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Chapter 1

Introduction

Heart disease is the leading cause of mortality and morbidity worldwide and 
sudden cardiac death (SCD) accounts for up to 50% of all cardiovascular deaths.1 In 
the Netherlands, 15.000 people each year are resuscitated on the street because of a 
sudden cardiac arrest.2 SCD is most often caused by a fast ventricular arrhythmia such 
as ventricular tachycardia (VT) or ventricular fibrillation (VF). Despite the widespread 
availability of Automatic External Defibrillators (AEDs) and increased knowledge of 
basic life support in the public, the prognosis after resuscitation remains poor. Since 
appropriate treatment often comes too late, focus has shifted towards risk prediction 
and prevention of SCD.

The Implantable Cardioverter-Defibrillator (ICD) is an internal device that can 
detect the occurrence of life-threatening ventricular arrhythmias and terminate them 
by delivery of a high energy electric shock. In the early years of ICD therapy, implantation 
of an ICD was only indicated for patients with a history of sudden cardiac arrest (i.e. 
secondary prevention). Later studies evaluated the use of ICD therapy in patients who 
did not yet experience life-threating arrhythmias, but were at high risk (i.e. primary 
prevention). Two major landmark trials, the MADIT-II and SCD-HeFT trial, showed 
that the ICD could significantly reduce mortality in patients with an ischemic or non-
ischemic cardiomyopathy and a reduced left ventricular ejection fraction (LVEF).3,4 The 
results of these trials were implemented in both American and European guidelines5,6, 
which led to an immense increase in the number of ICDs implanted worldwide and in 
the Netherlands.7 

The importance of risk prediction

Recently, it has become clear that the main criterion for ICD implantation, LVEF, 
lacks sensitivity and specificity in identifying the patient at highest risk of SCD. On the 
one hand, nationwide registries have shown that the majority of victims of SCD have 
an ejection fraction above the cut-off value of 35%.8,9 On the other hand, in patients 
who do fulfil the criteria for ICD implantation, the number of appropriate shocks have 
decreased significantly compared to the original landmark trials, probably due to 
better pharmacological or device-based (e.g. Cardiac Resynchronization Therapy, CRT) 
treatment of heart failure.10 Furthermore, the recent DANISH trial, a nationwide RCT 
that randomized patients with non-ischemic cardiomyopathy and reduced LVEF to ICD 
therapy or conventional medical therapy, could not demonstrate a survival benefit of 
ICD implantation due to a low event rate.11 The results of this trial further question the 
benefit of ICD implantation in these patients. One must not forget that ICD implantation 
by itself is not without risks. Major adverse effects can occur, ranging from infections 
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1
and procedural complications, to lead failures and the occurrence of inappropriate 
shocks, which has been associated with severe psychological distress and reduced 
quality of life.12 

In general, two types of patients can be discerned who will not benefit from ICD 
therapy:

1.  Patients who are too healthy: they will have the ICD their whole life, but will 
never experience a life-saving shock.

2. Patients who are too sick: these patients will die from other causes, for 
example progressive heart failure, before they could have benefited from 
the ICD. 

Hence, two competing risks of mortality, i.e. the risk of sudden arrhythmic death 
and the risk of non-sudden death, should be taken into account when selecting those 
patients who will benefit the most from ICD implantation. 

Monitoring of imminent arrhythmias

While the ICD is highly effective in the prevention of SCD by defibrillation of 
lethal arrhythmias, it does not prevent the arrhythmia itself from occurring. In most 
cases, patients require additional therapy, such as antiarrhythmic medications or 
radiofrequency ablation of the arrhythmic substrate, to reduce the number of ICD shocks. 
However, both these treatment modalities are associated with significant adverse 
effects or peri-procedural complications. Ideally, the ICD would not only terminate the 
arrhythmia when present, but would also predict upcoming arrhythmias in order to 
initiate preventive therapy. A possible preventive measure could be to temporarily alter 
the pacing rate, which has shown to reduce the number of ICD shocks.13 However, in 
order to do so, the device requires a simple parameter that reflects an increased risk of 
upcoming arrhythmias.

To find new parameters of arrhythmic risk that could help in both risk prediction 
and monitoring, we must go from the ‘bedside’ back to the ‘bench’ of cardiac physiology 
to study the mechanisms by which arrhythmias arise.  

Normal physiology: electro-mechanical coupling of the heart

During each heartbeat, a coordinated sequence of electrical excitation 
and contraction of all cardiomyocytes ensures that blood is efficiently pumped 
throughout the body. Electrical excitation arises from a sudden change in voltage 
of the cardiomyocyte, known as the action potential, which consists of a highly 
orchestrated interplay of ionic currents across the cell membrane (see Figure 1A). In 
rest, cardiomyocytes are negatively charged. When a cell is excited, Na+ channels at 
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Figure 1. A) Normal action potential. During phase 0, there is a rapid influx of Na+. Phase 1 consists of early 

repolarization due to a transient outward K+ current. Phase 2 or plateau phase represents Ca2+ entry through 

L-type Ca2+ channels. Repolarization occurs during phase 3 caused by delayed rectifier currents (IKr, IKs). IK1 

stabilizes the cell at the resting membrane potential during phase 4. B) Excitation-contraction coupling. Ca2+ 

entry through L-type Ca2+ channels (LTCC) activates ryanodine receptors (RyR2), causing release of Ca2+ from 

the sarcoplasmic reticulum (SR). Relaxation occurs by active sequestration of Ca2+ back into the SR by SR 

Ca2+ ATPase (SERCA2a) and by extruding Ca2+ out of the cell in exchange for Na+ in a 1:3 ratio by the Na+-Ca2+ 

exchanger (NCX). 

the sarcolemma open, causing a rapid influx of Na+ ions (INa; phase 0), depolarizing the 
cell. This change in membrane potential initiates early repolarization via the transient 
outward K+ current (Ito; phase 1). In the meantime, L-type Ca2+ channels (LTCC) have 
also opened, generating in an inward Ca2+ current that remains present during the 
plateau phase (ICa-L; phase 2). In a process called excitation-contraction coupling (ECC), 
the resulting rise in local subsarcolemmal [Ca2+] activates neighbouring Ca2+ release 
channels, the ryanodine receptors (RyR2), to release more Ca2+ out of the sarcoplasmic 
reticulum (SR) (see Figure 1B). The elevated cytosolic [Ca2+] will then interact with the 
contractile apparatus, causing the cardiomyocyte to contract. 

During diastole, Ca2+ is removed from the cytosol by actively pumping Ca2+ back 
into the SR by the SR Ca2+ ATPase (SERCA2a) or by extruding 1 Ca2+ out of the cell in 
exchange for 3 Na+ ions by the Na+-Ca2+ exchanger (NCX). Meanwhile, efflux of K+ ions out 
of the cell through multiple types of K+ channels (IKr, IKs, IK1; phase 3 & 4) is responsible for 
repolarization, returning the membrane potential back to its resting state. 

Finally, cell-to-cell coupling via gap junctions ensures that electrical excitation is 
conducted quickly throughout the heart. In addition, coupling of cardiomyocytes also 
maintains synchronization of repolarization via electrotonic interactions. Disturbances 
anywhere in this highly coordinated system of depolarization, conduction, contraction 
and repolarization can result in inefficient pump function and arrhythmias. 
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Ventricular remodeling

Ventricular remodeling describes the plasticity of the heart to adapt to certain 
pathological insults. In patients with structural heart disease, e.g. due to myocardial 
infarction, hypertension or valvular heart disease, cardiac function is impaired, 
resulting in reduced cardiac output, elevated end-diastolic pressures and increased 
left ventricular wall stress.  In response, the sympathetic nervous system and renin-
angiotensin-aldosterone system (RAAS) are activated, stimulating intracellular 
signalling pathways that contribute to cardiomyocyte hypertrophy and apoptosis, local 
inflammation and interstitial fibrosis.14 As a result, structural, contractile and electrical 
alterations of the myocardium occur. Initially, ventricular remodeling is considered an 
adaptive process in order to maintain normal cardiac output. However, after chronic 
exposure to neurohumoral signalling, remodeling becomes maladaptive, resulting in 
progressive loss of cardiac function, electrical instability and ventricular arrhythmias.15 
Therefore, markers of these remodeling processes may be suitable for risk prediction 
and monitoring of arrhythmic events. 

Contractile remodeling
Contractile remodeling comprises the alterations in contractility caused by 

disturbances in cardiac Ca2+ handling.  Early on in the remodeling process, increased 
contractility helps to maintain normal cardiac output. On a cellular level, an increased 
amplitude and duration of the Ca2+ transient and higher Ca2+ content of the SR is found.16 
However, during progression of the disease towards heart failure, SR Ca2+ load and Ca2+ 
transients will become more and more reduced, resulting in a decline in contractile 
performance of the heart.

An important hallmark of contractile remodeling is Ca2+ overload of the 
cardiomyocyte, caused by altered expression and function of different Ca2+ handling 
proteins. In patients with ventricular remodeling the expression and function of 
SERCA2a is reduced, causing slower reuptake of Ca2+ into the SR and accumulation of 
Ca2+ in the cytosol.17 NCX, on the other hand, appears to be upregulated.18 Together 
with increased intracellular [Na+] (possibly due to increased influx of Na+ via the Na+-H+ 
exchanger)19, NCX will switch into reverse mode (Na+ out, Ca2+ in), leading to further 
Ca2+ loading of the cardiomyocyte. These disturbances in Ca2+ handling can cause 
alterations in contractility, impairment of relaxation and diastolic dysfunction. More 
importantly, increased intracellular [Ca2+] has also been associated with ventricular 
arrhythmias. High cytosolic [Ca2+] will drive NCX to extrude Ca2+ in exchange for Na+. 
Since NCX exchanges Ca2+ for Na+ in a 1:3 ratio, a net inward current is generated. When 
large enough, this inward current can depolarize the cardiomyocyte, initiating early- or 
delayed afterdepolarizations (EAD/DAD), as a trigger of ventricular arrhythmias.20
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Therefore, markers of contractile remodeling could be used to determine the risk 
of EAD/DAD-triggered arrhythmias. The force-frequency relationship (FFR), mechanical 
restitution (MR) and post-extrasystolic potentiation (PESP) are macroscopic parameters 
of Ca2+ handling and can reflect changes in Ca2+ homeostasis in vivo. The FFR describes 
the potentiation of contractility when heart rate increases.21 MR and PESP describe the 
changes in contractility of the extrasystolic and post-extrasystolic beat, respectively, 
when the coupling interval of the extraystole is varied. Changes in these parameters 
have been described in patients with hypertrophy and heart failure.22,23 However, the 
relation of these parameters with arrhythmogenesis has not yet been demonstrated.

Electrical remodeling
Alterations in the electrophysiological properties of the heart, referred to as 

electrical remodeling, have been associated with the development of ventricular 
arrhythmias in patients with structural heart disease. A distinct feature of electrical 
remodeling is prolongation of the action potential duration (APD), due to altered 
expression and function of ion-channels and pumps. In the healthy cardiomyocyte there 
is a redundancy of repolarizing K+ currents, commonly referred to as ‘repolarization 
reserve’, in order to withstand arrhythmogenic challenges on repolarization.24 
Therefore, blockade of one K+ current will not lead to failure of repolarization. However, 
electrical remodeling causes downregulation of K+ channels, thereby reducing 
repolarization reserve to that extend that repolarization becomes instable. A final ‘hit’ 
on repolarization (certain drugs, hypokalaemia or excessive β-adrenergic stimulation) 
will then result in early afterdepolarizations (EADs), ectopic beats and potentially life-
threatening triggered arrhythmias. 

Beat-to-beat variability of repolarization, quantified as short-term variability 
(STV), is a new electrophysiological marker of reduced repolarization reserve that 
measures repolarization instability of 30 consecutive beats.25 Small retrospective 
studies have demonstrated a significantly higher baseline STV of the QT interval 
compared to controls in patients with congenital26 or drug-induced27 long QT 
syndrome and in patients with non-ischemic heart failure and a history of ventricular 
arrhythmias.28 However, large prospective studies on the use of STV as risk marker of 
SCD have not yet been conducted. Furthermore, methodological questions on how and 
at what time during the day to measure STV have to be answered before this parameter 
can be implemented into clinical practice. Interestingly, STV does not only predict 
arrhythmic risk in the long term, but also rises abruptly a couple of minutes prior to the 
occurrence of ventricular arrhythmias.29 Therefore, STV could be an ideal parameter 
for 24/7 monitoring of imminent arrhythmic risk that can be incorporated into a device. 
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Neural remodeling

Changes in the autonomic nervous system (ANS) play an important role in 
ventricular remodeling and the development of cardiac arrhythmias.30 The ANS consists 
of two branches, the sympathetic and parasympathetic nervous system, which both 
have opposing effects on the heart. Sympathetic innervation of the heart originates in 
the right and left stellate ganglion; the parasympathetic effects are carried to heart by 
the vagal nerve. An imbalance of these two branches contributes to arrhythmogenesis: 
increased sympathetic activity triggers the occurrence of ventricular arrhythmias, while 
high vagal tone appears to be protective. This explains (partially) the beneficial effects 
of β-blockade and stellectomy (removal of sympathetic innervation by transsection of 
the stellate ganglion) in the prevention of arrhythmias in patients with heart failure or 
long QT syndrome.31 During ventricular remodeling, chronic exposure to sympathetic 
stimulation results in dysfunction of β-adrenergic signalling with downregulation of 
receptors and uncoupling of the associated G-proteins.32 Furthermore, in response 
to any form of myocardial injury, neurotrophic factors are released, triggering nerve 
sprouting, partial re-innervation and regional hyperinnervation.33 Consequently, this 
neural remodeling results in increased heterogeneity of sympathetic innervation, 
with some regions being more densely innervated than others. In combination with 
reduced repolarization reserve due to electrical remodeling, sympathetic bursts will 
cause paradoxical lengthening of APD in hyperinnervated regions, leading to increased 
spatial dispersion of repolarization.34 In addition, β-adrenergic stimulation augments 
Ca2+ overload, triggering EADs/DADs.35,36 

The neurons of the sympathetic nervous system fire in low frequency bursts of 
around 0.1 Hz.37 Recently, low frequency oscillations have been discovered in activation 
recovery interval of intracardiac electrograms in heart failure patients38 and as changes 
in T wave vector on the electrocardiogram, which have been attributed to  bursts of 
sympathetic firing on the myocardium.39 Therefore it has been hypothesized that 
low frequency variations of APD can function as non-invasive marker of sympathetic 
overactivity on the ventricles and might reflect arrhythmic potential.

The chronic complete AV-block dog model

The chronic complete AV-block dog is an animal model to study the mechanisms 
of ventricular remodeling and arrhythmogenesis.40 In this model, third degree AV-block 
is created by radiofrequency ablation of the proximal His bundle. As a result, heart rate 
drops from a sinus rate of 110 beats/min to a slow idioventricular rhythm (IVR) of 40 to 
50 beats/min. To compensate for the drop in cardiac output, neurohumoral signalling 
pathways are activated resulting in ventricular remodeling (see Figure 2). The time course 
varies for the different remodeling processes. For instance, electrical and contractile 
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remodeling occur relatively fast: within two weeks after AV-block, APD is prolonged and 
contractility, as measured by left ventricular dP/dtmax, has increased.41,42 In contrast, 
structural remodeling (i.e. biventricular hypertrophy) follows a much slower path and 
is fully present after 16 weeks of remodeling.43 These remodeling processes reduce 
repolarization reserve and increase the vulnerability to ventricular arrhythmias.44 
Bradycardia, in combination with certain anesthesia45 and a pro-arrhythmic drug 
(e.g. the IKr-blocker dofetilide), will act together as the final ‘hit’ on repolarization, 
resulting in single- and multiple ectopic beats and episodes of polymorphic ventricular 
arrhythmias, particularly Torsades de Pointes (TdP) arrhythmias. 

The CAVB dog model has been used extensively for evaluation of new 
antiarrhythmic agents as well as for drug safety testing. Moreover, the chronic AV-block 
dog is a model of ventricular remodeling that represents the ‘vulnerable patient’ at 
increased risk of ventricular arrhythmias. Therefore, this model is ideal for evaluation 
of new markers of arrhythmic risk. 

Figure 2. time course of ventricular remodeling in the chronic AV-block dog model. 
After creation of complete AV-block, heart rate drops to around 50 beats/min (red line) and cardiac output 

decreases (black line). As a response, there is augmentation of contractility as measured by LV dP/dtmax within 

2 weeks, which slowly decreases thereafter (green line). In addition, QTc increases and remains stable after 2 

weeks of CAVB (blue line). Finally, biventricular hypertrophy starts to develop, as seen by an increase in ratio 

heartweight to bodyweight (HW/BW, yellow line), which is fully present after 16 weeks of remodeling. As a 

consequence, the dogs become reproducibly inducible to Torsades de Pointes (TdP) arrhythmias after 2 weeks 

(blue bars). Adapted from Bourgonje et al., with permission of the authors.
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Thesis outline

In this thesis, the relation between parameters of ventricular remodeling and 
arrhythmia susceptibility is investigated, both in the CAVB dog model as well as in 
patient cohorts.  We have used the CAVB model to search for new markers that may be 
related to arrhythmogenesis. In a large patient cohort, we have prospectively studied 
risk markers as predictors of arrhythmic episodes. We hypothesize that markers of 
ventricular remodeling are suitable candidates for risk prediction and may eventually 
improve patient selection for ICD therapy. Furthermore, we hypothesize that markers of 
electrical remodeling, mainly STV, can be used for continuous monitoring of imminent 
ventricular arrhythmias. Initiating preventive treatment when an upcoming arrhythmia 
is sensed, would significantly improve the functionality of implantable devices.

Part I focuses on the relation between contractile remodeling and 
arrhythmogenesis. Chapter 2 reviews the current literature on alterations in contractile 
parameters in heart failure and hypertrophy. In Chapter 3 three contractile parameters 
(FFR, MR and PESP) are studied in the CAVB dog and related to dofetilide-induced 
Torsades de Pointes arrhythmias. 

In Part II, the use of electrical markers for risk prediction and monitoring is 
discussed. In Chapter 4 the results of the EU-TrigTreat study are presented. This study 
focuses on the use of electrophysiological parameters for separate stratification of 
appropriate shock risk and all-cause mortality risk. Chapter 5 contains an editorial 
on the differences in repolarization reserve between men and women. In Chapter 6 
we evaluate the circadian pattern of STVQT in high and low arrhythmic patients in a 
substudy of the EU-CERT-ICD study. The use of STVARI of the right ventricular electrogram 
of implanted ICD leads for continuous monitoring is described in Chapter 7. A fully 
automatic method for measurement of STVARI that can be incorporated in implantable 
devices, is introduced in Chapter 8. 

Finally, in part III, neural remodeling is discussed. Chapter 9 describes the effects 
of ventricular remodeling on both respiratory and low frequency oscillations of APD in 
the CAVB dog. The latter is related to bursts of sympathetic activity and could reflect 
neural remodeling. In the final chapter, Chapter 10, a general discussion is provided.  
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Abstract

Post-extrasystolic potentiation (PESP) describes the phenomenon of increased 
contractility of the beat following an extrasystole and has been attributed to changes 
in Ca2+ homeostasis. While this effect has long been regarded a normal physiological 
phenomenon, a number of reports describe an enhanced potentiation of the post-
extrasystolic beat in heart failure patients. The exact mechanism of this increased 
PESP is unknown, but disruption of normal Ca2+ handling in heart failure may be the 
underlying cause. The use of PESP as a prognostic marker or therapeutic intervention 
has recently regained new attention, however, the value of the application of PESP in 
the clinic is still under debate. In this review, the mechanism of PESP with regard to Ca2+ 
in the normal and failing heart is discussed and the possible diagnostic and therapeutic 
roles of this phenomenon are explored. 
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Introduction

The concept of post-extrasystolic potentiation (PESP), which describes the 
phenomenon of increased contractility of the beat following an extrasystole, has 
intrigued physiologists and clinicians for more than 120 years. Since its first description 
in 1885 by Oskar Langendorff1, PESP has become a widely debated concept, not only 
for its fundamental basis, but also because of the potential diagnostic and therapeutic 
properties. Existence of PESP has been demonstrated in isolated papillary muscles2, 
perfused isolated hearts3,4 and in vivo models, including humans.5 PESP has formerly 
been attributed to alterations in preload and/or afterload during the compensatory 
pause following an extrasystolic beat. However, numerous studies in which preload 
and/or afterload were controlled6–9, have demonstrated that PESP is independent of 
these loading conditions and that its mechanism is the consequence of changes in 
intracellular Ca2+ handling.

A number of reports describe differences in the magnitude of PESP in patients 
with heart failure and state that PESP could be used as a marker of myocardial 
dysfunction.10–13 In addition, recent studies by Sinnecker et al. have shown that the 
presence of PESP of blood pressure could predict mortality in post-MI patients with 
sinus rhythm or atrial fibrillation.14,15 These results have revived the possible diagnostic 
or prognostic role of PESP. In this review, the mechanism of PESP with regard to Ca2+ 
homeostasis will be discussed in normal and in heart failure individuals and the 
diagnostic and therapeutic consequences will be explored.  

Normal Ca2+ homeostasis

Excitation-contraction coupling (ECC) is the process by which electrical 
stimulation results in contraction of cardiac myofilaments, which involves sarcolemmal 
ion currents and various intracellular pathways.16 Ca2+ is an important element for 
both electrical and contractile function of the cardiomyocyte. In resting state, the 
cardiomyocyte has a low cytosolic concentration of Ca2+ ([Ca2+]i ) of less than 200 nmol/l.17 
When the cardiomyocyte is depolarized, voltage-dependent L-type Ca2+ channels 
(LTCC) at the sarcolemma open, causing an influx of Ca2+ along its electrochemical 
gradient into the dyadic cleft. This small inflow of Ca2+ results in release of Ca2+ from the 
adjacent sarcoplasmic reticulum (SR) through the SR Ca2+ release channels, also known 
as type 2 ryanodine receptors (RyR2), a process called Ca2+-induced Ca2+ release (CICR). 
Synchronized opening of RyR2 will generate a global Ca2+ transient18,19, which increases 
[Ca2+]i a tenfold. Free Ca2+ binds to troponin C, causing a conformational change, which 
allows the myosinhead to bind to actin and move along the actin filament, shortening 
the cardiomyocyte. For relaxation to occur, Ca2+ needs to be dissociated from troponin 
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C and be removed from the cytosol. In human cardiac cells approximately 70% of 
cytosolic Ca2+ is sequestered back into the SR by SR Ca2+ ATPase 2a (SERCA2a) and 30% 
is extruded out of the cell by the sarcolemmal Na+-Ca2+ exchanger (NCX), which expels 
one Ca2+ ion in exchange for three Na+ ions.20 

Calcium handling in heart failure

Disruption of Ca2+ homeostasis is an important contributor to depressed 
ventricular function in heart failure. Alterations in Ca2+ reuptake, storage and release 
result in a reduced Ca2+ transient and consequently a diminished contraction.21–23 

First, multiple studies suggest that Ca2+ uptake in the SR is diminished due to 
downregulation or a decreased activity of SERCA2a.24–27 A reduced reuptake results not 
only in decreased SR Ca2+ content, but also in higher cytosolic Ca2+ concentration, which 
inhibits normal relaxation. Therefore, decreased SERCA2a expression contributes to 
both systolic and diastolic ventricular dysfunction. On the other hand, expression of 
NCX appears to be increased in patients with heart failure.28 When functioning in forward 
mode (Ca2+ efflux and Na+ influx), upregulation of NCX results in increased extrusion of 
Ca2+ and a decrease of [Ca2+]i . While this may counter the diastolic dysfunction caused 
by decreased Ca2+ reuptake, there is further reduction in systolic function, due to a 
decrease in intracellular Ca2+ available for excitation-contraction coupling.29 

Next, hyperphosphorylation of RyR2 by proteinkinases such as CaMKII or PKA is 
suggested to cause diastolic Ca2+ leak from the SR.30,31 This Ca2+ leak results in partial 
depletion of SR Ca2+ stores and contributes further to high diastolic [Ca2+]i . In addition, 
diastolic Ca2+ leak may induce Ca2+ release by activating other RyR2, resulting in Ca2+ 
waves. When Ca2+ is exchanged for 3 Na+ by the upregulated NCX, a transient inward 
current (Iti) is generated, which may result in early or delayed afterdepolarizations (EAD/
DADs), that could trigger lethal ventricular arrhythmias. 

Finally, sensitivity of RyR2 for luminal Ca2+appears to be enhanced; the set point 
for Ca2+ release is decreased, therefore RyR2 are activated at lower SR Ca2+ levels in heart 
failure compared to normal hearts.32 This sensitization of RyR2 may be an adaption to 
the decreased Ca2+ concentration in order to maintain normal Ca2+ transients.33  All of 
these alterations of Ca2+ homeostasis influence both long-term force-frequency and 
short-term force-interval relationships. 

Force-frequency and force-interval relationships

Force-frequency and force-interval relationships describe contractility changes 
when stimulation rate is varied. While the force-frequency relationship (FFR) describes 
contractility changes when heart rate increases or decreases, force-interval relationship 
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(FIR) accounts for alterations in contractility by abrupt variations in stimulation pattern, 
i.e. by introducing extrasystolic beats. 

Force-frequency relationship (FFR)
In most mammalian species, including humans, a positive FFR exists by which 

contractility is enhanced, when stimulation frequency is increased.34 This positive 
staircase phenomenon or ‘treppe’ was first described by Bowditch in 187135 and 
is an important mechanism for increased inotropy during exercise.36,37 The rise of 
contractility appears to be related to an increased amplitude of the Ca2+ transient 
at higher frequencies.38,39 This increase in Ca2+ transient is the product of different 
mechanisms. First, an increased number of depolarizations leads to more Ca2+ influx 
per unit of time which results in increased Ca2+ release and uptake in the SR. Next, 
when increasing the frequency of stimulation, the influx of Na+ during depolarization is 
increased. To maintain a low cytosolic concentration of Na+, NCX will switch to its reverse 
mode to extrude Na+ in exchange for Ca2+.40 This influx of Ca2+ will further increase SR 
Ca2+ content. Finally, reuptake of Ca2+ by SERCA2a relative to extrusion of Ca2+ by NCX 
is increased.41 This increased SERCA2a activity might be caused by phosphorylation of 
phospholambam, the main regulatory protein of SERCA2a. In dephosphorylated state, 
phospholambam decreases the affinity of SERCA2a for Ca2+. When phospholambam is 
phosphorylated, this inhibitory effect is removed and reuptake of Ca2+ is enhanced.

In failing myocardium, FFR is blunted or even inversed, resulting in a decrease 
of contractility with increasing heart rate.34,42–44 This negative force-frequency relation 
is attributed to decreased Ca2+ reuptake due to downregulation of SERCA2a and 
upregulation of NCX in failing hearts.45,46 When stimulation rate increases, time per cycle 
for Ca2+ reuptake is reduced, which, in case of less Ca2+ pumps, results in insufficient Ca2+ 
reuptake. 

Force-interval relationship (FIR)
The change in contractility when premature beats occur, is described in the 

short-term force-interval relationship. FIR is divided into two concepts: mechanical 
restitution (MR) and post-extrasystolic potentiation (PESP).2 These phenomena are 
both related to the coupling interval between the regular beat and the premature beat, 
the extrasystolic interval (ESI), and the interval between the extrasystolic beat and the 
following post-extrasystolic beat, the post-extrasystolic interval (PESI). MR accounts for 
recovery of contractile strength of the extrasystolic beat when ESI is lengthened. PESP 
displays the opposite behavior; with decreasing ESI, there is an increase in contractility 
of the post-extrasystolic beat. In other words, the earlier the extrasystolic beat occurs, 
the weaker the extrasystolic beat and the stronger the post-extrasystolic beat. (see 
Figure 1A)
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Wier and Yue performed pacing experiments with isolated papillary muscles 
from ferret hearts to demonstrate the concepts of MR and PESP and the relation with 
the extrasystolic interval.2 After a steady state pacing series, an extrasystolic stimulus 
was introduced with varying ESI. The post-extrasystolic interval was held constant. As 
expected, contractility of the extrasystolic beat increased and contractility of the post-
extrasystolic beat decreased, when ESI was prolonged. When the contractile strength 
of the extrasystolic beat and the post-extrasystolic beat were plotted as a function of 
ESI, monoexponential functions were found with similar time constants (see Figure 
1B), indicating a common underlying mechanism for both phenomena.  Nowadays, the 
mechanism of these effects is attributed to changes in Ca2+ handling. 

Mechanism of mechanical restitution and post-extrasystolic 
potentiation

A fundamental concept for the mechanism of MR and PESP is a time-dependent 
recovery period of Ca2+ release.  The mechanism was formerly explained by a model of 

Figure 1. mechanical restitution and post-extrasystolic potentiation
A) SS = steady state, ESI = extrasystolic interval, PESI = post-extrasystolic interval. Contractile force normalized 

to last steady state beat. When ESI is shortened, contractility of the extrasystolic beat decreases but contractility 

of the post-extrasystolic beat increases. 

B) MR (left) and PESP (right)  curves are mono-exponential curves with similar time constants. When ESI 

is sufficiently lengthened, contractility of both the extrasystolic and post-extrasystolic beat approaches 

contractility of steady state beat. 
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Figure 2. mechanism of mechanical 
restitution and post-extrasystolic 
potentiation
A) ECC during normal beat. Ca2+ 

influx through LTCC activates RyR2 to 

release Ca2+ from SR, which inhibits 

further sarcolemmal Ca2+ influx. After 

contraction, Ca2+ is sequestered back 

into the SR by SERCA2a or is extruded 

out of the cell by NCX in exchange for 3 

Na+.

B) ECC during extrasystolic beat. Some 

RyR2 are refractory (darkgreen), thus 

less Ca2+ is released from the SR. This 

smaller Ca2+ transient opposes less 

negative feedback to sarcolemmal Ca2+ 

influx. This increased cytosolic Ca2+  is 

taken up by SERCA2a, further loading 

the SR.

C) ECC during post-extrasystolic beat. 

The SR contains more Ca2+ because less 

Ca2+ was released during extrasystole 

and uptake of Ca2+ was enhanced. After 

the compensatory pause all RyR2 are 

recovered from inactivation and Ca2+ 

sequestered during the two previous 

beats is released.

SR: sarcoplasmic reticulum; LTCC: L-type 

Ca2+ channel; RyR2: ryanodine receptor; 

SERCA2a: SR Ca2+ ATPase; NCX: Na+-Ca2+-

exchanger; 
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different Ca2+ compartments within the SR, in which diffusion of Ca2+ from an uptake 
department to a release department was time dependent.2,3 However, this model lacks 
experimental evidence, since no anatomic compartment structures have been found in 
the SR and  transfer by diffusion of Ca2+ within the SR would occur rapidly.47,48 

Refractoriness of Ca2+ release channels has been postulated as an alternative 
explanation for the process of MR and PESP (see Figure 2). In a study by Fabiato49, 
recovery from inactivation of ryanodine receptors had a time constant, which was 
similar to the kinetics of MR and PESP by Wier and Yue. According to this model, when 
a premature beat occurs, most of the ryanodine receptors are refractory to activation, 
causing a diminished Ca2+ transient and thus a less forceful contraction. After the 
premature beat, SR Ca2+ load is increased in a number of ways. First, while less Ca2+ 
is released, Ca2+ loading of the SR continues. Next, the low Ca2+ transient during the 
premature beat opposes less negative feedback to sarcolemmal Ca2+ influx and this 
extra Ca2+ further increases SR Ca2+ content. During the compensatory pause there is 
full mechanical restitution, thus all release channels have recovered from inactivation. 
At the post-extrasystolic beat, the total of Ca2+ sequestered during the previous two 
beats will be released, resulting in increased force of the post-extrasystolic beat.

PesP in heart failure

A number of studies have found differences in PESP of LV dP/dtmax between 
heart failure patients and controls. In 1971, Beck et al. observed that patients with 
obstructed or failing ventricles had an increased potentiation of the post-extrasystolic 
contraction compared to controls.10 This paradoxical observation was confirmed in 
other studies.11–13 However, only the study by Seed et al. controlled all coupling intervals 
(ESI, PESI), which, as we have seen, influence the extent of potentiation.13 Despite the 
methodological flaws of these clinical studies, a small number of experimental and 
modeling studies are supportive of this observation. 

The increase in PESP is attributed to abnormal Ca2+ homeostasis in heart failure. 
First, abnormal Ca2+ sequestration could result in a higher PESP.  In the study of Seed et al. 
an inverse linear relation was seen between post-extrasystolic potentiation and the so 
called ‘recirculation fraction’, the ratio of contractility of the second post-extrasystolic 
beat compared to the first post-extrasystolic beat. The recirculation fraction has been 
suggested to account for the fraction of released Ca2+ sequestered back into the SR. 
Patients with heart failure appeared to have a lower recirculation fraction, which could 
be related to decreased Ca2+-reuptake seen in these patients. 

Studies by Hoit et al.50,51 confirmed these results. They evaluated MR and PESP in 
mice with overexpression of phospholambam, in which Ca2+ reuptake was diminished 
and recirculation fraction was decreased. They found slower MR and increased PESP in 
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these mice compared to isogenic controls, which indicates a role for SR Ca2+ reuptake in 
these force-interval relationships. The authors hypothesized that lower SR Ca2+ content 
slows down recovery of RyR2. When more ryanodine receptors are refractory during the 
premature beat, even more Ca2+ remains in the SR. During the post-extrasystolic beat 
the build-up of Ca2+ is released, which results in a higher PESP. Another explanation for 
the augmented potentiation in heart failure could be found in an increased sensitivity of 
RyR2 for Ca2+. In case of more sensitive ryanodine receptors, a larger fraction of the SR 
content will be released during the post-extrasystolic beat, resulting in an even higher 
relative PESP in the failing heart. 

Both of these hypotheses are supported by a study of Rice et al., in which the 
experiments of Wier and Yue were simulated using a computational model to address 
different aspects of the short-term force-interval relationship.52 The model computed 
the changes in MR and PESP when certain parameters of excitation-contraction 
coupling were altered. In this model, PESP increased, when the releasable fraction (i.e. 
the fraction of total Ca2+ in the SR that is released) was increased. This is in accordance 
with increased sensitivity of RyR2 as an explanation for higher PESP. Furthermore, a 
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Figure 3. Influence of slower MR on PESP
A) Mechanical restitution is slowed in failing hearts. At a certain cycle length (i.e. 500ms) the failing heart 

operates at a lower level of contractile performance due to incomplete MR.  B) Pacing at a steady state cycle 

length of 500ms with ESI of 200ms and PESI of 800 ms. When PESP is normalized to the incomplete restituted 

steady state beats, an increased relative PESP is seen.
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decrease in recirculation fraction (the fraction of Ca2+ sequestered back in SR) was 
also associated with a higher PESP. While this may sound counterintuitive, a lower 
recirculation fraction results in higher beat-to-beat variability of  SR Ca2+ load, that is 
essential for MR and PESP. In contrast, a theoretical maximal recirculation fraction (all 
released Ca2+ is recirculated back in the SR) will cause the same SR load of every beat, 
which makes potentiation impossible to occur. 

 Finally, overall slower recovery of RyR2 may contribute to the increase in PESP.  
Prabhu et al. investigated alterations of both MR and PESP in dogs with tachycardia 
induced heart failure.48,53 They found slower MR kinetics, which they attributed to 
slower recovery of RyR2. Thus, at faster heart rates, the failing heart does not operate at 
optimal performance, because most of the ryanodine receptors are refractory, resulting 
in incomplete mechanical restitution. When the cycle length is increased, there is full 
restitution and contractility will return to normal. This observation is consistent with the 
negative force-frequency relationship seen in heart failure. These altered MR kinetics 
will consequently have implications on PESP.  When the failing heart is stimulated at a 
steady state cycle length below that at which full restitution is achieved, the contractile 
response of these steady state beats will be suboptimal. During the compensatory 
pause, the heart is fully restituted and a normal PESP is seen. However, if the magnitude 
of the post-extrasystolic beat is normalized to the (suboptimal) steady state beats, a 
higher relative PESP will be found in the failing heart compared to controls (see Figure 
3). 

PesP as a diagnostic instrument or therapeutic intervention

Diagnostics
PESP has been studied formerly as a diagnostic instrument to differentiate 

viable from non-viable myocardium during revascularization procedures.54–56 However, 
this diagnostic approach has not demonstrated consistent results and has largely been 
replaced by more accurate techniques such as nuclear imaging or magnetic resonance 
imaging (MRI). Recently, PESP has gained new attention as a possible prognostic 
marker in myocardial infarction patients.14 Sinnecker et al. measured post-extrasystolic 
potentiation of arterial blood pressure using a non-invasive photoplethysmographic 
device in 941 patients who survived the acute phase of MI and correlated the presence 
of post-extrasystolic potentiation to all cause 5-year mortality. Post-extrasystolic 
potentiation was defined as an increase in post-extrasystolic pulse pressure of 3% or 
more, compared to the mean of the subsequent beats. The authors found a significant 
higher mortality risk in patients in whom PESP was present compared to patients in 
whom PESP was absent. PESP remained a significant risk predictor after adjusting for 
LVEF, the amount of ventricular premature beats and GRACE score.  Addition of PESP 
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to LVEF as risk predictor increased the area under the ROC-curve from 0.61 to 0.75 (p < 
0.001), indicating that the combination of PESP and LVEF could better stratify patients 
with high or low mortality risk. 

The mechanism on how PESP is correlated to a worse prognosis was not made 
clear.  The end point all-cause mortality was not further stratified in death of mechanical 
or arrhythmic origin. As one can assume, changes in PESP display alterations in Ca2+ 
handling, which could, in addition to myocardial dysfunction, also lead to early and 
delayed afterdepolarizations. Thus, altered PESP might indicate an early stage of heart 
failure, but may also be a marker of increased risk of lethal ventricular arrhythmias. 

However, some methodological remarks have to be made. First, the rise in 
blood pressure of the post-extrasystolic beat was compared to the subsequent beats. 
However, PESP usually decays in a number of beats, therefore for correct analysis of the 
percentage of PESP, using the beats preceding the PVC would have been more accurate. 
Second, in this study PESP was defined as difference in blood pressure, measured with 
a noninvasive device at the finger, while most studies used invasive measurements of 
contractility, like the maximal rise in left ventricular pressure (dP/dtmax). When measuring 
PESP more distally, vascular influences may alter the blood pressure measurements of 
PESP. In other words, the phenomenon measured in this study might not be comparable 
to PESP seen during earlier invasive experiments. More importantly, as seen in other 
studies of PESP in heart failure, the intervals were not held constant. Therefore, when 
basic rhythm, extrasystolic interval or post-extrasystolic interval differ, the magnitude 
of potentiation will change.57,58  Therefore, from a physiological point of view, no strong 
conclusions can be made on the relation between high PESP and heart failure, when the 
intervals are not controlled. Nonetheless, since PESP appears to be a strong predictor 
of mortality, it could still have prognostic value, even if the underlying mechanism is not 
completely understood. Further validation of the use of PESP as a prognostic marker 
will be needed before it could be implemented as a clinical tool.

Therapeutics
The therapeutic use of PESP has been extensively investigated in the 1960’s and 

1970’s, but has long been abandoned due to conflicting evidence of its effectiveness.59–62 
Inducing PESP and therefore increasing the force of contraction, might be beneficial in 
heart failure patients. By using coupled or paired pacing, in which a premature beat is 
introduced after every other intrinsic or paced beat, respectively, the effect of PESP is 
extended, which improves contractility and cardiac output. This technique has been 
studied in patients with cardiogenic shock, by which cardiac function significantly 
improved. However, reports of increased myocardial oxygen consumption and risk of 
arrhythmias have waned the interest in this mode of pacing.63   

More recently, a number of studies have reevaluated the safety and efficacy of 
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coupled pacing. In 2008 a study by Lieberman et al.64 studied dual chamber coupled 
pacing (DCCP) in 16 heart failure patients. DCCP increased LV dP/dtmax and arterial 
pulse pressure, however other hemodynamic parameters such as mean arterial 
pressure, cardiac output and mixed venous O2 saturation did not differ. In the same 
year, Freudenberg investigated the use of atrioventricular coupled pacing in ten heart 
failure patients and concluded that this mode of pacing is safe and well tolerated.65 In 
this study, coupled pacing was applied during 15 to 20 minutes. A significant increase 
in ejection fraction and stroke volume and a reduced end-systolic volume were seen, 
accompanied by a decrease in cardiac output due to a decreased heart rate. Two 
studies evaluated the use of coupled pacing in addition to cardiac resynchronization 
therapy in heart failure patients with mechanical dyssynchrony.66,67  A further increase in 
contractility and ejection fraction was seen along with a decrease in heart rate without 
disrupting the synchronization properties of CRT. While Steegeman et al. concluded 
that this drop in heart rate reduced the hemodynamic benefit of paired pacing, Bemont 
et al. suggested that the heart rate reduction could have an additional beneficial effect, 
because of increased time for ventricular filling and reduced myocardial work.

These recent trials indicate that there still may be a role for coupled pacing in 
heart failure patients, however, the long-term effects remain unknown. Furthermore, 
because of introduction of stimuli during the vulnerable period of repolarization, 
the risk of inducing ventricular arrhythmias remains present.  Another device-based 
therapy, cardiac contractility modulation (CCM), is increasingly being investigated 
and has already shown to be a safe and effective alternative to coupled pacing. CCM 
uses high-intensity, non-excitatory electrical stimulation applied during the absolute 
refractory period, which, in contrast to PESP, does not result in an action potential 
nor contraction.68–70 Studies in isolated papillary muscles71, isolated hearts72, in vivo 
animal models73 and patients74 have shown a positive effect on cardiac contractility. 
This treatment might be a good option for patients with advancing heart failure despite 
optimal medical treatment, who are not a candidate for CRT. The exact mechanism of 
action is unknown, but the effect has been attributed to an increase in Ca2+ transient 
by a number of possible mechanisms, including an increase in phosphorylation of 
phospholambam, increased SERCA2a expression75, normalization of NCX activity76,  
but also an increased influx of Ca2+ through the L-type Ca2+ channels69. A number 
of randomized clinical trials77–79 have been executed to investigate the safety and 
efficacy of CCM in heart failure patients and showed an improved exercise tolerance 
and quality of life, without increased myocardial oxygen consumption or arrhythmia 
risk. However, no difference in mortality nor morbidity has yet been found, thus the 
long-term consequences need to be further elucidated before these techniques can be 
implemented in clinical practice. 
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Conclusion

Since it was last reviewed extensively in 1993 by Cooper, much has been 
discovered about the phenomenon of post-extrasystolic potentiation.80 The 
fundamental physiology of an altered calcium homeostasis has been more elucidated; 
the SR compartment model of Wier and Yue has been replaced by the central role of the 
ryanodine receptor and its refractory period in the mechanism of PESP. 

The diagnostic and therapeutic properties of PESP have recently been 
rediscovered. However, the relationship between PESP and heart failure remains a 
complex interplay of both short-term force-interval and force-frequency relationships. 
Therefore, experimental studies of control versus failing hearts, in which all intervals 
are controlled, will be needed to confirm the assumption of an augmented post-
extrasystolic potentiation in failing hearts. In addition, the prognostic value of PESP 
of blood pressure needs to be further evaluated and validated, since this non-invasive 
test might be of great value for selecting therapeutic interventions, e.g. ICD therapy, in 
certain patient groups. The EUropean Comparative Effectiveness Research to assess the 
use of primary prophylacTic Implantable Cardioverter Defibrillators (EU-CERT-ICD) study, 
which investigates new parameters for identification of high arrhythmia risk in ICD 
patients, is currently ongoing and will incorporate the use of PESP for stratification of 
mortality and ICD shock risk.  Finally, the therapeutic use of coupled pacing in conjunct 
to CRT therapy has gained new attention. However, CCM might take its place as a new 
device-based therapy for heart failure, because of a better safety profile. Further 
evaluation of the long-term effects of this new therapeutic option will be needed to 
confirm these promising results. 
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Abstract

Background: In the chronic AV-block (CAVB) dog model, structural, contractile and 
electrical remodeling occur, which predispose the heart to dofetilide-induced Torsades 
de Pointes (TdP) arrhythmias. Previous studies found a relation between electrical 
remodeling and inducibility of TdP, while structural remodeling is not a prerequisite for 
arrhythmogenesis. In this study, we prospectively assessed the relation between in vivo 
markers of contractile remodeling and TdP inducibility.  
Methods: In 18 anesthetized dogs, the maximal first derivative of left ventricular 
pressure (LV dP/dtmax) was assessed at acute AV-block (AAVB) and after two weeks 
of chronic AV-block (CAVB2). Using pacing protocols, three markers of contractile 
remodeling, i.e. force-frequency relationship (FFR), mechanical restitution (MR) and 
post-extrasystolic potentiation (PESP) were determined.  Infusion of dofetilide (0.025 
mg/kg in 5 minutes) was used to test for TdP inducibility.  
Results: After infusion of dofetilide, 1/18 dogs and 12/18 were susceptible to TdP 
arrhythmias at AAVB and CAVB2, respectively (p = 0.001). The inducible dogs at CAVB2 
showed augmented contractility at a CL of 1200 ms (2354 ± 168 mmHg/s in inducible 
dogs versus 1091 ± 59 mmHg/s in non-inducible dogs, p < 0.001) with a negative FFR, 
while the non-inducible dogs retained their positive FFR.  The time constant of the MR 
curve was significantly higher in the inducible dogs (158 ±7 ms vs 97±8 ms, p < 0.001). 
Furthermore, a linear correlation was found between a weighted score of the number 
and severity of arrhythmias and contractile parameters, i.e. contractility at CL of 1200 
ms (r = 0.73, p = 0.002), the slope of the FFR (r = -0.58, p = 0.01) and the time constant of 
MR (r= 0.66, p = 0.003). Thus, more severe arrhythmias were seen in the dogs with the 
most pronounced contractile remodeling. 
Conclusion: Contractile remodeling is concomitantly observed with susceptibility to 
dofetilide-induced TdP arrhythmias. The inducible dogs show augmented contractile 
remodeling compared to non-inducible dogs, as seen by a negative FFR, higher 
maximal response of MR and PESP and slowed MR kinetics. These altered contractility 
parameters may reflect disrupted Ca2+ handling and Ca2+ overload, which predispose 
the heart to delayed- and early afterdepolarizations that could trigger TdP arrhythmias.
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Introduction

Despite advances in treatment and prevention strategies, sudden cardiac death 
due to ventricular arrhythmias remains a common cause of death in patients with heart 
failure or compensated hypertrophy.1 In response to certain stressors, these patients 
exhibit ventricular remodeling, an adaptive process that initially helps to maintain 
normal cardiac function, but eventually becomes maladaptive, causing electrical 
instability and an increased risk of life-threatening ventricular arrhythmias.2 

The chronic complete AV-block (CAVB) dog model is a widely used animal model 
to study ventricular remodeling and its relation with ventricular arrhythmias.3–5 In this 
model, creation of third degree AV-block results in bradycardia and volume overload. To 
compensate for the resulting drop in cardiac output, ventricular remodeling occurs.6,7 
This remodeling process reduces the so called ‘repolarization reserve’, the ability of 
the heart to cope with stressors on repolarization.8 When repolarization is then further 
challenged by anesthesia and administration of a pro-arrhythmic drug such as the IKr-
blocker dofetilide, early afterdepolarizations (EADs), ectopic beats and Torsades de 
Pointes (TdP) arrhythmias start to occur.9 

Ventricular remodeling is a complex process and can be divided into multiple 
components, such as structural, electrical and contractile remodeling. However, 
the contribution of each of the three different components to arrhythmogenesis is 
not fully elucidated. Previous studies have shown that electrical remodeling is an 
important contributor to the susceptibility of TdP,6 while structural remodeling is 
not a prerequisite.10 Electrical remodeling, which is reflected by prolongation of the 
action potential duration (APD) and increased spatial and temporal dispersion of 
repolarization,11–14 develops in synchrony with TdP inducibility: both are present after 
2 weeks of CAVB.6,10 Structural remodeling, on the other hand, follows a much slower 
path and is fully present after 16 weeks of CAVB.10,15,16

Yet, the time course of contractile remodeling and its relation to TdP inducibility 
is less well described. Contractile adaptations, as a result of changes in Ca2+ handling, 
can be measured in vivo by three physiological mechanisms of the heart: force-
frequency relationship (FFR), mechanical restitution (MR) and post-extrasystolic 
potentiation (PESP). The FFR accounts for potentiation of contractility when heart rate 
is increased. MR and PESP relate to changes in contractility of the extrasystolic beat and 
post-extrasystolic beat, respectively, when a basic stimulation train is interrupted with 
extrastimuli. MR represents the restoration of contractility of the extrasystolic beat 
when the coupling interval (CI) of the extrastimulus is lengthened. PESP displays the 
opposite behavior: when CI is shortened, the contractility of the post-extrasystolic beat 
is enhanced. Thus, the earlier an extrasystole occurs, the lower the contractility of the 
extrasystolic beat and the higher the contractility of the post-extrasystolic beat. 
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De Groot et al. showed that FFR and PESP are altered in the CAVB dogs after 6 
weeks of remodeling and that these contractile parameters are associated with delayed 
afterdepolarizations in vivo.17 Furthermore, in isolated cardiomyocytes from CAVB dogs, 
Ca2+ overload of the sarcoplasmic reticulum (SR) can result in spontaneous Ca2+ release, 
which triggers early and delayed afterdepolarizations (EAD/DADs).18 However, it is 
unknown whether these macroscopic measures of Ca2+ handling (FFR, MR, PESP) reflect 
the propensity for sustained TdP arrhythmias. If contractility and arrhythmogenesis 
are intertwined, contractile parameters could function as markers of pro-arrhythmia 
and might eventually help to identify the patient at risk of life-threatening arrhythmias. 
Therefore, we aimed to investigate the relation between in vivo contractility measures 
and susceptibility to TdP arrhythmias in the CAVB dog. We assessed these measures 
after 2 weeks of remodeling, since CAVB dogs are susceptible to TdP arrhythmias from 
that moment onwards. 

Materials & methods

Animal handling was in accordance with the ‘Directive 2010/63/EU of the 
European Parliament and of the Council of 22 September 2010 on the protection of 
animals used for scientific purposes’ and the Dutch law, laid down in the Experiments 
on Animals Act. All experiments were performed with approval of the Central Authority 
for Scientific Procedures on Animals (CCD). 

Animal preparation

Eighteen adult purpose-bred mongrel dogs of either sex (Marshal, USA; 5 
females, 13 males; bodyweight 26 ± 0.63 kg) were included. Experiments were 
performed under general anesthesia with mechanical ventilation at 12 breaths/min. 
The dogs were premedicated with a mixture of 0.5 mg/kg methadone, 0.5 mg/kg 
acepromazine and 0.02 mg/kg atropine i.m.. General anesthesia was induced with 25 
mg/kg pentobarbital i.v. and maintained by isoflurane 1.5% in a mixture of O2 and N2O 
(1:2). Periprocedurally antibiotics (ampicillin 1000 mg i.v. preoperatively and ampicillin 
1000 mg i.m. postoperatively) and analgesics (metacam 0.2 mg/kg s.c. preoperatively 
and buprenorphine 0.3 mg i.m. postoperatively) were administered. 

Ten surface-ECG leads (six limb leads, four precordial leads) were recorded 
throughout the experiment and stored on hard disk. Under aseptic conditions, the 
femoral artery and vein and carotid artery were dissected and sheaths were placed by 
Seldinger technique. Right and left ventricular monophasic action potential (RV & LV 
MAP) catheters (Hugo Sachs Elektronik GmbH, March, Germany) and a left ventricular 
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7F pressure catheter (CD Leycom Inc., Zoetermeer, Netherlands) were positioned under 
fluoroscopic guidance. 

experimental protocol

Two serial experiments were performed. In the first experiment, baseline surface 
ECG, LV and RV MAP duration (MAPD) and left ventricular pressure during sinus rhythm 
were recorded. Subsequently, His bundle ablation was done as described previously.10  
When the idioventricular rhythm (IVR) was too low, a pacemaker was implanted 
subcutaneously with a transvenous lead in the RV apex. At acute AV-block (AAVB), a 
pacing protocol (see below) was performed and the effects on LV pressure were 
recorded. Next, susceptibility to Torsades de Pointes arrhythmias (TdP) was tested 
by a pro-arrhythmic challenge with the IKr blocker dofetilide (0.025 mg/kg i.v, infused 
during 5 minutes or until the first TdP occurred). TdP was defined as a run of 5 or more 
ectopic beats, with twisting morphology of the QRS complexes. When ≥3 TdP occurred 
in the first ten minutes after start of dofetilide administration, the dog was considered 
inducible. 

During the second experiment, after two weeks of remodeling at chronic AV-block 
(CAVB2), baseline ECG, LV and RV MAPD and left ventricular pressure were recorded and 
the pacing protocol and susceptibility test with dofetilide were repeated. 

Pacing protocol

FFR, MR and PESP were measured during a pacing protocol from the LV MAP 
catheter. The FFR protocol consisted of 3 minutes of steady-state pacing at three 
different cycle lengths (CL) of 300 ms, 750 ms and 1200 ms. For the MR and PESP 
protocol, the LV was paced with a basic CL of 600 ms, which was interrupted every 20th 

beat by an extrastimulus with an incremental coupling interval (CI) ranging from 250 ms 
up to 800 ms, with steps of 50 ms. 

data analysis

Contractility measures
As a measure of contractility, the maximal slope of left ventricular pressure rise 

(LV dP/dtmax) was calculated offline with computer software (Conduct NT, CD Leycom). 
For the FFR, the mean LV dP/dtmax of five consecutive beats was used at the three 
stimulation frequencies. A straight line was fitted through these points and its slope 
was calculated to quantify the orientation of the FFR. MR and PESP were defined as 
the LV dP/dtmax of the extrasystolic and post-extrasystolic beat, respectively (Figure 
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Figure 1. Representative tracing of lV pressure 
and lV dP/dt of the extrasystolic and post-
extrasystolic beat. 
A steady state stimulation train (SS) is interrupted 

with an extrasystolic beat (ES) at different coupling 

interval (CI), followed by a post-extrasystolic beat 

(PES) at a fixed CI. With decremental CI of the ES, 

the LV dP/dtmax of the ES decreases, while the the 

LV dP/dtmax of the PES increases.
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1). In addition, normalized MR and PESP were calculated by taking the ratio of LV dP/
dtmax of the extrasystolic and post-extrasystolic beat, respectively, to the mean LV dP/
dtmax of the five beats immediately preceding the extrasystole.  Both MR and PESP were 
fitted to monoexponential functions using non-linear least squares regression, with the 
equation:  for MR and  for PESP to calculate the 
time constant (TC) of MR and PESP.   

Electrophysiological measures
Measurement of RR interval and QT interval was performed with calipers on lead 

II of the ECG by use of a software program (EPTracer, Cardiotek, Heilbronn). QT interval 
was corrected for heart rate (QTc) with the van der Water formula19, which gives a better 
estimate than Bazett formula in anesthetized dogs. LV and RV MAPD were measured from 
the initial peak to 80% of repolarization in a custom-made Matlab software program. 
We defined interventricular dispersion (∆MAPD) as the difference between LV MAPD and 
RV MAPD. Short-term variability of LV MAPD (STV) was calculated over 31 consecutive 
beats using the formula: , where D represents LV MAPD. 
STV after dofetilide challenge was measured just prior to the first ectopic beat. 

statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). Serial data 
were analyzed with a paired Student’s t-test or a repeated measure analysis of variance 



Contractile remodeling and arrhythmogenesis in the CAVB-dog

51

3

(ANOVA) with post hoc Bonferroni correction. Group analysis was performed with an 
unpaired Student’s t-test. Correlation analysis was done with Pearson’s correlation 
coefficient. All statistical analyses were performed with Prism 6.0 (GraphPad Software 
Inc., La Jolla, CA, USA). A p-value < 0.05 was considered as statistically significant. 

Results

Contractile remodeling

Contractile parameters at AAVB and CAVB are shown in Figure 2. Contractile 
remodeling was present after two weeks of CAVB, as seen by a significant increase in LV 
dP/dtmax during IVR compared to AAVB (Figure 2A). At AAVB, a positive force-frequency 
relationship was observed with augmentation of LV dP/dtmax at higher frequencies (Figure 
2B). This relationship was blunted at CAVB2.  At AAVB, the MR curve demonstrated a 
monoexponential rise in LV dP/dtmax towards a plateau with lengthening of the CI. The 
PESP curve displayed the opposite behavior (Figure 2C & 2D). Both these parameters 
were increased at CAVB2. 

electrical remodeling

The course of electrical remodeling is depicted in Table 1. At AAVB, all 
electrophysiological parameters have adapted to the sudden drop in heart rate. When 
challenged with dofetilide, a further significant increase was seen in QT, LV & RV MAPD 
and STV. After two weeks of CAVB, electrical remodeling was present, as seen by a 
significant increase in QT, QTc, and LV MAPD under baseline conditions compared to 
AAVB.  RV MAPD did not increase to the same extent as LV MAPD, thus creating a high 
interventricular dispersion (ΔMAPD). Finally, also STV showed a significant increase, 
which was further augmented after infusion of dofetilide.

Parameters of remodeling and susceptibility to TdP arrhythmias

Of the 18 dogs tested, one was susceptible to dofetilide-induced TdP at AAVB. 
After 2 weeks of CAVB, 12/18 dogs (67%, p = 0.002 compared to AAVB) were inducible after 
dofetilide infusion. Separate measurement of contractile parameters of the inducible 
and non-inducible dogs are depicted in Figure 3.  At AAVB, no differences were found in 
contractile measures between the two groups.  However, at CAVB2, the inducible dogs 
demonstrated a completely different pattern of contractile remodeling compared to 
the non-inducible dogs. At low stimulation frequency with a CL of 1200 ms, the inducible 
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Figure 2. Contractile parameters at AAVB and CAVB2
 A) LV dP/dtmax at baseline. B) Force-frequency relationship (FFR). C) Mechanical restitution (MR). D) Post-

extrasystolic potentiation (PESP). * p< 0.05 compared to AAVB.
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Table 1. electrophysiological parameters 

* p< 0.05 versus SR. † p< 0.05 versus AAVB. § p< 0.05 versus CAVB2.  

sR AAVB AAVB  + dof CAVB2 CAVB2 + dof

RR (ms) 571 ± 11 1048 ± 72* 1229 ± 75 1262 ± 47† 1452 ± 62§

QT (ms) 261 ± 4 327 ± 9* 552 ± 22† 421 ± 16† 593 ± 19§

QTc (ms) 298 ± 3 319 ± 9* 543 ± 30† 398 ± 14† 553 ± 19§

LV MAPD (ms) 193 ± 3 240 ± 6* 454 ± 23† 302 ± 12† 470 ± 30§

RV MAPD (ms) 190 ± 14 216 ± 6* 345 ± 10† 245 ± 6 341 ± 22§

ΔMAPD (ms) 9 ± 2 24 ± 5* 138 ± 24† 56 ± 8† 130 ± 25§

STV (ms) 0.36 ± 0.02 0.72 ± 0.10* 1.91 ± 0.22† 1.51 ± 0.31† 2.66 ± 0.34§



Contractile remodeling and arrhythmogenesis in the CAVB-dog

53

3

subjects had augmentation of contractility compared to the non-inducible dogs (2354 ± 
168 mmHg/s versus 1091 ± 59 mmHg/s, p < 0.001; Figure 3A).  Furthermore, the slope of 
the FFR-curve was inverted in the inducible dogs, while the non-inducible dogs retained 
their positively-oriented FFR (slope of -0.51 ± 0.19 in inducible dogs versus 0.89 ± 0.06 in 
non-inducible dogs, p <0.001). As seen from Supplemental table 1, these differences in 
LV dP/dtmax between inducible and non-inducible dogs are not the result of differences 
in preload, since end-diastolic pressures are similar. 

Figure 3. Relation between contractile remodeling and susceptibility to TdP arrhythmias. 
FFR (A), MR (B) and PESP (C) of inducible dogs (blue line) and non-inducible dogs (red line) at AAVB (left) and 

CAVB2 (right). * p< 0.05  inducible versus non-inducible
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At small coupling intervals, MR was similar in both groups, but diverged when 
the CI of the extrasystole rised above 450 ms, after which the susceptible dogs showed 
a significantly higher LV dP/dtmax (1483 ± 96 mmHg/s versus 1117 ± 31 mmHg/s, p =0.01, 
Figure 3B). PESP, on the other hand, was increased in the inducible dogs at a whole 
range of coupling intervals (Figure 3C). When MR was normalized to the LV dP/dtmax of the 
preceding beats, the TC of MR appeared significantly higher in the inducible dogs (TC = 
158 ± 7 ms versus TC = 97 ± 8 ms in non-inducible dogs, p < 0.001, Figure 4). Normalized 
PESP was similar between the groups and had equal TC (143 ± 9 ms versus 153 ± 4 ms, 
p =0.46, not shown). 

Electrically, no differences were found between the two groups at AAVB. At 
CAVB, the RR interval, QT- and QTc interval, LV MAPD, RV MAPD and ΔMAPD were similar 
between the inducible and non-inducible dogs (Table 2). Only STV could distinguish 
between inducible and non-inducible dogs both at baseline and when challenged with 
dofetilide. Dogs that were inducible to drug-induced TdP had significantly higher STV 
at baseline (1.98 ± 0.41 ms versus 0.61 ± 0.08 ms, p = 0.009) which increased even more 
when challenged with dofetilide (3.18 ± 0.36 ms versus 1.35 ± 0.08 ms, p = 0.001).

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

coupling interval extrastimulus (ms)

no
rm

al
iz

ed
 M

R
normalized MR
inducible non-inducible

A

inducible non-inducible
0

50

100

150

200

250

tim
e 

co
ns

ta
nt

 (m
s)

time constant of MR

*
B

Figure 4. Normalized MR curves of inducible and non-inducible dogs.  
 The inducible dogs show slower restitution compared to the non-inducible dogs (A) with significantly higher 

time constants (B). * p< 0.05 

Table 2. electrophysiological parameters of non-inducible and inducible dogs
* p < 0.05 versus non-inducible in baseline. † p < 0.05 versus non-inducible during dofetilide infusion.

baseline dofetilide
non-inducible inducible non-inducible inducible

RR (ms) 1272 ± 33 1257 ± 69 1507 ± 107 1373 ± 72
QT (ms) 383 ± 19 439 ± 20 596 ± 50 587 ± 25
LV MAPD  (ms) 292 ± 23 308 ± 14 494 ± 48 460 ± 39
RV MAPD (ms) 236 ± 9 249 ± 8 378 ± 53 328 ± 23

ΔMAPD (ms) 57 ± 10 56 ± 9 116 ± 14 135 ± 35
STV (ms) 0.61 ± 0.08 1.98 ± 0.41* 1.35 ± 0.08 3.18 ± 0.36†
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3Relation of contractile and electrical remodeling with severity of 
arrhythmias

In order to quantify the severity of arrhythmias, we developed a new weighted 
scoring system, which takes into account both the number of arrhythmias in 10 minutes 
and whether the arrhythmias were sustained or defibrillations were needed (Table 3). 
This weighted score was correlated with both contractile and electrical remodeling. As 
depicted in Figure 5, a linear correlation was found between this weighted score and LV 
dP/dtmax at CL of 1200 ms (r = 0.71, p = 0.002), the slope of FFR (r = -0.58, p = 0.01) and time 
constant of MR (r= 0.66, p = 0.003). Of the electrical parameters, STV at baseline was also 
correlated with the weighted score of arrhythmic severity (r= 0.74, p = 0.0006). 

The effect of ouabain on contractility and TdP inducibility

 As a proof of principle of the importance of contractile remodeling and Ca2+ 
overload for the inducibility of TdP arrhythmias in the CAVB dog model, we attempted to 
pharmacologically increase Ca2+ load to alter FFR and potentially convert an initial non-
inducible dog into an inducible one. Four non-inducible dogs were given a single dose 
of the cardiac glycoside ouabain (0.045 mg/kg i.v. in 1 minute) prior to administration 
of dofetilide. In Figure 6, the effects of ouabain administration on FFR are depicted. In 
all dogs, ouabain resulted in a rise in contractility. Ouabain itself did not induce any 
arrhythmias. Unfortunately, in 3 out of 4 dogs, contractility at a CL of 1200 ms could 
not reach a level comparable to that of the inducible dogs and these dogs retained a 
positive FFR. As expected, these three dogs remained non-inducible after additional 
dofetilide infusion. Nevertheless, in one dog, contractility after ouabain administration 
increased to a level similar to that of the inducible dogs, with a more blunted force-
frequency relationship. Interestingly, this dog did become inducible to TdP arrhythmias 
after infusion of dofetilide (Figure 7).

arrhythmia points
single ectopic beat 1
double ectopic beats 2
triple ectopic beats 3
four ectopic beats 4

nsTdP (<50 complexes) 10

sustained TdP (>50 complexes) or defibrillation 100
> 1 consecutive defibrillation 200

Table 3. Custom-made weighted score of the 
number and severity of arrhythmias 

Score is the total number of points during 10 

minutes after start of dofetilide infusion
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discussion

The results of this study demonstrate that contractile remodeling is already 
present after two weeks of CAVB and that this remodeling process differs substantially 
between TdP susceptible and TdP resistant dogs. Moreover, the more contractile or 
electrical remodeling have occurred, the higher the number and severity of arrhythmias 
after dofetilide challenge. Alterations in Ca2+ homeostasis may be the common 
denominator that explains the observed relation between contractile remodeling and 
arrhythmogenesis in the CAVB dog model.  

Ca2+ overload, dAds & eAds in the CAVB dog

The present study is, to our knowledge, the first to show a direct relation 

Figure 5. linear correlations between weighted arrhythmia score and parameters of contractile and 
electrical remodeling 
Linear correlation between weighted arrhythmia score and A) contractility at 1200ms, B) slope of FFR, C) time 

constant of MR and D) STV at baseline.
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between in vivo measurements of contractility and inducibility of TdP arrhythmias. 
Nevertheless, on a cellular level the relation between disturbances of Ca2+ homeostasis 
and arrhythmogenesis is well established. Previous in vitro studies have demonstrated 
altered Ca2+ handling in isolated cardiomyocytes of CAVB dogs with increased amplitude 
and duration of Ca2+ transients along with a higher Ca2+ content of the SR.20 Furthermore, 
NCX is upregulated, which contributes to further loading of the SR via ‘reverse mode’ 
Ca2+ influx.21 The resulting SR Ca2+ overload is associated with spontaneous Ca2+ release, 
which can generate a DAD via ‘forward mode’ function of NCX (exchange of 1 Ca2+ ion 
for 3 Na+ ions, creating an inward current).22 Furthermore, it has become more and 
more evident that altered Ca2+ handling and upregulation of NCX also play a role in the 
formation of EADs, which have been regarded as the most important triggers of TdP 
arrhythmias.23–25 

Our results are consistent with the study by de Groot et al. which showed that 

Figure 6. Effect of ouabain on force-frequency relationship in non-inducible subjects (n = 4)
Contractility at CL of 1200ms, 750ms and 300ms at baseline (red line) and after ouabain (green line) in four 

non-inducible dogs. As comparison, the mean of the inducible dogs is shown (blue line). Only dog 4 became 

inducible after ouabain in combination with dofetilide. Time constants of the different curves are given. 
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the highest LV dP/dtmax postpacing (which reflects an increased SR Ca2+ load) was 
associated with the occurrence of DADs on MAP recordings.17  Since DADs and EADs 
share a common molecular mechanism, we expected to find the same relation between 
enhanced contractility and susceptibility of TdP arrhythmias.  

Force-frequency relationship and TdP arrhythmias

A blunted or inverted FFR has been observed in isolated muscle preparations 
of failing myocardium26–28 as well as in animal models29,30 or patients with cardiac 
dysfunction31–33. In the CAVB dog, FFR is also inverted, but with increased contractility 
at low heart rates.16,17

In the present study we observed the inverted FFR only in the inducible dogs, 
while the FFR of the non-inducible dogs remained positive. There is strong evidence 
that increased [Na]i during diastole plays a central role in the inversion of the FFR.34,35 
A study on rabbit papillary muscle strips examined the effect of increased [Na+]i on 
FFR and showed that treatment with the Na+ ionophore monensin, which increases 
diastolic [Na+]i , could convert a positive FFR into a negative FFR, mainly by increasing 
contractility at lower heart rates.35 The high diastolic [Na+]i  will favor Ca2+ influx via NCX 
and since the ratio of diastole to systole is highest at low heart rates, Ca2+ loading of the 
SR will be enhanced, resulting in increased contractility. Dogs with chronic AV-block 
have approximately 4 mM higher [Na+]i compared to controls, probably due to reduced 
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Administration of ouabain did not cause any arrhythmias. However, the combination of ouabain and dofetilide 

resulted in Torsades de Pointes arrhythmias. 
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[Na+]i-affinity of the Na+-K+-ATPase and increased Na+-influx via the Na+-H+-exchanger 
type 1  (NHE-1).36,37  However, in these studies, no dofetilide challenge was performed, 
therefore it is unknown whether the [Na+]i  is higher in inducible dogs compared to non-
inducible dogs. 

Nevertheless, we could hypothesize that in the inducible dogs a high [Na+]i  in 
combination with enhanced NCX activity results in Ca2+ overload, spontaneous Ca2+ 
release, and subsequent EADs and TdP arrhythmias. Supporting this hypothesis, it 
has been shown that lowering [Na+]i  by administration of the selective late Na+ current 
blocker ranolazine could reduce the number of EADs in vitro and TdP arrhythmias in 
vivo.38 In addition, blockade of NCX by SEA-0400 is effective in prevention of TdP 
arrhythmias in the CAVB dog.39  As a proof of concept, we tried to increase [Na+]i in the 
non-inducible dogs by blockade of the Na+-K+-ATPase with ouabain. In contrast to the 
cardiac glycoside digitalis, ouabain has a fast onset of action, reaching its maximum 
after 5 minutes of administration.40 The increased [Na+]i caused by inhibition of the 
Na+-K+-ATPase will be exchanged for Ca2+, causing Ca2+ overload of the cardiomyocyte 
that is responsible for both the inotropic and potential arrhythmogenic effects. As we 
have shown, only the dog that reached the contractility level of the inducible dogs 
and developed a more blunted FFR, became susceptible to dofetilide-induced TdP, 
which further illustrates the importance of [Na+]i and [Ca2+]i for the initiation of TdP 
arrhythmias.

Mechanical restitution/post-extrasystolic potentiation and TdP 
arrhythmias

We have demonstrated that inducible dogs have a higher MR and PESP and 
slower MR kinetics compared to the non-inducible dogs. In previous studies altered 
MR and PESP have been found in patients with hypertrophy and heart failure.41–44 
Both phenomena are explained by time-dependent availability of releasable Ca2+ due 
to  recovery from inactivation of the SR Ca2+ release channel, the ryanodine receptor 2 
(RyR2). 

Discussion on the mechanism of slower MR in the CAVB dog remains speculative, 
since the kinetics of RyR2 have never been investigated. Furthermore, the precise 
molecular mechanism behind inactivation and recovery of RyR2 remains controversial.45 
First, it can be hypothesized that the intrinsic gating properties of the RyR2 have 
been altered by the remodeling process.  Secondly, changes in cytosolic [Ca2+] have 
been proposed to influence the inactivation of RyR2, referred to as Ca2+-dependent 
inactivation. It is hypothesized that increased dyadic [Ca2+]i, which is responsible for 
RyR2 activation, might also play a role in RyR2 inactivation.46  Thirdly, RyR refractoriness 
might be caused by ‘functional depletion’ of Ca2+ of the SR after global Ca2+ release. 
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Refilling of the SR during Ca2+-reuptake increases the sensitivity of RyR2 to cytosolic 
Ca2+ and accelerates recovery from inactivation.47 Since Ca2+ homeostasis is an interplay 
between RyR2, SERCA2a and NCX, we can assume that alterations in expression 
and function of one of these proteins, will subsequently affect normal function of 
the others. Increased NCX function could result in ‘relatively’ diminished activity of 
SERCA2a, by changing the ratio of Ca2+ extrusion versus reuptake. In this regard, a study 
in a transgenic mouse model showed that overexpression of phospholambam, the main 
inhibitor of SERCA2a, caused a reduced reuptake of Ca2+ in the SR, but also resulted in a 
higher time constant of MR and increased PESP compared to control, just as we found in 
the inducible dogs.48,49  Furthermore, in isolated cardiomyocytes, inhibition of SERCA2a 
could significantly slow down recovery from inactivation of RyR2.47 Thus, increased NCX 
function, which contributes to susceptibility to triggered arrhythmias in the CAVB dog, 
might indirectly influence SERCA2a and RyR2 function, and thus alter MR  and PESP in 
vivo. 

electrical remodeling and TdP arrhythmias

Electrically, we found that only STV can distinguish between inducible and non-
inducible subjects. This is in line with previous studies on STV in the chronic AV-block 
dog model, which show that STV both at baseline and after dofetilide infusion is a more 
powerful predictor of drug-induced TdP arrhythmias compared to the QT interval or 
LV MAPD itself.13,14,50 The molecular basis of STV is not fully elucidated, but has been 
attributed to alterations in Ca2+ handling. In isolated cardiomyocytes, β-adrenergic 
stimulation during reduced repolarization reserve (blockade of the repolarization 
current IKs) resulted in increased cellular Ca2+ load and spontaneous Ca2+ release, which 
was associated with increased STV and the occurrence of DADs and EADs.51,52 Buffering 
of Ca2+ by BAPTA-AM, blockade of SR Ca2+ release with ryanodine or inhibition of NCX by 
SEA0400 led to a drastic reduction of STV and eliminated all DADs and EADs.51,52 A study 
by Antoons et al. showed that STV is highly dependent on SR Ca2+ release, which can 
modulate Ca2+-dependent currents making the heart more prone to EADs.53 These data 
support the hypothesis that increased STV reflects disrupted Ca2+ homeostasis as the 
underlying mechanism of EADs and TdP arrhythmias in the CAVB dog. 

Clinical implications

Since the chronic-AV-block dog model is a specific model of compensated 
hypertrophy caused by volume overload, extrapolation to a population of patients with 
heart failure with reduced ejection fraction should be done with caution.  Nevertheless, 
since contractile remodeling and arrhythmogenesis are related, contractile parameters 
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might be used for risk stratification of ventricular arrhythmias and sudden cardiac death. 
Recently, a study of a non-invasive measurement of PESP of blood pressure, measured 
via a photoplethysmographic device, showed  that higher PESP was correlated with 
increased mortality in myocardial infarction survivors.54 The cause of death was not 
stratified in this study, however increased PESP may be associated with increased 
arrhythmic risk. The currently ongoing ‘EUropean Comparative Effectiveness Research 
to assess the use of primary prophylacTic Implantable Cardioverter Defibrillators’ (EU-
CERT-ICD) study evaluates the relationship between non-invasive measured PESP and 
the incidence of ICD shocks in a primary prevention ICD-population. This study will give 
further insight if non-invasive measures of contractility could function as predictors of 
life-threatening arrhythmias. 

limitations

No direct measurements of Ca2+ transients or SR function have been done, 
therefore hypotheses on the mechanisms of contractile remodeling and the relation 
with TdP arrhythmias are based on assumptions derived from previous molecular work. 
Explanations other than related to Ca2+ handling may also be possible, such as mechano-
electrical feedback, i.e. direct effects of altered loading conditions on repolarization.  
Secondly, LV dP/dtmax has important limitations as a measure of contractility, since it is 
also dependent on ventricular loading. While we did not measure ventricular volumes, 
we have shown that end-diastolic pressures are not different between inducible and 
non-inducible dogs. Therefore, we can assume the differences found in LV dP/dtmax 
are predominantly caused by changes in contractility. Finally, the relation between 
contractile remodeling and TdP arrhythmias was only measured at CAVB2, therefore no 
conclusion can be made on this association later in the remodeling process. 

Conclusion

In the CAVB dog model, contractile and electrical remodeling are already present 
after two weeks of AV-block and develop concomitantly with susceptibility to dofetilide-
induced TdP arrhythmias. Furthermore, contractile parameters are altered to a far 
larger extent in inducible dogs, as seen by development of an augmented negative FFR, 
higher maximal response of MR and PESP and slowed MR kinetics.
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supplemental Material

supplemental table 1. hemodynamic parameters of non-inducible and inducible dogs
* p < 0.05 versus non-inducible. LV EDP = left ventricular end-diastolic pressure; LV ESP = left ventricular end-

systolic pressure; LV dP/dtmax = left ventricular maximal pressure rise. 

AAVB CAVB

non-inducible inducible non-inducible inducible

LV EDP (mmHg)
CL 1200 ms 14 ± 2 16 ± 1 12 ± 2 11 ± 1

CL 750 ms 14 ± 2 16 ± 1 10 ± 2 10 ± 1
CL 300 ms 14 ± 1 15 ± 1 11 ± 3 9 ± 1

LV ESP (mmHg)
CL 1200 ms 60 ± 4 55 ± 4 73 ± 3 88 ± 2*

CL 750 ms 63 ± 9 62 ± 2 85 ± 3 85 ± 3
CL 300 ms 69 ± 9 69 ± 4 87 ± 6 77 ± 4

LV dP/dtmax 

(mmHg/s)

CL 1200 ms 547 ± 10 597 ± 42 1091 ± 59 2354 ± 168*
CL 750 ms 763 ± 69 692 ± 39 1280 ± 68 1860 ± 160*
CL 300 ms 1304 ± 170 1368 ± 81 1865 ± 94 1745 ±86 
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Abstract

Objective: We prospectively investigated combinations of risk stratifiers including 
multiple EP diagnostics in a cohort study of ICD patients.
Methods: For 672 enrolled patients, we collected history, LVEF, EP study and T wave 
alternans testing, 24-h Holter, NT-proBNP, and the eGFR. All-cause mortality and first 
appropriate ICD shock were predefined endpoints. 
Results: The 635 patients included in the final analyses were 63 ± 13 years old, 81% 
were male, LVEF averaged 40 ± 14%, 20% were inducible at EP study, 63% had a primary 
prophylactic ICD. During follow-up over 4.3 ± 1.5 years, 108 patients died (4.0% per 
year), and appropriate shock therapy occurred in n = 96 (3.9% per year). In multivariate 
regression, age (p < 0.001), LVEF (p < 0.001), NYHA functional class (p = 0.007), eGFR 
(p = 0.024), a history of atrial fibrillation (p = 0.011), and NT-pro-BNP (p = 0.002) were 
predictors of mortality. LVEF (p = 0.002), inducibility at EP study (p = 0.007), and secondary 
prophylaxis (p = 0.002) were identified as independent predictors of appropriate 
shocks. A high annualized risk of shocks of about 10% per year was prevalent in the 
upper quintile of the shock score. In contrast, a low annual risk of shocks (1.8% per year) 
was found in the lower two quintiles of the shock score. The lower two quintiles of the 
mortality score featured an annual mortality < 0.6%. 
Conclusion: In a prospective ICD patient cohort, a very good approximation of 
mortality versus arrhythmic risk was possible using a multivariable diagnostic strategy. 
EP stimulation is the best test to assess the risk of arrhythmias resulting in ICD shocks. 
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Introduction

More than a decade ago, the Implantable Cardioverter-Defibrillator (ICD) has 
been shown to improve survival in patients at risk of sudden cardiac death (SCD).1–3 
However, a large number of ICD patients never receive appropriate shocks or die prior 
to appropriate ICD therapy.4 The DANISH trial revealed that ICD therapy does not reduce 
mortality in patients with non-ischemic cardiomyopathy.5 As an explanation it was 
suggested that improvements in interventional and pharmacological therapies have 
led to steep reductions of mortality over the past decades.6,7 In the aftermath, American 
ACC/AHA/HRS guidelines for ICD treatment were renewed unchanged in 2017, while 
ESC guidelines have not been updated. ESC and EHRA have, however, proposed the 
randomized RESET-SCD trial to reassess the effects of primary prophylactic ICD therapy 
in ischemic cardiomyopathy.8 Conceptually, any form of ICD therapy can only prevent 
sudden and tachy-arrhythmic mortality, not that from heart failure or non-cardiac 
causes.9 As found in the recently presented VEST trial, a scarcity of life-threatening 
arrhythmias coincides with lack of an effect of the defibrillator on a primary endpoint 
of SCD and appropriate shocks. Identification of patient subgroups with significant 
mortality benefit from ICD therapy remains critical10,11 and additional risk stratifiers 
beyond LVEF need to be implemented clinically.12–14 To date, few studies investigated 
risk markers of ICD shocks. Most were focused on microvolt T wave alternans (MTWA) 
and had equivocal results.15–18 A substantial number of potentially useful parameters of 
risk stratification, for instance electrophysiological and electrocardiographic markers, 
parameters from cardiovascular history, biomarkers, and possible combinations thereof 
have been underused.12–14 We set out to conduct a large prospective cohort study to test 
different combinations of these risk factors to predict the risk of ICD shocks versus the 
competing risk of mortality.

Materials & methods

study design and baseline testing

A prospective international clinical study was initiated as part of the European 
Union Seventh Framework funded large-scale cooperative project EUTrigTreat. The 
rationale, objectives and design of the study including statistical plan and sample size 
calculations have been published previously.19 In brief, the study enrolled a contemporary 
ICD cohort to test multiple carefully selected risk markers of clinical relevance for 
prediction of mortality and arrhythmias. In order to represent a large range from lower 
to higher risks of appropriate ICD shocks, the inclusion criteria featured ICD patients with 
primary or secondary prophylactic guideline indications and age ≥ 18 years. The study 
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was registered (NCT01209494) and approved by all participating local ethics boards. 
Baseline assessments included medical and cardiovascular history, measurement of 
LVEF, non-invasive or invasive programmed ventricular stimulation (PVS), exercise and 
atrial paced microvolt T wave alternans (MTWA) testing, recording of a 12-lead standard 
ECG and 24-h Holter (for analysis of heart rate variability, heart rate turbulence, number 
of premature ventricular complexes and non-sustained runs of ventricular tachycardia), 
and serum biomarkers (high-sensitivity C-reactive protein [hs-CRP], N-terminal-pro 
B-type-natriuretic protein [NT-proBNP], and serum creatinine). Expecting a wide range 
of indications and clinical characteristics, ICD programming recommendations were 
agreed between sites, but final programming was left to the discretion of the treating 
physician.

Programmed ventricular stimulation

The large majority of patients (91%) underwent non-invasive PVS via their 
implanted ICDs. In case of first ICD implantation, an EP study was done invasively in 60 
(9%) patients. A validated abbreviated stimulation protocol with three extrastimuli was 
used.20 Inducibility of sustained ventricular arrhythmia was defined as induction of a 
single monomorphic VT lasting for 30 s or two polymorphic VT/VF episodes requiring 
cardioversion.

MTWA testing

MTWA exercise testing (Cambridge Heart, Tewksbury/MA, USA) was performed 
if patients were in sinus rhythm. When the patient was unable to exercise, atrial pacing 
was used to increase the heart rate. MTWA tests were graded according to A and B 
rules21 by two blinded investigators each from the enrolling and core centers. In case 
of disagreement, the enrolling center decided the final grade. For analysis, positive and 
indeterminate results were grouped as non-negative.

Holter monitoring

A 24 hour Holter monitoring was performed using standard devices (Delmar 
Reynolds Pathfinder, Spacelabs Healthcare, Snoqualmie, WA; Spiderview, Sorin Group, 
Paris, France; GE Mars, GE Healthcare, Milwaukee/WI, USA). In case of sinus rhythm 
and < 15% ventricular or atrial pacing, heart rate variability was analyzed using the 
respective Holter software submodules. Heart rate turbulence and deceleration 
capacity were calculated using dedicated software (Librasch Calc, V1.02, Schneider R & 
Schmidt G, TU Munich, Germany).
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Outcomes: all-cause mortality and first appropriate ICD shock

The primary endpoint was all-cause mortality. First appropriate ICD shock was 
selected as a key secondary endpoint. This endpoint did not include anti-tachycardia 
pacing. Patients were followed every 3 to 6 months. If ICD shocks occurred, EGM data 
were forwarded to the endpoint committee (A.T., R.W., M.Z.) for adjudication.

statistical analysis

Cox regression analysis was implemented as described.19 Death was considered 
a censoring event using competing risk adjustments.22 Risk models for shock and 
mortality were developed using forward selection among a set of known potential 
risk factors. Adjusting for these, factors were identified that indicated an incremental 
risk in univariate analyses (p < 0.05). Models were then determined through an 
exhaustive search through combinations of identified risk factors by minimization of 
the Bayesian Information Criterion.23 Using score values, patients were subdivided into 
three groups at low (lowest two quintiles), intermediate (intermediate two quintiles) 
and high risk (upper quintile). In 148 patients, NT-proBNP was extrapolated from BNP 
measurements.24 Discriminatory power of scores was evaluated using area under the 
ROC curve (AUC) at a prediction horizon of 2 and 6 years.25 Bootstrapping (generating 
1000 samples) was used to estimate the bias introduced by validating the model from 
the same data used to develop the score.26 Kaplan-Meier probabilities were compared 
using the log-rank test. Correlations are evaluated using Pearson’s correlation 
coefficient. All computations were performed using the R environment for statistical 
computing and graphics (http://www.r-project.org). Continuous values are expressed 
as mean ± standard deviation. All p-values are two-tailed, a level of 5% is considered 
statistically significant. 

Results

Patient characteristics

From January 2010 to April 2014, we enrolled 672 ICD patients in four centers. 
Of 672 patients enrolled, 635 were finally included in the analysis (see Supplemental 
figure 1 in Supplemental material). The first ICD was implanted 3.8 ± 3.9 years (median 
2.9 years) prior to enrolment, 60 (9%) received their implant at enrolment, 63% (n = 400) 
had primary prophylactic indications. Mean age was 63 ± 13 years, 81% were male. 
Mean LVEF was 40 ± 14%. Basic rhythm was sinus rhythm in 510 patients (80%), atrial 
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fibrillation (AF) in 76 patients (12%), and pacemaker rhythm or higher degree AV block in 
49 patients (8%). Baseline parameters are shown in Table 1. A single-chamber ICD was 
implanted in 45%, dual-chamber ICD in 34%, and biventricular ICD in 21%. All patients 
had VT and VF zones programmed, with lower and upper boundaries of 344 ± 40 ms, 
and 276 ± 40 ms at baseline, respectively. A mean of 5.3 ± 2.2 ATPs were programmed 

Table 1. Clinical baseline characteristics for all patients (n=635), surviving patients (n=527), and 
deceased patients (n=108) 
AAD = antiarrhythmic drug, AF = atrial fibrillation, ARVC = arrhythmogenic right ventricular dysplasia, CM 

= cardiomyopathy, hs-CRP = high sensitivity C-reactive protein, LVEF = left ventricular ejection fraction, 

NT-proBNP = n-terminal pro brain natriuretic peptide; NYHA = New York Heart Association, * = statistically 

significant

All (n=635) Alive (n=527) Deceased (n=108) p-value
Age (years) 63 ± 13 61 ± 13 71 ± 9 <0.001*
Male sex 513 (81 %) 420 (80%) 93 (86%) 0.141
Body mass index (kg/m2) 28.1 ± 5.3 28.3 ± 5.4 27.2 ± 4.7 0.0740
LVEF (%) 40 ± 14 42 ± 14 33 ± 11 <0.001*
DCM 214 (34%) 164 (31%) 50 (46%) <0.001*
CAD without STEMI 157 (25%) 119 (23%) 38 (35%)
CAD with STEMI 107 (17%) 93 (18%) 14 (13%)
Idiopathic VT/VF 46 (7.2%) 45 (8.5%) 1 (0.9%)
HCM/HOCM 38 (6.0%) 37 (7.0%) 1 (0.9%)
Brugada 11 (1.7%) 10 (1.9%) 1 (0.9%)
LQT 8 (1.3%) 8 (1.5%) 0 (0%)
ARVC 7 (1.1%) 7 (1.3%) 0 (0%)
CPVT 2 (0.3%) 2 (0.4%) 0 (0%)
other 45 (7.1%) 42 (8.0%) 3 (2.8%)
NYHA class

I 188 (30%) 179 (34%) 9 (8%) <0.001*
I-II 83 (13%) 71 (13%) 12 (11%)

II 182 (29%) 148 (28%) 34 (31%)
II-III 82 (13%) 59 (11%) 23 (21%)

III 100 (16%) 70 (13%) 30 (28%)
NT-proBNP (ng/L) 1361 ± 2203 1051 ± 1787 2562 ± 3094 <0.001*
hs-CRP (mg/L) 3.8 ± 5.2 3.4 ± 5.0 5.4 ± 6.0 <0.001*
AF

Permanent 80 (13%) 48 (9.2%) 32 (30%) <0.001*
Paroxysmal 137 (22%) 110 (21%) 27 (26%)

No history of AF 405 (65%) 359 (69%) 46 (44%)
Intrinsic QRS width (ms) 129 ± 35 126 ± 34 143 ± 35 <0.001*
β-blockers 470 (85%) 390 (85%) 80 (86%) 0.874
Class I antiarrhythmic drug 11 (2.1%) 10 (2.2%) 1 (1.1%) 1.000
Class III antiarrhythmic drug 153 (28 %) 127 (28%) 26 (30%) 0.795
Digitalis glycosides 81 (15%) 52 (12%) 29 (33%) <0.001*
Oral anticoagulation 191 (35%) 141 (31%) 50 (56%) <0.001*
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before a shock in the VT zone. ATP before shock was programmed in the VF zone in 298 
patients (48%).

eCg and Holter parameters

An intrinsic QRS complex was recorded in 535 patients, an RV paced rhythm in 
40, a biventricular paced rhythm in 57, in 3 patients QRS classification was not possible. 
Mean QRS duration of intrinsic complexes was 129 ± 35 ms, mean QT and QTc were 
449 ± 52 ms and 459 ± 47 ms, respectively. Mean heart rate on Holter was 67 ± 10 bpm. 
The number of premature ventricular complexes averaged 2361 ± 5885 per 24 h. The 
number of non-sustained VT episodes averaged 2 ± 15 per 24 h, and 146 patients (23%) 
had at least one salvo of non-sustained VT. Not all patients in sinus rhythm (n = 510) 
were analyzable for heart rate variability and HRT. Absence of the necessary PVCs for 
HRT analysis occurred in 55 cases. Additional reasons for inability to analyze were > 15% 
atrial pacing, <66% analysability for heart rate variability, other technical difficulties, or 
implausible data. The mean standard deviation of normal-to-normal intervals (SDNN) 
was 113 ± 43 ms; mean square root of mean of squared differences between normal-
to-normal RR intervals (RMSSD) was 31 ± 27 ms; mean heart rate turbulence onset 
was −0.13 ± 2.12%, heart rate turbulence slope was 5.50 ± 5.09 ms/R-R interval, and 
deceleration capacity (DC) was 2.12 ± 6.58 ms, respectively.

eP study and MTWA

An EP study including programmed stimulation was done in 617 patients (97%). 
Sustained VT/VF was induced in 124 (20%) patients. Monomorphic VT was induced in 
81%, polymorphic VT in 11%, and VF in 8%, respectively. Mean cycle length of induced 

Table 2: Multivariate hazard ratios for prediction of all-cause mortality and appropriate shock
open field = not selected as model variable; AF = atrial fibrillation; eGFR = estimated glomerular filtration 

rate; EP = electrophysiological; LVEF = left ventricular ejection fraction; NT-proBNP = n-terminal pro brain 

natriuretic peptide, NYHA = New York Heart Association, * = statistically significant

Hazard ratio 95 % confidence interval p-value
n=635 Mortality shock Mortality shock Mortality shock
Age (per 10 yrs) 1.73 1.37 - 2.19 <0.0001*
LVEF (per 5%) 0.80 0.92 0.73 - 0.87 0.80 - 0.95 <0.0001* 0.0018*
History of AF 1.69 1.13 - 2.54 0.0110*
NT-pro-BNP (100ng/L) 1.46 1.15 - 1.84 0.0017*
NYHA functional class (>II) 1.73  1.16 - 2.58 0.0072*
eGFR (per 30 mL/min) 0.70 0.77  0.52 - 0.95 0.58 - 1.02 0.0236* 0.0700
Secondary prophylaxis 1.98  1.29 - 3.04 0.0017*
EP inducibility 1.86  1.19 - 1.90 0.0067*
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VT/VF was 277 ± 55 ms. MTWA gradings were available for final analysis in 493 patients 
(97%) with sinus rhythm. Of these, 347 (70%) were performed under exercise, another 
146 (30%) via atrial or biventricular stimulation. According to A rules, 28% (n = 140) were 
graded positive, 51% (n = 249) negative, and 21% (n = 104) indeterminate, respectively. 
Following B rules, 28% (n = 138) were positive, 57% (n = 282) negative, and 15% (n = 73) 
indeterminate, respectively.

Figure 1. Cumulative event-probability curves for mortality (A) and appropriate shock (B).
For each risk, the cohort is divided into three risk groups (low: two quintiles, intermediate: two quintiles, high: 

one quintile), the calculation is provided by separate risk scores for all-cause mortality and appropriate shock. 

The dashed lines indicate the cumulative event-probabilities after bootstrap bias correction.

Panel A: The mortality risk score provides excellent separation of low, intermediate, and high mortality 

risks. The low risk mortality group (two quintiles) shows an annualized risk of 0.5%. In contrast, the high risk 

mortality group (one quintile) features an annual risk of 11%. Within the latter patients, it can be expected that 

non-sudden cardiac deaths or non-cardiac deaths compete with the occurrence of ventricular arrhythmias. In 

particular, patients with a low predicted shock risk may not improve their prognosis wearing an ICD.

Panel B: The appropriate shock risk score provides good separation of low, intermediate, and high shock risks. 

The low risk shock group, a large group covering two quintiles and a number of 241 patients, has an average 

annual risk of 1.8%. Since a first appropriate shock does not always correspond with SCD (if the patient had not 

had an ICD) but only in 30–50%, this number corresponds to an SCD rate < 1%/yr. In patients with an estimated 

SCD rate < 1% annually, depending on age and other mortality factors independent of arrhythmias, omission 

of an ICD may be discussed. In contrast, the high risk group for shock (one quintile) features an average annual 

risk of ~8.5%, well qualifying the patient for an ICD with high survival benefit. In the intermediate risk of shock 

group (two quintiles), the risk is still ~4% annually, corresponding to maybe a 2% annual SCD rate. Therefore, 

patients in the intermediate risk group for shock, should probably also obtain an ICD as they derive ICD benefit, 

unless a very high competing risk of non-arrhythmic mortality can be seen from the mortality score.
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occurrence of endpoints

Over a follow-up of 4.3 ± 1.5 years, 96 (15.1%) patients received a first appropriate 
shock (annualized rate 3.9% per year). The cycle length of the primary arrhythmia 
leading to appropriate shock in a VT/VF episode was 255 ± 48 ms (minimum 170 ms, 
maximum 650 ms), 47% (n = 45) were delivered in the VF zone. Overall mortality was 
17.0% (n = 108, annualized rate 4.0% per year), and adjudicated as cardiac in n = 30 
(58%), n = 17 (32%) deaths were classified as non-cardiac. Classification of the mode of 
death was not possible in 5 cases.

Figure. 2. Distribution of patients to combinations of risk categories (low, intermediate, high) and their 
associated annualized mortality and shock risk.
Grey circles denote the frequencies of patients in the various categories. The orange and green bars denote 

the actual annualized shock and mortality risks in a category, respectively. For each risk, the cohort is divided 

into three risk groups (low: two quintiles, intermediate: two quintiles, high: one quintile), resulting in nine 

subgroups, of which seven have significant size. Annualized shock risk is found to be >10% per year in the 

highest quintile of the shock score and can coincide with both an intermediate (4.4% per year) and a high 

(10.2% per year) mortality. Annualized mortality risk is found to be >10% per year in the highest quintile of 

the mortality score and can coincide with both an intermediate (5.1% per year) and a high risk of appropriate 

shock.
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Risk prediction for mortality and appropriate shock and associated 
risk scores

Univariate predictors of mortality
Univariate Cox regression revealed age, LVEF, estimated glomerular filtration rate 

(eGFR), NYHA functional class, history of AF, ischemic heart disease, COPD, NT-pro-BNP, 
hs-CRP, non-negative MTWA, deceleration capacity (DC) and several parameters of HRT 
as strong clinical predictors of mortality (see Supplemental table 1 in Supplemental 
material). Strong predictors of mortality from Holter monitoring were deceleration 
capacity (DC), heart rate turbulence category, turbulence onset (TO), and turbulence 
slope (TS). From the 12-lead ECG, QRS width and QTc predicted mortality.

Univariate predictors of appropriate shock
Univariate clinical predictors of appropriate shock were LVEF, eGFR, COPD, 

NT-pro-BNP, intrinsic QRS, intrinsic QTc, and secondary prophylactic indication (see 
Supplemental table 2 in Supplemental material). Non-negative MTWA was a univariate 
predictor of appropriate shocks, the hazard ratio was 1.85 (CI 1.18–2.92, p = 0.007) for 
A rules, and 1.73 (CI 1.11–2.69, p = 0.015) for B rules, respectively. None of the Holter 
parameters were predictive of shock. In general, there were less significant predictors 
for shock as compared to mortality, and p-values were less significant.

Inducibility at EP study: univariate prediction
Inducibility at EP study was a significant predictor for appropriate shocks but not 

for mortality. Inducibility at EP study predicted appropriate shock similarly in patients 
with ischemic (HR 2.13, CI 1.15–3.92, p = 0.0155) or non-ischemic cardiomyopathies (HR 
2.03, CI 1.10–3.76, p = 0.0233), primary (HR 2.25, CI 1.24–4.09, p = 0.0080), or secondary 
prophylactic indication (HR 1.98, CI 1.07–3.68, p = 0.0294), respectively.

Multivariate risk models and risk score
The final mortality model (Table 2) involved 563 patients and 102 deaths, with 

8% (n = 53) missing values for NT-pro-BNP and 25% (n = 148) imputed values based on 
BNP.24 Missing values for all other parameters were below 3% with the exception of hs-
CRP (25%). The final appropriate shock model was based on 602 patients (Table 2). The 
respective risk scores are shown in Supplemental figure 2 in Supplemental material. 
Multivariate predictors of mortality were age, LVEF, NYHA functional class, eGFR, 
history of AF, and NTpro-BNP. Multivariate predictors of appropriate shock were LVEF, 
secondary prophylaxis, and inducibility at EP study. MTWA A rules missed inclusion in 
the multivariate shock model (p = 0.058), eGFR was only of borderline significance in 
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the final model (p = 0.070). The risk score for prediction of all-cause mortality featured 
a c-index of 0.811 (CI 0.757, 0.866) at 2 years, and 0.865 (CI 0.764, 0.966) at 6 years. The 
c-index for prediction of shock using the Fine and Gray model was 0.725 (CI 0.634, 
0.815) at 2 years of FU, and 0.691 (CI 0.612, 0.771) at 6 years, respectively. In a subgroup 
of primary prophylactic patients, statistically significant predictors identified in 
multivariate analyses including all patients for mortality (age, LVEF, NYHA) and shock 
(LVEF, inducibility) were very similar and had similar HR.

Individualization of risks: cumulative incidence curves by quintiles
In general, risk separation was excellent, as shown in Figure 1. A wide and very 

individual risk continuum was found for both risks. For instance, the lowest mortality 
quintile showed zero mortality and the lower two mortality quintiles a combined annual 
risk of <0.6% (Figure 1A). In the overall cohort, the lower two quintiles of patients (40%) 
of each respective risk exhibited very low risks (Figure 1A and B).

Correlation between risk scores
The risk of appropriate shock did not match well with the risk of all-cause 

mortality, as the sub-classification of low, intermediate, and high risk groups for each 
endpoint shows (Figure 2). Accordingly, the correlation between mortality score and 
shock score was only moderate (see Supplemental figure 3 in Supplemental material) 
with an r2 of 0.31 (r = 0.56, p < 0.001), i.e. 69% of their variation explained by other factors.

discussion

Main findings

This prospective study in a large ICD patient cohort with guideline-based 
indications for ICDs in primary and secondary prevention of SCD aimed to identify a 
differential multivariate risk stratification strategy targeted at predicting either mortality 
or ICD shocks. To our knowledge, this is the first head-to-head comparison of multiple 
diagnostic risk factors for this particular aim of predicting ICD shocks in comparison 
to all-cause mortality. We showed that a very good approximation of the risk of ICD 
shocks versus total mortality was possible after development of differential risk scores. 
For the prediction of all-cause mortality, a typical selection of parameters showed high 
accuracy. For prediction of ICD shocks, inducibility at EP study was an excellent, specific 
and independent clinical test in addition to LVEF, it was not associated with all-cause 
mortality. For individual patients, higher mortality risk did not necessarily represent 
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higher appropriate shock risk, and vice versa. Different combinations of mortality and 
shock risk suggest different ICD survival benefit, which could be assessed when the 
implantation of an ICD is considered.

Predictors of outcomes including shocks in ICd patients

In univariate analysis, we confirmed typical risk factors for mortality in our ICD 
cohort of 635 patients (and with an excellent c-index). The only multivariate factor 
predicting both shock and mortality was LVEF. Risk factors for mortality have been 
described in very large ICD registries27,28 as well as heart failure registries,29,30 and were 
fully confirmed in our study. Only few studies have reported predictors of ICD shock, 
but rather predictors of presumed arrhythmic mortality or SCD. Our data demonstrates 
that risks of mortality and shock have to be considered separately in ICD recipients. Lee 
et al.31 recently reported simultaneous shock and mortality predictors from baseline 
variables, however, they did not perform additional diagnostic testing and the number 
of identified patients with a presumed low ICD benefit was <10% of patients. We found 
similar hazard ratios regarding prediction of appropriate shock, for instance for eGFR 
as the best clinical baseline shock predictor in our study. Adding specific EP diagnostic 
tests, we showed that EP stimulation and MTWA outperformed the baseline parameters, 
and the group of patients that could be defined to have marginal ICD benefits as well 
as a clearly high benefit was considerably larger than in the paper by Lee et al.31 The 
value of Holter parameters to predict appropriate shock was clearly disappointing. We 
identified a group of 40% of our patients (two quintiles) characterized by a low annual 
appropriate shock rate of ≈1.8%. This shock rate can be translated to a risk of SCD <1.0% 
per year had the patient not been implanted an ICD.32 We also identified a large group of 
≈20% of all patients who had a predicted ≈11% annual shock rate associated with low to 
intermediate mortalities of ≈3–9%, likely resulting in a very high ICD benefit. In between 
these two well defined groups with low (≈40% of patients) or high (≈20% of patients) 
shock risk, there is still a large number of patients with intermediate combinations 
of the two risks calling for individualization of risk versus benefit of the ICD in a given 
patient. On this part, our study is hypothesis-generating and needs confirmation. As 
expected, secondary prophylaxis was identified as an independent predictor of shocks, 
underscoring the good indication of ICD therapy in these patients. As MTWA and heart 
rate turbulence cannot be assessed in AF, we derived additional models applicable only 
to patients in sinus rhythm. In the respective model for appropriate shock, MTWA closely 
missed the final model (p = 0.058). Thus, it was possible to calculate a final shock model 
with variables that were available in all patients. Similarly, for mortality, there was also 
one final model for all patients, as there was no independent parameter measurable 
only in sinus rhythm.



EU-TrigTreat clinical study

83

4

Predictive value of eP study versus MTWA in ICd patients

We showed that EP and MTWA testing do have value for the identification of 
arrhythmic risk in an individual patient. Indeed, upon univariate analysis, we found 
both tests to be good predictors of appropriate shock with HR of 2.15 for inducibility 
at EP study (p = 0.0009) and 1.85 for MTWA (p = 0.007). In general, predictors for 
shock were less common as compared to predictors of mortality. In the multivariate 
model for shock, inducibility at EP study had a HR of 1.86 (p = 0.007) and was the only 
diagnostic test specific for the prediction of appropriate shock. In comparison, MTWA 
(p = 0.058) missed inclusion in the multivariate model. Our results are in line with the 
ABCD trial18 where EP study and MTWA were directly compared. From our data, PVS is 
clearly recommended over MTWA when estimating the risk of appropriate shock in an 
ICD patient. EP stimulation has been historically recommended to assess the risk of 
malignant ventricular arrhythmias33,34 in case of the need for risk stratification. It has 
been involved in the first evidence-based indications for prophylactic ICD therapy,35–37 
EP stimulation was by far the best diagnostic test for shock prediction in our study. 
This is in line with its proven value in assessing risk of SCD in patients after myocardial 
infarction and with ischemic cardiomyopathy37–39 as well as other guideline indications. 
Its value was similarly high in non-ischemic cardiomyopathy patients. MTWA as a non-
invasive test failed to be considered for the final multivariate model.

Future outlook

After publication of the DANISH study, European ICD guideline indications require 
an update including this landmark trial.5 Meanwhile, ESC and EHRA have proposed the 
RESET-SCD trial, a randomized trial reassessing the benefit of primary prophylactic 
ICD therapy in ischemic cardiomyopathy, without additional risk stratification.8 We are 
convinced that the overall group of ischemic cardiomyopathy patients may contain 
patients that derive clear benefit from the ICD, as identified by subgroups of significant 
size in the current study. New randomized studies should therefore enroll patients with 
presumed borderline survival benefit from ICD therapy. For identification, risk markers 
such as those from our current study could be utilized. The data of large observational 
ICD studies such as the prospective EU-CERT-ICD-study (NCT 02064192) and the Dutch 
DO-IT study40 will become available in the second half of 2018 and can also influence the 
design of future randomized trials.

limitations

There are several limitations of our study. We included patients with primary 
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or secondary prophylactic indications and not necessarily undergoing de novo 
implantation, with the intent that the results apply to all ICD patients, and also late 
in their follow-up. Inclusion of 672 patients in four centers was consecutive regarding 
screening from the outpatient clinics. A common reason to opt for non-participation 
in the study was the EP stimulation with possible induction of arrhythmias. In the 
majority of patients, EP stimulation was done via ICD and from a single site. Noninvasive 
EP study has been described in other studies,41 and the diagnostic yield appears to be 
very similar to its invasive counterpart. Despite the simplified approach, EP stimulation 
was clearly the best diagnostic test to predict appropriate shock, and could not be 
replaced by MTWA or other risk stratifiers. Our predefined endpoint was appropriate 
ICD shock, it did not include anti-tachycardia pacing. It cannot be ruled out that some 
anti-tachycardia pacing episodes were clinically useful for the patient. The study 
group was convinced from the outset that anti-tachycardia pacing episodes would 
overestimate life-saving effects of the ICD.42 In the meantime, this was supported by 
the MADIT-RIT results where the conventional arm was treated with a large number 
of ATP but outcomes such as shock or mortality were not improved. Finally, we had a 
recommended, not mandatory ICD programming, which might have potentially biased 
the number of appropriate shocks.

Conclusion

Prospective and comprehensive risk stratification in a typical cohort of ICD 
patients achieved very accurate approximation of both mortality and ICD shock risk. 
Appropriate shock risk and all-cause mortality diverge in large subgroups. Different 
combinations of multivariate predictors were identified that differentiate the presumed 
individual ICD benefit. Among the available diagnostic tests, EP stimulation was an 
excellent predictor of shock risk not relating to all-cause mortality.
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supplemental material

Supplemental figure 1. CONSORT graph for patient enrolment, patients not considered for final 
analysis and clinical endpoints

672 pts enrolled

635 analyzable pts

527 (83 %) alive

75 (14 %) shock

108 (17 %) deceased

21 (19 %) shock

37 pts were excluded
from further evaluation
for the following
reasons:

- 32 pts without Holter
- 4 pts without echocardiogram
- 1 withdrawal of consent
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Supplemental table 1. Univariate Cox regression for prediction of mortality (unadjusted and adjusted 
for base model)
AF = atrial fibrillation, CI = confidence interval, COPD = chronic obstructive pulmonary disease, eGFR = estimated 

glomerular filtration rate, DC = deceleration capacity, HR = hazard ratio, HRT = heart rate turbulence, hs-CRP 

= high-sensitivity C-reactive protein, ICD = implantable cardioverter defibrillator, EP = electrophysiological, 

LVEF = left ventricular ejection fraction, MTWA = microvolt T wave alternans, PVC = premature ventricular 

contraction, nsVT = non-sustained ventricular tachycardia, NT-pro-BNP = n-terminal-pro-brain natriuretic 

peptide, NYHA = New York Heart Association functional class, SDNN = standard deviation of RR intervals, 

RMSSD = mean square root of mean of squared differences between normal-to-normal RR intervals.

unadjusted adjusted
Variable n p-value HR CI p-value HR CI
Age (per 10 years) 635 <0.0001 2.20 1.79-1.2,71
LVEF (per 5%) 635 <0.0001 0.74 0.68-0.81
NYHA >2 635 <0.0001 2.65 1.82-3.86
eGFR (per 30 ml/min) 623 <0.0001 0.45 0.35-0.58
Male gender 635 0.0749 1.60 0.93-2.76
Ischemic vs. non-ischemic 634 0.0330 1.73 1.04-2.22
Secondary prevention 634 0.0211 0.61 0.40-0.94
History of AF 622 <0.0001 4.02 2.56-6.31
COPD 635 0.0001 2.78 1.75-4.55
NTproBNP/BNP (per 100 ng/l) 582 0.0016 1.46 1.23-1.73 0.0155 1.46 1.16-1.84
 hs-CRP (per 10 mg/dl) 477 0.0013 1.62 1.29-2.05
ICD chambers (dual vs. CRT; single 

vs. others)
635 <0.0001

0.62; 

1.99

0.37-1.02; 

1.30-3.05
0.0346

0.55; 

1.00

0.32-0.91; 

0.64-1.56
Intrinsic QRS (per 10 ms) 535 0.0007 1.13 1.05-1.20 0.3650 1.04 0.96-1.12
Intrinsic QT interval (per 10 ms) 535 0.433 1.02 0.98-1.06 0.3960 0.98 0.94-1.03
Intrinsic QTc interval (per 10 ms) 535 0.0362 1.05 1.005-1.10 0.9000 1.00 0.95-1.05
Inducibility on EP testing 616 0.4280 1.21 0.76-1.93 0.9900 1.00 0.61-1.63
MTWA (A rules) 493 0.0125 1.82 1.13-2.93 0.9020 1.03 0.63-1.70
MTWA (B rules) 493 0.0113 1.82 1.14-2.90 0.8240 1.06 0.65-1.72
Holter mean heart rate (per 10 

bpm)
634 0.1930 1.14 0.94-1.39 0.0780 1.21 0.98-1.49

Holter PVC/24h (per 100 / 24h) 632 0.6580 1.00 1.00-1.00 0.8640 1.00 1.00-1.00
Holter nsVT/24h 632 0.1640 0.98 0.94-1.02 0.3710 0.98 0.95-1.03
Holter SDNN (per 10 ms) 470 0.0075 0.92 0.86-0.98 0.7900 0.99 0.92-1.06
Holter RMSSD (per ms) 473 0.6980 0.83 0.31-2.22 0.7450 0.85 0.31-2.32
Holter DC (per ms) 474 0.0022 0.96 0.94-0.98 0.2450 0.98 0.95-1.01
Holter HRT category (abnormal) 434 <0.0001 3.95 2.06-7.57 0.036 2.05 1.00-4.17
Holter HRT onset (%) 434 0.0012 1.18 1.08-1.28 0.074 1.12 1.00-1.25
Holter HRT slope (ms/RR interval) 434 0.0001 0.88 0.81-0.95 0.282 0.96 0.90-1.04
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Supplemental table 2. Univariate Cox regression for prediction of appropriate shock (unadjusted and 
adjusted for base model)
AF = atrial fibrillation, CI = confidence interval, COPD = chronic obstructive pulmonary disease, eGFR = estimated 

glomerular filtration rate, DC = deceleration capacity, HR = hazard ratio, HRT = heart rate turbulence, hs-CRP 

= high-sensitivity C-reactive protein, ICD = implantable cardioverter defibrillator, EP = electrophysiological, 

LVEF = left ventricular ejection fraction, MTWA = microvolt T wave alternans, PVC = premature ventricular 

contraction, nsVT = non-sustained ventricular tachycardia, NT-pro-BNP = n-terminal-pro-brain natriuretic 

peptide, NYHA = New York Heart Association functional class, SDNN = standard deviation of RR intervals, 

RMSSD = mean square root of mean of squared differences between normal-to-normal RR intervals

unadjusted adjusted
Variable n p-value HR CI p-value HR CI
Age (per 10 years) 635 0.6970 0.97 0.98-1.01
LVEF (per 5 %) 635 0.0004 0.87 0.80-0.94
NYHA >2 635 0.5060 0.86 0.54-1.36
eGFR (per 30 ml/min) 623 0.0110 0.72 0.55-0.93
Male gender 635 0.4140 1.24 0.73-2.12
Secondary prevention 634 0.0051 1.78 1.19-2.66
Ischemic vs. non-ischemic 633 0.2040 1.30 0.87-1.95
COPD 635 0.0130 2.29 1.26-4.16
History of AF 622 0.7640 1.23 0.68-1.82 0.487 1.17 0.75-1.83
NTproBNP/BNP (per 100 ng/l) 582 0.3350 1.20 0.88-1.63 0.895 1.03 0.65-1.64
hs-CRP (per 10 mg/dl) 477 0.6710 0.90 0.53-1.51
ICD chambers (dual vs. CRT, single 

vs. other)
635 0.8880

1.12; 

1.03

0.71-1.75;  

0.60-1.78
0.7590

1.17; 

1.17

0.74-1.86; 

0.66-2.11
Intrinsic QRS (per 10 ms) 535 0.0306 1.08 1.01-1.15 0.1140 1.06 0.99-1.14
Intrinsic QT (per 10 ms) 535 0.0736 1.04 1.00-1.08 0.1110 1.04 0.99-1.14
Intrinsic QTc (per 10 ms) 535 0.0208 1.06 1.00-1.11 0.0886 1.05 0.99-1.10
EP inducibility 616 0.0009 2.15 1.40-3.30 0.0101 1.84 1.18-2.89
MTWA (A rules) 493 0.0068 1.85 1.18-2.92 0.0592 1.58 0.98-2.56
MTWA (B rules) 493 0.0152 1.73 1.11-2.69 0.1100 1.46 0.92-2.32
Holter mean heart rate (per 10 

bpm)
634 0.1990 0.87 0.70-1.08 0.1580 0.85 0.68-1.07

Holter PVCs/24h (per 100 / 24h) 635 0.2880 1.00 1.00-1.00 0.281 1.00 1.00-1.00
Holter nsVT/24h 635 0.9870 1.00 0.99-1.01 0.9120 1.00 0.98-1.01
Holter SDNN (per 10 ms) 470 0.6850 1.01 0.96-1.07 0.4310 1.03 0.96-1.09
Holter RMSSD (per ms) 473 0.9110 1.00 0.99-1.01 0.9240 1.00 0.99-1.01
Holter DC (per  ms) 474 0.0896 0.97 0.95-1.00 0.2140 0.98 0.95-1.01
Holter HRT category (TO or TS 

abnormal, TO/TS abnormal)
434 0.2610

1.52; 

1.49

0.87-2.64;   

0.78-2.85
0.2580

1.60; 

1.60

0.87-2.93; 

0.78-3.30
Holter HRT onset (%) 434 0.4470 1.04 0.94-1.16 0.7230 1.02 0.91-1.15
Holter HRT slope (ms/RR interval) 434 0.2640 0.97 0.92-1.02 0.3790 0.97 0.91-1.04
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Supplemental figure 2. Risk scores for risk of all-cause mortality and risk of appropriate ICD shock

Mortality score:
0.0547 x age -0.0452 x lvef + 0.548*nyha – 0.0117*egfr + 0.527 x afib + 0.0000376 x ntprobnp

shock score:
-0.0268 x lvef - 0.00883 x egfr + 0.684 x prevention + 0.619 x inducibility

risk score value for mortality (r=0.56, p<0.001)

Supplemental figure 3. Correlation scatter plot for calculated risk score values of appropriate shock vs. 
calculated 
Horizontal and vertical lines depict the low, intermediate, and high risk values of each score. The Figure shows 

that the correlation is at best moderate despite mathematical significance. Thus, all-cause mortality risk does 

not coincide well with appropriate shock risk. Individually, a low risk of appropriate shock does occur with a 

high competing risk of death limiting the effectiveness of ICD therapy in a given patient (lower right quadrant). 

Vice versa, individual patients can be identified with fairly high risks of appropriate shock and concomitant 

moderate risks of death (upper left quadrant). These individuals are expected to have a higher life-prolonging 

effect of their ICD therapy, i.e. higher ICD benefit 



EU-TrigTreat clinical study

93

4





Chapter 5 
editorial:
do women have less repolarization 
reserve compared to men? 

David J. Sprenkeler, Mathilde Rivaud, Marc A. Vos

Department of Medical Physiology, University Medical Center Utrecht, Utrecht, the 
Netherlands

Heart Rhythm. 2017 Jan;14(1):96-97.



96

Chapter 5



Do women have less repolarization reserve compared to men?

97

5

do women have less repolarization reserve compared to men?

Female sex is a well-known risk factor for long QT syndrome, as has been 
demonstrated for congenital1,  drug-2,   and acquired AV block–induced3 long QT 
syndrome. In this issue of Heart Rhythm, Chorin et al.4  question the original explanation 
that this finding is attributable to longer QTc in women, both at baseline and/or after a 
proarrhythmic challenge. 

Before debating these enlightening findings, we consider it important to explain 
the existing paradigm for the occurrence of Torsades de Pointes (TdP) arrhythmias 
(Figure 1). These polymorphic ventricular tachycardias can surface due to an underlying 
ion channelopathy that renders the heart more susceptible to repolarization-dependent 
tachyarrhythmias. Ion channelopathies can arise from either inherited or acquired 
conditions leading to a decrease in the existing repolarization reserve. Sex differences  
are known to influence this reserve. When challenged with one or more hits, the 
repolarization reserve may no longer be sufficient and the heart must allow (triggered) 
beats, possibly leading to TdP arrhythmias. This paradigm is also followed by Chorin et 
al.4 : their final hit is the sudden occurrence of AV block leading to severe bradycardia 
setting the stage for TdP, which occurred more often in women (30% vs 8.5%*).

Chorin et al.  should be complimented for their detailed examination of the 
collected data from 250 persons acutely experiencing AV block. Two questions emerge 
after careful assessment of the article: 1. how can repolarization reserve be determined; 
and 2. at what age do patients (specifically women) suffer from these arrhythmias? 

Repolarization reserve is currently measured/estimated using the QTc time 
at baseline or in the period of the final hit before TdP. QT interval is indeed related to 
arrhythmogenicity but unfortunately lacks sensitivity and specificity. In this study, both 

↓repolarization reserve

genetic

Torsade de Pointes

heart diseaseion channelopathy

sex hormones

drugs

anesthesia

electrolytes

adrenergic 
stimulation

other

bradycardia

Figure 1. The pathogenesis of TdP
Repolarization reserve describes the 
redundancy in currents to maintain 
normal repolarization. A reduction of 
repolarizing currents, either due to 
genetic or acquired disease, creates an 
ion-channelopathy. In combination with 
sex hormones (estrogen), repolarization 
reserve is reduced, making the 
heart vulnerable to arrhythmogenic 
challenges. Factors such as certain drugs, 
adrenergic stimulation, anesthesia, 
electrolyte disturbances or bradycardia, 
will act as the final ‘hit’ on repolarization, 
resulting in TdP. 
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parameters are determined, and Chorin et al. showed that women have longer QTc at 
baseline (462 ± 89 ms vs 437 ± 82ms*) but not during bradycardia (the final hit) (553 ± 82 
ms vs 602 ± 69 ms). 

Therefore, other electrophysiological parameters, such as the QT variability 
index (QTVI) and short-term variability of repolarization (STVQT), have been suggested 
to better predict arrhythmia occurrence. 

In the past, we manually determined baseline STVQT in 2 groups of long QT 
patients. Both in inherited long QT (6.4 ± 3.2 ms vs 4.1 ±1.6 ms* with the largest values in 
the group with the highest risk [9 ± 4 ms])5 and in drug-induced long QT (8.1 ± 3.7 ms vs 
3.6 ± 1.3* ms)6, we showed that STVQT baseline was increased. In the EUTrigTreat study, 
we determined STVQT at baseline in patients receiving an Implantable Cardioverter–
Defibrillator (ICD) and related the values to sudden cardiac death or (appropriate) ICD 
shock.7 STVQT was higher in women compared to men (1.13 ± 0.06 ms vs 1.02 ± 0.03 ms*), 
indicating, but not proving, that women have less repolarization reserve. 

Modulation of cardiac ion channels by sex hormones has been shown to be 
one of the main causes of sex differences in long QT–induced TdP. Observations in 
animal models demonstrated that estradiol prolongs the action potential by inhibiting 
IKr and stimulating ICa-L.8,9 On the other hand, progesterone and testosterone exert 
an antiarrhythmic effect by increasing the repolarization currents IKs and IK1. After 
menopause, both progesterone and estradiol levels decline, but, although progesterone 
decreases to unmeasurable levels, a small estradiol concentration persists due to 
extraglandular estrogen production by adipose tissue. This new (im)balance influences 
repolarization reserve. In patients with long QT syndrome type 2 (in which IKr is 
reduced), an increase in arrhythmic events was seen after the onset of menopause.10 
The already diminished repolarization reserve was further reduced by the IKr blocking 
effect of estradiol without the protective effects of progesterone, resulting in TdP. In 
the study by Chorin et al., the age that AV block (and TdP) occurred was 75 years, which 
implies a high percentage of postmenopausal women with already reduced IKr. It has 
also been shown that KATP channel expression is reduced in aging women, but not in 
men, thereby participating in reducing repolarization reserve.11 Bradycardia is the final 
hit on repolarization, resulting in TdP. However, that is not the “take home message” of 
this article. It is clear that in cases of acquired AV-block, the QT interval (at bradycardia) 
should not be the only parameter guiding temporary pacemaker therapy in women. 
The risk of TdP becomes unacceptably high at much shorter QT intervals in women than 
(first) anticipated. 

* p < 0.05
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Abstract

Objective: Short-term variability of the QT interval (STVQT) is associated with an 
increased risk of ventricular arrhythmias. We aimed at investigating (a) whether STVQT 
exhibits a circadian pattern, and (b) whether such pattern differs between patients with 
high and low arrhythmia risk.
Methods: As part of the ongoing EU-CERT-ICD study, 24h high resolution digital 
ambulatory 12-lead Holter recordings are collected prior to ICD implantation for primary 
prophylactic indication. Presently available patients were categorized based on their 
arrhythmia score (AS), a custom-made weighted score of the number of arrhythmic 
events on the recording. STVQT was calculated every hour in 30 patients of which 15 and 
15 patients had a high and a low AS, respectively.
Results: The overall dynamicity of STVQT showed high intra- and inter-individual 
variability with different circadian patterns associated with low and high AS. High AS 
patients showed a prominent peak both at 08:00 and 18:00. At these times, STVQT was 
significantly higher in the high AS patients compared to the low AS patients (1.22 ± 0.55 
ms versus 0.60 ± 0.24 ms at 08:00 and 1.12 ± 0.39 ms versus 0.64 ± 0.29 ms at 18:00, both 
p < 0.01).
Conclusion: In patients with high AS, STVQT peaks in the early morning and late 
afternoon. This potentially reflects increased arrhythmia risk at these times. Prospective 
STVQT determination at these times might thus be more sensitive to identify patients at 
high risk of ventricular arrhythmias.
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Introduction

Sudden cardiac death (SCD) due to ventricular arrhythmias remains an important 
health problem, accounting for approximately 50% of total cardiovascular mortality.1 
Prophylactic implantation of Implantable Cardioverter-Defibrillators (ICD) has shown 
to reduce mortality in patients with a reduced left ventricular ejection fraction (LVEF).2,3 
LVEF reduction is presently used in international guidelines as a class I indication for 
ICD implantation in patients with left ventricular dysfunction.4 However, LVEF lacks 
sensitivity and specificity of patients stratification, since a large proportion of patients 
suffering from sudden cardiac arrest have a LVEF above the 35% cut-off.5 Furthermore, 
in recent registries of ICD recipients, the incidence of appropriate shock 6,7 was found 
substantially lower than that reported in the original MADIT II and SCD-HeFT trials,2,3 
possibly explained by improved pharmacological heart failure treatment and ICD-
programming algorithms. Consequently, up to two thirds of ICD recipients will never 
receive an appropriate ICD shock during their lives,8 indicating that more accurate 
characterization of a patient at high SCD risk is urgently needed.  In the search for better 
risk assessment, ECG-derived risk parameters are continuously investigated since the 
ECG is an inexpensive, easy to use, and widely accessible non-invasive tool.

Short-term variability of the QT interval (STVQT) is a relatively new ECG-based 
parameter that captures repolarization instability in 30 consecutive beats.9  An increased 
STVQT was shown in patients with drug-induced and congenital long QT syndrome and 
in patients with non-ischemic heart failure with a history of ventricular arrhythmias.10–12  
Presently, the predictive value of STVQT is further evaluated in the primary prevention 
ICD population as part of the EUropean Comparative Effectiveness Research to assess the 
use of primary prophylacTic Implantable Cardioverter Defibrillators (EU-CERT-ICD) study. 
In contrast to previous studies in which STVQT was measured in 2-minute 12-lead ECG 
recordings, the EU-CERT-ICD study uses high resolution 24-hour Holter recordings for 
STVQT analysis. The use of long-term recordings leads to the question of when to take a 
30-beat sample during the 24 hours of the recording.

Yet, little is known about the STVQT changes during the day and/or whether the 
circadian pattern of STVQT is different in patients at low and high SCD risk. If such a 
difference exists, calculation of STVQT at a certain time of the day might increase the 
sensitivity and specificity of this parameter in identifying the patients at risk. Therefore, 
as a methodological pilot study of EU-CERT-ICD, we aimed at investigating (a) whether 
STVQT exhibits a circadian pattern and (b) whether this pattern differs between high and 
low risk patients.
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Materials & methods

study design

The EU-CERT-ICD study is a currently enrolling prospective, multicenter, 
observational study (NCT 02064192) that aims to assess electrocardiographic 
parameters for prediction of all-cause mortality and appropriate ICD shocks. The 
study plans to recruit 2500 patients with ischemic and non-ischemic cardiomyopathy 
fulfilling the international treatment guidelines criteria for primary prophylactic ICD 
implantation.13 Patients who are candidate for cardiac resynchronization therapy 
(CRT) or secondary  prophylactic ICD are excluded. The protocol was approved by the 
institutional review board or ethics committee at each participating hospital and was 
in compliance with the Declaration of Helsinki. All patients provided written informed 
consent. 

Clinical characteristics including age, sex, race, NYHA class, comorbidities and 
cardiovascular drug treatment are collected at baseline. Prior to ICD implantation, 
all patients also undergo a 24-hour 12-lead digital Holter recording using the SEER 12 
recorder programmed at 1024 Hz sampling frequency (Getemed, Teltow, Germany). In 
addition to STVQT, other ECG-derived parameters, including microvolt T wave alternans, 
heart rate variability, heart rate turbulence, and T wave morphology will be prospectively 
assessed for the risk stratification purposes. In the current methodological pilot study, 
STVQT of 30 cardiac cycles was determined at the beginning of every hour during the 24h 
recording in a subpopulation of already enrolled patients.

Measurement of sTVQT

STVQT was determined in lead V2 and was calculated using the method of fiducial 
segment averaging (FSA).14 First, each QRS complex was aligned around a trigger point 
(usually the R peak) by cross correlating each individual complex with the average of 
the other complexes and then shifted until maximal correlation was achieved. Next, 
the different fiducial points, i.e. the QRS onset and the end of T wave, were aligned 
separately by the same technique using a segment of 30 samples around the fiducial 
point. Correct alignment was checked visually by one of the authors (D.S.) and manually 
adjusted where necessary. The advantage of our custom-made software is that the 
program preserves the amount of shifting for each individual beat and thus the QT 
interval of each beat can be derived from the individual fiducial point estimates. 

Using Poincaré plots, the QT interval of each complex was plotted against 
the former. STVQT was defined (as proposed by Thomson et al.15) as the mean 
orthogonal distance of the points to the line of identity, calculated by the formula 
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 ,  where D represents the QT interval. Ventricular and 
atrial premature complexes together with the following post-extrasystolic beat were 
excluded from the analysis. In addition to STVQT, both the RR interval and QT interval of 
the 30 beats were measured automatically. 

endpoints

No definite endpoints, e.g. all-cause mortality or appropriate ICD shocks, are 
presently known. Nevertheless, previous studies have shown that the presence of 
non-sustained ventricular tachycardia (nsVT) and/or a high frequency of premature 
ventricular complexes (PVC) are independent predictors of SCD and/or appropriate ICD 
shocks.16,17 Therefore, to differentiate between high and low risk patients, the number 
of arrhythmic events on the Holter recording was used as a surrogate endpoint. A 
custom-made arrhythmia score (AS) was designed for this purpose and described 
in Table 1. Arbitrarily and solely for the purposes of this methodological pilot study, 
patients were classified based on their AS into three groups: low AS (< 100 points/24h), 
moderate AS (between 100 and 1000 points/24h) and high AS (>1000 points/24h). Only 
low AS and high AS patients were included in the present methodological study in order 
to differentiate clearly between low and high arrhythmia risk.  

statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). Repeated 
analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons was 
used for within group analysis. Between-group analysis was performed using a two-
tailed Student’s t-test assuming different variances.  Pearson’s correlation coefficients 
were used for correlation analyses. Calculations were performed using SPSS (version 
23, IBM). A p-value < 0.05 was considered as statistically significant.

Table 1. Arrhythmia score (AS)
AS is defined as the sum of the points per 24 hours

Arrhythmic event points
Single PVC 1
Couplet 2
Triplet 3
Bigeminy 4
Non-sustained VT (> 3 complexes) 5
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Results

Out of the EU-CERT-ICD Holter database, AS was assessed for already enrolled 
patients. Patients with atrial fibrillation, less then 23 hours of noise-free recording or 
flat T waves in the precordial leads were excluded. A total of 30 patients were selected 
based on their AS, of which 15 and 15 patients had a high and low AS, respectively.

Baseline criteria

Table 2 shows baseline characteristics of the patients included in the analysis. 
The mean age was 60 ± 2 years and 80% were men. Patients with high AS appeared to 
be slightly but not significantly older compared to the low AS patients (p = 0.06). A slight 
majority of patients had ischemic cardiomyopathy (53%) with a mean left ventricular 
ejection fraction of 27% ± 1%. Significantly more patients in the high AS group had 
hypertension. The use of heart failure medications was not different between the two 
groups.

Table 2. Baseline characteristics of study cohort (n = 30)
Mean ± SEM or N (%) * p < 0.05 high AS vs low AS.  AS = arrhythmia score; DCM = dilated cardiomyopathy; ICM 

= ischemic cardiomyopathy; NYHA = New York Heart Association; ACEi = ACE-inhibitor; ARB = angiotensin II 

receptor blocker; MRA = mineralocorticoid receptor antagonist.

low AS ( n =15) high AS (n = 15) Total (n = 30)
Age,  years 55.8 ± 3.4 64.3 ± 2.4 60.1 ± 2.2
Sex
Female 3 (20%) 2 (13.3%) 5 (17%)
Male 12 (80%) 13 (86.7%) 25 (83)
Leading cardiac disease
DCM 7 (46.7%) 6 (40%) 13 (43%)
ICM 8 (53.3%) 9 (60%) 17 (57%)
LVEF, percentage 26.8 ± 1.7 27.0 ± 1.7 26.9 ± 1.2
NYHA
  I or II 11 (73%) 9 (60%) 20 (67%)
  III 4 (27%) 6 (40%) 10 (33%)
Smoking 11 (73.7%) 10 (66.7%) 21 (70%)
Diabetes mellitus 5 (33.3%) 7 (46.7%) 12 (40%)
hypertension 4 (26.7%) 13 (86.7%)* 17 (57%)
Beta-blocker 14 (93.3%) 14 (93.3%) 28 (93%)
ACEi/ARB 15 (100%) 13 (86.7%) 28 (93%)
MRA 12 (80%) 15 (100%) 27 (90%)
statin 12 (80%) 11 (73.3%) 23 (77%)
Class I or III antiarrhythmic drugs 1 (6.7%) 2 (13.3%) 3 (10%)
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Figure 1. Circadian pattern of RR- and QT interval.
A) mean ± SEM at beginning of every hour of total cohort (n = 30). Significant higher values are seen at night 

compared to during the day.  * = p< 0.05 compared to 0:00. B) Mean ± SEM at beginning of every hour of low 

AS-group (blue line, n = 15) and high AS group (red line, n = 15). No significant differences are found in the 

circadian pattern of RR interval or QT interval between low and high AS group. 

Circadian pattern of RR and QT

The circadian profile of RR- and QT-intervals is shown in Figure 1. As expected, 
both show higher values at night with a peak at 04:00, a clear drop in the morning and 
significantly lower values during the day. No significant differences were found in RR 
interval between the low AS and high AS group (Figure 1B). The QT interval of the high 
AS appeared to be slightly but not significantly longer than that of the low AS group 
during the day. 

Circadian pattern of sTVQT

No clear circadian pattern of STVQT was found in the total cohort. Nevertheless, 
two small non-significant peaks are visible at 08:00 and 18:00 (Figure 2).  A high intra- 
and inter-individual variability of STVQT was seen, mainly in the high AS group (Figure 
3). A different hour-by-hour behavior of STVQT was seen in the low AS-group and high 
AS-group (Figure 4). While the low AS patients showed a more-or-less stable STVQT 
during the day with low variability, high AS patients showed significant STVQT peaks (p 
< 0.05) at 08:00 and 18:00. At these time points, STVQT was significantly higher in high 
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AS patients compared to low AS patients (1.22 ms ± 0.55 ms versus 0.60 ms ± 0.24 ms at 
08:00 and 1.12 ms ± 0.39 ms versus 0.64 ms ± 0.29 ms at 18:00, both  p < 0.01). At other 
time points, 07:00, 12:00 and 16:00, STVQT was also increased in the high AS group, but 
the differences were less expressed. At several time points, especially during the night, 
STVQT did not differ between the low and high AS groups.

discussion

The presented results show (a) intra- and interindividual variability of STVQT, and 
(b) distinct STVQT peaks in the early morning and late afternoon that are not seen in 
the low AS patients. Interestingly, at both of these time points the QT interval was the 
shortest. In previous animal studies, a positive relation was found between STV and 
action potential duration (APD) with higher STV at longer APD.18 This can be explained 
by the absolute increase in APD variation at longer APD and does not reflect higher 
repolarization instability.  Nevertheless, the opposite was found in the high AS patients 
in the current study: the highest STVQT was seen when QT interval was the shortest. This 
implies that an independent pro-arrhythmic component might be partly responsible 
for this STVQT increase.

In previous clinical studies on STVQT, a 2-minute ECG was taken at arbitrary 
during day-time hours. Nevertheless, as we have shown, the discriminative power 
of STVQT varies substantially between 8.00 and 17:00. For instance, in the data of this 
patient subpopulation, samples taken around 14:00 or 15:00 would be less useful for 
the distinction between the low and high AS groups. It seems plausible to propose that 
sampling at the time points of 8:00 or 18:00 might increase the predictive capabilities 
of STVQT.

Figure 2. Circadian pattern of sTVQT. 
Mean± SEM at beginning of every 

hour of total cohort (n = 30). No clear 

circadian pattern is found, however, 

two non-significant peaks at 08:00 

and 18:00 can be discerned. 

00
:00

01
:00

02
:00

03
:00

04
:00

05
:00

06
:00

07
:00

08
:00

09
:00

10
:00

11
:00

12
:00

13
:00

14
:00

15
:00

16
:00

17
:00

18
:00

19
:00

20
:00

21
:00

22
:00

23
:00

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Time

ST
V Q

T (
m

s)

Circadian pattern of STVQT



Circadian pattern of STV of the QT interval in primary prevention ICD patients

109

6

00
:00

01
:00

02
:00

03
:00

04
:00

05
:00

06
:00

07
:00

08
:00

09
:00

10
:00

11
:00

12
:00

13
:00

14
:00

15
:00

16
:00

17
:00

18
:00

19
:00

20
:00

21
:00

22
:00

23
:00

0.0

0.5

1.0

1.5

Time

ST
V Q

T (
m

s)

Circadian pattern of STVQT
low AS high AS

*§
*§

§ §§

Figure 4.  Circadian pattern of sTVQT in As subgroups. 
Mean ± SEM at beginning of every hour  in low AS (blue line, n = 15) and patients with high AS (red line, n = 15). 

* p < 0.05 compared to 0:00; § p <0.05 compared to low AS. STVQT peaks at 08:00 and 18:00 in high AS patients, 

but is stable during the day in low AS patients. 
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Figure 3. Circadian pattern of sTVQT in individual patients. 
Individual patients in low AS group (left) and high AS group (right). High inter- and intraindividual variability can 

be seen, which is more pronounced in the high AS group. 

sTVQT as a marker of arrhythmic risk

Finding a highly sensitive and specific ECG-derived parameter predictive 
for sudden cardiac death remains the holy grail in the field of electrocardiology. In 
particular, a risk stratification technique that identifies arrhythmic rather than overall 
mortality risk is urgently needed.  The most promising ECG-based risk parameters, such 
as microvolt T wave alternans 19 or QT-variability index (QTVI)20 are markers of abnormal 
repolarization and reflect the electrical substrate that predisposes to ventricular 
arrhythmias. However, none of these parameters have yet been incorporated into 
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clinical practice. STVQT has the advantage to reflect instability of repolarization on a 
consecutive basis and can be measured on 30 complexes instead of 256 complexes that 
are required to calculate QTVI. The method of fiducial segment averaging eliminates 
the problem of identification of the end of the T wave of every complex separately, 
therefore diminishes measurement error.14 STVQT has been investigated in a number 
of retrospective studies with a wide variety of populations that are at risk of SCD and 
shows potential for arrhythmic risk prediction. As part of the EU-CERT-ICD study this 
parameter will be evaluated prospectively in a large cohort of primary prophylactic ICD 
patients to further establish its role in risk stratification.

Circadian pattern of sTVQT resembles circadian profile of sudden 
cardiac death

Interestingly, the distinct peaks of STVQT in the early morning and late afternoon 
in the high AS patients resemble the circadian distribution of sudden cardiac death 
found in large population-based studies.21,22 These large studies found a peak between 
6:00 and noon and a secondary lower peak between 17:00 and 18:00. The same diurnal 
distribution was found in studies investigating the circadian variation of appropriate 
ICD shocks.23,24 The increased incidence of SCD in the morning may be linked to 
arousal-related increase of sympathetic tone, which might increase myocardial 
electrical instability and therefore decreases the threshold for ventricular fibrillation. 
In experimental studies, left stellate ganglion nerve activity (SGNA), which reflects 
discharge of the sympathetic nervous system, was reported to show similar circadian 
profile with a high peak in the early morning in dogs with pacing induced heart failure 
or experimentally induced myocardial infarction.25–27  SGNA increase was also shown to 
precede the occurrence of ventricular arrhythmia.28

QT variability and the autonomic nervous system

A relation between autonomic tone and higher beat-to-beat QT variability 
has previously been reported. Yeragani et al investigated the effect of posture and 
isoproterenol infusion on QT variability and described significantly higher QT variability 
in standing position and after the infusion of isoproterenol.29 Recently, a significant 
correlation was shown between elevated STVQT and parameters of sympathetic 
predominance in patients with impaired glucose tolerance.30  A study by Piccirillo et al. 
found a positive relation between the level of anxiety and a high QTVI.31 On the other 
hand, QT variability was significantly reduced after administration of metoprolol or 
carvedilol compared to placebo in patients with ischemic cardiomyopathy.32 Also, in a 
SGNA activity study, the dogs with high sympathetic activity showed significantly higher 
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QT variability index compared to dogs with low sympathetic activity.33 Noteworthy, this 
difference was only seen in the dogs with pacing-induced heart failure. Although all 
these studies used other QT variability expressions, it seems reasonable to expect the 
same differences for STVQT.

The increased beat-to-beat repolarization variability during high adrenergic 
drive might be caused by the autonomic nervous system effects during reduced 
repolarization reserve. In cellular experiments under baseline conditions, selective 
IKs blockade does neither increase repolarization variability nor result in arrhythmias 
because of compensatory effects of other repolarizing currents34. However, when 
β-adrenergic stimulation is added to IKs blockade, repolarization variability increases 
significantly and early and delayed afterdepolarizations start to occur. In our study 
population, i.e. patients with left ventricular dysfunction, a reduced repolarization 
reserve is likely, caused by downregulation of repolarizing currents.35 Sympathetic 
activity during arousal might thus exhaust the repolarization reserve explaining the 
STVQT rise. The reasons for the second peak in the late afternoon are more speculative. 
It might be related to periprandial changes in the autonomic modulation. 

limitations

The present study has important limitations. First, since it is a methodological 
pilot study, the sample size is small. Second, we used a custom-made score of the 
number of arrhythmic events on the Holter recording to categorize patients into high 
and low arrhythmic risk. Whilst this might reasonably correspond to some previous 
publications, we have no data on actual arrhythmic risk in these patients. A recent study 
by Seegers et al16 found a high number of premature ventricular complexes predicting 
appropriate ICD shocks but not all-cause mortality. Nevertheless, in a substudy of the 
Prospective Randomized Milrinone Survival Evaluation (PROMISE) trial, high burden 
of ventricular ectopy on Holter recordings predicted SCD.17 Finally, no continuous 
measurement of STVQT during the 24 hours was performed. The current method of FSA 
is semi-automatically which requires manual identification of fiducial points. Currently, 
a fully automatic  version is being developed and the first results show accurate STVQT 
measurements in simulated data.36

Conclusion

STVQT shows high intra- and interindividual 24-hour variability with peaks in the 
early morning and late afternoon in high AS patients. Studies on the circadian variation 
of SCD show a similar circadian profile. Determination of STVQT at these time point might 
be more sensitive in identifying the patient at risk. It is therefore plausible to propose 
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that the evaluation of the predictive power of STVQT in the EU-CERT-ICD study should 
concentrate primarily on these time points.
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Abstract

Background: In the chronic atrioventricular block (CAVB) dog model, beat-to-beat 
variation of repolarization in the left ventricle (LV) quantified as short-term variability 
of the left monophasic action potential duration (STVLVMAPD) increases abruptly upon 
challenge with a pro-arrhythmic drug. This increase occurs before the first ectopic 
beat (EB), specifically in subjects that demonstrate subsequent repetitive Torsades de 
Pointes arrhythmias (TdP). 
Objective: to demonstrate that STV is feasible for monitoring arrhythmic risk through 
the use of the intracardiac electrogram (EGM) derived from the right ventricular (RV) 
lead from pacemakers or Implantable Cardioverter-Defibrillators (ICD). 
Methods: 1) In 30 anesthetized, inducible (≥3TdP) CAVB dogs, STV of left and right 
ventricular monophasic action potential duration (STVLVMAPD and STVRVMAPD) were 
compared. 2) In prospectively enrolled CAVB dogs, STV of the activation recovery interval 
(ARI) derived from the RV EGM (STVRVARI) was measured before and after a challenge with 
dofetilide under anesthesia (2a, n=10) and cisapride under awake conditions (2b, n=8). 
Results: 1) Both STVLVMAPD and STVRVMAPD increased before the first EB (1.29 ± 0.58 ms to 
3.05 ± 1.70 ms and 1.11 ± 0.53 ms to 2.18 ± 1.43 ms, respectively (p=0.001). 2a) STVRVARI 
increased from 2.82 ± 0.33 ms to 3.77 ± 0.69 ms (p=0.001). 2b) Inducible subjects (4/8) 
showed an increase in STVRVARI from 2.65 ± 0.55 ms to 3.45 ± 0.33 ms (in the first hour, 
p=0.02) and 4.20 ± 1.33 ms (before the first EB, p=0.04)
Conclusion: Behavior of STV from the right and the left ventricle is comparable. 
STVRVARI increases significantly before the occurrence of an arrhythmia, in awake and 
anesthetized conditions. This can be integrated in devices to monitor arrhythmic risk.
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Introduction

Aside from Implantable Cardioverter-Defibrillators (ICDs) to terminate ventricular 
arrhythmias, additional pharmacological and electrophysiological treatments are still 
necessary to prevent arrhythmias and avoid (recurrent) ICD shocks. The question arises 
whether the ICD can also be used to monitor the risk of ventricular arrhythmias and to 
enable preventive strategies to intervene. 

The canine chronic atrioventricular block (CAVB) model, a model made sensitive 
to Torsades de Pointes arrhythmias (TdP) by inducing bradycardia and subsequent 
ventricular remodeling, is used to test antiarrhythmic drugs but also to gain a better 
insight in the (cellular) mechanisms of TdP. Comprehensive studies in the canine CAVB 
model showed that beat-to-beat variation in repolarization quantified as short-term 
variability of the left ventricular monophasic action potential duration (STVLVMAPD) is 
increasing abruptly before the occurrence of the first short coupled ectopic beat (EB), 
specifically in subjects that demonstrate subsequent multiple EBs and repetitive TdP.1 
Therefore this parameter may be feasible 1) to monitor arrhythmic risk continuously 
when integrated in devices and 2) to initiate preventive strategies when necessary.  
For example, pacing at higher rates is applied in patients with long QT syndrome 
and incorporated in the guidelines for device-based therapy of cardiac rhythm 
abnormalities.2–6 In the canine CAVB dog model, temporary accelerated pacing (TAP) 
is very effective in suppressing TdP, even when started at the moment of the first 
EB.7 Therefore STV could be used to guide TAP and prevent chronic pacing at higher 
rates, which can be detrimental for cardiac function.8 For this to be feasible in clinical 
practice, we would like to use the intracardiac electrogram (EGM) derived from the right 
ventricular (RV) lead to monitor STV, preferably on a 24/7 basis. To investigate if STV 
of the activation recovery interval (ARI) derived from the RV EGM accurately reflects 
arrhythmic risk, we performed:  1) A retrospective analysis to evaluate whether STV 
of the RV MAPD is comparable to the STV of the LV MAPD. 2) A prospective analysis to 
investigate the value of the STVRVARI derived from the RV EGM in anesthetic (2a) and 
awake (2b) conditions. 

Materials & methods

Animal handling was in accordance with the Dutch law on animal experiments 
and the ‘Directive 2010/63/EU of the European Parliament and of the Council of 22 
September 2010 on the protection of animals used for scientific purposes’ . The Animal 
Experiment Committee of the University of Utrecht approved all experiments. For 
the retrospective study (part 1), we collected recently performed experiments in 30 
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subjects from our database. For the prospective study (part 2) under anesthetic and 
awake conditions, 10 purpose-bred mongrel dogs of either sex (body weight 24 ± 3 kg, 
Marshall, New York) were instrumented and investigated.  

experiments

Anesthesia and creation of AV-block (part 1 and 2a)
Premedication consisted of methadone 0.5 mg/kg, acepromazine 0.5 mg/kg 

and atropine 0.02 mg/kg i.m. After 30 minutes, complete anesthesia was induced with 
pentobarbital sodium 25 mg/kg i.v. and maintained by isoflurane 1.5% in O2 and N2O, 
1:2. MAP catheters (Hugo Sachs Elektronik, March, Germany) were introduced via the 
femoral vein and artery to measure monophasic action potentials of the free wall of 
both left and right ventricle (LV MAP and RV MAP, respectively). In the initial experiment, 
complete atrioventricular (AV) nodal block was created by radiofrequency ablation 
of the proximal His bundle. The dogs were then let to remodel for at least 2 weeks on 
idioventricular rhythm (IVR).  

Implantation of an ICD (part 2)
In the prospective study, after creation of AV-block a pacemaker or ICD was 

implanted with one lead in the RV, which was turned off during remodeling.  

Inducibility challenge (part 1 and 2a)
During chronic AV-block, inducibility of TdP arrhythmias was tested by infusion 

of the IKr (the rapid component of the delayed rectifier potassium current) blocker 
dofetilide (0.025 mg/kg infused over 5 minutes). TdP was defined as a run of 5 or more 
short-coupled (occurring before the end of the T wave) ectopic beats, with polymorphic 
twisting of the QRS axis. The dog was considered inducible, when ≥3 TdP occurred in the 
first ten minutes after the start of infusion.

Part 1- comparison of electrophysiology in left and right ventricle

For this retrospective analysis, we used the ECG and MAP recordings of 30 subjects 
(12 male, 18 female) inducible after dofetilide challenge. In 16 subjects, experiments 
were performed during IVR and in 14 subjects during RV pacing at 60bpm (VVI60). 
Measurements were done before (baseline) and after administration of dofetilide 
(before the 1st EB).
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Part 2a – the RV egM for monitoring of arrhythmic risk under 
anesthetic conditions

Ten CAVB dogs (3 male, 7 female) were included in this prospective analysis.  
Measurements were done at baseline and before the 1st EB after administration of 
dofetilide. During the experiments, the subjects were paced from the RV at a rate of 
60bpm (VVI60) to stabilize focus and prevent severe bradycardia with concomitant 
blood pressure drop during anesthesia.

We calculated the correlations between baseline and dofetilide measurements 
of the RV MAPD and RV ARI and STVRVMAPD and STVRVARI.  Subsequently we measured the 
increase of both RV ARI and STVRVARI after administration of dofetilide, before the 1st 
EB, to assess the capacity of the RV EGM to monitor arrhythmic risk under anesthetic 
conditions. 

Part 2b– the RV egM to monitor arrhythmic risk under awake 
conditions

After a baseline measurement, eight subjects (1 male, 7 female), inducible with 
dofetilide under anesthesia, received 10-20 mg/kg cisapride (AST farma b.v, Oudewater, 
The Netherlands) orally in awake conditions. The EGM was recorded until 24 hours 
after administration of cisapride. In addition, 2-minute 6-lead ECGs were recorded 
every hour for the first ten hours. The ICD was programmed at ventricular fibrillation 
(VF) zone > 200 bpm with a VF detection window of 30/40 and a maximum of 3 shocks. 
During the experiments, all subjects had IVR. In case of an arrhythmia that needed ICD 
intervention, pacing at higher rates was initiated at VVI80 and gradually increased until 
VVI100. Additionally, flunarizine 2 mg/kg in 2 minutes was administered intravenously. 

Measurements

ECG intervals (RR, QRS, QT and Tpeak-Tend (TpTe)) and MAP signals were recorded 
with EP Tracer (Cardiotek, Maastricht, The Netherlands) with a sampling frequency 
of 1 kHz. ECG intervals were calculated from an average of 5 consecutive beats. The 
MAPs were analyzed in a semi-automatic manner with the AutoMAPD software in 
which the MAPD was determined using a user-defined template to assess the relevant 
fiducial points. The LV and RV MAPD were measured from the peak of the MAP until 
80% repolarization. The unipolar EGM (sampling frequency of 250 Hz, band pass filter 
0.5-50 Hz) was derived from the RV lead between can and tip, resampled to 400 Hz and 
analyzed offline with custom-made MATLAB software (Medtronic Bakken Research 
Center, Maastricht, The Netherlands and Mathworks, Natick, USA). This software uses 
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an overlay plot to discard deviating waveforms and aligns all complexes separately 
around the ARI onset and offset using the fiducial segment averaging method.9 The ARI 
was measured from the minimum dV/dt of the QRS complex to the maximum dV/dt of 
the T wave.  The STV of both MAPD and RV ARI over 31 beats were calculated using the 
following formula:  where D represents the determinant 
of repolarization (in this case the MAPD and ARI, respectively). Inducibility was defined 
as ≥ 3 TdP and/or one or more non self-limiting TdP that needed to be treated with 
defibrillation in a set timeframe after administration of the drug. An EB was considered 
short coupled when the coupling interval was <500 ms.

statistical analysis

Pooled data are expressed as mean ± standard deviation (SD). All comparisons 
of electrophysiological data were compared with a paired Student’s t-test. Correlation 
coefficients were calculated to measure the association between both baseline and 
the values prior to the first EB after administration of dofetilide. Pearson’s correlation 
coefficients were calculated for normally distributed variables and Spearman’s rank 
correlation coefficients for non-normally distributed variables. A p-value < 0.05 was 
considered as statistically significant. SPSS (version 23, IBM) was used for the statistical 
analysis. 

Results

Part 1: Comparison of the electrophysiology of the left and right 
ventricle

In the 30 inducible CAVB dogs, LV and RV MAPD at baseline were 282 ± 52 ms and 
252 ± 38 ms respectively. After administration of dofetilide these values increased to 
416 ± 107 ms and 337 ± 83 ms (p<0.001). STVLVMAPD increased from 1.29 ± 0.58 to 3.05 ± 
1.70ms and STVRVMAPD from 1.11 ± 0.53 ms to 2.18 ± 1.43 ms (p=0.001). In Figure 1 (panel 
A), significant correlations between the MAPs (left panel: Pearson’s r2 = 0,79 (p<0.001) 
and the STVs of the MAPD (right panel: Spearman’s r2 = 0,62 (p <0.01) in the left and right 
ventricle are shown. 

Part 2a: ARI derived from RV egM compared to RV MAP

In each of the ten included subjects two experiments under anesthesia were 
performed.  Of these 20 experiments, 13 could be used for this analysis. Experiments 
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Figure 1. Correlation between left and right ventricular monophasic action potential duration (MAPD) 
and between MAPD and activation recovery interval (ARI). 

A) Correlations between MAP in the left ventricle (LV) and right ventricle (RV). In the left panel, RV MAP is plotted 

against LV MAP.  In the right panel beat-to-beat variations in RV MAP and LV MAP quantified as short-term 

variability (STV), are plotted.  B) Correlations between measurements from the MAP and EGM in the RV.  In the 

left panel RV MAP is plotted against activation recovery interval (ARI) in the RV.  In the right panel STV RVMAPD and 

STV RVARI are plotted.  Correlation coefficients are shown in the left upper corner; P r2 = Pearson’s correlation 

coefficient, S r2 = Spearman’s correlation coefficient.  Grey circles = baseline, black squares = before the 1st EB 

after administration of dofetilide.

were excluded because RV ARI was not recorded (n=6) and RV MAP analysis (n=1) was 
not possible. For all 13 experiments one baseline and one dofetilide (before the first EB) 
measurement were done for RV MAPD and RV ARI at the same time. 

After administration of dofetilide, RV MAPD increased from 231 ± 22 ms to 309 
± 51 ms (p<0.001) and STVRVMAPD from 0.85 ± 0.49 ms to 1.47 ± 0.65 ms (p=0.01). RV ARI 
increased from 237 ± 18 ms at baseline to 341 ± 56 ms (p<0.001) and STVRVARI increased 
from 2.82 ± 0.33 ms to 3.77 ± 0.69 ms (p=0.001).

The correlation coefficient between the RV MAPD and RV ARI was 0.89 (Pearson’s 
r2,p<0.001) and for STVRVMAPD and STVRVARI 0.42 (Spearman’s r2,p=0.05) (Figure 1, panel B) 

Part 2b: Awake  

In total 4/8 subjects were inducible with cisapride (10-20 mg/kg). First EB 
occurred 1.15 ± 0.63 hours after administration of cisapride, the first TdP occurred after 
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3.57 ± 1.84 hours.  Figure 2 shows a representative impression of the EGM tracings with 
STVRVARI values at baseline (top panel), before the first EB (middle panel) and first TdP 
(lower panel).

In Table 1, an overview of electrophysiological parameters after administration 
of cisapride is given. Panel A shows that cisapride caused an increase in repolarization 
duration (QT) and spatial dispersion (TpTe) in all subjects after one hour of administration 
of cisapride. Only in the inducible subjects, STVRVARI increased significantly in the first 
hour after administration of cisapride and before the first EB (Table 1 (panel C), and 
Figure 3 and 4).  The ARI remained similar 213 ± 34 ms and 207 ± 29 ms (p=0.315).

discussion

Previous studies already showed the capability of the intracardiac EGM to reflect 
repolarization instability.10–12 Nevertheless, its application is not further elaborated. 
In this study, it is shown that 1) measurement of repolarization instability quantified 
as STV is comparable in the left and right ventricle, and 2) STVRVARI derived from the 
intracardiac EGM increases upon a pro-arrhythmic challenge in anesthetized and awake 
conditions. Since the RV EGM is a stable and continuous available signal, it is a particular 
suitable tool to use for monitoring arrhythmic risk. This gives us the opportunity to act 
upon a detected increased susceptibility with appropriate antiarrhythmic therapy, for 
example TAP. 

Figure 2.  Representative intracardiac electrogram tracings and short-term variability values at different 
time points. 

Representative intracardiac electrogram (EGM) tracings of one subject on baseline and after administration 

of cisapride before the first ectopic beat (EB) and before the first Torsade de Pointes arrhythmia (TdP). Values 

of short-term variability (STV) of the right ventricular (RV) activation recovery interval (ARI) of that subject at 

those time points.

   Baseline (STVRVARI 2.30) 

   First EB (STVRVARI 2.71) 

    First TdP (STVRVARI 3.36) 

 10mm/s 50mm/s 
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Table 1. Electrophysiological measurements after administration of cisapride in awake conditions.
Mean ± SD. In Table  A) all 8 subjects are included. In Table B) only the 4 non-inducible subjects are included 

and in Table C) the 4 inducible subjects. Measurements were done at baseline and after the first hour in all 

subjects and also before the first ectopic beat and first TdP in de inducible subjects. †p ≤ 0.05. versus baseline. 

NI = non-inducible; I = inducible; ARI = activation recovery interval; EB = ectopic beat; RV = right ventricle; STV 

= short –term variability; TdP = Torsade de Pointes arrhythmia; Tpe = T peak – T end. 

A) total Baseline First hour
RR (ms) 1543 ± 345 1523 ± 354
QRS (ms) 105 ± 22 111 ± 18
QT (ms) 333 ± 32 362 ± 37†

TpTe (ms) 69 ± 22 83 ± 27†

RV ARI (ms) 211 ± 26 208 ± 39
STVRVARI (ms) 2.63 ± 0.41 2.98 ± 0.56

B) NI Baseline First hour
RR (ms) 1487 ± 260 1353 ± 286
QRS (ms) 112 ± 23 116 ± 15
QT (ms) 324 ± 7 351 ± 15
TpTe (ms) 62 ± 9 70 ± 13
RV ARI (ms) 208 ± 20 208 ± 53
STVRVARI (ms) 2.61 ± 0.30 2.50 ± 0.21

C) I Baseline First hour First eB First TdP
RR (ms) 1599 ± 449 1694 ± 365 - -
QRS (ms) 98 ± 22 105 ± 21 - -
QT (ms) 343 ± 46 373 ± 52† - -
TpTe (ms) 77 ± 29 97 ± 33† - -
RV ARI (ms) 213 ± 34 207 ± 29 204 ± 34 219 ± 82
STVRVARI (ms) 2.65 ± 0.55 3.45 ± 0.33† 4.20 ± 1.33† 5.10 ± 2.46

Electrophysiology in the left and right ventricle: relevance of 
location

Our first step to translate the use of STVRVARI for monitoring arrhythmic risk 
to clinical practice was to show that beat-to-beat variations in repolarization are 
comparable between the LV and RV.  In the retrospective analysis of the 30 subjects 
that were inducible after a dofetilide challenge, we showed that not only STVLVMAPD but 
also STVRVMAPD increases before the occurrence of TdP. Although the increase in the RV 
is less pronounced, it is significant. This does not mean that the electrophysiological 
adaptations in the left and right ventricle are similar; they’re only comparable. In the 
CAVB dog, it is known that the RV MAPD is shorter than the LV MAPD, which causes the 
interventricular difference (Δ MAPD). This can be explained by a difference in distribution 
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of repolarizing ion channels; in the RV there is more IKs and Ito. Nevertheless, they both 
seem capable to detect increased arrhythmic risk. Although all dogs remodeled at 
IVR, some of them were paced during the experiments at VVI60. This was done 1) to 
be able to completely control ventricular focus and 2) prevent severe bradycardia with 
concomitant blood pressure drop upon induction of anesthesia. Dunnink et al. showed 
that, although baseline repolarization measures were lower in the subjects paced at 
VVI60 during the experiments, a similar increase in electrophysiological values and 
similar TdP inducibility was seen (thesis A. Dunnink, unpublished).  

0 
0.5 

1 
1.5 

2 
2.5 

3 
3.5 

4 
4.5 

5 

ST
V 

R
V 

A
R

I (
m

s)
 

baseline First EB First TdP 

2 minutes 2 minutes 2 minutes 

Figure 3.  short-term variability of the right ventricle activation recovery interval in the 4 inducible 
subjects.
Short-term variability (STV) of the right ventricle (RV) activation recovery interval (ARI) on different time 

points in an inducible subject. Consecutive STVRVARI values over 2 minutes are plotted on before (baseline) and 

after cisapride (before the first (short-coupled) ectopic beat (First EB) and before the first Torsade de Pointes 

arrhythmia (First TdP).
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Monitoring of arrhythmic risk using the RV egM

For calculation of STV, different measures of repolarization can be used. In the 
canine CAVB model, MAPD has been used as measure of ventricular repolarization.  
Nevertheless, this determinant of repolarization is not suitable for clinical practice, 
because of the invasive nature of this measurement and the difficulty to acquire 
signals of sufficient quality in humans. An attractive alternative is the intracardiac EGM 
quantified by the ARI. This measurement can be done easily in patients with a pacemaker 
and/or ICD via the RV lead. Compared to the MAPD, the EGM has the advantage to 
acquire recordings from the same location (the lead is fixed in the myocardium) and 
continuously (24/7). Since no transvenous catheter placement is needed, recordings 
during awake conditions can be easily performed. 

Oosterhoff et al. showed that measurements of the MAPD and ARI in the LV are 
comparable in the canine CAVB model.13 For better clinical applicability, we used the 
EGM of the RV and also found a positive correlation between the STVRVARI and STVRVMAPD 
(Figure 1B, right panel).

That the correlation is not very strong can be explained by the fact that the 
unipolar EGM reflects a larger region in the heart than the MAPD, which is a bipolar 
measurement representing only the cells around the MAP catheter tip.  Several studies 
compared the unipolar derived ARI with the MAPD, and suggested that the highest 
correlation is achieved when Q onset of the ARI is measured as minimum dV/dt and the 
end of the T wave is measured at the maximum dV/dt.14,15 With the latter, it is tried to 
exclude remote repolarization, but still the unipolar EGM is influenced by more distant 
events in the myocardium.16 This does not automatically mean that the potential to 
detect repolarization instability is less, as represented by the significant increase in 
STVRVARI before the 1st EB upon a challenge with dofetilide (2.82 ± 0.33 ms tot 3.77 ± 0.69 
ms, p=0.001). Furthermore, differences in absolute value of STV can be explained by 
difference in method of analyzing and sampling frequency between the MAP recording 
(1000 Hz) and the EGM recording (250 Hz, resampled to 400 Hz). 

susceptibility to TdP in awake conditions 

We also challenged the subjects under awake conditions to determine 
the potential of STVRVARI for monitoring electrical instability, since anesthesia has 
major effect on repolarization and on the sensitivity to TdP.17 Dunnink et al. serially 
investigated the effect of anesthesia in different regiments in the CAVB dog model. 
Under awake conditions, inducibility with dofetilide was absent (0/10), while 7/10 dogs 
showed reproducible TdP under anesthetic conditions. Furthermore, they showed a 
significant difference in QT duration between the anesthetized and awake experiments 
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(281 ± 31 ms and 390 ± 71 ms, p<0.05). The increase of QT duration after administration 
of dofetilide was only significant under anesthetic conditions (+48 ± 52 ms, ns and +190 
± 71 ms, p<0.05).17

We made use of the gastroprokinetic drug cisapride, a selective sertonine 5-HT4 
receptor agonist that also acts indirectly as a parasympathomimetic. It was developed 
by Janssen Pharmaceutica in the 1980’s and withdrawn in most countries in 2000, 
because of QT prolonging side effects and ventricular arrhythmias. We chose to use 
cisapride because it has shown to be a potent IKr blocker.18 

The previous studies investigating cisapride in the canine CAVB model tell 
us that 1) remodeling is a prerequisite for susceptibility,19 2) absence of anesthesia 
reduces total incidence of TdP (Winckels et al. 2007, not published), 3) different routes of 
administration cause different timing of TdP corresponding with the maximum plasma 
concentration,20,21 and 4) there is a difference in susceptibility between species. In 
Supplemental table 1 you can find a schematic overview of these studies. 

electrophysiological changes preceding awake induced TdP 

In our study, a significant increase in QT in all subjects is seen after administration 
of cisapride. Only in the 4 inducible subjects this is accompanied by a significant increase 
in STVRVARI, reflecting increased instability of repolarization. This significant increase 
is seen in the first hour and before the occurrence of the first EB, minutes to hours 
before occurrence of the first TdP. Because in awake conditions more compensation 
mechanisms are still in place to strengthen repolarization reserve, this situation (an 
increase in STV) can occur when instability of repolarization is present minutes to 
hours before the actual occurrence of TdP. This gives a large window of opportunity to 
interfere.  

24/7 monitoring of arrhythmic risk

To be able to monitor repolarization instability continuously automated analysis 
of the ARI is necessary. We therefore created a software algorithm especially for this 
purpose in cooperation with Medtronic using MATLAB. To exclude artifacts and 
deviating waveforms (such as ectopic activity) an overlay plot was applied which was 
also used to align the QRS onset and end of the T wave separately with the fiducial 
segment averaging method.9 This method provides an accurate measurement of beat-
to-beat changes since determination of the fiducial point only has to be performed 
once for all waveforms. This prevents measurement error from beat to beat, which is 
especially relevant in measuring beat-to-beat changes in repolarization intervals since 
the end of the T wave is often difficult to determine. 
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Clinical implications and future directions

Several studies have shown that the RV EGM can be used to predict risk of 
ventricular arrhythmias in patients.11,12,22 Also Oosterhoff et al. showed that a high 
STV ‘QT’ derived from the intracardiac bipolar EGM and corrected for heart rate (STV 
ratio) can identify patients at risk of ventricular arrhythmias.10  We now show that in 
this experimental set-up, STV increases before the occurrence of an arrhythmia and can 
be monitored by the EGM derived from the RV lead of a pacemaker and/or ICD, both in 
anesthetized as in awake conditions. STVRVARI could be used to monitor arrhythmic risk 
and initiate preventive strategies such as TAP. The next step for translation into clinical 
practice should be fully automated analysis of STV from (pre-arrhythmia) intracardiac 
EGMs.

limitations

The canine CAVB model is a model made sensitive for TdP; results therefore 
cannot be directly extrapolated to other types of arrhythmias. 

Using the unipolar EGM, interference of P waves could not be prevented. This 
is particular the case in the canine CAVB model and is not to be expected in humans 
(without AV-block). 

The sampling frequency of 250 Hz (resampled at 400 Hz) is relatively low, which 
could reduce the accuracy of the STVRVARI analysis. Nevertheless, while this would 
reduce the sensitivity, it will not influence the specificity of the measurement, thus a 
high STVRVARI still predicts for the occurrence of TdP arrhythmias. 

Conclusion

In the canine CAVB model, behavior of STV derived from the RV is comparable 
to the LV.  STVRVARI increases significantly when instability of repolarization becomes 
present, before the occurrence of TdP, in awake and anesthetized conditions. Continuous 
measurement of STVRVARI could be integrated in devices to monitor arrhythmic (in)
stability continuously and guide antiarrhythmic therapies. 
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Abstract

Background: Short-term variability of repolarization (STV) of the monophasic action 
potential duration (MAPD) or activation recovery interval (ARI) on the intracardiac 
electrogram (EGM) increases abruptly prior to the occurrence of ventricular arrhythmias 
in the chronic AV-block (CAVB) dog model. Therefore, this parameter might be suitable for 
continuous monitoring of imminent arrhythmias using the EGM stored on an implanted 
device. However, 24/7 monitoring would require automatic STVARI measurement by the 
device.   
Objective: To evaluate a newly developed automatic measurement of STVARI for 
prediction of dofetilide-induced Torsades de Pointes (TdP) arrhythmias in the CAVB 
dog.
Methods: Two retrospective analyses were done on data from recently performed dog 
experiments. 1.) In 7 anesthetised CAVB dogs, the new automatic STVARI method was 
compared with the gold standard STVMAPD at baseline and after dofetilide administration 
(0.025 mg/kg in 5 minutes). 2.) The predictive value of the automatic method was 
compared to currently used STVARI methods, i.e. slope method and fiducial segment 
averaging (FSA) method, in 11 inducible (≥3 TdP arrhythmias) and 10 non-inducible 
CAVB-dogs. 
Results: 1.) The automatic measurement of STVARI is strongly correlated with STVMAPD 
(r2 = 0.97; p<0.001). Bland-Altman analysis showed a small bias of 0.4 ms with limits of 
agreement between -0.4 ms and 1.22 ms. 2.) STVARI of all three methods was significantly 
different between inducible and non-inducible dogs after dofetilide. The automatic 
method showed the highest predictive performance with an area under the ROC-curve 
of 0.92, compared to 0.85 and 0.87 of the slope and FSA method, respectively. With a 
threshold of STV set at 1.23 ms, STVARI measured with the automatic method had a 
sensitivity of 0.91 and specificity of 0.90 in differentiating inducible from non-inducible 
subjects. 
Conclusion: We developed a fully-automatic method for measurement of STVARI on the 
intracardiac EGM that can accurately predict the occurrence of ventricular arrhythmias 
in the CAVB dog.  Future integration of this method into implantable devices could 
provide the opportunity for 24/7 monitoring of arrhythmic risk.  
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Introduction

Sudden cardiac arrest due to ventricular tachyarrhythmias, such as ventricular 
tachycardia (VT) or ventricular fibrillation (VF), is an important cause of death in patients 
with structural heart disease, accounting for approximately 50% of all cardiovascular 
deaths.1  Despite the widespread availability of Automatic External Defibrillators (AEDs), 
the prognosis after an out-of-hospital cardiac arrest remains poor, with an estimated 
survival rate around 10%.2 Therefore, focus has shifted towards preventive strategies in 
patients at high risk of sudden cardiac death (SCD).

Multiple randomized controlled trials have shown a survival benefit of the 
Implantable Cardioverter-Defibrillator (ICD) in the prevention of SCD in patients with 
ischemic or non-ischemic cardiomyopathy and a reduced left ventricular ejection 
fraction (LVEF) below 35%.3,4 Since the publication of these landmark trials, both 
European and American guidelines recommend ICD implantation as a class I indication 
for these patients.1,5 Nevertheless, while the ICD is highly effective in the prevention 
of SCD by termination of sustained ventricular tachyarrhythmias, the device does not 
prevent the arrhythmia itself from occurring. Despite being potentially life-saving, 
ICD discharges have also shown to cause severe psychological distress, depression 
and anxiety and can reduce the quality of life in ICD recipients.6,7 Moreover, recurrent 
ICD shocks increase the number of hospital admissions and reduce the lifespan of 
the generator. Therefore, adjunctive therapy such as radiofrequency ablation of the 
arrhythmogenic substrate or administration of antiarrhythmic drugs is often necessary 
to reduce the shock burden.8,9 However, both these treatment modalities expose the 
patient to potential adverse effects. In an ideal situation, the implanted device would 
not only terminate an arrhythmia that is already occurring, but can also monitor if an 
arrhythmia is imminent and initiate preventive therapy (e.g. temporarily altering pacing 
rate) before the arrhythmia starts. However, the question remains how the device could 
predict if an arrhythmia is upcoming.

The chronic complete AV-block (CAVB) dog model is an arrhythmogenic 
animal model that is often used to evaluate new antiarrhythmic agents or to study 
the mechanisms of ventricular tachyarrhythmias, mainly Torsades de Pointes (TdP) 
arrhythmias, in the remodeled heart. In this model, it has been shown that beat-to-
beat variation of the monophasic action potential duration (MAPD), quantified as short-
term variability (STV), increases abruptly a couple of minutes prior to the occurrence 
of TdP, after these animals are challenged with a pro-arrhythmic drug.10 Interestingly, 
the increase in STV was not seen in dogs that did not develop TdP after the same pro-
arrhythmic challenge. While STV seems a promising parameter in predicting upcoming 
arrhythmic events, the use of monophasic action potential (MAP) catheters is not 
feasible for 24/7 monitoring in a clinical setting. Recently, it has been shown that STV 
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of the activation recovery interval (STVARI) of the electrogram (EGM) derived from the 
right ventricular ICD lead can be used as surrogate for the MAPD and accurately reflects 
arrhythmic risk in the CAVB dog under both anesthetized and awake conditions.11 This 
would imply that the electrograms stored on the device can be used for the prediction of 
upcoming arrhythmic events. In the aforementioned study, however, the measurement 
of STVARI was done offline by use of semi-automatic custom-made software. In order 
to integrate continuous STVARI calculation in an implantable device, development of 
an automatic measurement, that determines STVARI precisely and consistently without 
manual correction, is required.  

In the present study, we describe a new automatic method for measuring STVARI 
and compare this method with the current methodologies used to measure STV. In 
addition, we evaluate the potential of this automatic method in identifying imminent 
TdP arrhythmias in the CAVB dog model. 

Materials & methods

Animal handling was in accordance with the ‘Directive 2010/63/EU of the 
European Parliament and of the Council of 22 September 2010 on the protection of 
animals used for scientific purposes’ and the Dutch law, laid down in the Experiments on 
Animals Act. The Animal Experiment Committee of the University of Utrecht approved 
all experiments.

The current study is a retrospective analysis of data obtained during animal 
experiments performed in our laboratory between 2014 and 2017 and can be divided 
into two parts. In part 1, three different methods of STVARI measurement, including 
the newly developed automatic method, are compared to the gold standard STVMAPD. 
In part 2, the predictive value of the automatic method in identifying dogs inducible 
to TdP arrhythmias is evaluated and compared to the methods of STVARI measurement 
currently used in our department.

Animal experiments

The standard experimental procedures have been described in detail 
previously.12,13 In summary, after premedication with methadone 0.5 mg/kg, 
acepromazine 0.5 mg/kg and atropine 0.02 mg/kg i.m., general anesthesia was induced 
via pentobarbital sodium 25 mg/kg i.v. and maintained by isoflurane 1.5% in O2 and 
N2O. During the experiments, ten surface ECG leads were recorded.  Under aseptic 
conditions, the femoral artery and vein were dissected and sheaths were inserted. In 
the initial experiment, complete AV-block was created by radiofrequency ablation of 
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the proximal His bundle. In the dogs included in part 1, a screw-in lead was placed in the 
right ventricular apex (RVA) via the jugular vein and connected to an internal pacemaker 
(Medtronic, Maastricht, The Netherlands), which was implanted subcutaneously. 
Subsequently, these dogs were left to remodel for at least 3 weeks during RVA pacing at 
the lowest captured rate. In contrast, the dogs selected for part 2 remodeled for at least 
3 weeks on idioventricular rhythm (IVR). 

At chronic AV-block, a second experiment was performed to test for TdP 
susceptibility. Under general anesthesia, left and right ventricular (LV & RV) MAP catheters 
(Hugo Sachs Elektronik, March, Germany) and/or a duo-decapolar EGM catheter (St. 
Jude Medical, St. Paul, MN, USA) were inserted and advanced to the apex to record LV & 
RV MAPD and/or unipolar EGMs. A reference electrode was inserted in a superficial vein 
of the right hind leg. The IKr blocker dofetilide (0.025 mg/kg i.v. in 5 minutes or before 
the first TdP) was administered to test for inducibility of TdP arrhythmias. TdP was 
defined as a run of 5 or more short-coupled (occurring before the end of the T wave) 
ectopic beats, with polymorphic twisting of the QRS axis. If a TdP did not terminate by 
itself, the dog was defibrillated with 100J by use of an external defibrillator. When ≥3 
TdP’s occurred in the first 10 minutes after the start of infusion, the dog was considered 
inducible. During baseline and dofetilide challenge, dogs had either IVR or were paced 
from the RVA by the RV MAP catheter with a cycle length of 1000ms. 

Part 1 – comparison of sTVARI with sTVMAPd

For part 1, adult mongrel dogs were selected that had both a LV EGM catheter 
and a LV MAP catheter in place during the experiment and were challenged for TdP 
inducibility with dofetilide. Since the simultaneous use of both LV EGM and LV MAP 
catheters is not common practice in our laboratory, only 7 dogs (weight 27 ± 3 kg, all 
females) were included. All these dogs remodeled during RVA pacing at the lowest 
captured rate and were tested for inducibility at VVI60. 

Part 2 – predictive value of sTVARI measurements

For part 2, dogs were selected that had remodeled on IVR, had an LV EGM catheter 
inserted and were challenged for TdP inducibility with dofetilide.  Of a total of 33 dogs 
in our database, 12 were excluded for various reasons (Figure 1). The 21 included dogs 
(weight 24.5 ± 3.2 kg, 7 males, 14 females) consisted of 11 inducible (5 tested at IVR, 6 at 
VVI60) and 10 non-inducible dogs (2 tested at IVR, 8 at VVI60).
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data analysis

Both the surface ECG, LV MAP and LV unipolar EGM were recorded with EP Tracer 
(Cardiotek, Maastricht, The Netherlands) at a sampling frequency of 1000Hz. The RR 
interval and QT interval were measured offline with calipers on lead II. QT interval was 
corrected for heart rate (QTc) with the van der Water formula.14 LV MAPD was measured 
semi-automatically from the initial peak until 80% of repolarization using custom-
made software (AutoMAPD, MATLAB, MathWorks, Natick, MA, USA). For comparison of 
STVMAPD and STVARI, we chose the EGM electrode that was located most closely to the 
MAP catheter. For calculation of STVARI, the ARI of consecutive beats was determined by 
use of three different methods:

1. Slope method: ARI of every beat was measured from the minimum dV/dt of 
the QRS complex to the maximum dV/dt of the T wave, irrespectively of the 
morphology of the T wave (either positive, negative or biphasic). 

2. Fiducial Segment Averaging (FSA) method: First, two fiducial points were 
defined, i.e. the minimum dV/dt of the QRS complex as the ARI onset and the 

IVR remodeled 
n = 33

included 
n = 21

12 excluded:
denervation experiment (n = 7)
no EGM during dofetilide (n = 2)

too much ectopy (n = 2)
error in �le (n =1) 

inducible
n = 11

non-inducible
n = 10

IVR tested
n = 5

RVA tested
n = 6

IVR tested
n = 2

RVA tested
n = 8

Figure 1. Flowchart of dogs included in part 2
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maximum dV/dt of the T wave as the ARI offset. Using the method of Fiducial 
Segment Averaging15, all complexes were aligned separately around the 
ARI onset and ARI offset by cross-correlating the individual complex to the 
average of the other complexes until maximal correlation is achieved. The 
ARI of every single beat was then defined as the interval between the two 
fiducial points, taking the amount of shifting into account. 

3. Automatic method: First, the EGM signal was filtered with a bandpass filter 
between 1 and 10 Hz. After that, the QRS complex was blanked to avoid 
interference in the T wave end detection. Once the QRS complex was 
blanked, the gradient of the resultant signal is calculated over time to detect 
changes in the slope. The gradient signal is then squared in order to make all 
data points positive and to emphasize slope changes in the signal. Finally, 
the T wave end is defined as the point at 60% of the area under the curve of 
the resultant signal. The ARI is defined from the minimum dV/dt of the QRS 
complex to the T wave end, derived with this method. 

Short-term variability of MAPD or ARI was calculated over 31 consecutive beats 
using the formula: , where D represents MAPD or ARI. All 
measurements were performed both at baseline and after administration of dofetilide. 
After dofetilide, parameters were determined just prior to the first ectopic beat. In the 
non-inducible dogs that did not show any ectopic beats after dofetilide infusion, all 
parameters were assessed at that time, where, on average, the first ectopic occurred in 
the inducible subjects.

statistical analysis

Numerical values are expressed as mean ± standard deviation (SD). Comparison 
of serial data was performed with a paired Student’s t-test. Group comparison was 
done with an unpaired Student’s t-test. Group comparison with both a within-subject 
variable and a between-subject variable was performed with a mixed analysis of 
variance (ANOVA) with Sidak’s correction for multiple comparisons. The relation 
between the different STV modalities was analyzed by use of simple linear regression.  
In addition, Bland-Altman analysis was done to assess for systematic bias and limits 
of agreements. The area under the Receiver Operator Characteristics (ROC) curve was 
used to evaluate the predictive power of the different STVARI methods. All statistical 
analyses were performed with Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). A 
p-value < 0.05 was considered as statistically significant. 
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Table 1. Electrophysiological parameters of animals of part 1 (n = 7)
mean ± SD. MAPD = monophasic action potential duration; ARI = activation recovery interval; FSA fiducial 

segment averaging. * p < 0.05 vs. baseline

baseline dofetilide
RR (ms) 1000 1000
QT (ms) 350 ± 20 499 ± 57*
QTc (ms) 350 ± 20 499 ± 57*
MAPD80 (ms) 251 ± 18 395 ± 53*
ARI (ms) 263 ± 21 396 ± 53*
STVMAPD (ms) 0.55 ± 0.27 2.44 ± 1.30*
STVARI slope (ms) 0.85 ± 0.39 3.68 ± 1.62*
STVARI FSA (ms) 0.61 ± 0.21 2.42 ±  1.09*
STVARI automatic (ms) 0.36 ± 0.21 1.77 ± 0.94*

Results

Part 1 – Comparison of sTVARI with sTVMAPd

Electrophysiological parameters at baseline and after dofetilide of the 7 included 
animals are summarized in Table 1. As expected, dofetilide induced an increase in all 
repolarization parameters compared to baseline, including STV by all four different 
methods. MAPD and ARI were comparable at baseline (251 ± 18 ms and 263 ± 21 ms, 
respectively, p = 0.26), and showed a similar increase after dofetilide (395 ± 53 ms and 
396 ± 53 ms, respectively, p = 0.98). The highest values of STV, both at baseline and after 
dofetilide, were found when using the slope method (0.85 ± 0.39 and 3.68 ± 1.62 ms 
respectively). The automatic method derived the lowest values of STV (0.36 ± 0.21 ms 
at baseline and 1.77 ±.94 ms after dofetilide). However, this method showed the biggest 
relative increase compared to baseline.

Figure 2 shows the regression analysis and Bland-Altman plots of the three 
different STVARI methods compared to the gold standard STVMAPD. The slope method had 
a moderate correlation with STVMAPD (r2 of 0.68, p < 0.001). A systematic bias was found 
of -0.79ms with increasing differences between the two methods at higher values.  The 
limits of agreement of the Bland-Altman plot were -2.8 and 1.29 ms. The FSA method 
had a better correlation with an r2 of 0.79 (p < 0.001). No systematic bias was found 
with limits of agreement between -1.23 to 1.15 ms. The new automatic method showed 
a very good correlation with STVMAPD with an r2 of 0.97 (p < 0.001). A small systematic 
bias was seen of 0.40 ms.  The automatic measurement gave systematically lower 
STV values, especially at higher mean values. The bandwidth of agreement was small, 
between -0.41 to 1.21 ms.
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Figure 2. linear regression (left) and Bland-Altman analysis (right) of STVMAPd compared to sTVARI. 
A) STVMAPD versus STVARI measured with the slope method. B) STVMAPD versus STVARI measured with the Fiducial 

Segment Averaging (FSA) method. C) STVMAPD versus STVARI measured with the new automatic method.
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Part 2 – predictive value of sTVARI measurements 

In Table 2 the electrophysiological parameters at baseline and after dofetilide of 
the 21 included dogs are shown, separately analyzed for inducible and non-inducible 
dogs. No differences were found in RR interval, QT interval, QTc interval or ARI between 
inducible and non-inducible dogs, both at baseline and after administration of 
dofetilide. In addition, at baseline STVARI was similar for inducible and non-inducible 
dogs. Administration of dofetilide significantly increased baseline levels of STVARI in 
inducible dogs. Levels of STVARI after dofetilide were significantly higher in inducible 
dogs compared to non-inducible subjects. In the non-inducible dogs, only the automatic 
method demonstrated a statistically significant increase in STVARI after dofetilide, while 
the other methods showed a trend.  Figure 3 shows an example of the effect of dofetilide 
infusion on the three different methods of STVARI in both an inducible and non-inducible 
dog. While the non-inducible dog shows only a mild increase of STVARI, a prominent rise 
in STV is observed in the inducible dog prior to the occurrence of TdP arrhythmias. 

The predictive performance of the three methods was evaluated, i.e. to what 
extend the different methods of STVARI were able to distinguish between dogs that were 
inducible versus those that were not inducible to drug-induced TdP arrhythmias. In 
Figure 4, the STVARI of the three methods is presented separately for inducible and non-
inducible dogs, both at baseline and dofetilide. One can clearly see that, whilst STVARI 
measured with the slope and FSA method partly overlap for some inducible and non-
inducible subjects after dofetilide, an almost total separation in STVARI between the two 
groups can be found with the new automatic measurement. This is further illustrated in 
the ROC-curves of the different methods. The automatic method results in the highest 
AUC of 0.92, compared to an AUC of 0.85 and 0.87 of the slope method and FSA method, 
respectively. With a threshold set at 1.23 ms, the automatic method yields a sensitivity 
of 0.91 (95% CI 0.58 – 0.99) and a specificity of 0.90 (95% CI 0.55 – 0.99). 

Baseline dofetilide
total I NI total I NI

RR (ms) 1186 ± 255 1263 ± 229 1102 ± 267 1197 ± 257 1274 ± 219 1111 ± 266
QT (ms) 395 ± 57 403 ± 59 387 ± 56 569 ± 72* 578 ± 76* 560 ± 75*
QTc (ms) 379 ± 59 380 ± 61 378 ± 59 522 ± 70* 554 ± 70* 550 ± 71*
ARI (ms) 296 ± 49 309 ± 52 282 ± 44 411 ± 88* 443 ± 85* 375 ± 80 *
STVARI slope (ms) 1.44 ± 1.04 1.69 ± 1.33 1.15 ± 0.49 3.62 ± 2.72* 5.09 ± 3.07* 2.00 ± 0.65§

STVARI FSA (ms) 1.14 ± 0.68 1.20 ± 0.88 1.08 ± 0.42 2.40 ±  1.26* 3.11 ± 1.30* 1.62 ± 0.58§

STVARI automatic (ms) 0.42 ± 0.59 0.54 ± 0.36 0.30 ±  0.24 1.39 ± 0.79* 1.91 ± 0.76* 0.82 ± 0.27*§

Table 2. Electrophysiological parameters of animals of part 2 (n = 21)
mean ± SD. MAPD = monophasic action potential duration; ARI = activation recovery interval; FSA = fiducial 

segment averaging. * p < 0.05 vs. baseline. § p < 0.05 vs. inducible
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discussion

In the present study, we evaluated a fully automatic method of STVARI 
measurement in the chronic AV-block dog model and compared this new method with 
the current gold standard STVMAPD and two other methods used in our laboratory to 
derive STVARI from the intracardiac EGM. The results show that 1.) STVARI determined 
with the automatic method is highly comparable to STVMAPD both under baseline 
conditions and after dofetilide, 2.) the automatically determined STVARI performs better 
in predicting imminent TdP arrhythmias after dofetilide administration compared to 
the current STVARI methods. 
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Figure 4. Predictive value of different methods of STVARI

STVARI at baseline and after dofetilide in inducible (red) and non-inducible dogs (blue) measured with the 

slope method (A), FSA method (B) and automatic method (C) with the corresponding Receiver Operating 

Characteristics (ROC) curves. AUC = area under the curve.  * p < 0.05



Evaluation of an automatic measurement of STV on intracardiac electrograms

147

8

sTV as a marker of arrhythmic risk

As expected, of all electrophysiological parameters, only STV could distinguish 
between inducible and non-inducible subjects after dofetilide administration (Table 2). 
Previous studies in the CAVB dog model have well established STV as a better marker 
of reduced repolarization reserve and arrhythmic risk compared to parameters of 
repolarization duration (QT, MAPD or ARI) alone.16,17 In pro-arrhythmic drug testing, 
STV was able to identify safe from unsafe drugs, despite similar QT prolongation.18,19 
In addition, reduction of STV is highly related to efficacy of antiarrhythmic agents.20 
Furthermore, Thomsen et al. observed that after infusion of dofetilide, STV of LV MAPD 
shows a steep increase just prior to the occurrence of TdP arrhythmias, which was not 
present in the non-inducible dogs.10 Therefore, STV dynamics could provide important 
information about impending arrhythmic events. Since MAP catheters are rarely used 
outside the experimental laboratory, recent interest shifted towards measurement of 
STV on the EGM of chronically implanted ICD leads.11,21,22 These leads have the advantage 
of recording electrograms 24/7 from a fixed position on the myocardium.  

Different methods of STVARI compared to sTVMAPd

We demonstrated a moderate to good correlation between STVARI of the LV 
EGM with STV of the LV MAPD, with an r2 ranging from 0.68 to 0.97 for the different 
methodologies (Figure 2). This finding is in line with results of previous studies. 
Oosterhoff et al. compared STVLVMAPD and STVLVARI measured epicardially via a screw 
electrode with a slightly lower sampling rate of 800 Hz.21 Despite the methodological 
differences, a similar correlation between STVARI and STVMAPD was found with an r2 of 0.71. 
Recently, Wijers et al. observed a positive correlation between STVMAPD and STVARI from 
the RV EGM.11 Yet, the correlation was less strong (r2 = 0.41), possibly due to differences 
in sampling frequency between the MAP and EGM recording (1000Hz for the MAP and 
250 Hz, resampled to 400 Hz, for the EGM).

When comparing the three methods of STVARI, important differences in correlation 
with STVMAPD are found. The slope method had the weakest correlation with an r2 of 0.68. 
This method incorporates the widely used definition of ARI as proposed by Wyatt et 
al.23, who showed that the interval from the minimum dV/dt of the QRS complex to the 
maximum dV/dt of the T wave of the unipolar electrogram correlates highly with action 
potential duration. While there is general consensus on the use of the minimum dV/dt as 
local depolarization time, a debate exists on whether the maximum or minimum dV/dt 
of the T wave should be used as index of local repolarization time, especially when the 
T wave is positive or biphasic. However, recent computer simulation and experimental 
studies have demonstrated that, irrespective of T wave morphology, the upstroke of 
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the T wave coincides with repolarization on the MAP and that the minimum dV/dt of a 
positive T wave represents remote repolarization.24,25  Therefore, we have chosen to use 
maximal upstroke as index of local repolarization for all T wave morphologies (negative, 
positive or biphasic).  Nevertheless, most of the EGMs used for the analysis had negative 
upsloping T waves, possibly due to their location in the apex of the heart. Therefore, the 
definition of ARI offset does not seem the reason for the weak correlation of the slope 
method with MAPD. While at baseline STVARI by the slope method is more or less similar to 
STVMAPD, the discrepancy between the two methods starts to arise after dofetilide (Figure 
2). This is further illustrated by the Bland-Altman plot, which shows that the systematic 
bias of the slope method increases at higher average values. The explanation for this 
bias is probably related to the inaccuracy of determining maximal dV/dt of the T wave at 
longer ARIs.  After infusion of dofetilide, the ARI prolongs and the T wave widens. Hence, 
the upstroke of the T wave the becomes less steep, making it difficult to determine the 
exact point of maximal dV/dt for every beat, thereby introducing measurement error. 
Since the STV formula uses absolute differences between consecutive ARI, there is no 
cancellation of measurement error, resulting in a higher STV.  

STVARI measured with the FSA method shows better correlation with STVMAPD 
and has no clear systematic bias on the Bland-Altman plot. FSA has been developed 
for accurate determination of intervals between certain fiducial points and thus 
prevents the aforementioned problem of summation of measurement error that is 
caused by determining ARI for every single beat separately. FSA determines the fiducial 
points (i.e. ARI onset and the ARI offset) for all complexes at once. After alignment of 
the complexes around these fiducial points, the individual shifts between the fiducial 
points are used to calculate the individual ARIs. Therefore, the beat-to-beat variations 
in ARI are preserved, without introducing repeated measurement error. However, 
while this method shows improved accuracy in measurement of STV compared to 
the slope method, the use of FSA for continuous monitoring in an implanted device is 
problematic, because it requires a lot of data storage for the calculation. Therefore, we 
tried to develop a new method that is easy to calculate, requires less storage and does 
not drain the battery of the device, even when used continuously. 

The automatic method of STVARI shows an excellent correlation with STVMAPD with 
an r2 of 0.97. Interestingly, this method calculates overall lower values of STV compared 
to LV MAPD (Table 1 and Figure 4). The underestimation of STV is particularly present 
after dofetilide. The cause of the low absolute values of STV lies in the fact that the 
actual STV value is an average between the measure STV and the prior STV. By doing 
so, noise in STV values is removed and trends are smoothed. Therefore, it performs 
similar to STVMAPD, which is also resistant to noise because of direct contact with the 
myocardium and its bipolar configuration. 
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The performance of sTVARI in prediction of TdP arrhythmia

In part 2 of the study, the three different methods were evaluated on their ability 
to identify a change in STVARI prior to the occurrence of TdP arrhythmias in the inducible 
dogs. At baseline, all electrophysiological parameters including STVARI were similar for 
inducible and non-inducible dogs (Table 2). This is contrast to the study by Thomsen 
et al. which already found a difference in STVMAPD at baseline between inducible and 
non-inducible subjects. However, since the values of STV at baseline are very low with a 
substantial SD, it is imaginable that you do not find a statistically significant difference. 
Nonetheless, after infusion of dofetilide, all three STV methods showed a significant 
higher STVARI in the inducible dogs prior to the occurrence of the first ectopic beat 
compared to a similar timepoint in the non-inducible dogs. While the slope method 
derived the largest absolute difference of STVARI between inducible and non-inducible 
dogs (5.09 ms vs. 2.0 ms), there was also a high variability, with some dogs showing a 
very large increase in STV, while others had STV values comparable to the non-inducible 
subjects. This has resulted in a lower predictive capability as seen by a lower AUC of the 
ROC curve. The same applies for the FSA method. On the other hand, the new automatic 
method could almost completely separate inducible from non-inducible dogs, resulting 
in a very high specificity and sensitivity. This would make it possible to define a specific 
threshold, above which STVARI predicts, with high accuracy, the occurrence of upcoming 
arrhythmic events. 

Interestingly, the automatic method also found a statistically significant increase 
in STVARI after dofetilide in the non-inducible dogs (Figure 4), while this increase was 
not significant by the other methods. It is known that the rise in STV has both a pro-
arrhythmic component and an APD-dependent component18; STV increases at longer 
APD, which is unrelated to pro-arrhythmic lability of repolarization. For example, pacing 
at lower stimulation rate, results in APD prolongation and a subsequent increase in STV. 
This increase does not represent increased arrhythmic risk. The significant increase in 
STVARI detected by the automatic method in the non-inducible dogs can therefore be 
explained by the positive APD-STV relationship. The reason this significant increase 
is not found by the other two methods further supports the superior accuracy of the 
automatic method in measurement of very subtle STVARI differences.   

Clinical utility of the intracardiac egM

A number of clinical studies have evaluated the use of intracardiac EGMs for the 
prediction of ventricular tachyarrhythmias. Tereschenko et al. analyzed the predictive 
value of QT variability index (QTVI) on intracardiac EGMs in 298 ICD patients.26 The highest 
quartile of QTVI was an independent predictor of VT/VF and appropriate ICD therapy at 
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a mean follow-up of 16 months. In addition, Sandhu et al. analyzed intracardiac T wave 
alternans on the EGM during an electrophysiological study in 78 patients and found a 
positive predictive value of only 14%, but a high negative predictive value of 95% at 1 
year.27 However, both these studies investigated the use of intracardiac EGM parameters 
for prediction of sustained arrhythmias during long-term follow-up.  Swerdlow et al. did 
a prospective multicentre study in 68 ICD patients and evaluated T wave alternans and 
non-alternans T wave variability (TWA/V) on EGMs preceding spontaneous ventricular 
tachyarrhythmias.28 They observed a significantly higher TWA/V immediately before 
the occurrence of arrhythmias compared to four control recordings. In line with our 
findings, this study demonstrates that the intracardiac EGM can provide valuable 
information for the prediction of imminent life-threatening arrhythmias in a clinical 
setting. However, this information would only be useful if appropriate treatment, such 
as alternative pacing algorithms, can be initiated in time to prevent the arrhythmia 
from occurring. Recently, Wijers et al. demonstrated that temporary accelerated pacing 
(TAP) initiated just after the first ectopic beat can prevent TdP arrhythmias in the CAVB 
dog.29  This is in agreement with clinical studies that show that rate-smoothing pacing 
algorithms can reduce the number of sustained ventricular tachyarrhythmias in ICD 
recipients and patients with long QT syndrome.30,31 Therefore, by use of 24/7 automatic 
measurement of STVARI, the device does not have to wait for an ectopic beat to initiate 
pacing therapy, but can already start with treatment when STV rises above a certain 
threshold value, thereby preventing the arrhythmia and subsequent ICD shock. 

limitations

Certain limitations of the current study must be addressed. First, this study had a 
retrospective study design, therefore not all variables could be controlled. This resulted 
in important differences between the dogs used for the analyses of part 1 and part 2. 
For the comparison of STVMAPD and STVARI in part 1, we were limited in the number of 
animals, because the combined use of an LV MAP and LV EGM catheter has only been 
used in a few experiments, in which dogs remodeled at low rate RVA pacing. It is known 
from previous (unpublished) data from our laboratory that control of the activation 
pattern by pacing can influence the course of electrical remodeling and the arrhythmic 
susceptibility compared to dogs that remodeled on their own IVR. Therefore, for part 
2, in which no additional MAP catheter was required, we selected only IVR remodeled 
dogs to maintain a more homogeneous population. It should also be noted that we 
included both dogs that had IVR or were RVA paced at VVI60 during the experiment. 
Since the IVR can be lower than 60/min, these dogs could have had longer APD and thus 
higher STV, which may act as a possible confounder in the differences of STV between 
inducible and non-inducible dogs. Finally, we should acknowledge that the CAVB 
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dog is a specific animal model sensitive to triggered-activity based TdP arrhythmias. 
Therefore, extrapolation of the predictive value of STV to other types of ventricular 
tachyarrhythmias should be done with caution.

Future directions

The development of a reliable and accurate automatic method of STV 
measurement on intracardiac EGMs is an important step towards clinical 
implementation of STV for continuous monitoring. Prospective observational studies 
in ICD patients should evaluate if the same increase in STVARI prior to the occurrence 
ventricular arrhythmias is observed in a clinical setting. 

Furthermore, in future studies, the detection mode of predicting imminent 
arrhythmias should be coupled to a fully automatic algorithm for the initiation of 
preventive pacing therapy, such as TAP. When a sudden increase of STV above a 
certain threshold value is detected, the device could then automatically start a pacing 
algorithm, thereby preventing the arrhythmia from occurring. 

Conclusion

In conclusion, we have developed a new fully-automatic method for measuring 
STVARI on the intracardiac EGM in the chronic AV-block dog model. This method is 
highly correlated to the gold standard STVMAPD and can accurately identify a pro-
arrhythmic rise in STVARI prior to the occurrence of dofetilide-induced TdP arrhythmias. 
This technique could be integrated in implantable devices for prediction of imminent 
ventricular tachyarrhythmias and initiation of preventive pacing therapy. 
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Abstract

Background: In the chronic complete AV-block (CAVB) dog model, ventricular 
remodeling increases repolarization variability, which is associated with susceptibility 
to ventricular arrhythmias. In addition to beat-to-beat fluctuations, action potential 
duration (APD) also oscillates at 1.) a respiratory frequency and 2.) a low frequency (< 0.1 
Hz), caused by bursts of sympathetic nervous system discharge. This study investigates 
whether ventricular remodeling also alters these oscillations of APD in the CAVB dog 
and whether this has consequences for arrhythmogenesis. 
Methods: We performed a retrospective analysis of 39 previously performed dog 
experiments in sinus rhythm (SR), acute AV-block (AAVB) and after at least 2 weeks 
of chronic AV-block (CAVB). Left ventricular monophasic action potential duration (LV 
MAPD) was recorded for 5 minutes during acute steady state RVA pacing. Subsequently, 
dofetilide (0.025mg/kg in 5 minutes) was infused to test for inducibility of Torsades de 
Pointes (TdP) arrhythmias. Spectral analysis was performed to quantify respiratory 
frequency (RF) power (0.19 to 0.21 Hz) and low frequency (LF) power (0.04 to 0.15 Hz). 
For LF power, analysis was done on the MAPD difference between consecutive beats 
instead of MAPD. 
Results: 1.) RF power was significantly increased at CAVB compared to AAVB and SR 
(log[RF] of -1.13 ± 1.62 at CAVB versus log[RF] of -2.82 ± 1.24 and -3.29 ± 1.29 at SR and 
AAVB, respectively, p<0.001). No significant differences in RF power were seen between 
inducible and non-inducible subjects. 2.) LF power of MAPD difference was already 
significantly increased at AAVB and increased even further at CAVB (-3.91 ± 0.70 at SR, 
versus -2.52 ± 0.85 at AAVB and -1.14 ± 1.62 at CAVB, p<0.001).  In addition, LF power 
was significantly larger in inducible CAVB dogs compared to non-inducible CAVB dogs. 
(log[LF] -0.6 ± 1.54 in inducible dogs vs. -2.56 ± 0.43 in non-inducible dogs, p < 0.001). 
Conclusion: In the CAVB dog, ventricular remodeling results in augmentation of 
respiratory and low frequency oscillations of LV MAPD. Furthermore, TdP inducible 
CAVB dogs show increased LF power compared to their non-inducible counterparts. The 
latter may reflect increased sympathetic firing that contributes to arrhythmogenesis. 
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Introduction

Repolarization lability, quantified as beat-to-beat fluctuations in action potential 
duration (APD), is known to contribute to arrhythmogenesis.1,2 An increased beat-to-
beat repolarization variability has been found in patients with a high risk of ventricular 
arrhythmias, such as patients with heart failure3,4, ischemia5, long QT syndrome6,7, 
hypertrophic cardiomyopathy8 or hypertension with left ventricular hypertrophy9.  
In these patients, adverse ventricular remodeling has caused a heterogeneous 
downregulation of repolarizing ionic currents and a disruption of normal Ca2+ handling.10 
As a result, the so called ‘repolarization reserve’ is reduced, making the process of 
repolarization instable and prone to arrhythmogenic challenges.11 

In addition to beat-to-beat variations in repolarization, the APD also oscillates 
at a broader range of frequencies. First, APD fluctuates with respiration, which appears 
to be independent of the respiratory effects on heart rate.12 Second, APD oscillates at a 
low frequency of around 0.1 Hz, which has been attributed to low frequency bursts of 
sympathetic nerve terminals on the ventricular myocardium.13 While a sympathetically 
mediated low frequency pattern of arterial blood pressure (known as Mayer waves) 
has been well described,14 oscillations at 0.1 Hz have only recently been found in APD 
as well.13,15 Moreover, these fluctuations have also been identified on the surface ECG 
as changes in T wave vector angle between consecutive beats, referred to as ‘periodic 
repolarization dynamics’ (PRD).16 

However, it is unknown whether APD oscillations at these frequency bands (i.e. 
respiratory and low frequency) reflect normal physiology or whether they are linked 
to the occurrence of ventricular arrhythmias. In this regard, a computational modeling 
study showed that during Ca2+ overload and reduction of repolarizing currents, 
APD oscillations could become arrhythmogenic and elicit afterdepolarizations.17 
Furthermore, in clinical studies of post-myocardial infarction patients, PRD appears 
to be a strong independent predictor of all-cause mortality.18,19 Therefore, we could 
hypothesize that these oscillations are altered by ventricular remodeling, thereby 
further destabilising repolarization and contributing to arrhythmogenesis. 

In the present study, we evaluated both respiratory and low frequency 
oscillations of APD in the chronic complete AV-block dog model. In this arrhythmogenic 
animal model, creation of complete AV-block results in ventricular remodeling and 
reduction of repolarization reserve. Administration of anesthesia and a pro-arrhythmic 
drug, i.e. the IKr blocker dofetilide, will act as the final ‘hit’ on repolarization, resulting 
in electrical storm with multiple episodes of Torsades de Pointes (TdP) arrhythmias in 
approximately 75% of the dogs.20  This model has been widely used in our laboratory 
and by others to investigate the mechanisms of arrhythmogenesis in the remodeled 
heart.2,21–23 Therefore, we could use this model to investigate whether ventricular 
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remodeling alters respiratory and low frequency oscillations of APD. 
The current study is a retrospective analysis of previously performed experiments 

in which we have analyzed respiratory and low frequency oscillations under different 
conditions of remodeling, i.e. during sinus rhythm (SR), acutely after creation of AV-
block (AAVB) and after (at least 2 weeks) of remodeling at chronic AV-block (CAVB).  
In addition, we compared inducible with non-inducible CAVB dogs, to evaluate the 
relevance of these oscillations for arrhythmogenesis. 

Materials & methods

Animal handling was in accordance with the ‘Directive 2010/63/EU of the 
European Parliament and of the Council of 22 September 2010 on the protection of 
animals used for scientific purposes’ and the Dutch law, laid down in the Experiments on 
Animals Act. The Animal Experiment Committee of the University of Utrecht approved 
all experiments. 

We did a retrospective analysis on electrophysiological data in our database of dog 
experiments executed between 2014 and 2017, that were done to study the mechanisms 
of TdP arrhythmias or to test new antiarrhythmic agents or interventions. In order to 
maintain a homogenous population, only dogs remodeled on their own idioventricular 
rhythm (IVR) were included, thereby excluding dogs that were chronically paced from 
the right ventricular apex (RVA), which has shown to influence the remodeling process. 
Furthermore, only baseline recordings before the administration of any antiarrhythmic 
drugs were used for the analysis to exclude the effect of these interventions on the 
oscillatory pattern of APD. In addition, we excluded experiments that had a baseline 
recording shorter than 5 minutes or recordings that had too much ectopy or noise. 

Animal experiments

Detailed description of the experimental setup has been reported previously.24,22 

In brief, all experiments were performed under general anesthesia with induction via 
pentobarbital sodium 25 mg/kg i.v. and maintained by isoflurane 1.5% in O2 and N2O, 
1:2. Animals were ventilated with positive pressure ventilation at a rate of 12 breaths/
min. Next, monophasic action potential catheters (Hugo Sachs Elektronik, March, 
Germany) were introduced via the femoral artery and vein into the heart to measure 
the left ventricular and right ventricular monophasic action potential duration (LV and 
RV MAPD). In the initial experiment, complete atrioventricular (AV) block was created by 
radiofrequency ablation of the proximal His bundle. Subsequently, the dogs remodeled 
for at least 2 weeks on IVR. 
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In all experiments, after a baseline measurement of at least 5 minutes, infusion 
of the IKr blocker dofetilide (0.025 mg/kg in 5 minutes or before the first TdP) was started 
to test for inducibility of TdP arrhythmias. TdP was defined as a run of 5 or more short-
coupled (occurring before the end of the T wave) ectopic beats, with polymorphic 
twisting of the QRS axis. When ≥3 TdP arrhythmias occurred in the first ten minutes after 
the start of infusion, the dog was considered inducible. During baseline and dofetilide 
challenge, all subjects were paced from the RV-apex at VVI60.   

data analysis

For this retrospective analysis, we used LV MAPD recordings at both SR, AAVB 
and CAVB conditions. The monophasic action potential was recorded with EP Tracer 
(Cardiotek, Maastricht, The Netherlands) at a sampling frequency of 1 kHz. LV MAPD 
was measured offline semi-automatically from the initial peak to 80% of repolarization 
using custom-made software in MATLAB (MathWorks, Natick, USA). In addition, for 
analysis of low frequency oscillations, the absolute difference in LV MAPD between 
two consecutive beats was calculated. Any extrasystolic beats and the subsequent 
post-extrasystolic beats were removed. The 5-minute time series of MAPD or MAPD 
difference was detrended and interpolated at 4 Hz via cubic spline interpolation to get 
evenly spaced samples. Data series were split into epochs of 512 samples with 50% 
overlap. Spectral analysis was performed in MATLAB with Welch’s periodogram and a 
Hanning window to derive the power spectral density (PSD). The power of the frequency 
bands was calculated by integrating the area under the PSD plot for bandwidths of 
different frequencies. For the respiratory frequency (RF), we selected a frequency band 
between 0.19 Hz and 0.21 Hz, since all dogs were ventilated at 12 breaths per minute 
(every 5 seconds, 0.2 Hz). For the low frequency (LF) oscillations, we used a frequency 
band between 0.04 Hz and 0.15 Hz as has been used in previous studies13,15, since the 
frequency of sympathetic bursts can differ between individual subjects. 

Measurement of RR interval and QT interval was performed in lead II of the 
surface ECG. QT interval was corrected for heart rate (QTc) with the van der Water 
formula. Short-term variability (STV) of LV MAPD was calculated over 31 consecutive 
beats using the formula: , where D represents LV MAPD.

statistical analysis

Numerical values are expressed as mean ± standard deviation (SD). Logarithmic 
transformation of both RF and LF was used to correct for skewness of the data. Normality 
of the transformed data was checked with the Shapiro-Wilk test. Group comparison was 
done with an unpaired Student’s t-test.  Group comparison of more than two groups 
was performed with a one-way analysis of variance (ANOVA) with Tukey’s correction for 
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multiple comparisons. Statistical analysis of serial data was performed with a paired 
Student’s t-test. A p-value < 0.05 was considered as statistically significant. Prism 6 
(GraphPad Software, Inc., La Jolla, CA, USA) was used for the statistical analysis. 

Results

A total of 39 experiments in 29 adult mongrel dogs (13 males, 16 females, weight 
25 ± 2.5 kg) were used for the analysis. We included 10 dogs in SR, 10 dogs in AAVB and 
19 dogs in CAVB (14 inducible, 5 non-inducible). 

Baseline electrophysiological parameters

Baseline electrophysiological data at the three conditions (SR, AAVB, CAVB) 
are depicted in Table 1. As expected, QT interval increased acutely after creation of 
AV-block, due to the sudden drop in heart rate. In CAVB, electrical remodeling has 
occurred as seen by a significant increase in QT, QTc and LV MAPD. Furthermore, STV 
has significantly increased, reflecting a reduced repolarization reserve. Table 2 shows 
electrophysiological parameters separately for the non-inducible and inducible CAVB 
dogs. Of all parameters, only STV is significantly higher in the inducible dogs.  

SR (n = 10) AAVB (n = 10) CAVB (n = 19)

RR (ms) 557 ± 32 1000* 1000

QT (ms) 267 ± 15 357 ± 19* 407 ± 56§

QTc (ms) 305 ± 15 357 ± 19 407 ± 56§

LV MAPD80 (ms) 200 ± 11 243 ± 14* 275 ± 36§

STV LV MAPD80 (ms) 0.31 ± 0.06 0.54 ± 0.30 1.20 ± 0.80§

Table 1. electrophysiological parameters at sinus rhythm (SR), acute AV-block (AAVB) and chronic AV-
block (CAVB) 
* p < 0.05 vs. SR; § p < 0.05 vs. AAVB

inducible (n = 14) non-inducible (n = 5)
RR (ms) 1000 1000
QT (ms) 414 ± 60 388 ± 43
QTc (ms) 414 ± 60 388 ± 43
LV MAPD80 (ms) 283 ± 34 260 ± 34
STV LV MAPD80 (ms) 1.39 ± 0.83* 0.64 ± 0.40

Table 2. electrophysiological parameters of inducible vs. non-inducible CAVB dogs
* p < 0.05 vs. non-inducible
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Figure 1. respiratory frequency oscillations in time and frequency domain
Representative examples of oscillations in monophasic action potential duration (MAPD) in the time domain 

and frequency domain during A) sinus rhythm (SR), B) acutely after creation of AV-block (AAVB) and C) after 

remodeling at chronic AV-block (CAVB). A clear increase in a 0.2 Hz oscillation is seen at CAVB. 

Respiratory oscillations

Figure 1 show an example of the respiratory fluctuations in MAPD of dogs in 
SR, AAVB and CAVB in both the time domain and frequency domain. At SR and AAVB, 
low amplitude respiratory oscillations of LV MAPD were present, while at CAVB larger 
oscillations are seen around the respiratory frequency. Figure 2 displays the quantified 
logarithmic RF power (log[RF]) of the analysed dogs. The remodeling process (Figure 
2A)  has led to augmentation of the variability at the respiratory frequency, as seen 
by a significant increase in a log[RF] of -2.55 ± 1.48 and -2.99 ± 1.20 at SR and AAVB, 
respectively, to a log[RF] of -0.82 ± 1.53 (p < 0.001) at CAVB. When comparing inducible 
to non-inducible dogs, no significant difference could be found in RF power (Figure 2B).  

low frequency oscillations

Next, we examined low frequency oscillations in MAPD difference in SR, AAVB 
and CAVB. As depicted in Figure 3A, already a significant rise in LF power can be seen at 
AAVB compared to SR, which further increased after 2 weeks of remodeling (log[LF] of 
-3.91 ± 0.70 at SR, versus -2.52 ± 0.85 at AAVB and -1.14 ± 1.62 at CAVB, p<0.001). Finally, 
we looked for differences of these oscillations between inducible and non-inducible 
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Figure 2. . Respiratory oscillations of monophasic action potential duration
A.) The logarithmic transformed power of respiratory oscillations of APD (log[RF]) at sinus rhythm (SR) acutely 

after AV-block (AAVB) and at chronic AV-block (CAVB). B.) log[RF] of the inducible versus the non-inducible 

CAVB dogs. * p < 0.05.
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Figure 3. low frequency oscillations of monophasic action potential duration
A.) The logarithmic transformed power of low frequency oscillations of APD (log[LF]) at sinus rhythm (SR) 

acutely after AV-block (AAVB) and at chronic AV-block (CAVB). B.) log[LF] of the inducible versus the non-

inducible CAVB dogs. * p < 0.05.

CAVB dogs. A representative example of the MAPD during the 5-minute recording 
of an inducible and a non-inducible dog is shown in Figure 4A. A clear oscillation 
can be observed in the inducible subject, with a rhythmic fluctuation in MAPD. This 
oscillatory behavior of MAPD can be more clearly discerned when the difference 
between consecutive beats is plotted against time (Figure 4B): approximately every 10-
15 seconds, a clear increase in the variability between successive beats is seen.  When 
this MAPD variability is visualized in the frequency domain by spectral analysis (Figure 



Respiratory and low frequency oscillations of MAPD in the CAVB-dog

165

9
4C), a prominent peak appears in the low frequency band (0.04 – 0.15 Hz). As depicted 
in Figure 3B, the inducible dogs demonstrated a significant higher LF power of MAPD 
difference when compared to non-inducible dogs (log[LF] -0.6 ± 1.54 vs. -2.56 ± 0.43, p 
< 0.001).
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Figure 4. low frequency oscillations in a non-inducible dog versus an inducible dog
A representative example of MAPD (A), MAPD difference in the time domain (B) and MAPD difference in the 

frequency domain (C) of a non-inducible dog (left) and an inducible dog (right). A clear low frequency pattern 

in MAPD difference can be discerned in the inducible dog. 
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discussion

In this retrospective analysis of previously performed animal experiments we 
demonstrated that 1.) respiratory frequency oscillations of MAPD are increased after 
electrical remodeling, but they do not differentiate between inducible and non-inducible 
dogs, and 2.) Low frequency oscillations of MAPD difference are already increased at 
AAVB and rise even further at CAVB. Furthermore, these 0.1 Hz oscillations are more 
pronounced in CAVB dogs that are susceptible to dofetilide-induced TdP arrhythmias. 

The CAVB dog model to study the effects of ventricular remodeling 
on arrhythmogenesis

A variety of structural heart diseases (e.g. myocardial infarction, pressure 
overload due to hypertension or aortic stenosis, volume overload as seen in valvular 
regurgitation) can lead to ventricular remodeling, thereby causing downregulation of 
potassium currents (Ito, IKs, IKr, IK1)25, enhanced late Na+ current (INa-L)26 and Ca2+ handling 
abnormalities27. As a result, repolarization reserve is reduced, making the heart prone 
to repolarization-dependent ventricular arrhythmias. The CAVB dog model, as used 
in this study, is a model of ventricular remodeling and reduced repolarization reserve 
that reflects the vulnerable patient at risk of these arrhythmias. In this model, it has 
been shown that beat-to-beat variability of APD, quantified as STV, is a better marker 
of reduced repolarization reserve and pro-arrhythmia than APD prolongation itself.1 
STV is significantly increased at CAVB compared to AAVB and dogs susceptible to 
dofetilide-induced TdP arrhythmias show a further rise in STV prior to the occurrence of 
arrhythmias.2 The predictive capabilities of STV have also been demonstrated in clinical 
studies, both in patients with congenital6 or drug-induced long QT syndrome7 as well as 
in patients with non-ischemic heart failure with a history of ventricular arrhythmias.4 

In the current study, we have shown that not only successive beat-to-beat 
fluctuations of APD exists in the CAVB dog, but that the APD also oscillates at other 
frequency bands. This is in line with previous studies that have demonstrated important 
contributions of variation in heart rate28, respiration12 and autonomic nervous system 
activity29 on APD variability.  Concerning heart rate, a complex and dynamic APD to 
heart rate relation exists that is highly individual-specific and contains significant 
hysteresis effects.30 In this study, we have eliminated important heart rate effects on 
APD by including only dogs that were paced during the experiments. Therefore, we 
could focus solely on the respiratory and autonomic influences on APD.
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Respiratory oscillations of APd in the CAVB dog

While heart rate is well-known to fluctuate with respiration, it was recently 
shown by Hanson et al. that APD, measured as activation recovery interval (ARI) from 
the intracardiac electrogram, also displays rhythmic fluctuations in synchrony with 
respiration, even when heart rate was controlled by pacing. The authors suggested 
multiple mechanisms for the respiratory oscillations of APD. One of these, mechano-
electrical feedback, relates to the modulation of electrophysiology by changes in 
ventricular loading conditions. Both in animal models as well as in patient studies, a 
direct effect of altered mechanical load on APD have been found; increased ventricular 
load resulted in shortening of the APD, while reduction in load was associated with 
prolongation of the APD.31,32 Stress-activated ion-channels or alterations in Ca2+ 
handling have been suggested as the underlying molecular mechanism of load-
dependent APD-changes.33 Stress-activated ion channels are non-specific cation (Na+, 
K+ and Ca2+) channels that open in respond to changes in mechanical stress instead of 
voltage.34 In addition, mechanical stretch increases Ca2+ release from the sarcoplasmic 
reticulum, which can alter action potential duration by exchange for Na+ in a 3:1 ratio 
via the Na+-Ca2+-exchanger.35  One important physiological mechanism that can alter 
ventricular loading conditions is the change in intrathoracic pressure during respiration. 
During spontaneous inspiration, intrathoracic pressure drops, causing an increased 
systemic venous return to the RV, which will shift the interventricular septum into the 
LV. As a result, left ventricular end-diastolic volume and left ventricular preload will 
decrease. The opposite will occur during positive pressure ventilation: in that situation 
an increase in left ventricular preload will be seen during inspiration.36 Nevertheless, in 
either case, a respiratory oscillatory behavior of ventricular loading is present, which 
could therefore alter APD in a cyclical pattern. 

In the present study, we showed that the modulating effect of respiration on 
APD is enhanced after ventricular remodeling. A possible explanation could be that 
alternating changes in ventricular loading have greater impact on repolarization, when 
repolarization reserve is reduced. This is consistent with a study by Stams et al. in which 
the effect of preload changes on beat-to-beat variability of APD were studied in the 
CAVB dog.37 The authors used a pacing protocol with either a constant or alternating 
PQ-interval to artificially control preload conditions. They observed that in AAVB, 
alternating preload had no effect on APD or STV. In contrast, in CAVB dogs pacing with 
an alternating PQ resulted in APD variability and a significantly higher STV compared to 
conditions of constant preload. Furthermore, blockade of stretch-activated ion current 
(ISAC) by streptomycine prevented the increase of STVLVMAPD during alternating preload. 
Although streptomycine is not a selective ISAC -blocker and also has affinity for other 
ion channels that could affect STV (like L-type Ca2+ channels), these results suggest 
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that mechano-electrical feedback via specialized stretch-activated ion channels could 
have profound influence on repolarization during reduced repolarization reserve. 
This is further supported by a study of Kamkin et al., which showed that isolated 
cardiomyocytes from hypertrophied ventricles were more sensitive to stretch than 
control cardiomyocytes, resulting in changes in APD at smaller mechanical stimuli.38 
Thus, we may hypothesize that after remodeling and downregulation of repolarizing 
K+ currents, the relative contribution of ISAC to the repolarization process is increased, 
resulting in augmentation of APD variability caused by changes in respiration-mediated 
loading conditions. 

Interestingly, we did not find a difference in respiratory oscillations between 
inducible and non-inducible CAVB dogs. A similar finding was reported by the study 
of Stams et al.: alternating preload, which led to an increase in APD variability, did not 
result in more TdP arrhythmias compared to conditions of constant preload. Therefore, 
we can assume that an additional trigger is required to create the optimal environment 
for dofetilide-induced TdP arrhythmias. 

Low frequency oscillations of APD difference in the CAVB dog

Low frequency oscillations in the range from 0.04 to 0.15 Hz that are unrelated 
to respiration have long been observed in both heart rate and arterial blood pressure 
and are referred to as Mayer waves.39 These oscillations have been linked to rhythmic 
bursts of sympathetic nervous system activity, however, the precise mechanism 
remains controversial.  Two theories exist: 1.) these oscillations are the effect of a 
central autonomous oscillator within the central nervous system that fires at a certain 
frequency, or 2.) they are the result of a time delay in the baroreflex loop, causing 
resonance in the feedback system.14 Either way, states of increased sympathetic 
activation, such as during tilt test or when blood pressure was artificially lowered, 
resulted in an increase in the magnitude of Mayer waves.40,41 In addition, blockade of 
sympathetic drive resulted in a reduction of low frequency components of both RR 
interval and blood pressure.41

In addition to respiratory fluctuations, Hanson et al. showed that APD also 
displays an oscillatory pattern at Mayer wave frequency.13 Moreover, these low frequency 
oscillations increased during autonomic challenge with Valsalva manoeuvre.15 A similar 
low frequency oscillatory pattern was found by Rizas et al. in T wave vector changes on 
the surface ECG, called periodic repolarization dynamics (PRD).42 These variations in T 
wave vector could also be increased with exercise and reduced by β-adrenergic blockade, 
suggesting a role for sympathetic input on the myocardium in the pathogenesis of these 
oscillations. Furthermore, increased PRD appeared to be a strong predictor of all-cause 
mortality in a cohort of more than 900 post-MI patients. Combined with a marker of 
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vagal activity (i.e. deceleration capacity), PRD was able to accurately stratify mortality 
risk in these patients.19 Nevertheless, the cause of death, whether arrhythmic or due to 
pump failure, was not further specified. 

In this regard, the findings of the current study could be of great interest. In this 
study we evaluated the effect of ventricular remodeling on low frequency oscillations, 
but, more importantly, whether these oscillations were different in dogs susceptible to 
arrhythmias. For this analysis the MAPD difference between two consecutive beats was 
used, instead of MAPD itself. The reason for this is that in the previous study by Rizas et al. 
PRD was also measured on differences in T wave vector between beats. They observed 
that approximately every 10 seconds, the T wave vector changed markedly, while in the 
intermittent periods T wave vector remained relatively stable. We hypothesized that 
0.1Hz bursts of sympathetic discharge could also result in sudden changes in MAPD, 
which are more clearly visualized when spectral analysis is done on MAPD difference 
instead of MAPD. 

Consequently, we could show that acutely after creation of AV-block, LF power of 
MAPD difference is already significantly increased. The sudden drop in cardiac output 
and blood pressure that occur after creation of AV-block will be sensed by baroreceptors 
in the aortic arch and carotid sinus, which will increase efferent sympathetic input on 
the heart, while simultaneously reducing parasympathetic firing. We observed this 
baroreflex-mediated increase in sympathetic tone by augmentation of low frequency 
APD oscillations acutely after AV-block. More importantly, ventricular remodeling further 
increased the low frequency oscillatory behavior of APD difference, but predominantly 
in CAVB dogs susceptible to drug-induced TdP arrhythmias. From the existing literature 
it becomes clear that increased sympathetic nervous system activity is an important 
contributor to repolarization variability and arrhythmogenesis. A study by Johnson et 
al. in isolated cardiomyocytes showed that the addition of β-adrenergic stimulation to a 
state of reduced repolarization reserve (by blockade of IKs) led to a dramatically increase 
in beat-to-beat variability of repolarization.43 In addition, sympathetic stimulation 
promotes Ca2+ overload, spontaneous Ca2+ release and the formation of early and 
delayed afterdepolarizations (EADs/DADs).44  More recently, a simulation study by 
Pueyo et al. evaluated the effect of phasic  β-adrenergic stimulation on APD dynamics.17 
They observed a low frequency oscillatory pattern of APD, which magnitude increased 
with higher β-adrenergic strength. Interestingly, simulated pathological conditions of 
Ca2+ overload and reduced repolarization reserve (comparable to the CAVB dog model) 
enhanced the APD oscillations caused by adrenergic stimulation. Therefore, the authors 
suggested an important role of these oscillations for arrhythmogenesis. In the present 
study, we could confirm these in silico results experimentally in an arrhythmogenic in 
vivo model.  

The reason for the clear differences in low frequency oscillations of APD difference 
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between inducible and non-inducible dogs remains speculative. Two mechanisms 
can be proposed: either repolarization reserve is even more reduced in the inducible 
dogs, therefore making the effect of β-adrenergic stimulation on repolarization more 
prominent and repolarization more vulnerable to arrhythmogenic challenges; however, 
in that case we would also have found an increased effect of respiration on APD in the 
inducible dogs. More likely the sympathetic output itself (either systematically or due 
to increased local density of sympathetic neurons) is further enhanced in the inducible 
dogs, causing increased repolarization instability, Ca2+ overload and triggered activity.  
Concerning the latter, studies in dogs with chronic AV-block and MI have shown that 
in addition to electrical remodeling, also neural remodeling takes place, as seen by 
denervation, hyperinnervation and nerve sprouting.45,46 Regional hyperinnervation, 
where some regions are more densely innervated than others, combined with 
heterogeneous electrical remodeling, further enhances spatial dispersion of 
repolarization, thereby facilitating the initiation and perpetuation of ventricular 
arrhythmias.   

Implications

In addition to beat-to-beat variation in APD or QT interval, we have shown that 
fluctuations in other frequency bands are altered in subjects with pro-arrhythmic 
ventricular remodeling and an increased risk of ventricular arrhythmias. Therefore, 
these oscillations may eventually be used in risk stratification of patients at high risk 
of sudden cardiac death, who might benefit from implantation of an Implantable 
Cardioverter-Defibrillator (ICD). While in the current study MAP catheters were 
used, Hanson et al. showed that respiratory and low frequency oscillations are also 
measurable on the ARI of intracardiac EGM, which could be obtained from implantable 
devices. Furthermore, PRD is a non-invasive parameter that can be measured from a 
converted 12-lead ECG, which would make it more suitable for risk stratification prior to 
ICD implantation. In this regard, PRD is currently being studied as a predictive marker 
in the multicentre, observational EUropean Comparative Effectiveness Research to 
assess the use of primary prophylacTic Implantable Cardioverter Defibrillators (EU-CERT-
ICD) study (NCT02064192), which evaluates new risk stratification methods that could 
identify subgroups of patients with low or high risk of ICD shocks or mortality. 

study limitations

Since the CAVB dog is a specific model of ventricular remodeling caused by 
volume overload, extrapolation of these results to patients with other causes of 
remodeling (ischemia, infarction, pressure overload) should be done with caution. 
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Second, an important limitation of the study is its retrospective nature, which made 
it impossible to control for all, possibly confounding, variables. By selecting only dogs 
remodeled on IVR without control of activation pattern we tried to keep the analysed 
group of dogs as homogeneous as possible. Next, all dogs were mechanically ventilated 
with positive pressures, which has an opposite effect on loading conditions of the heart 
compared to spontaneous breathing. Nevertheless, both ventilation techniques result 
in an oscillatory pattern, albeit with a shift in phase. In addition, no direct measurements 
of neural activity were done to confirm that the low frequency oscillations of APD we 
found are caused by sympathetic discharge. Finally, all experiments were done under 
general anesthesia, which has profound effects on the autonomic nervous system. Yet, 
we know from other experiments in CAVB dogs that stellectomy results in significant 
reduction in TdP inducibility, which implies that, even under anesthetic conditions, the 
sympathetic nervous system contributes to arrhythmogenesis in this model.

Conclusion

In the chronic AV-block dog model, we observed oscillations of LV MAPD at 
respiratory frequency, which are augmented after remodeling compared to non-
remodeled conditions. In addition, low frequency oscillations of MAPD difference 
were already altered acutely after creation of AV-block and increased even further 
at chronic AV-block conditions. Furthermore, CAVB dogs, that are susceptible to 
drug-induced TdP, show increased low frequency oscillations compared to their non-
inducible counterparts. Thus, 0.1 Hz sympathetic bursts affect APD variability, which 
has important consequences for arrhythmogenesis. 
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general discussion

In the last 50 years, mortality of cardiovascular diseases has shown a steep 
decline, mainly attributed to improvement in the treatment of coronary artery disease 
and reduction of major cardiovascular risk factors.1 Nevertheless, while nowadays 
most patients survive their acute cardiac event, many of them will go into ventricular 
remodeling, resulting in compensated hypertrophy and even heart failure. Since the 
prevention and treatment of hypertrophy and heart failure has shown less success, 
its prevalence continues to rise, making it a major public health problem worldwide.2  
Moreover, in patients with ventricular remodeling, the occurrence of ventricular 
tachyarrhythmias is an important and challenging issue, because these arrhythmias 
often occur without any warning signs and can result in sudden cardiac death (SCD). 

Since the beginning of this century, the role of the Implantable Cardioverter-
Defibrillator (ICD) for prevention of SCD in patients with left ventricular dysfunction has 
been well established.3–5 However, while the ICD is effective in terminating malignant 
ventricular arrhythmias, important challenges remain in order to maximize the health 
benefit of ICD therapy. 

Two of those challenges have been addressed in this thesis:
1) patient selection, i.e. how can we identify the patient at highest risk of 

SCD, who will have the most benefit from the ICD? 
2) ICD functionality, i.e. how can we improve the functionality of the 

device in such a way, that it does not only work as ‘rescue’ treatment, but also prevents 
ventricular arrhythmias from occurring at all? 

A parameter that predicts the occurrence of ventricular arrhythmias, for risk 
prediction in the long-term and for monitoring in the short-term, is essential to answer 
these questions. In order to find such a predictive parameter, we have focussed on the 
underlying process that plays a key role in the pathogenesis of ventricular arrhythmias: 
ventricular remodeling. Alterations in cardiac structure, Ca2+ handling, ion channel 
expression and autonomic nervous system function create the optimal environment 
for malignant arrhythmias to initiate and perpetuate. Simple biomarkers that reflect 
these changes are therefore ideal to function as parameters of increased arrhythmic 
risk.  In this thesis, we have studied parameters of contractile (part I), electrical (part II) 
and neural remodeling (part III) and evaluated their relation to arrhythmogenesis both 
in the chronic complete AV-block (CAVB) dog as well as in patients at risk of SCD.  

Part I – Parameters of contractile remodeling for risk prediction 

Calcium is an essential second messenger in the process of excitation-
contraction coupling, which drives contraction and relaxation of the cardiomyocyte.6  
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In normal physiology, modulation of intracellular [Ca2+] enables the heart to alter its 
contractile performance in order to meet changing demands of the body. However, 
under pathological conditions, alterations in Ca2+ influx or release from the sarcoplasmic 
reticulum (SR) will have direct influence on cardiac contractility. In addition to contractile 
dysfunction, Ca2+ mishandling has been associated with arrhythmogenesis.7 Therefore, 
we hypothesized that contractile parameters can give insight into someone’s risk of 
developing triggered activity-related ventricular arrhythmias. 

In Chapter 2 we have discussed three physiological phenomena that reflect 
dynamic changes in intracellular Ca2+ handling: force-frequency relationship (FFR), 
mechanical restitution (MR) and post-extrasystolic potentiation (PESP). These 
parameters are regarded as macroscopic measures of intracellular Ca2+ homeostasis 
and appear to be altered in hypertrophy and heart failure.8–10 However, data on the 
relation between these contractility measures and arrhythmogenesis are sparse. A 
previous study by de Groot et al. studied contractile remodeling in the CAVB dog and 
its association with triggered activity.11 They demonstrated that ventricular remodeling 
resulted in increased contractility with a negative FFR and increased PESP. Furthermore, 
the dogs with highest inotropy were most susceptible to DADs. In Chapter 3 we have 
demonstrated that the same relation can be found between contractile remodeling and 
Torsades de Pointes (TdP) arrhythmias: dogs inducible to TdP arrhythmias had higher 
contractility at low heart rate, a negative FFR, higher MR and PESP and slower MR kinetics. 
The results of this study further aid in our understanding how the different remodeling 
processes (electrical, structural, contractile) contribute to arrhythmia susceptibility 
in this animal model. In previous studies it became clear that electrical remodeling is 
already present after 2 weeks of remodeling, while biventricular hypertrophy develops 
more slowly, being fully present after 12-16 weeks of AV-block.12,13 In addition, Peschar 
et al. have shown that pacing at a physiological rate after 8 weeks of CAVB could reverse 
structural remodeling, whilst having no effects on electrical remodeling.14 These data 
indicate that structural and electrical remodeling are independent processes and that 
the structural changes are of far less importance for arrhythmogenesis. Regarding 
contractile remodeling, we have shown that contractile adaptations follow a similar 
path as electrical remodeling and are also already present at CAVB2. More importantly, 
the clear differences we found in contractile parameters between inducible and non-
inducible dogs suggest an important role of contractile remodeling for arrhythmia 
susceptibility. While we did not perform any cellular experiments, we hypothesized 
that these observations are related to disruption of normal Ca2+ handling as the 
underlying mechanism of TdP arrhythmias. Previous in vitro studies have shown higher 
Ca2+ content of the SR, enhanced NCX current and increased [Na+]i in cardiomyocytes of 
CAVB dogs.15–17  The combination of an upregulated NCX and high [Na+]i  contributes to 
Ca2+ overload of the cardiomyocyte via ‘reverse mode’ Na+-Ca2+-exchange. Moreover, 
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under conditions of reduced repolarization reserve, spontaneous Ca2+ release aids in 
the formation of EADs, which is the main trigger of TdP arrhythmias.15 We have tested 
this hypothesis by increasing [Na+]i via blockade of Na+-K+-ATPase with ouabain, which 
could convert a non-inducible dog into an inducible one, indicating the importance of 
high [Na+]i and Ca2+ overload for the initiation of TdP arrhythmias.  

More importantly, we were able to identify the inducible dogs by in vivo risk 
markers with high specificity and sensitivity.  Three contractile parameters, i.e. LV dP/
dtmax at low rate, the slope of the FFR-curve and the time constant of the MR-curve could 
almost completely separate inducible from non-inducible dogs and were also linearly 
correlated with the amount and the severity of TdP arrhythmias. This could be explained 
by the direct relation between these markers and Ca2+ handling. Inversion of the FFR 
reflects enhanced NCX activity, high [Na+]i and Ca2+ overload and thus an increased 
risk of triggered arrhythmias.18 MR is related to the time-dependent availability of 
releasable Ca2+. Slower MR (i.e. a higher MR time constant) is the result of altered RyR2 
function or reduced reuptake of Ca2+ into the SR by SERCA2a. While SERCA2a expression 
has shown to be unchanged in the CAVB dog, a study by Peschar et al. showed that the 
SERCA2a/NCX ratio is reduced, which could have impact on Ca2+ reuptake.13  Therefore, 
alterations in NCX activity also affect the time constant of MR. As such, both MR and 
FFR function as biomarkers of changes in Ca2+ cycling of the cardiomyocyte and the 
associated risk of triggered arrhythmias. 

Furthermore, we must address that the most sensitive parameter of electrical 
remodeling, STV (see below), is also attributed, directly or indirectly, to altered Ca2+ 
handling. We know that buffering of Ca2+ with BAPTA-AM, reducing Ca2+ overload 
by flunarizine or blockade of NCX by SEA-4000 all reduce STV and can prevent EADs 
and TdP arrhythmias.19–22 Therefore, we may conclude that contractile and electrical 
remodeling are partially interconnected and together create the trigger of ventricular 
arrhythmias, as illustrated in Figure 1.

Future directions
A number of questions remain. First of all, new in vitro studies are needed 

to confirm our hypotheses that the differences in contractile parameters between 
inducible and non-inducible dogs are caused by alterations in Ca2+ handling and [Na+]i. 

Second, as depicted in Figure 2 of the Introduction, LV dP/dtmax starts to decline 
again after 6 weeks of remodeling, while TdP inducibility remains relatively stable in 
time. This would argue against a role of contractile alterations in the generation of TdP 
arrhythmias. Therefore, we must keep the option open that the correlation we found 
between contractile remodeling and arrhythmogenesis is not causal. However, limited 
data is available on the exact course of contractile remodeling at longer durations of 
CAVB. Moreover, the other contractile parameters (FFR, MR & PESP) have never been 
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studied later then CAVB6. Therefore, these parameters might potentially be more 
sensitive markers of Ca2+ handling than LV dP/dtmax alone.

Finally, in their current form, these contractile parameters are not suitable 
for risk prediction on a large scale. They are measured with an intracardiac pressure 
catheter, which requires an invasive procedure with risk of complications. However, 
a study by Sinnecker et al. evaluated PESP of arterial blood pressure via a finger 
photoplethysmographic device.23 While this requires spontaneous ectopy to occur, of 
which the coupling intervals cannot be controlled, it has the advantage of being simple 
to use, non-invasive and repeatable in time. Currently, this method is being studied as 
a potential predictor of mortality or appropriate ICD shock in the EU-CERT-ICD study. 

Part II. Parameters of electrical remodeling for risk prediction & 
monitoring

Electrophysiological risk predictors, such as markers of altered depolarization or 

Figure 1. schematic overview of the relation between contractile remodeling, electrical remodeling and 
the initiation of TdP arrhythmias. 

Contractile remodeling results in SR Ca2+ overload, which can be measured in vivo  by contractility parameters. 

Spontaneous Ca2+ release during Ca2+ overload can facilitate the occurrence of EADs and TdP arrhythmias. 

Spontaneous Ca2+ release also contributes to STV.

SR Ca2+ overload 

↑INCX

spontaneous Ca2+ release

EADs

Torsade de Pointes

↑APD

increased STV

↑[Na+]i

increased LV dP/dtmax 
negative FFR
slowed MR
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repolarization, have been studied extensively in clinical studies of risk stratification.24–27 
However, the results have not been unambiguous and none of these risk markers 
have yet been implemented into clinical practice. Currently, the indication for ICD 
implantation is solely based on heart failure symptoms (NYHA class) and a mechanical 
parameter, left ventricular ejection fraction (LVEF), which is known to have limited 
sensitivity and specificity in identification of the patient at high risk of SCD. This has 
become even more apparent after publication of the DANISH trial, which failed to show 
a survival benefit of ICD therapy in patients with non-ischemic cardiomyopathy. These 
observations highlight the need for selection criteria that are more directly related to 
the trigger or the substrate of ventricular arrhythmias.   

Differentiating arrhythmia and mortality risk
An important problem in risk prediction for ICD therapy is that of a competing 

risk of non-arrhythmic causes of death, which mainly involves the risk of dying of 
pump failure due to progression of heart disease. Patients who have progressed into 
overt heart failure are at increased risk of dying before having a life-saving ICD shock, 
therefore they will not benefit from ICD implantation, but are still at risk of device-
related complications. In contrast, the ideal patient will have a high arrhythmic risk, but 
a low to moderate risk of death from non-sudden causes (Figure 2). This is supported by 
the subgroup analysis of the DANISH trial which shows a survival benefit of ICD therapy 
in younger patients (below 59 years of age) and in patients with a low NT-pro-BNP, thus 
patients who have a lower risk of dying from progressive heart failure.28

The issue of competing risks is addressed in Chapter 4, where the results of the 
EU-TrigTreat clinical study are presented. In this prospective cohort study, a number 
of demographic and electrical parameters were put into a multivariate prediction 
model to get an approximation of the risk of appropriate ICD shock, separate from the 
risk of all-cause mortality. Interesting to notice, LVEF was an independent predictor 
of both appropriate shock and all-cause mortality, which further emphasizes that 
LVEF is not the right criterion to select a patient for ICD implantation. Using data from 
more than 600 patients, two separate risk models for shock and mortality could be 
constructed with a high degree of accuracy. For appropriate shock risk, programmed 
electrical stimulation during EP-study was an independent predictor, while microvolt 
T wave alternans (MTWA) just missed the final model. Interestingly, the predictors of 
appropriate shock were less significant than predictors of all-cause mortality, stressing 
the difficulty in identifying the patients at high arrhythmia risk. 

What will be the implications if this study for risk stratification in ICD therapy? 
An important drawback of the study is the mixed bag population of patients with a 
primary or secondary prevention ICD-indication. There is strong consensus about the 
validity of ICD implantation for secondary prophylaxis, which is confirmed again in 
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this study, since a secondary indication was a strong predictor of appropriate shock. 
Nonetheless, the current debate mainly concerns the primary prevention indications for 
ICD implantation. However, applying these risk models, which were studied in a mixed 
population, on these primary prevention patients only, should be done with caution. 

Secondly, the strongest predictor of appropriate shock, programmed electrical 
stimulation, is not an ideal tool for risk prediction in clinical practice: it requires an 
invasive procedure and the negative predictive value is poor.29 MTWA, albeit less 
invasive, requires exercise testing or pacing, cannot be performed during atrial 
fibrillation and is often inconclusive.30 Therefore, it remains to be seen if the results of 
this study will directly affect current practice. Nevertheless, the EU-TrigTreat clinical 
study gives a prime example of the complexity of risk prediction in the decision-making 
of ICD implantation. The currently enrolling EU-CERT-ICD study investigates solely non-
invasive risk predictors in a larger cohort of 2200 primary prevention ICD patients and 
the results are expected in 2019. Hopefully, the outcome of this large observational 
study will make it possible to construct a simple risk prediction score that can be 
implemented in the new guidelines.  

STV at baseline: a marker of reduced repolarization reserve
The principle of repolarization reserve was introduced in 1997 by Dan Roden 
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Figure 2. relation between the benefit of ICD implantation and progression of cardiovascular disease. 
During progression of the disease the risk of competing causes of death increases, thereby reducing the benefit 

of ICD therapy. Adapted from Dorian P. CMAJ. 2009
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and describes the redundancy in repolarizing currents (IKs, IKr, IK1) to ensure normal 
repolarization, even when one repolarizing current is lost.31 During ventricular 
remodeling, downregulation of potassium channels results in a reduction of 
repolarization reserve, making the heart prone to arrhythmogenic challenges. Short-
term variability (STV) is a quantification of beat-to-beat variations in repolarization 
and can be derived from either the monophasic action potential (STVMAPD), intracardiac 
EGM (STVARI) or 12-lead ECG (STVQT). STV has been regarded as a simple measure of 
repolarization reserve and is superior to repolarization duration alone. Previous 
studies in the CAVB dog showed that STVMAPD at baseline is increased after remodeling 
and higher in inducible versus non-inducible dogs.32 Furthermore, the same was found 
in STVQT in retrospective cohorts of patients with reduced repolarization reserve, 
such as patients with congenital or acquired long QT syndrome or non-ischemic heart 
failure.33–35 Initially, STVQT was included in the EU-TrigTreat clinical study, but failed to 
predict shock or mortality during long-term follow-up and was therefore excluded from 
the final manuscript. One possible explanation for this negative result is addressed in 
Chapter 6. In this chapter, we studied the circadian pattern of STVQT in low and high 
arrhythmogenic subgroups of ICD patients as a pilot study of the EU-CERT-ICD study. 
Patients with a high number of arrhythmic events on Holter had two prominent peaks 
of STVQT around 08:00 and 18:00, while at other time points no significant differences 
were seen between the two groups. In the EU-TrigTreat clinical study, only a minority of 
ECGs were made during these two time points, which may have reduced the predictive 
power of STVQT for shock and all-cause mortality. 

The study presented in Chapter 6 also highlights the dynamics of STVQT in time. 
The peaks in the early morning and late afternoon in the arrhythmogenic group may be 
caused by a shift in autonomic tone from predominantly vagal to sympathetic activity, 
which would increase STVQT in patients with reduced repolarization reserve. This is in 
line with cellular studies, in which additional β-adrenergic stimulation to a reduced 
repolarization reserve increased beat-to-beat repolarization variability and induced 
EADs and DADs.19,20 Furthermore, studies in dogs with pacing-induced heart failure, 
found an increased QT variability associated with high sympathetic activity.36 Therefore, 
STVQT will be a more sensitive marker of increased arrhythmia risk, when measured 
during moments of high sympathetic tone. In the EU-CERT-ICD study, analysis of STVQT 
is done at these time points to further explore its potential as risk predictor. 

STV prior to arrhythmia: monitoring of arrhythmic risk
In addition to its dynamic behavior over the day, STV has also shown to increase 

abruptly prior to the occurrence of drug-induced TdP arrhythmias in the CAVB dog.32 
Therefore, STV might not only be suitable for risk stratification, but could also be used for 
continuous monitoring of imminent arrhythmic risk. In Chapter 7 we assessed whether 
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we could use STVARI derived from the EGM of the ICD lead for prediction of upcoming 
arrhythmic episodes. We showed that STVARI of the RV is comparable to STVMAPD of the LV 
and that STVARI increases significantly prior to the occurrence of ventricular arrhythmias 
under both anesthetic and awake conditions. Incorporating STV measurement for 
monitoring of arrhythmic risk would greatly improve the functionality of implantable 
devices.  Currently, the ICD exerts its therapy in the form of anti-tachycardia pacing 
(ATP) or shock, only if the presence of a ventricular arrhythmia is sensed by the device. 
Both appropriate and inappropriate ICD therapy are known to have profound impact on 
the lives of ICD recipients. Furthermore, because of a time delay between arrhythmia 
detection and shock delivery, there is a risk of injury. Combining monitoring with a 
preventive intervention would avoid these negative consequences of ICD therapy. 

However, continuous monitoring requires automatic and accurate STV 
calculation. In cooperation with Medtronic, we have developed a new method for 
automatic STV measurement by the ICD, which is presented in Chapter 8. This method 
uses the area under the gradient of the T wave signal to determine with great precision 
the end of the T wave for every single beat. We have shown that the automatic STVARI 
calculation is highly correlated with the gold standard STVMAPD and that it has very good 
sensitivity and specificity in predicting the occurrence of TdP arrhythmias in the CAVB 
dog. An advantage of the new method is its independence on T wave morphology; 
current methodologies use the maximal dV/dt of the T wave as T wave end, however, 
there is still controversy about the validity of this method for positive or biphasic T 
waves.37  Furthermore, the new method appears less dependent on sampling frequency 
compared to previous methods, possibly due to the use of the area of the gradient 
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instead of a single time point of the raw signal (see Figure 3). Using a lower sampling 
rate, premature battery depletion is prevented when this monitoring option is used 
continuously.  

Moreover, monitoring would be pointless, if it does not have any therapeutic 
consequences. Ideally, the device would start a preventive intervention when it 
senses that an arrhythmic episode is upcoming. Wijers et al. have demonstrated that 
temporary accelerated pacing (TAP), initiated just after the first ectopic beat, is highly 
effective in prevention of TdP arrhythmias in the CAVB dog.38 Pacing at a higher heart 
rate shortens action potential duration and thereby strengthens repolarization. In 
addition, rate smoothing algorithms have shown to prevent ventricular arrhythmias 
in patients with long QT syndrome.39 Continuous monitoring by STVARI would make it 
possible to anticipate and therefore start these interventions at an earlier moment, well 
before the occurrence of any ectopic beats. 

Future directions
We have shown that short-term variability of repolarization has potential for 

both long-term risk prediction as well as 24/7 monitoring. However, there are still some 
challenges to be solved, before STV will be used in clinical practice. Since there is no 
cancellation of measurement error and the values of STV are in order of milliseconds, 
precise determination of fiducial points is key to find meaningfull data. The method of 
fiducial segment averaging, as used in Chapter 6 and 7, greatly improves the accuracy of 
STV calculation. Nonetheless, even this method is susceptible to noise in the recording. 
The automatic method, introduced in Chapter 8, is more precise; however, this method 
is only available for intracardiac EGMs. An accurate automatic method for STVQT is 
needed when this parameter is used for risk stratification on a large scale. In addition to 
these methodological problems, STV is also greatly affected by heart rate, because of a 
complex and highly individual RR/QT-relation; however, the right way to correct for this 
(if any) is still under investigation. Finally, while we have considerable evidence for the 
importance of reduced repolarization reserve in patients with congenital or acquired 
long QT syndrome, it is less clear if STV predicts ventricular arrhythmias in patients with 
other underlying heart diseases. Along these lines, the abrupt increase in STV prior to 
ventricular arrhythmias has only been demonstrated in the CAVB dog model. It would 
be of great interest to see if these results can be confirmed in animal models or patients 
with other causes of ventricular remodeling. Currently, the automatic STV determination 
method is being made suitable for download on a device in order to further investigate 
the combination of continuous monitoring and temporary accelerated pacing for the 
prevention of ventricular arrhythmias. Furthermore, plans are made for a clinical study 
to evaluate if this new functionality can reduce the number of ICD shocks. 
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Part III. Parameters of neural remodeling for risk prediction

In the final part of this thesis we shortly addressed the effects of ventricular 
remodeling on two oscillatory patterns of APD, other than beat-to-beat variability (see 
Figure 4). One of these oscillatory patterns is due to respiration. Respiratory oscillations 
of APD have been demonstrated on intracardiac EGMs of heart failure patients, even 
when heart rate was controlled by pacing.40 Recently it was found that APD also 
oscillates at an even lower frequency, below 0.1Hz.41 These low frequency fluctuations 
resemble the so called ‘Mayer waves’: 0.1 Hz fluctuations in blood pressure, which have 
been attributed to bursts of sympathetic nervous system activity on the vasculature. In 
Chapter 9 we performed spectral analysis of MAP-recordings to visualize oscillations of 
APD at these different frequency bands in the CAVB dog. In this study, we were able to 
identify oscillations at both a respiratory frequency as well as a low frequency and we 
discovered that ventricular remodeling alters the amplitude of both these oscillations. 
Noteworthy, only the effects on low frequency oscillations were different for inducible 
and non-inducible dogs. 

Regarding the respiratory fluctuations of APD, mechano-electrical feedback has 
been suggested as one of the mechanisms: variations in intrathoracic pressure alters 
venous return and end-diastolic wall stress, which is known to have direct effect on 
repolarization.42 After ventricular remodeling, the effects of wall stress on APD are 
amplified. These results are perfectly in line with a study by Stams et al. which showed 
increased APD fluctuations in the CAVB dog, when preload was varied by pacing with 
an alternating PQ-interval.43 Important to notice, this preload-induced APD variability 
could only be observed under remodeled conditions. Therefore we can hypothesize that 
under conditions of reduced repolarization reserve, APD is more sensitive to changes in 
wall stress, possibly due to a greater contribution of stress-activated ion channels on 
repolarization. However, we did not find differences in respiratory oscillations between 
inducible and non-inducible dogs. Thus, while an increase in respiratory oscillations 
at CAVB reflects a reduced repolarization reserve, additional modulating factors are 
needed to create an environment where arrhythmias can be induced. 

The autonomic nervous system may take this role as modifier of arrhythmic 
susceptibility. We have seen that the low frequency oscillations of APD, which are 
attributed to sympathetic nervous system firing, are significantly higher in inducible 
CAVB dogs compared to non-inducible dogs. This may be due to functional or even 
anatomical alterations of the autonomic nervous system, referred to as neural 
remodeling. Previous studies in dogs with AV-block and myocardial infarction have 
shown regional denervation, hyperinnervation and sprouting of cardiac neurons, 
which led to spontaneous ventricular arrhythmias and SCD.44,45 Besides direct damage 
to nerve endings by ischemia, it is also known that chronic exposure to sympathetic 
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activity, such as during states of pressure or volume overload, can result in sympathetic 
rejuvenation and hyperinnervation.46 In the CAVB dog, it has been shown that removing 
sympathetic input on the ventricular myocardium by bilateral stellectomy resulted in 
almost complete prevention of dofetilide-induced TdP arrhythmias (thesis A. Bossu, 
unpublished data). Therefore, autonomic modulation of the arrhythmogenic substrate 
or trigger seems to be of great importance for arrhythmogenesis.

Future directions 
Currently, direct evidence for the presence of neural remodeling in the CAVB dog 

is lacking. In addition, no direct measurements of sympathetic nerve activity have been 
performed. Also, the effect of stellectomy on low frequency oscillations of APD needs 
to be demonstrated. Together this would give more insight into the role of  sympathetic 
remodeling on arrhythmogenesis in this model. More importantly, since low frequency 
oscillations of APD reflect enhanced sympathetic activity, they can be used for risk 
stratification. While the use of MAP catheters is cumbersome in clinical practice, a 
low frequency oscillatory pattern has recently been found in T wave vector angle on 
the 12-lead surface ECG.47 This non-invasive parameter, called periodic repolarization 
dynamics (PRD), appeared to be a strong predictor of mortality in post-MI patients. 
Currently, PRD is included in the EU-CERT-ICD study to help identify the patient at high 
risk of SCD. 
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Conclusion

More than thirty years ago, one of the founding fathers of modern 
electrophysiology, Philippe Coumel, stated that ‘it is not the arrhythmic event that 
is interesting, but what was before the arrhythmic event’, by which he stressed the 
importance of finding risk markers for ventricular arrhythmias.48 In this thesis, we 
have explored markers of different components of ventricular remodeling as possible 
candidates. We have shown that contractility and arrhythmogenesis are intertwined 
and that contractile parameters have the potential in defining the patient at risk. We 
have demonstrated that STV is a highly dynamic marker of repolarization reserve 
and that it can be used for both long-term risk prediction as well as for continuous 
monitoring.  Finally, we found that the low frequency bursts of sympathetic nervous 
system activity are related to arrhythmic susceptibility. All these findings can be 
put together in a concept, founded by Phillipe Coumel, known as the triangle of 
arrhythmogenesis (Figure 5): a clinical relevant arrhythmia requires both a trigger, an 

Trigger

Modulating factor Substrate
autonomic nervous system spatial dispersion of repolarization

scar/fibrosis

 Triangle 
of

Arrhythmogenesis

Ca2+-overload
↓ repolarization reserve} EAD/DAD

PRD

FFR, MR, PESP
STV

Figure 5. Philippe Coumel’s Triangle of Arrhythmogenesis. 
A clinical significant arrhythmia requires a trigger, a substrate and a modulating factor. EADs and DADs are 

triggers of ventricular arrhythmias. In the CAVB dog, spatial dispersion of repolarization enables the arrhythmia 

to perpetuate. In other forms of remodeling, conduction slowing and fibrosis, e.g. due to scar, form a substrate 

for reentry. Finally, the autonomic nervous system is a modulating factor, affecting both the trigger (Ca2+ 

overload) as well as the substrate (spatial dispersion).
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arrhythmogenic substrate, and a modulating factor. In the CAVB dog, the triggers for 
arrhythmia are EADs and DADs, caused by  Ca2+ overload and reduced repolarization 
reserve. Contractile parameters and STV are risk markers that reflect the propensity 
of these triggers to occur. Next, a substrate is needed for the triggered arrhythmias 
to perpetuate. While not addressed in this thesis, it is known that spatial dispersion 
of repolarization is required for TdP arrhythmias to sustain in the CAVB dog. In other 
forms of remodeling, for example when healthy myocardium has been replaced by scar 
tissue, both conduction delay and fibrosis contribute to the substrate. Currently, late 
gadolinium enhanced MRI (LGE-MRI) is a promising risk marker for visualization of the 
arrhythmogenic substrate in these patients. Finally, the sympathetic nervous system is 
the modifying factor, affecting both the trigger as well as the substrate: it contributes 
to Ca2+ overload, it further reduces repolarization reserve and it enhances spatial 
dispersion of repolarization. 

Keeping these three factors in mind, one clearly understands why the individual 
risk markers alone are limited in predicting arrhythmic risk. However, combining 
markers of both the trigger (e.g. STV), modulating factor (e.g. PRD) and the substrate 
(e.g LGE-MRI), would make it possible to define a risk prediction score that is far more 
accurate. Using this polyparametric approach, we will be able to deliver tailored and 
personalized medicine by identifying patients who will benefit the most from ICD 
therapy. 
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summary

Sudden cardiac death (SCD) due to a cardiac arrest accounts for up to 50% 
of total mortality in patients with structural heart disease, such as coronary artery 
disease, compensated hypertrophy or heart failure.  Most cardiac arrests are caused 
by a ventricular arrhythmia (a fast or chaotic heart rhythm that impedes the heart to 
circulate blood). Despite resuscitation attempts, overall survival after a cardiac arrest 
is only 5-10%. Therefore, focus has shifted towards prevention of SCD in high risk 
subgroups of patients. The Implantable Cardioverter-Defibrillator (ICD) is a device 
that continuously monitors the rhythm of the heart and can terminate life-threatening 
arrhythmias by delivery of an electric shock. Large randomized controlled trials have 
demonstrated a significant survival benefit of ICD therapy in patients with a diminished 
pump function of the heart as measured by left ventricular ejection fraction (LVEF). 
Currently, ICD implantation is indicated for all patients with a LVEF below 35%. 

However, in recent years it has become clear that LVEF lacks specificity and 
sensitivity in defining the subgroup at highest risk of malignant ventricular arrhythmias. 
Currently, more than 2 out 3 ICD recipients will never experience a life-saving ICD shock 
in their lives. Nonetheless, these patients are at risk of complications, such as lead 
fractures, infection, battery replacements or inappropriate shocks. Therefore, other, 
more accurate risk predictors are needed to improve patient selection for ICD therapy. 
In order to find new risk markers of SCD, one must have insight in the underlying 
mechanisms responsible for these arrhythmias. In patients with structural heart disease, 
alterations in cardiac structure, Ca2+ handling, ion channel expression and autonomic 
nervous system function have occurred.  This process, called ventricular remodeling, 
initially helps to maintain normal cardiac performance, but will eventually lead to 
deterioration of pump function, electrical instability and ventricular arrhythmias.

In this thesis, parameters of contractile (Part I), electrical (Part II) and neural 
remodeling (Part III) are evaluated in relation to susceptibility of ventricular arrhythmias 
in order to find new markers of increased arrhythmic risk.  To do so, an arrhythmogenic 
animal model is used: the chronic atrioventricular block (CAVB) dog. In this model, 
ablation of the AV-node causes a drop in heart rate and thereby volume overload of the 
left ventricle. In response to a reduced cardiac output, the heart starts to remodel by 
increasing contractility and growing in size. Moreover, the animals become susceptible 
to a typical ventricular arrhythmia, Torsades de Pointes (TdP), when they are further 
challenged with the pro-arrhythmic drug dofetilide. The CAVB dog is thus an ideal model 
to investigate the relation between ventricular remodeling and arrhythmogenesis. 
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Part I – parameters of contractile remodeling for risk prediction

Ca2+ is an essential ion for normal contractile function of the cardiomyocyte. 
During ventricular remodeling, the expression of key proteins in Ca2+ handling is 
altered, resulting in Ca2+ overload of the cardiomyocyte. The excess Ca2+ does not only 
affect contractility, but can also trigger ventricular arrhythmias.  In Chapter 2 three in 
vivo contractile parameters are discussed that reflect intracellular Ca2+ handling: the 
force-frequency relationship (FFR), mechanical restitution (MR) and post-extrasystolic 
potentiation (PESP). These parameters describe changes in contractility when heart rate 
varies or when extrasystolic beats occur.  In Chapter 3, we assessed whether alterations 
in FFR, MR and PESP are associated with susceptibility to arrhythmias in the CAVB dog. 
We showed that inducible CAVB dogs have a higher contractile force at low rate with 
an inverted FFR, higher MR and PESP and higher time constants of MR. Furthermore, 
the more these parameters are altered, the more arrhythmias can be induced.  Based 
on these observations, we hypothesized that the inducible dogs have more disturbed 
Ca2+ handling leading to Ca2+ overload. These differences in Ca2+ handling would then 
be measurable macroscopically by FFR, MR and PESP. We tested this hypothesis by 
pharmacologically increasing Ca2+ load with the Na+-K+-ATPase blocker ouabain in an 
attempt to convert a non-inducible dog into an inducible one. While only one out of four 
dogs reached a contractility level comparable to the inducible subjects, this one dog 
did become inducible after a combination of ouabain and dofetilide, hereby supporting 
our hypothesis. While these parameters were measured intracardially in this study, a 
non-invasive assessment of PESP is currently being investigated in the EU-CERT-ICD 
study as a potential predictor of SCD risk. 

Part II – parameters of electrical remodeling for risk prediction and 
monitoring

Parameters that reflect changes in electrophysiology are potential markers of 
arrhythmic risk. In Chapter 4 we presented the results of the EU-TrigTreat clinical study. 
This multicenter study investigated demographic and electrocardiographic parameters 
for risk prediction of appropriate shock and all-cause mortality in more than 600 ICD 
patients. Two separate risk prediction models were constructed which gave a very 
good approximation of both arrhythmia risk as well as overall mortality risk. This study 
highlights the importance of differentiating between these two competing risks, since 
patients will only benefit from the ICD if the risk of lethal arrhythmias is high, but the 
risk of dying from other, non-arrhythmic, causes is low.  Two parameters, microvolt T 
wave alternans and programmed electrical stimulation, were predictive for appropriate 
shock, but not for mortality. LVEF, on the other hand, was predictive for both shock 



200

Appendix

and mortality, which further stresses the limitations of LVEF as main criterion for ICD 
implantation.

An important electrical parameter of arrhythmic risk is short-term variability 
of repolarization (STV), which is studied in depth in Chapter 5, 6, 7 and 8. STV is a 
quantification of the beat-to-beat variations in repolarization and has been regarded 
as an accurate measure of so the called ‘repolarization reserve’, the redundancy in 
repolarizing currents to maintain normal repolarization. During ventricular remodeling, 
repolarization reserve is reduced, making the heart vulnerable to arrhythmogenic 
challenges on repolarization. This reduced repolarization reserve is reflected by an 
increased STV. In Chapter 5 we argue that women have less repolarization reserve 
compared to men, possibly due to the direct effect of sex hormones on repolarizing 
currents, which would explain why women are more prone to TdP arrhythmias. In 
Chapter 6 we evaluated the circadian rhythm of STV of the QT interval (STVQT) in a 
subpopulation of patients from the EU-CERT-ICD study. We demonstrated that highly 
arrhythmogenic patients (as defined by the number of arrhythmic events on the Holter 
recording) have a different circadian pattern of STVQT compared to patients with no 
arrhythmias. The STVQT in the arrhythmogenic group shows two prominent peaks in 
the early morning and late afternoon, possibly related to a shift in autonomic tone. 
Therefore, measurement of STVQT during these two time points would increase the 
sensitivity in identifying the patient at risk. 

Importantly, STV does not only predict the risk of developing life-threatening 
arrhythmias in the future, but also shows a sudden increase a couple of minutes prior 
to the occurrence of these arrhythmias. Therefore, STV may be used for continuous 
monitoring of arrhythmias that are upcoming. These dynamic STV changes are currently 
measured on the left ventricular monophasic action potential duration (STVMAPD). 
However, these signals are measured with a catheter that is not commonly used in clinical 
practice. In Chapter 7 we assessed whether the local electrogram (EGM) recorded via 
the right ventricular ICD lead is suitable for measurement of STV. We demonstrated that 
STV of the activation recovery interval (STVARI) of the EGM is comparable to STVMAPD, 
and that STVARI shows a similar increase prior to TdP arrhythmias in anesthetized and 
awake CAVB dogs. These findings are of major importance for further development 
of in-device monitoring. Incorporating 24/7 monitoring into an ICD could significantly 
improve the functionality of these devices. Currently, the ICD works as ‘rescue’ therapy 
by terminating malignant arrhythmias when present. Therefore, patients often require 
additional treatment with antiarrhythmic drugs or radiofrequency ablation to prevent 
multiple ICD shocks.  However, using continuous STVARI measurement, the ICD would 
be able to foresee if arrhythmias are upcoming and possibly initiate therapy to prevent 
the arrhythmia itself from occurring. Nonetheless, this new treatment modality would 
require an accurate automatic determination of STVARI by the device. In Chapter 8 we 
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presented a new automatic method of measuring STVARI which is highly correlated with 
the gold standard STVMAPD in the CAVB dog. Moreover, this method shows excellent 
sensitivity and specificity in identifying dogs that will develop TdP arrhythmias. In the 
near future, this new monitoring modality will be made available for further evaluation 
of its efficacy in patients. 

Part III - parameters of neural remodeling for risk prediction

In addition to beat-to-beat fluctuations, the action potential duration (APD) 
oscillates at other frequency bands as well. Two of those oscillatory patterns are 
addressed in the final part of this thesis. In Chapter 9 we assessed the effects of 
remodeling on respiratory and low frequency oscillations of APD in the CAVB dog. We 
observed that APD varies with respiration, even in sinus rhythm or acutely after AV-
block. However, at chronic AV-block, respiratory oscillations of APD are significantly 
augmented. We hypothesized that this is caused by a more pronounced effect of 
mechano-electrical feedback on APD when repolarization reserve is reduced. However, 
no differences were found in these oscillations between inducible and non-inducible 
CAVB dogs. Besides respiratory fluctuations, we also found low frequency oscillations 
of APD at around 0.1Hz, which have been attributed to bursts of sympathetic nervous 
system activity on the heart. This oscillatory pattern is also enhanced after remodeling, 
but to a far greater extend in inducible compared to non-inducible dogs. We argue 
that this observation is related to neural remodeling, by which alterations in cardiac 
sympathetic innervation result in differences in low frequency oscillations of APD 
in inducible versus non-inducible dogs. Altered autonomic modulation is known to 
increase both temporal and spatial dispersion of repolarization, which facilitates the 
initiation and perpetuation of ventricular arrhythmias. 

Conclusion

Prevention of SCD remains an important challenge in patients with structural 
heart disease.  Ventricular remodeling is responsible for changes in cardiac structure and 
function that make the heart prone to life-threatening ventricular arrhythmias. We have 
shown that in vivo markers of contractile, electrical or neural remodeling are potential 
candidates for identifying the subject at risk of developing malignant arrhythmias. In 
addition, continuous monitoring of imminent arrhythmic risk using these parameters 
can enhance the functionality of implantable devices.  Accurate risk prediction and in-
device monitoring help to maximize the benefit of ICD therapy, which will eventually 
improve the quality of life of ICD recipients. 
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Plotse hartdood ten gevolge van een hartstilstand is verantwoordelijk voor 50% 
van de totale sterfte in patiënten met een structurele hartziekte, zoals coronarialijden, 
gecompenseerde hypertrofie of hartfalen. In het merendeel van de gevallen wordt de 
hartstilstand veroorzaakt door een ventriculaire ritmestoornis (een snel of chaotisch 
hartritme, afkomstig uit de kamers van het hart, waardoor het hart amper bloed rond 
kan pompen). Reanimatiepogingen ten spijt, is de overleving na een hartstilstand slechts 
5-10%. Daarom wordt tegenwoordig de meeste aandacht gericht op het voorkomen van 
plotse hartdood in patiënten met een hoog risico op ventriculaire ritmestoornissen. 

De Implanteerbare Cardioverter-Defibrillator (ICD) is een apparaat dat continu 
het hartritme kan monitoren en levensbedreigende ritmestoornissen kan beëindigen 
door middel van een elektrische schok. Grote, gerandomiseerde, klinische studies 
hebben aangetoond dat ICD therapie de overleving verbetert in patiënten met een 
verminderde pompfunctie van het hart, gemeten aan de linker ventrikel ejectiefractie 
(LVEF). Tegenwoordig is implantatie van een ICD geïndiceerd voor alle patiënten met 
een LVEF onder de 35%.

Echter, in de afgelopen jaren is duidelijk geworden dat de LVEF een te lage 
sensitiviteit en specificiteit heeft in het identificeren van de groep patiënten met het 
hoogste risico op plotse hartdood. Momenteel zal 2 van de 3 ICD dragers nooit een 
levensreddende ICD schok meemaken in zijn of haar leven. Echter, deze patiënten 
lopen wel risico op het krijgen van complicaties, zoals draadbreuken, infecties, 
batterijvervangingen of onterechte schokken. Derhalve zijn nieuwe, meer accurate 
risicovoorspellers nodig om de selectie van patiënten voor ICD therapie te verbeteren. 
Om deze voorspellers te vinden heeft men inzicht nodig in de onderliggende 
mechanismen waardoor ritmestoornissen kunnen ontstaan. In patiënten met 
structurele hartziekten hebben veranderingen plaatsgevonden in de structuur van het 
hart, de Ca2+ huishouding, de expressie van ionkanalen en de functie van het autonome 
zenuwstelsel. Dit proces, genaamd ventriculaire remodellering, draagt initieel bij aan 
behoud van een normale werking van het hart, maar kan op den duur resulteren in een 
verdere verslechtering van de pompfunctie, elektrische instabiliteit en ventriculaire 
ritmestoornissen.

In dit proefschrift worden parameters van contractiele (deel I), elektrische (deel 
II) en neurale remodellering (deel III) in relatie tot de gevoeligheid voor ventriculaire 
ritmestoornissen onderzocht ten doel nieuwe markers van verhoogd aritmisch risico te 
vinden. Hiervoor wordt gebruik gemaakt van een aritmogeen diermodel: de chronische 
atrioventriculair blok (CAVB) hond. In dit model veroorzaakt ablatie van de AV-knoop een 
daling van de hartfrequentie en derhalve volume-overbelasting van het linker ventrikel. 
Als reactie op de verlaagde cardiac output, remodelleert het hart door verhoging van 
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de contractiekracht en verdikking van de hartspier. Tevens worden de dieren vatbaar 
voor een bepaalde ventriculaire ritmestoornis, Torsades de Pointes (TdP), wanneer 
eveneens het pro-aritmogene medicament dofetilide wordt toegediend. De CAVB-hond 
is daarom een ideaal model voor het bestuderen van de relatie tussen ventriculaire 
remodellering en het optreden van ventriculaire ritmestoornissen. 

deel I – parameters van contractiele remodellering voor 
risicopredictie

Ca2+ is een essentieel ion voor normale contractie en relaxatie van de hartspiercel, 
de cardiomyocyt. Tijdens ventriculaire remodellering verandert de expressie van 
belangrijke eiwitten in de Ca2+ huishouding wat leidt tot een overschot aan Ca2+ in de 
cardiomyocyt. Dit teveel aan Ca2+ heeft niet alleen invloed op de contractiliteit, maar 
kan ook ventriculaire ritmestoornissen opwekken. In Hoofdstuk 2 worden drie in vivo 
contractiele parameters besproken die een afspiegeling zijn van de intracellulaire Ca2+ 
huishouding: de force-frequency relatie (FFR), mechanische restitutie (MR) en post-
extraystolische potentiatie (PESP). Deze parameters beschrijven de veranderingen 
in contractiliteit wanneer de hartfrequentie varieert of wanneer er zich extraslagen 
voordoen. In Hoofdstuk 3 wordt de relatie onderzocht tussen veranderingen in FFR, 
MR en PESP en de vatbaarheid voor ritmestoornissen in de CAVB-hond. In dit hoofdstuk 
wordt duidelijk dat induceerbare CAVB-honden een hogere contractiekracht hebben 
bij een lage hartfrequentie met daarbij een negatieve FFR, een hogere MR en PESP en 
tevens een hogere tijdsconstante van de MR-curve. Verder blijkt dat hoe meer deze 
contractiele parameters zijn veranderd, hoe meer ritmestoornissen kunnen worden 
opgewekt. Op basis van deze observaties, wordt verondersteld dat de induceerbare 
honden een ernstigere verstoring van hun Ca2+ huishouding hebben, die leidt tot Ca2+ 
overschot. Deze verstoring kan macroscopisch worden gemeten middels FFR, MR en 
PESP. Deze hypothese werd getest door farmacologisch een groter Ca2+ overschot te 
creëren middels de Na+-K+-blokker ouabaïne, om zodoende een niet-induceerbare 
hond induceerbaar te maken. Hoewel het slechts bij 1 van de 4 honden lukte de 
contractiekracht naar het niveau van de induceerbare honden te verhogen, bleek 
deze hond wel induceerbaar bij een combinatie van ouabaïne en dofetilide, wat 
onze hypothese ondersteunt. Alhoewel de contractiele parameters in deze studie 
intracardiaal werden gemeten, wordt momenteel in de EU-CERT-ICD studie onderzocht 
of een niet-invasieve PESP-meting als eventuele risico voorspeller van plotse hartdood 
kan fungeren. 



206

Appendix

deel II – parameters van elektrische remodellering voor 
risicopredictie en monitoring

Parameters die veranderingen in de elektrofysiologie van het hart weergeven 
zijn veelbelovende markers van een verhoogd risico op ventriculaire ritmestoornissen. 
In Hoofdstuk 4 worden de resultaten van de EU-TrigTreat clinical study gepresenteerd. 
Deze studie onderzocht verschillende demografische en elektrocardiografische 
parameters ter risicopredictie van terechte ICD schokken en mortaliteit in meer dan 
600 ICD patiënten. Twee verschillende predictiemodellen konden worden opgesteld 
die beide een zeer goede benadering gaven van het risico op een terechte ICD schok 
alsmede het mortaliteitsrisico. Deze studie benadrukt hoe belangrijk het is onderscheid 
te maken tussen deze twee concurrerende risico’s, aangezien patiënten enkel profijt 
hebben van de ICD als het risico op levensbedreigende ritmestoornissen groot is, 
maar het risico op overlijden aan andere oorzaken klein. Twee parameters, microvolt T 
wave alternans en geprogrammeerde elektrische stimulatie, waren voorspellend voor 
terechte ICD schokken, maar niet voor mortaliteit. LVEF, daarentegen, was voorspellend 
voor beiden. Dit onderstreept wederom de beperkingen van LVEF als belangrijkste 
criterium voor ICD implantatie. 

Een belangrijke elektrische parameter is short-term variability of repolarization 
(STV), welke onderwerp van discussie is in Hoofdstuk 5, 6, 7 en 8. STV is een kwantificatie 
van de slag-op-slag variatie in repolarisatie (de herstelfase in de hartcyclus). Deze 
parameter reflecteert de mate van ‘repolarisatie reserve’, de overtolligheid in 
ionstromen verantwoordelijk voor repolarisatie, waardoor een normale repolarisatie 
kan plaatsvinden zelfs als één van de stromen is geblokkeerd. Echter, ten gevolge van 
remodellering vermindert de repolarisatie reserve, waardoor het hart kwetsbaar wordt 
voor aritmogene invloeden op de repolarisatie. De verlaagde repolarisatie reserve 
wordt weerspiegeld in een hogere STV. 

In Hoofdstuk 5 wordt bediscussieerd of vrouwen minder repolarisatie reserve 
hebben dan mannen, mogelijk veroorzaakt door het effect van geslachtshormonen op 
repolariserende ionstromen. Dit zou verklaren waarom vrouwen gevoeliger zijn voor 
TdP ritmestoornissen. In Hoofdstuk 6 wordt het circadiane ritme van STV van het 
QT interval (STVQT) bestudeerd in een subpopulatie van de EU-CERT-ICD studie. Hier 
wordt aangetoond dat sterk aritmogene patiënten (gebaseerd op het aantal aritmische 
events op de Holterregistratie) een totaal ander circadiaan patroon van STVQT hebben 
vergeleken met patiënten zonder ritmestoornissen. De STVQT in de aritmogene groep 
vertoont twee prominente pieken in de vroege ochtend en late namiddag, mogelijk 
gerelateerd aan verschuivingen in autonome tonus. Het meten van STVQT gedurende 
deze tijdspunten zou dus de sensitiviteit kunnen verbeteren in het identificeren van de 
patiënten met een hoog risico op ventriculaire ritmestoornissen. 
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STV voorspelt niet alleen het risico op het ontwikkelen van levensbedreigende 
ritmestoornissen in de toekomst, maar toont ook een acute stijging een paar minuten 
voor het optreden van deze ritmestoornissen. Daarom zou STV kunnen worden gebruikt 
voor continue monitoring van ritmestoornissen die aanstaande zijn. Deze dynamische 
veranderingen in STV vlak voor het ontstaan van de ritmestoornis worden nu gemeten 
aan de monofasische actiepotentiaalduur (STVMAPD). Echter, deze signalen kunnen 
enkel worden geregistreerd met een speciale katheter, die zelden wordt gebruikt in de 
klinische praktijk. In Hoofdstuk 7 wordt daarom onderzocht of het lokale elektrogram 
(EGM) van de ICD draad in het rechter ventrikel kan worden gebruikt om STV op te 
meten. In dit hoofdstuk wordt aangetoond dat STV van het activation recovery interval 
(STVARI) van het EGM vergelijkbaar is aan STVMAPD en dat STVARI een overeenkomstige 
stijging laat zien vlak voor het ontstaan van TdP ritmestoornissen in de CAVB hond, 
zowel onder narcose als wakker. Deze bevindingen zijn van groot belang voor de verdere 
ontwikkeling van in-device monitoring. Het implementeren van 24/7 monitoring in 
een ICD zou de functionaliteit van het device aanzienlijk kunnen vergroten. Nu werkt 
de ICD als ‘rescue’ therapie: het device kan een levensbedreigende ritmestoornis 
beëindigen wanneer deze aanwezig is. Meestal is aanvullende therapie in de vorm van 
anti-aritmische medicatie of radiofrequente ablatie noodzakelijk om meerdere ICD 
schokken te voorkomen. Echter, middels continue STVARI analyse kan de ICD gevaarlijke 
ritmestoornissen aan zien komen en eerder ingrijpen om zodoende de ritmestoornis te 
voorkomen. Het device moet hiervoor wel in staat zijn automatisch STVARI te bepalen. In 
Hoofdstuk 8 wordt een nieuwe geautomatiseerde methode gepresenteerd om STVARI 
te meten. Deze methode blijkt sterk gecorreleerd aan de gouden standaard STVMAPD 
en heeft bovendien een uitstekende sensitiviteit en specificiteit in het aantonen van 
een stijging van STV vóór het optreden van TdP ritmestoornissen in de induceerbare 
honden. Momenteel wordt deze nieuwe monitoringsfunctie doorontwikkeld voor 
verdere evaluatie in patiënten.

deel III - parameters van neurale remodellering voor risicopredictie

Naast slag-op-slag fluctuaties, oscilleert de actiepotentiaalduur (APD) ook op 
andere frequenties. Twee van die oscillaties worden onderzocht in het laatste deel 
van dit proefschrift. In Hoofdstuk 9 wordt het effect van remodellering op respiratoire 
en laag frequente oscillaties van APD in de CAVB-hond geëvalueerd. Respiratoire 
oscillaties van APD kunnen worden geobserveerd in sinusritme en acuut na het maken 
van AV-blok. Echter, na remodellering zijn deze respiratoire oscillaties aanzienlijk 
versterkt. Dit kan worden toegeschreven aan een belangrijker effect van mechano-
elektrische feedback op de APD wanneer de repolarisatie reserve is verminderd. Echter, 
er werden geen verschillen gevonden in respiratoire oscillaties tussen induceerbare 
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en niet-induceerbare CAVB-honden. Naast deze schommelingen veroorzaakt door 
de ademhaling, wordt ook een laag frequente oscillatie in APD gezien van rond de 
0.1 Hz, waarschijnlijk veroorzaakt door het vuren van sympathische neuronen op het 
ventriculaire myocard. Deze laag frequente oscillatie neemt ook toe na remodellering, 
echter in een veel grotere mate in de induceerbare honden. Dit verschil is mogelijk 
gerelateerd aan neurale remodellering, waarbij aanpassingen in sympathische 
innervatie van het hart kunnen leiden tot verschillen in de laag frequente oscillatie 
van de APD in induceerbare versus niet induceerbare honden. Bovendien is bekend 
dat veranderende autonome modulatie zowel spatiele als temporele dispersie in 
repolarisatie kan vergroten, waardoor ventriculaire ritmestoornissen gemakkelijk 
kunnen ontstaan en aanhouden. 

Conclusie

Preventie van plotse hartdood blijft een belangrijke uitdaging in patiënten 
met structurele hartziekten. Ventriculaire remodellering is verantwoordelijk voor 
veranderingen in de structuur en de functie van het hart, waardoor het hart vatbaar 
wordt voor levensbedreigende ritmestoornissen. In dit proefschrift is aangetoond 
dat in vivo markers van contractiele, elektrische of neurale remodellering potentiele 
kandidaten zijn om patiënten te identificeren die een hoog risico lopen op het 
ontwikkelen van deze gevaarlijke ritmestoornissen. 

Daarnaast kan continue monitoring van op handen zijnde ritmestoornissen 
middels deze parameters de functionaliteit van implanteerbare apparaten verhogen. 
Zowel accurate risicopredictie als in-device monitoring dragen bij aan het vergroten van 
het profijt van ICD therapie voor de patiënt en zullen daarmee op den duur de kwaliteit 
van leven van ICD dragers aanzienlijk verbeteren.
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