Malik, 2000). The opposite, however, does not necessarily hold true. QT 
dispersion, resulting from a more complex T-loop, does not necessarily reflect
a large local dispersion in repolarization.  With respect to the relation between 
dispersion in activation or repolarization moments and dispersion in components 
of  the ECG, it remains useful to realize that it has been reported already 40 years 
ago that during depolarization of  the ventricles 70% of  the electrical activity does 
not reflect in the ECG (Abildskov and Klein, 1962) due to cancellation effects
and that this percentage is still higher (90%) for the repolarization phase (Burgess 
et al., 1969).

In spite of  the limitations mentioned above, QT dispersion can discrimi-
nate groups, and is, if  not a direct measure for dispersion in repolarization, at 
least a measure for T-wave abnormalities.

Correction of the QT interval

Correction of  the QT interval for heart rate has been subject to vivid de-
bate for almost a century (Malik, 2001; Rautaharju and Zhang, 2002), although 
it has been emphasized that the technical discussion on this issue may have lim-
ited physiological meaning (Franz, 1994; Boyle and Weiss, 2001). Fig. 12 shows 
the original Figure from the paper by Bazett published in 1920 (Bazett, 1920). 
The merit of  the paper was and is that it extended common knowledge on the 
relationship between RR interval and QT interval from mechanical data (Waller 
in a textbook in 1891 and Lombard and Cope in the American Journal of  Physi-
ology in 1919; see (Bazett, 1920) for references) towards electrophysiological 
data. The Bazett formula (QTc=QT/√RR) is still the standard formula used to 
correct the QT interval for heart rate changes. In spite of  common knowledge 
of  the limitations of  this formula, it has survived for more than 80 years now. 
One explanation is the fact that it is simple and easy to use. Interestingly, Bazett 
(Bazett, 1920) also concluded that normal values (i.e. at 1 Hz) were 370 msec for 
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males and 400 msec for females. 
Fig. 13 displays the relation between the RR interval and action potential 

duration or the effective refractory period in different species, including man 
(see Janse et al. (1998) for all specific references underlying this Fig.). Based on
this information, the QT interval is expected to increase with cycle length in 
most species. In some species the resting heart rate will be in the rising part of  
their curve, whereas in others it may just be in the flat part. In all species, this
curve reaches a maximum at a specific cycle length. Further reduction in heart
rate does not result in further prolongation of  the QT interval. Given the shape 
of  the curves in Fig. 13, it is immediately clear that whatever correction factor is 
used, it cannot render the QT interval independent from cycle length (heart rate) 

Figure 12
Relation between cycle length (along abscissa in seconds) and duration of QRS interval (‘QRS 
group’), P-R interval and QT interval (‘duration of systole’) in seconds along ordinate as 
published by Bazett (Bazett, 1920; Heart 7, 353-370).
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as long as it is a constant or even a proportional scaling factor. This disquali-
fies, amongst others, the Bazett’s correction. Multiple correction methods have
been described with just as many limitations (Funck-Brentano and Jaillon, 1993; 
Malik, 2001). Malik (Malik, 2001) recently assessed about 20 different formulas 
in case of  drug testing. Furthermore, the relation between the RR and the QT 
interval carries important individual aspects (Batchvarov et al., 2002), with a high 
intraindividual stability and a high interindividual variation. This interindividual 
variability obviously is an important additional factor which prevents a simple 
correction. Moreover, it is conceivable that the relation varies with the patho-
physiological status (Coronel, 2002).

The aim of  the correction is to produce independence from heart rate, 

Figure. 13
Relation between cycle length and action potential duration (APD) or effective refractory 
period (ERP) in several species. Only in rat, ERP seems independent of cycle length. In man, 
three relations are shown. The solid line with filled squares represents monophasic action po-
tential recordings in the normal human heart. The two other lines show action potential du-
rations measured in heart failure (HF), in ventricular trabeculae (dotted line, filled squares)
and in isolated single cells (dashed line, filled squares) respectively. In heart failure, action
potentials are prolonged compared to those in non-failing hearts. Reproduced with permission 
from Janse et al., 1998. Cardiovasc. Res. 39, 165-177.
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which means that the slope factor should be zero if  the RR interval is plotted 
against the QTc interval. In a previously identified patient group (Conrath et al.,
2002), we have identified 36 symptomatic long QT patients who became asymp-
tomatic during treatment with ß-adrenoceptor blockade (S-A patients), and 11 
patients who remained symptomatic in spite of  treatment (S-S patients). Fig.14A 
displays the RR-QT relation in these patients. QTc intervals were obtained by 
correcting QT intervals with Bazett’s formula. Fig. 14B shows the result of  this 
correction by plotting the RR intervals against the QTc intervals. The respective 
intervals were measured before treatment and each data point represents one 
patient. Fig. 14A shows that: i) the RR-QT correlation is significantly positive
(linear regression analysis; p<0.0005) in S-A patients; ii) the RR-QT correlation 
is also significantly positive (p<0.005) in S-S patients; iii) the difference between
the slope factors of  the  two regression lines (0.22 for the S-A patients and 0.55 
for the S-S patients) is highly significant (covariance analysis, F=12.22; p<0.005).
Thus, these groups of  patients have different RR-QT relations. This implies 
that these two patient groups  require a different correction procedure. Fig. 14B 
demonstrates that the correction is satisfactory for the S-A patients, but not for 
the S-S patients. After correction the difference between the slopes of  the re-
gression lines is still significant (covariance analysis, F=7.50; p<0.01).

Dispersion in QT intervals is independent from the RR interval in long 
QT patients (Conrath et al., 2002). For the expresssion of  dispersion, this jus-
tifies the use of QT intervals rather than QTc intervals in accordance with a
previous study (Zabel et al., 2000). Beta-adrenoceptor blockade did not affect 
dispersion in QT intervals in these patients (see also section on“Dispersion and 
arrhythmogenesis”, pages 61 - 63). 

Effects of the sympathetic nervous system and consequences  
for patients with the long QT syndrome

Sympathetic tone and arrhythmias

Decrease of  sympathetic tone can be achieved by surgical or pharmaco-
logical means and increase of  sympathetic tone by electrical or pharmacological 
stimulation (Corr et al., 1986). Leriche  showed in 1931 that left stellectomy, 
directly followed by coronary occlusion prevents sudden death in dogs (Leriche 
et al., 1931). This observation was later extended and led to the proposition 
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Figure 14
RR-QT relation (Panel A) and RR-QTc relation (Panel B) in long QT patients turning 
asymptomatic during treatment (S-A patients) and in those remaining symptomatic during 
treatment (S-S patients). Data were obtained before treatment. Each data point represents 
one patient. S-A and S-S patients have different QT-RR relations. Also after correction of 
the QT interval with Bazett’s formula, slopes are significantly different between the two
groups. This illustrates the impossibility to uniformly correct QT intervals in different groups. 
Panel (A): S-A: Y = 0.22X + 265, r=0.728, p<0.0005; S-S: Y = 0.55X + 52, r=0.822, 
p<0.005. Panel (B): S-A: Y = -0.04X + 526, r=-0.164, ns; S-S: Y = 0.24X + 352, r=0.502, 
p<0.005.

A

B
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of  the so-called ‘sympathetic imbalance’ hypothesis in relation with the long 
QT syndrome (Schwartz, 1984; Schwartz et al., 1990; Abildskov, 1991). In other 
studies differences between left and right stellectomy were less obvious (Elson 
et al., 1981; Schwartz and Stone, 1982; Janse et al., 1985; Puddu et al., 1988). An 
alternative hypothesis was formulated by Atwell and Lee in 1988 (Atwell and 
Lee, 1988). These authors considered insufficient action potential shortening
in response to an increase in heart rate as the underlying cause of  LQTS. This 
hypothesis altered the insight into the mechanism of  the disease, which was at 
that time considered as extrinsic, into an intrinsic one, even before the era of  
genetics.

The long QT syndrome

Before 1995 LQTS was considered as a disease of  the autonomic nervous 
system (“sympathetic imbalance” theory) rather than a genetic intrinsic disease 
of  the myocardium. However, the efficacy of left stellectomy and of ß-adre-
noceptor blockade against arrhythmias associated with the syndrome was not 
associated with a (complete) correction of  the prolonged QT intervals (Schwartz 
et al., 1991). Also, a young boy with prolonged QT intervals and severe arrhyth-
mias, was refractory to any treatment. After autotransplantation of  the heart, 
implying the disappearance of  all neural imput, the QT interval remained severely 
prolonged (Till et al., 1988). Later during the 1990s it became obvious that ge-
netic factors were involved in the syndrome (see last section). Despite these novel 
developments, ß-adrenoceptor blockade still is the first choice for treatment of
LQTS1 and LQTS2 patients. Therefore, we consider briefly the effects of adren-
ergic agents on action potential duration (and QT intervals) and the membrane 
currents relevant for these parameters. Sympathetic stimulation may increase dis-
persion in action potential duration and in QT intervals, because the density of  
receptors is inhomogeneous. The arborization of  the sympathetic nerves causes 
additional functional dispersion (Yanowitz et al., 1966; Opthof  et al., 1991). The 
latter explains why sympathetic stimulation produces more inhomogeneity (dis-
persion) than systemic catecholamines as has been pointed out almost 40 years 
ago by Gordon Moe and co-workers (Han et al., 1964). An increase in dispersion 
following sympathetic stimulation sets the stage for arrhythmias and surgical or 
pharmacological interventions have therefore antiarrhythmic potential.
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Membrane currents relevant for action potential duration

Sympathetic stimulation and/or systemic catecholamines affect two cur-
rents pivotal for action potential duration: the inward L-type Ca2+ current (ICa-L) 
and the slow component of  the delayed rectifier current (IKs). Moreover, a high 
sympathetic tone increases heart rate, by which it also indirectly affects mem-
brane currents and action potential duration. However, it is important to em-
phasize that ß-adrenoceptor blockade cannot be regarded as the opposite of  a 
high adrenergic tone. Epinephrine and norepinephrine not only bind to ß-ad-
renoceptors, but also to α-adrenoceptors. Thus, ß-adrenoceptor blockade not 
only affects the balance of  the autonomic nervous system by changing the ratio 
between the impact of  its sympathetic and vagal limbs, but also by changing the 
relative contribution of  α-adrenergic and ß-adrenergic receptor stimulation.

In mammalian ventricular myocytes ICa-L increases upon ß-adrenoceptor 
stimulation (Hartzell, 1988; McDonald et al., 1994). This is primarily due to an 
increase in the open time of  those channels (Tsien et al., 1986; Hartzell and Du-
chatelle-Gourdon, 1992). In human ventricular myocytes such data are sparse, 
because the availability of  explanted hearts is limited. Moreover the data from 
such hearts have to be appreciated against the background that the underly-
ing pathology, in general ischemic or dilated cardiomyopathy, may have caused 
adaptive changes in current density and/or kinetics. Peak inward current of  ICa-L 

increases at least twofold in response to norepinephrine in single human ven-
tricular myocytes from patients with end-stage heart failure (Veldkamp et al., 
2001). Also, the so-called window current increases in response to norepineph-
rine. Despite the fact that such window current is small, it may be very effective 
in prolongation of  the action potential, because there is a delicate equilibrium of  
small currents at the end of  the plateau phase and the beginning of  the repolar-
ization phase of  the action potential. 

Obviously, it may be expected that even at constant heart rate (f.e. when 
the heart is paced) the –isolated- effect of  ß-adrenoceptor blockade is a reduc-
tion in peak and window currents of  ICa-L  and thereby a reduction in action po-
tential duration and in QT interval. However, these effects will be counteracted 
by the negative chronotropic effect of  ß-adrenoceptor blockade, but also by the 
decrease in delayed rectifier current (IKs) (see next paragraph).

The increase in delayed rectifier current in response to catecholamines
was established long before (Kass and Wiegers, 1982) the former was separated 
into its rapid (IKr) and slow components (IKs). The latter component increases 
in response to ß-adrenoceptor stimulation (Sanguinetti et al., 1991). It is of  in-
terest that the ensemble delayed rectifier current has been reported to decrease
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after α-adrenoceptor stimulation, at least in rabbit papillary muscle (Handa et 
al., 1982) and in canine Purkinje fibers (Lee et al., 1991). This emphasizes that
ß-adrenoceptor blockade will not only impair delayed rectifier current, but that
it may also uncover the inhibitory effect of  the alpha component of  adrenergic 
stimulation on delayed rectifier current.

Action potential duration

The effect of  ß-adrenoceptor blockade on action potential duration is 
determined by its relative effects on ICa-L and IKs, which both decrease (Kass 
and Wiegers, 1982). When the decrease of  ICa-L predominates, a shortening of  
action potential duration is anticipated and when the decrease of  IKs is more 
prominent, an increase of  action potential duration is expected. However, these 
considerations are valid at constant heart rate. ß-Adrenoceptor blockade also 
has a negative chronotropic effect and this will prolong the action potential. 
ß-Adrenoceptor stimulation will shift the plateau of  the ventricular action po-
tential to a more positive level in many species (Reuter, 1983) including man 
(Mubagwa et al., 1994). Modulating factors like the Ca2+ concentration and the 
concentration of  (nor)epinephrine are complicating factors, but the effect of  
higher concentrations of  norepinephrine is indeed a decrease in action potential 
duration in most species when cycle length is kept constant (Brooks et al., 1955; 
Dukes and Vaughan Williams, 1984). Thus, ß-adrenoceptor blockade would be 
expected to prolong action potentials. In contrast to the large majority of  mam-
malian species, the human ventricular action potential prolongs in response to 
norepinephrine at constant cycle length (Verkerk et al., 2000; Veldkamp et al., 
2001). However, the caveat should be made that the experimental human data 
have been obtained in ventricular myocytes isolated from explanted failing hu-
man hearts.  

In summary, and at constant heart rate, ß-adrenoceptor blocking agents 
will prolong the action potential  (and the QT interval) as far as the impact on 
the delayed rectifier current is concerned. The effect of ß-adrenoceptor block-
ade on the L-type Ca2+ current will shorten the action potential and the QT 
interval. In most species the balance of  these two effects is a prolongation of  
the action potential and the QT interval. In man, this balance is expected to 
be opposite, i.e. a shortening of  the action potential (Veldkamp et al., 2001). 
However, the negative chronotropic effect of  ß-adrenoceptor blockade plays 
an important role as well. The ultimate balance between the effect of  ß-adreno-
ceptor blockade on the two currents involved and on the sinus node will result 
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in further prolongation of  the action potential (and the QT interval) in most 
mammalian species. In man it may change shortening of  the action potential 
(and the QT interval) at constant heart rate into prolongation, when the negative 
chronotropic effect of  ß-adrenoceptor blockade is superimposed on the direct 
effects of  ß-adrenoceptor blockade on ICa-L and IKs. Indeed, we have found that 
QT intervals prolong in LQTS1 and LQTS2 patients after ß-adrenoceptor block-
ade (Conrath et al., 2002).

In line with these data in human ventricle ß-adrenoceptor stimulation in-
duces early afterdepolarizations (EADs) -"one or more hump like depolarizations 
during the latter part of  the plateau or the initial stage of  phase 3" (Hoffman 
and Cranefield, 1960)- (Li et al., 1990; Veldkamp et al., 2001), which seems to
be based on the increased calcium window current (see previous section; (Veld-
kamp et al., 2001)). Clinical correlates (Torsades de Pointes type of  arrhythmias) 
have been demonstrated in patients with LQTS. Isoproterenol (non-selective ß-
adrenoceptor agonist) and epinephrine induce depolarizing afterpotentials that 
interrupt or delay repolarization of  the monophasic action potential (Shimizu et 
al., 1991; Shimizu et al., 1994). These 'EAD's' may give rise to arrhythmias and 
are attenuated by ß-adrenoceptor blockade (Shimizu et al., 1994). 

The stimulation of  α-adrenoceptors leads to prolongation of  the ventricu-
lar action potential in rabbit (Dukes and Vaughan Williams, 1984), but not in 
human (Jakob et al., 1988) or simian ventricle (Kimura et al., 1984). 

 Refractory periods

Action potential duration and refractory period are closely linked as long 
as the heart is not ischemic or hyperkalemic (Kodama et al., 1984). Shortening of  
refractoriness is the general response to sympathetic stimulation in most animal 
species, probably because of  excessive sympathetic stimulation or high infused 
concentrations of  catecholamines. Sympathetic stimulation shortens refractori-
ness in feline (Gaide et al., 1984) and canine ventricle by about 30 msec (Kralios 
et al., 1975; Millar et al., 1985; Inoue and Zipes, 1987; Zaza et al., 1991). The 
magnitude of  the decrease varies with heart rate, with frequency and duration 
of  nerve stimulation and with the site of  stimulation (left or right sympathetic 
nerves). As may be expected, stellectomy prolongs ventricular refractoriness 
(Yanowitz et al., 1966; Garcia-Calvo et al., 1992).
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Sympathetic nerve stimulation
Stimulation of  the right stellate ganglion produces marked QT prolonga-

tion and T-wave positivity in cats, although stimulation of  the left stellate gan-
glion results in little change in the QT interval with T-wave negativity (Rogers 
et al., 1973). In the dog stimulation periods lasting longer than a minute (left or 
right) shorten the QT interval (Abildskov, 1976) by some 30 msec, which com-
pares well with data on refractoriness (previous sub-section). Shorter episodes 
of  stimulation result in transient effects (prolongation followed by shortening of  
the QT interval). It has also been pointed out that the area of  affected local QT 
intervals in response to sympathetic stimulation demonstrates a huge interindi-
vidual variability, even when the same neural or ganglion structure is involved 
(Yanowitz et al., 1966; Opthof  et al., 1991; Savard et al., 1991). The effects on 
action potential duration and on refractoriness (previous two sub-sections) do 
not fully comply with data on the QT interval. It is difficult to reconcile QT pro-
longation following some types of  nerve stimulation or catecholamine infusion 
with shortening in refractoriness as the prevailing response to the same interven-
tions, but again the situation in man may be different from that in cats or dogs 
by species differences. 

Stellectomy and ß-adrenoceptor blockade
The so-called sympathetic imbalance hypothesis (Schwartz, 1984), 

reached clinical significance when recurrent ventricular arrhythmias in a patient
with LQTS could be abolished by left cervicothoracic stellectomy (Moss and  
McDonald, 1971). In a follow-up study on 85 LQTS patients (Schwartz et al., 
1991) subject to recurrent episodes of  syncope or cardiac arrest and refractory 
to treatment with ß-adrenoceptor blocking agents, left cardiac sympathetic de-
nervation reduced the averaged number of  ‘cardiac events per year’ from 13 to 
less than one. Despite the fact that there was an impressive 5-year survival rate 
well above 90%, the QTc interval did not restore to normal values by the proce-
dure. It shortened from an average of  548 to 507 msec (Schwartz et al., 1991), 
still far above the clinical border value for prolongation of  440 msec. 

It is probably too simple to consider the effects of  stellectomy and cer-
tainly of  ß-adrenoceptor blockade as opposite to the effects of  sympathetic 
stimulation. There is more information on the effect of  stellectomy on local 
refractoriness than on the QT interval. In the dog, left stellectomy produces 
only a slight change in the QT interval, whereas right stellectomy prolongs the 
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QT interval by 20-70 msec (Yanowitz et al., 1966). We have analyzed the rela-
tion between the RR intervals and the QT intervals in a patient group of  which 
we have studied symptomatology and gender related aspects (Conrath et al., 
2002) before and after ß-adrenoceptor blockade. The effects are different in 
patients treated prophylactically (so-called ‘A-A’ patients, i.e. asymptomatic be-
fore and during treatment), in  patients that benefit from treatment (‘S-A’ pa-
tients; symptomatic before, but asymptomatic during treatment) and in those 
that do not benefit from treatment (‘S-S’ patients; symptomatic before and dur-
ing treatment - see also Figs. 14A-B in which we describe differences between 
S-A and S-S patients before treatment).  Thus, Fig. 15 shows that the relation-
ship between RR interval and QT interval in 40 A-A patients was not changed 
after ß-adrenoceptor blockade, despite the negative chronotropic effect. The 
regression lines were similar both in slope and in vertical direction (covariance 
analysis). Fig. 16 shows the RR-QT interval relationship in 36 S-A patients.  

Figure 15
Relation between RR interval and QT interval in 40 asymptomatic LQTS1 and LQTS2 pa-
tients before and during treatment with ß-adrenoceptor blocking agents. Before: Y = 0.19X 
+ 267, r=0.675, p<0.0005. During: Y = 0.17 X + 281, r=0.637, p<0.0005. The two lines 
did not differ (covariance analysis; see text for details).
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In contrast to the A-A patients, the slope of  the curves is significantly decreased
during treatment in the S-A patients (covariance analysis; p< 0.025). During 
treatment the QT interval increases less by bradycardia than before treatment. 
We suggest that a change in autonomic tone may affect the responses of  sinus 
node and of  working ventricular myocardium differently in LQTS. Even in nor-
mal hearts it has been shown by Inoue and Zipes (Inoue and Zipes, 1987) that 
the autonomic balance to sinus node and working atrial and ventricular myocar-
dium is different. Another consequence of  Fig. 16 is the limitation of  correction 
of  the QT interval. We demonstrated in Figs. 14A-B that S-A and S-S patients 
require a different correction of  the QT interval (before treatment). Fig. 16 
indicates that even the same patient group (S-A patients) requires different cor-
rection of  the QT interval before and during treatment. Finally, Fig. 17 shows 
the RR interval-QT interval relationship in 11 S-S patients before and during 
treatment. Again the slope is significantly reduced by ß-adrenoceptor blockade
(covariance analysis; p<0.05). 

Figure 16
Relation between RR interval and QT interval in 36 LQTS1 and LQTS2 patients symptom-
atic before and asymptomatic during treatment with ß-adrenoceptor blocking agents. Before: 
Y = 0.22X + 265, r=0.728, p<0.0005. During: Y = 0.10 X + 371, r=0.489, p<0.005. 
The slope of the two lines differed significantly (covariance analysis, p<0.025; see text for
further details).
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Dispersion and arrhythmogenesis

Left and right limbs of  the sympathetic nervous system branch each in 
their own pattern over the heart (Randall et al., 1963). Thus, it is no surprise that 
they affect the heart in a different way. The right sympathetic nerves primarily 
innervate atria and sinus node with variable supply to the ventricles. The left 
sympathetic nerves primarily innervate the atrioventricular node and parts of  
the ventricles (Randall et al., 1963). This explains why stimulation of  the right 
stellate ganglion has a stronger, albeit not exclusive, chronotropic effect, whereas 
stimulation of  either ganglion exerts profound inotropic effects, but also elec-
trophysiological effects (Randall et al., 1963).

Ventricular action potentials are shorter at the epicardium than at the 
endocardium. This dispersion corrects for the normal order of  activation of  
the ventricle. Thus, the moment of  recovery from previous excitation becomes 
more synchronous than it would be without this physiological dispersion in ac-

Figure 17
Relation between RR interval and QT interval in 11 LQTS1 and LQTS2 patients symptom-
atic before and during treatment with ß-adrenoceptor blocking agents. Before: Y = 0.54X + 
52, r=0.882, p<0.005. During: Y = 0.25 X + 262, r=0.769, p<0.005. The slope of the two 
lines differed significantly (covariance analysis, p<0.05; see text for further details).
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tion potential/refractoriness (see also Fig. 7). In general, increased dispersion 
in refractoriness predisposes the heart to reentrant arrhythmias (Janse and Wit, 
1989). The location of  the dispersion in APD and the distance over which it oc-
curs constitutes the difference between ‘physiological correction’ and ‘substrate 
for arrhythmias’. A gradual transition between distant sites is not arrhythmo-
genic, but the same degree of  dispersion between adjacent sites is highly arrhyth-
mogenic (see Fig. 11) as has been pointed out previously in a seminal study by 
Surawicz and colleagues (Kuo et al., 1983). 

Unfortunately, information on assessment of  dispersion in ventricular re-
fractoriness after sympathetic stimulation is limited and has almost exclusively 
been obtained in dogs (Han et al., 1964; Han and Moe, 1964; Yanowitz et al., 
1966; Kralios et al., 1975; Inoue and Zipes, 1987). Right sided nerves project 
primarily on the anterior side of  the ventricles and left sided nerves on their pos-
terior side (Yanowitz et al., 1966). Other studies point to large overlap between 
left and right sided nerves (Kralios et al., 1975). Later work did not confirm such
general schemes. Individual arborizations varied to such an extent that each dog 
reacted different to sympathetic stimulation (Opthof  et al., 1991). The percent-
age of  ventricular sites responding with shortening of  an index of  refractoriness 
after left stellate ganglion stimulation was 65%, whereas this number was only 
37% after stimulation of  the right stellate ganglion. Thus, the main difference 
between the effects of  left and right limbs of  the sympathetic nervous system 
is the larger area affected by the left limb with respect to ventricular refracto-
riness. The massive interindividual variability in response to stellate ganglion 
stimulation caused huge dispersion in refractoriness during stimulation in some, 
but not in all canine hearts (Opthof  et al., 1991). Interestingly, the basic disper-
sion in refractoriness is of  the same order as the effect of  sympathetic stimula-
tion on ventricular refractoriness (about 30 msec at maximum). Therefore, such 
basic maximal dispersion can either be abolished or doubled after sympathetic 
stimulation. The observation of  a regional change in refractoriness after sympa-
thetic stimulation or ß-adrenoceptor blockade on refractoriness is not sufficient
to conclude that dispersion in refractoriness has actually changed. The dispersion 
in refractoriness prior to and during sympathetic stimulation or ß-adrenoceptor 
blockade need to be compared. Only three studies have, to our knowledge, as-
sessed dispersion in refractoriness before and during or after sympathetic stimu-
lation (Han et al., 1964; Han and Moe, 1964; Burgess and Haws, 1982). In the 
dog the range of  dispersion in refractory periods has been reported to increase 
from 9 to 17 msec (based on a study with six stimulation sites (Burgess and 
Haws, 1982)) and from 26 to 33 msec in a study with 12 adjacent sites (deduced 
from Han and Moe, 1964)). Sympathetic stimulation can produce an increase in 
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dispersion of  refractoriness, but not in every individual canine heart (Opthof  et 
al., 1991). Increase in dispersion of  refractoriness after sympathetic stimulation 
probably underlies the decrease in the fibrillation threshold, which constitutes a
crude marker of  its proarrhythmic potential (Han et al., 1964).

The effects of  systemic catecholamines on refractoriness are similar to the 
effect of  sympathetic stimulation (Han et al., 1964; Han and Moe, 1964; Millar 
et al., 1985). Shortening of  refractory periods prevails. However, the effect on 
dispersion in refractoriness is quite different. Although sympathetic stimulation 
may increase dispersion, a more homogeneous effect is obtained after norepi-
nephrine infusion (Han and Moe, 1964; Millar et al., 1985). Inhomogeneity in 
innervation may outweigh the inhomogeneity in receptor density and/or sensi-
tivity. 

In a group of  LQTS1 and LQTS2 patients dispersion in QT intervals was 
not affected by ß-adrenoceptor blockade (Conrath et al., 2002). 

 

The congenital long QT syndrome

The congenital long QT syndrome is a familial disorder which is charac-
terized by -mostly- an autosomal dominant trait, prolongation of  the QT inter-
val and the occurrence of  torsades de pointes arrhythmias, giving rise to syncope 
and sudden cardiac death. Over the past 10 years, the genetic background of  this 
disorder has been unraveled in large, albeit not in complete detail. Several genes 
have been discovered thus far (Curran et al., 1995; Wang et al., 1995; Wang et 
al., 1996; Splawski et al., 1997; Abbott et al., 1999; Mohler et al., 2003). Most of  
these genes encode ion channels (Curran et al., 1995; Wang et al., 1995; Wang 
et al., 1996), or subunits of  these channels (Splawski et al., 1997; Abbott et al., 
1999). One gene encodes a structural protein (Mohler et al., 2003). Mutations in 
the KCNQ1 gene (formerly called the KVLQT1 gene) give rise to LQTS1 (Wang 
et al., 1996). This gene encodes the α-subunit of  the ion channel responsible 
for IKs. Potassium channels form functional tetramers. Thus, four α-subunits 
form one functional channel. A mutation can disturb current in various ways. 
First, it can exert a so-called “dominant negative effect”. This relates to the 
fact that four subunits are needed for one channel. The incorporation of  a mu-
tated subunit may result in a non-functional channel. When the transcription of  
the healthy allele and the mutated allele are unaffected, 50% of  the alleles will 
carry the mutation. The chance that a channel only consists of  healthy subunits 
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would then be 1/16, and current density would be expected to be only 1/16th 
(6.25 %) of  the normal value. Another mechanism is modification of time and
voltage characteristics of  the current. Thirdly, mutated alleles may never reach 
the membrane because of  trafficking defects. These three mechanisms may be
involved in LQTS1, but also in LQTS2. The latter form arises from mutations 
in the KCNH2 gene, encoding IKr. LQTS1 and LQTS2 account for the majority 
of  cases of  LQTS. LQTS3 results from mutations in the cardiac sodium chan-
nel (SCN5A). The sodium channel is a monomeric protein. Mutations in this 
gene have been related to the long QT syndrome (Wang et al., 1995) (increase of  
current mutations), the Brugada syndrome (Chen et al., 1998), Lenegre disease 
(Schott et al., 1999), and sick sinus syndrome (Benson et al., 2003) (all 3 decrease 
of  current mutations). LQTS5 and LQTS6 result from mutations in the subunits 
of  IKs (KCNE1 gene, encoding the minK protein (Splawski et al., 1997)) and IKr 
(KCNE2 gene, encoding the MiRP1 protein (Abbott et al., 1999)) respectively. 
LQTS4, which has been reported in one familie only, is related to mutations in 
the Ankyrin-B gene (Mohler et al., 2003).

Genotype-phenotype relations have been reported in the past years. 
Between LQTS1, LQTS2 and LQTS3, electrocardiographic (Moss et al., 1995), as 
well as therapeutic differences have been described (Schwartz et al., 1995; Moss 
et al., 2000; Itoh et al., 2001). In general, LQTS1 patients display typically broad-
based high-amplitude T-waves, whereas T-waves in LQTS2 are notched and of  
lower amplitude (Moss et al., 1995). LQTS3 patients have a long iso-electric ST 
segment followed by a small T-wave (Moss et al., 1995). Of  course these T-waves 
types are not typical, have a very low specificity and sensitivity, but they can help
to direct genetic screening. Also the efficacy of treatment with ß-adrenoceptor 
blockade, the first choice therapy in LQTS, is different in these groups. LQTS3 
patients do not benefit from this treatment, as they experience cardiac events
at low heart rates, mostly during sleep (Moss et al., 2000). Furthermore, LQTS2 
patients may benefit less from ß-adrenoceptor blockade than LQTS1 patients 
(Moss et al., 2000; Itoh et al., 2001; Schwartz et al., 2001; but see also chapter 5)

As mentioned above, LQTS3 patients have arrhythmic events at low heart 
rates, mostly during sleep. On the other hand, in LQTS1 patients exercise, and 
especially swimming are related to cardiac events (Moss et al., 1999; Schwartz et 
al., 2001), whereas in LQTS2 patients startle or a loud acoustic stimulus are ar-
rhythmogenic triggers (Moss et al., 1999; Wilde et al., 1999), although the variabil-
ity in sensitivity to triggers has been shown to be large even within the group of  
LQTS2 patients and depends on the type and location of  the mutation (Conrath 
et al., 2004b). Also differences have been shown concerning the age of  onset of  
symptoms (Zareba et al., 1998), and with respect to gender (Locati et al., 1998).
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Conclusion

Knowledge about ventricular repolarization in the human heart is largely 
based on animal studies, as human data are sparse. However, animal data can not be 
extrapolated directly to the in vivo human heart. In order the debate to be closed, 
repolarization of  the human ventricle requires a study (Coronel, 2005) comparable 
to the way cardiac activation was analyzed in 1970 (Durrer et al., 1970).
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M cells in the human heart

Abstract

The significance of M cells in the human heart is a debated issue. These
cells have no morphological features other than subendocardial or subepicardial 
myocytes. In the human heart there are only very sparse data and there seems to 
be a discrepancy between observations in isolated cells, or wedge preparations 
and in intact hearts. In this chapter we (i) give an outline of  the literature, we (ii) 
present observations in the Langendorff-perfused human heart, we (iii) present 
data obtained in a human wedge preparation and we (iv) present the results of  
computer simulations in a transmural strand based on the Priebe-Beuckelmann 
model, which is basically an adaptation of  the Luo-Rudy model (guinea pig) us-
ing human data. We have found that M cells are probably functionally irrelevant 
in the human heart. In addition our computer simulations make early epicardial 
repolarization compared to endocardial repolarization improbable. The concor-
dance in polarity of  the QRS complex and the T wave in most precordial leads 
of  the ECG is probably based on apico-basal and /or anterior-posterior differ-
ences rather than transmural differences in repolarization.

 
Repolarization in the normal ventricle

Abnormalities in repolarization in the human ventricle may cause arrhyth-
mias based on early or delayed afterdepolarizations giving rise to triggered activ-
ity. When substantial dispersion in repolarization moments is involved, reentrant 
arrhythmias may ensue. An abnormally long ventricular action potential may fol-
low from either increased inward currents or decreased outward currents during 
the plateau phase of  the action potential, when there is more or less equilibrium 
between the amplitudes of  the L-type Ca2+ inward current and the fast and slow 
components of  the delayed rectifier outward K+ currents. As soon as the latter 
currents become dominant, repolarization to the resting membrane potential 
occurs with an important contribution of  the inward rectifier current during the
final phase of repolarization. The QT interval may become prolonged either as
an acquired syndrome (for instance in response to an antiarrhythmic agent), or 
on a genetic basis such as in the Long QT Syndrome (LQTS).  

Class III antiarrhythmic agents prolong the human ventricular action po-
tential and the effect of  agents like E-4031, a blocker of  the rapidly activating 
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component of  the delayed rectifier (IKr), underscores the relevance of  IKr for re-
polarization of  the human ventricular action potential [1]. The mere existence of  
the Long QT Syndrome caused by mutations in the KCNQ1 gene on chromo-
some 11 (LQTS1) [2], leading to a decrease in the slowly activating component of  
the delayed rectifier (IKs), suggests indirectly that IKs is relevant for repolarization 
of  the human ventricle as well, although direct data demonstrating the relevance 
of  IKs for the human ventricular action potential are sparse [3]. The effect of  
blockade of  IKs by chromanol 293B on the human ventricular action potential 
-prolongation at high heart rate- constitutes further indirect pharmacological 
evidence for a significant contribution of IKs to repolarization of  human ven-
tricular myocytes [4].  An important problem with human data is that they are in 
general obtained from diseased hearts. There are hardly data on IKs from studies 
on human ventricular myocytes isolated from non-diseased hearts. This results 
for obvious reasons from the very limited availability of  human donor hearts for 
such studies, but also from the notorious sensitivity of  delayed rectifier currents
to isolation artifacts [3,5,6].

Beuckelmann et al. [7] did not succeed in demonstrating any delayed recti-
fier current in donor hearts unsuitable for transplantation. The occurrence of IKr 

 
and IKs was described in right ventricular human myocytes, which were isolated 
from normal right ventricles (although the left ventricles were in failure) [8]. The 
importance of  technical problems in isolating human myocytes [9] is demon-
strated by the fact that one and the same group reported first the absence [10]
and later the presence of  IKs in human ventricle [3].

The contribution of  IKs to repolarization is further complicated by the fact 
that the current displays three types of  inhomogeneity, at least in animal studies. 
First, the density of  IKs is lower in the mid-myocardial layers (including so-called 
“M cells”) as compared to the subendocardium and the sub-epicardium [11]. 
Second, its density is larger at the base than at the apex of  the heart [12] and, 
finally, IKs is about twice as large in the right compared to the left ventricle[13]. 
These regional inhomogeneities however, have only been demonstrated in ca-
nine [11,13] and rabbit hearts [12]. Data on inhomogeneity of  current density in 
the human ventricle are not available. 

With the paucity of  data on the delayed rectifiers in human ventricle on
one hand and the relevance of  IKs deduced from data in LQTS1 patients [2] and 
from pharmacological data [4] on the other hand, we have exploited a com-
puter model of  the human ventricular action potential [14] to study the relative 
significance of both components of the delayed rectifier for repolarization in
the normal human ventricle. Fig. 1 shows the effect of  a change in IKs and IKr 
current on the duration of  the human ventricular action potential in this single 
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cell model. Obviously, a change in IKr seems to have a larger effect on action 
potential duration than a change in IKs. Dispersion in repolarization moment 
is proarrhythmic and may occur both transmurally and in different regions of  
the ventricles (apex-base, or left-right differences in repolarization time). Mid-
myocardial (M-) cells were reported to have relatively long action potentials. In 
the following sections we will focus on these M cells and on the delayed rectifier
current in the human heart. 

M cells in the human heart 

Fig. 2 shows action potentials recorded from cells isolated from subepicar-
dial, midmyocardial and subendocardial sites from the right ventricle of  hearts 
explanted from patients with heart failure. Cells from the midmyocardial ventric-
ular wall (M region) have an action potential duration at 90% of  repolarization 

Figure 1
The effect of changes in IKs and IKr current on action potential duration at the level of 50% 
(APD50) and 90% repolarization (APD90) in single cells based on the Priebe-Beuckel-
mann model [14] of the human ventricular myocyte.
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(APD90) of  about 400 msec if  paced at 1 Hz (panel B). Action potentials are 
about 100 msec shorter when isolated from the endocardium or the epicardium 
[8]. Interestingly, the epicardial action potential (panel A) is longer than the en-
docardial action potential (panel C). Similar observations have been made in a 
human transmural wedge preparation. Action potentials were recorded from a 
tissue slice from the (normal) left ventricle of  a patient undergoing heart-lung 
transplantation with cystic fibrosis as underlying disease [15]. At 1 Hz APD90
was 439 ± 22 msec (mean±SEM, n=14) in the M region, 330 ± 16 msec in the 
subendocardium and 351 ± 14 msec in the subepicardium.  Not only was action 
potential duration longest in the M-region, also the epicardial action potential 
was longer than the endocardial action potential. These data suggest that M 
cells exist in the human ventricle as in dog [11,16], guinea pig [17], rabbit [18] 
and pig [19], (although controversy remains even in non-human species [20]). 
However, whether the transmural repolarization gradients suggested by these in 
vitro studies are manifest in vivo at physiological heart rates and therefore are 
relevant to intact hearts of  these species including man has been the subject of  
ongoing debate [21-24]. Two important issues play a role in this controversy. (i) 
The difference in action potential duration between M cells and epi- or endo-
cardial cells is a function of  heart rate. At very low heart rate -incompatible with 
life- the difference can be very large, whereas at normal heart rate the difference 
is much smaller. Nevertheless, in man a difference in intrinsic APD90 of  about 
100 msec seems to be present between cells within both the right [8] and the 
left ventricle [15] at normal cycle length. (ii) A second important issue, however, 
remains. In a normal heart, cells are well coupled by gap junctions, providing 
the low-resistance pathway for intercellular current flow, which is a prerequisite
for proper conduction of  the cardiac impulse. In addition, these gap junctions 
are instrumental in the synchronization of  repolarization of  the myocytes. Al-
though myocytes may have substantial intrinsic electrophysiological differences, 
this does not necessarily imply that these intrinsic differences are overt when the 
myocytes are coupled to each other in the ventricular wall.
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Transmural dispersion  in action potential duration in the human heart

The intact heart

Fig. 3 shows transmural activation-recovery intervals (ARIs) in 21 patients 
undergoing routine coronary artery surgery (compiled from ref. [25]). A plunge 
electrode was stuck in the left ventricular wall and stayed there for 40 minutes 
to permit recovery from injury before recordings were made (at normothermia). 
The most epicardially located terminal of  the electrode effectively recorded 
from the subepicardial myocardium, because it was 1 mm from the end of  the 
electrode and there is about 1 mm of  epicardium and subepicardial fat. The 
other terminals were at 1.5 mm distance from each other. Fig. 3 shows that there 
is no midmyocardial prolonged ARI as would be expected if  M cells under these 

Figure 2
Action potentials recorded from cells isolated from the right ventricle of explanted hearts 
from patients with heart failure. (A): Subepicardial cell. (B): Midmyocardial (M) cell. (C): 
Subendocardial cell. Stimulation frequencies are indicated. Reproduced from [8] with per-
mission from the American Physiological Society.

A B

C
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circumstances are able to manifest their intrinsic long APD90. Neither in indi-
vidual patients such a gradient could be detected. It has been shown more than 
a decade ago that these ARIs are markers of  action potential duration in dogs 
[26]. Recently, this close association was corroborated by the demonstration of  
a similar close relationship between ARIs and effective refractory periods in 
whole human hearts [27]. These data allow two possible explanations: i) In these 
patients, no intrinsic differences are present or ii) intrinsic differences are pres-
ent, but are reduced by intercellular coupling. We will address this by computer 
simulations in a heterogeneous strand of  ventricular cells with variable coupling 
in the final sections of this chapter (Figs. 6 - 17).

Figure 3
Activation recovery intervals (ARIs) at five transmural electrode terminals from endocardium
to epicardium obtained from 21 patients. Terminals were 1.5 mm apart. ARI values are 
shown for spontaneous sinus beats at an average cycle length of 1043 msec. Bars indicate 
SEM values. Note that there is no zenith of APD90 at terminal 2, 3 or 4. (Compiled from 
Fig. 3 in ref. [25]; note that the direction of endocardium to epicardium has been reversed 
compared to the source data).
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The Langendorff-perfused human heart

Fig. 4 shows monophasic action potential durations recorded with wol-
fram electrodes at 800 msec in a Langendorff-perfused explanted human heart. 
The four lines indicate subendocardial, midmyocardial and subepicardial record-
ings from four sites at the left ventricular free wall. The midmyocardial position 
was 4 mm below the subepicardium. The bars indicate the average of  the 4 sub-
endocardial positions and of  a total of  16 midmyocardial and 16 subepicardial 
positions (including the four data points indicated by the lines). As in the intact 
hearts (Fig. 3) there is no indication for a midmyocardial zenith in action poten-
tial duration in the isolated human heart (Fig. 4). This observation is of  interest, 
because the patient data in Fig. 3 were obtained under anesthesia and it has been 
proposed that anesthesia may affect intercellular coupling and abolish the pres-
ence of  dispersion in action potential duration [28]. However, the data in Fig. 
3 were obtained with isoflurane anesthesia and because this tends to uncouple
cells, it would be expected that intrinsic differences in APD90 would be exag-
gerated rather than concealed.

Figure 4
Action potential duration (APD90) at 4 endocardial and 16 midmyocardial and 16 epi-
cardial sites at the left ventricular free wall of an explanted human heart perfused in Lan-
gendorff-set up. Mean values shown as bars; four individual recordings shown as symbols. 
The midmyocardial observations were made 4 mm below the epicardial surface. Monophasic 
action potentials were recorded with wolfram electrodes at paced cycle length 800 msec. 
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The human wedge preparation

Fig. 5 shows data from a human wedge preparation. Important studies 
relating electrophysiological features of  the M cell with a pseudo ECG have 
been performed in such a preparation in the dog [21,22]. Again, as in the hu-
man in vivo data (Fig. 3) and in the Langendorff-perfused human heart (Fig. 4), 
not a single indication was found for a midmyocardial maximum in ‘ARIs’. This 
was also the case when pacing rate was decreased from the normal physiological 
value of  1 Hz to 0.1 Hz.   

Figure 5
Activation-recovery intervals (ARIs) in a human wedge preparation cut from an explanted 
human heart. The preparation (10 x 7 x 2 cm) was perfused. Again there is no midmyocar-
dial zenith in ARIs, neither at a pacing rate of 1 Hz, nor at 0.1 Hz.
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The M cell and the subepicardial cell in a computer model 
based on human ventricle

We have simulated action potentials of  a cell from the putative human 
M region and of  a cell from the subepicardium based on a computer model of  
the action potential of  human ventricle by Priebe and Beuckelmann [14]. To 
achieve this, the amplitudes of  Ito, IKr, IKs and IK1 were set to 100% of  the Priebe-
Beuckelmann model values for the epicardial cell. These currents are important 
for early repolarization just after the upstroke of  the action potential (phase 1) 
and thereby for setting the level of  the plateau of  the action potential (Ito), for 
the transition from the plateau of  the action potential into repolarization (onset 
of  phase 3) (IKr and IKs) and for final repolarization (IK1). Fig. 6 shows the effect 
of  a reduction in the density of  IKs by 0% to 100% on the APD90 of  the M cell. 
We observed a difference in APD90 between the M cell and the epicardial cell 
of  0 to 95 msec (Fig. 6, circles) as a function of  the reduction in IKs. A difference 
of  37 msec results from a 54% reduction in IKs (Fig. 6, vertical line). This reduc-
tion has been reported in the canine M region [11]. Additional reductions of  Ito 
(by 13%) and of  IK1 (by 26%), again in accordance with data from canine ven-
tricle [29], will shift the dispersion between M cell and epicardial cell further by 
another 20 msec over the whole range of  IKs reduction (Fig. 6, squares), leading 
to an APD90 difference of  almost 60 msec between M cell and epicardial cell, 
if  the "canine" reduction in IKs of  54% and the reduction of  the Ito and IK1 are 
applied to the human model cell. It should be noted that these differences occur 
in isolated cells. Cell-cell coupling of  epi and M cells will reduce dispersion.

Differences in action potential duration and in repolarization moment 
in a transmural model strand of human ventricular cells

Fig. 7 shows the organization of  a transverse (500 cells) and longitudinal 
strand (100 cells) of  human ventricular cells based on the model of  Priebe and 
Beuckelmann [14]. The difference in the number of  cells corrects for the dif-
ference in length and width of  the myocytes, leading to a transmural width of  
1 cm in both orientations. Within the strand cells could either be of  the suben-
docardial, the M cell or the subepicardial type. For the subendocardial cells, the 
densities of  Ito, IKr, IKs and IK1 were reduced relative to the current densities in 
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the model for epicardial cells by 75%, based on human data [30], by 0% [11], by 
8% [11] and by 11% [29], respectively. The next layer of  cells were M cells with 
current densities as described in the previous section, i.e., with Ito, IKs and IK1 

reduced by 13, 54, and 26%, respectively. Finally, the last layer of  cells were sub-
epicardial cells with all current densities at 100%. Strands were stimulated from 
the endocardial side at a cycle length of  1000 ms. Table 1 provides a  summary 
of  the relevant current densities. 

Figure 6
Dispersion in action potential duration at 90% repolarization (∆ APD) in a single cell 
model (Priebe-Beuckelmann [14]) between a midmyocardial (M) cell and an epicardial cell. 
The membrane currents Ito, IKr, IKs and IK1 of this human ventricular cell model (see text for 
explanation) were at 100% for the epicardial cell and at variable density (0-100% reduc-
tion) for IKs in the M cell. As a function of IKs reduction the dispersion varies from 0 to 97 
msec (circles). At the amount of IKs reduction in the M cell of the canine left ventricle (vertical 
line, [11]) dispersion amounts to 37 msec between the human M cell and epicardial cell. If 
further reductions in Ito and IK1 [29] are taken into account, this dispersion increases further 
by another 20 msec (squares).



91

3

M cells in the human heart

Figure 7
Scheme of strands in either longitudinal (100 myocytes) or transversal orientation (500 myo-
cytes) based on the Priebe-Beuckelmann model [14] with varying intercellular coupling. 
Transmural width was 1 cm in both orientations.

Current
 Subendocardial M cells Subepicardial

 (%) (%) (%)

Ito 25 87 100
IKr 100 100 100
IKs 92 46 100
IK1 89 74 100

Table 1 Current densities

Table 1
Densities of Ito , IKr , IKs and IK1 in the Priebe-Beuckelmann model [14] in the three (sub-
endocardial, M, subepicardial) layers. All densities are percentages relative to the standard 
densities in the model that essentially describes a human subepicardial ventricular myocyte. 
See the text for the references underlying the changes in densities in the other cell layers.



92

3

Fig. 8 shows the variation of  the percentage of  M cells between 0% and 
80%. Their location could be directly bordering a rim of  10% subendocardial 
cells (Fig. 8A), in the mid of  the wall (Fig. 8B) or bordering a rim of  10% sub-
epicardial cells (Fig. 8C). Fig. 9 shows the effect of  electrotonic interaction per 
se. The dashed line shows the action potential duration of  isolated subendocar-
dial myocytes (about 368 msec). Although the strand is composed of  one cell 
type only, it may be appreciated that action potential duration decreases in the 
direction of  propagation, from endocardium towards epicardium. In this case 
the intercellular coupling is 2.5 µS and the effect occurs both with longitudinal 
and transversal cellular orientation. The same effect was observed when the 
strand was composed of  M cells only or of  subepicardial myocytes only (data 
not shown).

A B C

Figure 8
(A): Strand with varying amount of M cells (0-80%) based on the model of Priebe and 
 Beuckelmann [14], directly bordering a rim of 10% subendocardial cells. 
(B): See panel (A), but with midmyocardial localization. 
(C): See panel (A), but with location directly bordering a rim of 10% subepicardial cells.
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Number of M cells

Fig. 10 shows the effect of  variation of  the number of  M cells in the wall 
in transversal orientation at low normal intercellular coupling of  2.5 µS  [31]. 
The square at the right bottom of  Fig. 10 indicates 50 subepicardial cells (10%) 
and the rectangular boxes indicate the percentage and location of  the M cells 
(80%, 60%, 30% and 0%, bordering the subepicardium). M cells start to pro-
long the action potential of  subendocardial cells when they approach this zone, 
which is the case with a percentage over 60%. Fig. 10 also shows that the longest 
action potentials are at the subendocardium in simulations without M cells and 
that the maximal action potential duration increases by about 25 msec with 30% 
M cells, the reported percentage of  M cells in the human heart [15].

Figure 9
The effect of electrotonic interaction on action potential duration (APD90). Abscissa: 
transmural width either in longitudinal or in transversal orientation. Dashed line indi-
cates APD90 of isolated (uncoupled) cells. In the strands intercellular coupling was 2.5 µS 
(low-normal coupling). The strands comprise subendocardial cells only. In both orientations 
APD90 is substantially shorter at the subepicardial region in the strand than in the isolated 
mode, emphasizing the effect of electrotonic interaction.
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Location of M cells

Fig. 11 shows the effect of  variation of  the transmural location of  a fixed
amount of  30% of  M cells in transversal orientation at a normal intercellular 
coupling of  2.5 µS. The organization of  Fig. 11 is similar to that of  Fig. 10 (see 
previous section). Action potential duration is longest with a location closer to 
the subendocardium. 

Variation of intercellular coupling

Fig. 12 shows action potential duration in strands with longitudinal  
(panel A) or transversal orientation (panel B). The dashed lines indicate action po-
tential duration in the uncoupled state for the 60% of  subendocardial cells, 30% 
of  M cells and 10% of  subepicardial cells. There are three degrees of  intercellu-

Figure 10
Action potential duration (APD90) in a strand of 500 transversally coupled myocytes (2.5 
µS). The square at the right bottom of the Figure depicts 10% of subepicardial cells. The rect-
angular boxes depict the effect of either 30%, or 60%, or 80% of M cells, directly bordering 
the subepicardial rim on APD90. The thinnest line shows data without any M cells.
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lar coupling: high normal (7 µS), low normal (2.5 µS) and an order of  magnitude 
below the physiological normal value (0.25 µS) [31]. In longitudinal orientation  
(panel A) the intrinsic differences in action potential duration are almost abol-
ished in the normal physiological range of  coupling (compare lower two lines). 
In transversal orientation (panel B) significant dispersion remains. Because fiber
orientation varies from epi- to endocardium, the physiological dispersion in ac-
tion potential duration will be somewhere in between the differences between 
the two lower lines and of  both panels, i.e. between 5 msec and 35 msec (under 
the assumption that there are M cells in the human ventricle). 

Interestingly, the critical value of  intercellular coupling conductance re-
quired to abolish intrinsic dispersion in APD90 is substantially higher at least 
in the transversal direction than that previously reported in a model study of  
Viswanathan et al. [32] in guinea pig, where it was about 2.5 µS.  In that model 
study, based on membrane currents of  guinea pig ventricle [33], the M region 
has an action potential which is more than 60 msec longer than at the epicardial 

Figure 11
Action potential duration (APD90) in a strand of 500 transversally coupled myocytes (2.5 
µS). The square at the right bottom of the Figure depicts 10% of subepicardial cells. The 
rectangular boxes depict the effect of 30% of M cells, at varying location within the trans-
mural ventricular wall. Longest APD90 is observed when the location is directly at the 
subendocardium.
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Figure 12 
Action potential duration in a model strand of 100 longitudinally orientated (panel A) 
or 500 transversally orientated cells (panel B) according to the Priebe-Beuckelmann model 
[14] with modifications in repolarizing currents for the first layer of 60% of subendocardial
cells, the second layer of 30% of M cells and the third layer of 10% of subepicardial cells 
as explained in the text. The dashed lines indicate action potential duration at the 90% 
repolarization level (APD90) if the cells are fully uncoupled. With increasing intercellular 
coupling the "transmural" dispersion tends to disappear almost completely, especially in lon-
gitudinal orientation (panel A). In the normal range of physiological intercellular coupling 
(2.5-7.0 µS) the difference in action potential duration in transversal orientation (panel B) 
is still substantial.

A

B
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end of  the strand when intercellular coupling is decreased to 0.025 µS [32]. At 
2.5 µS this difference is reduced to about 20 msec [32]. This is caused by short-
ening of  the action potential in the M region and by prolongation of  the action 
potential at the epicardial part of  the model strand by electrotonic interaction 
for which gap junctions provide the pathway. Whether or not intrinsic differ-
ences are expressed when the cells are coupled thus critically depends on the 
amount of  intercellular coupling in the guinea pig as well. 

Repolarization moments and dispersion

Fig. 13 shows the latest repolarization moments (i.e. the summation of  
activation time and action potential duration) as a function of  the percentage 
of  M cells and their location according to the scheme described in Fig. 8 at 
intercellular coupling conductance of  2.5 µS. For the transversal orientation all 
three locations (‘subendocardial’, ‘mid’ and ‘subepicardial’) are shown and for 
the longitudinal orientation only the ‘mid’ orientation, because the differences 
between the three locations were small. Fig. 13 shows that the longest repolariza-
tion moments, which can be regarded as a ‘pseudo QT interval’, occur with sub-
epicardial location in the transversal orientation, but there is no further increase 
above 40% of  M cells. It should be noted that the assumption of  30% of  M cells 
in combination with a subepicardial location, which has been described in the 
human heart [15], leads to abnormally prolonged QT intervals, in fact already 
with 10% of  M cells. Thus, when the transversal orientation is closer to reality 
than the longitudinal orientation, it could be stated that M cells are incompatible 
with a normal QT interval.

Fig. 14 shows the more intricate relation between the percentage of  M 
cells and their location on the one hand and, on the other hand, dispersion in 
repolarization moments, i.e. the difference between the latest and the earliest 
repolarization moment, along the strand again at intercellular coupling of  2.5 µS. 
Dispersion is much larger with transversal compared to longitudinal orientation. 
More surprisingly, dispersion is smaller with 30% M cells as long as they are lo-
cated close to the endocardium compared to the situation without M cells (com-
pare filled circles at 0% and 30% of M cells in Fig. 14). Finally, Fig. 15 shows the
effect of  varying coupling of  the myocytes in the situation of  30% of  M cells 
directly bordering the 10% subepicardial rim. The organization of  the Figure is 
similar to that of  Fig. 12, but now relates to the repolarization moments rather 
than to action potential duration. 
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Differences between endocardial and epicardial repolarization

Apart from the role of  M cells we were also interested in the difference be-
tween the moments of  epicardial and endocardial repolarization. Their presumed 
reversed order compared to the order of  activation (see also Fig. 7 in chapter 2) 
has been thought to underlie the concordance between the polarity of  the QRS 
complex and the T wave in most of  the standard leads of  the ECG. Data on 
isolated human cells (see also Fig. 2) as well as in the human wedge preparation 
[15] do not support this common knowledge. Thus, the only available published 
reports point to longer action potentials in the subepicardium than in the suben-
docardium. Our present data in the intact human heart (Fig. 3), in the isolated hu-
man heart (Fig. 4) as well as in the human wedge preparation (Fig. 5) do not point 

Figure 13
Latest repolarization moments (‘pseudo QT intervals’) in strands based on the Priebe-
Beuckelmann model [14]. ‘Trans’: transversal orientation of 500 myocytes. ‘Long’: longi-
tudinal orientation of 100 myocytes. Intercellular coupling conductance 2.5 µS. Abscissa: 
percentage of M cells. Ordinate: Latest repolarization moment (activation time plus action 
potential duration. This moment could be anywhere in the strand and, actually, is at differ-
ent sites in all simulations. ‘Pseudo QT intervals’ are longest in transversal orientation and 
with subepicardial (‘Subepi’) location of the M cells. For the longitudinal orientation only 
the mid location (‘Mid’) is given, because the differences with the subendocardial (‘Subendo’) 
and Subepi location were small. See also the scheme in Fig. 8A-C.
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to relevant differences in APD90 between subendocardium and subepicardium.  
Fig. 16 shows the difference between subepicardial and subendocardial repolar-
ization moments in the strand simulations with the percentage of  M cells, their 
location and the cellular orientation of  the strand as three parameters at low 
normal (2.5 µS) intercellular coupling. All transversal orientations lead to later 
subepicardial repolarization. In longitudinal orientation the subepicardium only 
repolarizes first when the M cells are located directly under the subendocardial
rim. With the actual orientation somewhere in between longitudinal and trans-
versal, it must be concluded that the model predicts later subepicardial repolar-
ization in concordance with data of  Li et al. [8] in isolated cells (see also Fig. 2) 
and of  Drouin et al. [15] in the human wedge preparation and with our patient 
data (Figs. 3-5).

Figure 14
Dispersion in repolarization moments (latest minus earliest repolarization; see also Fig. 15) 
in strands with longitudinal and transversal orientation based on the Priebe-Beuckelmann 
model [14]. Intercellular coupling conductance 2.5 µS. See also the legend of Fig. 13 for the 
organization of this Figure. Dispersion in much larger with transversal orientation than with 
longitudinal orientation. Note that a subendocardial location of 10-40% of M cells leads to 
less dispersion than in a strand devoid of M cells (0 %). 
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Identification of maximal transmural inhomogeneity

Fig. 15 showed the dispersion in repolarization moments along longitu-
dinally and transversally orientated strands. Dispersion (Fig. 14) was calculated 
from the maximum and minimum repolarization moments along the strands. 
However, total dispersion over the whole wall may be less relevant than a smaller 

Figure 15
Repolarization moments at varying intercellular coupling in longitudinal (panel A) and 
transversal strands (panel B) based on the Priebe-Beuckelmann model [14]. All strands com-
prised 30 % of M cells at subepicardial location as shown in Fig. 8C and in accordance with 
what has been described in the human heart by Drouin et al. [15]. Note that the two bolder 
lines in both orientations depict the lower and averaged bounds (2.5-7.0 µS) of what has 
been described as the range of normal intercellular coupling by Jongsma and Wilders [31].  
The thinnest line in each panel depict intercellular coupling one order of magnitude lower  
(0.25 µS) than the low-normal value. The Figure shows that at 7 µS the longer activation 
time in transversal orientation is more than compensated for by electrotonic interaction, de-
creasing action potential duration (see also Fig. 9). A difference between the low normal (2.5 
µS) and normal intercellular coupling (7 µS) is relevant in transversal orientation, but bot in 
longitudinal orientation as has been pointed out previously by Jongsma and Wilders [31].

A B
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dispersion which occurs over a (much) smaller distance. Therefore, we also deter-
mined the part of  the transmural width in which the difference in repolarization 
moment was larger than 15 msec/mm, which is arbitrary, but in line with dif-
ferences in refractoriness that have been shown to be arrhythmogenic [34]. In 
fact this is a way of  describing the steepness of  the curves shown in Fig. 15.  
Fig. 17 shows the result of  this procedure performed for low normal (2.5 µS) 
intercellular coupling. In longitudinal orientation steepness never exceeds 15 
msec/mm. In transversal orientation the transmural portion fulfilling this crite-
rion is between 1.5 and 2.0 mm (15-20% of  the transmural width) when there 
are 30%-70% of  M cells at subepicardial location or 30%-60% of  M cells at 
midmyocardial location. At subendocardial location there is a portion of  about 
0.7 mm (7% of  transmural width) which fulfils this ‘arrhythmogenic criterion’
with 40% of  M cells or more.  

Figure 16
Differences in the moments of endocardial and epicardial repolarization as a function of the 
amount of M cells and their location in strands based on the Priebe-Beuckelmann model 
[14]. ‘Trans’: transversal orientation of 500 myocytes. ‘Long’: longitudinal orientation of 
100 myocytes. ‘Subendo’: subendocardial location of M cells. ‘Mid’: midmyocardial location 
of M cells. ‘Subepi’: subepicardial location of M cells. Intercellular coupling conductance 2.5 
µS. Earliest epicardial repolarization (negative values along the ordinate) are never observed 
in transversal orientation and in longitudinal orientation only with subendocardial loca-
tion of the M cells. These data are in agreement with human data on isolated cells (see Fig. 
2 taken from ref. [8]) or from human wedge preparations [15]. These data are difficult to
reconcile with the concordance between the polarity of the QRS complex or the T wave in 
most standard leads of the ECG. See text for further details. 
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Concluding remarks

The measurements in human ventricle as shown in Fig. 3 have been made 
under anesthesia, which is notorious for its modulation of  intercellular coupling 
as extensively discussed by Antzelevitch [28]. It should be stressed, however, 
that barbiturates which tend to decrease dispersion, were not used in this patient 
study [25]. Furthermore, intercellular coupling is considered to be decreased un-
der several pathophysiological conditions [31], which would increase the chance 
for intrinsic dispersion in action potential duration to become manifest over that 
in normal hearts. In addition, the data in the Langendorff-perfused human heart 

Figure 17
Areas within the transmural wall over which differences in repolarization moments exist 
larger than 15 msec/mm as determined from the slopes of the repolarization curves. Intercel-
lular coupling conductance 2.5 µS. In fact this Figure depicts over which part of the transmu-
ral wall a relevant difference in repolarization moments exists. For longitudinal orientation 
there is never such an area, whatever the amount of M cells and whatever their location. 
In transversal orientation the steepest repolarization curves occur with 40-60 % of M cells, 
especially when these are located directly below the epicardial rim.
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(Fig. 4) and in the human wedge preparation (Fig. 5) comply with the observa-
tions in the intact human heart.

 The data in intact hearts are corroborated by the simulation data, which 
in fact showed that at physiological coupling (2.5 µS) rather long QT intervals 
(well above 400 msec) result from the inclusion of  more than 10% of  M cells, 
especially when located close to the epicardium. Only at much higher coupling 
(7.0 µS) M cells can be reconciled with QT intervals below 400 msec (see also 
chapter 9). For a definite conclusion data on intercellular coupling in the human
heart are needed. Of  course the observation of  very long action potentials in iso-
lated cells (Fig. 2 and [8]) as well as the observation of  a zenith in repolarization 
moment in midmural wedges from the human heart [15] stand, although the lat-
ter observation could not be confirmed by us (Fig. 5). Whatever, the presence of
M cells, we think that it is reasonable to conclude that M cells, if  present at all, are 
really incognito, i.e. they are functionally irrelevant in the normal human heart.

 The observation of  long midmyocardial action potentials in wedge prep-
arations in dogs [35] should be appreciated against the background of  confir-
mation in one study in the human heart [15], but not in our single observation 
in a wedge preparation from a human heart (Fig. 5 in this chapter), although 
the fact that this is just one preparation is, of  course, a serious limitation. Any-
way, there is an obvious conflict with their functional absence in in vivo human 
hearts (Fig. 3 in this chapter, [25]) and in the Langendorff-perfused human heart 
(Fig. 4 in this chapter). By design wedge preparations are more uncoupled than 
intact heart. Reducing a three dimensional structure to a two-dimensional one 
as is the case with a wedge preparation can be expected to reduce electrotonus. 
On the other hand, the contribution of  inhomogeneities from base to apex will 
be absent [13,36].

 It should further be stressed that in in vivo studies long action potential 
durations in the midmyocardium have been reported to be absent even in the 
"model species" for M cells [21], the dog, also when the M region is further 
challenged by the application of  IKs blockers [37], which will further prolong the 
intrinsic action potential duration of  M cells. Also, in a study in porcine heart, 
in which transmural refractoriness was assessed, refractoriness was not longer 
in the midmyocardium than in the subendocardium or subepicardium [38]. In 
the modeling part of  this chapter we have restricted ourselves to changes in the 
repolarizing currents. However, transmural inhomogeneities in other currents or 
exchangers as the Na+/Ca2+ exchanger [39] and (late) Na+ current [40] in canine 
ventricle and peak Na+ current -at least between endocardium and epicardium- 
in rat ventricle [41] have been reported as well. Obviously, intercellular coupling 
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does not 'discriminate' between different types of  membrane currents, but this 
would certainly affect the intrinsic potential for dispersion.

 
In summary, the absence of  a transmural repolarizing gradient in patients 

with coronary heart disease does not allow the conclusion that intrinsic dif-
ferences are absent in the human heart. Our model study, however, indicates 
that strong intercellular coupling is required to annihilate the contribution of  M 
cells to dispersion in repolarization moments. At this moment it is not possible 
to conclude whether the functional irrelevance of  M cells in the human heart 
results from mere absence or from strong intercellular coupling. The distinc-
tion between these two possibilities is still of  interest under pathophysiological 
conditions in association with pharmacological treatment with a potential for 
cellular uncoupling. 
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Predictors for symptomatology in LQTS1 and LQTS2 patients 

Abstract

Aims: We analyzed the relevance of  ECG parameters indicative for symp-
tomatology in patients with long QT syndrome (LQTS). We assessed differences 
between LQTS1 and LQTS2 patients including subgroups of  the latter.

Methods and Results: Up to three QTc intervals were determined in each 
ECG lead. Difference between longest and shortest QT interval was taken as 
a measure for dispersion. V4 was used for further analysis. Thirty-four LQTS1 
patients were included, 27 LQTS2 patients with a truncating (LQTS2-trunc), 
and 26 with a missense mutation (LQTS2-mis). LQTS2-mis patients had longest 
QTc intervals (502±11.3 msec vs. 494±7.7 msec in LQTS1 and 475±8.3 msec in 
LQTS2-trunc). In addition, missense mutations in the transmembrane segment 
led to longer QTc intervals than in the NH2 segment (522±18.4 vs  488±13.5 
msec). LQTS2 patients had a 50% larger dispersion in QT intervals than LQTS2 
patients. Forty-seven of  87 patients were symptomatic. Eighty-two percent of  
LQTS2 patients with a mutation in the transmembrane segment was symptom-
atic. This percentage was only 40% in the other LQTS2 patients, and 62% in 
LQTS1 patients.

Conclusions: LQTS2 patients with a missense mutation have the longest 
QTc intervals and the largest dispersion. This is associated with the severity of  
clinical symptoms.
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Introduction

During the past years major progress has been made in unraveling the 
molecular background of  the familial long QT syndrome (LQTS). Several genes, 
encoding for ion channels causing LQTS, have been identified thus far [1-6]. Mu-
tations in two of  these, the KCNQ1 and the KCNH2 (HERG) gene, giving rise 
to LQTS1 and LQTS2 respectively, account for the majority of  cases (±87%) [7]. 
The KCNQ1 gene encodes part of  the cardiac potassium channel responsible 
for the slowly activating component of  the delayed rectifier potassium current
(IKs). The KCNH2 (HERG) gene encodes part of  the channel responsible for 
the rapidly activating component of  the delayed rectifier potassium current (IKr). 
Mutations in these genes potentially lead to diminished repolarizing potassium 
current and thereby to increase of  action potential duration and prolongation of  
QT intervals. Besides a difference in triggers for cardiac events [8,9], differences 
have been shown in ECG morphology and parameters [10-12] between these 
two subtypes of  LQTS as well as in prognosis [13]. In general, it is well known 
that patients with longer QT intervals are more prone to arrhythmic events than 
patients with less prolonged QT-intervals [13-15]. However, distinction in elec-
trocardiographic parameters between LQTS1 and LQTS2 patients [12] and be-
tween subgroups [16] of  the two most prominent LQTS groups is sparse.

In order to analyze whether genetic or electrocardiographic features are 
predictive for symptomatology, we analyzed the electrocardiographic and clini-
cal status in genotyped patients. None of  our patients was treated with ß-adre-
noceptor blocking agents at the time of  assessment of  their ECG. We observed 
(i) that dispersion in QT intervals is larger in LQTS2 patients than in LQTS1 pa-
tients. Within the group of  LQTS2 patients (ii) the QTc interval is different be-
tween patients with a truncating mutation, with a missense mutation in the NH2-
terminal segment, and a missense mutation in the transmembrane segment, with 
the longest QTc interval in the latter group. With respect to symptomatology we 
observed (iii) the largest percentage of  symptomatic patients (82%) in the group 
LQTS2 patients with a mutation in the transmembrane segment. This percentage 
was only 40% in LQTS2 patients with either a truncating mutation or a mutation 
in the NH2-terminal segment, whereas it was 62% in LQTS1 patients who all had 
a missense mutation. With logistic regression we found that four ECG param-
eters are predictive for symptoms: the QT as well as QTc interval (assessed in 
lead V4) and the shortest and the longest QTc interval.
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Methods

The study was performed according to a protocol approved by the local 
ethics committees, and complies with the Declaration of  Helsinki [17]. Written 
informed consent had been obtained from all patients. All genotyped LQTS1 
and LQTS2 patients which after diagnosis were treated with ß-adrenoceptor 
blockade in our centers were included (Table 1). Patients with more than one 
mutation were not included.

Symptomatology

The occurrence of  symptoms was analyzed. Patients were defined as
symptomatic in case they presented with cardiac arrest, recorded torsades de 
pointes or a history of  syncope. In the present study we focused on differences 
in electrocardiographic parameters between patient groups with different types 
of  mutations and the relation between those parameters and symptomatology 
before treatment.

Genotype analysis

Patients were genotyped as previously described [8,18]. Briefly, blood sam-
ples were used to extract genomic DNA. Coding regions of  the KCNQ1 and 
the KCNH2 (HERG) gene were amplified by PCR (Perkin Elmer 9600 PCR
thermal cycler) and analyzed by SSCP. 

Gels were run at 5ºC and 15ºC, silver stained and air-dried. Aberrant 
bands were purified (Quiagen PCR purification kit) and sequenced on an ABI-
377 automatic sequencer (Perkin Elmer). Mutations were classified by both the
type of  LQTS and the type of  mutation, i.e. mutations leading to a stop-codon 
or a frameshift (truncating) and missense mutations (missense). Three types of  
mutations were identified (Table 1), i.e. LQTS1/missense (11 mutations in 34 
patients), LQTS2/missense (9 mutations in 26 patients) and LQTS2/truncating 
(6 mutations in 27 patients). In addition, the LQTS2/missense group was subdi-
vided based on the location of  the mutation in either the NH2 terminal segment 
(PAS domain, 3 mutations in 15 patients) or the transmembrane segment (6 
mutations in 11 patients).
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 Mutation Number of patients included 

LQTS1-missense L114P 2  
 R130C 3
 G168R 1
 Y184S 8
 G189R 6 
 R259C 1
 G314S 1
 Y315S 1 
 G345R 3
 S373P 3
 W392R 5

LQTS2-missense
- NH2 domain (PAS) C64Y 5
 L87P 1 
 Y99S 9
- Transmembrane segment A558P 3
 R582C 2
 G604S 1
 T613M 3
 M645L 1
 S649L 1

LQTS2-truncating E698X 9
 578-582∆ 7
 754∆C 3
 2354∆G 2
 2616∆C 4
 2471insG 2

Table 1 
 Eleven mutations in the KCNQ1 gene were identified. These were all missense mutations.
In the KCNH2 (HERG) gene 15 mutations were identified. Six were truncating mutations,
giving rise to a stop-codon and 9 were missense mutations. Three of these missense mutations 
were located in the NH2 region of the protein, whereas 6 were located in the transmembrane 
segment.

Table 1 Mutations
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Electrocardiography

ECGs were collected before treatment and up to three consecutive QT-
intervals were measured in as many as possible of  the 12 leads. QT intervals 
were corrected for the preceding RR intervals (QTc) using Bazett’s formula 
(QTc=QT/√RR). All QT intervals were measured manually. The steepest part 
of  the downslope of  the T-wave was extrapolated when possible. The intersec-
tion of  this line and the iso-electric line was defined the end of the T-wave. In a
minority of  cases (mostly concerning the right precordial leads) the end of  the 
T-wave was determined at the highest point of  the second part of  a biphasic 
T-wave, based on T-wave morphology in subsequent leads, and regarding the 
occurrence of  a “kink” in the slope, indicative of  the end of  the T-wave and 
beginning of  the U-wave [19]. Whenever fusion of  T and U waves made distinc-
tion of  the end of  the T-wave impossible, the end of  the U wave was used. Dis-
persion in QT intervals was the difference between the longest and the shortest 
QT interval in any lead.

Statistical analysis

Similarity of  variances was tested by the F-test and followed by one-way 
ANOVA for the assessment of  differences between patient groups followed by 
post-hoc analysis. Relationships between electrocardiographic parameters and 
symptomatology were assessed by logistic regression in binary mode with ab-
sence or presence of  symptoms as dependent binary parameters. A level of  0.05 
was considered statistically significant. Values are given as average±SEM unless
otherwise stated.

Results

Patients

The ECGs of  87 patients were analyzed (14 men, 48 women, 25 children 
(13 boys, 12 girls, age >1 and < 16 yr.; 9>11 yr.)). The percentage of  women 
in this study was 69%. There were no gender differences in any of  the basic 
electrophysiological parameters. Details on patients in the different LQTS sub-
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groups are provided in the Methods section. The average age was 29±1.7 years. 
Five patients had registered torsades de pointes, and two had experienced car-
diac arrest.

ECG findings

Fig. 1 shows a diagram of  QTc values in each lead for asymptomatic and 
symptomatic patients. After averaging of  all leads, differences in QTc intervals 
between groups were significant. Because the average QTc interval is not a stan-
dard clinical value, we selected one lead, V4, for further analysis. In this individual 
lead the difference between asymptomatic and symptomatic patients was signifi-
cant as well. Furthermore, when a statistical significance was found in V4, there 
was always statistical significance in the average of all leads (data not shown).

Figure 1
Average QTc intervals ± SEM are shown in all leads of asymptomatic and symptomatic pa-
tients. QTc intervals were significantly longer in all leads, but lead II and V2. V4 was chosen 
for further analysis.
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LQTS1 and LQTS2 patients

Fig. 2 shows QTc intervals and dispersion in QT intervals in 34 LQTS1 

and 53 LQTS2  patients. In both patient groups there is a positive and significant
correlation between the two parameters (r=0.460 and 0.376; p<0.005 for both). 
Moreover, covariance analysis indicates that the relation between the two param-
eters is significantly different (p<0.01). Although the QTc intervals are similar,
there is a significant difference in dispersion between LQTS1 and LQTS2 patients 
(p<0.01). The numerical data for the averaged patients are 494±7.7 and 488±7.2 
msec for the QTc intervals of  LQTS1 and LQTS2 patients. The dispersion is 
47±3.8 and 61±3.0 msec for the two groups. 

Figure 2
QTc intervals and dispersion in 34 LQTS1 and 53 LQTS2 patients. There is a positive, sig-
nifant correlation between the two parameters. LQTS1: y = -65 + 0.23x; r=0.460, p<0.005. 
LQTS2: y = -18 + 0.16x; r=0.376, p<0.005. Covariance analysis indicates that the rela-
tionship between the two parameters is different in the two patient groups (p<0.01), because 
dispersion is larger in LQTS2 patients. Both individual patients and the ‘averaged’ patients 
are given. See text for further numerical data.
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Truncating and missense mutations

Fig. 3A and Table 2 show that QTc intervals in LQTS2 patients with mis-
sense mutations are longer than in those with truncating mutations. Further-
more, Fig. 3B and Table 2 show that dispersion in QT intervals is significantly
larger in LQTS2-mis patients than in LQTS1 patients, with average values for 
patients in the LQTS2-trunc group. 

Fifteen LQTS2 patients had a missense mutation in the NH2 domain of  
the KCNH2 (HERG) gene (LQTS2-NH2), whereas 11 patients had a missense 
mutation in the transmembrane segment of  this gene (LQTS2-transmembrane). 
In the latter group the longest QTc intervals are observed (522±18.4 msec), 
although the difference with the former group (488±13.5 msec) failed to reach 
significance.

Symptomatology

Table 3 shows the distribution of  symptomatic and asymptomatic patients 
over the four groups. In the whole patient group 54% of  patients is symptom-
atic. This percentage amounts to 82% in the LQTS2 group with a mutation in 
the transmembrane segment, although it is only ≈40% in the LQTS2 group with 
either a truncating mutation or a missense mutation in the NH2 terminal seg-
ment. In the LQTS1 group 62% of  the patients is symptomatic. The difference 
between the LQTS2 group with a mutation in the transmembrane segment and 
the other groups was significant (p<0.05).

QTc intervals and dispersion in symptomatic and asymptomatic patients

Fourty patients were asymptomatic and 47 patients were symptomatic 
(Table 3). Fig. 4 shows the positive correlation (p<0.0005) between QTc inter-
vals and dispersion for the symptomatic patients. In contrast, this correlation 
is absent in the asymptomatic patients (data not shown). Covariance analysis 
further indicates that this relation is significantly different for asymptomatic pa-
tients and symptomatic patients (p<0.025). The difference in dispersion (51±3.1 
msec for the asymptomatic patients and 59±3.7 msec for the symptomatic pa-
tients) is borderline significant, but the difference in QTc intervals is highly signifi-
cant (473±6.3 msec vs 506±7.6 msec respectively; P<0.0005). A large proportion 
of  the symptomatic patients is found in the upper right quadrant of  Fig. 4, which 
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Figure 3A
QTc intervals are longest in LQTS2  patients with a missense mutation. They are significantly
longer than in LQTS2 patients with a truncating mutation. 

Figure 3B
Dispersion in the three groups. The largest dispersion is found (again) in LQTS2  patients 
with a missense mutation, whereas LQTS1 patients show the least dispersion (see also Fig. 2). 
See Table 2 for numerical data.
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Predictors for symptomatology in LQTS1 and LQTS2 patients 

Patient groups (n)
 Asymptomatic Symptomatic

 (n) (%) (n) (%)

All patients (87) 40 46 47 54
LQTS1 (34) 13 38 21 62
LQTS2 (53) 27 51 26 49
LQTS2-trunc (27) 16 59 11 41
LQTS2-mis-NH2 (15) 9 60 6 40
LQTS2-mis-trans (11) 2 18 9 82

Table 3 Symptoms

Figure 4
QTc intervals and dispersion in 47 symptomatic patients. There are a couple of superim-
posed data points. Individual patients are depicted by open circles and the average of the 
population is indicated by the black circle. There is a positive correlation between the two 
parameters (y = -75 + 0.26x; r=0.535, p<0.0005). The average QTc interval and disper-
sion in asymptomatic patients is given by the two dashed bold lines. The horizontal dashed 
line is identical to the regression line for the 40 asymptomatic patients. Covariance analysis 
indicates a different relationship between the QTc interval and dispersion in the two patient 
groups (p<0.025). It is obvious that the large majority of symptomatic patients either have 
longer QTc intervals (upper right and lower right quadrant) or larger dispersion (upper left 
and upper right quadrant) than the averaged asymptomatic patient. About half of the symp-
tomatic patients have both a longer QTc interval and larger dispersion than the averaged 
asymptomatic patient.
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implies that they have both a longer QTc interval and a larger dispersion than the 
averaged asymptomatic patient, which is at the crossing of  the two dashed lines.

Predictive power of ECG parameters for symptomatology

The QT interval (Fig. 5A) and the QTc interval (Fig. 5B) in the V4 lead as 
well as the longest QTc interval and the shortest QTc interval -in whatever lead- 
(data not shown) are significantly longer in symptomatic than in asymptomatic
patients in the whole (LQTS1 and LQTS2) patient group. Despite this signifi-
cance the overall predictive power for individual patients is not much higher 
than about 60% (logistic regression analysis). 

In the four separate patient groups the predictive power of  ECG param-
eters is quite variable. Thus, in LQTS1 patients none of  the ECG parameters can 
discriminate between asymptomatic and symptomatic patients (Fig. 5A-B). In 
contrast, the QT (p< 0.005) and QTc intervals in the V4 lead (p<0.001) and the 
longest (p<0.025) and shortest QTc intervals (p<0.025) -in whatever lead- (data 
not shown), are strong predictors of  symptomatology in LQTS2 patients.

In the subgroups of  the LQTS2 patients these relationships are variable. 
No predictive power for symptomatology is present in the LQTS2 patients with 
a truncating mutation. In the LQTS2 patient group with a missense mutation the 
QT interval (p<0.01) and QTc intervals in the V4 lead (p<0.025) and the longest 
QTc interval (p<0.025) –in whatever lead-, predict symptomatology. 

In the subgroups of  the LQTS2 patients with missense mutations no pre-
dictive power for symptomatology is observed in the patient group with muta-
tions in the NH2 terminal segment (as in the LQTS2 patients with truncating 
mutations). Finally, in the LQTS2 patients with a missense mutation in the trans-
membrane segment of  which 82% are symptomatic (Table 3), the RR interval 
and the QT interval in the V4 lead and the longest and shortest QTc interval 
are significantly longer in the symptomatic than in the asymptomatic patients
(ANOVA). However, due to the fact that 9 out of  11 patients were symptom-
atic, these relationships failed to reach significance in logistic regression analysis.
Nevertheless, the QT interval and the longest QTc interval in the V4 lead both 
predict absence and presence of  symptoms in this small subgroup of  only 11 
patients with 100% accuracy. 
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Predictors for symptomatology in LQTS1 and LQTS2 patients 

Figure 5
A: QT intervals in asymptomatic and symptomatic patients in the different patient groups.
B: QTc intervals in asymptomatic and symptomatic patients in the different patient groups.  
*: p< 0.025; &: p< 0.01; # p<0.005; $: p< 0.001.

A

B
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Discussion

In this study the length of  the QT interval, the QTc interval and the lon-
gest and shortest QT interval were predictive for symptomatology in the whole 
group of  LQTS patients and in LQTS2 patients, but did not reach significance in
the subgroup with LQTS1. In addition, LQTS2 patients in whom the underlying 
gene defect was a missense mutation were found to have the longest QTc inter-
vals especially when the mutation was located in the transmembrane segment. 
LQTS2 patients had a larger dispersion in QT intervals than LQTS1 patients.

We have shown that subdividing LQTS2 patients uncovers a large variance 
in QTc intervals, based on mutation type and location, although previous stud-
ies  were not able to show differences in QTc intervals in treated and untreated 
patients [11,13,20]. One may speculate on the pathophysiological basis of  these 
gene-, and mutation type-specific findings.

 In a previous study no differences were reported in either QTc inter-
vals or dispersion between LQTS1 and LQTS2 patients [12]. QTc intervals were 
about 485 msec [12] and dispersion was about 45 msec both in LQTS1 and 
LQTS2 patients [12]. In agreement with this study we also did not find differ-
ences in QT or QTc intervals between LQTS1 and LQTS2 patients. This was, 
however, caused by the fact that LQTS2 patients constitute an inhomogeneous 
population. LQTS2 patients with missense mutations have longer QTc intervals 
than LQTS2 patients with truncating mutations. We observed a QTc interval of  
522 msec in patients with a mutation in the transmembrane segment of  the IKr 
channel, identical to what was observed in a study by Moss et al. [16]. Interest-
ingly, they observed a frequency of  74% of  cardiac events in patients with a pore 
mutation vs. 35% in patients with non-pore mutations, which –again- is in good 
agreement with our observation of  82% symptomatic patients in the group with 
a mutation in the transmembrane segment of  the channel (same region as the 
pore region described by Moss et al (amino acid residues 550 through 650)) vs. 
≈40% of  symptomatic patients in the other LQTS2 groups.

In LQTS2 patients, missense mutations lead to longer QTc intervals than 
truncating mutations. The KCNH2 (HERG) gene encodes for a protein that 
co-assembles to form functional tetramers. In the case of  truncating mutations 
affected subunits may not be translated and/or incorporated in the tetramers, 
possibly leading to a lower density of  channels that, however, may comprise 
only normal subunits. This might be less disruptive than the dominant negative 
conditions in case of  missense mutations [21], and explain the differences found 
in patients with truncating or missense mutations.
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 LQTS2 patients with a missense mutation in the transmembrane seg-
ment show longer QTc intervals than patients with a mutation in the NH2 seg-
ment. This latter segment comprises a so-called PAS domain. Mutations in this 
area can accelerate deactivation [22], which may impair current to a lesser extent 
than a dominant negative effect [22]. In contrast with the study of  Moennig et al. 
[12], we observed a significant larger dispersion in QT intervals in LQTS2 than in 
LQTS1 patients. Patients with missense mutation in the KCNH2 (HERG) gene 
show the largest dispersion, whereas LQTS1 patients have the lowest dispersion 
(Table 2). IKs, the current associated with the KCNQ1 gene, is heterogeneously 
distributed over the transmural ventricular wall [23], with a lower density in the 
M-cell region. In contrast, IKr, associated with the protein encoded by KCNH2 
(HERG), is homogeneously distributed transmurally over the ventricular wall (at 
least in the dog) [23]. The decrease of  homogeneously distributed repolarizing 
current may uncover the larger inhomogeneous contribution of  IKs to repolar-
ization in LQTS2 patients, and thus to larger dispersion of  action potential dura-
tion over the ventricular wall. We presume that this is most prevalent in patients 
with missense mutations, because of  the previously mentioned rationale. This 
might result in a larger vulnerability to re-entrant arrhythmias in LQTS2 patients. 
Indeed, in patients with LQTS2, a significantly (30-40%) higher dispersion was
found on the 12-lead ECG. Interestingly, 3 out of  4 LQTS2 patients with the most 
severe symptoms, belonged to the LQTS2-missense-transmembrane group. 

We have shown that symptomatic patients display longer QTc intervals 
than asymptomatic patients in agreement with another study [12]. Symptomatic 
patients also have the highest dispersion, although the significance of dispersion
in QT intervals for dispersion in repolarization is a debated issue [24-26]. We 
postulate that the combination of  both a long QTc interval and a high disper-
sion accounts for propensity to arrhythmias. 
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ß-adrenoceptor blockade in symptomatic LQTS1 and LQTS2 patients       

Abstract

Objectives: We analyzed the relevance of  parameters indicative of  effi-
cacy of  ß-adrenoceptor blockade in patients with long QT syndrome (LQTS).

Background: In LQTS ß-adrenoceptor blockade has been proven effec-
tive. However, predictors for clinical outcome are unknown.

Methods: We analyzed efficacy of treatment in genotyped patients. In
ECGs before and during ß-adrenoceptor blockade up to three QTc intervals 
were determined in each lead. Difference between longest and shortest QT in-
terval was taken as a measure for dispersion. V4 was used for further analysis.

Results: Eighty-seven patients were included. Of  47 symptomatic pa-
tients, those who turned asymptomatic during treatment (n=36) had shorter 
QTc intervals than those who would remain symptomatic during treatment 
(n=11: QTc before treatment 489±5.6 msec vs 559±20.2 msec, p<0.001). Forty 
patients remained asymptomatic. LQTS1 patients displayed a smaller increase in 
QT intervals and a larger decrease in QTc intervals than LQTS2 patients upon 
treatment.

Efficacy was 86% in LQTS1, 67% in LQTS2-mis, and 73% in LQTS2-trunc 
patients (21, 15 and 11 symptomatic patients before treatment respectively). In 
addition, missense mutations in the transmembrane segment led to the low-
est efficacy of treatment (56%). Notably, of 4 LQTS2 patients with recorded  
torsades or syncope 3 were LQTS2-mis patients with the mutation in the trans-
membrane segment.

Conclusions: Persistence of  symptoms during ß-adrenoceptor blockade 
is related to a long QTc interval and large dispersion before treatment, and mis-
sense mutations in the transmembrane segment of  the HERG gene.
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Introduction

In treatment of  patients with the congenital long QT syndrome (LQTS), 
ß-adrenoceptor blocking agents are first choice with proven efficacy to prevent
the occurrence of  arrhythmia-related symptoms in the total LQTS population 
[1,2]. It has been suggested that gene-specific treatment may be feasible [3,4].
The molecular background of  familial LQTS has been studied extensively dur-
ing recent years. Several loci and genes have been identified thus far [5-10]. Mu-
tations in two of  these genes (in the KCNQ1 gene and in the KCNH2 (HERG) 
gene) account for LQTS1 and LQTS2 respectively, which cover the large majority 
of  all LQTS patients (±87%) [11]. These two genes encode parts of  the cardiac 
potassium channels responsible for the slowly (IKs) and rapidly (IKr) activating 
components of  the delayed rectifier potassium current, and defects in these two
currents lead to LQTS1 and LQTS2 respectively. The background of  these syn-
dromes is that mutations in their genes lead to diminished repolarizing potassium 
current and thereby to increase of  action potential duration and prolongation 
of  QT intervals. Recent data suggest a less favourable outcome of  ß-adrenocep-
tor blockade in LQTS2 patients [1,4,12]. Patients with longer QT intervals are 
more prone to arrhythmic events than patients with less prolonged QT-intervals 
[1,13-15] (chapter 4). However, it is not known why some symptomatic patients 
respond favourably to ß-adrenoceptor blockade, whereas others do not. The 
role of  electrocardiographic parameters in the distinction between these patient 
groups is unknown.

We have analyzed whether electrocardiographic features are predictive for 
the efficacy of treatment. We studied the electrocardiographic and clinical re-
sponse in genotyped patients treated with ß-adrenoceptor blocking agents. This 
required electrocardiographic data both before and during treatment for each in-
dividual patient. We observed (i) that symptomatic patients refractory to treatment 
have substantially and significantly longer QTc (and also QT) intervals and larger
dispersion in QT intervals than untreated asymptomatic LQTS patients. Interest-
ingly, these differences exist both before and during treatment. These patients (ii) 
have also significantly longer QTc (and QT) intervals than symptomatic patients
that do benefit from treatment. Again, these differences are obvious both before
and during treatment. Finally (iii), LQTS2 patients with a missense mutation in the 
transmembrane segment, are less sensitive to ß-adrenoceptor blockade than the 
other patient groups. Distinction between patients groups appears larger within 
the LQTS2 group than between the LQTS1 and the LQTS2 groups. This work has 
been presented at the 75th congress of  the American Heart Association [16].
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Methods

All genotyped LQTS1 and LQTS2 patients followed in our centers and 
treated with ß-adrenoceptor blockade were included (Table 1). Patients with 
more than one mutation were not included. The study protocol complies with 
the Declaration of  Helsinki [17] and was approved by the local ethics commit-
tees. Written informed consent had been obtained from all patients.

Symptomatology

The occurrence of  symptoms before and during ß-adrenoceptor blockade 
was analyzed. Patients were defined as symptomatic in case they presented with
cardiac arrest, recorded torsades de pointes, a history of  syncope, or, during 
treatment, pre-syncope resulting in adaptation of  medication dosage. Follow-
up during treatment was 5.5±5.7 years (average±SD). Three patient categories 
were defined based on clinical presentation: symptomatic before treatment and
symptomatic during treatment (S-S), symptomatic before treatment and asymp-
tomatic during treatment (S-A), and asymptomatic before and during treatment 
(A-A).

Genotype analysis

Patients were genotyped as previously described [18,19]. Genomic DNA 
was extracted from blood samples, and the coding regions of  the KCNQ1 and 
the KCNH2 (HERG) gene were amplified by PCR (Perkin Elmer 9600 PCR
thermal cycler) followed by SSCP analysis. Gels (run at 5ºC and 15ºC) were silver 
stained and air-dried. After purification of aberrant bands (Quiagen PCR puri-
fication kit), they were sequenced on an ABI-377 automatic sequencer (Perkin
Elmer).

Three types of  mutations were identified. In LQTS1 only missense muta-
tions were found [11]. In LQTS2 however, 15 mutations were found. Six of  these 
led to a stop-codon or a frameshift  and thus truncation of  the protein product 
(truncating mutations), and 9 were missense mutations. The latter group was 
subdivided based on the location of  the mutation in either the transmembrane 
segment (6 mutations) or the NH2 terminal segment (encomprising the PAS 
domain, 3 mutations).
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Electrocardiography

ECGs recorded before and during treatment were analyzed. In as many 
as possible of  the 12 leads up to three consecutive QT-intervals were measured, 
and corrected for the preceding RR intervals (QTc) using Bazett's formula 
(QTc=QT/√RR). One lead, V4, was used for further analysis. However, signifi-
cance in V4 was always accompanied by significance in the average of all leads.
All intervals were measured manually. The end of  the T-wave was defined as the
intersection of  the extrapolation of  the steepest part of  the downslope of  the 
T-wave and the iso-electric line, and regarding the occurrence of  a “kink” in the 
slope, indicative of  the end of  the T-wave and beginning of  the U-wave [20]. 
Whenever fusion of  T and U waves made distinction of  the end of  the T-wave 
impossible, the end of  the U wave was used. In a minority of  cases (mostly 
concerning the right precordial leads) the end of  the T-wave was determined 
at the highest point of  the second part of  a biphasic T-wave, based on T-wave 
morphology in subsequent leads. In each patient, QT intervals were always de-
termined similarly on the ECG before and the ECG during treatment. The dif-
ference between the longest and the shortest QT interval in any lead was used as 
a measure for dispersion in QT intervals.

Statistical analysis

One-way ANOVA was used for the assessment of  differences between 
patient groups before and during ß-adrenoceptor blockade after testing of  sim-
ilarity of  variances by the F-test. The effect of  ß-adrenoceptor blockade on 
changes in QT(c) intervals was assessed by the Student's t-test for paired values. 
A level of  0.05 was considered statistically significant. Data are shown in Table
1. Values are given as average ± SEM.

Table 1
Significances between parentheses (p1) indicate differences  between S-S, S-A, and A-A pa-
tients. Significant differences between S-S and S-A patients are indicated with symbols at the
relevant comparisons. * depicts statistical significancy at p<0.05, † at p<0.025, ‡ at p<0.01,
§ at p<0.005, and || at p<0.001. m denotes males and f denotes females, pre= before treat-
ment, post= during treatment.
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Groups 
(n,m/f )

QTc pre disp pre QTc post disp post Age at 
ecg post  

all (87,27/60) 490 ± 5.4 55 ± 2.5 465 ± 4.5 54 ± 2.4 29 ± 1.7

S-S (11,3/8) 559 ± 20.2|| 72 ± 8.3 511 ± 13.4§ 69 ± 8.6 33 ± 5.6

S-A (36,10/26) 489 ± 5.6|| 55 ± 3.9 466 ± 6.2§ 53 ± 3.6 30 ± 2.4

A-A (40,14/26) 473 ± 6.3 51 ± 3.1 451 ± 5.5 50 ± 3.2 26 ± 2.6

(p1) (p<0.001) (p<0.05) (p<0.005) (p<0.05) (ns)

S-S/LQTS1 
(3,2/1)

566 ± 49.4§ 78 ± 23.9 502 ± 11.3* 55 ± 10.2 19 ± 9.2

S-A/LQTS1 
(18,7/11)

486 ± 5.0§ 48 ± 4.6 461 ± 7.1* 45 ± 4.3 27 ± 3.9

A-A/LQTS1 
(13,6/7)

488 ± 13.4 40 ± 4.4 444 ± 9.2 39 ± 4.4 21 ± 4.7

(p1) (p<0.025) (p<0.025) (p<0.05) (ns) (ns)

S-S/LQTS2 
(8, 1/7)

556 ± 23.2‡ 69 ± 8.4 514 ± 18.2* 75 ± 11.0 38 ± 6.1

S-A/LQTS2 
(18, 3/15)

492 ± 10.2‡ 63 ± 6.0 468 ± 10.5* 62 ± 5.2 32 ± 2.8

A-A/LQTS2
(27, 8/19)

466 ± 6.6 57 ± 3.7 454 ± 6.8 56 ± 3.9 29 ± 3.0

(p1) (p<0.001) (ns) (p<0.005) (ns) (ns)

S-S/LQTS2 trunc (3,0/3)
500 ± 23.8 48 ± 2.9 481 ± 28.0 83 ± 12.0* 21 ± 3.8

S-A/LQTS2 trunc (8,2/6)
488 ± 19.9 64 ± 12.1 445 ± 13.9 58 ± 4.9* 27 ± 4.4

A-A/LQTS2 trunc (16,3/13)
463 ± 8.6 57 ± 5.2 451 ± 8.4 53 ± 4.6 29 ± 4.2

(p1) (ns) (ns) (ns) (p<0.05) (ns)

S-S/LQTS2 miss (5,1/4)
589 ± 24.2§ 82 ± 9.0 534 ± 20.6 69 ± 16.6 49 ± 5.0

S-A/LQTS2 miss (10,1/9)
494 ± 10.3§ 62 ± 6.3 486 ± 13.1 66 ± 8.2 37 ± 3.1

A-A/LQTS2 miss (11,5/6)
471 ± 10.7 56 ± 5.0 459 ± 11.8 60 ± 6.9 28 ± 4.4

(p1) (p<0.001) (ns) (p<0.01) (ns) (p<0.025)

Table 1 Electrocardiographic data 
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Results

Patients

Fourty-seven symptomatic patients, and 40 asymptomatic patients under-
going ß-adrenoceptor blockade therapy were studied (14 men, 48 women, 25 
children (13 boys, 12 girls, age >1 and < 16 yr.; 9>11 yr.)). The percentage of  
women in this study was 69%, and there were no statistical differences between 
the subgroups. The average age was 29±1.7 years.

Of  47 symptomatic patients, 36 patients were symptomatic before and be-
came asymptomatic during treatment (S-A, 76.6%), and 11 patients were symp-
tomatic (S-S, 23.4%) during therapy. The latter group includes one LQTS1 pa-
tient (10 years old) that turned symptomatic during therapy. Of  11 symptomatic 
patients during ß–adrenoceptor blockade treatment, none had died suddenly. 
Three of  four patients with recorded torsades de pointes or syncope during 
treatment were LQTS2 patients with a missense mutation in the transmembrane 
segment. 

QTc intervals in symptomatic and asymptomatic patients

Fig. 1A shows that QT intervals increased significantly in almost all 12
standard leads in the 36 S-A patients (triangles) during treatment. In the 11 S-S 
patients (circles) this increase was not significant in any lead. Despite these pro-
longations, the QT intervals in S-A patients during treatment were still substan-
tially shorter than the QT intervals in the S-S patients before treatment.

Fig. 1B shows the opposite for the QTc intervals. Treatment leads to sig-
nificantly shorter QTc intervals in the 36 S-A patients in all leads. In the 11 S-S
patients, the decrease in QTc interval during treatment was significant in V1 and 
V4. Still the QTc interval of  treated S-S patients was longer than that of  un-
treated S-A patients.

Fig. 2 shows the increase in QT intervals in the average of  the 12 stan-
dard leads, and in the lead in which the longest and the shortest QT interval 
was found, in S-S and S-A patients. Furthermore Fig. 2 shows the decrease in 
QTc intervals in these same leads. The effect of  ß-adrenoceptor blockade is an 
increase in QT interval, which is not different in the average S-A and S-S patient. 
The significant decrease in QTc interval in both patient groups simply follows
from the fact that ß-adrenoceptor blockade prolongs RR intervals to a larger  
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degree than QT intervals. Furthermore the change is similar in the shortest and 
in the longest QT(c) interval, which already suggests that ß-adrenoceptor block-
ade does not affect dispersion.

QTc intervals and dispersion in symptomatic and asymptomatic patients

Fig. 3 shows the QTc intervals and dispersion in symptomatic and 
asymptomatic patients before and during treatment. Already before treatment, 
S-S patients have a significantly longer QTc interval (p<0.001), and a larger dis-
persion than S-A patients. The difference in dispersion was borderline signifi-
cant. This difference is maintained during treatment (p<0.005 for QTc interval). 
A-A patients have the shortest QTc intervals (473±6.3 msec msec before treat-
ment), which is still well above the critical value for abnormal prolongation (440 
msec), but seems not to cause symptoms as long as dispersion is not excessive.

Treatment shifts the S-A group to the left along the abscissa, even further 
than the untreated A-A group, explaining the efficacy of treatment. S-A patients
are no longer distinguishable from A-A patients, neither in QTc interval, nor in 
dispersion of  QT intervals. S-S patients however, have a significantly longer QTc
interval and a significantly larger dispersion than asymptomatic A-A patients,
both before and during treatment (See legend Fig. 3 for numerical details).

Obviously, the number of  patients in our study is small. Nevertheless our 
study strongly suggests that patients which combine the longest QTc intervals 
with large dispersion have  a smaller chance to be relieved from symptoms by 
ß-adrenoceptor blockade.

QTc intervals and dispersion in sympomatic and 
asymptomatic LQTS1 and LQTS2 patients

Fig. 4 shows QTc interval duration in LQTS1 (3 S-S and 18 S-A patients) 
and in LQTS2 patients (8 S-S and 18 S-A patients). Despite a significant reduc-
tion in QTc interval duration in S-S patients in both LQTS groups, S-S patients 
always had longer QTc intervals than S-A patients, both before and during treat-
ment, and in both LQTS subtypes. Before treatment, S-S LQTS1 patients had a 
significantly larger dispersion than untreated A-A LQTS1 patients (p<0.025).
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Figure 1
QT (Panel A) and QTc intervals (Panel B) before and during ß-adrenoceptor blockade 
in S-S and S-A patients. During ß-adrenoceptor blockade QT intervals prolonged in both 
groups, whereas QTc intervals decreased. Remarkably, in S-S patients QTc intervals during 
ß-adrenoceptor blockade are still longer than QTc intervals before treatment in S-A patients 
(leads V2-V6). Average QT(c) intervals ± SEM are shown in all leads. V4 was chosen for 
further analysis. * indicates statistical significance in S-A patients, # in S-S patients, in dif-
ferences in QT(c) before and during treatment.

A

B
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ß-adrenoceptor blockade in individual patients symptomatic 
before and during treatment

Fig. 5 shows detailed information about the 11 patients that are symp-
tomatic before and during treatment. QTc intervals and dispersion are given 
before treatment (all open symbols) and during treatment (all closed symbols). 
The four types of  mutations are given as well. In only 4 out of  11 patients  
ß-adrenoceptor blockade decreases both the QTc interval and dispersion. In 7 
out of  11 patients either the QTc interval prolongs even further (n=1) or disper-
sion increases (n=6) in response to ß-adrenoceptor blockade.

Figure 2
Changes in QT and QTc intervals upon treatment with ß-adrenoceptor blockade are shown 
in both S-S and S-A patients. The average of the 12 leads of the standard ECG is displayed, 
as well the shortest and longest value observed in any of these leads. The increase of  QT inter-
vals differed from zero (*), but was not significantly different between S-S and S-A patients.
The decrease in QTc interval was significant in S-S and in S-A patients (*).
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Efficacy of treatment

Fig. 6 shows that QT intervals increased significantly in LQTS2 patients 
(p<0.001), but not in LQTS1 patients after ß-adrenoceptor blockade. To the best 
of  our knowledge this is the first demonstration of a difference between these
patient groups in response to beta-blockers. Differences in responsiveness to 
systemic administration of  epinephrine have been shown previously [21,22], but 
it should be emphasized that responses to agonists cannot be simply be looked 
at as the opposite of  responses to antagonists and certainly not when the an-
tagonist acts primarily on norepinephrine set free by nerves, whereas the agonist 

Figure 3
QTc intervals (X-axis) and dispersion (Y-axis) in S-S and S-A patients, compared to un-
treated A-A patients. Before treatment symptomatic patients have longer QTc intervals than 
asymptomatic patients. In addition, those who remain symptomatic during treatment have 
a significantly longer QTc interval than those who turn asymptomatic. During treatment
S-A patients are not anymore distinguishable from asymptomatic patients. S-S patients also 
display a larger dispersion. # indicates significant difference from untreated A-A group, QTc
interval at horizontal error bar (p<0.0005 before and during treatment), dispersion at ver-
tical error bar (p<0.01 before and p<0.025 during treatment). $ indicates significant dif-
ference between untreated S-A and S-S groups (p<0.001) and treated S-A and S-S groups 
(p<0.005).
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is added to the systemic circulation. Decrease in QTc intervals was significant
in both groups as well (Fig. 6; p<0.001). The difference in increase of  the QT 
intervals between the LQTS1 and LQTS2  groups was significant as well, either
assessed in the V4 lead (p<0.025), or in the average of  all 12 leads (p<0.05). The 
differences in decrease of  the QTc intervals between the LQTS1 and LQTS2  
groups was significant when assessed in the average of all 12 leads (p<0.05).

Table 2 shows the efficacy of treatment in LQTS1 patients, in LQTS2 pa-
tients, and in subgroups of  LQTS2 patients. Efficacy of treatment was highest
in LQTS1 patients (86%). We have not found a significant difference in the ef-
ficacy of ß-adrenoceptor blockade between LQTS1 and LQTS2 patients, despite 
the difference in responsiveness to ß-adrenoceptor blockade (Fig. 6), although 

Figure 4
QTc intervals in LQTS1 patients and LQTS2 patients. Again, in both patient groups, S-S 
patients have the longest QTc intervals (and the largest dispersion, not shown) also during 
treatment, explaining the failure of therapy. Symbols indicate statistical significance between
S-S and S-A patients. $ p<0.05; & p<0.01; * p<0.005.
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there was a tendency to higher efficacy in the LQTS1 group. In LQTS2 patients 
efficacy varied largely between subgroups. Patients with a missense mutation in
the NH2 domain of  the protein had the highest efficacy of treatment (83%),
whereas those with a missense mutation in the transmembrane segment had the 
lowest efficacy of treatment (56%).

Interestingly,  LQTS2 patients with missense mutations in the transmem-
brane segment have longer QTc intervals than patients with a missense mutation 
in the NH2 terminus. During treatment this difference is statistically significant
(515±15.3 msec vs 466±9.9 msec respectively, p<0.025). Notably, 3 of  4 LQTS2 
patients with recorded torsades de pointes or syncope during treatment (see also 
Fig. 5) had missense mutations in the transmembrane region (R582C, A558P, 
G604S).

We conclude that a larger increase of  QT intervals in response to ß-adre-
noceptor blockade in LQTS2 patients than in LQTS1 patients and the opposite 
for the decrease in QTc intervals may contribute to a lower efficacy of treatment
in the LQTS2 group (Fig. 6). However, differences in QT(c) intervals and/or 
dispersion in individual patients, already existing prior to treatment (Figs. 1,3-5), 
are more indicative for success of  treatment with ß-adrenoceptor blockade than 
the difference in responsiveness between LQTS1 and LQTS2 patients. This fol-
lows simply from the fact that the effect of  ß-adrenoceptor blockade is different 
between LQTS1 and LQTS2 patients in general (Fig. 6), but not between S-A and 
S-S patients (Fig. 2).

Discussion

In this study the efficacy of ß-adrenoceptor blockade was found to be 
related to the pre-treatment length of  the QTc interval, as well as to its disper-
sion, despite the fact that different changes in QT and QTc intervals in response 
to ß-adrenoceptor blockade were observed in LQTS1 and LQTS2 patients. In 
addition, LQTS2 patients in whom the underlying gene defect was a missense 
mutation were found to have the longest QTc intervals both before and during 
ß-blockade. Three out of  four LQTS2 patients who presented with recorded 
torsades de pointes or syncope during treatment were in this group.
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ß-adrenoceptor blockade in symptomatic and asymptomatic patients

It is well known that patients being symptomatic before treatment dis-
play longer QTc intervals than asymptomatic patients [23] (chapter 4). Our data, 
however, also permit a comparison between symptomatic patients that will re-
spond favourably to treatment with ß-adrenoceptor blocking agents and those 
that will not. Indeed, this is the first study to show electrocardiographic differ-
ences in responders and non-responders to treatment, even before treatment 
has started.

Firstly, even before treatment, symptomatic patients who remained symp-
tomatic during ß-adrenoceptor blockade displayed longer QTc intervals than 
patients turning asymptomatic. Secondly, patients remaining symptomatic also 
had the largest dispersion, in accordance with a previous study [24], although 
the significance of dispersion in QT intervals for dispersion in repolarization is
a debated issue [25,27]. We postulate that the combination of  both a long QTc 
interval and a high dispersion accounts for propensity to arrhythmias during 

Figure 5
QTc intervals and dispersion in patients symptomatic before (open symbols) and during 
treatment (filled symbols). The thick horizontal and vertical lines indicate reference values
for asymptomatic patients (see also Table 1). TdP: patients with recorded torsades de pointes 
during treatment. 1: LQTS1; 2-trunc: LQTS2 with truncating mutation; 2-misNH2: LQTS2 
with missense mutation in NH2 terminal; 2-mistrans: LQTS2 with missense mutation in 
transmembrane segment.
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treatment. In other words, the electrocardiographic findings before treatment
are decisive as to whether treatment will be successful or not, in spite of  a sig-
nificant reduction in QTc interval during treatment, insufficient, however, for
complete recovery to values found in asymptomatic gene carriers.

Dispersion in QT intervals does not decrease during ß-adrenoceptor 
blockade (Fig. 3, Table 1) as was also pointed out by Shimizu et al. [21]. In 
contrast with our study in which ß-adrenoceptor blockade caused a clear-cut 
reduction in QTc intervals, Shimizu et al. [21] did not observe a change in the 
overall QTc interval despite 87 body surface recordings. It was about 540 msec 
before propranolol and about 545 msec after propranolol with little difference 

Figure 6
Changes in QT(c) interval upon ß-adrenoceptor blockade are shown in LQTS1 and LQTS2 
patients in lead V4, as well as in the average of the 12 leads of the standard ECG. * denotes 
statistical significance from zero, and # indicates statistically significant difference between
LQTS1 and LQTS2  patients. Indeed the prolongation of the QT interval in LQTS1 patients 
is less than in LQTS2 patients. Consequently, upon treatment with ß-adrenoceptor blockade, 
the corrected QT intervals decrease less in LQTS2 patients than in LQTS1 patients.



145

5

ß-adrenoceptor blockade in symptomatic LQTS1 and LQTS2 patients       

between LQTS1 and LQTS2 patients [21]. In contrast with Shimizu et al. [21] we 
observed significant reductions in QTc intervals in all patient groups (see Table
1). This difference is quite surprising and although the resting heart rate in our 
study was somewhat higher (71 beats/min in the LQTS1 group and 69 beats/
min in the LQTS2 group, data not shown, vs. 66 beats/min and 62 beats/min in 
the comparable groups in the study of  Shimizu et al. [21]), which may point to a 
difference in basic sympathetic/vagal balance, this does not appear an adequate 
explanation. There is, however, an important difference between the two stud-
ies. Shimizu et al. [21] measured ECGs with and without propranolol  with time 
periods in between which could be as short as 5 days only. In our study, ECGs 
were made before treatment and during treatment with much longer time peri-
ods in between. It is known that acute stellectomy is ineffective in the prevention 
of  ischemia associated arrhythmias [28], whereas chronic stellectomy is effective 
[29]. Although stellectomy is not identical to the administration of  ß-adrenocep-

M
utations

Patients 
(n)

Sym
ptom

atic
(n)

A
sym

ptom
atic 

during treatm
ent  (n)

E
ffi

cacy
(%

)

All 26 87 47 36 76.6

LQTS1 11 34 21 18 85.7

LQTS2 15 53 26 18 69.2

LQTS2 – trunc 6 27 11 8 72.7

LQTS2 – mis 9 26 15 10 66.7

LQTS2 – mis-NH2 3 15 6 5 83.3

LQTS2 – mis-trans 6 11 9 5 55.6

Table 2  Efficacy of treatment
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tor blockade, a difference between more chronic and more acute effects may be 
involved in the presence of  efficacy of ß-adrenoceptor blockade and reduction 
of  QTc intervals as observed in our study and its absence as observed in the 
study of  Shimizu et al. [21].

Another confounding factor relates to the conversion from QT intervals 
into QTc intervals. This may have created differences, which would be smaller 
or absent without this conversion. In our study an increase was observed of  QT 
intervals in S-A patients and in S-S patients (Fig. 2) and also in LQTS2 patients 
(but not significantly in LQTS1 patients) during ß-adrenoceptor blockade (Fig. 
6). In the study of  Shimizu et al. [21] there was no change in QTc interval in 
the presence of  propranolol as stated above, but relating these intervals to the 
heart rate indicates that the QT intervals in fact increased from 522 msec to 559 
msec in the LQTS1 group and from 530 msec to 560 msec in the LQTS2 group 
(calculated from data in Shimizu et al. [21]).  

The absence of  effects of  ß-adrenoceptor blockade on dispersion as ob-
served in our study and that of  Shimizu et al. [21], suggests that the protective 
effect of  ß-adrenergic blockade results primarily from a reduction in QTc dura-
tion and from an interaction with triggering events rather than from an interac-
tion with dispersion in refractoriness.

ß–adrenoceptor blockade in LQTS1 and LQTS2 patients, 
in relation to type and location of the mutation

In LQTS1 patients there are little differences in QTc intervals when the 
mutations are either located in the pre-pore region, in the pore region itself  or in 
the post-pore region [30]. Also, the differences with regard to the risk of  cardiac 
events were insignificant [30].

In contrast, LQTS2 patients with missense mutations in the transmem-
brane region are more at risk for arrhythmic events than patients with mutations 
in other segments of  the protein [31]. The overall efficacy of treatment in our
study was 76.6% which is somewhat higher than in a study of  Priori et al. [32] 
(deduced from their Table 1; [32]). In the LQTS1 group the efficacy was 86%
in our study and 74% in that of  Priori et al. [32]. For the LQTS2 group these 
numbers were 69% and 61%, respectively. Our study, however, shows for the 
first time a difference in response to treatment in patients with different muta-
tion types and locations within LQTS2. We show that during ß-adrenoceptor 
blockade, patients with a mutation in the transmembrane segment (comprising 
the same region as the one described by Moss et al [31]) have the lowest efficacy
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of  treatment (56%). These patients have the longest QTc intervals both before 
and during treatment (data not shown). LQTS1 patients and LQTS2 patients with 
a missense mutation in the NH2 segment, comprising the so-called PAS domain, 
have the highest efficacy of treatment (86% and 83% respectively). The latter
group has already more benign electrocardiographic and clinical characteristics 
before treatment, and therefore responds favourably to treatment. Truncating 
mutations in the HERG gene may encode for subunits that are not at all in-
corporated in the potassium channel, thereby resulting in more net IKr current 
than in case of  the dominant negative effect of  missense mutations. Therefore 
ß-adrenergic blockade may be more effective in LQTS2 patients with a truncat-
ing mutation. 

LQTS1 patients displayed smaller increases in QT intervals and larger de-
creases in QTc intervals than LQTS2 patients during treatment with ß-blocking 
agents. Beta blockade can be expected to affect the QT interval in three ways, 
of  which one is indirect and two are direct. The latter two are simple to under-
stand. Catecholamines increase the inward L-type Ca2+ current (ICa-L) and IKs, the 
catecholamine-sensitive component of  the delayed rectifier current [33], which
is affected in LQTS1 patients, but not in LQTS2 patients. Thus, ß-blockade may 
lead to decrease of  ICa-L, leading to a decrease of  the QT interval and to a de-
crease of  IKs, leading to an increase in the QT interval [34]. The indirect effect 
follows from the decrease in heart rate. This increases the diastolic interval, 
which provides more time for the relaxation of  the delayed rectifiers especially
its slow component, IKs [35], also leading to an increase of  the QT interval. We 
may assume that the only shortening effect of  the QT interval during treatment 
with ß-adrenoceptor blocking agents will be equal in the two patient groups, be-
cause there is no reason to assume that there are differences in ICa-L, but that the 
two effects promoting prolongation of  the QT interval will be more outspoken 
in LQTS2 patients with normal IKs current than in LQTS1 patients with impaired 
IKs current. Indeed, the prolongation of  QT intervals was larger in the former 
patient group (Fig. 6). Due to a comparable effect on heart rate the reduction in 
QTc intervals was larger in LQTS1 patients (Fig. 6). Apart from this, we (chapter 
4) and others [36] have shown that dispersion is larger in LQTS2 patients than in 
LQTS1 patients, which may also contribute to higher efficacy of ß-adrenoceptor 
blockade in the latter group.

The opposite would be expected with the administration of  catechol-
amines such as epinephrine. Indeed, a larger increase in QTc intervals was ob-
served in LQTS1 patients than in LQTS2 patients [21], probably because the 
increase in QT interval based on increase of  ICa-L cannot be counterbalanced by 
increase of  IKs in the former group.
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We conclude that in LQTS1 and LQTS2 patients efficacy of treatment is
related to both genetic and electrocardiographical parameters. Patients seem to 
be more prone to remain symptomatic during therapy when they have a long 
QTc interval before treatment, when they have a large dispersion before treat-
ment and when they are LQTS2 patients with a missense mutation in the trans-
membrane segment.
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Current reduction in (a)symptomatic LQTS patients

We showed in Fig. 1 of  chapter 3 that the human ventricular action po-
tential prolongs to a larger extent by a reduction of  the rapid component of  
the delayed rectifier current (IKr) than by a reduction of  the slow component of  
the delayed rectifier current (IKs). This suggests that quantitatively comparable 
reductions in either current will lead to different QT intervals in LQTS1 and 
LQTS2 patients. This was, however, not observed in the patient group studied 
in this thesis. The overall QT interval and QTc intervals were 452 ± 6.2 msec 
(mean ± sem) and 491 ± 5.3 msec, respectively, in all 87 patients (see Table 2 
in chapter 4). The difference between LQTS1 patients and LQTS2 patients were 
not significant, although there were some differences within the LQTS2 muta-
tion subgroups. Differences between QT and QTc intervals of  symptomatic and 
asymptomatic patients were much larger than differences between LQTS1 and 
LQTS2 patients as was demonstrated in chapter 4 and 5. In this brief  appendix 
we exploit the Priebe-Beuckelmann model of  the human ventricular myocyte 
[1] for generating QTc intervals as observed in asymptomatic and symptomatic 
LQTS patients as we did in chapter 3 for normal ventricular myocardium and in 
chapter 9 for ventricular myocardium of  LQTS1 and LQTS2 patients. The model 
is extensively described in both chapters. 

Here we use the model in the setting of  a strand of  500 transversally cou-
pled ventricular myocytes and the strand is stimulated from its endocardial side. 
The intercellular (gap junctional) coupling conductance is 5 µS. We have stimu-
lated the strand at a frequency of  1 Hz, which avoids the discussion on whether 
QT or QTc intervals should be used (see chapter 2), because they are identical at 
1 Hz. The strand is either composed of  90% subendocardial myocytes and a rim 
of  10% subepicardial myocytes, or of  60% of  subendocardial myocytes, 30% of  
M cells and a 10% rim of  subepicardial myocytes in order to avoid the discussion 
on M cells (see chapter 9; Fig. 1). We have used the QTc values of  three types of  
LQTS patients: those asymptomatic before treatment and remaining asymptom-
atic during treatment with ß-adrenergic blockers (‘A-A’ patients), those symp-
tomatic before treatment and asymptomatic during treatment (‘S-A’ patients) 
and those symptomatic before as well as during treatment (‘S-S’ patients). Their 
QTc intervals were 473 ± 6.3 msec for the A-A patients, 489 ± 5.6 msec for 
the S-A patients and 559 ± 20.2 msec for the S-S patients (chapter 5; Table 1).  
The clinical borderline value for a prolonged QTc interval is 440 msec. 

Figs. 1 shows two simulations, one in a strand with M cells (panel A) and 
one in a strand without M cells (panel B). The QTc intervals were defined as the
maximal value of  the sum of  the local activation time and the local action po-
tential duration at 90% of  repolarization along the strand. First we constructed 
‘iso QTc’ curves at 440 msec (clinical borderline value), 473 msec (A-A patients),  
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489 msec (S-A patients and 559 msec (S-S patients). The approach was as fol-
lows. We set the density of  IKs at 100%, 80%, 60%, 40%, 20% and 0%, respec-
tively, and ‘titrated’ the density of  IKr until the desired QTc values were obtained. 
Fig. 1A (including M cells) shows that at normal (100%) IKr current even very 
large reductions in IKs current do not lead to very severely prolonged QTc inter-
vals. The ‘S-S’ isochrone cannot be reached at all. This is in line with the obser-
vation that there were only 3 ‘S-S’ cases in the whole patient population (chapter 
5). The implication might be that LQTS1 patients are only at risk when they have 
a relatively low density of  IKr current together with their genetic aberration. It 
raises the question whether the huge interindividual variability in QTc intervals 
of  LQTS patients with a similar mutation is in fact caused by variation in the 
remaining (not genetically affected) repolarizing currents. These considerations 
are not very much different when M cells are present in the strand (compare the 
lower right quarter of  panels A and B).

Fig. 1A (including M cells) shows that at normal (100%) IKs density the 
variation of  IKr current produces very different QTc intervals. Moreover, the 
presence of  M cells starts to create a huge difference here. To obtain the QTc 
interval of  ‘S-S’ patients of  559 msec we need at 100% IKs current a reduction 
of  IKr current to a remaining 25% in the presence of  M cells (panel A) and to 
a remaining 5% in the absence of  M cells (panel B). It is underscored that the 
activation times in these strands are relatively short. Therefore the QTc intervals 
are also short compared to a simulation in a three-dimensional heart. This would 
tend to shift all ‘iso-QTc’ curves towards the upper right corner of  both panels 
with as a consequence that smaller reductions in (either) current would suffice
to yield the ‘iso-QTc’ curves. It is obvious that similar -future- simulations in a 
three-dimensional heart model [2,3] would be helpful.
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Current reduction in (a)symptomatic LQTS patients

Figure 1
Simulation of ‘iso QTc’ curves (see text for explanation) by reduction of IKr current (abscissa) 
and IKs  current (ordinate) in strands based on the Priebe-Beuckelmann model [1] with 
intercellular coupling set at 5 µS. The strand was composed of 500 myocytes in transversal 
orientation. 
(A):strand with 60% subendocardial myocytes, 30% M cells and 10% subepicardial  
      myocytes. 
(B):strand with 90% subendocardial myocytes and 10% subepicardial myocytes.  
‘Iso QTc’ curves were set at the clinical borderline value of a prolonged QTc  
interval of 440 msec and at the values as observed for ‘A-A’ (473 msec),  
‘S-A’ (489 msec) and ‘S-S’ patients (559 msec). See text (and chapter 5) for  
explanation. 

B

A
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Gender and LQTS

Abstract

Background: Gender differences have been reported in patients with 
the congenital long QT syndrome (LQTS). We analyzed whether electrocardio-
graphic differences exist in females, males, girls and boys in response to ß-adre-
noceptor blockade.

Methods: 12-lead ECGs before and during ß-adrenoceptor blockade were 
collected in 87 genotyped LQTS patients (48 women, 14 men, 12 girls and 13 
boys). Up to three QTc intervals were determined in each lead of  the ECG. V4 

was used for QT/QTc analysis. Difference between longest and shortest QT 
interval was taken as a measure for dispersion of  QT intervals. 

Results: 1) Adult males had the greatest shortening of  the QTc interval 
upon treatment with ß-adrenoceptor blockade. During treatment, adult males 
with LQTS1 (mutation in the KCNQ1 gene, affecting IKs current) were found 
to have shorter QTc intervals than adult females; this difference did not exist in 
LQTS2 patients (mutation in the HERG gene, affecting IKr current). 2) Female 
LQTS2 patients had a 50% larger dispersion than female LQTS1 patients both 
before and during treatment. 3) Adult male LQTS1 patients constitute the only 
patient group with a marked decrease in QTc intervals and dispersion associated 
with a 100% efficacy of treatment in response to ß-adrenoceptor blockade. 

Conclusions: These findings indicate that, in addition to underlying dif-
ferences in repolarization between men and women, cardiac electrophysiological 
responses to ß-adrenoceptor blockade can be modulated by gender-related fac-
tors. Male LQTS patients seem to be relatively protected against cardiac arrhyth-
mias compared with female LQTS patients by i) a constitutively lower dispersion 
in QT intervals in combination (ii) with a shorter QTc interval due to the effect 
of  male sex hormones and by (iii) a further shortening of  their QTc interval in 
response to ß-adrenergic blockade.
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Introduction

There are interesting differences in basic electrophyiological characteristics 
between males and females. These differences are only at the beginning of  explo-
ration and are almost exclusively based on animal research for obvious reasons. 
By and large, the differences are as follows: female ventricular myocytes have a 
larger dispersion of  L-type Ca2+ current [1], but a lower density of  rapid delayed 
rectifier current compared to male ventricular myocytes [2]. Moreover the female
myocytes seem to have less transient outward current [3,4]. This general scheme 
is complicated by the fact that these differences do not apply, either qualitatively 
or quantitatively, to all cell layers. On this moment it seems far-fetched to ex-
trapolate these differences to man. However, a different basic make-up of  sets 
of  membrane currents is of  interest, because it may explain why similar genetic 
transmission may still associate to gender differences in the incidence of  cardiac 
arrhythmias in diseases with a genetic background or component, e.g., the long 
QT syndrome or the Brugada syndrome. It is well known that the incidence of  
cardiac arrhythmias is higher in males in the Brugada syndrome, but higher in 
females in the long QT syndrome (LQTS). Although Bazett has become famous 
with the description of  the –debated- correction of  the QT interval, he pointed 
also to the fact that the QTc interval (the QT interval corrected for heart rate) is 
370 ms in males and 400 ms in females as early as in 1920 [5]. 

The QT interval is known to be influenced by gender [6-9]. Young boys
and girls have similar QT interval durations. During puberty, the QT interval in 
boys shortens, leaving adult women with a longer QT interval than adult men 
[8]. Women have more extreme prolongation of  their QT intervals at slow heart 
rate, making them more vulnerable to bradycardia-induced arrhythmias [9].

In the congenital long QT syndrome (LQTS) adult women also have lon-
ger QT intervals than adult men [10,11]. Therefore they are more often clinically 
affected by this syndrome than men, in spite of  the equal sex-distribution of  the 
disease genotype. This is not restricted to electrocardiographic parameters. Fe-
male gender is an independent risk factor for cardiac events in patients with this 
syndrome [12]. Furthermore, there is a different time-dependent distribution of  
initial cardiac events [10,13]. In males, the probability of  a first cardiac event by
age 15 is higher than in females, and decreases after puberty, which it does not 
in females [13]. However, the first cardiac event is more often fatal in males than
in females [13]. Thus, gender is a major determinant in the course and clinical 
manifestation of  the long QT syndrome.

Women are more at risk than men in developing arrhythmias in response 
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to QT prolonging drugs [14-16]. However, it is unknown whether there are 
differences in electrocardiographic response to ß-adrenergic blocking agents 
between male and female carriers of  long QT mutations. We have analyzed a 
genotyped LQTS population for sex linked differences in response to ß-adreno-
ceptor blockade, with a distinction between adults and children. In addition, we 
analyzed whether these differences were specific for patients with mutations in
the KCNQ1 gene (LQTS1) or the HERG gene (LQTS2), leading to changes in 
IKs and IKr current respectively.

We found that during treatment with ß-adrenoceptor blockade, men with 
LQTS1 have shorter QTc intervals than women; this was not seen in LQTS2 
patients. Furthermore, female LQTS2 patients showed more dispersion than fe-
male LQTS1 patients. No difference in the genetic subgroups was found among 
adult males. Patients remaining symptomatic during treatment showed a positive 
relation between the amount of  dispersion and the duration of  the QTc interval, 
in line with basic concepts of  arrhythmogenesis.

Methods

The study was performed according to a protocol approved by the local 
ethics committees in the academic hospitals of  Utrecht, Amsterdam and Maas-
tricht, and conforms with the principles outlined in the Declaration of  Helsinki 
[17]. Written informed consent had been obtained from all patients. All geno-
typed LQTS1 and LQTS2 patients in whom no more than one mutation had been 
found and who were treated with ß-adrenoceptor blockade were included in this 
study.

Genotype analysis

Patients were genotyped as previously described [18]. Briefly, genomic
DNA was isolated from anti-coagulated blood samples. Exons, encoding the 
complete sequence of  the KCNQ1 and HERG (KCNH2) gene, were amplified
by using PCR analysis (Perkin Elmer 9700 thermal cycler). Subsequently, ampli-
cons were analyzed by SSCP analysis. Gels were run at 5 and 15 ºC, silver stained 
and air-dried. DNA fragments showing aberrant bands were purified (Qiagen
PCR purification kit), sequenced by using the BigDye cycle sequencing kit (Ap-
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plied Biosystems) and analyzed on an ABI-377 automatic sequencer (Applied 
Biosystems). In this study mutations were classified in both the gene involved
(KCNQ1 or KCNH2) and the effect of  the mutation i.e. mutations leading to a 
stop-codon or a frameshift (truncating) and mutations leading to an amino acid 
substitution (missense). Three kinds of  mutations were identified, i.e. LQTS1/
missense (11 mutations), LQTS2/truncating (6 mutations) and LQTS2/missense 
(9 mutations). 

Electrocardiography

In 12-lead ECGs before and during treatment up to three consecutive RR 
and QT-intervals were measured in all leads. QTc intervals were calculated us-
ing Bazett's formula (QTc=QT/√RR [4]). All intervals were measured manually. 
The intersection of  the steepest part of  the downslope of  the T-wave line and 
the iso-electric line was defined the end of the T-wave. The end of the U wave
was used in case fusion of  T and U waves made distinction of  the end of  the T-
wave impossible. In a minority of  cases (mostly concerning the right precordial 
leads) the highest point of  the second part of  a biphasic T-wave was determined 
the end of  the T-wave, based on T-wave morphology in subsequent leads. QT 
intervals were always determined similarly on the ECG before and the ECG 
during treatment in one patient. The difference between the longest and the 
shortest QT interval in any lead was used as a measure for dispersion.

Symptomatology

Symptomatology before and during treatment was determined. Patients 
who presented with cardiac arrest, registered torsades de pointes, a history of  
syncope, or, during treatment, pre-syncope that required alteration in their medi-
cation were defined as symptomatic. Follow-up during treatment was 5.5±5.7
years (average±SD). Three patient categories were defined based on clinical
presentation: symptomatic before treatment and symptomatic during treatment 
(S-S), symptomatic before treatment and asymptomatic during treatment (S-A), 
and asymptomatic before and during treatment (A-A).
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Statistical analysis

Differences between variances among the groups of  boys, girls, males and 
females were tested by the F-test. In case of  similarity of  variances this was fol-
lowed by one-way ANOVA before and during treatment. Changes in QT or QTc 
intervals following treatment were analyzed by the Student’s t-test for paired 
observations to test differences from zero. Differences between changes in QT 
or QTc intervals between boys, girls, males and females were tested by one-way 
ANOVA. Values are given as mean ± SEM. Levels of  0.05 or less were consid-
ered statistically significant.

Figure 1
Changes in QT and QTc intervals during ß-adrenoceptor blockade are shown in boys, fe-
males, males and females. # indicates a statistically significant change. In QT intervals this
change was 20±7.2 (p<0.02), 18±10.7 (ns), -3±12.4 (ns), and 25±6.7  (p<0.001) in the 
four groups respectively. The difference between males and females was statistically signifi-
cant (ANOVA; p<0.05). Changes in QTc were -24±8.4 (p<0.02), -12±9.3(ns), -45±10.3 
(p<0.001) and -24±7.5 (p<0.01) respectively. 
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Results

Change in QT and QTc intervals  by ß -adrenoceptor blockade 
in  females, males, girls and boys

Eighty-seven patients were included in this study: 48 women, 14 men, 12 
girls and 13 boys (1-15 yrs). Figure 1 shows that in boys (p<0.02) and females 
(p<0.001) QT intervals increased upon ß-adrenoceptor blockade. Such an in-
crease was not observed in males, whereas there was an insignificant increase in
girls. Moreover, the difference between males and females was significant (ANO-
VA; p<0.05). Because RR intervals increased even more than QT intervals, QTc 
intervals decreased upon ß-adrenoceptor blockade (Fig. 1). This decrease varied 
from 12±9.3 (ns) in girls to a largest value of  45±10.3 in males (p<0.001). 

QTc intervals in men, women and children with LQTS1 and LQTS2

QTc intervals were similar in all groups (Fig. 2A). During treatment, adult 
males had significantly shorter QTc intervals than adult females in LQTS1, but 
not in LQTS2 patients (Fig. 2B; Table 1). Both males and females showed short-
ening of  the QTc interval during treatment (compare Figs. 2A-B). No differenc-
es in response to ß-adrenoceptor blockade existed between LQTS1 and LQTS2 
in the 4 subgroups. In adult LQTS1 males shortening of  the QTc interval upon 
treatment was 49±13.1 msec. In adult males with LQTS2 the QTc interval de-
creased by 42±15.9 msec during treatment. In both groups shortening was sta-
tistically significant (p<0.02 and p<0.05 respectively). Women with LQTS1 had 
a shortening of  37±16.7 msec, and those with LQTS2 of  19±8.2 msec, which 
was in both groups significantly different from zero (p<0.05). In children the
changes in QTc interval were less outspoken (compare Figs. 2A-B).

Gender differences in dispersion

In women dispersion differed significantly between LQTS1 and LQTS2 
patients (Fig. 3). In men, however, the two genetic groups did not differ. Dis-
persion in females was 41±6.2 msec in the LQTS1 group and 62±3.7 msec 
in the LQTS2 group (p<0.01). Such a difference was not observed in men.  
The difference in dispersion between adult female LQTS1 and LQTS2 patients 
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Figure 2 
QTc intervals in boys, girls, males and females with LQTS1 and LQTS2 are plotted before 
(Panel A) and during (Panel B) ß-adrenoceptor blockade. See Table 1 for numerical data. 
Before treatment, QTc intervals were similar in all groups. During treatment, significantly
shorter QTc intervals were found in male than in female LQTS1 patients, while no such dif-
ference was seen in LQTS2 patients. # indicates statistical significance at p<0.01.

A

B
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dispersion in female LQTS2 patients proved to be independent of  age (linear 
regression analysis; data not shown).

Symptomatology

Table 2 shows the efficacy of treatment in the LQTS1 and LQTS2 pa-
tient groups divided over boys, girls, males and females. Efficacy was defined as
the percentage of  S-A patients within the symptomatic (S-A + S-S) groups. Of  
course, the numbers are very small in most of  the subgroups. In adults, the effi-
cacy of  treatment was 100% in male and 89% in female LQTS1 patients. In adult 
LQTS2 patients, efficacy of treatment was 67% in males and 70% in females.

n before treatment during treatment

QTc dispersion QTc dispersion

females LQTS1 13 502 ± 19.3 41 ± 6.2* 463 ± 8.5 40 ± 5.3*

LQTS2 35 491 ± 10.5 62 ± 3.7* 472 ± 7.6 63 ± 4.4*

p<0.01 p<0.005

males LQTS1 6 472 ± 9.9 56 ± 10.5 422 ± 9.1 47 ± 7.0

LQTS2 8 494 ± 12.5 53 ± 9.5 449 ± 15.4 50 ± 6.9

girls LQTS1 6 485 ± 9.1 49 ± 7.6 460 ± 2.7 38 ± 6.4*

LQTS2 6 462 ± 17.9 62 ± 3.6 462 ± 16.0 64 ± 7.6*

p<0.05

boys LQTS1 9 504 ± 10.4 50 ± 7.8 474 ± 12.0 50 ± 5.6

LQTS2 4 489 ± 8.8 66 ± 16.9 479 ± 10.8 56 ± 3.9

Table 1 QTc intervals in females, males, girls and boys with LQTS1 and LQTS2
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Figure 3 
Dispersion in QT intervals is shown in males and females before treatment. In women, 
LQTS2 patients have significantly more dispersion than LQTS1 patients, whereas in men no 
difference is found between LQTS1 and LQTS2 patients. See Table 1 for numerical data.

A-A S-A S-S

females LQTS1 4 8 1

LQTS2 15 14 6

males LQTS1 3 3 0

LQTS2 5 2 1

girls LQTS1 3 3 0

LQTS2 4 1 1

boys LQTS1 3 4 1(+1A-S)

LQTS2 3 1 0

Table 2 Efficacy of treatment in females, males, girls and boys with LQTS1 and LQTS2
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Symptomatology, QTc intervals and dispersion

A positive relationship existed between the length of  the QTc interval 
and the amount of  dispersion in the adult S-S patients (7 women, one man)  
(Fig. 4). In addition, the type of  LQTS is stated as well as the type of  the muta-
tion. Patients with a truncating LQTS2 mutation had the shortest QTc intervals 
and the least dispersion. Patients with missense mutations had larger dispersion 
and a longer QTc interval, and the only LQTS1 patient that remained symptom-
atic during treatment also had an extremely long QTc interval and a large disper-
sion (655 msec and 100 msec respectively before treatment (see Fig. 4) and still 
513 msec and 73 msec during treatment). 

During treatment QTc intervals were shorter and dispersion was smaller 
in the four groups with the highest efficacy of treatment (89-100%) compared
with the other 4 groups with lower efficacy (50-70%) (Fig. 5). In male LQTS1 
patients both the reduction in QTc interval and the reduction in dispersion were 
the largest compared to all other patient groups.

Discussion

Patients with the congenital long QT syndrome demonstrate electrocar-
diographic differences during treatment with ß-adrenoceptor blockade between 
adult males, females, and children (Figs. 1,2). Although no differences exist in 
QTc intervals before treatment among these groups, during treatment adult men 
in the LQTS1 group display the shortest QTc intervals (Fig. 2B). Women with 
LQTS2 have a significantly larger dispersion than women with LQTS1, both be-
fore and during treatment (Fig. 3). In addition, in women that remained symp-
tomatic during treatment, LQTS2 patients with a missense mutation had longer 
QTc intervals combined with a larger dispersion than those with a truncating 
mutation (Fig. 4). In patient groups with highest efficacy of treatment, QTc in-
tervals were shorter and dispersion was smaller during ß-adrenoceptor blockade 
(Fig. 5). This study is the first to show gender differences in electrocardiographic
response to ß-adrenergic blockade in LQTS patients. 
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QT(c) intervals  in  females, males, girls and boys

Differences in cardiac repolarization between men and women have been 
reported in healthy subjects and in LQTS patients [7-11,13]. Healthy women 
have longer QTc intervals and a higher heart rate. Stramba-Badiale et al. [9] 
showed QT differences to be more profound during low heart rates due to a 
steeper QT/RR relationship in women than in men. Also in the long QT syn-
drome women and children were reported to have longer QTc intervals than 
men [10,11], while female gender has been shown to be an independent risk 
factor for cardiac events [12].

Figure 4
Patients symptomatic during treatment show a positive relationship between the length of the 
QTc interval and amount of dispersion before treatment. “1” indicates LQTS1, “2” LQTS2. 
“Mis” denotes a missense mutation and “trunc” a truncating mutation. As indicated, LQTS2 
patients with a truncating mutation have relatively short QTc intervals and little dispersion. 
LQTS2 patients with missense mutations had a longer QTc interval and larger dispersion, as 
had the only (female) LQTS1 patient that remained symptomatic during treatment. 
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To be able to understand differences in response to treatment in male 
and female subjects, it is necessary to understand the physiological background 
of  gender differences in cardiac repolarization. Unfortunately, little is known 
about the influence of sex hormones on cardiac repolarization. In humans, an-
drogens may shorten the QTc interval [8,10,11], whereas the effect of  estrogens 
in humans is equivocal. Most studies addressing this issue have been performed 
in castrated rabbits treated with either estrogen or dihydrotestosteron (DHT). 
Pham et al. [19] showed that the duration of  the first 30% of the action potential
(APD30) was significantly shorter in castrated males than in castrated females,
indicating a hormone-independent factor in differences in cardiac repolarization. 
An increase in QT interval was found in oophorectomized rabbits treated with 

Figure 5
Efficacy of treatment, (SA/(SA+SS))*100, is shown in the 4 groups subdivided into LQTS1 
and LQTS2, in relation to the average QTc interval and the average dispersion for these 
patients in each group. B indicates boys, G girls, M males and F females. “1” and “2” indi-
cate LQTS1 and LQTS2. The percentage represents the efficacy of treatment in each group
(compare Table 2). A line separates the 4 groups with higher efficacy from the 4 groups with a
lower efficacy. Shorter QTc intervals, less dispersion or a combination of both were related to
a larger efficacy. In LQTS1 males, absence of symptoms during treatment was associated with 
a reduction in both dispersion and QTc duration. Efficacy of treatment tends to be larger in
adult LQTS1 patients than in adult LQTS2 patients.



173

6

Gender and LQTS

estrogens compared to DHT, especially at long cycle lengths, due to a steeper 
QT/RR relationship [20]. In contrast, Drici et al. [21] found a lengthening of  the 
QT interval in explanted hearts both from animals treated with male and from 
those treated with female sex hormones. In addition, they found a downregu-
lation of  the HK2 (human Kv1.5 [22]) and IsK (minK, a subunit to KCNQ1 
that encodes the protein associated to IKs [23]) in both groups. The similar QT 
intervals in this study are not in conflict with other studies as QT intervals were
measured at a short cycle length, while differences in QT interval are more pro-
nounced at long cycle length. Besides a lower IK1, Liu et al. [2] identified a lower
IKr current density in female than in male rabbits, which they held responsible 
for the steeper QT/RR relationship in female animals. These studies might form 
a rationale for the occurrence of  longer QTc intervals in females. In our popula-
tion, men and women had similar QTc intervals before treatment. This can be 
explained by the fact that we only included treated carriers. Upon treatment with 
ß-adrenoceptor blockade, males had a greater shortening of  the QTc interval 
than females. This was due to a shorter QTc during treatment in male than in 
female LQTS1 patients, as this difference was not found in LQTS2 patients. Fig-
ure 2A shows that before treatment women with LQTS1 had slightly longer QTc 
intervals than men. If  findings in rabbits [2] hold true for the human species as
well, this could be due to less IKr in the female human ventricle. 

Gender differences in dispersion

We have reported that LQTS2 patients in general display larger dispersion 
than LQTS1 patients [24]. However, no differences in dispersion were found 
between males with LQTS1 and LQTS2, whereas women with LQTS2 had signifi-
cantly larger dispersion than those with LQTS1. A decrease of  homogeneously 
distributed repolarizing IKr current may uncover a larger inhomogeneous con-
tribution of  IKs [25] to repolarization in LQTS2 patients, and thus to larger dis-
persion of  action potential duration over the ventricular wall. Our data suggest 
that the inhomogeneous transmural distribution of  IKs is larger in females than 
in males. This is supported by the fact that the QT/RR relationship is steeper 
in women than in men [11], which might be due to more IKs. To our knowledge 
there are no experimental data available to settle this issue. However, the fact 
that this difference between female LQTS1 and LQTS2 patients was similar in 
adult females and in girls and was independent of  age excludes an important 
role for estrogens.

We conclude that, in addition to underlying differences in repolarization 
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between males and females, responses to ß-adrenergic modulation appear to 
be modulated by gender-related factors as well.  Although our observations do 
not escape from the descriptive level and do not permit mechanistic conclu-
sions, we are intrigued by the fact that differences in QTc intervals between male 
and female LQTS patients seem to require the presence of  male sex hormones, 
whereas the differences in dispersion between female LQTS1 and LQTS2 pa-
tients are as prominent in girls as in adult females, but are absent in adult males. 
Male LQTS patients, therefore, seem to be relatively protected against cardiac 
arrhythmias compared with female LQTS patients by i) a constitutively lower 
dispersion in QT intervals in combination (ii) with a shorter QTc interval due to 
the effect of  male sex hormones and by (iii) a further shortening of  their QTc 
interval in response to ß-adrenergic blockade.
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Abstract

Background: Genotype-phenotype relations have recently been described 
in patients with the long QT syndrome (LQTS). We have analyzed whether there 
are differences for triggers of  cardiac events in LQTS1 and LQTS2 patients.

Methods:  We studied the triggers for cardiac events in a genotyped popu-
lation, consisting of  15 families and two solitary cases. Eight families (61 pa-
tients) and one solitary patient were affected with LQTS1, seven families (35 
patients) and one isolated case with LQTS2. In individual patients more than 
one trigger could be present. Furthermore, the age at onset of  symptoms was 
determined.

Results: In the LQTS1 group, 29 of  62 (47%) mutation carriers were 
symptomatic. Five of  these patients died suddenly. Physical stress was a trig-
ger for cardiac events in 25/29 (86%) patients. This was related to exercise in 
21 patients and to diving or swimming in 15 patients. In 9/29 (31%) patients 
emotional stress was a trigger for cardiac events. One patient showed symptoms 
at rest, and in one patient the trigger was unknown. In the LQTS2 group, 18 of  
36 (50%) mutation carriers were symptomatic. Six died suddenly, five of them at
night. Events related to physical stress occurred in 2/18 (11%) patients (related 
to exercise in both patients, not to swimming), and to emotional stress in 6/18 
patients. Sudden arousal was a trigger in 14 (78%) patients. An acoustic stimulus 
was mostly present, but not obligatory. In 12 patients an acoustic stimulus was 
related to cardiac symptoms, solely in combination with sudden arousal in at 
least five patients. In 3/18 patients, the trigger was unknown. In LQTS1, four 
children became symptomatic under the age of  five, 11 at five or six years of
age, and 11 patients between the ages of  7 and 13. In 13 of  18 LQTS2 patients 
in whom the age at onset of  symptoms was known, no patients became symp-
tomatic under 9 years of  age. Four children became symptomatic between the 
ages of  9 and 13.

Conclusion: In LQTS1 patients events predominantly occurred in rela-
tion to exercise, whereas in LQTS2 patients events were often triggered by sud-
den arousal, mostly due to an acoustic stimulus, and by emotion. Furthermore, 
LQTS1 patients became symptomatic at a younger age than LQTS2 patients.
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Introduction

 
Congenital familial long-QT syndrome (LQTS) is characterized by QT-in-

terval prolongation on the ECG and polymorphic ventricular arrhythmias (tor-
sades de pointes) which may lead to syncope and sudden cardiac death. There 
is a classic subdivision of  congenital LQTS into Romano-Ward syndrome with 
a (usually) autosomal dominant inheritance, and Jervell and Lange-Nielsen syn-
drome, inherited as an autosomal recessive trait and associated with congenital 
deafness. In recent years it has become clear that the molecular basis of  congeni-
tal LQTS is heterogeneous. An increasing number of  genes have been identified
[1-6, 13-15]. This genetic information forms the basis of  the present subdivision 
in subsyndromes also known as LQTS1 to LQTS8. The large majority of  patients 
belongs to the LQTS1, LQTS2 and LQTS3 groups. KCNQ1 is the gene involved 
in LQTS1 (with an aberration in IKs channel) and in Jervell and Lange-Nielsen 
syndrome. Its chromosomal location is the distal end of  the short arm of  chro-
mosome 11 (in code 11p15.5, p=short arm). KCNH2 (‘HERG’), the gene in-
volved in LQTS2 (with an aberration in the IKr channel), is located on the long 
arm of  chromosome 7 (7q35-36, q=long arm). Together, KCNQ1  and KCNH2 
account for about the majority of  affected families. The gene for the cardiac Na+ 
channel α-subunit SCN5A, involved in LQTS3, is located on chromosome 3p21 
– 24 [3]. The proteins encoded by KCNQ1 and KCNH2 assemble into tetra-
mers to form functional potassium channels, with or without other (regulatory) 
units encoded by different genes. One of  these regulatory units has been shown 
to be involved in LQTS5 (the KCNE1 gene on chromosome 21q21.1-22.2) [6] 
and it encodes for the ß-subunit of  the IKs channel. LQTS6 is due to mutations 
of  the KCNE2 gene and encodes for the ß-subunit of  the IKr channel [7]. Muta-
tions in these genes may result in decreased repolarizing outward K+ currents 
(LQTS1,2,5,6) or in an increase in the plateau inward current (LQTS3). The final
common pathway is an abnormally prolonged repolarization as evidenced by a 
long QT interval on the ECG [8,9]. Based on different characteristics of  the ion 
channels involved, the phenotype of  the patients and/or families may be indica-
tive of  the gene involved. Both the ECG and the trigger for arrhythmic events 
may be associated with genotype-specific characteristics [10-12]. More recently,
aberrations in the KCNJ2 encoding for the inward rectifier current (IK1) and in 
the CACNA1C gene encoding for the L-type Ca2+ channel, have led to the iden-
tification of LQTS7 [13] and LQTS8 [14]. Finally, a mutation in the ankyrin-B 
gene, underlies LQTS4 [15]. LQTS4, thus far, is the only syndrome in which not a 
mutation in a gene encoding for a membrane channel is involved, but a transport 
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problem of  membrane channels to their correct location in the sarcolemma.
In this study we have analyzed the trigger for cardiac events (syncope, 

documented cardiac arrhythmias, sudden cardiac death) was analyzed in 15 fami-
lies with a familial LQTS1 and LQTS2 and in two individual patients with LQTS 
(in whom a specific cause for the LQTS other than a genetic defect could be
excluded). These data suggest that LQTS1 and LQTS2 indeed have a different 
profile of triggers for cardiac events, although these profiles are not specific.

Methods

Patients

The study was performed according to a protocol approved by the local 
ethics committee. Written informed consent was obtained from all patients. All 
genotyped families followed in our centres were included. The families (n=15) 
and isolated patients (n=2) came to our attention after unexplained cardiac death 
at a relatively young age (<40 vears) in one or more family members, or after 
LQTS was diagnozed in a symptomatic individual. All symptomatic patients had 
normal hearing, hence Jervell and Lange-Nielsen syndrome could be excluded. 
When no ECG was available for an individual within these families, they were 
defined as having  LQTS if they had died suddenly and unexpectedly under the
age of  forty. Symptomatic individuals with a prolonged QT interval and a nega-
tive family history (n=2) were classified as congenital LQTS  whenever a specific
reason for prolongation of  the QT interval could be excluded (i.e. no QT-pro-
longing drugs, electrolyte disturbances, mitral valve prolapse, acute cerebrovas-
cular accidents, etc.). A careful history, an ECG, and peripheral blood samples 
for genotype analysis were taken from all symptomatic individuals and from as 
many family members as possible.

Cardiac events were determined by history for all proven mutation carri-
ers, obligate carriers (family members that by pedigree analysis were determined 
carriers of  the mutated gene), and deceased family members. The distribution 
of  triggers within the genetically distinct groups was studied. Only the gene 
involved was related to the distribution of  triggers. The specific mutations that
were found in our patients were not analyzed for genotype-phenotype relations, 
as our patient group was not large enough to discriminate between possibly 
distinct phenotypes of  the mutations involved. Events could be related to physi-
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cal stress, which was subdivided into exercise and diving and/or swimming, to 
emotional stress, to sudden arousal, to an acoustic stimulus, or they could have 
occurred at rest. In some patients, cardiac events occurred in relation to multiple 
stimuli.

The average age of  the symptomatic patients was computed. Further-
more, the age at onset of  symptoms was determined for the genetically distinct 
groups.

Genotype analysis

Blood samples were collected from all patients. The genomic DNA was 
extracted from peripheral blood lymphocytes [16]. PCR amplification was per-
formed of  the coding regions of  the KVLQT1 gene and the HERG gene (Per-
kin Elmer 9600 PCR thermal cycler). These fragments were analysed for SSCP 
variants, using the GenePhor system (Pharmacia) and GeneGel Excell 12.5/24. 
Gels were run at two different temperatures, 5 and 15 °C, silver stained and air 
dried. Fragments displaying aberrant SSCP bands were purified using the Qia-
gen PCR purification kit, and sequenced on an ABI-377 automatic sequencer
(Perkin-Elmer), using the amplification primers as sequencing primers. The Dye
Terminator Cycle sequencing, kit (Perkin-Elmer), was used for this purpose.

Results

The pedigree of  one of  the families is given in Fig. 1. This family came 
to our attention in 1997, shortly after the death of  a 6 year old girl (III-7). After 
one syncopal episode shortly after diving in the swimming pool in May 1997, 
she died in June 1997 under similar circumstances. Post-mortem examination 
revealed no specific cause for her death. Several weeks after this tragic event a
ten-year-old cousin (III-4) experienced a syncope during exercise. Subsequent 
in-hospital evaluation revealed a prolonged QT interval and a familial  LQTS 
was suggested. The family history further revealed that the mother of  the de-
ceased child (II-7) had been treated for an aspecific epilepsy during childhood
until adolescence. Symptoms started at the age of  six. Her brother (II-4), the 
father of  the symptomatic boy, recalled three syncopes in his youth related to 
exercise. The first episode took place at the age of 14. Their eldest sister (II-3)
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had suffered from syncope since childhood, which became exercise dependent 
later in life. Prolonged QT intervals were present on the ECGs of  these three 
individuals. The other first-degree relatives had no complaints and both parents
(I-1 and I-2) appeared healthy at old age. Genetic analysis in this family revealed 
a mutation in the KVLQT1 gene, resulting in an amino acid substitution at posi-
tion 184 (Tyr184Ser).

The trigger for syncope was further evaluated in 14 other congenital 
LQTS families and and two individual patients followed in our centres (Fig. 2). 
In some patients, symptoms were triggered by multiple stimuli. In eight families 
(including the family described above), consisting of  61 mutation carriers, and 
in one individual patient a mutation was found in the KCNQ1 gene (LQTS1). In 
seven families, consisting of  35 mutation carriers, and in one individual patient 
we found a mutation in the KCNH2 (‘HERG’) gene (LQTS2). The LQTS5-re-
lated KCNE1 gene was analysed in all index patients by sequence analysis. No 

Figure 1
Pedigree of a family affected with LQTS1. In this family a mutation was found in the 
KVLQT1 gene, leading to an amino acid substitution at position 184 (Tyr184Ser). QT 
intervals corrected for heart rate were added. See text for further details.
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mutations were found in this gene. There was no evidence for the involvement 
of  the LQTS4-related gene in our families. Of  62 mutation carriers with LQTS1, 
29 (47%) were symptomatic (14 male, 15 female; average age of  patients alive 
35±19 years). Twenty five patients (25/29; 86%) showed symptoms in relation
to physical stress, related to exercise in 21 patients and to diving/swimming in 
15 patients. An example is given in Fig. 3. In 9 patients (9/29) emotional stress 
was a trigger for cardiac events, and one patient had an event at rest. No patients 

Figure 2
The distribution of symptoms in a genotyped LQTS population is graphically displayed. 
In an individual patient multiple stimuli may lead to severe cardiac events. The Y axis 
displays the number of patients involved. On the X axis different stimuli that lead to ar-
rhythmic events are represented. The number of patients who died suddenly is also shown 
here (SCD=sudden cardiac death). Physical stress as a trigger for symptoms was subdivided 
into exercise and diving/swimming. In at least five patients who had symptoms in relation
to an acoustic stimulus, events only occurred when that stimulus was associated with sudden 
arousal. In other patients the sounds of e.g. a ringing telephone or an ambulance siren could 
be a trigger for cardiac events as well.
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showed cardiac symptoms in relation to sudden arousal or to acoustic stimuli. 
The trigger for arrhythmias was unknown in one patient. In 36 individuals with 
genotyped LQTS2, 18 patients (50%) were symptomatic (5 male, 13 female; 
average age of  patients alive 37±12 years, the age was unknown in two patients). 
Six of  the symptomatic family members died, five of them reportedly at night.
Cardiac events related to physical stress were present in 2 of  18 symptomatic pa-
tients (related to exercise, not related to diving/swimming), to emotional stress 
in 6 patients (6/18), and to sudden arousal in 14 patients (14/18; 78%) mostly 
due to an acoustic stimulus. An acoustic stimulus was identified as a trigger in
12 patients, only in combination with sudden arousal in at least 5 of  them. In 
three patients (3/18) the trigger for cardiac events was unknown. The number 
of  asymptomatic patients seems rather high, 53% in the LQTS1 group and 50% 
in the LQTS2 group. This would indicate a rather low penetrance in our LQTS 
population. The median of  the age at onset of  symptoms in the LQTS1 group 
(known in all 29 patients) was 6 years (mean 9.2 years, SD 8.6 years). In four pa-
tients, symptoms started under the age of  five, in 11 patients at the ages of five
or six,  and in 11 patients between the ages of  seven and thirteen. In 13 of  18 
LQTS2 patients in whom the age at onset was known, the median of  the age at 
which symptoms occurred for the first time was 17 years (mean 15.5 years, SD
4.1 years). None of  the patients showed symptoms before the age of  9. Four 
patients became symptomatic between the ages of  9 and 13.

Discussion

LQTS is a syndrome characterized by prolongation of  the QT interval and 
by polymorphic ventricular arrhythmias (torsades de pointes type, Fig. 3), giving 
rise to recurrent syncope and sudden cardiac death. Recently, multiple func-
tionally related genes have been identified [2,3,5-7,13-15]. These genes encode
for proteins involved in the depolarization-repolarization process. LQTS1,2,5,6 are 
based on mutations in the KCNQ1, KCNH2, KCNE1 and KCNE2 genes which 
encode for (subunits of) potassium channels in the cell membrane. Mutations 
in the SCN5A gene, encoding the α-subunit of  the cardiac Na+ channel, are 
involved in LQTS3. The gene related to LQTS4 has been identified as well and
it concerns a protein (ankyrin-B) involved in transport of  membrane channels 
towards the sarcolemma. Recently, LQTS7 and LQTS8 have also been associated 
with mutations [13,14]. 
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Figure 3
ECG recorded at rest (panel A) and during exercise (panel B) in a 10-year-old girl affected 
with LQTS1 (Tyr315Ser). The ECG in panel A shows an atrial rhythm, 82 beats per min-
ute, PR interval 100 msec, QRS duration 80 msec, heart axis +60°, and a QT interval of 
500 msec, when corrected using Bazzet’s formula (QTc=QT/√RR) 585 msec. Panel B shows 
an ECG recorded in the same patient during exercise. An ectopic atrial beat is followed by 

A
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two sinus beats. The heart frequency is 90 beats per minute. The QT interval is not measur-
able accurately, but appears prolonged. A polymorphic ventricular tachyarrhythmia of the 
‘torsades de pointes’ type is triggered by a ventricular premature complex with a coupling 
interval of 480 msec. Calibration and lead-switch artefacts are present in both panels. Paper 
speed was 25 mm/sec. On the vertical axis, 10 mm represents 1 mV.

B
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Because ionic currents have different time and voltage characteristics, it 
may be speculated that the phenotype is characteristic for the underlying gene 
defect. Indeed, clinical differences in genetically distinct forms of  long QT 
syndrome were found. In our LQTS1 population, cardiac events were mainly 
triggered by exercise, in particular diving/swimming. In patients with LQTS2, 
cardiac events also occurred at night, most often in relation to sudden arousal 
(data presented in this chapter include the patients described in a previous pa-
per by Wilde et al. [17]. Differences in statistics result from an enlargement of  
the patient group.) In these LQTS2 patients a loud acoustic stimulus was not 
obligatory, although it occurred frequently. Occasionally the acoustic stimulus 
alone (not leading to sudden arousal at night) was sufficient to elicit cardiac
arrhythmias. Further, emotion and stressful events frequently triggered loss of  
consciousness in LQTS2 patients. Patients suffering from LQTS1 became symp-
tomatic at an earlier age than patients suffering from LQTS2. In four LQTS1 
patients the age at onset of  symptoms was <5 years of  age, in 11 patients 5 or 
6 years of  age, and in 11 patients between 7 and 13 years of  age. In 13 of  18 
LQTS2 patients in whom the age at onset of  symptoms was known, no children 
under the age of  9 had suffered from cardiac events. Between 9 and 13 years of  
age, 4 children became symptomatic. Zareba et al. [18] found a similar difference 
in the age at onset of  symptoms. Finally, Moss et al. [10] showed  genotype spe-
cific ECG patterns for LQTS1,2 and LQTS3.

Exercise is a particularly important trigger for cardiac events, especially 
linked to mutations in KCNQ1 (LQTS1, and Jervell and Lange-Nielsen syn-
drome; this study). IKs, the current related to the channel of  which components 
are encoded by KCNQ1 and KCNE1, is responsible for the onset of  phase 3 
repolarization. This current is highly sensitive to catecholamines. An increase 
in heart rate requires an enhanced repolarization rate, and increased amplitude 
of  IKs is likely to account for this. Inhomogeneous adaptation of  the action 
potential duration to an increase in rate, secondary to dysfunctioning mutant 
IKs channels, may account for the enhanced propensity for arrhythmias during 
exercise. Swimming, and in particular diving, is an important stressor in LQTS1 
patients (Fig. 2). lt may be postulated that diving is equivalent to a Valsalva ma-
noeuvre, with an increase in heart rate, following the initial bradycardia. Once 
again, the improper adaptation of  the action potential duration may lead to late, 
but also inhomogeneous repolarization with subsequent triggered arrhythmias. 
Catecholamine release, either local (neurogenic) or systemic (hormonal), may 
constitute a common denominator of  all these conditions.

LQTS2 patients exhibit cardiac events related to exercise as well, but also 
to stress, emotion, anger, and particularly acoustic stimuli with or without sud-



189

7

Triggering events in LQTS1 and LQTS2              

den arousal. Typically, the arrhythmia follows so rapidly after an acoustic stimu-
lus [17], that it in fact occurs without a major change in heart rate. We cannot 
exclude that local -neurally mediated- release of  catecholamines rather than sys-
temic release of  catecholamines may be involved as we have reported previously 
[19], but it can also be speculated that LQTS1 patients are relatively protected 
against the effect of  acoustic stimuli, because they have normal IKr, whereas 
LQTS2 patients have not. At normal or low heart rate IKs cannot play a role in 
action potential shortening in response to one, or a couple of  ventricular pre-
mature beats provoked by whatever stimulus. The slow activation in combina-
tion with relatively fast deactivation of  IKs prevents this. The deactivation time 
constant is 203 msec in guinea pig ventricle and 151 msec in rabbit ventricle for 
the first fast phase of deactivation [20]. In human ventricle this time constant of
deactivation is only 100 msec at -50 mV [21].  Therefore, IKs cannot play a role 
in the shortening of  the action potential after one or more extra beats at short 
coupling intervals at low heart rate. Only at high heart rate the current may ac-
cumulate and thus contribute to action potential shortening (see also Fig. 7 in 
[20]). Thus, action potential shortening after a single extra beat at low or normal 
heart rate relies almost completely on IKr. These considerations may help to ex-
plain why LQTS1 patients are relatively insensitive to acoustic stimuli: they have 
normal IKr current. 

In LQTS2 patients the situation is reversed. They have impaired IKr cur-
rent, which renders them sensitive to extra stimuli, but makes them relatively 
insensitive to the impact of  high heart rate such as with exercise, because they 
have normal IKs current. We prefer these explanations for differential sensitiv-
ity of  LQTS1 and LQTS2 patients to triggers as exercise and acoustic stimuli, 
because they are based on the kinetics of  the underlying currents, over our pre-
vious interpretation [17], based on local versus systemic catecholamine release. 
We now also question the validity of  previous assumptions on the effect of  a 
decrease in IKs current as in LQTS1 or after pharmacological blockade of  IKs 
current in normal hearts on dispersion [17]. A decrease of  an inhomogeneously 
distributed current (as IKs) can as well be considered as diminishing dispersion. 
This view is also in line with our patient data (chapters 4 and 5) and with our 
computer simulation data (chapter 9). Dispersion in QTc intervals is larger in 
LQTS2 patients (with weak IKr thereby uncovering the dispersion caused by the 
inhomogeneously distributed IKs) than in LQTS1 patients (with weak IKs, there-
by removing a source of  dispersion and uncovering the more homogeneously 
distributed IKr). Of  course, local catecholamine release after arousal in LQTS2 
may further provoke the initiation of  arrhythmias in these patients, because it 
increases dispersion in refractoriness (see chapter 2). In a KCNH2 (‘HERG’)  
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experimental model (cardiac myocytes exposed to pharmacological IKr inhibition, 
i.e. most 'class III' drugs), catecholamine exposure leads to a biphasic response: 
an initial marked prolongation of  the action potential duration is followed by 
sustained shortening [22]. This initial prolongation, in particular when it occurs 
inhomogeneously, may further contribute to arrhythmogenesis in HERG-mu-
tant patients. 

In conclusion, this study showed a genotype-phenotype relation in pa-
tients with LQTS. The trigger for symptoms may indicate the genetic origin of  
the disease. Occurrence of  cardiac events after sudden arousal was only found 
in LQTS2 patients, whereas events related to physical stress occurred predomi-
nantly in LQTS1 patients. In the latter patient group, events related to physi-
cal stress were often related to swimming. In addition, LQTS1 patients showed 
symptoms at a younger age than LQTS2 patients, which indicates that early treat-
ment may be more important in children affected with LQTS1.

Analyzing the genotype-phenotype relation in patients with LQTS leads 
to a more efficient search for the underlying genetic defect [7]. In addition,
gene-specific treatments are starting to be developed. Gene-specific treatment
is the subject of  clinical trials currently being performed in patients included in 
the LQTS registry.
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Abstract 

Background: Sudden arousal and a loud acoustic stimulus are classical 
triggers for cardiac events in patients with the long QT syndrome type 2. We 
studied whether triggers are homogeneously distributed amongst patients with 
different types of  mutations.

Methods: We studied the triggers for cardiac events in a genotyped LQTS2 
population, consisting of  29 families with 27 mutations and 168 mutation carri-
ers. In individual patients more than one trigger could be present. Patients were 
distributed over four groups: missense mutations inside and outside the N-ter-
minal and truncating mutations inside and outside the N-terminal. Non-N ter-
minal mutations were in large majority mutations in the transmembrane segment 
in patients with missense mutations and exclusively mutations in the C-terminal 
in patients with truncating mutations. 

Results: Sixty-four of  168 mutation carriers were symptomatic (38.1%). A 
loud acoustic stimulus (“noise”) was a predominant trigger in patients with either 
a truncating mutation in the N-terminal domain (60% vs 5% in the C-terminal 
domain; p<0.005), or in those with a missense mutation outside the N-terminal 
domain (70% vs 13% in the N-terminal domain; p<0.005). For sudden arousal 
similar differences were found. Interestingly, also the distribution of  the trigger 
“rest” differed between N-terminal and non-N terminal truncating mutations. 
In 203 index patients and first degree relatives, sudden death was more observed
in those with missense than in those with truncating mutations.

Conclusion: Clinical presentation of  patients with long-QT syndrome 
type 2 is very heterogeneous and depends on the type and location of  the mu-
tation. The differences within the LQTS2 group are as impressive as the differ-
ences between the LQTS1, LQTS2 or LQTS3 groups.
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Introduction

 The congenital long QT syndrome (LQTS) is the most extensively stud-
ied genetic cardiac arrhythmic disorder. Because of  its monogenic inheritance, 
and its seemingly straightforward disease mechanisms, it carries the promise of  
understanding the relationship between mutation and disease. Several genes have 
been identified that lead to prolongation of QT intervals and the concomitant
clinical features. The mechanisms by which these mutations lead to their com-
mon denominator start to be understood. In addition, differences have been 
identified between several genetic subtypes of the disease. It was described that
the location of  the mutation influenced the clinical outcome of patients with
LQTS2 [1]. LQTS2 is caused by a mutation in the KCNH2 (HERG) gene [2], 
leading to a decrease in the rapidly activating component of  the delayed rectifier
potassium current (IKr) and thereby to a prolongation of  the action potential and 
consequently of  the QT interval. Patients with a mutation in the pore segment 
of  the channel appear to have a more malignant phenotype with a higher risk for 
arrhythmias than patients with a mutation in other parts of  the protein [1].

 LQTS2 and LQTS1, caused by a mutation in the KCNQ1 gene [3], lead-
ing to a decreased slowly activating component of  the delayed rectifier potassi-
um current (IKs), are the most common forms of  LQTS [4]. Triggers for cardiac 
events are different in these patient groups. LQTS1 patients experience cardiac 
events during excercise and specifically swimming. LQTS2 patients are more vul-
nerable to arrhythmias after a loud acoustic stimulus, sudden startle, or in rela-
tion to emotion [5,6]. In LQTS2, mutations in the transmembrane or the pore 
segment [1] of  the protein lead to a more malignant phenotype than mutations 
in other segments of  the protein, especially when they are missense mutations 
[7]. Whether the triggers leading to arrhythmias in these groups are different as 
well is not known. Therefore we analyzed whether the occurrence of  triggers 
leading to cardiac events is related to the location and the type of  mutation in 
LQTS2 patients. Furthermore we analyzed the occurrence of  cardiac arrest in 
index patients and their first degree relatives.
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Methods

Patients and mutations

All genotyped LQTS2 families followed in our centers were included (29 
families with 27 mutations and 168 mutation carriers). The study protocol had 
been approved by the local ethics committee and complies with the Declaration 
of  Helsinki [8]. Written informed consent was obtained from all patients. All 
mutation carriers and obligate carriers (family members in whom carriership was 
proven by pedigree analysis) were included. Deceased probands or family mem-
bers in whom no ECG could be recorded and no genotype analysis performed 
were considered affected when they had died suddenly before the age of  40. 

Genotype analysis was performed as described previously [7]. Table 1 
shows mutations and the respective number of  mutation carriers. The mutations 
were classified by type and location. Mutations were either missense (mis, 16
mutations), or they led to a frameshift or a premature stopcodon and therefore 
truncation of  the protein product (trunc, 11 mutations). Missense mutations 
were located in different regions of  the protein: the N-terminus (encompris-
ing the so-called PAS domain, 5 mutations), S4, S5 and S6 (outside of  the pore 
region, 5 mutations), the pore region (4 mutations), or the C-terminal region (2 
mutations of  which one at the boundary of  S6 and the cyclic nucleotide-bind-
ing domain). Truncating mutations were either N-terminal (3 mutations) or C-
terminal (8 mutations), including one mutation at the boundary of  S6 and the 
cyclic nucleotide binding domain (2027delAG), and another mutation within the 
latter domain (2354∆G). Fig. 1 graphically shows the location and type of  the 
mutations.

Triggers and sudden death

History was obtained in all proven mutation carriers and the occurrence 
of  cardiac events was determined, as well as the trigger that led to the event. 
The occurrence of  cardiac arrest was analyzed only in index patients and all their 
first degree relatives (gene carriers and non-gene carriers), in order to prevent
selection bias (by chosing only screened individuals). The occurrence of  sudden 
death in index patients and 1st degree relatives, and the distribution of  triggers 
were compared between the genetic subgroups. Triggers for cardiac events were 
subdivided in the following groups: (1) exercise, (2) emotional stress, (3) sudden 
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mutation coding location patients

missense G191A C64Y N-terminal 6

A296C Y99S N-terminal 20

T260C L87P N-terminal 8 (2 families)

A289G I96V N-terminal (PAS) 1

C889T P297S N-terminal 3

C1600T R534C S4 1

G1672C A558P S5 4

G1810A G604S pore S5 1

C1838T T613M pore S5 6

C1744T R582C pore S5 8 (2 families)

T1874A V625E pore (S5-S6 linker) 4

C1920A F640L S6 11

A1933C M645L S6 (exon 7) 6

T2011C S649L S6 (exon 7) 2

G2354T G785V S6-cNBD 2

C2887A P963T C-terminal 1

truncating 754delC P251fs359 N-terminal 6

578-582delCCGTG G192fs329 N-terminal 17

dup558-600 L200fs345 N-terminal 2

2027delAG T675fs721 S6-cNBD 3

2354delG R784fs809 cNBD 4

C2587T R863X C-terminal 3

G2780A W927X C-terminal 2

G2092T E698X C-terminal 23 

2775delG G925fs1056 C-terminal 6

2959-60delCT P986fs1117 C-terminal 5

2616delC P872fs877 C-terminal 13

Table 1 Mutations

Table 1
Mutations are displayed, as well as the type and location of mutation. The number of muta-
tion carriers per mutation are shown in the last column. The number of families is one unless 
specified otherwise.
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arousal, (4) a loud acoustic stimulus (noise), or (5) rest/sleep. “Noise” and “sud-
den arousal” often occurred in the same patient as the first may lead to the sec-
ond. Obviously, a single patient could have experienced cardiac events in relation 
to one or more triggers. Therefore the number of  triggers observed can exceed 
the number of  patients.

 Differences between the incidence of  triggers in mutation groups were 
tested with the chi-square test. The same test was used for the comparison of  
symptomatology and the occurrence of  sudden cardiac death between the (four) 
mutation groups.

Figure 1
Location of mutations in  the KCNH2 channel. Filled dots indicate missense mutations, 
half-filled dots indicate truncating mutations.
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Results

Fig. 2 shows the distribution of  triggers for cardiac events in all patients. 
Characteristically, arousal and/or a loud acoustic stimulus (“noise”) were ob-
served as predominant triggers for cardiac events in LQTS2 patients, as previ-
ously described [6]. 

Missense versus truncating mutations

Of  168 mutation carriers, 64 were symptomatic (38.1%). Within this 
group of  168 mutation carriers there were 29 so-called index patients. In order 
to analyze the occurrence of  sudden cardiac death we extended this group of  29 
index patients with another 175 1st degree relatives who in part belonged to the 
group of  168 mutation carriers (as not all first degree relatives had a mutation or
were screened). One index patient was excluded because this patient had 2 muta-

Figure 2
The occurrence of arrhythmogenic triggers in LQTS2 patients. Each bar represents the num-
ber of symptomatic patients who had a cardiac event related to the respective trigger. Each 
individual patient could have arrhythmic events in relation to multiple triggers. A loud 
acoustic stimulus and sudden arousal were predominant triggers. 
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tions, leading to a total of  203 (28 + 175) individuals. Twenty-six of  these 203 
patients (12.8%) had died suddenly or had been resuscitated. Fig. 3 shows that 
there was a trend towards a higher incidence of  sudden cardiac death amongst 
index patients and first degree relatives in the missense group compared to the
truncating group (15.3 % vs 8.3 % respectively). No statistical differences were 
observed based on location of  the mutation. Nevertheless in the subgroup of  
missense mutations the incidence of  sudden cardiac death was 28% when the 
mutation was located in the S4-S6 region against 12% in the remainder of  the 
channel (data not shown).

Fig. 3 further shows that a loud acoustic stimulus (“noise”) was the pre-
dominant trigger for cardiac events in patients with missense mutations (46%), 
whereas it was only 16% in patients with a truncating mutation. This difference 
was significant (p<0.025). Interestingly, an additional subdivision based on loca-
tion of  the mutation, reveals further heterogeneity and not only for the trigger 
“noise” (see next section).

Figure 3
A loud acoustic stimulus (noise) is the main discriminating triggering event in 46% of  39 
symptomatic LQTS2 patients with a missense mutation and in only 16% of 25 symptomatic 
LQTS2 patients with a truncating mutation (p<0.025, filled stars). In 203 index patients
and 1st degree relatives, sudden death was more common in those with a missense mutation 
than in those with a truncating mutation.
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Fig. 4A shows that the prevalence of  arousal and a loud acoustic stimu-
lus (“noise”) as an arrhythmogenic stimulus in patients with a missense muta-
tion, was only marked in those with a mutation outside the N-terminal domain 
(61% and 70% respectively). In patients with the missense mutation inside the 
N-terminal domain these numbers were only 19% and 13% respectively. The 
difference in sensitivity to these triggers between N-terminal and non- N-ter-
minal missense mutations was significant (p<0.01 for “arousal” and p<0.005
for “noise”). In patients with missense mutations in the N-terminal domain the 
predominant trigger was emotion (38%, see Fig. 4A) rather than an acoustic 
stimulus. 

The opposite holds true for patients with truncating mutations. Fig. 4B 
shows that especially in those with a N-terminal truncating mutation arrhyth-
mias were related to sudden arousal or a loud acoustic stimulus (80% and 60% 
respectively). When the truncating mutation was located in the non N-terminal 
region  (all C-terminal mutations), arousal or a loud acoustic stimulus only con-
tributed 30% respectively 5% of  the triggering events. The differences in sensi-
tivity to these triggers between N-terminal and C-terminal truncating mutations 
were significant (p<0.05 for “arousal” and p< 0.005 for “noise”) as they were
for the patients with missense mutations, albeit in the opposite direction. In 
patients with truncating mutations in the C-terminal domain the predominant 
trigger was rest (40%, see Figure 4B) rather than an acoustic stimulus. 

Other arrhythmogenic stimuli: exercise, rest  and emotion

Fig. 2 shows that exercise was, as expected, not frequently related to car-
diac events in the whole group. Swimming, a condition often related to cardiac 
events in LQTS1 patients [6], was not reported even a single time in our patients. 
Still, some differences were observed in the genetic subgroups.

Exercise was a trigger for cardiac events in about 6% of  patients with a 
missense mutation in the N-terminal domain (Fig. 4A), and in 13% of  patients 
with a mutation outside this domain, although it was 0% in case of  pore muta-
tions (not shown in Fig. 4A). 

Rest was the most prevalent condition in which arrhythmias occurred in 
patients with a truncating mutation in the C-terminal (40%). This trigger was 
not seen at all in patients with a truncating mutation in the N-terminus (0%), 
although this difference failed to reach significance (Fig. 4B).
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In patients with a missense mutation in the N-terminus and the pore re-
gion, emotion was a more prevalent trigger for cardiac events than in those 
with a mutation in the S4-S6 region (38% in both former groups vs 15% in the 
latter). In patients with a truncating mutation, no difference in occurrence of  
this trigger was observed between patients with an N-terminal and those with 
a C-terminal mutation (20% and 25%). None of  these differences between the 
patient groups was significant.

Figure 4
(A): Distribution of cardiac events for patients with missense mutations. Arousal (p<0.01)  
 and noise (p<0.005) were predominant triggers when the mutations were located outside  
 the N-terminus
(B): Distribution of cardiac events for patients with truncating mutations. Arousal (p<0.05)  
 and noise (p<0.005) were predominant triggers when the mutations were located within  
 the N-terminal domain. See text for details.

A

B
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Discussion

 Sudden arousal and a loud acoustic stimulus

We have previously shown [6,9] that a loud acoustic stimulus and arousal 
are typical triggers for arrhythmias in LQTS2. In the present study we demon-
strate genetic heterogeneity even within LQTS2 depending on type and location 
of  the mutation. In fact, the high incidence of  the so-called specific triggers for
LQTS2 in the total patient group, arousal and a loud acoustic stimulus, is due to 
their high prevalence in patients with a missense mutation in non-N-terminal 
domains, and in patients with truncating mutations within the N-terminus.

This is the first study to show genetic heterogeneity in triggers for car-
diac events within one type of  long QT syndrome. We previously showed such 
heterogeneity in QTc interval duration per location of  the mutation in LQTS2 
patients [7], although heterogeneity in QTc intervals in LQTS1 patients seems 
absent [10]. Apparently, the congenital long QT syndrome is a largely hetero-
genic disorder, with marked clinical differences not only between the classical 
subtypes based on the gene involved, but also within these subtypes, thus based 
on both type and location of  the mutation. Phenotypical differences between 
different forms and genetic subtypes of  the long QT syndrome may be ex-
plained by differences in time and voltage characteristics between the currents 
affected. These explanations, however, remain theoretical, as supportive experi-
mental data are not (yet) available, and, logically, hard to obtain. LQTS2 patients 
have a reduction in IKr. This current is required for fast adaptation of  QT inter-
vals after for example a premature ventricular beat with a short coupling interval. 
It is possible that circumstances during which such a rapid shortening of  action 
potential duration is needed, as for example after sudden arousal or startle by 
an acoustic stimulus, impose an increased risk for these patients. However, these 
triggering events were not the predominant ones for all HERG mutations (Figs. 
4A-B). Only missense mutations outside the N-terminal domain, and truncating 
mutations within the N-terminal domain show a high incidence of  these trig-
gers. Because the current involved is similar, other factors must be responsible 
for the differences observed. The amount of  current density may differ. More-
over, a reduction in current may follow from a decrease in density, but also from 
a change in current kinetics and this may also underlie the marked difference in 
responsiveness to several triggers.
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Sudden death and the impact of type and location of LQTS2 mutations 

The prevalence of  sudden cardiac death in index patients and 1st degree 
relatives was twice as high in families with missense mutations compared to 
families with truncating mutations, albeit that this difference was not significant.
We previously reported, in a subgroup of  treated LQTS2 patients, longer QTc 
intervals in patients with a missense mutation than in those with a truncating 
mutation [7]. The more benign course of  truncating mutations is not under-
stood. Thus far, electrophysiological data as well as trafficking data are sparse,
and one can only speculate about the underlying mechanism. First, cardiac po-
tassium channels are functional tetramers. Therefore, four transcripts of  HERG 
are needed to build one functional channel. An allele with a missense mutation 
may be normally transcribed and the protein product may be transported to the 
membrane and incorporated in these tetramers, thereby producing a dominant 
negative effect. Indeed, a dominant negative effect has been observed in mul-
tiple missense mutations in the pore region, including one of  the mutations in 
this study (T613M) [1]. A dominant negative effect is the most frequent mecha-
nism observed in missense mutations in the non-N-terminal domain, but other 
mechanisms have been observed as well [1,11]. Another missense mutation in-
cluded in this study, R534C (one patient), showed a shift in the activation curve 
of  IKr rather than a dominant negative effect [12]. Also trafficking defects have
been reported [11]. N-terminal missense mutations may exert their effects by 
still another mechanism. This region encompasses the so-called PAS domain, 
and mutations in this domain may increase the rate of  deactivation [13]. This 
implies less “accumulation of  current” at high heart rate, but not necessarily 
after a single premature beat. On the other hand, C-terminal missense mutations 
may lead to trafficking defects [14,15]. However, the large majority of mutations
identified in the present study have not been studied in expression systems. We
presume that a dominant negative effect is the main mechanism in the missense 
mutations, except for the N-terminal mutations, in which impairment of  the 
kinetics of  the current may play an important role

In contrast with missense mutations, the gene products of  truncating mu-
tations may not be incorporated in the channels, due to for instance trafficking
defects, or because the protein is directed to degradation pathways in the endo-
plasmatic reticulum because it is truncated proximal from its transmembrane 
segment. Therefore mutations may lead to less channels, which are, however, 
functionally normal. However, also in truncating mutations the mechanism 
seems not to be uniform (see next section).
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Four mutation types

Table 2 shows a tentative scheme for the 4 mutation types. Missense muta-
tions outside of  the N-terminal domain may impair current the most severely, 
due to a dominant negative effect. We hypothesize that mutations with such a 
dominant negative effect result in current densities well below 50% (Table 2). 
Indeed in this group the QTc intervals are most severely prolonged (chapter 4).  
Truncating mutations in the N-terminal domain may lead to very short proteins 
without a transmembrane segment, and consequently no incorporation of  the 
channel into the sarcolemma. This would give rise to only 50% of  the normal 
number of  channels, which are, however, functionally completely normal (Table 
2). These severe reductions in IKr current caused by N-terminal truncating muta-
tions (to 50%) and by non N-terminal missense mutations (with less than 50% 
remaining current) might render the ventricle vulnerable to sudden changes in 
heart rate following acoustic stimuli, when IKr is most needed, for rapid adapta-
tion of  action potential duration.

The least disruption of  current is expected in C-terminal truncating mu-
tations. When expressed in a heterologous expression system, these mutations 
may lead to trafficking defects [16], or result in (monomeric) channels giving rise
to less current [16]. Interestingly, a spontaneous splice variant is normally incor-
porated in the channel where it modulates IKr [17].  

Missense mutations in the N-terminal domain and truncating mutations in 
the C-terminal domain (with normal incorporation into the channel) may have 
something in common. The transmembrane regions, including the pore region, 
are unaffected. Therefore, we expect that decrease in current caused by missense 
mutations in the N-terminal domain impairs current by changed kinetics, rather 
than by current density. Indeed data are available on increased rate of  deacti-
vation [13] in N-terminal missense mutations. This will affect accumulation of  
current at higher heart rate, but it may result in more net current (>50% on aver-
age) than in case of  the dominant negative effect of  missense mutations outside 
the N-terminal domain, and in N-terminal truncations leading to only half  of  
normal channels. Increased rate of  deactivation as observed in N-terminal mis-
sense mutations is expected to prevent accumulation of  current required for 
adaptation of  action potential duration (and QT interval) at high heart rate, but 
not necessarily after a single premature beat. This might explain why this type of  
mutations combine high numbers of  symptomatic patients with only a moder-
ate response to acoustic stimuli (Figs. 4A-B). We are aware of  the fact that our 
explanations for the different responsiveness of  subtypes of  LQTS2 to specific
triggers remain speculative by lack of  relevant data. Our study shows, however, 
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that with respect to the responsiveness to several triggers the inhomogeneity 
within subtypes of  LQTS2 mutations seems larger than the differences between 
LQTS1 and LQTS2 mutations. 

The limited number of  patients is an obvious limitation of  our study.

missense truncating

N-terminal
>50%

• rate of  deactivation
• all triggers

50%
• trafficking
• acoustic

Non-N-terminal / 
C-terminal

0-50%
• dominant negative, 

modulation
• acoustic

>50%
• trafficking,
modulation
• all triggers

Table 2 Four mutations types

Table 2
Schematical representation of postulated working mechanisms of 4 mutation types. Darker 
shades of gray indicate less current. Percentages represent postulated current densities. Non-
N-terminal relates to missense mutations, C-terminal to truncating mutations. Possible 
working mechanisms per mutation type and the occurrence of triggers for cardiac events are 
recapitulated.



208

8

References

[1] Moss AJ, Zareba W, Kaufman ES, Gartman E, Peterson DR, Benhorin J, et al.  
 Increased risk of  arrhythmic events in long-QT syndrome with mutations in the  
 pore region of  the human ether-a-go-go-related gene potassium channel. Circulation  
 2002; 105: 794-799.
[2] Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, Keating MT.  
 A molecular basis for cardiac arrhythmia: HERG mutations cause long QT syndrome.  
 Cell 1995; 80: 795-803.
[3] Wang Q, Curran ME, Splawski I, Burn TC, Millholland JM, VanRaay TJ, et al.  
 Positional cloning of  a novel potassium channel gene: KVLQT1 mutations cause  
 cardiac arrhythmias. Nat Genet 1996; 12: 17-23.
[4] Splawski I, Shen J, Timothy KW, Lehmann MH, Priori S, Robinson JL, et al.  
 Spectrum of  mutations in long-QT syndrome genes : KVLQT1, HERG, SCN5A,  
 KCNE1, and KCNE2. Circulation 2000; 102: 1178-1185.
[5] Schwartz PJ, Priori SG, Spazzolini C, Moss AJ, Vincent GM, Napolitano C, et al.  
 Genotype-phenotype correlation in the long-QT syndrome : gene-specific triggers 
 for life-threatening arrhythmias. Circulation 2001; 103: 89-95.
[6] Wilde AA, Jongbloed RJ, Doevendans PA, Duren DR, Hauer RN, van Langen IM,  
 et al. Auditory stimuli as a trigger for arrhythmic events differentiate HERG-related  
 (LQTS2) patients from KVLQT1-related patients (LQTS1). J Am Coll Cardiol 1999;  
 33: 327-332.
[7] Conrath CE, Wilde AA, Jongbloed RJ, Alders M, van Langen IM, van Tintelen JP,  
 et al. Gender differences in the long QT syndrome: effects of  beta- adrenoceptor  
 blockade. Cardiovasc Res 2002; 53: 770-776.
[8] World Medical Association Declaration of  Helsinki. Recommendations guiding  
 physicians in biomedical research involving human subjects. Cardiovasc Res 1997;  
 35: 2-3.
[9] Conrath CE, Jongbloed RJ, van Langen IM, van Tintelen JP, Hauer RN, Robles de  
 Medina EO, et al. Gene-specific distribution of cardiac events in LQTS1 and LQTS2.  
 Cardiologie (Netherlands Heart J) 1999; 6: 254-259.
[10] Zareba W, Moss AJ, Sheu G, Kaufman ES, Priori S, Vincent GM, et al. Location and  
 mutation in the KCNQ1 and phenotypic presentation of  long QT syndrome. J  
 Cardiovasc Electrophysiol 2003; 14: 1149-1153.
[11] Roden DM, Balser JR. A plethora of  mechanisms in the HERG-related long QT  
 syndrome. Genetics meets electrophysiology. Cardiovasc Res 1999; 44: 242-246.
[12] Nakajima T, Furukawa T, Hirano Y, Tanaka T, Sakurada H, Takahashi T, et al.  
 Voltage-shift of  the current activation in HERG S4 mutation (R534C) in LQTS2.  
 Cardiovasc Res 1999; 44: 283-293.
[13] Chen J, Zou A, Splawski I, Keating MT, Sanguinetti MC. Long QT syndrome-as 
 sociated mutations in the Per-Arnt-Sim (PAS) domain of  HERG potassium  
 channels accelerate channel deactivation. J Biol Chem 1999; 274: 10113-10118.
[14] Ficker E, Thomas D, Viswanathan PC, Dennis AT, Priori SG, Napolitano C, et al.  
 Novel characteristics of  a misprocessed mutant HERG channel linked to hereditary  



209

8

Triggers in LQTS2

 long QT syndrome. Am J Physiol Heart Circ Physiol 2000; 279: H1748-H1756.
[15] Zhou Z, Gong Q, Epstein ML, January CT. HERG channel dysfunction in human  
 long QT syndrome. Intracellular transport and functional defects. J Biol Chem 1998;  
 273: 21061-21066.
[16] Kupershmidt S, Yang T, Chanthaphaychith S, Wang Z, Towbin JA, Roden DM.  
 Defective human Ether-a-go-go-related gene trafficking linked to an endoplasmic 
 reticulum retention signal in the C terminus. J Biol Chem 2002; 277:  
 27442-27448.
[17] Kupershmidt S, Snyders DJ, Raes A, Roden DM. A K+ channel splice variant  
 common in human heart lacks a C-terminal domain required for expression of   
 rapidly activating delayed rectifier current. J Biol Chem 1998; 273: 27231-27235.





9

Chapter 9

QT interval and dispersion in LQTS1 and LQTS2. 
Match between patient data and computer 
simulations is incompatible with a role for M cells

Chantal E. Conrath, Ronald Wilders and Tobias Opthof

Parts of this chapter have been publisehd:
- Conrath CE, Wilders R, Jongsma HJ, Opthof T. Modeling of the long-QT syndrome type 1  
 and 2. In: Proceedings of the 25th Annual International Conference of the IEEE Engineering  
 in Medicine and Biological Society; 2003: 48-50.
Under review:
- Conrath CE, Wilders R, Opthof T. QT interval and dispersion in LQTS1 and LQTS2. 
 Role of M cells.
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Abstract

Objective: We studied whether transmural dispersion of  repolarization 
(TDR) and M cells are relevant for (dispersion of) QT intervals in the long QT 
syndrome subtypes 1 (LQTS1) and 2 (LQTS2) with the (human) Priebe-Beuckel-
mann computer model in comparison with data from 87 genotyped LQTS1 and 
LQTS2 patients. Differences in QT interval prolongation as well as dispersion 
between LQTS1 and LQTS2 have been reported.

Methods: Transmural activation was simulated in strands of  500 transver-
sally coupled myocytes with or without M cells at varying intercellular coupling 
conductances (2.5-20 µS). To simulate missense mutations in LQTS1 and LQTS2, 
the slow and rapid delayed rectifier currents, IKs and IKr, respectively, were re-
duced to 6.25%, postulating a dominant negative effect. Truncating mutations 
in LQTS2 were simulated by reducing IKr to 50%.

Results: Action potential duration at 90% repolarization (APD90) was 
more prolonged by reduction in IKr than in IKs. In all LQTS simulations at nor-
mal coupling (5 µS), the QT(c) interval was prolonged (with/without M cells 
from 396/371 msec in control to 460/450 msec in LQTS1 and to 481/436 msec 
and 664/550 msec in LQTS2 with truncating and missense mutations). In the 
simulations with M cells TDR (at 5 µS) ranged from 49 msec in control to 131 
msec in LQTS2 with missense mutations. Without M cells these numbers were 
20-25 msec in all 4 groups. In the human heart TDR is only 17 msec in the left 
ventricle.  

Conclusions: Simulations without M cells match better with LQTS1 and 
LQTS2 patient data concerning QT(c) intervals and also with respect to TDR in 
the normal human heart.
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Introduction

The congenital long QT syndrome is characterized by a prolongation of  
the QT interval and the occurrence of  life-threatening arrhythmias. Mutations in 
multiple genes may underlie this syndrome [1-3], but the two genes responsible 
for about 85% of  the affected individuals are the KCNQ1 gene and the KCNH2 
gene [4], encoding the pore-forming α-subunit of  the ion channels carrying the 
slow and rapid delayed rectifier potassium current, IKs and IKr, respectively. Mu-
tations in these genes lead to the long QT syndrome type 1 (LQTS1) and type 2 
(LQTS2), respectively [5,6]. An increase in dispersion of  repolarization has been 
described in addition to a prolongation of  the QT interval [7]. However, the val-
ue of  electrocardiographic determination of  dispersion of  repolarization in the 
ventricular wall is disputable [8-10]. Moreover, the mere existence of  TDR is not 
beyond discussion [11,12], as well as the degree to which M cells contribute to 
this transmural dispersion, in contrast to left-right and apico-basal differences in 
repolarization [13]. At normal gap junctional conductance, differences in intrin-
sic action potential duration between different cell layers and related cell types 
in the ventricular wall may be minimized due to electrotonic interaction [12]. In 
female patients with the congenital long QT syndrome type 1 and 2, we have 
previously reported a substantially higher QT dispersion in the latter [14]. In this 
study we report differences in QTc intervals and dispersion in QT intervals in 
87 genotyped LQTS1 and LQTS2 patients. Furthermore, we used a mathematical 
model of  the human ventricular cardiomyocyte (Priebe-Beuckelmann model) 
[15], based on the Luo-Rudy model of  the mammalian ventricular myocyte [16], 
to analyze (i) the effect of  a reduction of  IKr and IKs on action potential duration 
and QTc intervals, and (ii) whether dispersion simulated in linear strands of  the 
Priebe-Beuckelmann model cells can mimic TDR in the human heart [12] and 
dispersion of  QT intervals in LQTS1 and LQTS2 patients [14]. We observed 
that simulations including M cells, at normal gap junctional coupling, resulted 
in substantially later repolarization and a larger dispersion than in the patients, 
especially in LQTS2. The match with patient data was much better without the 
involvement of  M cells. 
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Methods

Patients

The study was performed according to a protocol approved by the local 
ethics committees, and complies with the Declaration of  Helsinki. Written in-
formed consent had been obtained from all patients. The contributing centers 
have been mentioned previously [14]. All genotyped 34 LQTS1 and 53 LQTS2 
patients who were treated with β-adrenoceptor blockade were included. Patients 
with more than one mutation were not included. We focused on differences in 
electrocardiographic parameters between three patient groups with LQTS1 mis-
sense mutations (LQTS1; n=34), with LQTS2 truncating mutations (LQTS2-TR; 
n=27) and with LQTS2 missense mutations (LQTS-MIS; n=26). Genotyping 
and measurement of  QT intervals were performed as described previously [14]. 
ECG’s were analyzed before treatment with β-blockade. Dispersion in QT in-
tervals was the difference between the longest and the shortest QT interval in 
any lead.

Computer simulations

For computation of  action potentials of  single cells, we used the model 
of  a single human ventricular cell by Priebe and Beuckelmann [15]. The last ac-
tion potential in a train of  100-200, paced at 1 Hz, was chosen for analysis. The 
action potential duration at 90% repolarization (APD90) was calculated using a 
threshold voltage of  –77.2 mV.

In order to study transmural dispersion of  action potential duration in 
the congenital long QT syndrome, we performed computer simulations in a 
heterogeneous linear strand of  500 transversally coupled ventricular cells (Fig. 
1A), representing a ventricular wall thickness of  1 cm. The transversal cellular 
orientation was chosen, because this is much closer to reality than longitudinal 
orientation both in man [17] and in dog [18]. The strand could either comprise 
M cells or not (Fig. 1B). In the former case the first 300 (60%) cells were of the
subendocardial type, the next 150 (30%) cells were of  the M-type and the final
10% of  the transmural width was taken by 50 subepicardial cells. The size of  
each layer was based on human data [19]. Simulations without M cells simply 
consisted of  90% subendocardial and 10% subepicardial cells. Simulations were 
performed at a gap junctional conductance of  2.5-20 µS. Although the physi-
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ologically relevant values in man are not exactly known, a range of  3-12 µS has 
been considered as normal, based on ultrastructural data from literature [20]. We 
stimulated the strand from the endocardial side by injecting a 2-msec stimulus 
current into cell #1 at a frequency of  1 Hz. The stimulus current amplitude 
was set at 1.2 times diastolic threshold. Subepicardial cells were represented by 
the above mentioned mathematical model of  a single human ventricular cell by 
Priebe and Beuckelmann [15]. We reduced the current densities of  Ito, IKs, and IK1 
for midmyocardial cells by 13% [21], 54% [22] and 26% [21]; for subendocardial 
cells by 75% [23], by 8% [22] and by 11% [21], respectively. Fig. 1C summarizes 
these figures. In order to simulate TDR in patients with LQTS1, IKs was set to 
6.25% of  the above mentioned values in all three cell layers, presuming a domi-
nant negative effect of  the missense mutations found in these patients. As potas-
sium channels are tetramers, only 1 out of  16 channels (6.25%) would consist of  
4 normal subunits. To simulate missense mutations in long QT syndrome type 
2 (LQTS2-MIS), IKr was set to 6.25% in all three layers. Truncating mutations 
in long QT type 2 (LQTS2-TR) were simulated by reducing IKr to 50%, assum-
ing that no mutant subunits are incorporated in the channels, but that channel 
density will be reduced by about 50%. The cytoplasmic resistivity was set to 150 
Ωcm. The fifth action potential of a train of five was used for analysis. Individ-
ual cells of  the strand were treated as isopotential. The spatial discretization step 
was 20 µm (cf. Fig. 1A). For numerical integration of  the differential equations 
an efficient Euler-type scheme was applied with a fixed time step of 5 µs. In all
simulations with the one-dimensional strand, we used stable-start values of  the 
model state variables derived from a strand of  500 endocardial cells that were 
coupled at 2.5 µS, thus ensuring that quasi-steady-state behaviour was reached at 
the time of  the fifth beat, which was used for analysis. APD90 was defined using
a threshold voltage of  –77.2 mV, which is near the voltage at which the action 
potential is 90% repolarized. For each cell, the moment of  repolarization was 
calculated by summing local activation time (defined as the time of crossing the
–40 mV level during the action potential upstroke) and local APD90. Disper-
sion in APD90 was defined as the difference in APD90 between the myocytes
with the longest and shortest APD90, wherever their location. Dispersion in 
repolarization moment was defined as the difference in repolarization moment
between the myocytes with latest and earliest repolarization, wherever their loca-
tion. However, in order to minimize stimulus and end effects we discarded the 
data obtained from the first 10 and last 10 cells of the strand for calculation of
(dispersion in) APD90 or repolarization moment.
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Figure. 1
(A): Geometry of cells in transmural strand of 500 transversally coupled ventricular myocytes. 
  Action potentials were computed according to the model for human ventricular myocytes  
 by Priebe and Beuckelmann [15]. “gj” stands for gap junctional conductance and was  
 varied between 2.5 and 20 µS. Length and width of myocytes were 100 µm and 19.5  
 µm, respectively. 
(B): The strands could comprise M cells or not. In the former case cells had subendocardial  
 current characteristics (60%), M cell characteristics (the next 30%), or subepicardial  
 characteristics (the final 10%). In the alternative mode without M cells, there were 90% 
 subendocardial cells and 10% subepicardial cells. Cells were stimulated at cell #1, at the  
 endocardial side. 
(C): Altered densities of Ito, IKr, IKs and IK1 in the Priebe-Beuckelmann model in the three  
 (subendocardial, M, subepicardial) layers in percentages. All densities are relative to the  
 standard densities for the human subepicardial ventricular myocyte.

Current
 Subendocardial M cells Subepicardial

 (%) (%) (%)

Ito 25 87 100
IKr 100 100 100
IKs 92 46 100
IK1 89 74 100

A

B

C
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Statistics

All patient data are presented as mean±SEM. Data from the three patient 
groups are compared by one-way ANOVA followed by post-hoc analysis when 
significant differences between the three groups were found. The statistical sig-
nificance level was set at 0.05.

Results

Patients

Fig. 2A shows QTc intervals in the three patient groups. The ordinate 
starts at 440 msec, which is considered as the clinical border value for QTc pro-
longation. ANOVA indicated that the difference between the three groups was 
not significant, despite a significant difference between the two LQTS2 groups. 
Fig. 2B shows dispersion in QT intervals in the three groups. The difference 
between the three groups was significant (ANOVA; p<0.025) and post-hoc
analysis showed that this significance originated from a difference between the
LQTS1 and the LQTS2-MIS groups (p<0.01). We have previously reported that 
this difference also exists within adult female patients [14]. The dispersion of  
47±3.8 msec (mean±sem) in the LQTS1 group and 63±4.1 msec in the LQTS2-
MIS group should be appreciated against a background of  TDR, i.e. from en-
docardium till epicardium, of  17 msec in patients without LQTS, undergoing 
coronary artery by-pass surgery [11,12] and against dispersion of  QT  intervals 
in normal individuals of  about 40 msec [24].

Simulations

Effect of reduction of IKs and IKr on APD90
Fig. 3 shows APD90 resulting from a decrease in either IKs or IKr in single 

subepicardial myocytes (thin solid lines) and subepicardial cells in strands with 
M cells (bold solid lines) or without M cells (dashed lines) at a gap junction cou-
pling conductance of  10 µS. In the strands the APD90 of  cell #475 in the mid 
of  the rim of  50 subepicardial myocytes is given. At normal density of  both 
currents (100%) the effect of  electrotonus may be appreciated. In the isolated 
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myocyte APD90 is 357 msec and in the strand (without M cells) the APD90 is 
308 msec in the mid of  the subepicardial rim. Even in the presence of  M cells, 
directly bordering the subepicardium, the APD90 in the mid of  the subepicar-
dial rim is still substantially shorter (324 msec) than that of  isolated subepicardial 
myocytes (357 msec). 

The APD90 is much more sensitive to reduction of  IKr than to reduction 
of  IKs, in contrast to what has been observed in the Luo-Rudy model, which 
seems more pertinent to the heart of  small rodents [25].

Figure 2
(A): QTc intervals in 34 LQTS1 patients, 27 LQTS2 patients with a truncating mutation  
 (LQTS2-TR) and 26 LQTS2 patients with a missense mutation (LQTS2-MIS).  
 The three groups were not different (ANOVA).
B):  Dispersion in QT intervals in the same groups of patients as in panel (A). Dispersion was  
 the difference between the longest and shortest QT interval in the 12 standard leads  
 of the ECG. The three groups were different (#P<0.05; ANOVA). This difference  
 resulted from a difference between the LQTS1 and LQTS2-MIS groups. This Figure  
 also appears in chapter 4.

A

B
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Transmural repolarization
Fig. 4 shows repolarization moments in a transmural strand with and with-

out M cells at low normal gap junctional conductance (2.5 µS). For each cell, the 
moment of  repolarization was calculated by summing local activation time and 
local action potential duration. Table 1 shows the maximum (latest) repolariza-
tion moments, whatever their position within the strand and their dispersion. 
Table 2 shows the maximum APD90 values along the strands, including their 
dispersion, defined as the difference between the longest and shortest values.
In Fig. 4 the latest repolarization moments can be appreciated from the zenith 
of  the transmural curves of  repolarization. Under control conditions and in the 
presence of  M cells the maximum repolarization moment is 433 msec at 2.5 µS 
(zenith of  bold black trace in Fig. 4), but only 352 msec at 10 µS (Table 1). This 
exemplifies the important influence of electrotonus on action potential duration
and repolarization moment (see also Fig. 3). Dispersion in repolarization mo-

Figure 3
Decrease in IKs and IKr current and action potential duration at 90% of repolarization 
(APD90) at 1 Hz. Note that variation in IKr has a larger effect on action potential duration 
than variation in IKs. Thin solid lines: single subepicardial myocyte. Bold solid lines: strand 
of 500 transversally coupled myocytes including M cells (see Fig. 1B). Dashed lines: strand 
without M cells (see Fig. 1B). Intercellular coupling conductance 10 µS.
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ments is 70 msec at 2.5 µS and 31 msec at 10 µS (Table 1). 
 In LQTS1 simulations, compared to controls and in the presence of  M 

cells, the maximum repolarization moment is prolonged from 433 to 498 msec 
at 2.5 µS (Fig. 4; bold blue trace) and from 352 to 413 msec at 10 µS (Table 1). 
Dispersion in repolarization varies between 51 and 19 msec (Table 1) at 2.5 µS 
and 10 µS. In LQTS2-TR simulations the maximum repolarization moment is 
prolonged to 527 msec at 2.5 µS (Fig. 4; bold green trace), and to 426 msec at 10 
µS with 95 msec and 45 msec for dispersion in repolarization (Table 1). Finally, 
in LQTS2-MIS simulations the maximum repolarization moments are 733 msec 
at 2.5 µS (Fig. 4; bold red trace) and 581 msec at 10 µS with 177 msec and 85 
msec for dispersion in repolarization (Table 1).

 In the absence of  M cells  the prolongation of  the maximum (latest) 
repolarization moment is less than in the presence of  M cells (Fig. 4; thin traces, 
Table 1). Also dispersion in repolarization is substantially less than in the pres-
ence of  M cells (Table 1).

Figure. 4
Repolarization moments in a strand of 500 ventricular cells arranged in transversal orienta-
tion in the control situation (black traces), at 6.25% IKs: ‘LQTS1’ (blue traces), at 50% IKr: 
‘LQTS2-TR’ (green traces) and at 6.25% IKr: ‘LQTS2-MIS’ (red traces). Bold traces: strand 
including M cells. Thin traces: strand without M cells. Intercellular gap junctional conduc-
tance 2.5 µS. Inset at the bottom indicates the composition of the strands (see also Fig. 1B).
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with M cells
2.5 µS

RMmax
(msec)

2.5 µS
Disp.
(msec)

5 µS
RMmax
(msec)

5 µS
Disp.
(msec)

10 µS
RMmax
(msec)

10 µS
Disp.
(msec)

Control 433 70.4 396 49.2 352 31.4
LQTS1 498 50.6 460 32.3 413 18.6

LQTS2-TR 527 95.1 481 68.3 426 44.8
LQTS2-MIS 733 176.9 664 131.2 581 85.1

no M cells
2.5 µS 2.5 µS 5 µS 5 µS 10 µS 10 µS

RMmax Disp. RMmax Disp. RMmax Disp.
(msec) (msec) (msec) (msec) (msec) (msec)

Control 404 41.9 371 25.0 332 12.4
LQTS1 487 40.1 450 22.3 405 10.4

LQTS2-TR 472 41.5 436 23.5 391 11.3
LQTS2-MIS 593 38.0 550 20.5 495 8.9

Table 1 Simulation data on repolarization moment

Table 1
Values are maximal repolarization moment (RMmax) and dispersion in repolarization mo-
ment (Disp.) in transmural strands of 500 cells coupled in transversal direction with and 
without M cells. ‘Control’: normal individuals; ‘LQTS1’: LQTS1 patients; ‘LQTS2-TR’: 
LQTS2 patients with truncating mutations; ‘LQTS2-MIS’: LQTS2 patients with missense 
mutations. Intercellular coupling conductance is 2.5, 5 or 10 µS, as indicated.
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with M cells
2.5 µS

APDmax
(msec)

2.5 µS
Disp.
(msec)

5 µS
APDmax

(msec)

5 µS
Disp.
(msec)

10 µS
APDmax

(msec)

10 µS
Disp.
(msec)

Control 386 30.4 364 21.7 332 13.6
LQTS1 451 20.7 430 15.6 394 10.8

LQTS2-TR 480 55.2 449 39.5 406 25.7
LQTS2-MIS 685 135.1 631 99.2 560 64.6

no M cells
2.5 µS 2.5 µS 5 µS 5 µS 10 µS 10 µS

APDmax Disp. APDmax Disp. APDmax Disp.
(msec) (msec) (msec) (msec) (msec) (msec)

Control 361 17.2 346 15.5 320 14.0
LQTS1 446 19.0 427 18.0 394 15.8

LQTS2-TR 429 18.8 412 17.9 379 15.8
LQTS2-MIS 554 25.2 529 23.0 486 19.5

Table 2 Simulation data on action potential duration APD90

Table 2
Values are maximal action potential duration (APDmax) and dispersion in action potential 
duration (Disp.) in transmural strands of 500 cells coupled in transversal direction with and 
without M cells. ‘Control’: normal individuals; ‘LQTS1’: LQTS1 patients; ‘LQTS2-TR’: 
LQTS2 patients with truncating mutations; ‘LQTS2-MIS’: LQTS2 patients with missense 
mutations. Intercellular coupling conductance is 2.5, 5 or 10 µS, as indicated
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Intercellular coupling and maximum repolarization moments 
Fig. 5 summarizes the maximum repolarization moments in control and in 

the simulation of  the three patient groups as a function of  intercellular coupling 
(bold traces with M cells and thin traces without M cells). The vertical dashed 
lines indicate the estimated area of  normal physiological coupling in human 
ventricle [20]. The horizontal lines indicate QTc values in control individuals 
[24] and in the three patient groups as taken from Fig. 2A. Both for the control 
values (black) and for the LQTS1 patients (blue) and the LQTS2 patients with a 
truncating mutation (green) there is a good agreement between the simulation 
data and the patient data somewhere between the vertical dashed lines. For the 
LQTS2 patients with a missense mutation (red traces) this is only true if  it is as-
sumed that there are no M cells in the human heart. It should, however, be kept 
in mind that an intact heart is not a one dimensional transmural strand. There-
fore, the QTc intervals from patients comprise not only all dispersion in APD90, 
but also the full duration of  activation (QRS-duration). In fact, this implies that 
a proper comparison with the patient data requires the simulation curves to be 
‘lifted upward’ by the difference between the duration of  the QRS complex and 
the activation time along the strands, which was about 60 msec (conduction 
velocity 16 cm/sec) at an intercellular coupling of  2.5 µS and about 24 msec 
(conduction velocity 39 cm/sec) at an intercellular coupling of  10 µS. In that 
case only the simulation data without M cells match with the patient data.

Figure 5
Latest repolarization moments in simulated strands with (bold lines) and without M cells 
(thin lines) in different patient groups as a function of gap junctional conductance. This 
Figure is composed by taking the zeniths from families of curves as shown in Fig. 4. The hori-
zontal lines indicate the QTc intervals in normal individuals [25] and in the three patient 
groups taken from Fig. 2A. The vertical dashed lines indicate the range of normal physiologi-
cal coupling [20]. ‘Control’: normal patients; ‘LQTS1’: patients with a missense mutation in 
the gene encoding IKs; ‘LQTS2-TR’: patients with a truncating mutation in the gene encoding 
IKr; LQTS2-MIS’: patients with a missense mutation in the gene encoding IKr.



225

9

Simulation of  QT intervals in LQTS1 and LQTS2 patients

Figure 5
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Intercellular coupling and dispersion in repolarization
Fig. 6 summarizes the dispersion in repolarization moments in control 

simulations and in the three simulations of  the patient groups as a function of  
intercellular coupling (bold traces with M cells and thin traces without M cells; 
the latter only for control and LQTS2 patients with a missense mutation; the 
simulation of  the other two patient groups yielded results in between). Again, the 
vertical dashed lines indicate the estimated range of  normal physiological cou-
pling [20].  As a reference the horizontal black line indicates the amount of  TDR 
as observed along the left ventricular wall in patients without LQTS, undergoing 
routine coronary artery surgery [12]. Obviously, M cells are incompatible with 
TDR as observed in a normal human heart. On the other hand, simulations with-
out M cells (thin black and red lines) do not reproduce the difference in disper-
sion in QT intervals as observed between LQTS1 and LQTS2 patients [14]. Thus, 
this difference may result from inhomogeneites other than transmural (e.g., apex 
to base, anterior to posterior or left to right ventricle; see also refs. [13],[26]). 

Discussion

In this combined patient and computer simulation study we analyzed the 
contribution of  IKr and IKs to action potential duration in human ventricle. We 
assessed the amount of  reduction in IKr and/or IKs yielding the corrected QT in-
tervals found in long QT patients with and without the contribution of  M cells. 
In addition, we determined TDR in LQTS1 and in LQTS2 with missense and 
truncating mutations. We conclude that variation in IKr has a larger impact on 
action potential duration than variation in IKs. In addition, we show that at physi-
ological intercellular coupling conductance, prolongation of  maximum (latest) 
repolarization moments following reduction in the relevant currents (Figs. 4,5), 
does not require a contribution of  M cells to equalize the QTc intervals as ob-
served in patients (Fig. 2A). In fact the contribution of  M cells yields maximum 
repolarization moments substantially longer than the QTc intervals of  patients. 
Also, dispersion of  repolarization moments between subendocardium, subepi-
cardium, and the M cell layer becomes unrealistically large by the contribution of  
M cells. Differences between dispersion in QT intervals in LQTS1 and LQTS2 
patients, observed in the whole heart, not in a one-dimensional strand, may re-
sult from, e.g., apico-basal inhomogeneity or anterior-posterior or left ventricu-
lar-right ventricular inhomogeneity [13,26]. 
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Effects of current reduction on APD90

The impact of  changes in IKr on APD90 was larger than of  changes in 
IKs. This is in contrast with studies using the Luo-Rudy model [25,27], which is 
primarily based on the guinea pig ventricular action potential [16]. It is not sur-
prising that changes in IKr have a larger impact, because the density of  IKr in the 
(human) Priebe-Beuckelmann model, is larger than the IKs density. Therefore, a 
reduction or increase in IKr will result in a larger absolute change in current than 
in the case of  IKs. The current densities used in the model are based on experi-
mental data from isolated human ventricular cells [28,29], and therefore, the true 
physiological effects can be expected to be similar to the model predictions, al-
though it goes without saying that model-related factors can never be excluded. 
The extremely long action potential durations in case of  a reduction of  IKr, to 
6.25% of  the original value for instance, raises questions. First, the accuracy of  
the model may be limited in case of  extreme current changes. Second, dominant 
negative effects may not be so strong that they decrease current by 15/16.

Transmural effects of reductions in IKs and IKr 

We show that in a linear strand of  500 transversally coupled cells, TDR is 
large in the lower range of  physiological intercellular coupling as long as M cells 
are involved (Fig. 6). A reduction of  IKr by 50% or 93.75% not only leads to an 
increase in action potential duration and consequently repolarization moment, 
but also to an increase in TDR (Tables 1 and 2, Figs. 4-6). A reduction of  IKs by 
93.75% also leads to an increase in action potential duration, but dispersion of  
repolarization moment is small, especially at strong intercellular coupling (Table 
1, Figs. 5 and 6). These observations are in agreement with the patient data. 
Indeed, LQTS2 patients with a missense mutation have more dispersion of  re-
polarization on the 12-lead ECG than LQTS1 patients (Fig. 2B).

Multiple factors may contribute to the late repolarization moments ob-
served in this study at normal gap junctional coupling when M cells are involved, 
especially in case of  LQTS2 missense mutations. The use of  a strand as a model 
for dispersion of  repolarization also has limitations. In the in vivo situation, 
leak of  current perpendicular to the strand orientation may occur. Furthermore, 
muscle fibers in vivo have a more oblique orientation [17], which may influence
activation velocity and repolarization moment. In the human heart, an appar-
ent transmural conduction velocity of  51 cm/sec has been described [30], in 
agreement with an oblique fiber orientation [17]. Intercellular coupling might,
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however, be relatively strong in the human heart, because in that same study [30] 
the transverse conduction velocity along the epicardial surface was also high. It 
is surprising how short activation-recovery intervals [11] and repolarization time 
[12] are in human ventricle. Repolarization time in the intact human heart [12] is 
even shorter than at the strongest amount of  intercellular coupling in our simu-
lation study (see Fig. 5 at 20 µS). 

In other simulation studies, the latest repolarization moments were always 
found in the M cell region [25,27]. Viswanathan and Rudy [27] showed a signifi-
cant increase in action potential duration upon IKr block, of  about 36% in M 
cells when they are paced with a cycle length of  300 msec. At 2000 msec, EAD’s 
occurred in this cell layer. However, the short action potentials in their model, 
around 150-200 msec during reduction of  current, although long for a guinea 
pig, are still far below the human range as we have discussed previously [12].

In conclusion, this study shows that  the prolongation of  the QT interval 
on the 12-lead ECG in the congenital long QT syndrome can be simulated in 
a mathematical model of  a strand of  ventricular cells and that this prolonga-
tion does not require a contribution of  M cells. The extreme influence of the
intrinsic properties of  the M cell on dispersion in this model is striking, and in 
contrast with sparse clinical observations, finding no relevant TDR in the human
heart in vivo [11,12].

 

Figure 6
Dispersion of repolarization moments in simulated strands with and without M cells in dif-
ferent patient groups as a function of gap junctional conductance. This Figure is composed 
by taking the difference between latest and earliest repolarization from families of curves as 
shown in Fig. 4. The black horizontal line indicates dispersion as observed transmurally 
in patients without LQTS (but with coronary artery disease) [11,12]. The vertical dashed 
lines indicate the range of normal physiological coupling [20]. ‘Control’: normal patients; 
‘LQTS1’: patients with a missense mutation in the gene encoding IKs; ‘LQTS2-TR’: patients 
with a truncating mutation in the gene encoding IKr; LQTS2-MIS’: patients with a missense 
mutation in the gene encoding IKr.
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Dit proefschrift bestaat uit negen hoofdstukken en alle hebben in meerde-
re of  mindere mate te maken met repolarisatie en met afwijkingen in dit proces. 
De hoofdstukken 1 t/m 3 richten zich op het normale hart en de hoofdstukken 
4 t/m 9 hebben betrekking op het lange QT-syndroom (LQTS).

Hoofdstuk 1 is een proloog en geeft een overzicht van de inhoud van dit 
proefschrift.

Hoofdstuk 2 is een algemene inleiding in de achtergronden van repolari-
satie. In tegenstelling tot depolarisatie van de afzonderlijke cellen van het hart, 
leidend tot activatie van het gehele hart, is repolarisatie een proces waarbij de 
cellen elkaar in principe niet nodig hebben. Dit geldt op cellulair niveau. Op 
orgaanniveau is electrische koppeling tussen de cellen juist van groot belang om 
een zo synchroon mogelijke repolarisatie mogelijk te maken. Grofweg is depola-
risatie het gevolg van instroom van natriumionen en repolarisatie het gevolg van 
uitstroom van kaliumionen. Afwijkingen in de laatste stromen zullen dus ook lei-
den tot afwijkingen in repolarisatie op orgaanniveau die zichtbaar worden in een 
afwijkend QT-interval in het ECG zoals bijvoorbeeld in het lange QT-syndroom. 
De achtergrond van de T-top in het ECG van het normale hart is, zelfs ruim 100 
jaar na de beschrijving ervan door Einthoven, die hiervoor de Nobelprijs kreeg, 
nog geen gesneden koek. Hoewel de overeenkomst in polariteit tussen het QRS-
complex en de T-top in de meeste afleidingen meestal wordt uitgelegd door uit
te gaan van een transmurale repolarisatievolgorde die omgekeerd is aan de trans-
murale depolarisatievolgorde, laten wij aan de hand van overigens schaarse data 
in het humane hart zien dat hiervoor eigenlijk geen goede argumenten bestaan. 
Wij gaan dan ook uit van een andere verklaring, namelijk een repolarisatie-as die 
loopt van apicaal naar basaal, zowel langs het endocard als langs het epicard van 
de vrije wand van de linker kamer (en van het interventriculaire septum). 

Het QT-interval is afhankelijk van de hartfrequentie. Dit interval wordt 
gecorrigeerd door het te delen door de wortel uit de duur van een hartslag (lei-
dend tot het zogenaamde QTc-interval), een correctie die al in 1920 werd voor-
gesteld door Bazett en sindsdien onderhevig is geweest aan veel kritiek, maar 
desalniettemin nog altijd klinisch wordt toegepast, ook in dit proefschrift. Aan 
de hand van patiëntenmateriaal laten wij in hoofdstuk 2 tevens zien dat deze 
correctie inderdaad onjuist is. Tenslotte bespreken wij de effecten van zowel  
ß-adrenerge stimulatie als blokkade.
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Hoofdstuk 3 gaat over het normale hart en bespreekt aan de hand van de 
literatuur en van computersimulaties met een model dat ontleend is aan het hu-
mane hart, wat de rol van zogenaamde M-cellen zou kunnen zijn. Hoewel de rol 
van M-cellen ook in diverse zoogdierharten onderhevig is aan kritiek, laten wij 
zien dat het onwaarschijnlijk is dat M-cellen van belang zijn in het humane hart. 
Ze zijn ofwel afwezig, ofwel hun effect wordt teniet gedaan door de electrische 
koppeling tussen de cellen van de kamer. Met dezelfde computersimulaties wordt 
tevens voorspeld dat repolarisatie in de linker kamer niet eerder plaatsvindt aan 
het epicard, zoals in tekstboeken wordt aangenomen. 

In hoofdstuk 4 richten wij ons op de verschillen in QTc intervallen tussen 
LQTS1- en LQTS2-patiënten. De eerste groep heeft afwijkingen in het IKs-kanaal, 
de tweede groep in het IKr-kanaal. Beide ionstromen zijn van belang voor de re-
polarisatie maar hebben een verschillende kinetiek en farmacologie. De LQTS2-
groep werd nog verder opgedeeld in patiënten met een zogenaamde truncerende 
of  missense mutatie. Bij een truncerende mutatie ontstaat er in principe geen 
genproduct, maar bij een missense mutatie ontstaat een fout genproduct, hetgeen 
bij combinatie met correcte producten juist tot grotere functionele afwijkingen 
kan leiden. Wij tonen aan dat het QTc-interval het langst is in LQTS2-patiënten 
met een missense mutatie en met name wanneer deze mutatie gelokaliseerd is in 
het transmembraangedeelte van het kanaal. Het QTc-interval is dan 522 msec 
in vergelijking met ‘slechts’ 475 msec in LQTS2-patiënten met een truncerende 
mutatie of  494 msec in LQTS1-patiënten. Tenslotte laten wij zien dat dispersie 
in QT-intervallen rond de 60 msec is in LQTS2-patiënten en rond de 40 msec 
in LQTS1-patiënten. Dit is een interessant gegeven omdat IKs (de afwijkende 
stroom in LQTS1) een regionale inhomogeniteit heeft, terwijl IKr (de afwijkende 
stroom in LQTS2) een homogene verdeling heeft, althans in diverse zoogdieren. 
In de mens zijn dit soort gegevens niet bekend. Evenwel, de verwijdering van een 
mogelijk meer homogeen verdeelde stroom zoals in LQTS2-patiënten gebeurt, 
leidt wellicht tot een grotere dispersie. Interessant is tenslotte dat wij ook meer 
symptomatische patiënten hadden in onze LQTS2-groep (82% in de patiënten 
met een mutatie in het transmembraansegment) dan in de overige LQTS2-pa-
tiënten (40%) of  in de LQTS1-groep (62%).

 In hoofdstuk 5 beschrijven wij de effectiviteit van behandeling met ß-
adrenerge blokkade in een groep van 47 symptomatische patiënten. Zesenderig 
van deze patiënten (zogenaamde S-A patiënten) werden asymptomatisch en 11 
bleven symptomatisch (zogenaamde S-S patiënten). Wij laten hier zien dat reeds 
vóór behandeling de S-S patiënten een aparte groep vormen. Waar bij de S-A 
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patiënten ß-adrenerge blokkade tot een verkorting van het QTc interval en tot 
vermindering van  dispersie leidt tot waarden zoals die worden aangetroffen in 
A-A patiënten (asymptomatische patiënten die profylactisch behandeld werden), 
is dit niet het geval in S-S patiënten. Het feit dat dit geldt voor de groep als 
geheel en niet voor elke individuele patiënt is weliswaar een ernstige beperking 
van de betekenis van deze vondst, maar desalniettemin wordt het belang van 
een ernstig verlengd QTc-interval in combinatie met grote dispersie voor de 
ontwikkeling van symptomen er wel door onderstreept. De effectiviteit van be-
handeling was 86% in LQTS1-patiënten, maar slechts 56% in LQTS2-patiënten 
met een missense mutatie in het transmembraansegment.  Een korte appendix 
met een computersimulatie volgt na dit hoofdstuk. Hierin wordt voorspeld dat 
om díe QTc intervallen te verkrijgen die worden gevonden in symptomatische  
patienten die niet goed reageren op behandeling met ß-adrenerge blokkers, gro-
tere veranderingen nodig zijn in de stroom gebaseerd op de LQTS1 mutaties dan 
in de stroom gebaseerd op de LQTS2 mutaties.

 In hoofdstuk 6 richten wij ons op geslachtsverschillen zoals die aan het 
licht treden bij het lange QT-syndroom.  Omdat vrouwen een langer QT-interval 
hebben dan mannen is het niet verwonderlijk dat er ook onder LQTS-patiënten 
meer vrouwen zijn. Wij laten in dit hoofdstuk zien dat correctie van het QTc-in-
terval met ß-adrenerge blokkade in volwassen mannen beter verloopt dan bij de 
overige groepen. Tijdens behandeling hebben volwassen mannen dan ook een 
significant korter QTc-interval dan volwassen vrouwen. Het is interessant dat in
onze groep mannen de effectiviteit van behandeling met ß-adrenerge blokkade 
100% was, al betrof  het slechts enkele patienten. 

 Hoofdstuk 7 behandelt de triggers voor symptomen in LQTS1- en 
LQTS2-patiënten. Fysieke inspanning blijkt de overheersende factor (86%) voor 
het optreden van ritmestoornissen in de LQTS1-groep, terwijl dit in de LQTS2-
groep een plotseling luid geluid is (78%). Binnen de LQTS2-groep blijkt het 
echter veel uit te maken waar de mutatie gelokaliseerd is, zoals wij beschrijven 
in hoofdstuk 8. Een luide akoestische stimulus is de overheersende factor wan-
neer er een truncerende mutatie is in de N-terminal van het kanaaleiwit (60% vs. 
slechts 5% wanneer deze mutatie gelokaliseerd is in de C-terminal), of  wanneer 
er een missense mutatie is buiten de N-terminal van het kanaaleiwit (70% vs 
slechts 13% wanneer deze mutatie gelokaliseerd is in de N-terminal). Hoewel 
wij geen sluitende verklaring voor dit fenomeen hebben, toont dit aan dat de 
LQTS2-groep niet alleen inhomogeen is in de basale ECG-afwijkingen (hoofd-
stuk 4), maar ook in de effectiviteit van behandeling (hoofdstuk 5) en in de aard 
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van de stimuli die tot ritmestoornissen leiden (hoofdstuk 8).

 In hoofdstuk 9 simuleren wij de aangetroffen afwijkingen in LQTS1- en 
LQTS2-patiënten met hetzelfde computermodel dat gebruikt werd voor de toet-
sing van de betekenis van M-cellen in het normale hart. Wij simuleerden mis-
sense mutaties in LQTS1 en LQTS2 door de betrokken stromen te reduceren tot 
1/16e van de normale stroomdichtheid, ervan uitgaande dat dit de consequentie 
is van het feit dat ieder kaliumkanaal uit 4 eenheden bestaat en dat de kans op 
een normaal kanaal met 4 normale elementen slechts één op 16 is wanneer de 
helft van de kanaaleiwitten normaal is en de andere helft abnormaal. De trunce-
rende mutaties in LQTS2 werden gesimuleerd door de stroom van IKr te halve-
ren. Uit onze simulaties kwam naar voren dat de dispersie zoals aangetroffen in 
patiënten alleen kan worden nagebootst wanneer M-cellen geen deel uitmaken 
van de model-strand. Hetzelfde geldt voor de lengte van het QTc-interval zelf. 
Simulaties zonder M-cellen bootsten de waarden zoals aangetroffen in de patiën-
ten beter na dan simulaties met M-cellen.


