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INTRODUCTION

Sudden cardiac death (SCD) is a common cause of death and its incidence continues to rise. 
The occurrence of SCD is mainly due to development of malignant ventricular arrhythmias 
such as ventricular tachycardia or ventricular fibrillation. The majority of SCD victims is not 
previously diagnosed with heart disease or has heart disease with normal or mild cardiac 
dysfunction.1 The underlying cause of SCD is almost always a complex remodeling of the 
heart. Both, congenital (genetic mutations)2 and acquired pathologies (coronary artery 
disease accompanied by ischemia and volume or pressure overload)3 can result in structural 
adaptations (ventricular hypertrophy), contractile changes and electrical alterations 
that develop as a mechanism to compensate increased wall stress to preserve cardiac 
function4. Collectively, they are known as ventricular remodeling. In the compensated state, 
patients have little or no symptoms. However, when the heart has no longer the capacity 
to compensate adequately, the remodeling process may become maladaptive leading to a 
decompensated state and resulting in different stages of congestive heart failure.5 
Total mortality increases in relation to increased functional impairment of the heart. 
However, the proportion of total deaths due to ventricular arrhythmias decreases in severe 
heart failure6-8 indicating that the relative risk of SCD is higher in compensated states. 

The CAVB dog model  
The canine model of chronic, complete atrio-ventricular block (CAVB) is characterized by 
compensated hypertrophy due to ventricular remodeling that occurs after induction of AV-
block. A side effect accompanied with ventricular remodeling is the increased risk for drug-
induced Torsade de Pointes (TdP) arrhythmias. Radiofrequency ablation of the AV node acutely 
causes numerous cardiac adaptations (figure 1).9 These alterations include occurrence of 
dyssynchrony between atria and ventricles and the necessity to activate the ventricles from 
an infranodal focus of the conduction system resulting in a slower idioventricular rhythm 
(IVR). The normal conduction system in the ventricles consists of a right and left bundle 
branch while the latter divides into an anterior and posterior fascicle moving to the anterior 
and posterior papillary muscle, respectively (figure 2).10-13 The occurence of IVR is typically 
uncontrolled and the ventricular activation pattern cannot be predicted. Furthermore, the 
focus may change during the day or over time. Although the origin of IVR is unpredictable 
the preferred sites are either the right anterior paraseptal region, antero-apical left ventricle, 
or postero-apical left ventricle, corresponding anatomically to the endocardially located 
conduction system.14 Ventricular rate drops from roughly 115 to 40-50 beats/min (figure 
1) because of the lower intrinsic rate of Purkinje fibers.15 The acute bradycardia reduces 
cardiac output markedly.16 Initially, cardiac contractility is increased due to neurohumoral 
activation, as can be seen by increased LV pressure development over time (LV dP/dt), which 
reaches its maximum after two weeks of AV-block. Thereafter it declines until a stable state 
of almost normal values is present at > 10 weeks (figure 1).16 Contemporaneously, structural 



INTRODUCTION                                                  

11

Ch
ap

te
r 1

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

C 0 2 4 6 8 10 12 14 16
Weeks AVB

R
el

at
iv

e 
ch

an
ge

QTc

HR

HW/BW

LV dP/dt

TdP

CO 100%

0%

Inducibility
of TdP

100%

0%

Inducibility
of TdP

11/14 20/27 8/10

0/8 0/32

Figure 1.  Summary of the development of ventricular remodeling and arrhythmogenesis in the chronic AV-
block (AVB) dog with idioventricular rhythm over time. Scale is relative (see left Y-axis). The red line shows the 
abrupt decrease in heart rate (HR) after AV block. The black line is an approximation of cardiac output (CO). The 
green line represents contractile remodeling as depicted in changes in maximum rise of left ventricular pressure 
(LV dP/dt). The yellow line shows structural remodeling expressed as heart to body weight (HW/BW). The blue 
line is a representation of electrical remodeling measured as QT-duration (QTc). The bars show the percentage 
of dogs susceptible for drug-induced Torsade de Pointe arrhythmias (TdP) (see right Y-axis) at sinus rhythm, 
acute AV-block (0 weeks) and chronic AV-block (2, 6 or 12 weeks). This figure is taken from Bourgonje et al. 34 with 
permission of the authors. 
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Figure 2. Anatomy of the heart aimed at the conduction system. The left part shows a four-chamber view while 
the right part depicts a detailed cross-section of the left ventricle looking from the ‘removed’ lateral to the septal 
wall. The left bundle branches from the his-bundle, subsequently divides into an anterior and posterior fascicle 

spreading over the anterior or posterior wall by their papillary muscle, respectively.
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remodeling (biventricular hypertrophy) which occurs more gradually, takes over to maintain 
cardiac output. This can be seen using the heart-to-body-weight ratio, reaching its maximum 
value around six weeks,17,18 

Lengthening of the repolarization duration is widely accepted as the most striking feature 
of electrical remodeling, which can be observed via prolongation of the QT-interval on 
the surface ECG or, more regionally, via an increase in the duration of the catheter-based 
monophasic action potentials (MAP), or the activation recovery interval (ARI) of a needle 
measurement.9,17-21 In the CAVB dog model, QT interval prolongs acutely after creation 
of AV-block due to drop in heart rate and a further increase can be observed in the first 2 
weeks after which repolarization duration stabilizes (figure 1). The former is a result of the 
physiologic QT-heart rate relation while the latter is a consequence of electrical remodeling. 
Contemporaneously, the regionally measured MAP prolongation is larger in the LV versus 
the right ventricle (RV), indicating that interventricular dispersion of repolarization assessed 
as LVMAP – RVMAP is increasing too. Spatial dispersion has been assessed more in detail 
with needle measurements and demonstrated increased interventricular, transseptal, 
LV transmural and LV apex to base dispersion of repolarization.19 Furthermore, temporal 
dispersion of repolarization, quantified as short-term-variability (STV) is also increased.21 

Thus repolarization is not only prolonged but also demonstrated increased heterogeneity in 
space and time.
The underlying cellular changes of the action potential prolongation are well studied in the 
CAVB dog with IVR both in cells obtained from the LV and RV. The upstroke of the action 
potential is due to the inward sodium current and is attenuated after remodeling. The peak 
sodium current (INa) is reduced in the LV,19 whereas INa late is also reduced.22 During the 
plateau phase the L-type Calcium current (ICaL) is the most important inward current. After 
remodeling the current through ICaL does not change even though a larger window current 
is observed. The sodium calcium exchanger, also important during the plateau phase, 
demonstrated an increased current in both modes (forward and reverse).23 The final stage 
of the action potential is characterized by repolarization via potassium currents. Both the 
slow (IKs) and to a lesser extent the fast (IKr) component of the delayed rectifier current are 
downregulated in the LV and in the RV24 while other repolarizing currents as the transient 
outward current (Ito) and the inward rectifying potassium current (IK1) remained the same 
in both ventricles.24 
Drug induced TdP arrhythmias are a feared adverse effect in humans. Therefore, 
proarrhythmic screening of drugs is important and since the CAVB dog model showed 
enhanced susceptibility for TdP, this animal model is extremely suitable for this aim. The gold 
standard to determine the susceptibility for TdP in this model is by infusion of dofetilide, a 
class III antiarrhythmic drug. About three-quarters of the dogs reveal reproducible TdPs at 2, 6 
or 12 weeks after AV-block in IVR.25,26 Considering the different remodeling processes it is clear 
that both structural and contractile remodeling are still adapting, while electrical remodeling 
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is the only that remains stable in the weeks after CAVB (figure 1). Thus, factors disturbing 
the repolarization process are important to increase the risk for arrhythmias. Interestingly 
enough, this proarrhythmic susceptibility is not present in all dogs indicating that individual 
predisposition is also important for induction of ventricular arrhythmias. The concept of 
repolarization reserve is described by Roden et al.,27 and both individual predisposition 
and arrhythmogenic challenges are part of it. Usually, multiple hits are necessary to reach 
the point, at which the heart has to allow arrhythmias.25 In the CAVB dog model, multiple 
modulating factors can diminish repolarization reserve by which the heart eventually has no 
longer the capacity to avoid TdP. 

Prevention of ventricular arrhythmias  
Prevention of ventricular arrhythmias can either be achieved by eliminating risk factors 
or by adequate risk stratification. A combination of these two strategies can lead to 
a more targeted therapy, which may decrease the risk for ventricular arrhythmias.  
In patients, a growing number of pacemaker devices are implanted, both with and without 
defibrillator function. Important reasons to implant such a device are 1) support of the heart 
function (e.g. bradycardia, poor ejection fraction) and/or 2) prevention of sudden cardiac 
death. The framework of the sudden cardiac death guideline is mainly outlined by landmark 
trials that have been performed about 10-15 years ago.28 However, there is growing evidence 
suggesting that risk stratification has to be optimized. On the one hand, according to the 
current guidelines most of people that die due SCD are not eligible for ICD therapy.6 On 
the other hand, the incidence of appropriate ICD shocks is low indicating that a number 
of patients do not benefit from ICD implantation.29,30 Better risk stratification is therefore 
of crucial importance. There are a number of clinical and electrophysiological parameters 
that are associated with an increased risk for ventricular arrhythmias and may play a role 
in prediction of these life-threatening events, such as provocative measures (programmed 
electrical stimulation), autonomic measures (heart rate turbulence or heart rate variability) 
and ECG repolarization measures (microvolt T-wave alternans or QT dispersion/variability).31 
Moreover, it has been shown that a combination of parameters can further increase the 
accuracy of risk stratification.32,33
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THESIS OUTLINE

In this thesis, we will start with a description of several factors that may affect repolarization 
reserve and increase the risk for TdP arrhythmias. Subsequently, we will discuss the underlying 
mechanisms of the TdP arrhythmias. In the last part, we will focus on several strategies that 
may play role in prevention of the occurrence of ventricular arrhythmias and SCD. 
In Chapter 2, unremodeled (acutely after AV-node ablation) and remodeled conditions 
(chronically after AV-block) in the CAVB dog are compared to demonstrate the importance 
of the presence ventricular remodeling. In addition, factors as timing of drug administration, 
short-long-short sequences and altered ventricular activation are explored. The focus of 
Chapter 3 is on the relevance of anesthesia for induction of TdP arrhythmias. Conscious 
and anesthetized conditions are compared and the type of anesthesia is also evaluated. 
As IVR is uncontrolled and the focus may change over time, the activation pattern of the 
ventricles is controlled in Chapter 4 by constant, bradycardic dysynchronous right 
ventricular apex pacing. The mechanical and electrical adaptations are described as well 
as the arrhythmogenic consequences with the focus on regional adaptations. In Chapter 
5, the electrical and arrhythmic effects of acute right ventricular apex pacing during IVR 
remodeled conditions are evaluated. For targeted therapy, it is important to know underlying 
mechanism(s) of arrhythmia and therefore in Chapter 6, a detailed needle mapping of 
both ventricles was performed. The amount of intraventricular dispersion of repolarization 
was used to distinguish between subjects that did and that did not develop TdP. Chapter 
7 provides a correlation of the data obtained from the needle electrodes (Chapter 6) and 
simultaneously recorded unipolar electrograms from a duo-decapolar catheter, that also has 
been used in Chapter 5. As discussed in Chapter 4, dyssynchronous ventricular activation is 
an important risk factor for development of TdP arrhythmias and therefore we evaluated the 
effect of cardiac resynchronization therapy (CRT) in Chapter 8. In addition, to further explore 
the antiarrhythmic mechanism of CRT, acute and chronic treatments were compared. 
The ultimate goal of experimental research is to apply the acquired knowledge in clinical 
practice. In Chapter 9, we studied in the EUTrigTreat clinical study whether a combination 
of clinical and electrical markers could predict future ventricular arrhythmias in patients to 
eventually guide therapy. In a subgroup of these patients, we explored the nature of STV of 
the QT interval and its role in risk prediction of ventricular arrhythmias, which is described in 
Chapter 10. The last chapter, Chapter 11, provides a general discussion of the content of 
the above-mentioned chapters.
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ABSTRACT

Introduction: A number of predisposing factors have been suggested to be contributing 
to drug induced Torsade de Pointes (TdP) arrhythmias: short-long-short sequence (SLS), 
bradycardia, timing of drug administration, anesthesia, ventricular remodeling and altered 
ventricular activation due to ventricular ectopic beats (SLS) or idioventricular rhythm (IVR). 
Chronic AV-block (CAVB) dogs are susceptible to dofetilide-induced TdP.
Methods: In 32 anesthetized animals, the relevance of ventricular remodeling for TdP 
susceptibility was studied by dofetilide (0.025 mg/kg/5min IV) during bradycardia in the 
presence (CAVB, n=18) or absence (Acute AVB, n=32) of ventricular remodeling.  In sub-
protocols, the possible proarrhythmic effects of timing of dofetilide administration: prior to 
(n=11), or after creation of AVB (n=9) and relevance of SLS-pacing (n=17) was investigated 
during IVR. Dofetilide was also given after AVB when the activation of the ventricles was 
normal: pacing (1000 ms) from the high septum (n=7) or abnormal but fixed from the left 
ventricular apex (n=5). TdP inducibility was defined as reproducible (>3 times) occurrence. 
Results: In AAVB, dofetilide did not induce TdP spontaneously (0/32), whereas TdP was seen 
in 10/18 serially tested dogs in CAVB (p<0.001). The other factors: timing of dofetilide (0/11 
vs. 0/9), SLS-pacing (0/17 vs. 1/17) or ventricular activation (0/7 vs. 0/5) did not increase TdP 
susceptibility. Beat-to-beat variability of repolarization increased after ventricular remodeling 
and was highest prior to TdP induction. 
Conclusion: In AAVB dogs, TdP is not spontaneously seen, whereas it is present in CAVB. This 
implies that ventricular remodeling is a prerequisite for TdP-induction in this model.

Keywords: Ventricular remodeling, timing of drug administration, short-long-short 
sequence, ventricular activation
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INTRODUCTION

Drug-induced arrhythmias, like Torsade de Pointes (TdP), are a feared adverse effect, 
although their incidence is relatively low (0.01 – 3.5%) in patients treated with a diversity of 
(non) cardiovascular drugs. Most of these drugs share the ability to block the delayed rectifier 
current (IKr).

1 The TdP incidence is highest in anti-arrhythmic drugs, such as dofetilide, 
ibutilide or sotalol.  Clinically, these agents are most frequently used in the treatment of 
atrial fibrillation.2 Besides prolongation of the duration of the atrial action potential as the 
desired effect, these drugs also lengthen ventricular repolarization. Still, TdP incidence 
is low; indicating that there has to be a predisposition in these patients, by a single or 
multiple modulating factors. Next to the concept of diminished repolarization reserve as 
a result of ventricular remodeling,3 a number of modulating factors have been suggested: 
bradycardia,4 gender,5 short–long–short (SLS) sequence,6-9 hypokalemia,10 anesthesia,11 and 
abruptly altered ventricular activation due to SLS or idioventricular rhythm (IVR) 7. TdP is 
often encountered when atrial fibrillation is pharmacologically converted12,13 or when 2nd – 3rd 
degree AV-block is occurring giving rise to irregular ventricular rhythms,14 mimicking SLS. In 
both examples ventricular activation may be altered.
The chronic atrio-ventricular block (CAVB) dog model has an high susceptibility to drug-
induced TdP arrhythmias (incidence 60 – 80%) which seems to be based on 4 challenges: 
bradycardia, ventricular remodeling, anesthesia and the drug of choice.15 Our group 
demonstrated that ventricular remodeling resulted in a persistently increased beat-to-beat 
variability of repolarization duration.16 The latter electrical biomarker has been linked to 
an increased pro-arrhythmic risk. But to what extent are ventricular remodeling and other 
modulating factors contributing? Therefore the aim of our study was to determine the 
relevance of ventricular remodeling for TdP susceptibility using dofetilide in bradycardic and 
anesthetized circumstances. Ventricular remodeling was defined as molecular and cellular 
adaptations in contractile, structural, and electrical parameters. Dogs were serially tested in 
presence (chronic AV-block) or absence (acute AV-block) of ventricular remodeling (aim 1). In 
sub-protocols performed at AAVB, the relevance of other modulating factors for TdP induction 
was assessed. The possible pro-arrhythmic effect of timing of dofetilide administration, prior 
to or directly after the establishment of a regular idioventricular rhythm (IVR) (aim 2A; group 
IVR-I and IVR-II) was determined. Furthermore, influence of SLS pacing was investigated 
(aim 2B; group IVR-I and IVR-II) and finally the relevance of an altered versus a controlled 
activation pattern was determined (aim 2C). Normally, the focus for IVR is unpredictable and 
variable in CAVB dogs. This could be a confounding factor. In the last two groups, pacing at 
a cycle length of 1000 ms was performed during the experiment using a High Septal Pacing 
(HSP) lead (normal activation) or a Left Ventricular (LV) endocardial apex screw in electrode 
(abnormal activation) to detect the contribution of acutely controlling ventricular activation.
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All dogs with dofetilide administration (0.025 mg/kg/5min IV) in the AAVB experiment, to 
induce TdP, were included; resulting in inclusion of 32 adult purpose-bred dogs, of either 
sex (21 male and 11 female), from four different protocols. All animals had normal sinus 
rhythm and were anesthetized with sodium pentobarbital (25 mg/kg intravenously (i.v.)) 
and maintained by halothane (0.5-1% in O2/N2O, 1:2)) or by isoflurane (1.5% in O2/N2O, 1:2).11 
Complete atrio-ventricular block was induced with radiofrequency ablation of the proximal 
His bundle.17 Infusion of dofetilide, a specific IKr blocker was discontinued, when TdP occurred. 
Six electrocardiogram (ECG) leads and simultaneous endocardial left en right ventricular 
monophasic action potentials were continuously recorded during the experiments. Four to 
six weeks after creation of the complete AV-block, 18 dogs (10 males and 8 females) from 

	  	  	  	  CAVB	  (n=18)	  

start	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  end	  	  
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AAVB	  

SR	  
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SR	  

	  	   	  	   	  	   	  	  IVR	   SLS	  

AAVB	  

SR	   	  	  Dof	  	  	  Group	  IVR-‐I	  (n=11)	  

	  	  

	  	  

	  	  Group	  IVR-‐II	  (n=9)	  

Group	  HSP	  (n=7)	  

Group	  LV-‐apex	  (n=5)	  

(n=10)	  

(n=7)	  

	  	   	  	  Dof	  
(n=4)	  
	  	  
	  

(n=7)	  
	  	  
	  

(n=7)	  
	  	  
	  

IVR	  	  	  	  –	  	  	  	  HSP	  	  	  	  –	  	  	  	  LV-‐APEX	  	  

Figure 1. Flowchart of the experiments performed in the four groups under general anesthesia in AAVB and 
during CAVB. Length of the bars does not match time. SR = sinus rhythm, Dof = dofetilide, AAVB = acute AV-block, 
IVR = idioventricular rhythm, HSP = high septal pacing, LV-APEX = pacing from the left ventricular apex, SLS = 
short-long-short pacing.

METHODS 

Animal handling was in accordance with the European Directive for the Protection of 
Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU) and 
the Dutch Law on animal experimentation. The committee for Experiments on Animals 
of Maastricht University and Utrecht University approved the experiments performed in 
Maastricht and Utrecht, respectively.
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all the four protocols, again underwent dofetilide administration to test the relevance of 
ventricular remodeling (aim 1). The other dogs were excluded because they received another 
drug then dofetilide, being d-sotalol.
Figure 1 shows a flowchart of the experiments that were performed during the experiments. 
In a sub-protocol (aim 2A), the possible pro arrhythmic effect of timing of dofetilide 
administration: prior to (14.5 ± 1.8 min) (IVR-I, n=11), or after creation of acute AV-block (28.9 
± 7.3 min) (IVR-II, n=9) was investigated during regular IVR
To assess the relevance of SLS sequences (aim 2B), a pacing protocol was added in 17 dogs 
in groups IVR-1 and IVR-II. The 3 remaining dogs did not endure placement of the pacing 
electrode. They showed an irregular rhythm and oxygenation changes during insertion of 
the electrode. The pacing protocol consisted of four short intervals (600 milliseconds (ms)), a 
long interval of 1000-1200 ms and again a short interval (400-500 ms). This cycle was repeated 
an average of 5 – 10 times in all dogs.
The influence of altered activation during the experiment was investigated in the last sub 
protocol (aim 2C): seven dogs were paced at a bradycardic rate of 1000 ms from the high 
septum (HSP, n=7), resembling normal ventricular activation. The remaining 5 dogs were 
paced, also at 1000 ms, with an abnormal, but fixed activation from the left ventricular apex 
(LV-apex, n=5).

Arrhythmia quantification  
Quantification of number of TdPs was determined during the first ten minutes directly 
after starting dofetilide infusion in groups IVR-II, HSP and LV-apex. In group IVR-I, TdPs were 
measured directly after creation of AV-block for period of 10 minutes too. A TdP was defined 
as a polymorphic ventricular tachycardia with typical twisting around the isolelectrical line of 
the ECG of more than 5 beats.15 If normal rhythm was not restored within 15 seconds of TdP, 
the dog was electrically defibrillated. Inducibility was defined as a dog showing 3 or more 
spontaneous TdPs.

Data analysis  
Applying a custom-made computer program (ECG-view), RR-interval, QT-interval (lead II) and 
monophasic action potential duration (MAPD) were measured offline, from 5 consecutive 
beats. Beat-to-beat variability of repolarization was quantified as short-term-variability (STV) 
over 30 consecutive beats using the formula: STV = ∑|Dn+1–Dn|/(30 × √2), where D represents 
left ventricular MAPD.18 Using custom built software created in Matlab (Mathworks, Natick, 
USA), MAPD was measured semi-automatically from the initial peak until 80% repolarization, 
with plateau phase defined as 0% repolarization. In groups IVR-II, HSP and LV-apex (16 
males and 5 females), parameters were measured before and at a specific time point after 
dofetilide administration. If ectopic activity was recorded, electrophysiological parameters 
were measured before the first ectopic beat. In dogs without ectopic beats, parameters 
were measured at 5 minutes after start of dofetilide infusion. The average time point 



 VENTRICULAR REMODELING AND TORSADE DE POINTES ARRHYTHMIAS                                                  

25

Ch
ap

te
r 2

for measurements was 280 seconds. Group IVR-I was excluded of electrophysiological 
measurements because there were no comparable specific time points between this group 
and the other groups, due to the dofetilide infusion prior to AV-nodal ablation. Similarly, the 
same parameters were measured in the CAVB experiments at an average time point of 215 
seconds. In addition, the AAVB measurements were also performed at 215 seconds to rule 
out possible influences of different time points.

Statistical analysis  
All data are presented as mean ± standard deviation (SD). Electrophysiological parameters 
were tested using T-test for normal distributed variables and rank-sum test when the 
distribution was non-normal. Inducibility was compared using McNemar`s test. A P-value < 
0.05 was considered statistically significant.

RESULTS  
  
Dofetilide did not induce TdP reproducibly in the AAVB experiments (0/32), although a 
sporadic TdP was seen (table 1). The majority of these dogs were tested again after four to 
six weeks of ventricular remodeling and now TdP incidence was 10 out of 18 (56%, p < 0.001) 
(figure 2). The heart weight/bodyweight ratio was 11.7 ± 1.7 gr/kg.

Modulator Timing of dofetilide SLS
Ventricular 

activation
Group IVR-I IVR-II IVR-I IVR-II HSP LV-apex

- - - - -
- - 3 - - -
- - 1 - - -
- - - 1 - -
1 - 1 - - -
1 - - - -
- 1 - 1 -
- - -
- - -
- -
-   -      

Total TdP number 2 1 5 2 0 0

Table 1: The effects of predisposing factors for TdP induction assessed in 3 sub protocols at AAVB

Degree of dashes and figures represents number of measured dogs in each group. Furthermore dashes imply 
absence of TdP whereas TdP induction is numbered in each individual dog. No significant differences were 
present between groups.
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At AAVB and also at CAVB, RR intervals increased significantly after dofetilide administration. 
No difference was found in baseline RR intervals before and after ventricular remodeling 
(table 2). At AAVB, dofetilide increased QT (308 ± 35 to 406 ± 65 ms) and LVMAP intervals 
(p<0.05). Furthermore STV was increased from 0.9 ± 0.4 to 1.3 ± 0.6 ms (p<0.05) (table 2). After 
ventricular remodeling, baseline QT (362 ± 59 ms) and LVMAP durations were prolonged 
compared to AAVB (p<0.05). In addition, STV was also significantly increased (1.4 ± 0.6 ms). 
Now administration of dofetilide resulted in a prolongation of QT (504 ± 94 ms) and LVMAP 
durations to a greater extent then at AAVB (p<0.05) (table 2) which was accompanied with 
an increase of STV to 3.2 ± 1.6 ms (p<0.05, figure 2). Above mentioned values were obtained 
from measurements at 280 (AAVB) and 215 (CAVB) seconds. Neither the electrophysiological 
differences nor TdP inducibility differed between males and females.
In AAVB, sequence of dofetilide administration did not alter TdP susceptibility when 
comparing the results of group IVR-1 with IVR-II (0/11 vs. 0/9). SLS pacing induced 7 extra TdPs 
in 5 dogs (table 1) of whom one dog was considered inducible. (0/17 vs. 1/17, P=NS). Acutely 

altered activation, assessed in groups HSP and LV-apex, did not change TdP inducibility at 
AAVB (0/7 vs. 0/5, respectively, P=NS).

     Baseline   Dofetilide (215 sec)                Dofetilide (280 sec)
AAVB RR (ms) 1015 ± 196 1084 ± 238 º 1100 ± 257 º
(n=21) QT (ms) 308 ± 35 388 ± 57 º 406 ± 65 º

LV MAPD (ms) 267 ± 31 343 ± 62 º 366 ± 70 º
STV LV MAPD (ms) 0.9 ± 0.4 1.2 ± 0.5 º 1.3 ± 0.6 º
TdP-incidence    0%             0%

                   
CAVB RR (ms) 1098 ± 214 1156 ± 269 º
(n=18) QT (ms) 362 ± 59 *  504 ± 94 *º

LV MAPD (ms) 316 ± 35 * 452 ± 77 *º
STV LV MAPD (ms) 1.4 ± 0.6 * 3.2 ± 1.6 *º
TdP-incidence    0%           56% *º

Table 2: The effects of AAVB and CAVB conditions on the electrophysiological parameters in 
presence or absence of dofetilide

*, p < 0.05 versus AAVB baseline or dofetilide (215 and 280 seconds); º, p < 0.05 versus baseline
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DISCUSSION

When comparing a number of proposed factors relevant for the induction of drug induced 
TdP, it is seen that ventricular remodeling is by far the most dominant factor in the CAVB dog 
model, while timing of dofetilide administration, SLS or altered ventricular activation do not 
play a role acutely.  

1.     Role of ventricular remodeling for TdP induction
In this study, dogs were tested twice (serially) in the absence and presence of ventricular 
remodeling. At AAVB, the animals did not show any spontaneous induction of TdP; while 
during CAVB 10 out of 18 dogs were susceptible. 

Figure 2. Proarrhythmic effects of dofetilide comparing acute atrio-ventricular block (AAVB) with chronic atrio-
ventricular block (CAVB) in the same dog. One ECG lead (II) and two endocardial recorded monophasic action 
potentials in the left and the right ventricle (LV MAP and RV MAP) are depicted at 10 mm/sec at baseline (left 
recordings) and after administration of dofetilide (right recordings). The upper two panels represent the situation 
during AAVB, while the bottom panels show the CAVB measurements. Measured QT-duration, RR interval, LV MAP 
duration and RV MAP duration are depicted from top to bottom in each panel. RR intervals remained constant 
and ventricular pacing was performed from the high septum. CAVB baseline electrophysiological parameters 
were higher compared to AAVB measurements owing to ventricular remodeling. After addition of dofetilide both 
AAVB and CAVB repolarization parameters prolonged, while CAVB values increased to a greater extent. Please 
note the ectopic beats that preceded the Torsade de Pointes arrhythmia after dofetilide administration in the 
CAVB dog (right bottom panel). 
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By ablation of the AV-node in the AV-block dog, the ventricle has to function at a slower rate. 
In acute circumstances, the achieved bradycardia (50% of sinus rate) decreases the cardiac 
output. There is no pathological reduction in output, because adrenergic stimulation increases 
contractility (LV and RV dP/dt max)19 which reaches its maximal values at two weeks and declines 
afterwards. Although ventricular rate remains constant in time, cardiac output becomes 
restored after 4-6 weeks due to several long term cardiac adaptations, also called ventricular 
remodeling. From the moment that contractility starts to decline, biventricular hypertrophy 
(increased heart weight/body weight index)20 becomes increasingly important and is finally 
responsible for the almost normal output.21 The third component of the process of ventricular 
remodeling is the electrical adaptations, consisting of up- and downregulation of cardiac 
ion currents and pumps. This remodeling starts also directly after AV-block and is completed 
within two weeks.22 When challenged with dofetilide, the enhanced susceptibility (60-80%) for 
TdP is seen at different time points after AVB: at 2-6-12 weeks.15 Electrical remodeling in these 
situations was confirmed by the more pronounced response of QT, LVMAP, and STV durations to 
dofetilide when comparing AAVB with CAVB. Because the latter part of ventricular remodeling 
is the only process present at all times, it is likely that the electrical adaptations are the most 
important contributors for this proarrhythmic response. 
In a study that especially assessed the effects of beat-to-beat variability of repolarization 
Thomsen et al. demonstrated that STV was increased after CAVB and the highest in CAVB 
susceptible animals.16 In the present study, the animals were tested serially and in a larger 
group size. Combining the two studies, it is clear that ventricular remodeling is the only 
important factor of the modulating parameters, for induction of TdP in this dog model. 
Electrical remodeling can be visualized electrophysiologically by an increase in repolarization 
duration (table 2). In addition, STV was also increased after CAVB and the highest prior to TdP, 
possibly reflecting a diminished repolarization reserve and the higher vulnerability to TdP. The 
unexpected increase in STV in AAVB by dofetilide is possibly due to its effect on repolarization 
reserve, or related to the action potential duration dependence of STV as observed in CAVB.10,23

2.     Other modulating factors
2a. Influence of timing of dofetilide administration 
Atrial fibrillation is often treated pharmacologically, among others with class III anti-arrhythmic 
drugs.12,13,24 Due to successful cardioversion, ventricular rate becomes slower, thereby prolonging 
the QT-duration.12 These adaptations may increase the risk of the  patient in developing TdP.13 To 
compare whether it is the abrupt slowing of heart rate versus the established lower ventricular 
rate that influences TdP incidence, administration of dofetilide was given in two different ways: 
1) during sinus rhythm (group IVR-I) before creation of AVB (abrupt slowing) versus 2) during IVR 
at a constant bradycardia (group IVR-II). It was hypothesized that administration of dofetilide 
prior to AV-block would be more pro-arrhythmic. Our results, however, showed no differences 
between both groups. Timing of dofetilide (14.5 ± 1.8 min) prior to AAVB was considered 
adequate because dofetilide has a tendency to induce TdP for 20 minutes in this model.15 
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 2b. Short-Long-Short pacing
Development of TdP is frequently preceded by an irregular ventricular rhythm, also known as a 
short-long-short rhythm.7-9 This irregular ventricular rhythm can be simulated by using a pacing 
protocol, consisting of typical short-long-short intervals. Administration of dofetilide is linked 
to a more frequently pause-dependent onset of TdP, compared to placebo.25 Furthermore, 
ventricular remodeled CAVB dogs, which were infused with an IKr blocker and underwent a 
pacing protocol showed higher TdP incidences.6,26,27 In AAVB, SLS pacing resulted in a small, 
but not significant, increase in TdP incidence. This increase is much lower than seen in CAVB. 

2c. Altered ventricular activation 
Ablation of the AV node is responsible for the development of a new focus that activates the 
ventricles. This idioventricular rhythm is most frequently originating within the left ventricle,28 
but is not possible to predict the exact location yet. Therefore nowadays, to gain control over 
altered ventricular activation, dogs are being paced from a fixed location. The importance of 
chronic altered activation for ventricular remodeling has been demonstrated in CAVB in which 
the activation site remained normal (high septal paced dog) versus abnormal in the regular IVR 
animal. High septal paced dogs showed a 44% TdP-incidence,28 while reproducible TdP was 
seen in 78% in CAVB and IVR.28 Thus, the relative low TdP-incidence in the present study (56%) 
can be explained owing to the different activation sites. 
Acutely altering activation in CAVB has not been studied systematically by us. In AAVB, altered 
ventricular activation (groups II and IV) did not result in a different TdP induction when 
compared to HSP dogs (group III). 
 
 
STUDY LIMITATIONS   
 
In this study modulating factors during AAVB did not result in spontaneous TdP induction. 
However, it cannot be excluded that these factors may play a role in presence of ventricular 
remodeling for TdP susceptibility. Timing of dofetilide administration has not been investigated 
during CAVB. Short-long-short pacing is well known as a modulating factor for enhancement of 
sotalol-induced TdP induction in the CAVB dog,6,26,27 although its relevance is not investigated 
in dogs in which dofetilide was administered. Also acutely altered activation is not yet assessed 
in this model. 

CONCLUSION

TdP occurrence in the anesthetized CAVB dog is strongly related to the presence of ventricular 
remodeling. 
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ABSTRACT

Background: Drug induced Torsade de Pointes (TdP) arrhythmias can readily be induced 
in anesthetized dogs with remodeled hearts (chronic AV-block dog: CAVB). Similar studies 
in conscious CAVB dogs reveal lower TdP incidences. Regulations forced us to reconsider 
our anesthetic regimen, which consist of pentobarbital followed by halothane (P+H). 
We investigated the relevance of anesthesia for this enhanced susceptibility (part 1) and 
compared 3 anesthetic regimens (part 2).
Methods: Part 1. 10 CAVB dogs paced from the high septum  at 1000 ms were challenged with 
dofetilide (25 µg/kg/5’) twice: once under anesthesia and once awake. Anesthesia consisted 
of P+H (n=5) and thiopental maintained by isoflurane (T+I). Part 2. In CAVB  dogs (n=6) with 
spontaneous idioventricular rhythm (IVR), the electrophysiological and arrhythmogenic 
consequences of different anesthetic regimens (P+H, T+I, and P+I) were serially compared. 
Results: Part 1: In paced dogs, dofetilide induced TdP was higher under anesthetized than 
in conscious circumstances, with the more severe outcome seen after T+I as compared to 
P+H or control (2x): 5/5, 2/5, 0/5, 0/5, *<0.05. Part 2: Electrophysiologically, T accelerated IVR, 
increased QTc, and transiently induced polymorphic VTs in 2/6 dogs. This was not seen after 
P. At 120 min (end of the preparation), QTc increase was highest after T+I, intermediate with 
P+I and the smallest after P+H. Dofetilide in combination with T+I induced the most severe 
arrhythmogenic outcome. 
Conclusion: Thiopental anesthesia causes arrhythmias sec whereas anesthesia in general 
predisposes for drug induced TdP in the CAVB dog. In combination with dofetilide, T+I has a 
more arrhythmic outcome than P+I or P+H. 

Key-words: ventricular repolarization, pro-arrhythmia, thiopental, pentobarbital, isoflurane 
and halothane.
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INTRODUCTION

Drug induced Torsade de Pointes arrhythmias (TdP) are a feared adverse effect and 
because of the very low clinical incidence a real challenge to be early identified by safety 
pharmacology experts 1,2. One of the animal models in use to test for pro-arrhythmic 
properties of drugs is the dog with chronic, complete atrio-ventricular block (CAVB) 3-5. Due 
to AV-nodal ablation, there is a necessity for an alternative pacemaker to  generate the 
ventricular rate (IVR). The location of the pacemaker is unpredictable but the discharge of IVR 
is much slower as compared to sinus rhythm. To overcome the acute drop in cardiac output, 
the dogs develop ventricular remodeling 5, that is present at the mechanical, electrical 
and structural level. In the majority of the animals, this ventricular remodeling creates a 
new steady state of compensated hypertrophy. A detrimental adaptation, however, is the  
cardiac predisposition for drug induced TdP: the incidence increases from non-inducible 
(0%) in the unremodeled, anesthetized control (acute AVB) animal up to 70-80% in the CAVB 
dogs after administering specific class III anti-arrhythmic drugs, like dofetilide or d-sotalol 5. 
Whereas intravenous administration of drugs is most frequently performed in anesthetized 
circumstances, oral prescriptions have most often been reported using awake CAVB animals 
4. In these conscious conditions, TdP incidence at comparable drug plasma concentrations 
seems much lower 4-5, indicating that anesthesia may be an essential element for the 
creation of the pro-arrhythmogenic situation. In addition, the type of the anesthesia seems 
relevant. In canine hearts, it has been suggested that pentobarbital has a very low or even 
no pro-arrhythmogenic potential whereas thiopental, halothane and isoflurane, alone or 
in combination, are much more arrhythmogenic 6-9. Forced by government regulations, our 
anesthetic regimen pentobarbital-halothane (P+H) has to be changed, preferably combining 
thiopental with isoflurane (T+I).
In this study, both aspects: being relevance and type of anesthesia were investigated in baseline 
and after dofetilide in dogs with remodeled hearts. To control rate changes due to dofetilide 
(and anesthesia), the recently described high septal paced CAVB dog was investigated first 
10.  In the second part, the electrophysiological and arrhythmogenic consequences of the 
individual as well as the combined components of the anesthetic regimen were evaluated in 
regular, non-paced, CAVB animals. 

METHODS

Animal handling was in accordance with the European Directive for the Protection of 
Vertebrate Animals Used for Experimental and Other Scientific Purposes (86/609/EU) and 
the Dutch Law on Animal Experimentation. The Committee for Experiments on Animals of 
Utrecht University approved the experiments. 
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Preparation  
In a preliminary experiment, adult (approximately 1.5 years) purpose bred dogs (20-25 
kg, Marshall, North Rose, New York) of either sex received pre-medication consisting of 
methadone -vetranquil - atropine (10/10/0.5 mg i.m.). After 30 minutes, general anesthesia 
was induced with sodium pentobarbital (P: 25 mg/kg i.v.) and maintained by halothane 
(H:0.5 % in O2/N2O (1:2)). Ten ECG leads were continuously registered and stored on a hard 
disk. Complete AV-block was induced by applying radiofrequent currents to the proximal His 
bundle. In a subset of dogs, the thorax was opened through the fourth or fifth intercostal 
space. An electrogram (EGM) lead was screwed in the apex of the left ventricle (LV) to the 
subendocardium (BRC Medtronic, Maastricht, Netherlands) and tunneled to the neck. Also 
a screw-in pacing lead was inserted through a right-sided purse-string atriotomy into the 
interventricular septum, near the His bundle and slightly distal to the ablation site 10. An 
atrial pacing lead was placed in the auricle of the right atrium. The His-bundle lead and the 
atrial lead were connected to a DDDR pacemaker (Vitatron, Arnhem, Netherlands). The dogs 
were given a two week recovery period from the open thorax surgery. During this period the 
dogs were paced at VDD mode (paced on atrial activation), effectively reversing the AV-nodal 
ablation. Pacemaker functioning was checked three times per week. After these two weeks, 
the pacemaker was programmed to VVI mode at the lowest captured ventricular rate, mean 
52 ± 7 beat/min in conscious state. Both in the paced (part #1) as in the regular, non-paced 
dogs, the heart was allowed to electrically remodel during a period of > 4 weeks 5. 

Experiments  
Part 1: anesthetized versus conscious conditions  
Ten paced dogs were tested twice (awake vs. anesthetized) at 1000 ms during the experiment 
in a random cross over design with a recovery period of 2 weeks in between. Baseline 
electrophysiological parameters were recorded for a period of 10 minutes before the 
specific Ikr blocker dofetilide (25mg/kg/5 min i.v.) was given to determine TdP susceptibility 
(see further). Ten ECG leads and the EGM recording were saved.   During the anesthetized 
experiments, also 2 endocardial LV and right (RV) monophasic action potentials catheters 
(MAP) were placed  against the endocardium of the free walls and stored. Five dogs received 
P+H (see above), while the other 5 animals received thiopental (15 mg/kg i.v.) and isoflurane 
(1.5%) for maintenance. When the dog showed the first TdP within 5 minutes of the injection, 
dofetilide was stopped.

Part 2: Baseline comparison of the individual effects of anesthesia
In 6 regular CAVB dogs at IVR, we serially tested (3 experiments) the electrophysiological and 
arrhythmogenic consequences of the individual components of anesthesia. First, the effect 
of premedication on QTc was investigated (from 0 to 30 min). Secondly, T was compared to 
P alone (at t=35 min), and thirdly the combinations with the volatiles H and I were evaluated, 
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as T+I, P+H and P+I (t=45 and 120 min after start of premedication). T+H was not investigated 
because governmental ruling forbids the use of halothane any further.  
Finally, the dofetilide induced arrhythmogenic outcome of the 3 anesthetized combinations 
was quantified retrospectively using 75 experiments in 60 regular CAVB dogs.

Arrhythmia quantification  
A TdP was defined as a polymorphic ventricular tachycardia with typical twisting around 
the iso-electric line of more than 5 beats 5. Inducibility was defined as a dog showing 3 or 
more TdP`s within 10 minutes after injection of dofetilide. If normal rhythm was not restored 
within 15 seconds of TdP, the dog was electrically defibrillated. Quantification of number of 
TdPs, (EB) single (sEB), and multiple ectopic beats, (mEB) were determined during 10 minutes 
comparing baseline with dofetilide 5. 

Data analysis  
Applying a custom-made computer program (ECGview), QT interval (lead II), was measured 
offline at a resolution of 2 ms, from 5 consecutive beats. Durations of the MAP to 90% 
repolarization (MAPD90) and the activation recovery interval (ARI) 11 were determined semi-
automatically (ECG-auto, EMKA technologies, France) from 30 consecutive beats. Parameters 
were measured at baseline (t=0) and at specific moments after dofetilide: The first time point 
was directly prior to the first ectopic beat. If there was no ectopic activity, parameters were 
measured at 5 minutes after dofetilide injection. Beat-to-beat variability (BVR) was quantified 
as short-term variability (STV) describing the orthogonal distance to the line of identity of 
a Poincaré plot, STV =∑ | Dn+1 – Dn | / [30*√2], where D represents LV MAPD or duration of the 
activation recovery interval from the LV EGM 12.

Statistical analysis   
All data are presented as mean ± SD. Statistical significance of differences was evaluated by 
paired and unpaired two sided Student t test or a 2-way ANOVA analysis followed by post-
hoc Bonferroni test. For paired inducibility a McNemar’s and for unpaired a Chi-square test 
was used, while s/mEBs were evaluated with a rank-sum test or Wilcoxon test. Regression 
analysis was used for correlation. One-way ANOVA followed by Bonferroni t-test was used for 
temporal measurements. A p-value <0.05 was considered statistically significant (Sigmastat 
version 3.11, Systat Software Inc.).

RESULTS

PART 1:  anesthetized versus conscious conditions  
With the exception of one dog that showed 2 TdP after the full dose of dofetilide, no TdP 
arrhythmias were seen in the other dogs awake (0/10). This in contrast to anaesthetized 
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conditions in which reproducible TdP (> 3 times) was seen in the majority of the dogs: 5/5 
for T+I and 2/5 for P+H)  . A representative example for the two experiments in a single dog 
using T+I is given in figure 1. Besides inducibility, pro-arrhythmic events after dofetilide 
were also quantified as number of TdP, s/mEBs/10 min period and duration of TdP (table 1). 
Although all arrhythmic parameters were higher during anesthesia, only TdP incidence and 
number of TdP demonstrated significance. Also in this quantification, T+I showed a higher 
number of TdP than P+H (24±17 vs. 3.4±8).

Our anesthetic regimen predisposed by weakening repolarization strength: the QT interval 
was increased from 281±31 ms to 390±71 ms (p<0.05, table 1 and figure 2).
 After dofetilide, these values increase significantly to 329±52 ms and 532±93 ms respectively 
(p<0.05), with the highest relative QT time increase in anesthetized conditions (17+8 vs. 
36+24%, p<0.05). A more accentuated response was also obtained with STVLV EGM that showed 
no increase in conscious circumstances (table 1), whereas a significant increase was seen 
when dofetilide caused TdP in anesthetized conditions. STVLV EGM correlated with STVLV MAPD: 
r=0.66, p<0.05.

H487732-28 

H487732-29 

Detail A 

Detail B 

1000 ms 

1000 ms 

6 sec
 

A B 

Figure 1.  Two 10 min ECG (lead II) recordings are shown in awake (A) and anesthetized circumstances (B) in 
a single dog paced from the high septum at 1000 ms. Dofetilide was started at the top of each figure. Please 
note that only under T+I,anesthesia the dog responded with single, multiple ectopic beats and repeated self 
terminating TdP. This is better illustrated in the two enlargements below the continuous ECG tracing which were 
taken from the boxes.
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PART 2:  Electrocardiographic and arrhythmogenic consequences with the 
different components of anesthesia  
Thirty minutes after the start of premedication, QTc increased from 278±15 (awake) to 
314±20 ms, p<0.05. No arrhythmias were seen.

  Conscious Anesthetized
  Baseline Dofetilide   Baseline Dofetilide
QT (ms) 281 ± 31 329 ± 52❒ 390 ± 71* 532 ± 93º❒
LV MAPD (ms) - - 304 ± 45  371 ± 38❒
STV LV MAPD (ms) - - 1.5 ± 0.6 2.5 ± 0.8❒
STV EGM (ms) 1.1 ± 0.4 1.2 ± 0.3 1.6 ± 0.5 2.6 ± 0.7º❒
TdP-incidence 0/10 0/10 0/10 7/10º❒
Single Ectopic Beats 0 19.1 ± 36.9 0.9+1.7 48.8 ± 45.8
Multiple Ectopic Beats 0 4.9 ± 10.3 0 22.7 ± 27.9
Number of TdP`s 0 0.2 ± 0.6 0 12.7 ± 15.8º
TdP-duration (s) 0 1.8 ± 0.6   0 4.1 ± 2.3

Table 1: A comparison between awake and anesthetized experiments in the presence and 
absence of dofetilide.

*, p<0.05, Anesthesia vs. Conscious at baseline; º, p<0.05, Anesthesia vs. Conscious after dofetilide; •, p<0.05, 
Anesthesia after dofetilide vs. Aneshesia at baseline; ❒, p<0.05, Conscious after dofetilide vs. Conscious at 
baseline

Figure 2.  The mean QT-time (y-axis) is shown at different time points: awake (lower line) and under anesthetized 
(upper line) conditions in the absence (left) and presence of dofetilide infusion (black line). The 10 dogs were 
tested serially and paced at 1000 ms. Anesthesia prolongs QT-time: * p< 0.05 vs. conscious. Dofetilide increases 
QT-duration significantly ($ p< 0.05 vs. baseline) under anesthesia. 
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Anesthesia Ionic currents
IK IKr IKs Ito IK1 ICa-L INa

Pentobarbital ++15 ++15 +16

-10%

Thiopental +17 =17 ++17 =19 ++18 +18-19

-20% -10%

Halothane +21 ++20 +24 =24 +22-24 +23

-14% -20% <40% <24%

Isoflurane +25 ++25 +24 =24 +22-24 +23

-20% -25% <20% <10%

Table 2: Electrophysiologic effects of 4 types of anesthesia on ion currents.

The electrophysiological effects of 4 anesthetics on cardiac potassium, calcium and sodium currents are 
summarized using data from the literature. The former have been divided in the delayed rectifier (IK), the 
transient outward current (Ito) and the inward rectifying current (IK1). In addition, IK is further divided in the 
rapid and slow component IKr and IKs, respectively.
++: strong blocking effect: an IC50 has been reported in the clinical range of the anesthethic;
+: minor blocking effect: some block (relative value included) has been reported in the clinical range; =  no 
blocking effect reported 

Directly after administration, Thiopental transiently resulted in reproducible ventricular 
arrhythmias in 2/6 animals (TdP, figure 3). This was never seen after Pentobarbital, which 
was tested twice in the same dogs. The TdP occurrence was associated with a stronger effect 
of T on QTc as P (figure 4, t=35 min). In fact, thiopental accelerated the RR (from 1390±144 
to 955+50 ms, p<0.05)) without sufficient shortening of the QT (QTc: 449+26 ms, example 
in figure 3). The addition of isoflurane to T kept the RR and QTc at the same level for the 
85 min observation period. The QTc increased after P+I (becoming significant at t=120 min, 
QTc: 393+23 ms, figure 4). Adding halothane to P (P+H) did not change the QTc (357+17 ms), 
leading to the rank order of QTc at t=120 min of: T+I > P+I > P+H, p<0.05). 
In the retrospective study performed in regular CAVB dogs, TdP incidence (figure 5A) was very 
high >80% and differed not between the anesthetic regimens, although the highest incidence 
was seen with T+I (94%). TdP occurred more frequently (19+14) after dofetilide in T+I than with 
the combinations of P (P+I: 7+6 and P+H 8+7 TdP/10 min, figure 5C) and this arrhythmogenic 
outcome required less dosage of dofetilide (figure 5B) and therefore was faster in time: the 
first Ectopic beat (figure 5D) occurred earlier with T+I (2.3 min). P+I did not differ from P+H in 
any of the comparisons. 
In the 16 experiments performed with T, one animal reproducibly showed TdP in baseline 
and was excluded for receipt of dofetilide.
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Figure 3. Occurrence of TdP arrhythmias directly after thiopental.
Three ECG leads (I, II, AVR, paper speed 10 mm/s) are shown, representing premedication (left) and after 
thiopental (right). RR and QT are provided (in ms). Besides causing an increase in heart rate and QT-time, 
thiopental also reproducibly induced short lasting runs of TdP within 3 minutes after infusion. This was never 
observed with pentobarbital.
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Figure 4. Temporal electrophysiologic effects of the 3 anesthetics combinations.
QTc changes at spontaneous idioventricular rhythm (ndogs=6) are depicted in time (min) for the 3 anesthesia 
combinations (T+I, triangles; P+I, squares; P+H, circles). t=0 is injection of premedication. t=30 reflects the 
time point at which either pentobarbital or thiopental are infused. At t=35, the volatile addition is started and 
quantified at t=45 and t=120. The latter is the end of the preparation. 
^, p<0.05 vs P+H; †, p<0.05 vs premedication (t=30); ‡, p<0.05 vs pentobarbital.

DISCUSSION

Thiopental anaesthesia causes arrhythmias sec whereas anaesthesia in general predisposes 
for drug induced TdP in the CAVB dog. In combination with dofetilide, T+I has a more 
arrhythmic outcome that occurs faster than with P+I or P+H, 
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Figure 5. Arrhythmogenic comparison of the 3 different combinations of anesthesia.
Three anesthesia regimens (T+I, P+I, and P+H) were compared in relation to %TdP induction (A), dose of dofetilide 
(B), number of TdP (C), and time to first Ectopic Beat (EB, panel D). T+I was faster, required less dofetilide (B) to 
become arrhythmogenic, measured as time to first EB (D) or time to TdP (not shown), and induced more TdP 
occurrences (C) within the 10 min counting period. There was no difference between P+I versus P+H. 
# p<0.05 vs. P+I and P+H, ^ p<0.05 vs. P+H.
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CAVB – High Septal Paced model  
By creating AV-block in the dog, the heart becomes bradycardic, the ventricular activation 
changes importantly and the AV-synchrony disappears. The location of the ventricular 
pacemaker is unpredictable and therefore differs between dogs. In addition, the pacemaker 
site may shift due to changes in autonomic tone that modify rate. In acute circumstances 
directly after AVB, this results in a decreased cardiac output, that normalizes (compensation) 
in time reaching steady state values around 4-6 weeks. 

The CAVB dog model has been characterized extensively to elucidate the molecular and 
cellular basis underlying ventricular remodeling and susceptibility for ventricular arrhythmias 
5. Electrical adaptations consist of down-regulation of major ion-currents, including the 
rapid and slow component of the delayed rectifier (IKr and IKs, respectively). Upregulation 
is seen for the sodium-calcium exchange current, both in the forward as backward mode. 
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These adaptations underlie the lengthening of the cellular and monophasic APD and the 
QT-interval. Moreover, because of regional differences in remodeling, there is accentuation 
of spatial dispersion of repolarization. Finally, the compromised control over repolarization 
is also seen in an increase in the baseline STVLV MAPD (temporal dispersion) which is clearly 
dependent on the arrhythmogenic phenotype: the highest values are seen in CAVB dogs 
whom die suddenly 13.
Recently, we have adapted the model to gain control over the ventricular activation sequence 
10. It was demonstrated that maintaining a normal high septal initiated activation (by pacing) 
decreased the severity of electrical remodeling thereby reducing the pro-arrhythmic outcome: 
with P+H, TdP inducibility decreased from 7/9 to 4/9 10. Because anesthesia slows the heart 
rate, and possibly changes activation patterns by shifting the pacemaker; we decided to 
use this  dog model with constant pacing at 1000 ms (part 1) to have the opportunity to 
investigate the relevance of anesthesia under comparable conditions in part #1.  

Relevance of anesthesia
The fact that anesthesia plays an important role in the sensitivity of the CAVB dog model for 
drug induced TdP can be deduced from scarce literature comparing results between three 
labs: In awake conditions, it was shown that sotalol i.v. (4.5 mg/kg) induced TdP in 27% (3/11) 
14 and in 25% (1/4) with 3 mg/kg d-sotalol p.o. 4. Under P+H anesthesia, 4 mg/kg iv. d-sotalol 
induced TdP repetitively in 75% (6/8) of the CAVB dogs 12. A similar high TdP incidence (4/4) 
was seen after 30 mg/kg sotalol p.o. 4. However, to the best of our knowledge, the relevance 
of anesthesia for drug induced TdP has never been directly compared. 
Our results indicate that anesthesia has a dominant role by predisposing the CAVB animals 
for drug induced TdP. Consciously, dofetilide did not induce TdP, whereas the majority of 
animals responded with TdP under anesthesia. When TdP did occur, the dosage of dofetilide 
was stopped. Therefore, in awake or P+H/P+I anesthesia, the dogs were resistant even 
with higher concentrations of dofetilide administered. Looking at the electrophysiological 
parameters, this predisposition can only be visualized by QT-times (table 1). Anesthesia in 
general increases repolarization times considerably (figure 2), implying that repolarization 
reserve is diminished thereby making the animal more vulnerable to other challenges. 
Considering awake dogs, this increase in QT-time (figure 2) after anesthesia is larger than for 
dofetilide, indicating that anesthesia can be considered a key determinant.

Type of anesthesia  
During the last decades, hundreds of anesthetized CAVB dogs in IVR have been performed 
in our laboratory to screen drugs for proarrhythmic properties, using an anesthetic regimen 
which consisted of premedication (combination of methadone, acepromazine, and 
atropine), followed by pentobarbital, and eventually halothane (P+H) 3,5,10,12. New regulations 
forced us to consider replacing halothane with isoflurane and pentobarbital with thiopental. 
Their exact contribution for TdP risk assessment is not known, although there are literature 
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data that indicate that thiopental, isoflurane and halothane are more arrhythmic than 
pentobarbital 6-9. 

When pro-arrhythmic drugs 6,8,9 are considered, confounding parameters were present 
prohibiting the effects of individual components: thiopental was always accompanied by 
inhalation anesthetics like isoflurane 9 and halothane 6 to maintain the anesthetic state, 
or preceded by propofol 8 to induce anesthesia. It is known that these drugs also possess 
electrophysiological effects (see further), thereby possibly influencing the outcome. Thus, 
our goal was to compare specific anesthetic regimens in the absence and presence of the 
repolarization prolonging drug dofetilide. 
In this canine model with electrical remodeling, it is clear that Thiopental administration is 
arrhythmogenic by itself (figure 3). This observation in baseline confirms the data of an earlier 
study 7, that stated that this anesthetic is very dangerous. In addition T lengthens QTc most 
profoundly while it accelerates the heart rate. Pentobarbital shows no arrhythmias, while it 
prolongs QTc slightly (figure 4). 
When looking at the anesthetic regimens tested, the addition of I to T maintains the increased 
QTc-times. This QTc lengthening was larger than the combinations with pentobarbital. P+I 
had stronger effects on QTc than P+H.  Moreover, dofetilide accentuated this predisposition  
between T and P further: more arrhythmias that appeared earlier were seen after T+I, whereas 
there was no arrhythmic difference between P+H and P+I. Therefore, we will replace P+H for 
P+I in future experiments.
The differences in TdP inducibility and in the speed of occurrence can be confounding when 
electrophysiological comparisons of the different anesthetic regimens are performed. This 
has to be taken into account for a proper analysis.

Electrophysiological actions of anesthesic regimens  
It is known that single administration of all anesthetics used in this study will prolong 
repolarization seen as lengthening of cellular APD, MAPD or QT-time. In table 2, we have 
summarized the electrophysiological actions of the different anesthetics used on specific ion 
currents 15-25. Unfortunately, not all information is available nor are their results concerning 
their combined use. It can be seen that all anesthetics block repolarizing currents at dosages 
that are relevant for their clinical use. Especially, IKs is blocked by all anesthetics, whereas 
differential effects are seen for IKr, the inward rectifier (IK1) and the transient outward current 
(Ito). This lengthening in repolarization time may be prevented when the drug is additionally 
blocking inward currents, either the L-type calcium current (ICa-L) or the sodium current (INa). In 
this way, a protective or even an anti-arrhythmic effect can be achieved. Protection is defined 
as lack of pro-arrhythmic effects despite block of outward currents, whereas some drugs 
even suppress or prevent TdP arrhythmias because of a more dominant role of the block 
of the inward currents. Example is the ICa-L blocker verapamil that also is a potent IKr blocker. 
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However, no TdP arrhythmias have been reported, it is even known that verapamil is anti-
arrhythmic against arrhythmias of the long QT syndrome 26,27.  

Most anesthetics do block inward currents (table 2), although the potency is rather low and 
by that protection or even anti-arrhythmic actions may be dismissed. When looking at table 
2, it is not evident why pentobarbital is less and thiopental more arrhythmogenic. However, 
this overview is limited to ion channels and does not take other relevant modulators of 
repolarization into account, like differential effects on autonomic nervous system, or cell-cell 
communication and thereby cardiac conduction. 
 
Surrogate parameters for arrhythmic events  
QT(C)-time has been criticized as a prognostic marker for pro-arrhythmic events 2. However, 
in this study QT-durations had a prognostic value: both the absolute value reached as the 
relative increase were higher under T+I anesthesia . Among the alternatives that have been 
suggested is beat-to-beat variability of repolarization. In this study, we replaced part of the 
BVR quantification from the STVLV MAPD towards STVLV EGM in order to have information under 
conscious conditions. Baseline STV did neither predict a more pronounced reduction in 
repolarization reserve in anesthetized conditions in general. Only with dofetilide, there was 
an increase in STV when arrhythmic events occurred. 

 
CONCLUSIONS

In the CAVB dog model, 1) thiopental anaesthesia causes arrhythmias in baseline, 2) 
anesthesia is an essential part of the enhanced susceptibility for drug induced TdP, and 3) T+I 
is the most “aggressive”, both in time as in severity. 
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ABSTRACT

In the chronic complete atrioventricular (AV) block dog model, both bradycardia and altered 
ventricular activation due to the uncontrolled idioventricular rhythm contribute to ventricular 
remodeling and the enhanced susceptibility to Torsade de Pointes (TdP) arrhythmias. We 
investigated the effect of permanent bradycardic right ventricular apex (RVA) pacing on 
mechanical and electrical remodeling and TdP. In 23 anesthetized dogs, RVA pacing at 
lowest captured rate was initiated after AV-block. Serial experiments were performed at sinus 
rhythm, acutely after AV-block and >3 weeks of remodeling at a fixed pacing rate of 60/min. 
ECG, left (LV) and right ventricular (RV) monophasic action potentials durations (MAP) were 
recorded; activation time (AT) and activation recovery interval (ARI) were determined from 
10 distinct LV electrograms; interventricular mechanical delay (IVMD) and LV strain patterns 
were obtained echocardiographically. Dofetilide (25 ug/kg/5min) was infused to study TdP 
inducibility. RVA pacing acutely increased IVMD (42±11 vs. 22±13ms*; *p<0.05), which was 
reduced after remodeling (31±6ms*). QT interval (362±23 vs. 373±29ms), LVMAP, RVMAP and 
mean LV ARI (268±5 vs. 267±6ms) were not increased after remodeling in contrast to TdP 
inducibility (0/14 vs. 11/21*). Acutely, dofetilide increased mean LV ARI (381±11ms) with largest 
increases in the later activated basal areas (slope AT-ARI: +0.96). After remodeling (mean LV 
ARI: 484±18ms*) the opposite occurred (slope AT-ARI: -2.37). In conclusion, bradycardic RVA 
pacing induced mechanical dyssynchrony immediately which was partially reversed after 3 
weeks remodeling. The latter occurred without apparent baseline electrical effects. However, 
dofetilide clearly unmasked (region specific) arrhythmic consequences of remodeling.

Keywords: RV pacing, mechanical dyssynchrony, electrical dyssynchrony, ventricular 
remodeling, Torsade de Pointes
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INTRODUCTION

For decades, cardiac pacing has been used as a treatment for symptomatic bradycardia: high 
degree AV block and sick sinus syndrome are the most important indications for implantation 
of a pacemaker1. The pacing electrode is typically positioned in the right ventricular apex 
(RVA). However, several studies have shown that chronic RVA pacing may have detrimental 
effects on cardiac function and is associated with adverse effects2,3.
RVA pacing acutely changes the activation sequence of the heart. In patients this is 
accompanied with left ventricular (LV) mechanical dyssynchrony4,5 while similar adaptations 
have been observed in preclinical studies. Cardiac perfusion and metabolism are adapted 
and ventricular contraction is less effective due to redistribution of myocardial strain and 
work. Early-activated regions near the pacing site demonstrate rapid systolic shortening 
resulting in pre-stretching of late-activated regions6. These alterations may also result in 
long-term structural remodeling including dilatation7 and hypertrophy while the latter 
occurs asymmetrical with pronounced hypertrophy in late-activated regions8-10. However, 
the relation between mechanical adaptations and electrophysiological and arrhythmogenic 
consequences for repolarization dependent arrhythmias are largely unexplored11,12.
The chronic, complete AV-block dog (CAVB) model is highly sensitive for drug-induced 
Torsade de Pointes (TdP) arrhythmias. Following AV-node ablation, bradycardia occurs and 
the activation sequence of the heart alters due to uncontrolled idioventricular rhythm (IVR). 
Ventricular remodeling processes occur and application of dofetilide, a specific blocker of 
the rapid component of the delayed rectifier potassium current (IKr) results in repetitive TdP 
episodes in more than 70% of the dogs13. 
In this study, we controlled activation by bradycardic RVA pacing and investigated the 
mechanical, electrophysiological and arrhythmogenic consequences in absence (acute) and 
presence of ventricular remodeling (chronic). 

METHODS

All experiments were in accordance with the European Directive for the Protection of Vertebrate 
Animals Used for Experimental and Other Scientific Purposes (86/609/CEE) and the Dutch Law on 
animal experimentation and approved by the Committee for Experiments on Animals of Utrecht 
University. 

Preparation  
Adult purpose-bred mongrel (Marshall, USA; n=21) or beagle (Harlan, Denmark; n=2) dogs received 
premedication consisting of methadone 0.5mg/kg, acepromazine 0.5mg/kg and atropine 0.5mg 
i.m. Subsequently general anaesthesia was induced with sodium pentobarbital 25mg/kg i.v. and 
maintained by isoflurane 1.5% in O2 and N2O(1:2). A screw-in lead was positioned via the jugular 
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vein in the RVA under fluoroscopic guidance and connected to an internal pacemaker (Medtronic, 
Maastricht, The Netherlands).  AV-node ablation was performed by radiofrequency ablation in all 
animals13. A 10-lead surface ECG was recorded continuously during the experiment. 

Experiments and recordings 
Twenty-three dogs were tested serially (acute vs. chronic) when paced at 60/min during the 
experiment. One dog died during the first experiment due to a complication of catheterization 
(retroperitoneal bleeding due to vascular perforation), and another dog had to be euthanized 
a few days after the experiment due to symptoms of acute cardiac failure. To test arrhythmic 
susceptibility, dofetilide (0.025/mg/kg/5min i.v.) was infused acutely (n=14) and after at least 3 
weeks of remodeling (n=21). Infusion was aborted after the first arrhythmic episode of at least 
5 beats. After the acute experiment the pacemaker was programmed in all dogs to the lowest 
captured rate (57±8 beats per minute). Pacemaker function was monitored 2-3 times per week and 
settings were adjusted if necessary. A percentage of at least 95% ventricular pacing was pursuit.
Endocardially derived LV and right ventricular (RV) monophasic action potentials (MAP) 
were recorded (Hugo Sachs Electronik, Germany), while in 6 dogs, instead of MAP, unipolar 

Figure 1. Catheter position and corresponding unipolar electrogram recordings. Lateral fluoroscopic view of 
the heart (part a) demonstrating the position of the duo-decapolor catheter in the LV. Dashed lines indicate 
the contour of the heart, and the asterisk represents the position of the pacemaker electrode in the right 
ventricular apex. The catheter contains 20 electrodes and the interelectrode spacing is 2-10-2 millimeter. The 
distal electrode of each pair was used to record the local unipolar electrogram of which the corresponding 
signals are depicted (part b) in baseline conditions and after dofetilide administration. Orange, yellow and green 
colored electrodes represent lateral (I1-I4), apical (I5-I6) and septal areas (I7-I10), respectively. Activation time 
was 54ms in earliest activated apical region (I6) and 86ms in the latest activated area (I10) and not affected by 
dofetilide administration. Activation recovery interval (ARI) increased heterogeneously across the heart with in 
this example a maximal difference of 90ms between I8 and I9. 
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electrograms from 10 distinct LV regions were recorded using a duo-decapolar catheter (St. 
Jude Medical, The Netherlands). A reference electrode was positioned in a superficial vein of 
the right hind leg. Figure 1 is a representative view of the catheter position in the LV.
Echocardiographic images were made in 8 dogs before application of dofetilide with a 
Philips iE33 ultrasound machine (Philips, the Netherlands). Parasternal short-axis images of 
the LV and pulsed wave Doppler recordings of the LV outflow tract (LVOT) and RV outflow tract 
(RVOT) were recorded.

Arrhythmia quantification 
TdP was defined as a polymorphic ventricular tachycardia of five or more ectopic beats. 
If a TdP was not self-terminating within 10 seconds, the dog was electrically defibrillated. 
Arrhythmic episodes were analysed for a period of 10 minutes. Inducibility was defined as 
three or more TdPs or when a defibrillation was required. QRS morphology of the first beat of 
the TdP was used to determine the mean electrical heart axis and to distinguish between LV 
and RV origin. Per animal, the first three TdPs were rated.

Data analysis
Electrophysiological parameters were analysed offline at baseline and 5 minutes after 
dofetilide administration or shortly before the first arrhythmic event using ECGView (ECGView, 
The Netherlands) and EP Tracer (Cardiotek, The Netherlands). Cycle length at sinus rhythm 
(RR-interval), QRS and QT (lead II) were measured manually from five consecutive beats. LVMAP 
and RVMAP were determined at 80% repolarization using custom-written Matlab software 
(Mathworks, Natick, USA). Activation time (AT-MAP) was determined as the time between 
pacing spike and the steepest upstroke of the MAP. Beat-to-beat variability of repolarization 
was quantified as short-term-variability (STV) over 30 consecutive beats from both LV and 
RVMAP (STV_LV and STV_RV)14.  ΔMAPD and ΔAT-MAP were defined as the difference between 
LV and RV. A positive value indicates a longer LV then RVMAP and an earlier activation of the 
LV compared to RV.
Unipolar electrograms were analysed using the same custom-written Matlab software. AT was 
defined as the time between the pacing spike and the minimum dV/dt of the QRS-complex. 
The activation recovery interval (ARI) as an equivalent of the MAP was measured from the 
minimum dV/dt of the QRS-complex to the maximum dV/dt of the T-wave15. Mean ARI was 
calculated as an average of the ARIs of all separate electrodes. The proximal electrode was 
excluded from analysis if located at the level of the aortic valve.
Echocardiographic images were analyzed with corresponding software (Xcelera R4.1L1, 
Philips, The Netherlands). LV pre-ejection period (LVPEP) and RV pre-ejection period (RVPEP) 
were measured as the delay (in milliseconds) between QRS-onset and opening of the aortic 
valve and pulmonary valve, respectively. The interventricular mechanical delay (IVMD) was 
calculated by subtracting RVPEP from LVPEP. Parasternal short-axis images of the LV were 
used for speckle tracking analysis with TomTec Image Arena, 2D Cardiac Performance 
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Analysis (TomTec, Unterschleissheim, Germany). A region of interest was placed on the endo- 
and epicardial border, after which automated analyses resulted in radial strain curves. The 
LV wall was divided in 6 segments, of which 3 segments were averaged as septal wall and 3 
opposite segments averaged as lateral wall. Strain curves of both walls were analyzed and 
peak strain, time to peak strain (TTP) and onset of radial thickening were determined.

Statistical analysis
Data are expressed as mean ± standard deviation (SD). Echocardiographic results, 
electrophysiological parameters obtained before and after dofetilide administration and 
acute versus chronic conditions were compared using (un)paired Student’s t-test. For 
inducibility the McNemar’s test was used. AT-ARI association was assessed using simple 
linear regression analysis and Pearson’s correlation coefficients (R) were reported. A p-value 
<0.05 was considered statistically significant.

RESULTS

1.  Sinus rhythm
The heart rate during SR was 107±13 bpm and the QRS-complex was small (table 1). Activation 
of the LV and RVMAP occurred at the same time (ΔAT-MAP: -1±4ms) and the duration was 
similar (ΔMAPD 4±8ms, table 1). Breakthrough of the LV activation occurred at the septal 
wall and mean LV-ARI was 203±7ms (table 2). The slope of the relation between AT and LV-
ARI, although with a small AT window, was +0.62 with a non-significant R of 0.30. IVMD was 
22±13ms indicating that ejection phase started slightly earlier from RV. The contraction of LV 
occurred synchronously as TTP and onset of radial thickening were not different between 
septal and lateral segments (table 3, figure 2). 

2a. Baseline RVA pacing at acute unremodeled conditions: 
As expected, RVA pacing acutely resulted in a widening of the QRS with an earlier activation of 
RVMAP than LVMAP (ΔAT-MAP: -32±12ms, table 1). This acute change in activation sequence 
negatively influenced the synchronous contraction of the ventricles: IVMD increased to 42±11ms 
(p<0.05) and onset of radial thickening and TTP of the lateral wall were significantly delayed 
(table 3, figure 2). Also repolarization parameters increased significantly (table 1) as well as 
interventricular heterogeneity of repolarization (ΔMAPD: 19±12ms). STV showed an increase in 
both ventricles (table 1).
The LV intraventricular electrogram measurements revealed that, as expected, the earliest 
activated LV region was the apex (figure 1, table 2). Mean LV-ARI was 268±5ms and no relation was 
observed between activation sequence and repolarization duration: a flat line (slope +0.16, R of 
0.30; figure 3). 
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 Baseline SR (n=14)# Acute RVA (n=14)# Chronic RVA (n=21)#

RR 569±75

QRS 67±6 111±7+ 113±10
QT 259±22 362±23+ 373±29°
JT 192±22 250±20+ 260±24°
LVMAP 198±18 245±18+ 253±22
RVMAP 195±16 226±26+ 238±31
ΔMAPD 4±8 19±12+ 15±26
LV-AT-MAP 17±3 58±8+ 62±8
RV-AT-MAP 16±4 26±13+ 28±11
ΔAT-MAP -1±4 -32±12+ -34±13
STV_LV 0.3±0.1 0.5±0.2+ 0.6±0.3
STV_RV 0.3±0.1 0.5±0.2+ 1.1±0.8

Dofetilide

QRS 112±7 114±10

QT 509±43* 568±59*°

JT 397±40* 454±60*°

LVMAP 369±48* 416±65*

RVMAP 311±37* 318±64*

ΔMAPD 58±33* 98±66*

LV-AT-MAP 57±8 59±7

RV-AT-MAP 26±11 26±11

ΔAT-MAP -31±12 -33±11

STV_LV 2.0±1.8 3.1±2.3*

STV_RV 1.0±0.7 1.8±1.3*

#, MAP / AT / STV were measured in 6 less dogs because electrograms have been recorded in these dogs; 
SR, sinus rhythm; RVA, right ventricular apex; LV/RVMAP, left/right ventricular monophasic action potential 
duration; ΔMAPD, difference between LVMAP and RVMAP; LV/RV-AT-MAP, activation time of LV/RVMAP; ΔAT-
MAP, RV-AT-MAP minus LV-AT-MAP; 
STV_LV/RV, short-term variability of LV/RVMAP; +, p<0.05 SR versus acute RVA; *, p<0.05 acute RVA versus acute 
RVA + dofetilide /chronic RVA versus chronic RVA + dofetilide; °, p<0.05 chronic RVA versus acute RVA; all values 
are mean ± SD, in ms. 

Table 1: Electrophysiological parameters in SR and during RVA pacing in unremodeled 
(acute) and remodeled (chronic) conditions and the effect of dofetilide
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Figure 2. Individual example showing echocardiographic changes due to acute and chronic RVA pacing. Pulse 
wave Doppler signals of the left ventricular and right ventricular outflow tract (upper 2 sections of the figures) 
measured at sinus rhythm (left), acute RVA pacing (middle) and chronic RVA pacing (right). Interventricualar 
mechanical delay (IVMD) increased acutely after onset of right ventricular apex (RVA) pacing and was partially 
reversed after remodeling. The lower section of the figure demonstrates radial strain curves measured from the 
lateral (dotted line) and septal wall (solid line). Time to peak strain (TTP; red line) occurred at the same time in 
sinus rhythm, while acute RVA pacing increased TTP at the lateral wall that is partially reversed after remodeling 
like IVMD. 
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2b. Dofetilide at RVA pacing at acute unremodeled conditions
Dofetilide administration did not influence the activation pattern: RVMAP remained earlier 
activated than the LVMAP (ΔAT-MAP: -31±12ms), without change in QRS. Repolarization 
parameters were significantly prolonged (table 1) with a further increase of ΔMAPD (58±33ms). 
STV did not increase significantly (table 1). Mean LV-ARI increased to 381±11ms (table 2) and 
the slope of the relation between AT and LV-ARI remained positive (+0.96 with a R of 0.75, 
p<0.05; figure 3), indicating that the later activated regions prolonged to a further extent. No 
arrhythmias were induced in any of the 14 dogs.

3a. Baseline RVA pacing at chronic remodeled conditions
QRS and the activation sequence of LV and RVMAP were comparable to unremodeled 
conditions (ΔAT-MAP: -34±13ms, table 1). TTP of the lateral wall was shortened, although 
values were not completely returned to SR, while septal segments remained unaffected. 
At the same time, LVPEP was significantly shorter and thereby less IVMD (31±6ms, table 
3, figure 2). These mechanical adaptations were accompanied by a slightly increased QT-
duration (+3%). Local parameters such as LVMAP and RVMAP increased with +3% and +5%, 

Lateral wall Apex Septal wall

I1 I2 I3 I4 I5 I6 I7 I8 I9

SR AT 17±6 12±7 11±5 11±3 13±2 9±2 7±1 6±2 13±3

ARI 216±19 212±17 197±18 195±14 198±17 201±19 204±19 206±20 200±22

Acute AT 71±4 64±11 60±13 53±13 53±13 54±13 57±9 68±12 77±11

ARI_BL 271±16 275±8 267±7 262±13 267±13 264±18 271±17 273±18 264±3

ARI_Dof 388±20 396±14 388±25 370±29 364±25 368±33 380±36 386±36 388±24

Chronic AT 70±15 66±15 65±13 63±8 60±8 56±13 59±9 64±7 76±4

ARI_BL 267±36 270±36 264±38 256±38 263±34 277±42 270±44 272±36 260±32

ARI_Dof 450±71 487±57 489±28 479±73 484±83 508±72 502±78 494±69 466±61
SR, sinus rhythm; RVA, right ventricular apex; I1 – I9 represents local electrodes from the duo-decapolar catheter; 
AT, activation time; ARI_BL, activation recovery interval at baseline; ARI_Dof, activation recovery interval after 
dofetilide administration; all values are mean ± SD, in ms. 

Table 2: Activation recovery intervals in SR and during RVA pacing in unremodeled (acute) and 
remodeled (chronic) conditions and the effect of dofetilide
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respectively, resulting in an unchanged interventricular dispersion in baseline conditions 
(ΔMAPD: 15±26ms, table 1). Mean LV-ARI did not change (267±6ms; table 2), although the 
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Figure 3. Activation time dependent intraventricualar heterogeneity of repolarization. LV activation recovery 
interval (ARI) versus activation time (AT) before (left) and after (right) remodeling due to chronic RVA pacing. No 
difference was observed for mean ARI while the slope of the relation between AT and ARI became slightly negative 
after remodeling. Dofetilide administration prolonged ARI both in unremodeled and remodeled conditions 
while in remodeled conditions repolarization was prolonged preferentially in earlier activated regions. 

almost horizontal slope at unremodeled conditions (+0.16) became slightly negative (-0.51 
with a non-significant R of 0.47, figure 3).

3b. Dofetilide at RVA pacing at chronic remodeled conditions
After dofetilide infusion repetitive TdP episodes were induced in 11 out of 21 dogs (52%, 
p<0.05). An opposite QRS morphology of the initiating beat of the TdP was observed in 
77% of the TdPs (24/31) suggesting that the arrhythmia arose most frequently from the 
later activated LV (figure 4). Likewise during unremodeled conditions the activation pattern 
was not influenced by dofetilide (ΔAT-MAP: -33±11ms) while repolarization parameters and 
interventricular heterogeneity (ΔMAPD: 98±66ms) were severely and significantly prolonged 
(table 1). STV_LV and STV_RV also increased significantly (table 1).
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   SR Acute RVA Chronic RVA

LVPEP (ms) 104±15 126±18+ 111±9°

RVPEP (ms) 82±20 84±23 81±7

IVMD (ms) 22±13 42±11+ 31±6°

Peak strain (%) 19±4 26±3+ 24±4

TTP_septum (ms) 282±14 269±80 266±22

TTP_lateral wall (ms) 284±50 383±55+ 303±26°

TTP_difference (ms) -2±47 -114±38+ -36±22°

Onset of radial thickening_septum (%) 8±9 18±16 13±13

Onset of radial thickening_lateral wall (%) 8±8 89±29+ 59±17°#

Onset of radial thickening_difference (%) 0±4 -71±35+ -45±25#

SR, sinus rhythm; RVA, right ventricular apex; LVPEP, left ventricular pre-ejection period; RVPEP, right 
ventricular pre-ejection period; IVMD, interventricular mechanical delay; TTP, time-to-peak strain; +, p<0.05 
SR versus acute RVA;  °, p<0.05 Acute RVA versus chronic RVA; #, p<0.05 SR versus chronic RVA; all values are 
mean ± SD.

Table 3: Echocardiographic results during SR and the effects of RVA pacing in unremodeled 
(acute) and remodeled (chronic) conditions.

Mean LV-ARI (484±18ms) was increased and in contrast to unremodeled conditions, 
dofetilide leaded to more prolongation of the ARI in the earlier activated LV regions (table 
2). This heterogeneous prolongation resulted in a more negative slope of the AT-ARI relation 

(-2.37 and a significant R of 0.80; figure 2) indicating higher intraventricular repolarization 
differences

 
DISCUSSION

In this study, we showed that bradycardic RVA pacing acutely induced mechanical 
dyssynchrony, which was partially reversed after remodeling. The latter occurred without 
apparent baseline electrical effects. However, dofetilide clearly unmasked (region specific) 
arrhythmic consequences of remodeling.

RVA pacing and mechanical adaptations
LV mechanical dyssynchrony occurs acutely after initiation of RVA pacing4,5,16 and remains 
present after long-term pacing8. In a minority of patients, chronic RVA pacing is associated 
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with deterioration in LV function and can even lead to heart failure3. However, hardly anything 
is known about the temporal aspects of this mechanical behavior as most studies compare 
LV function before pacing and after (chronic) RVA pacing and not serially acute vs. chronic RVA 
pacing. In this study, we showed that RVA pacing acutely induced inter- and intraventricular 
mechanical dyssynchrony (table 3). To our knowledge this is the first study, which has 
shown that 3 weeks of RVA pacing reduced LV dyssynchrony compared to acute pacing. 
The reduction was mainly driven by an earlier onset of contraction of the late-activated LV 
lateral wall. Several studies have shown that ventricular pacing induces regional differences 
in mechanical work, perfusion, myocardial oxygen consumption and glucose uptake 17-20. 
Moreover, Yejaraj et al., have shown that calcium handling was particularly changed (e.g. 
elevated levels of diastolic calcium, increased amplitude of the calcium transient, increased 
sensitivity of myofilaments to calcium) in late-activated areas and not in early-activated 
regions after chronic altered ventricular activation21. Together, these changes might be an 
explanation for our observation that mechanical dyssynchrony was reduced despite no 
improvement in AT.

Figure 4. Dofetilide-induced self-terminating Torsade de Pointes arrhythmia in remodeled conditions. Ten 
lead surface ECG and the LV and RV monophasic action potential (MAP) showing the induction of the first TdP 
episode. Morphology of the paced QRS complex confirmed the site of the pacemaker electrode in the RVA (blue 
asterisk) and the orientation of the mean electrical axis (blue arrow). Please note the opposite morphology of 
the initiating beat of the TdP arrhythmia. The mean electrical axis (red arrow) indicates that the electrical wave 
front occurs from the LV (red asterisk).
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RVA pacing and electrical remodeling
Prolongation of repolarization is a hallmark of ventricular electrical remodeling in several 
cardiac diseases and associated with an increased susceptibility to arrhythmias22. In the 
CAVB dog model, repolarization prolongation is present and linked to changes in ventricular 
ionic currents, including downregulation of delayed rectifier potassium currents23. The 
prolongation of repolarization is about 20-30% measured during IVR at CAVB, compared to 
unremodeled conditions14,24,25. Control of the activation pattern by high septal pacing resulted 
in less repolarization prolongation and was associated with less TdP arrhythmias compared to 
IVR remodeled dogs25. In the present study, constant chronic RVA pacing exhibited only slight 
increases of both global and local repolarization parameters (QT-time: +3%, LVMAP: +3%, 
RVMAP: +5%). However, these dogs showed a high incidence of TdP (52%), demonstrating 
that proarrhythmic remodeling was not prevented. It is known that repolarization duration 
is not closely related to arrhythmic risk. Due to the complex interplay between depolarizing 
and repolarizing currents and the electrical coupling between cells, action potentials might 
appear quite similar, while possessing different proarrhythmic potential26. 

Intraventricular heterogeneity in electrical remodeling
In human hearts an inverse correlation occurs between activation and repolarization times, 
which means that later activated regions repolarize earlier compared to earlier activated 
sites. In canine hearts the pattern is different showing latest repolarization in late activated 
regions: a positive correlation27,28. An altered ventricular activation pattern (caused by 
ventricular pacing) results in mechanical dyssynchrony and is linked to heterogeneous 
electrical remodeling, but conflicting data exist21,29,30. Using multisegment transmural 
optical mapping Jeyaraj et al. have shown that four weeks of epicardial LV pacing resulted 
in profound electrical remodeling (longest action potential durations) in myocardial wedges 
from the late activated, high strain area, which was independent of pacing site29. On the other 
hand, Spragg et al. found a more pronounced increase of action potential duration in earlier 
activated regions using myocardial wedges isolated from dogs with chronic LBBB30. We 
showed that in SR, AT and LV-ARI were positively correlated, while acute RVA pacing resulted 
in a flattened (positive) slope. Remodeling did not increase mean LV-ARI, which is in line with 
our LVMAP data. However, the slope of the relation between LV-ARI and AT was changed from 
+0.16 to -0.51 after remodeling suggesting that now earlier activated regions have slightly 
longer ARIs. Dofetilide infusion unmasked the presence of remodeling to a further extent with 
higher intraventricular repolarization differences (figure 3). Like Spragg et al.30, we observed a 
more pronounced increase of ARI in the early activated LV regions compared to late activated 
regions. The activation pattern during RVA pacing is quite similar to LBBB, while LV pacing 
results in an opposite activation pattern. This might be an explanation for the different 
results in different studies. Another explanation may be in the selection of the region that is 
used for cellular experiments.
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Origin and mechanism of TdP
Initiation of TdP arrhythmias is not randomly distributed along the heart. In patients, the 
outflow tract area has been mentioned as the region of preference31. In the present study we 
observed that the initiating beat of the TdP arrhythmia mostly originated from the LV (24/31), 
which may indicate that activation pattern also influences the site of origin of the TdP.
One option to explain the site specificity of TdP could be the relevance of intraventricular 
dispersion. The initiation of locally induced ectopic beats occur in areas with longer MAPs 
(earlier activated regions). From there, the ectopic beat(s) continue(s) in the direction of the 
shortest MAPs (later activated region). The results of the multipolar catheter allude to this 
direction with highest intraventricular differences after dofetilide in the chronic situation 
(table 2). To investigate the exact mechanism responsible for initiation of the TdP arrhythmia, 
it is required to get more detailed activation and repolarization patterns that can be obtained 
by needle mapping. 

STUDY LIMITATIONS

In this study, echocardiography measurements were performed acutely after AV node 
ablation and after 3 weeks of remodeling. It is known that electrical remodeling has already 
completed after two weeks of remodeling, while the process of structural remodeling takes 
more time. Therefore, we cannot exclude further inter- or intraventricular mechanical 
adaptations over time. To measure intraventricular repolarization differences, we used a duo 
decapolar catheter to look at different LV regions, simultaneously.  This catheter has a limited 
resolution, but the major advantage is that measurements can be repeated in successive 
experiments to investigate regional effects over time, which cannot be achieved with a more 
detailed needle mapping. Using fluoroscopy, we positioned the catheter at the same location 
in successive experiments, although we could not prevent slight differences in AT between 
acute and chronic experiments (table 2). To assess the mechanism underlying the onset of 
TdP a more detailed electrophysiological mapping is needed. In addition, we did not isolate 
cardiomyocytes from early and late activated regions, which could give further insight in the 
cellular mechanisms.

CONCLUSION

RVA pacing induced mechanical dyssynchrony was partially reversed after remodeling 
without marked electrophysiological effects. However, application of dofetilide unmasked 
consequences of remodeling, which became apparent by prolongation of repolarization 
preferably in early-activated regions and an increased susceptibility for TdP arrhythmias. 
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Acute right ventricular apex pacing does neither modify 
Torsade de Pointes incidence nor origin in the anaesthetised, 

remodelled CAVB dog.
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ABSTRACT

Introduction: Complete AV-block leads to bradycardia and an uncontrolled altered 
ventricular activation pattern (idioventricular rhythm: IVR). Administration of anaesthesia 
and dofetilide, to induce Torsade de Pointes (TdP) arrhythmias, increases the cycle length 
(CL) of IVR and sometimes shifts the focus. To control these effects, we paced the hearts 
acutely but constantly from the right ventricular apex (RVA) at 1000ms CL and investigated 
the electrophysiological and arrhythmic consequences. 
Methods: 54 anaesthetised (pentobarbital + isoflurane) dogs with remodeled hearts 
(> 3 weeks AV-block) were challenged with dofetilide (25 ug/kg/5min): 32 animals in IVR 
and 22 RVA paced. ECG, endocardial LV and RV monophasic action potentials (MAP) were 
recorded. Repolarization time (RT) was defined as activation time + MAP.
Results: CL of the IVR dogs was 1283±282ms and the rhythm originated from the LV in 27/32 
animals. In baseline, LV/RVMAP were larger in IVR, while interventricular dispersion in ending 
of repolarization (ΔRT = LV-RT – RV-RT) was increased during RVA pacing (27±28 vs 49±23ms). 
Dofetilide increased IVR CL (1432±320ms) and all repolarization parameters. Relatively, the 
increases were similar in both groups, except for ΔRT and ΔMAPD (LV – RV MAP) that reached 
similar absolute values. TdP inducibility was equal (59% (19/32) vs. 64% (14/22), respectively) 
and the origin of TdP was not changed (RV/septum: 57%, LV: 43% in both groups) 
Conclusion: Acute RVA pacing decreased repolarization parameters in baseline and after 
dofetilide. Similar absolute increases were however seen for interventricular dispersion of 
repolarization after dofetilide. TdP outcome and the origin of the arrhythmia were equal 
suggesting that spatial dispersion of repolarization is relevant for TdP occurrence.

Keywords: Torsade de Pointes, idioventricular rhythm, right ventricular apex pacing, altered 
ventricular activation, interventricular heterogeneity of repolarization
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INTRODUCTION

In the chronic complete AV-block (CAVB) dog model, radiofrequency ablation of the AV-node 
causes third degree AV-block resulting in bradycardia and an altered activation pattern of the 
ventricles. The origin of this escape rhythm (idioventricular rhythm: IVR) is 1) focal originating 
in the HIS-Purkinje system1, 2) uncontrolled and 3) unpredictable although several regions of 
preference have been described: the right anterior paraseptal region, the antero-apical left 
ventricle (LV) and the postero-apical LV1. To overcome the acute drop in cardiac output due to AV-
block the heart starts adapts acutely and more chronically. The latter (ventricular remodeling) 
occurs at contractile2,3, structural3-5 and electrical6,7 levels resulting in reduced repolarization 
reserve, compensated biventricular hypertrophy and restoration of the cardiac output that 
returns to almost normal levels. A detrimental additional effect of ventricular remodeling is the 
increased susceptibility for drug-induced Torsade de Pointes (TdP) arrhythmias. Administration 
of dofetilide, a specific IKr blocker, enhanced the TdP incidence from none to approximately 
three quarters of the dogs after remodeling3.
The CAVB dog model is being used to screen serially for pro- and antiarrhythmic properties of 
drugs3,8,9. The primary outcome in drug testing is the (maintained) induction, suppression and/
or prevention of dofetilide induced TdP arrhythmias. Also electrophysiological parameters as 
QRS-interval, QT-time, regional duration of monophasic action potentials (MAP) or activation 
recovery intervals are important in the evaluation of the properties of the drug. Previous ECG 
recordings indicated that the IVR focus could change, which sometimes resulted in different 
activation patterns in the same experiment, or in a follow-up experiment. Furthermore, 
application of dofetilide prolongs IVR cycle length during the experiment. This lack of full 
controllability of rate and activation makes it more difficult to compare results of different 
experiments and the different conditions before and after drug(s). Another practical issue is that 
induction of anesthesia decreases heart rate in baseline and thereby acutely declines cardiac 
output leading sometimes to acute ischemia and in the worst case to ventricular fibrillation 
and death. Nowadays, we opted to pace the heart endocardially during the experiment at 
60 beats per minute from the right ventricular apex (RVA) to gain complete control over the 
ventricular activation sequence, and the heart rate. In this study, the electrophysiological and 
arrhythmogenic consequences of acute RVA pacing in IVR remodeled dogs were investigated.
 
 
METHODS

All experiments were 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 on animal experimentation and were approved by the 
Committee for Experiments on Animals of Utrecht University. In this study, 54 adult purpose-
bred mongrel dogs (Marshall, USA) were included.
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Preparation
Premedication (methadone 0.5 mg/kg, acepromazine 0.5 mg/kg and atropine 0.5 mg i.m.) 
and pentobarbital 25 mg/kg i.v. were administered to induce general anaesthesia that was 
maintained by isoflurane 1.5% in O2 and N2O(1:2). In a subset of dogs (n=22), a screw-in lead 
was positioned in the right ventricular apex (RVA) via the right jugular vein and connected 
to an internal pacemaker (Medtronic, Maastricht, The Netherlands).  Radiofrequency energy 
was used for ablation of the AV-node3. A 6- or 10-lead surface ECG was recorded continuously 
during the experiment. 

Experiments and recordings 
All dogs had remodelled at least 3 weeks without control of IVR. During the experiment, 
animals with a pacemaker were acutely paced at 1000ms cycle length from the RVA. 
Dofetilide (0.025mg/kg/5min i.v.) was infused under general anesthesia in all dogs to test 
electrophysiological and arrhythmogenic consequences. Endocardially derived left and right 
ventricular monophasic action potentials (MAPs) were recorded (Hugo Sachs Electronik, 
Germany). 

Arrhythmia quantification 
TdP was defined as a ventricular tachycardia of more then five beats twisting around the iso-
electric line. Arrhythmic activity was determined for a period of 10 min after start of dofetilide 
administration. Electrical defibrillation was applied if a TdP was not self-terminating within 
10 seconds. Inducibility was defined as a dog exhibiting at least 3 or more TdPs or when a 
defibrillation was required. 

Data analysis
Electrophysiological parameters were analysed offline at baseline and 5 minutes after 
dofetilide administration or shortly before the first arrhythmic event using ECGView 
(Maastricht, The Netherlands) and EP Tracer (Cardiotek, Maastricht, The Netherlands). Cycle 
length of IVR (RR-interval), QRS and QT were manually taken from five consecutive beats. 
QTc was calculated using the Van der Water formula10. JT was calculated by subtracting 
QRS from QT. LVMAP and RVMAP were determined at 80% repolarization using custom-
written Matlab software (Mathworks, Natick, USA). Activation time (AT) was calculated as 
the time between the QRS-onset (IVR) or pacing spike (acute RVA pacing) and the steepest 
upstroke of the MAP (figure 1). The difference between LV-AT and RV-AT was defined as ΔAT; 
a positive value indicated earlier activation of the LV compared to RV. ΔMAPD reflected the 
interventricular difference (LVMAP – RVMAP) in repolarization duration and did not take the 
activation pattern of the heart into account. Repolarization time (RT) was calculated as 
the sum of AT and MAP (figure 1). The difference between LV-RT and RV-RT was defined as 
ΔRT that visualized the actual time difference in ending of repolarization; a positive value 
indicated that repolarization was earlier completed in RV than LV. Beat-to-beat variability of 
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repolarization was quantified as short-term-variability (STV) over 30 consecutive beats from 
both LV and RV MAP (STV_LV and STV_RV).  
Morphology of the QRS-complex was used to determine the origin of IVR11 and the stability 
of the focus over time. The latter was defined as a focus originating from the same region in 
at least three consecutive experiments per animal. The electrical axis of the initiating beat of 
the first three TdPs was also assessed in animals paced from the RVA and with a stable IVR 
over time to distinguish between LV or RV origin of the TdP.

Statistical analysis
Data are expressed as mean ± standard deviation (SD). Electrophysiological parameters 
were compared using paired and unpaired Student’s t-tests. For inducibility the McNemar’s 
test and the Fisher’s exact test were used for paired and unpaired data, respectively. Mann-
Whitney U tests were used for number of TdPs and number of defibrillations.  A p-value <0.05 
was considered statistically significant

Figure 1: Quantification of local repolarization indices in IVR and acute RVA pacing. 6 lead ECG and LV and 
RVMAP recording during IVR (left) and acute RVA pacing (right). Black dashed lines represent the Q-onset (IVR) 
and the pacing spike (acute RVA pacing). Blue and red dashed lines represent the upstroke of the MAP and 80% 
repolarization of the LVMAP and RVMAP, respectively. LV/RV MAP was defined as the time between the upstroke 
of the MAP and 80% repolarization, while LV/RV-RT was defined as the time between Q-onset (IVR) or the pacing 
spike (RVA pacing) and 80% repolarization. 
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RESULTS

Baseline: The origin of the IVR, based on the morphology of the QRS complex, occurred 
in 27/32 dogs from the LV: 59% (n=19) originated from the posterior wall and 25% (n=8) 
occurred from the anterior wall of the LV, while 16% (n=5) arose from RV/septum (figure 2). Of 
these dogs, 18 had a stable IVR over time (LV posterior wall: n=15, LV anterior wall: n=2, RV/
septum: n=1). 
Cycle length during IVR was 1283±282ms. QRS complex was 78±11ms and JT time was 
304±62ms. ΔAT showed that LVMAP was earlier activated then RVMAP confirming that IVR 
usually occurred from LV (table 1). LVMAP was longer than RVMAP (ΔMAPD: 40±27ms) while 
interventricular heterogeneity in ending of repolarization was less (ΔRT: 27±28ms; table 1).
Acute pacing from the RVA at 1000ms cycle length resulted in an increase of the QRS-duration 
(116±10ms) and a decrease of the JT-interval (261±41ms, p<0.05). As expected, ΔAT became 
negative in line with the position of the pacing lead (table 1). Local repolarization duration 
was heterogeneously decreased resulting in a significantly lower ΔMAPD compared to IVR 
(21±23ms; table 1). In contrast, the altered activation sequence significantly increased the 
interventricular difference in ending of repolarization (ΔRT: 49±23ms). STV_LV and STV_RV 
were significantly lower compared to unpaced dogs (table 1).
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Figure 2. Origin of IVR. Left part: 10 lead ECG and LV and RV monophasic action potential registrations of the 3 
most common IVR types. Right part: the mean electrical axis in the frontal plane calculated from the recordings 
as depicted in the left part of the figure that shows the direction (arrow) and the estimated origin of the IVR 
(asterisk). RV/septum: green arrow and asterisk; LV posterior wall: red arrow and asterisk; LV anterior wall: blue 
arrow and asterisk



Baseline Dofetilide % increase

IVR-IVR (n=32) RR 1283 ± 282 1432 ± 320* 12

QRS 78 ± 11 76 ± 11 -3

QT 382 ± 58 585 ± 114* 53

QTc 358 ± 55 548 ± 95* 53

JT 304 ± 62 509 ± 115* 67

LV-AT 15 ± 6 18 ± 9

RV-AT 28 ± 11 25 ± 11

ΔAT 13 ± 15 8 ± 17

LVMAP 303 ± 51 475 ± 114* 57

RVMAP 264 ± 38 382 ± 98* 45

ΔMAPD 40 ± 27 93 ± 64* 134

LV-RT 318 ± 50 492 ± 115* 54

RV-RT 292 ± 39 415 ± 101* 42

ΔRT 27 ± 28 83 ± 64* 213

STV_LV 1.3 ± 0.6 3.5 ± 1.3* 167

STV_RV 1.2 ± 0.5 2.9 ± 1.6* 145

IVR-RVA (n=22) QRS 116 ± 10° 116 ± 11° 0

QT 377 ± 44 564 ± 43* 49

JT 261 ± 41° 448 ± 43*° 71

LV-AT 53 ± 9° 53 ± 9°

RV-AT 26 ± 10 25 ± 10

ΔAT -28 ± 13° -28 ± 13°

LVMAP 257 ± 29° 404 ± 80*° 57

RVMAP 236 ± 22° 334 ± 56*° 42

ΔMAPD 21 ± 23° 70 ± 54* 237

LV-RT 310 ± 27 456 ± 79* 47

RV-RT 261 ± 18° 360 ± 57*° 38

ΔRT 49 ± 23° 98 ± 52* 102

STV_LV 0.9 ± 0.4° 2.2 ± 1.7*° 139

STV_RV 0.9 ± 0.4° 1.6 ± 1.0*° 84

IVR, idioventricular rhythm; RVA, right ventricular apex; IVR-IVR, animals at IVR during the experiment; IVR-RVA, 
animals at acute RVA pacing during the experiment; % increase, relative increase after dofetilide administration; 
LV-AT, activation time of left ventricle; RV-AT, activation time of right ventricle; ΔAT, RV-AT minus LV-AT; LVMAP, 
left ventricular monophasic action potential duration; RVMAP, right ventricular monophasic action potential 
duration; ΔMAPD, difference between LVMAP and RVMAP; LV-RT, repolarization time of LV; RV-RT, repolarization 
time of RV; ΔRT, difference between LV-RT and RV-RT; STV_LV, short-term variability of LVMAP; STV_RV, short-
term variability of RVMAP; *, p<0.05 versus baseline; °, p<0.05 versus IVR-IVR; all values are mean ± SD, in ms

Table 1: Electrophysiological effects of IVR and acute RVA pacing in baseline and the effect of 
dofetilide administration after IVR remodeling
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Figure 3. Arrhythmogenic comparison of IVR and acute RVA pacing. IVR and acute RVA pacing were compared 
in relation to % inducible dogs, time to first ectopic activity, number of TdPs and number of defibrillations. No 
differences were observed between groups. 

Dofetilide: application of dofetilide resulted in similar TdP outcome in both groups: 59% 
(19/32) in IVR dogs versus 64% (14/22) in RVA paced animals. Also time to the first arrhythmic 
event, number of TdPs and number of defibrillations were similar (figure 3). 
In IVR dogs, dofetilide increased RR interval to 1432±320ms (p<0.05). QRS duration was not 
influenced and ΔAT was comparable to baseline values (table 1). All repolarization parameters 
increased significantly, including interventricular (ΔMAPD: 93±64ms; ΔRT: 83±64ms) and 
temporal dispersion of repolarization (table 1, upper part). Similar findings were obtained 
at acute RVA pacing (table 1, lower part): activation was not influenced while repolarization 
parameters increased significantly (ΔMAPD: 70±54ms and ΔRT: 98±52ms).  
When comparing the two groups, it became apparent that JT, LVMAP, RVMAP, RV-RT, STV_LV 
and STV_RV were longer in IVR, although the relative increases after dofetilide were similar. 
Interestingly, ΔMAPD and ΔRT (table 1) were no longer significantly different after dofetilide 
administration between the 2 groups (figure 4).
Of 18 dogs with a stable IVR over time, 10 animals were susceptible for TdP arrhythmias. 
Analysis of the first beat of the TdP in these dogs revealed that 57% (17/30) of the TdPs 
occurred from the RV/septum while in acute RVA paced animals also 57% (20/35) of the 
initiating beats arose from this region (figure 5). These results suggest that acute altered 
ventricular activation does not influence origin of TdP.
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DISCUSSION 

The results of this study can be summarized as follows: (1) Acute RVA pacing in IVR remodeled 
dogs altered the activation sequence, decreased repolarization values while the difference in 
LV and RV ending of repolarization (ΔRT) was increased; (2) challenge with dofetilide increased 
all repolarization parameters with a similar relative increase except for ΔMAPD and ΔRT that 
reached similar absolute values; (3) the susceptibility for TdP arrhythmias was similar in both 
groups and the site of origin of the TdP was not influenced by acute RVA pacing. 

History of the CAVB dog model
The CAVB dog model has been studied extensively in our lab for more then 30 years and it is 
typically characterized by its high susceptibility for drug-induced TdP arrhythmias. Although 
so many years in use, the model remains of interest, as TdP is still a feared adverse effect in 
clinical use of drugs. Besides pro- and antiarrhythmic screening of drugs, a number of studies 
have been performed to unravel the underlying adaptations that cause the increased TdP 
susceptibility. Oros et al. carefully reviewed the process of ventricular remodeling in the CAVB 
dog model3.
More recently, we showed that, next to bradycardia12, also the ventricular activation pattern 
contributes to ventricular remodeling causing regional differences in the heart (chapter 
4). Hypertrophy is known to be more pronounced in the later activated areas of the 
ventricles5,13,14. In CAVB animals, the growth response of the RV is larger compared to the LV3. 
These observations are in line with our results in which we demonstrated that the origin of IVR 

Figure 4.  Electrophysiological parameters during IVR and acute RVA pacing and the effect of dofetilide. Baseline 
electrophysiological parameters (left) and the effect of dofetilide (right) both at IVR conditions (blue bars) and 
after acute RVA pacing (red bars). Note that RVA pacing significantly decreased parameters at baseline, while no 
longer a difference was seen for ΔMAPD and ΔRT after dofetilide administration.
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Figure 5. Dofetilide induced Torsade de Pointes arrhythmia in IVR and during acute RVA pacing. 10 lead ECG and 
LV and RV monophasic action potentials showing the induction of the first TdP episode during intrinsic IVR (left 
recording) or acute pacing from the RVA (right recording). The acutely paced dog had similar IVR QRS complexes 
as the dog depicted left (recording not shown). The bottom part of the figure shows the accompanying mean 
electrical axis in the frontal plane. The uncontrolled IVR occurred from the LV posterior wall while the RVA paced 
rhythm originates from the RVA (blue arrows and asterisks). The morphology of the initiating beat of the TdP 
was similar in both conditions and the mean electrical heart axis demonstrated its origin from the RV (red 
arrows and asterisks). These results suggest that the focus of the arrhythmia is not influenced by acutely altered 
activation.
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most frequently occurred from the LV, resulting in a later activated RV. Electrical remodeling 
is also activation dependent: interventricular dispersion of repolarization in regular CAVB 
dogs is increased after remodeling due to a stronger increase of the earlier activated LVMAP7, 
while in dogs, that have an opposite activation pattern compared to IVR (due to chronic RVA 
pacing) interventricular dispersion of repolarization (ΔMAPD) is decreased (chapter 4). 

The role of activation: mechanical and electrical consequenses
RVA pacing acutely changes the activation sequence of the heart. In patients, it is associated 
with acute LV mechanical dyssynchrony and LV dysfunction15-17 and similar results have 
been described in experimental studies (chapter 4). Cardiac perfusion and metabolism are 
adapted and myocardial strain and work are redistributed resulting in an impaired ventricular 
function. Late activated regions demonstrate pre-stretching during the early systole as a 
result of rapid systolic contraction of the earliest activated regions near the pacing site18. In 
CAVB patients, long-term chronic RV pacing is associated with deleterious LV remodeling, LV 
dilatation, LV asymmetrical hypertrophy and low exercise capacity14. Temporary interruption 
of RVA pacing in these patients acutely improves systolic function and global mechanical 
dyssynchrony19. Given these results, it is very likely that IVR remodeled animals in our study 
with acute RVA pacing have also an acutely impaired LV function. 
At the same time, depolarization of the ventricles is slowed because the electrical impulse 
initiated by pacing is propagated from cell-to-cell. This is reflected by an increased QRS-
duration. Besides the altered activation and thereby the contraction pattern, repolarization 
parameters are also changed. It is known that ventricular repolarization adaptations occur 
slowly after onset of ventricular pacing. In patients, it has been shown that acute epicardial 
pacing prolongs QTc duration while after continuous pacing the initial increase is reduced 
again20,21. These results suggest that an altered activation pattern induces electrical 
adaptations over time to synchronize ventricular repolarization/contraction. In the present 
study, local indices of repolarization (LV and RVMAP) were lower in paced animals due to 
the slightly higher heart rate, while QT duration was unaffected. These results indicate a net 
increase of QT-duration that can be explained by the increased heterogeneity in ending of 
repolarization (ΔRT). 

The role of bradycardia
Usually, intrinsic IVR in the CAVB dog varies between 40 and 55 beats per minute. In the 
present study, dogs were paced at 60 beats per minute to be sure that the activation pattern 
was fixed in all experiments. Consequently, the average heart rate was slower in IVR dogs 
(47 beats per minute). It is known that bradycardia is a key player for the induction of TdP 
arrhythmias. Oosterhof et al., demonstrated, in serial experiments, that dogs were almost 
completely prevented from TdP arrhythmias at 100 beats per minute (1 out of 7 dogs) while 
susceptibility was severely increased at 60 beats per minute (6 out of 7 dogs)22. In our study, 
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despite the lower heart rate in IVR dogs no differences were observed in arrhythmic outcome, 
suggesting that acute RVA pacing at 60 beats per minute had no antiarrhythmic effect. 

RVA pacing and ventricular arrhythmias
Several clinical studies have shown that a high cumulative percentage RVA pacing is associated 
with an increased risk for ventricular arrhythmias23-25. On the other hand Stockburger et al. 
did not observe any difference between patients with a low or high level of RVA pacing26. 
However, all these studies dichotomized the cumulative percentage of RVA pacing by which it 
remains uncertain how much RVA pacing is deleterious. Olshanksy et al. used the “INTRINSIC 
RV study” to investigate the relationship between various levels of RV pacing and arrhythmic 
outcome27. In accordance with studies that dichotomized RVA pacing, they found that 
high RVA pacing levels were associated with an increased risk for ventricular arrhythmias. 
Interestingly, also patients with very low levels (0-9%) had higher event rates compared with 
those with some RVA pacing (10-19%)27. These results suggest that both patients with very 
low and high pacing levels have an increased risk for ventricular arrhythmias. In our study, 
animals were only paced during the experiment thus falling within the group with very low 
pacing levels, however, no difference was observed for arrhythmogenicity. Nevertheless it 
could be that acute RVA pacing has proarrhythmic effects as local repolarization parameters 
were acutely decreased (table 1). However, these considerations need to be further assessed 
in future experiments. Proarrhythmic susceptibility should be tested in each dog individually 
at the lowest captured rate, just above the intrinsic IVR, instead of 60 beats per minute. 

Origin of TdP and dispersion of repolarization
In patients, the origin of TdP is not randomly distributed along the heart. Based on the morphology 
of the QRS complex, it has been shown that the outflow tract is the region of preference28. Recently, 
we have shown in dogs chronically paced from the RVA that TdP occurred most frequently from the 
LV (77%) (chapter 4), while in the present study we showed that 57% of the arrhythmias emerged 
from the RV/septum. These results suggest that the activation pattern during the remodeling 
period is important for the origin of the TdP. Therefore, it is not surprisingly that acute RVA pacing 
did not change the origin of TdP. The heterogeneous adaptations that have occurred during 
remodeling are not acutely abolished by altered activation. In patients, induction of a ventricular 
tachycardia (VT) during programmed ventricular stimulation is also often site specific. It can be 
feasible to induce VT at one stimulation site while another site fails to provoke arrhythmia. This 
site specificity of VT is linked to a larger dispersion of repolarization in the region at risk29. In the 
present study, dofetilide administration revealed similar arrhythmic outcome while only ΔMAPD 
and ΔRT reached similar values prior to the arrhythmic activity (figure 4). These results indicate 
that interventricular dispersion of repolarization may play a role in the development of TdP. 
However, the predictive value of interventricular dispersion of repolarization for TdP susceptibility 
is low. Recently, we have shown that dispersion of repolarization is not particularly relevant at 
the interventricular level, but rather at the LV intraventricular level: the first beat of the TdP arises 
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consistently at the site of maximal local dispersion of repolarization. The site specificity of the TdP 
arrhythmia, which is not influenced by acutely altered activation, suggests that remodeling leads 
to a region specific increased TdP susceptibility. 

Consequnce for serial drug testing  
The fact that acute RV pacing does neither alter TdP incidence nor TdP origin in the IVR 
remodeled CAVB dog is 1) positive for a more controlled and and thereby more comparative 
drug testing approach and 2) indicative for the relevance of activation dependent spatial 
remodeling for creating the conditions necessary to generate the arrhythmic substrate.

 
LIMITATIONS   
 
In the CAVB dog model, remodeled conditions are required in order to induce TdP. This implies 
that the effect of acute RVA pacing for arrhythmic susceptibility only can be assessed in 
presence of chronic complete AV-block and not in unremodeled conditons.  We investigated 
the effect of acute RVA pacing at 60 beats per minute to have controlled experimental 
conditions. Therefore, we cannot exclude that acute RVA pacing has proarrhythmic properties 
as the slower IVR cycle length may act as a potential confounder. Finally, using the surface 
ECG to determine the origin of IVR and TdP is not a really sensitive method. To investigate 
more accurately the mechanism underlying the onset of TdP a detailed electro-anatomical 
mapping of both ventricles should be performed.

CONCLUSION

Repolarization parameters were lower in acute RVA paced animals during IVR remodeled 
conditions both at baseline and after dofetilide administration. Interventricular dispersion of 
repolarization only reached similar absolute values prior to arrhythmic activity. TdP outcome 
and the origin of the arrhythmia were similar in both groups suggesting the relevance of 
dispersion of repolarization for development of TdP.
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Torsade de Pointes arrhythmias arise at the site of maximal 
heterogeneity of repolarization in the chronic complete 

AV-block dog
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ABSTRACT

Aims: The chronic complete atrioventricular block (CAVB) dog is highly sensitive for drug-
induced Torsade de Pointes (TdP) arrhythmias. Focal mechanisms have been suggested as 
trigger for TdP onset; however, its exact mechanism remains unclear. In this study, detailed 
mapping of the ventricles was performed to assess intraventricular heterogeneity of 
repolarization in relation to the initiation of TdP.
Methods: In 8 CAVB animals, 56 needles, each containing 4 electrodes, were inserted in the 
ventricles. During right ventricular apex pacing (cycle length: 1000-1500ms) local unipolar 
electrograms were recorded before and after administration of dofetilide to determine 
activation and repolarization times (RT). Maximal RT differences were calculated in the 
left ventricle (LV) within adjacent electrodes in different orientations (transmural, vertical, 
horizontal) and within a square of 4 needles (cubic dispersion).
Results: Dofetilide induced TdP in 5 out of 8 animals. RT-LV was similar between inducible 
and non-inducible dogs at baseline (327±30 vs. 345±17ms) and after dofetilide administration 
(525±95 vs. 508±15ms). All measurements of intraventriuclar dispersion were not different at 
baseline, but this changed for horizontal (206±20 vs. 142±34ms) and cubic dispersion (272±29 
vs. 176±48ms) after dofetilide: significantly higher values in inducible animals. Single ectopic 
beats and the first TdP beat arose consistently from a subendocardially located electrode 
terminal with the shortest RT in the region with largest RT differences.
Conclusion: CAVB dogs susceptible for TdP demonstrate higher RT differences. TdP arises 
from a region with maximal heterogeneity of repolarization suggesting that a minimal 
gradient is required in order to initiate TdP. 

Keywords: Torsade de Pointes, ventricular remodeling, mechanism, dispersion of 
repolarization, triggered activity
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INTRODUCTION

Torsade de Pointes (TdP) arrhythmias are still a feared adverse effect in the development 
and applicability of drugs. Since its first description in 1966 by Dessertenne, a lot of research 
has been performed to unravel the underlying arrhythmogenic mechanisms. Several factors 
are known to have an increased risk for development of TdP such as QT-prolongation,1 the 
presence of ventricular remodeling,2 bradycardia,3 electrolyte disorders,4 and short-long-
short sequences.5 However, it remains unclear why some subjects do and others do not 
develop TdP in presence of similar risk factors. 
Both reentry and early afterdepolarizations (EADs) have been proposed as a mechanism of TdP. 
For both mechanisms the presence of dispersion of repolarization is considered as a critical 
condition.6-9 Most of the studies have been performed in wedge preparations, while transmural 
dispersion of repolarization in the intact heart seems to be less dominantly present.10,11 
The chronic complete AV-block (CAVB) dog model is characterized by its high susceptibility 
for drug-induced TdP arrhythmias. Mapping studies in this dog model have shown that 
focal activity initiates the TdP, indicating triggered activity.12-14 Furthermore, transmural 
and transseptal dispersion of repolarization are also increased.12 However, the in vivo 
characteristics of the dispersion of repolarization with regard to the site of earliest activation 
of TdP and preceding single ectopic beats are unknown. It has been shown, both in wedge 
preparations6 as well as in a quasi 2-dimensional Langendorf perfused rabbit model,15 that 
triggered activity arise from a region with large repolarization gradients. Therefore, in this 
study, we performed detailed in vivo mapping of the left and right ventricle in both TdP 
susceptible and resistant animals to assess intraventricular dispersion of repolarization in 
3 dimensions in relation to the site of earliest activity of TdP. In addition we determined the 
relation of TdP with single ectopic beats that frequently preceded the arrhythmia in inducible 
dogs. We hypothesized that local repolarization differences are higher in susceptible animals.

METHODS

All experiments were approved by the Committee for Experiments on Animals of Utrecht 
University and in accordance with the European Directive for the Protection of Vertebrate 
Animals Used for Experimental and Other Scientific Purposes (86/609/CEE) and the Dutch 
Law on animal experimentation. In this study, mapping experiments were performed in 8 
adult purpose-bred mongrel dogs (Marshall, USA).

Preparation 
Experiments were performed under general anesthesia. Dogs received premedication 
(methadone 0.5 mg/kg, acepromazine 0.5 mg/kg and atropine 0.5 mg i.m.) after which 
anesthesia was induced with sodium pentobarbital 25mg/kg i.v. and maintained by isoflurane 
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1.5% in O2 and N20 (1:2). Surface ECG was continuously recorded during the experiment. Prior 
to radiofrequency ablation of the proximal HIS bundle, a screw-in lead was positioned in 
the right ventricular apex (RVA) via the jugular vein. The lead was connected to an internal 
pacemaker (Medtronic, Maastricht, the Netherlands). Mean time between AV node ablation 
and the mapping experiment was 100±38 days.

Mapping Experiment 
After induction of general anaesthesia, a left-sided thoracotomy in the 5th intercostal space 
was performed to expose the heart. To facilitate optimal access to the heart, the fourth rib was 
partially resected. In total 56 needle electrodes were inserted in the ventricular myocardium, 
perpendicular to the wall, to record unipolar electrograms. Eight needle electrodes were 
inserted in the septal wall. Thirty needle electrodes were inserted at evenly distributed 
distances (1.0-1.5 cm) over 5 columns (posterior, posterolateral, lateral, anterolateral, 
anterior) and 6 planes from base to apex in the left ventricle (LV). The remaining 18 needles 
were distributed over 3 columns (anterior, lateral, posterior) and the same planes in the right 
ventricle (RV).  Each needle had four electrode terminals with inter-electrode distances of 
4 mm. An electrode positioned in the pectoral muscle was used as reference electrode. A 
schematic overview of the needle positions is shown in figure 1. 
During the experiment all dogs were paced from the RVA at 1000-1500ms depending on the 
intrinsic idioventricular rhythm. Recordings were performed both at baseline and during 
administration of dofetilide (0.025mg/kg/5min), which was infused in order to induce TdP. 
Application of dofetilide was aborted after the first episode of TdP or after 5 minutes if no 
arrhythmia occurred. Electrical defibrillation was applied if a TdP was not self-terminating 
within 10 seconds. A TdP was defined as a polymorphic ventricular tachycardia with a 
twisting QRS complex consisting of at least 5 consecutive beats. ECG was recorded using EP 
Tracer (Cardiotek, Maastricht, The Netherlands) and unipolar electrograms were recorded 
simultaneously with the ActiveTwo system (Biosemi, Amsterdam, Netherlands). 

Data analysis 
Unipolar electrograms were analysed using a semiautomatic computer program.16 Activation 
time (AT) was determined as the time between the pacing spike and the minimum dV/dt of 
the ensuing QRS complex. AT-RV and AT-LV were defined as the mean AT from all electrodes in 
the RV and LV, respectively. Repolarization time (RT) was calculated as the time between the 
pacing spike and the maximum dV/dt of the T-wave, independent of the T-wave morphology.17 
RT-RV and RT-LV were calculated as the mean RT from all electrodes in RV and LV, respectively. 
Because of poor quality of the septal recordings, only AT and not RT could be determined from 
these electrograms. Moreover, recordings with ST-elevation or a flat T-wave were excluded from 
analysis. Interventricular dispersion of repolarization (ΔRT) was defined as the difference between 
RT-LV and RT-RV. LV intraventricular dispersion of RT was calculated within adjacent electrodes of 
1 needle, 1 column and 1 plane as well as the maximal difference within a square of 4 needles. 
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The maximal values retrieved from each orientation were defined as transmural, vertical, 
horizontal and cubic dispersion, respectively (figure 1).
It is not possible to measure RT of the paced beat that initiates an ectopic beat (EB) as the EB 
(or first beat of the TdP) falls within the T-wave of the initiating beat. Therefore, RT was always 
measured from the paced beat preceding the initiating beat (called, pre-initiating beat). 
To explore changes of RT and dispersion of RT in time the following complexes were 
determined (figure 2):
1: Stimulated complexes during baseline
2: Pre-initiating complexes that initiated the first EB and the first TdP beat after dofetilide 
administration. In non-inducible animals, RT was measured from a normal stimulated beat 
at 5 minutes when dofetilide was fully administered. 
3: The first and last single EB prior to TdP. Analysis of single EBs was only performed if the 
activation pattern of the first and last single EBs and the first TdP beat were similar. 

Figure 1. Schematic overview of needle placement and calculation of dispersion of repolarization. Needles 
were inserted at six evenly distributed levels (#1 to #6, from base to apex). At each level 8 needles were inserted 
of which 5 in the left ventricle (LV, I-V from posterior to anterior) and 3 in the right ventricle (VI-VIII, from 
anterior to posterior). Per column electrodes were numbered from 1 to 24. Repolarization time differences in 
the LV were calculated within adjacent electrodes at 1) 1 needle; transmural dispersion (blue electrodes), 2) 1 
column; vertical dispersion (red electrodes), 3) 1 plane; horizontal dispersion (orange electrodes), as well as 4) 
within a square of 4 needles; cubic dispersion (green electrodes). The maximal values were retrieved from each 
orientation
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Figure 2. Evolution of dispersion of repolarization after application of dofetilide. Tracings show stimulated and 
ectopic beats (EB) of dog 1 for the following episodes: 1) baseline, 2) first EB after dofetilide application, 3) last 
EB before onset TdP, 4) onset TdP (part A and B).
A. Analysis of repolarization times (RT) of the stimulated beats (baseline, pre-initiating beat prior to the first 
single EB and pre-initiating beat prior to the TdP) revealed that the neighboring electrodes LV-II-17 and LV-III-17 
had maximal dispersion of repolarization prior to the TdP. EBs and the first beat of the TdP arose consistently 
from the region with maximal repolarization heterogeneity (see also figure 3 and 4). B. Repolarization of the 
first and the last EB after dofetilide administration revealed a sharp increase of the repolarization gradient at 
electrodes LV-IV-17 and LV-V-18  (from 33 to 202ms). Part C shows maximal transmural, vertical, horizontal and 
cubic dispersion of repolarization of stimulated beats at baseline, prior to the first EB and prior to the first TdP 
(e.g. maximal differences between red and blue lines in part A). *, p<0.05 vs. baseline. Values are RT differences 
in milliseconds.
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Statistical analysis 
Data are expressed as mean ± standard deviation (SD). Parameters were compared using 
one- or two-way repeated measures ANOVA with post-hoc Bonferroni t-test. P-values <0.05 
were considered statistically significant. 

RESULTS

Arrhythmias
No arrhythmias occurred during baseline. Infusion of dofetilide resulted in TdP arrhythmias 
in 5 out of 8 animals. In 4 of the 5 dogs with TdP (dog 1,2,4 and 5), single EBs preceded the 
occurrence of the first TdP. Of three non-susceptible animals, only one (dog 7) exhibited single 
EBs after dofetilide administration, while no ectopic activity was seen in the two other dogs.

1.   Stimulated beats in TdP susceptible vs. non-susceptible dogs at baseline and 
after dofetilide
Activation: During RVA pacing, as expected, earliest activation occurred at the apex of the 
RV and latest at the LV anterolateral base. At baseline, AT-RV and AT-LV of all animals was 50±6 
and 67±9ms (p<0.05), respectively. Dofetilide administration did not influence the activation 
pattern and the site of earliest and latest activation (table 1). No differences were observed 
between inducible and non-inducible animals (table 1).

Repolarization: At baseline, RT-RV was shorter than RT-LV in both inducible (ΔRT: 40±14) 
and non-inducible animals (ΔRT: 50±4ms)(table 1). Dofetilide administration resulted in 
a significant increase of both RT-RV and RT-LV of the pre-initiating beat in inducible (ΔRT: 
92±25) and after the full dose of dofetilide in non-inducible dogs (ΔRT: 97±40ms)(table 1). 
No significant differences in RT and ΔRT were observed at baseline and after dofetilide 
administration between inducible and non-inducible animals (table 1). 
LV intraventricular dispersion of repolarization was not different at baseline (table 1). 
Dofetilide increased all intraventricular dispersion parameters in both groups, except for 
transmural dispersion in non-inducible dogs (table 1). Horizontal and cubic dispersion of 
repolarization reached significantly higher values in inducible compared to non-inducible 
dogs (206±20 vs. 142±34ms and 272±29 vs. 176±48ms, respectively). Moreover a significant 
interaction was observed for cubic dispersion (p=0.024) between the effect of dofetilide and 
the susceptibility for TdP, while horizontal dispersion demonstrated a clear trend (p=0.051).

2.   Origin of arrhythmic activity and relation to spatial dispersion
Activation: The origin of EBs and the first and second beat of TdP are indicated in table 2. 
All single EBs and the first TdP beat occurred from the (sub)endocardium. In dog 1, all single 
EBs and the first TdP had the same activation pattern (figure 3). In dog 2, single EBs with two 
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different morphologies occurred (and different origin). One EB arose from the LV posterior 
wall and the other one from the septum. The first TdP beat also occurred from the septum. 
In dog 3, no single EBs were observed before the onset of the first TdP arrhythmia. In dog 4, the 
origin of single EBs and the first TdP beat differed. Spontaneous ectopic activity in dog 5 occurred 
already during baseline, which was not T-wave mediated. This spontaneous ectopic activity 
initiated TdP after dofetilide administration while single EBs occurred from the anterior wall.
The second beat of the TdP always arose from a different region compared to the first TdP beat.
The mean total AT of the first TdP beat was 74±27ms and the interval between the first and the 
second TdP beat was 436±120ms. Mean total AT of the second beat of the TdP was 139±29ms, 
indicating slowing of conduction.

Repolarization: Table 2 summarizes the location of maximal repolarization gradients 
of the pre-initiating beats of both the first single EBs and the first TdPs. All single EBs and 
the first beat of the TdP arose from the septum or LV, at the region with maximal dispersion 

Inducible (n=5) Non-Inducible (n=3)

Baseline AT-RV 50±7 50±4

AT-LV 65±12 70±3

RT-RV 287±25 295±21

RT-LV 327±30 345±17

Transmural dispersion 45±12 54±14

Vertical dispersion 43±17 42±9

Horizontal dispersion 58±27 47±13

Cubic dispersion 72±21 65±9

Dofetilide AT-RV 52±10 50±5

AT-LV 65±13 70±3

RT-RV 433±98+ 412±25+

RT-LV 525±95+ 508±15+

Transmural dispersion 176±36+ 143±54

Vertical dispersion 154±20+ 121±23+

Horizontal dispersion 206±20+ 142±34*+

Cubic dispersion 272±29+ 176±48*+

*, p<0.05 versus inducible; +,p<0.05 versus baseline; AT-RV / AT-LV, right/left ventricular activation time; RT-RV / 
RT-LV, right/left ventricular repolarization time; all values are mean ± SD, in milliseconds

Table 1: Repolarization parameters of stimulated beats before and after dofetilide in inducible 
and non-inducible animals
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of repolarization. Repolarization maps of dog 1 are shown in figure 4, while individual 
electrograms that represents the maximal repolarization gradient are depicted in figure 2A. 
 
3.   Evolution of repolarization and severity of arrhythmic events
RT of the pre-initiating beat of the first single EB was measured in 4 dogs (dog 1,2,4 and 5) 
and compared to RT of the pre-initiating beat of the first TdP episode. Time between the 
first single EB and the TdP episode was 78±52 seconds on average. In this time interval, RT-
LV (468±91 vs. 494±73ms) and RT-RV (392±97 vs. 402±81ms) were not significantly increased. 
Dispersion of repolarization was slightly increased in all orientations (cubic: 228±25 vs. 
261±22ms; horizontal: 199±23 vs. 214±9ms; transmural: 137±22 vs. 165±30ms; vertical: 133±16 
vs. 158±21ms). Evolution of repolarization data for individual dogs is depicted figure 2C.
To further explore evolution of repolarization in relation to single EBs and TdP, RT was also 
determined from the first and last single EB in the inducible dogs 1 and 2 and the non-
inducible dog 7. Dogs 4 and 5 were excluded because the activation pattern of the first and 
last single EBs and the first TdP beat were not similar. RT-RV (dog 1: 446±42 vs. 485±42ms; dog 
2: 321±30 vs. 360±34ms) and RT-LV (dog 1: 375±46 vs. 430±57ms; dog 2: 294±54 vs. 390±54ms) 
of the last EB were increased compared to the first EB. Moreover, transmural (dog 1: 117 vs. 
140ms; dog 2: 99 vs. 140ms), vertical (dog 1: 89 vs. 171ms; dog 2: 93 vs. 140ms), horizontal 
(dog 1: 149 vs. 208ms; dog 2: 103 vs. 159ms) and cubic dispersion (dog 1: 175 vs. 210ms; dog 
2: 103 vs. 197ms) were also higher in the last single EB. RT-RV (327±15 vs. 343±24ms) and RT-
LV (329±28 vs. 390±48) of the last EB in dog 7 were also increased compared to the first EB, 
as well as dispersion of repolarization values (transmural: 64 vs. 96ms; vertical: 84 vs. 157ms; 
horizontal: 88 vs. 109ms; cubic: 93 vs. 163ms.). However, cubic dispersion of repolarization 
remained lower compared to inducible dogs. 
In dog 1, the largest RT gradient of the last EB occurred at the subendocardium of the LV anterior 
wall where also the origin of the second TdP beat was located (figures 2B, 3 and 5). A similar 
observation was done in dog 2, in which maximal heterogeneity of repolarization of the last EB 
was located at the LV posterolateral wall, at the site where the second TdP beat arose. 

DISCUSSION

The results of this study can be summarized as follows: 1) AT and RT as well as dispersion of 
repolarization were not different between inducible and non-inducible animals at baseline 
conditions; 2) dofetilide administration did not affect activation pattern while RT was severely 
prolonged and maximal values of dispersion of repolarization were increased markedly and 
reached significantly higher values in inducible animals; 3) single EBs and the first beat of the 
TdP demonstrate a focal origin at the region with maximal cubic dispersion of repolarization; 
4) gradients of repolarization became larger in successive single EBs; and 5) the second beat 
of the TdP too emerged from the region with maximal repolarization gradient as determined 
from the last single EB prior to TdP. 
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Figure 3. Activation maps of the first and second beat of the TdP. Activation maps of the first and the last single 
EB prior to TdP (upper panel) and the first and the second beat of the TdP arrhythmia (bottom panel) of figure 
2. The asterisk represents the earliest activated region. Activation of the first and the last single EB and the 
first beat of the TdP arose consistently from the (antero)lateral wall (level #6), while the second beat of the 
TdP emerged at the anterior wall between base and apex (level #3-5). Activation times are color coded and 
represented in milliseconds. Please note the activation delay of the second beat of the TdP arrhythmia.
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Figure 4. Repolarization maps during baseline and after dofetilide administration. Repolarization times (RT) 
determined in dog 1 at baseline (left) and after dofetilide administration from the pre-initiating beat of the first 
TdP. RT at the posterolateral wall (electrode LV-II-17) was severely prolonged while RT from the neighboring 
electrode (LV-III-17) was considerably shorter. For electrogram recordings at electrode LV-II-17 and LV-III-17 see 
figure 2A. RTs are color scaled and values are in milliseconds. 
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Dog First EB First TdP beat Second TdP beat

Gradient Onset Gradient Onset Gradient Onset

1) LV_II-III
#5-6

LV_(III)-IV
#6

LV_I-II
#5-6

LV_(III)-IV
#6

LV_IV-V 
#4-5

LV_V
#3-5

2)

- Sept - Sept LV_II-III
#3-4

LV_II
#4

LV_I-II 
#2-3

LV_I
#4

-

3) - - LV_I-II 
#1-2

LV_I
#3

RV_VIII
#1

4) - Sept LV_IV-V 
#4-5

LV_IV
#5

LV_V 
#6

5) LV_IV-V 
#4-5

LV_V 
#3

Spontaneous ectopic activity; not T-wave mediated

6) - -

7) - Sept

8) - -

Gradient, location of maximal cubic dispersion of repolarization; Onset, origin of single EB (ectopic 
beat) or TdP; LV, left ventricle; RV, right ventricle; post, posterior; post-lat, posterolateral; ant-lat, 
anterolateral; ant, anterior; sept, septum; #, plane number; I-VIII, column number

Table 2: Location of maximal dispersion of repolarization and the relation to the origin of single 
EB and TdP



 THE MECHANISM OF THE TORSADE DE POINTES ARRHYTHMIA

101

Ch
ap

te
r 6

Inducible versus non-inducible dogs – baseline
Several risk factors are known that increase the risk for TdP arrhythmias. However, there are 
still no reliable protocols to assess the individual risk for TdP arrhythmias. To perform risk 
stratification it is important to know the underlying mechanisms of the arrhythmia and the 
difference(s) between susceptible and resistant subjects. In the CAVB dog model, ventricular 
remodeling is the most important contributor to TdP arrhythmias.2 However, application of 
dofetilide does not always result in TdP episodes; approximately 30% of the dogs remain 
unsusceptible for TdP arrhythmias.18 Interventricular dispersion of repolarization, a well-
known risk factor for TdP arrhythmias, is not different between susceptible and resistant 
dogs at baseline.19 Our results are compatible with these data. Moreover, we showed that 
intraventricular dispersion of repolarization was also similar in both groups. A recent study 
of Vijayakumer et al.7 demonstrated in patients with long QT syndrome, regions with a large 
repolarization gradient that were caused by localized APD prolongation and that these gradients 
were not observed in controls without cardiac remodeling. In the present study, only remodeled 
animals were included, which could explain that at baseline no differences were observed 
between susceptible and non-susceptible animals. Boulaksil et al., who used the same dog model 
showed that intraventricular dispersion of repolarization was lower in unremodeled compared to 
remodeled conditions,12 which is in line with the findings of Vijayakumar.7 
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Figure 5. Repolarization times of ectopic beats. Repolarization maps of the first ectopic beat (EB) after dofetilide 
administration (left) and the last EB (right) before the first TdP arrhythmia in dog 1. Repolarization time was 
severely increased at the anterolateral wall (level #5) resulting in a large repolarization gradient. Repolarization 
times are color scaled and values are in milliseconds. For electrogram recordings at electrodes LV-IV-17 and LV-
V-18, see figure 2B. 
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Inducible versus non-inducible dogs – dofetilide
Application of class III anti arrhythmic drugs is associated with prolongation of the 
repolarization interval. In the present study, RT-RV prolonged to a lesser extent than RT-
LV that augments the pre-existent interventricular repolarization differences. In line with 
monophasic action potential data obtained from previous studies, no differences in RT were 
observed between susceptible and resistant animals.19 The only difference we observed 
was a larger increase of intraventricular horizontal and cubic dispersion in TdP susceptible 
animals. When comparing conditions before the first single EB and before the TdP, we 
observed a slight, non-significant increase of dispersion of repolarization in all orientations 
(figure 2C).
Several studies performed in wedge preparations have shown that transmural dispersion 
is mechanistically linked to development of TdP arrhythmias.9,20 In the present study, we 
observed transmural, vertical as well as horizontal repolarization gradients, while the 
combination (cubic dispersion) was most explicit both in baseline conditions and after 
administration of dofetilide. 

Mechanism of the TdP 
Initiation: Several studies exhibit that TdP has a focal origin at the subendocardium.12-14 
In our study, both single EBs and the initiating beat of the TdP also occurred at the 
subendocardium. Interestingly, initiation of ectopic activity arose consistently from a region 
with maximal repolarization heterogeneity, which was roughly 1.0 to 1.5 cubic centimeters. 
Liu et al. demonstrated with optical mapping in a canine wedge preparation that the 
breakthrough site of the triggered beat corresponded to the location where repolarization 
gradient was largest.6 Moreover, Maruyama et al. showed in a 2-dimensional epicardial 
layer of Langendorff-perfused rabbit ventricles that triggered activity was the result of 
intracellular calcium reelevation (phase 2 EADs) or electrotonic interaction (phase 3 EADs) 
between long and short action potential regions.15 We found that in the region of maximal 
repolarization heterogeneity activation of isolated ectopic beats and onset of TdP always 
emerged from a neighboring, subendocardially located electrode terminal with a shorter RT. 
The discrepancy with the intramural location of earliest activity of TdP in the study of Liu et 
al6 may be due to the wedge preparation the authors used. Partial uncoupling of myocardial 
cells at the cut surface of a wedge preparation may lead to involvement of M-cells to increase 
repolarization gradients. However, in the intact heart, M cells appear not to contribute to 
repolarization gradients.11 Our results further suggest that vertical and horizontal dispersion 
at the endocardium are especially important for initiation of the TdP. Moreover, maximal 
dispersion of repolarization was significantly lower in non-inducible animals, which supports 
the observation that intraventricular repolarization heterogeneity is important for induction 
of TdP (table 1). 
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Continuation:  Both reentry and focal activity have been suggested as mechanisms involved 
in perpetuation of the TdP. In contrast to Liu et al., which observed functional conduction 
block that facilitated the perpetuation of the arrhythmia,6 the second beat of the TdP in our 
experiments always had a focal origin with a large interval between the first and the second 
beat of the TdP. In this interval no indication for depolarization was observed on the unipolar 
electrograms suggesting that circus movement reentry was not involved in the initiation of 
second beat of the TdP. In order to investigate the role of repolarization heterogeneity for 
initiation of the second beat we determined RT from the first single EB after start of dofetilide 
administration and the last single EB preceding the TdP. Ideally, RT should be determined 
from the initiating beat of the TdP, but this is not possible as the second beat of the TdP falls in 
the repolarization of this beat. Compared to the first single EB after application of dofetilide, 
dispersion of repolarization was remarkably increased in the last single EB preceding 
the TdP. Interestingly, the second beat of the TdP arose at the region where the maximal 
repolarization gradient was calculated from the last single EB. Thus, both the first and the 
second beat of the TdP arose from different locations at the site of maximal repolarization 
heterogeneity. The dynamicity in the location of maximal dispersion of repolarization may be 
an explanation for the typical morphology of the TdP. Besides the different origin also total 
activation time of the second TdP beat increased. Further slowing of conduction could favor 
reentry that is indeed occasionally observed in the CAVB dog model.12

STUDY LIMITATIONS  
 
Needle electrodes were inserted in the septal wall, the LV and the RV. Because of the poor 
quality of the septal recordings, we could not measure local dispersion of repolarization 
at the septal wall. However, in dog 2 that demonstrated ectopic activity from the 
septum RT was severely prolonged at the anterior wall and shortest at the posterior wall 
suggesting the presence of steep repolarization dispersion. In dog 5, spontaneous EBs 
occurred both at baseline and after dofetilide administration. We cannot rule out that 
this spontaneous ectopic activity has contributed to the dispersion and repolarization 
dynamics. However, maximal dispersion of repolarization values were similar to values of 
other dogs (figure 2C) suggesting a common underlying mechanism for induction of TdP. 
In this study we focused on dispersion of repolarization and its relation to initiation of TdP, 
therefore we did not investigate further perpetuation of the arrhythmia since analysis of RT 
of following complexes is impossible due to overlap of depolarization and repolarization. 
Based on our data we cannot distinguish between phase 2 or 3 EADs. 
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CONCLUSIONS

The occurrence of TdP in CAVB dogs is associated with higher RT differences. Single EBs 
and the first and second beat of TdP arise from a region with maximal heterogeneity of 
repolarization. These results suggest that a minimum gradient of repolarization moments is 
required in order to initiate single EBs and TdP in CAVB dogs. 
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ABSTRACT

Introduction: The complete, chronic AV block dog (CAVB) model is characterized by its 
high susceptibility for Torsade de Pointes (TdP) arrhythmias. QT-time, monophasic action 
potential durations and activation recovery intervals (ARI) (after dofetilide) can be used to 
estimate repolarization reserve of the ventricles of the heart. In this study, we investigated 
the feasibility of a duo-decapolar catheter and correlated the results with plunge needle 
electrodes as gold standard.
Methods: 8 remodeled CAVB animals were anesthetized and 56 plunge needle electrodes 
were inserted in both ventricles. Simultaneously, a duo-decapolar catheter was introduced 
into the left ventricle (LV). Fluoroscopy was used to determine the position of the catheter. 
Unipolar electrograms were recorded to measure local repolarization times (RT) and vertical 
dispersion of repolarization was determined within adjacent electrodes from base to apex. 
Dofetilide (0.025mg/kg/5min) was infused to induce TdP.
Results: Mean LV-RT of duo-decapolar electrodes and corresponding endocardial needle 
electrodes revealed a good correlation both at baseline (327±26 vs. 331±26ms, r=0.94) and 
after dofetilide administration (500±74 vs. 502±55ms; r=0.88). Vertical dispersion was similar 
both at baseline (duo-decapolar catheter: 20±17 vs. corresponding needle electrodes: 
16±10ms; r=0.92) and after dofetilide (56±26 vs. 59±28ms; r=0.47). 
Conclusion: Duodecapolar catheter electrogram recordings offer a good representation of 
endocardial repolarization in the LV when compared to endocardial repolarization duration 
obtained from plunge needle electrodes. However, the low (in depth) resolution limits the 
sensitivity for prediction of TdP.
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INTRODUCTION

The complete, chronic AV-block (CAVB) dog model is characterized by its high susceptibility 
for Torsade de Pointes (TdP) arrhythmias1. This model has frequently been used for pro- 
and antiarrhythmic screening of drugs. Next to TdP incidence, also electrophysiological 
parameters are important in the evaluation of drugs. In the past, QRS and QT intervals 
were determined from the surface ECG while regional repolarization was derived from left 
and right ventricular monophasic action potentials (LVMAP and RVMAP).  Prolongation 
of the QT interval and a high interventricular dispersion of repolarization, defined as the 
difference between LVMAP and RVMAP, were significantly associated with the occurrence 
of TdP. However, interventricular dispersion of repolarization was also increased in non-
susceptible dogs2 resulting in a low pro-arrhythmic predictive value3. These results indicate 
that interventricular dispersion of repolarization (Δ MAPD) not directly represents the trigger/
substrate necessary for initiation and perpetuation of the TdP. 
To study the mechanism of the TdP further, several electrophysiological mapping studies 
have been performed in the CAVB dog model 4-6. Local unipolar electrograms have been 
recorded to determine activation recovery intervals (ARI) that are a representation of local 
repolarization duration. Several studies have shown a good correlation between MAP and ARI 
recordings7,8. The mapping studies unanimously demonstrated a focal TdP origin. Moreover, 
Boulaksil et al., showed that transmural and transseptal dispersion of repolarization were 
significantly increased4. Recently, we correlated the origin of single ectopic beats (EBs) and 
the first beat of the TdP to the region of maximal intraventricular dispersion of repolarization 
(chapter 6). These results indicate that local intraventricular dispersion of repolarization is 
of critical importance for the onset of TdP arrhythmias. However, a huge disadvantage of 
needle mapping is that it only can be performed in a terminal experiment. In this study, we 
introduced an endocardially placed duo-decapolar catheter in the LV during invasive needle 
mapping and investigated the feasibility of this catheter with respect to local LV endocardial 
repolarization duration and dispersion of repolarization using the (transmural) needle 
electrodes as reference.

METHODS

The Committee for experiments on Animals of the Utrecht University approved all 
experiments. Moreover, the experiments were in accordance with the Dutch Law on animal 
experimentation and the European Directive for the Protection of Vertebrate Animals Used 
for Experimental and Other Scientific Purposes (86/609/CEE).
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Preparation 
Experimental details can be found in chapter 6. Briefly, under general anesthesia, radiofrequency 
ablation of the AV node was performed in 8 adult purpose-bred mongrel dogs (Marshall, 
USA)1. Via the jugular vein, a pacemaker electrode was screwed in the right ventricular apex 
(RVA) and connected to an internal pacemaker (Medtronic, Maastricht, The Netherlands). After 
100±38 days of remodelling, animals were anesthetized again and a mapping experiment was 
performed. Depending on the intrinsic IVR, dogs were paced from the RVA at 1000-1500ms. A 
surface ECG was continuously recorded during the experiment. Contrast agent was infused to 
correlate the position of the catheter to the anatomy of the ventricles (figure 1).

Mapping experiment 
A left-sided thoracotomy was performed in the 5th intercostal space to expose the heart. The fourth 
rib was partially resected to get better access. Perpendicular to the wall, 56 needle electrodes 
were inserted in both ventricles and the septum to record unipolar electrograms. Each needle 
electrode contained 4 electrode terminals with 4mm inter-electrode distance. Needles were 
inserted at evenly distributed distances (1.0-1.5cm) over 8 columns (LV: posterior, posterolateral, 

Figure 1. Size of the ventricles and the position of the duo-decapolar catheter in the left ventricular cavity. 
Fluoroscopic pictures with contrast agent of both left ventricle (LV) and right ventricle (RV) in two directions (part 
A) and the position of the duo-decapolar catheter in the LV (part B). The upper row represents a lateral view of 
the heart (0°) and the bottom row demonstrates a dorsal view. The blue solid line represents the contour of the 
ventricles, wile the dashed lines show the endocardial border of the RV (part A, left) and the LV (part A, right). 
The RV pacing electrode is positioned in the posterior apex of the RV (orange asterisk), while a reference screw 
is placed in the LV (antero)lateral wall (red asterisk). Please note that the duo-decapolar catheter is positioned 
from the base of the (antero)lateral wall via the LV apex to the base of the septal wall.
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lateral, anterolateral, anterior; RV: anterior, lateral, posterior) and 6 planes from base to apex. 
The remaining 8 needle electrodes were inserted in the septum. The reference electrode was 
positioned in the pectoral muscle. Figure 2 shows a schematic overview of the needle positions.
Simultaneously, endocardial unipolar electrograms were recorded with a duodecapolar catheter 
(St. Jude Medical, The Netherlands) that was positioned in the LV under fluoroscopic guidance. 
The catheter contained 10 pairs of 2 electrodes (inter-electrode spacing: 2-10-2 millimeter). The 
distal electrode of each pair was used for recording. A reference electrode was positioned in the 
right hind leg. 
Dofetilide (0.025mg/kg/5min) was infused to induce TdP. Recordings were performed both at 
baseline and after application of dofetilide. ECG and unipolar electrograms derived from the 
duodecapolar catheter were recorded with EP Tracer (Cardiotek, Maastricht, The Neterlands) 
and unipolar electrograms derived from the needle electrodes were recorded with the ActiveTwo 
system (Biosemi, Amsterdam, The Netherlands). 

Data analysis 
Unipolar electrograms were analysed offline at baseline and shortly before the first 
arrhythmic event or at 5 minutes of dofetilide administration. Custom-written Matlab 
software (Mathworks, Natick, USA) was used to analyse data from the duodecapolar 
catheter and a semiautomatic computer program was used for needle electrode recordings9. 
Activation time was defined as the time between the pacing spike and the minimum dV/
dt of the ensuing QRS-complex. Repolarization time was defined as the time between the 
pacing spike and the maximum dV/dt of the T-wave, independent of the T-wave morphology8. 
The signal quality of septal needle electrodes was poor and therefore these recordings were 
excluded from analysis (not depicted in Figure 2). Furthermore, recordings with an elevated 
ST-segment or a flat T-wave were also excluded from analysis. 
For needle electrodes, vertical dispersion of repolarization in the LV was determined from base 
to apex (figure 2). Maximal differences were calculated between 2 adjacent electrode terminals 
for 1) all electrodes (max n=120), 2) all endocardial electrodes (max n=30) and 3) lateral 
endocardial electrodes (max n=6) corresponding to the duo-decapolar catheter electrodes.  
For the latter two, the average of the two endocardially located electrode terminals was used 
to reflect the (sub-)endocardial wall. Also for duo-decapolar recordings, maximal repolarization 
differences were calculated between 2 adjacent electrodes for 1) all electrodes (septal + lateral, 
max n=10), 2) only lateral electrodes (max n=5) and 3) only septal electrodes (max n=5). 

Statistical analysis 
Data are expressed as mean ± standard deviation. Paired and unpaired T-tests were used 
to determine statistical significance. Associations between data obtained from needles and 
catheter were assessed using simple linear regression analysis and Pearson’s correlation 
coefficients (R) were reported. Correlations were considered statistically significant if p<0.05. 
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Fluoroscopic pictures revealed that the catheter was mainly positioned from the LV (antero)
lateral wall (tip) via the apex to the LV (postero)septal wall (figure 1). In one dog, the position 
of the catheter was not stable during the experiment and therefore these recordings were 
excluded from analysis.

Needle electrodes
In baseline, mean LV-RT was similar for all electrodes, endocardial electrodes and 
lateral endocardial electrodes (table 1). LV-RT was significantly increased after dofetilide 
administration while LV-RT of endocardial electrodes reached significantly higher values 
compared to LV-RT of all electrodes (500±67 vs. 485±68ms, table 1)
Vertical dispersion of repolarization was highest when determined from all electrodes both 
in baseline conditions and after dofetilide administration while lateral endocardial vertical 
dispersion of repolarization was lowest (table 2). Dofetilide increased vertical dispersion of 
repolarization for each different selection of electrodes (table 2). 

Figure 2. Schematic overview of needle placement and calculation of dispersion of repolarization. Needles 
were inserted at six evenly distributed levels (#1 to #6, from base to apex). At each level 8 needles were inserted 
of which 5 in the left ventricle (LV, I-V from posterior to anterior) and 3 in the right ventricle (VI-VIII, from anterior 
to posterior). Repolarization time differences in the LV were calculated within adjacent electrodes from base to 
apex: vertical dispersion (red electrodes).
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Plunge needle electrodes

Baseline   Dofetilide

Total  (120) 331 ± 27   485 ± 68*

Endocardial (30) 332 ± 28   500 ± 67*+

Endocardial_lateral (6) 331 ± 26   502 ± 55*

               

  Duo-decapolar catheter

Total (10) 326 ± 26   503 ± 76*

Lateral (5) 325 ± 27   498 ± 66*

Septal (5) 327 ± 24 512 ± 91*
Total, all available electrode terminals in the LV; endocardial, only endocardially located electrode terminals; 
lateral, corresponding electrodes of the duo-decapolar catheter and the plunge needle electrodes; septal, 
septally located electrodes; figures in brackets represent maximal number of electrodes used; *, p<0.05 vs 
baseline; +, p<0.05 vs. total

Table 1: Repolarization times obtained from duo-decopolar and needle electrode recordings

Plunge needle electrodes

Baseline   Dofetilide

 Total (120) 40 ± 13   127 ± 18*

Endocardial (30) 31 ± 6+   92 ± 17*+

Endocardial_lateral (6) 16 ± 10+#   59 ± 28*+#

               

Duo-decapolar catheter

Total (10) 34 ± 21   80 ± 30*

Lateral (5) 20 ± 17 56 ± 26*

Septal (5) 32 ± 19 71 ± 35*
Total, all available electrode terminals; endocardial, only endocardially located electrode terminals; lateral, 
corresponding electrodes of the duo-decapolar catheter and the plunge needle electrodes; septal, septally 
located electrodes; figures in brackets represent maximal number of electrodes used;*, p<0.05 vs. baseline; +, 
p<0.05 vs. total; #, p<0.05 vs. endocardial

Table 2: Vertical dispersion of repolarization obtained from duo-decopolar and needle electrode 
recordings
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Duodecapolar catheter
 Both during baseline and after dofetilide infusion, mean RT of all electrodes was similar to RT 
of lateral and septal electrodes (table 1). Vertical dispersion of repolarization was increased 
after administration of dofetilide (table 2). Although not significant, values from only 
lateral electrodes tend to be lower when compared to vertical dispersion of repolarization 
determined from all electrodes (table 2). No differences were found between inducible (n=4) 
and non-inducible animals (n=3 data not shown).

Figure 3. The correlation of repolarization time (panel A) and vertical dispersion of repolarization (panel 
B) in baseline and after dofetilide administration. Repolarization times (part A) and vertical dispersion of 
repolarization (part B) determined from the duo-decapolar catheter (x-axis) versus needle electrodes recordings 
(y-axis). 
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Correlation needle electrodes and duodecapolar catheter  
LV-RT of lateral duo-decapolar electrodes and corresponding lateral endocardial needle 
electrodes revealed a good correlation both at baseline and after dofetilide administration 
(327±26 vs. 331±26 ms,  r=0.94 and 500±74 vs. 502±55 ms, r=0.88, respectively; figure 3). 
Ventricular dispersion of repolarization exhibited also a good correlation at baseline (r=0.92), 
while after dofetilide administration the correlation was weakened (r=0.47, figure 3). 

DISCUSSION

The use of plunge needle electrodes
Electrophysiological mapping of the heart by plunge needle electrodes is a well-established 
method to determine inter- and intraventricular activation and repolarization patterns. These 
experiments can be performed either in vivo, via an open chest procedure, or ex vivo in a 
Langendorff setup. However, in both settings, the experiment will be the terminal experiment.  
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The advantage of this method is that it produces detailed information. Moreover, the position 
of the electrodes can be easily related to the anatomy of the heart. At the same time, 
experiments with plunge needle electrodes have several disadvantages: 1) In antiarrhythmic 
drug evaluation, often a drug is tested both in a preventive and a suppressive strategy, which 
required at least two separate experiments. Normally, these experiments are performed 
serially by which different conditions can be easily compared. However, this is impossible 
when using plunge needle electrodes for electrophysiological mapping. 2) Another factor 
that may influence the cardiac electrophysiological conditions is the insertion of needles 
in the tissue. Directly after insertion, the local unipolar electrogram shows an elevated 
ST-segment, probably due to transient local ischemia, that disappears in time. However, 
sometimes ‘spontaneous’ ectopic activity is induced after needle insertion that remains 
present during the full experiment, suggesting ‘mechanical-induced’ arrhythmic activity. 3) 
A third (negative) factor that may influence the outcome is the open thorax procedure itself 
during in vivo experiments. Moreover, when performing needle mapping in a Langedorff set-
up there is a complete absence of in vivo conditions (e.g. intracardiac pressure, autonomic 
influences, pericardium), which also may influence outcome. 10. 

The use of a duodecapolar catheter and the correlation with plunge needle 
electrodes
In this study, we introduced a duodecapolar catheter into the LV during electrophysiological 
mapping of the heart with plunge needle electrodes. Under fluoroscopic guidance the 
catheter was positioned from the (antero)lateral wall (tip, electrodes 1-4) via the apex of the 
heart (electrodes #5 and 6) to the septal wall (electrodes 7-10). 
Normally, there is a correlation between activation and repolarization, which is a positive 
relation in the dog heart11,12. Recently, we have used the duo-decopolar catheter in studies 
in which the effect of chronic RVA pacing (chapter 4), acute cardiac resynchronization 
therapy (CRT) and chronic CRT (chapter 8) were investigated. We showed regional electrical 
adaptations over time with longer repolarization duration in earlier activated regions after 
long-term remodeling, both at chronic RVA pacing and after chronic CRT. Interestingly, 
acutely altered activation by acute CRT completely changed the order of repolarization in 
the LV. These results indicate the importance of serial experiments in which activation and 
repolarization times can be determined from multiple segments to detect regional differences 
and changes that may occur over time. In the present study, we have demonstrated a clear 
correlation between data obtained from needle electrodes and the duo-decopolar catheter, 
indicating that this catheter can be used for identification of regional endocardial electrical 
adaptations. 
However, it is questionable whether this catheter can also replace the invasive mapping 
experiments to investigate the mechanism of TdP completely. The results of our recent 
mapping study showed that the earliest activation of single EBs and the first TdP beat were 
related to the area of local maximal intraventricular dispersion of repolarization (chapter 6). In 
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the present study, endocardial vertical dispersion of repolarization was smaller in relation to 
the needle electrodes. Endocardial and lateral endocardial dispersion of repolarization were 
significantly lower compared to dispersion of repolarization determined from all electrodes. 
Moreover, no difference in vertical dispersion of repolarization was observed between 
inducible and non-inducible animals, which is in line with the results of the mapping study. 
These results imply that vertical dispersion of repolarization is not the optimal parameter 
to study local dispersion of repolarization. Instead, (more in depth) horizontal dispersion of 
repolarization seems to be more promising. However, technically it is not feasible to position 
the catheter in such a way that horizontal dispersion of repolarization can be determined. 
Moreover, the location of maximal dispersion of repolarization is not predictable and the size 
linked to the occurrence of TdP is rather small. When using the duo-decapolar catheter, the 
maximal repolarization gradient might be underestimated and also the origin of the TdP can 
be missed. Taking these considerations together, the sensitivity of the catheter seems to be 
insufficient for dispersion of repolarization measurements. Alternatives for this problem of 
resolution might be to use an intracardiac 64-electrode balloon catheter to measure detailed 
endocardial repolarization or to perform external body service mapping of the heart.

CONCLUSION

Duodecapolar catheter electrogram recordings offer a good representation of LV endocardial 
repolarization when compared to endocardial repolarization duration obtained from plunge 
needle electrodes. The catheter can be used for correlation of activation and repolarization; 
however, the low (in depth) resolution limits the sensitivity for prediction of TdP.
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chapter 8
 

Mechanical and electrical effects of acute and chronic 
bradycardic cardiac resynchronization therapy: no 

consequence for Torsade de Pointes arrhythmias incidence but 
severity is reduced.
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ABSTRACT

Introduction: Cardiac resynchronization therapy (CRT) aims to improve cardiac 
function by electrical resynchronization, but less attention is paid to acute and chronic 
electrophysiological consequences of CRT. In this study, we investigated both mechanical 
and electrical consequences of CRT in relation to Torsade de Pointes (TdP) arrhythmias after 
bradycardic right ventricular apex (RVA) paced conditions.
Methods: After AV-block, RVA pacing (5 weeks) succeeded by CRT pacing (8 weeks) was 
applied in 15 anesthetized dogs at lowest captured rate. Serial experiments were performed 
at chronic RVA, acute CRT and chronic CRT at a fixed pacing rate of 60/min. ECG, left (LV) 
and right ventricular (RV) monophasic action potentials durations (MAP) were recorded; 
activation time (AT) and activation recovery interval (ARI) were determined from 10 distinct 
endocardial LV electrograms; interventricular mechanical delay (IVMD) and time-to-peak 
strain of the LV (TTP) were obtained with echocardiography. Dofetilide (25 ug/kg/5min) was 
infused to study TdP inducibility and to determine arrhythmia score.
Results: CRT pacing tended to decrease IVMD (RV: 28±7 vs. CRT: 22±9ms), which remained 
stable after chronic CRT (21±10ms). TTP initially increased (RV: -44±24 vs. CRT 21±55ms*, but 
decreased after chronic CRT pacing (-19±32ms). Acute CRT pacing decreased QRS-duration, 
while JT (259±27 vs. 296±41ms) was significantly increased. No difference was observed for 
LVMAP, RVMAP and mean LV-ARI (275±8ms vs. acute CRT: 285±16), while the septal ARIs were 
lengthened. After chronic CRT, JT was no longer increased (266±28ms) and LVMAP, RVMAP 
and mean LV-ARI (267±17ms) remained similar, with a reduction in the septal ARIs. The AT-
ARI relation acutely disappeared with CRT pacing (slope: 0.35; R2=0.06), but returned during 
chronic CRT pacing (slope: -1.14; R2=0.85) comparable to chronic RVA pacing (slope: -0.80; 
R2=0.68). TdP outcome was similar in chronic RVA, acute CRT and chronic CRT (6/14 vs. 4/14 
vs. 5/13), while the Arrhythmia Score tended to decreased (p=0.09).
Conclusion: CRT pacing after chronic bradycardic RVA pacing acutely improves 
interventricular cardiac synchronization and induces long-term (regional specific) 
intraventricular electrical adaptations. TdP incidence was not changed but arrhythmia 
severity was slightly reduced, indicating a limited anti-arrhythmic effect of CRT in 
compensated dyssynchronous ventricular activation.  
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INTRODUCTION

Cardiac resynchronization therapy (CRT) is a therapy that aims to improve cardiac function.  
Patients with a reduced ejection fraction and a dyssynchronous activation and contraction 
pattern due to left bundle branch block (LBBB) or right ventricular apex (RVA) pacing are 
especially eligible for CRT1. In these patients, dyssynchrony is expressed as early-systolic 
shortening of the early activated septal regions and pre-stretching of the late-activated 
areas2.  Dyssynchronous contractions induces remodelling, that may lead to dilatation and 
hypertrophy. When remodeling fails to adequately compensate cardiac output, it can lead 
to heart failure. In these conditions, CRT is beneficial and can induce reverse remodeling 
and improvement of heart failure3,4. CRT treatment is also associated with less ventricular 
arrhythmias5,6. However, the underlying mechanisms of reduced arrhythmias due to CRT are 
difficult to assess, as patients often have considerable comorbidities. 
The isolated effect of dyssynchronous electrical activation has been investigated by several 
animal studies.. Animal studies by Vernooy et al. showed abnormal regional distribution of blood 
flow and regional differences in workload that were lowest in early activated areas and highest 
in the later activated regions7,8. Moreover, other animal studies observed regional molecular 
adaptations as well as asymmetrical hypertrophy. The latter was most pronounced in the later 
activated lateral wall9-11. Recently, we have shown that bradycardic RVA pacing acutely induces 
both interventricular and intraventricular mechanical dyssynchrony, which was partially 
reversed after three weeks of pacing (chapter 4). These mechanical changes were accompanied 
by heterogeneous electrical remodeling: earlier activated septal regions demonstrated a more 
severe prolongation of repolarization, leading to an increased susceptibility for Torsade de 
Pointes (TdP). Applying CRT in animal models reduces mechanical dyssynchrony, restores blood 
flow and normalizes myocardial workload distribution7. Moreover, a reduction of hypertrophy 
is seen in the late activated lateral wall7. Regional ion channel remodeling is partially restored 
and regional repolarization heterogeneities in isolated cells are attenuated10. Furthermore, the 
occurrence of drug-induced TdP arrhythmias tends to be less frequent after long-term CRT12. 
However, the relation between these time-dependent electrical and mechanical changes and 
arrhythmogenesis in CRT is unclear. Therefore we investigated both the acute and chronic 
mechanical and electrical effects of CRT, in relation to TdP susceptibility during chronic 
bradycardic RVA paced conditions.

METHODS

The committee for experiments on animals of the Utrecht University approved the 
experimental protocol and all experiments were 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. 
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Preparation 
Serial experiments were performed in 15 adult purpose-bred mongrel dogs (Marshall, USA). The 
experimental setup is depicted in figure 1. Premedication consisting of methadone (0.5mg/kg), 
acepromazine (0.5mg/kg) and atropine (0.5mg i.m.), was injected and after about 30 minutes 
general anesthesia was induced with sodium pentobarbital (25mg/kg i.v.). Maintenance of general 
anesthesia was achieved by mechanical ventilation of isoflurane (1.5% in O2 and N2O(1:2)). 

Implantation of the CRT device  
A thoracotomy through the fourth right intercostal space was performed to implant the left 
ventricular (LV) and atrial lead. After opening the pericardium, the LV screw-in lead (Medtronic) 
was implanted in the basal LV epicardial (antero)lateral wall. Device settings and lead position 
were checked to prevent phrenic nerve stimulation. The atrial lead (Medtronic) was sutured on 
the epicardium of the right atrium. Subsequently, under fluoroscopic guidance a screw-in lead 
(Medtronic) was positioned via the jugular vein in the RVA and tunneled from the neck to the 
thorax where a pocket was created for the device. All leads were connected to the CRT device and 
output threshold and lead impedances were determined. Subsequently, radiofrequency ablation 
of the His-bundle was applied to induce complete AV-block13. The pacemaker was programmed 
to dyssynchronous RVA pacing in all dogs at the lowest captured rate (58±8 beats per minute). 
After 5 weeks of RVA pacing the pacing mode was switched to synchronous biventricular pacing 
(CRT) and maintained until the end of the protocol.  
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Figure 1. Overview of the experimental setup
Exp 1. Implantation pacemaker + creation AV-block 
Exp 2. Echocardiographic measurements + dofetilide administration
Exp 3.  Dofetilide administration
Exp 4. Echocardiographic measurements + dofetilide administration

Recordings  
echocardiography was performed with a Philips iE33 ultrasound machine (Phillips, Best, The 
Netherlands) at sinus rhythm, after three weeks of RVA pacing and after eight weeks of CRT 
treatment. Pulsed wave Doppler recordings of the LV outflow tract and the RV outflow tract were 
recorded, as well as parasternal short-axis images of the LV at papillary muscles level. 
All electrophysiological signals were recorded using EP Tracer (Cardiotek, Maastricht, The 
Netherlands). A 6-lead surface ECG and four precordial leads were continuously recorded during 
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the experiment. Monophasic action potential (MAP) catheters (Hugo Sachs Electronik, Germany) 
were introduced via the left or right femoral artery and vein, in both the LV and right ventricle (RV), 
respectively, to record endocardial MAPs. Additionally, unipolar electrograms from ten distinct 
LV regions were recorded in seven dogs with a duo-decapolar catheter (St. Jude Medical, The 
Netherlands) that was also introduced in the LV via the left or right femoral artery. The position 
of the duo-decapolar catheter is shown in figure 2. The reference electrode was positioned in a 
superficial vein of the right hind leg. 

Figure 2. Activation time dependent intraventricualar heterogeneity of repolarization during chronic RVA, 
acute CRT and chronic CRT pacing. Left corner of the figure demonstrates a lateral fluoroscopic view of the heart 
with the position of the duo-decapolor catheter in the left ventricle (LV). The asterisks represent the position of 
the pacemaker electrode in the right ventricular apex  (RVA, left asterisk) and the LV epicardial electrode (right 
asterisk), respectively. The catheter contains 20 electrodes and the interelectrode spacing is 2-10-2 millimeter. 
The distal electrode of each pair was used to record the local unipolar electrogram. The other parts demonstrate 
LV endocardial activation time (AT) versus activation recovery interval (ARI) after chronic RVA pacing, during 
acute cardiac resynchronization therapy (CRT) and after chronic CRT. Green and red squares represent electrodes 
from the lateral and septal wall, respectively. An inverse AT-ARI relationship was seen at chronic RVA and CRT 
conditions, while acute CRT pacing acutely changed the order of repolarization. 
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Dofetilide (0.025mg/kg/5min) was infused while pacing at a fixed cycle length of 60 beats 
per minute to study susceptibility for TdP arrhythmias. TdP was defined as a polymorphic 
ventricular tachycardia consisting of at least five ectopic beats. Infusion of dofetilide was 
aborted after the first TdP episode. If a TdP lasted for more than ten seconds, electrical 
defibrillation was applied. 

Data analysis
Echocardiographic images were analyzed with corresponding software (Xcelera R4.1L1, 
Philips, The Netherlands). The time in milliseconds between QRS-onset and the opening of 
the aortic valve and pulmonary valve were defined as LV pre-ejection period (LVPEP) and 
RV pre-ejection period (RVPEP), respectively. The difference between LVPEP and RVPEP was 
defined as interventricular mechanical delay (IVMD). A positive value indicates an earlier 
opening of the pulmonary valve. Speckle tracking analysis from parasternal short-axis 
images of the LV was performed with TomTec Image Arena, 2D Cardiac Performance Analysis 
(TomTec, Unterschleissheim, Germany). The endo- and epicardial border were delineated after 
which six radial strain curves were automatically generated of the same number of segments. 
Three segments were averaged as septal wall and the remaining three segments as lateral wall. 
Time to peak strain (TTP) and onset of radial thickening were determined for both walls.
ECGs were analyzed offline with EP Tracer (Cardiotek, Maastricht, The Netherlands). 
Electrophysiological parameters from five consecutive beats were determined at baseline 
and shortly before the first arrhythmic event. If no events occurred measuerments were 
performed at five minutes after start of dofetilide infusion. QRS interval and QT duration 
were measured manually. The pacing spike was defined as start of the QRS-complex. MAP 
recordings were analyzed with custom-written Matlab software (Mathworks, Natick, USA) 
and LVMAP and RVMAP were determined at 80% repolarization. LV and RV repolarization time 
(RT) were defined as the time between the pacing spike and the LVMAP and RVMAP at 80% 
repolarization, respectively. The difference between LVMAP and RVMAP and LV-RT and RV-
RT was defined as ΔMAP and ΔRT, respectively. Temporal dispersion of repolarization was 
quantified as short-term-variability (STV) over 30 consecutive beats from both LVMAP and 
RVMAP (STV_LV and STV_RV)14. 
Unipolar electrograms were also analyzed with the custom-written Matlab software. AT of the 
electrogram was defined as the time between the pacing spike and the minimum dV/dt of the 
ensuing QRS-complex. The activation recovery interval (ARI), reflecting local repolarization, was 
measured from the minimum dV/dt of the QRS complex to the maximum dV/dt of the T-wave15. 
The average of all ATs and ARIs was defined as mean LV-AT and LV-ARI, respectively. Signals from 
the proximal electrode were discarded from analysis if located at level of the aortic valve.
TdP inducibility was defined as 3 or more TdPs or when defibrillation was required within 10 
minutes after start of dofetilide administration. Furthermore, both the number of arrhythmic 
events and severity of the episode was determined (i.e. number of beats per event). The 
number and severity of arrhythmias were used to calculate the arrhythmia score12. 
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Statistical analysis
Data are expressed as mean ± standard deviation (SD). Echocardiographic results, electrical 
parameters obtained before and after dofetilide administration and different conditions were 
compared using repeated measures ANOVA with post-hoc Bonferroni correction. McNemar’s test 
and Wilcoxon signed rank test were used for inducibility and arrhythmia score, respectively. AT-
ARI associations were assessed using simple linear regression analysis and Pearson’s correlation 
coefficients (R2) were reported. A p-value <0.05 was considered statistically significant.

RESULTS

Mechanical adaptations 
Acute CRT pacing did not significantly decrease interventricular dyssynchrony, although 
there was a trend towards shorter IMVD. (p=0.08, table 1). Furthermore, significant changes 
were seen for LV intraventricular dyssynchrony. TTP of the septal wall was delayed, which 
resulted in an acute increase of ΔTTP (septal – lateral TTP) (figure 3, table 1). 
Moreover, the onset of radial thickening of the septal wall increased significantly, resulting in 
simultaneous onset of radial thickening of both walls (figure 3, table 1).
Chronic CRT pacing did not affect IVMD and also the difference in onset of radial thickening 
remained similar. ΔTTP was no longer significantly different compared to RVA remodeled 
conditions because TTP of the laterall wall tended to increase (p=0.08) (figure 3, table 1).

  
Chronic RVA

(n=11)
Acute CRT

(n=11)
Chronic CRT

(n=10)

LVPEP (ms) 103±14 102±13 107±14

RVPEP (ms) 76±11 80±8 86±16

IVMD (ms) 28±7 22±9 21±10

TTP septum (ms) 263±19 317±58# 327±57#

TTP lateral wall (ms) 308±26 296±58 346±53

TTP difference (ms) -44±24 21±55# -19±32

Onset of radial thickening_septum (ms) 11±13 31±15# 25±19

Onset of radial thickening_lateral wall (ms) 62±22 32±23 25±22#

Onset of radial thickening_difference (ms) -51±24 -2±19# 0±14#

SR, sinus rhythm; RVA, right ventricular apex; LVPEP, left ventricular pre-ejection period; RVPEP, right 
ventricular pre-ejection period; IVMD, interventricular mechanical delay; TTP, time-to-peak strain; #, p<0.05 
chronic RVA vs. acute CRT/chronic CRT; $, p<0.05 acute CRT vs. chronic CRT; 

Table 1: Echocardiographic results during SR and chronic RVA pacing and the effects of acute 
and chronic CRT pacing.
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Figure 3. Echocardiographic changes at chronic RVA, acute CRT and chronic CRT conditions. Individual example 
showing echocardiographic results after chronic right ventricular apex (RVA) pacing and the effects of acute and 
chronic cardiac resynchronization therapy (CRT). Pulsed wave (PW) Doppler signals of the left ventricular and 
right ventricular outflow tract (LV and RVOT, upper 2 sections of the figures) measured at chronic RVA pacing 
(left), acute CRT (middle) and chronic CRT (right). Interventricular mechanical delay (IVMD) decreased acutely 
after onset of CRT and remained stable after chronic CRT. The lower section of the figure demonstrates radial 
strain curves measured from the lateral (dotted line) and septal wall (solid line). Both onset of shortening (red 
and green triangles) and time to peak strain (red and green lines) changed after acute CRT. The former remained 
stable over time, while the latter demonstrated further changes. LVPEP: left ventricular pre-ejection period, 
RVPEP: right ventricular pre-ejection period. 

Electrical adaptations
Activation:  QRS duration was acutely decreased upon start of CRT pacing and remained 
stable over time (table 2). Similar results were seen for intraventricular endocardial LV-AT 
(acute CRT: 46±11 vs. chronic CRT: 48±13ms; table 3).  Moreover, LV-AT during both acute and 
chronic CRT pacing was shorter in all regions compared to chronic RVA pacing, indicating 
that the endocardium of the LV, including septum, was activated completely from the LV 
electrode (figure 2).
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Baseline 
RVA chronic 

(n=14)
CRT acute 

(n=14)
CRT chronic 

(n=13)

QRS 112 ± 7 91 ± 6# 92 ± 6#

QT 371 ± 27 387 ± 39 358 ± 26

JT 259 ± 27 296 ± 41# 266 ± 28

LVMAP 253 ± 21 261 ± 26 257 ± 8

RVMAP 239 ± 23 250 ± 18 248 ± 13

ΔMAPD 14 ± 18 16 ± 22 9 ± 16

LV-RT 312 ± 20 313 ± 26 312 ± 16

RV-RT 263 ± 23 275 ± 16 281 ± 21

ΔRT 49 ± 18 42 ± 23 31 ± 22#

STV_LVMAP 0.5 ± 0.2 0.7 ± 0.3# 0.5 ± 0.2

STV_RVMAP 0.8 ± 0.3 0.9 ± 0.5 0.8 ± 0.4

LV_ARI 275 ± 8 285 ± 16 267 ± 17

Dofetilide

QRS 113 ± 8 92 ± 6# 93 ± 8#

QT 566 ± 55+ 563 ± 53+ 574 ± 50+

JT 453 ± 53*+ 471 ± 52+ 481 ± 50+

LVMAP 413 ± 58+ 403 ± 92+ 426 ± 38+

RVMAP 332 ± 61+ 350 ± 76+ 364 ± 39+

ΔMAPD 81 ± 57+ 53 ± 66 65 ± 26+

LV-RT 471 ± 58+ 454 ± 93+ 482 ± 41+

RV-RT 356 ± 64+ 374 ± 76+ 395 ± 41#+

ΔRT 115 ± 61+ 79 ± 69 87 ± 30+

STV_LVMAP 2.6 ± 1.2+ 2.7 ± 1.8+ 1.9 ± 1.5+

STV_RVMAP 2.3 ± 2.5 1.4 ± 0.6 1.3 ± 0.8+

LV_ARI 432 ± 62+ 467 ± 62+ 410 ± 39+

RVA, right ventricular apex; CRT, cardiac resynchronization therapy; LV/RVMAP, left/right ventricular 
monophasic action potential duration; ΔMAPD, difference between LVMAP and RVMAP; RT, 
repolarization time of LV/RVMAP; ΔRT, difference between LV-RT and RV-RT; STV_LV/RV, short-term 
variability of LV/RVMAP; #, p<0.05 chronic RVA vs. acute CRT/chronic CRT; $, p<0.05 acute CRT vs. 
chronic CRT; +, p<0.05 vs. baseline; all values are mean ± SD, in ms.

Table 2: Electrophysiological parameters during RVA and CRT pacing in acute and chronic 
conditions and the effect of dofetilide
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Repolarization: Acute CRT pacing significantly increased JT duration (table 2). Local 
repolarization quantified as LVMAP and RVMAP was not affected (table 2) while endocardial 
mean LV-ARI also remained similar (chronic RVA: 275±8ms vs. acute CRT: 285±16; table 3). 
However, individual LV-ARI data, as depicted in figures 2 and 4, clearly demonstrated different 
regional effects upon acute CRT pacing. The now early activated lateral wall did not increase 
ARI, while later activated septal regions slightly prolonged, resulting in a total disappearance 
of the pre-existing AT-ARI relation (figure 2). 
Chronic CRT pacing did not significantly affect QT and JT duration. Moreover, regional 
parameters as LVMAP, RVMAP and endocardial mean LV-ARI (267±17ms) were also not 
changed after long-term CRT pacing. However, the intraventricular AT-ARI relation returned 
to chronic RVA paced conditions. Figure 2 clearly demonstrates a prolongation of the ARI in 
the early activated lateral wall and a decrease of the ARI in the later activated septal areas. 

Lateral wall Apex
Septal 

wall

I1 I2 I3 I4 I5 I6 I7 I8 I9

Chronic 
RVA

AT 76±16 68±15 68±14 63±7 58±5 55±5 55±7 61±9 74±10

ARI_BL 269±21 273±31 273±28 268±22 276±23 280±31 288±31 282±29 264±23

ARI_DOF 398±56 430±62 434±62 425±78 437±79 464±62 458±77 428±69 428±61

Acute 
CRT

AT 44±6 34±8 32±7 40±7 45±6 47±5 48±4 53±6 68±14

ARI_BL 272±28 273±39 271±38 276±28 286±28 301±33 313±35 300±32 272±46

ARI_Dof 464±87 456±83 467±81 467±78 480±51 487±43 491±49 473±44 444±68

Chronic 
CRT

AT 38±8 29±4 37±7 43±7 48±8 52±8 54±7 60±5 70±8

ARI_BL 289±19 288±20 273±19 262±20 259±22 261±13 259±13 253±20 242±22

ARI_Dof 426±35 452±63 421±53 406±41 414±30 402±31 397±36 387±49 358±57
RVA, right ventricular apex; CRT, cardiac resynchronization therapy; I1 – I9 represents local electrodes from the 
duo-decapolar catheter; AT, activation time; ARI_BL, activation recovery interval at baseline; ARI_Dof, activation 
recovery interval after dofetilide administration; all values are mean ± SD, in ms. 

Table 3: Activation recovery intervals at chronic RVA, acute CRT and chronic CRT pacing and 
the effect of dofetilide
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Arrhythmogenicity and electrophysiological effects of dofetilide
Dofetilide administration after chronic RVA pacing induced TdP in 6 of 14 animals. TdP 
incidence was similar to both acute CRT (4/14) and chronic CRT pacing (5/13). Although not 
significant, the number of TdPs per animal seems to be lower after chronic CRT compared to 
chronic RVA pacing (chronic RVA: 10±22; acute CRT: 6±15; chronic CRT: 3±5 TdPs). Moreover, 
arrhythmia score (chronic RVA: 10.8±15.2 vs. acute CRT 10.8±16.1 vs. chronic CRT 8.3±10.5) 
tended to decrease after chronic CRT when compared to chronic RVA pacing (p=0.09).
Dofetilide did not affect QRS duration, while QT duration, JT duration, LVMAP, RVMAP 
and mean LV-ARI (chronic RVA: 432±62; acute CRT: 467±62; chronic CRT: 410±39ms) were 
significantly increased (tables 2 and 3). No significant differences were found between 
different experiments. In addition, the LV intraventricular AT-ARI relationship revealed similar 
patterns as during baseline: no correlation at acute CRT pacing while after chronic CRT 
pacing a similar pattern was observed compared to chronic RVA pacing (figure 2). 

DISCUSSION

In this study, we showed that CRT pacing during chronic bradycardic RVA eventually leads 
to a ‘normal’ intraventricular synchronous contraction. The relation between activation and 
repolarization was acutely disturbed after acute CRT pacing but this was restored over time. 
However, these adaptations were not associated with a significantly decreased risk for TdP, 
although the number of TdP starts to decrease.

CRT pacing and mechanical adaptations
Altered ventricular activation is associated with mechanical adaptations. Recently, we 
have shown that acute RVA pacing induces severe mechanical dyssynchrony, while these 
abnormalities were partially reversed after 3 weeks of continuous RVA pacing (chapter 4). 
In these ‘stable’ conditions, we initiated CRT pacing and observed  (a tendency) to  further 
improvement of both inter- and intraventricular mechanical dyssynchrony. Interestingly, 
like during chronic RVA pacing we observed an adaptation of TTP difference over time 
returning towards SR values (chapter 4), indicating long-term structural intraventricular 
adaptations. Mechanical resynchronization upon CRT pacing is also seen in a canine model 
with isolated LBBB that was accompanied by a reduction of asymmetrical LV hypertrophy 
and a normalization of blood flow and myocardial workload7. These results indicate that CRT 
pacing in absence of heart failure and further comorbidities is able to improve functional 
and structural abnormalities. No further improvement is seen when impulse conduction 
was normal and ventricular contraction was synchronous,7,16 suggesting that CRT is only 
effective in dyssynchronous hearts. However, the presence of mechanical dyssynchrony 
is not always a guarantee for success. The EchoCRT trial demonstrated that CRT pacing in 
patients with a QRS-complex <130ms but considerable mechanical dyssynchrony worsened 
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Figure 4. Electrophysiological recordings at chronic RVA, acute CRT and chronic CRT conditions.
Electrocardiogram, left and right monophasic action potential (LV and RVMAP) and electrogram recordings 
during chronic right ventricular apex (RVA) pacing, acute and chronic cardiac resynchronization therapy (CRT). 
The electrogram catheter is position from the lateral wall (I1) via the apex (I4-I6) to the septal wall (I10). Red 
and blue lines represent the earliest and latest repolarization determined from the electrogram recordings, 
respectively. Please note the increased heterogeneity of repolarization during acute CRT that is completely 
abolished after chronic CRT.
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outcome17. However, true LBBB in patients is associated with a QRS duration >140ms in men 
and >130ms in women18, suggesting that most patients in the EchoCRT trial had unspecified 
intraventricular mechanical dyssynchrony. These results indicate that the type of mechanical 
dyssynchrony also influences the effects of CRT.

CRT pacing and electrical adaptations
Even though CRT is primarily an electrical treatment, the electrophysiological effects of CRT 
pacing are relatively unknown. Conflicting results have been reported which is also reflected 
by a recent meta-analysis19. Based on morphology changes of the T-wave (e.g. T-peak to 
T-end) at the surface ECG, several studies have reported that CRT decreases heterogeneity 
of repolarization, especially in responders20-22. Repolarization prolongs and becomes more 
heterogeneous, at least within the first two weeks of CRT pacing23. However, a transient 
increase in repolarization duration and gradients was observed in another study24. In a canine 
dyssynchronous heart failure model, it has been shown that 3 weeks of CRT pacing partially 
restored ion channel remodeling and abnormal calcium homeostasis. Moreover, regional 
heterogeneity in action potential duration was attenuated10. To our knowledge, the present 
study is the first study that reports on regional intraventricular changes in repolarization both 
acutely and chronically after CRT. In chronic RVA paced conditions we observed an inverse 
relation between AT and ARI that was acutely disturbed after CRT pacing. CRT pacing acutely 
changed activation pattern of the heart that resulted in early activation of the initially late 
activated lateral wall. The AT-ARI graphs indicate that late activated regions during RVA 
pacing became early activated during acute CRT pacing, while the initially early activated LV 
apex with longest ARI is now relatively later activated, resulting in a disturbed AT-ARI relation. 
On the surface ECG, this is reflected as a prolongation of the JT interval. Interestingly, eight 
weeks of CRT pacing caused further ventricular electrical remodeling, resulting in an AT-ARI 
relationship comparable to chronic RVA paced conditions. 

Mechanism of altered repolarization
In principle, two explanations for the initial increase in JT time after acute CRT pacing followed 
by a reduction after chronic CRT can be hypothesized: 1) general lengthening or reduction of 
repolarization parameters, 2) regional specific lengthening or reduction of repolarization. From 
our data, it is clear that the first hypothesis  is falsified, as the intraventricular adaptations are 
region dependent and different over time. Initially ARI of the septal electrodes prolong, which is 
accompanied by a decrease of QRS duration (acute CRT). ARI values return to original values after 
eight weeks of chronic CRT pacing, while QRS duration is not affected. These changes seem to 
be related to the initial delay in TTP and onset of radial thickening of the septal wall (acute CRT) 
followed by adaptations both in the septum (return) and the lateral wall.



 CARDIAC RESYNCHRONIZATION THERAPY AND TORSADE DE POINTES ARRHYTHMIAS

137

Ch
ap

te
r 8

CRT pacing and arrhythmogenicity
Several clinical trials have demonstrated an increased ventricular arrhythmic risk after 
CRT25,26, while others have described an anti-arrhythmic effect5,6. Aiba et al. have shown that 
the incidence of early after depolarizations was decreased in isolated cardiomyoctes 10 and 
Stams et al., demonstrated a decrease in the number and severity of TdP episodes12. 
The increased risk for ventricular arrhythmias is mainly linked to an increase in transmural 
dispersion of repolarization that occurs upon LV epicardial pacing27. In the present study, 
we did not measure transmural gradients, but we clearly demonstrated that acute CRT 
pacing influences the repolarization gradient (figures 2 and 4). However, the acutely altered 
repolarization pattern was not associated with an increased risk for TdP. 
In literature, the anti-arrhythmic effect of CRT is associated with structural reverse 
remodeling. Patients without echocardiographic CRT response have no antiarrhythmic 
benefit5, while on the other hand increase of ejection fraction is inversely correlated with 
the risk of life threatening ventricular arrhythmias28. In this study, despite clear mechanical 
and intraventricular electrical adaptations, CRT only tended to decline the severity (of the 
number) of arrhythmias over time. These results might imply that the anti-arrhythmic effect 
of CRT demonstrated in literature is mainly due improvement of cardiac function rather than 
mechanical and electrical resynchronization of the ventricles. 

CONCLUSION

CRT pacing during chronic bradycardic RVA pacing induced remodeling, improves cardiac 
synchronization, and induces long-term (regional specific) intraventricular electrical 
adaptations. TdP incidence was not changed while arrhythmia severity showed a trend 
towards lower values, indicating a limited anti-arrhythmic effect of CRT in compensated 
conditions of dyssynchronous ventricular activation.  

ACKNOWLEDGEMENTS

The authors would like to thank dr. P. Oosterhoff for the custom-written matlab software, 
Medtronic for providing the pacemakers and St. Jude Medical Netherlands for providing the duo-
decapolar catheters.
This research was performed within the framework of CTMM, the Center for Translational 
Molecular Medicine (www.ctmm.nl), project COHFAR (grant 01C-203), and supported by the Dutch 
Heart Foundation.



CHAPTER 8

138

REFERENCES

1. European Society of C, European Heart Rhythm A, Brignole M, et al. 2013 ESC guidelines 

on cardiac pacing and cardiac resynchronization therapy: the task force on cardiac pacing 

and resynchronization therapy of the European Society of Cardiology (ESC). Developed in 

collaboration with the European Heart Rhythm Association (EHRA). Europace 2013;15:1070-1118.

2. Delgado V, Tops LF, Trines SA, et al. Acute effects of right ventricular apical pacing on left 

ventricular synchrony and mechanics. Circ Arrhythm Electrophysiol 2009;2:135-145.

3. Cleland JG, Daubert JC, Erdmann E, et al. The effect of cardiac resynchronization on morbidity 

and mortality in heart failure. N Engl J Med 2005;352:1539-1549.

4. Moss AJ, Hall WJ, Cannom DS, et al. Cardiac-resynchronization therapy for the prevention of 

heart-failure events. N Engl J Med 2009;361:1329-1338.

5. Barsheshet A, Wang PJ, Moss AJ, et al. Reverse remodeling and the risk of ventricular 

tachyarrhythmias in the MADIT-CRT (Multicenter Automatic Defibrillator Implantation Trial-

Cardiac Resynchronization Therapy). J Am Coll Cardiol 2011;57:2416-2423.

6. Di Biase L, Gasparini M, Lunati M, et al. Antiarrhythmic effect of reverse ventricular remodeling 

induced by cardiac resynchronization therapy: the InSync ICD (Implantable Cardioverter-

Defibrillator) Italian Registry. J Am Coll Cardiol 2008;52:1442-1449.

7. Vernooy K, Cornelussen RN, Verbeek XA, et al. Cardiac resynchronization therapy cures 

dyssynchronopathy in canine left bundle-branch block hearts. Eur Heart J 2007;28:2148-2155.

8. Vernooy K, Verbeek XA, Peschar M, et al. Left bundle branch block induces ventricular remodelling 

and functional septal hypoperfusion. Eur Heart J 2005;26:91-98.

9. Prinzen FW, Cheriex EC, Delhaas T, et al. Asymmetric thickness of the left ventricular wall resulting 

from asynchronous electric activation: a study in dogs with ventricular pacing and in patients 

with left bundle branch block. Am Heart J 1995;130:1045-1053.

10. Aiba T, Hesketh GG, Barth AS, et al. Electrophysiological consequences of dyssynchronous heart 

failure and its restoration by resynchronization therapy. Circulation 2009;119:1220-1230.

11. van Oosterhout MF, Arts T, Bassingthwaighte JB, Reneman RS, Prinzen FW. Relation between 

local myocardial growth and blood flow during chronic ventricular pacing. Cardiovasc Res 
2002;53:831-840.

12. Stams TRG, Meine M, Beekman JD, van der Nagel R, Vos MA. Chronic dyssynchronous ventricular 

activation is proarrhythmic. Europace 2013;15:ii110-ii111.

13. Schoenmakers M, Ramakers C, van Opstal JM, et al. Asynchronous development of electrical 

remodeling and cardiac hypertrophy in the complete AV block dog. Cardiovasc Res 2003;59:351-

359.

14. Thomsen MB, Oros A, Schoenmakers M, et al. Proarrhythmic electrical remodelling is associated 

with increased beat-to-beat variability of repolarisation. Cardiovasc Res 2007;73:521-530.

15. Coronel R, de Bakker JM, Wilms-Schopman FJ, et al. Monophasic action potentials and activation 

recovery intervals as measures of ventricular action potential duration: experimental evidence to 

resolve some controversies. Heart Rhythm 2006;3:1043-1050.



 CARDIAC RESYNCHRONIZATION THERAPY AND TORSADE DE POINTES ARRHYTHMIAS

139

Ch
ap

te
r 8

16. Wyman BT, Hunter WC, Prinzen FW, Faris OP, McVeigh ER. Effects of single- and biventricular 

pacing on temporal and spatial dynamics of ventricular contraction. Am J Physiol Heart Circ 

Physiol 2002;282:H372-379.

17. Ruschitzka F, Abraham WT, Singh JP, et al. Cardiac-resynchronization therapy in heart failure with 

a narrow QRS complex. N Engl J Med 2013;369:1395-1405.

18. Strauss DG, Selvester RH, Wagner GS. Defining left bundle branch block in the era of cardiac 

resynchronization therapy. Am J Cardiol 2011;107:927-934.

19. Duan X, Gao W. Effect of cardiac resynchronization therapy on ventricular repolarization: a meta-

analysis. Anatol J Cardiol 2015;15:188-195.

20. Itoh M, Yoshida A, Fukuzawa K, et al. Time-dependent effect of cardiac resynchronization therapy 

on ventricular repolarization and ventricular arrhythmias. Europace 2013;15:1798-1804.

21. Lellouche N, De Diego C, Boyle NG, et al. Relationship between mechanical and electrical 

remodelling in patients with cardiac resynchronization implanted defibrillators. Europace 
2011;13:1180-1187.

22. Santangelo L, Russo V, Ammendola E, et al. Biventricular pacing and heterogeneity of ventricular 

repolarization in heart failure patients. Heart Int 2006;2:27.

23. Wecke L, van Deursen CJ, Bergfeldt L, Prinzen FW. Repolarization changes in patients with heart 

failure receiving cardiac resynchronization therapy-signs of cardiac memory. J Electrocardiol 
2011;44:590-598.

24. Braunschweig F, Pfizenmayer H, Rubulis A, et al. Transient repolarization instability following the 

initiation of cardiac resynchronization therapy. Europace 2011;13:1327-1334.

25. Medina-Ravell VA, Lankipalli RS, Yan GX, et al. Effect of epicardial or biventricular pacing to 

prolong QT interval and increase transmural dispersion of repolarization: does resynchronization 

therapy pose a risk for patients predisposed to long QT or torsade de pointes? Circulation 
2003;107:740-746.

26. Shukla G, Chaudhry GM, Orlov M, Hoffmeister P, Haffajee C. Potential proarrhythmic effect of 

biventricular pacing: fact or myth? Heart Rhythm 2005;2:951-956.

27. Fish JM, Di Diego JM, Nesterenko V, Antzelevitch C. Epicardial activation of left ventricular wall 

prolongs QT interval and transmural dispersion of repolarization: implications for biventricular 

pacing. Circulation 2004;109:2136-2142.

28. Kutyifa V, Moss AJ, Solomon SD, et al. Reduced risk of life-threatening ventricular 

tachyarrhythmias with cardiac resynchronization therapy: relationship to left ventricular ejection 

fraction. Eur J Heart Fail 2015;17:971-978.





Leonard Bergau1, MD, Rik Willems2, MD, Albert Dunnink3,4, MD, Anton E. Tuinen-
burg4, MD, Panayota Flevari5, MD, Marc A. Vos3, PhD, Bert Vandenberk2, MD, Sofieke C. 

Wijers3,4, MD, Dimitrios Katsaras5, MD, Lars Lüthje1, MD, Joachim Seegers1, MD, Samuel 
T. Sossalla1, MD,                    Thomas H. Fischer1, MD, Christian Röver1, PhD, Stephan E. 

Lehnart1,6, MD, 
Gerd Hasenfuß1,6, MD, Tim Friede1,6, PhD, and Markus Zabel1,6, MD

1University Medical Center Goettingen, Goettingen, Germany, 2University Hospital of   
Leuven, Leuven, Belgium, ³University Medical Center Utrecht - Dept. of Medical Physio-

logy, Utrecht, Netherlands, 4University Medical Center Utrecht, Utrecht, Netherlands,          
5 Attikon University Hospital, Athens, Greece, 6German Center for Cardiovascular Rese-

arch, DZHK partner site Göttingen, Göttingen, Germany

Short title: Separating risks of death and shock in ICD patients

Manuscript in preparation

chapter 9 
The EUTrigTreat Prospective Clinical Study in Implantable 
Cardioverter-Defibrillator (ICD) Recipients: Development 

of a Risk Calculator from Clinical Variables and Various 
Electrophysiologic Diagnostic Parameters to Separate Risk of 

Appropriate ICD Shock from Risk of Mortality



CHAPTER 9

142



 TARGETED STRATIFICATION IN THE EUTRIGTREAT CLINICAL STUDY

143

Ch
ap

te
r 9

ABSTRACT

Aims: Assessment of expected interventions and patient mortality is needed to improve 
effectiveness of implantable cardioverter defibrillators (ICD). We prospectively studied 
combinations of risk stratifiers in ICD patients. 
Methods and results: In 672 patients, the following tests and parameters were collected 
at inclusion: left ventricular ejection fraction (LVEF), electrophysiological (EP) testing, 
microvolt exercise T-wave alternans (MTWA), 24-hour Holter monitoring including heart rate 
turbulence, cardiovascular history, as well as biomarkers hs-CRP, NT-proBNP and estimated 
glomerular filtration rate. Age was 63±13 years in 632 patients available for final analyses, 
81% were male, 42% had ischemic cardiomyopathy, 34% had dilated cardiomyopathy. Mean 
LVEF was 40±14%, 20% were EP inducible, 63% had a primary prophylactic ICD. All-cause 
mortality and first appropriate shock were leading endpoints. During follow-up of 2.4 ± 1.2 
years, n=52 (3.4%/year) died, appropriate shock occurred in n=76 (5.4%/year). In multivariate 
Cox analysis, age (p=0.0008), LVEF (p=0.0007), history of atrial fibrillation (AF) [p=0.0078], and 
NT-pro-BNP (p<0.0077) remained as mortality predictors. In contrast, LVEF (p=0.0016), EP 
inducibility (p=0.0098), and secondary prophylactic indications (p=0.0024) were independent 
predictors of appropriate shock. Separate risk scores for death and shock enabled grouping 
at high, intermediate or low risk of each endpoint. Higher mortality risk did not necessarily 
correlate with higher appropriate shock risk in a given patient.
Conclusion: In a prospective ICD cohort study combining clinical and EP parameters into 
a targeted risk model for mortality and shock, differentiation of these risks was observed 
suggesting varying benefits from ICD therapy.  
Keywords: cardioverter defibrillator, implantable; risk factors; mortality; sudden cardiac 
death  
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INTRODUCTION

ICDs have been shown to improve survival in patients at risk of sudden cardiac death1, 2. After 
widespread adoption of ICD therapy, it was noticed that a fairly large number of ICD patients 
do not require appropriate shocks or die prior to appropriate ICD therapy3. Furthermore, the 
majority of sudden cardiac deaths occur in patients with normal or moderately impaired LVEF4. 
Few risk stratification studies were dedicated to ICD patients, especially for determination of 
shock risk. Studies with equivocal results were limited to ischemic cardiomyopathy using 
MTWA with or without EP study5-7. Accordingly, there is an urgent need for additional risk 
stratification tests to supplement LVEF including electrical markers, cardiovascular history, 
biomarkers, and possible combinations to be involved in ICD indications8, 9. 
  The EUTrigTreat Clinical Study was a work package of an EU-FP7 large-scale cooperative 
project, designed to enroll a real-life ICD cohort and to collect carefully selected combinations 
of risk markers for prediction of death and shock. The rationale, objectives and design of the 
study have been described in detail10. 

METHODS

Study design and baseline testing
From January 2010 through April 2014, we enrolled 672 ICD patients in four European 
centers (aged ≥ 18 years). The study was registered (NCT01209494), and approved by all 
local ethics committees,  study design including statistical plan and sample size calculations 
were published10. In order to represent patients with a full range of lower to higher risks 
of appropriate ICD shock, ICD patients with guideline primary or secondary prophylactic 
indications were recruited. Baseline assessment featured LVEF, EP study, MTWA, 12-lead 
standard ECG and Holter monitoring including heart rate turbulence, cardiovascular history, 
and biomarkers high-sensitivity C-reactive protein (hs-CRP), n-terminal-pro B-type-natriuretic 
protein (NT-proBNP), and serum creatinine, respectively. High resolution 12-lead ECGs were 
also recorded for digital semi-automatic analysis using a novel ECG method, short-term 
variability of the QT interval11, these results will be reported elsewhere. Expecting a wide 
range of indications and clinical characteristics, standard programming recommendations 
were agreed upon among the four participating institutions but mandatory programming 
was not considered possible10.

EP study
In case of first ICD implantation, EP study was done invasively in 31 (5 %) patients, the 
remainder underwent non-invasive programmed stimulation via their ICD using an abbreviated 
protocol12. Inducibility of sustained ventricular arrhythmia was defined as induction of a single 
monomorphic VT lasting 30 sec or two polymorphic VT/VF requiring cardioversion.  



 TARGETED STRATIFICATION IN THE EUTRIGTREAT CLINICAL STUDY

145

Ch
ap

te
r 9

MTWA testing
MTWA exercise testing (Cambridge Heart, Tewksbury/MA, USA) was done in sinus rhythm. 
If the patient was unable to exercise, atrial pacing was permitted. MTWA tests were graded 
according to both A and B rules13 by two blinded investigators from the enrolling and core 
centers. In case of disagreement, findings were openly discussed, with the enrolling center 
deciding the final grade. For statistical analysis, positive and indeterminate results were 
grouped as non-negative. 

Holter monitoring
Holter monitoring was done for 24 hours using standard devices (Delmar Reynolds Pathfinder, 
Spacelabs Healthcare, Snoqualmie/WA, USA; Spiderview, Sorin Group, Paris, France; GE Mars, 
GE Healthcare, Milwaukee/WI, USA). Upon analysis, the number of premature ventricular 
complexes and non-sustained VTs were normalized to 24 hours. In case of sinus rhythm 
and <15% ventricular or atrial pacing, heart rate variability and heart rate turbulence were 
calculated using dedicated software (Librasch Calc, V1.02, Schneider R and Schmidt G, TU 
Munich, Germany). 

Outcomes: All-cause mortality and first appropriate ICD shock
Primary endpoint was all-cause mortality10. From the predefined secondary endpoints, first 
appropriate ICD shock was selected.  As previously published10 the endpoint did not include 
antitachycardic 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 classification. Mode 
of death was also adjudicated by the committee. 

Statistical analysis
As described in the statistical plan, Cox regression analysis was implemented. For shocks, 
death was considered a censoring event14 using competing risk adjustments proposed 
by Fine and Gray15. Assuming effects on both endpoints, multivariate Cox models were 
established using age, gender, LVEF, NYHA class and eGFR as basic variables. In addition, 
forward selected additional risk factors qualified by p<0.10 were considered chosen, also 
using the Bayesian Information Criterion16. Two models and risk scores for each endpoint 
were targeted, one applicable to all patients and another for all patients in sinus rhythm 
at baseline. Patients were subdivided into tertiles according to lowest, intermediate and 
highest score values. Threshold values for this process are shown in Appendix Table 3. In 147 
patients, only BNP measurements were available instead of NT-proBNP, in these cases BNP 
values were extrapolated17. With 8% (n=50) missing values for NT-pro-BNP, the final model 
for mortality comprised 568 patients. Missing values for all other parameters were below 3%, 
usually less, with the exception of hs-CRP (25%) which is therefore not shown in the results. 
No imputations were calculated. The final appropriate shock models were based on 600 
patients, and 471 patients with sinus rhythm, respectively.
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Discriminatory power of scores was evaluated using Goenen and Heller’s concordance index 
and 10-fold cross-validation18. Bootstrapping was used to estimate the bias introduced 
by validating the model based on the same data that was used to develop the score19. We 
generated 200 bootstrap samples from the data and for each repeated the model building 
procedure from variable selection to determination of the score and cutoff values. Repeated 
comparison of incidences based on bootstrap sample and original data then allows to 
estimate and correct for the induced bias. Kaplan-Meier probabilities were compared by log-
rank test. All computations were performed using the R environment for statistical computing 
and graphics (http://www.r-project.org). Continuous values were expressed as mean ± 
standard deviation. P-values were two-tailed, an ª-level of 5 % was considered significant.

672 pts enrolled 

632 analyzable pts 

580 (92 %) alive 

65 (11 %) shock	  

52 (8 %) deceased 

11 (21 %) shock	  

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

 - 32 pts without Holter 
 - 4 pts without echocardiogram                                 
 - 3 pts without follow up 
 - 1 withdrawal of consent 

Figure 1: CONSORT graph for patient enrollment, patients not considered for final analysis and clinical endpoints.
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RESULTS

Patient characteristics 
Of 672 patients enrolled, 632 were finally considered (Figure 1). First ICD implantation 
occurred an average of 4.0±4.0 years prior to enrollment, 31 (5%) received their implant at 
enrollment, 63% had primary prophylactic indications.  

Mean age was 63 ± 13 years, 81 % were male. Mean LVEF was 40 ± 13 %. Sinus rhythm was 
basic rhythm in 507 patients (80%), AF in 80 patients (13 %), pacemaker rhythm or higher 
degree AV block in 45 patients (7%). Baseline parameters including medication are shown in 
Table 1.
A single-chamber ICD was implanted in 46%, dual-chamber ICD in 34%, and biventricular 
ICD in 20%. Manufacturer distribution was 17% Biotronik, 36% Boston Scientific, 6% St. Jude 
Medical, and 41% Medtronic. 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 delivered before shock in the VT zone. ATP while charge was present in 298 
patients (48%) in the VF zone.

ECG and Holter parameters
An intrinsic QRS complex was recorded in 532 patients, RV paced rhythm in 40, biventricular 
paced rhythm in 57, 3 patients were unclear. Mean QRS duration of intrinsic complexes was 
122±31 ms, mean QT and QTc durations were 444±51 ms and 453±44 ms, respectively. Mean 
heart rate on Holter was 67±10 bpm, premature ventricular complexes averaged 2330±5811 
per 24 hours, number of non-sustained VT episodes 2±14 per 24 hours, 144 patients (23%) 
exhibited at least one non-sustained VT. 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 
-0.14±2.12 %, heart rate turbulence slope was 5.48±5.02 ms/R-R interval, and deceleration 
capacity (DC) was 2.09±6.56 ms, respectively. 

EP study and MTWA
An EP study was eventually done in 613 patients (97%). In these, sustained VT/VF was induced 
in 124 (20 %) patients. VF was induced in 8 %, 81 % showed monomorphic VT, and 11 % 
polymorphic VT, respectively. Mean cycle length of induced VT/VF was 277±55 ms. MTWA 
gradings were available for final analysis in 490 patients (97%) in sinus rhythm. Of these, 
345 (70 %) were performed under exercise, 145 (30 %) via atrial or biventricular stimulation. 
According to A rules, 29 % (n=142) were graded positive, 50 % (n=245)  negative, and 21 % 
(n=103)  indeterminate, respectively. Following B rules, 28 % (n=137) were positive, 57 % 
(n=279) negative, and 15 % (n=74) indeterminate, respectively. 
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All
(n=632)

Alive
(n=580)

Deceased 
(n=52)

p-value

Age (years) 63 ± 13 62 ± 13 71 ± 9 <0.001*
Male sex 512 (81 %) 468 (81%) 44 (85%) 0.584
Body mass index (kg/m²) 28.1 ± 5.3 28.2 ± 5.3 27.1 ± 5.1 0.241
LVEF (%) 40 ± 13 41 ± 14 33 ± 11 <0.001*
Coronary artery disease 281 (44 %) 256 (44 %) 25 (48 %) 0.584
Ischemic CM 264 (42 %) 239 (41%) 25 (48%) 0.005*
Dilated CM 212 (34 %) 188 (32%) 24 (46%)
Hypertrophic obstructive CM 38 (6 %) 38 (7%) 0 (0%)
Brugada syndrome 12 (2%) 12 (2%) 0 (0%)
Long QT syndrome 9 (1%) 9 (2%) 0 (0%)
Other channelopathies 5 (1%) 5 (1%) 0 (0%)
ARVC and other inheritable diseases 19 (3%) 19 (3 %) 0 (0%)

Idiopathic arrhythmias 53 (8%) 51 (9%) 2 (4 %)
Other (e.g. cardiac sarcoidosis,      
hypertensive CM)

20 (3%) 18 (3%) 1 (2%)

NYHA class 
   I 187 (30 %) 182 (31%) 5 (10%)

<0.001*   I-II 83 (13 %) 78 (13%) 5 (10%)
   II 181 (29 %) 167 (29%) 14 (27%)
   II-III 81 (13 %) 73 (13%) 8 (15%)
   III 100 (16 %) 80 (14%) 20 (38%)
NT-proBNP (ng/L) 1363 ± 2205 1147 ± 1813 3059 ± 3771 <0.001*
hs-CRP (mg/L) 3.8 ± 5.2 3.5 ± 5.1 5.8 ± 5.9 <0.001*
AF
   Permanent 80 (13 %) 60 (11%) 20 (39%)

<0.001*   Paroxysmal 135 (22 %) 123 (22%) 12 (23%)
   No history of AF 404 (65 %) 385 (68%) 19 (37%)

Intrinsic QRS width (ms) 122 ± 31 122 ± 31 131 ± 32 0.0002
ß-blockers 467 (85 %) 427 (85%) 40 (89%) 0.522
Class I antiarrhythmic drug 11 (2 %) 10 (2.4%) 1 (2.4%) 0.601
Class III antiarrhythmic drug 153 (29 %) 142 (29%) 11 (26%) 0.864
Digitalis glycosides 79 (15 %) 63 (13%) 16 (37%) <0.001*
Oral anticoagulation 190 (35 %) 166 (34%) 24 (55%) 0.008*
(AAD = anti-arrhythmic drug, AF = atrial fibrillation, ARVC = arrhythmogenic right ventricular dysplasia, CM = 
cardiomyopathy, hs-CRP = high sensitivity C-reactive protein, LVEF = left ventricular ejection fraction, NYHA = 
New York Heart Association, NT-proBNP = n-terminal pro-brain natriuretic peptide; *=significant)

Table 1: Clinical baseline characteristics for all patients (n=632), surviving patients (n=580), 
and deceased patients (n=52) 
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Hazard ratio 95 % confidence interval p-value
n=632 Mortality Shock Mortality Shock Mortality Shock
Age (years) 1.055 1.023-1.089 0.0008*
LVEF (%) 0.959 0.968 0.935-0.982 0.949-0.988 0.0007* 0.0016*
History of AF 2.21 1.23-3.95  0.0078*
NT-pro-BNP 1.00004 1.00001-1.00007 0.0077
Secondary 
prophylaxis 2.09 1.30-3.36 0.0024*
EP inducibility 1.93 1.17-3.18 0.0098*
eGFR (mL/min) 0.989 0.977-1.000 0.055

Sinus rhythm only (n=507)

LVEF (%) 0.955 0.955 0.925-0.986 0.932-0.978 0.0046* 0.0002*
History of AF 1.99 0.96-4.12 0.065
Deceleration 
capacity (ms) 0.946 0.914-0.979 0.0016*
Secondary 
prophylaxis 2.65 1.56-4.50 0.0003*
EP inducibility        1.78 1.03-3.07 0.038*

MTWA        non-
negative   (A rules) 1.64 0.98-2.74 0.062

The upper half of the table shows the results for all 632 patients, the lower half for the 507 patients in sinus 
rhythm.   (open field = not selected as model variable; * significant; AF = atrial fibrillation; eGFR = estimated 
glomerular filtration rate; EP = electrophysiological; LVEF = left ventricular ejection fraction; MTWA = 
microvolt T-wave alternans).

Table 2: Multivariate hazard ratios for prediction of all-cause mortality and appropriate 
shock in the respective final Cox model

Occurrence of Endpoints
Over a follow-up of 2.4±1.2 years, 76 (12 %) patients received a first appropriate shock 
(annualized rate 5.4%). The cycle length of the primary arrhythmia leading to an appropriate 
shock in a VT/VF episode was 255±48 ms (minimum 170 ms, maximum 385 ms), 50% (n=38) 
delivered in the VF zone. 
Overall mortality was 8 % (n=52, annualized rate 3.4%), and adjudicated as cardiac in n=30 
(58 %), n=17 (32 %) deaths were classified as non-cardiac. Information on the mode of death 
was incomplete in 5 cases. A total of 12 episodes of electrical storm (≥2 appropriate shocks 
within 24 h) occurred in 11 patients. Two patients died 13 and 32 months later, two other 
patients died with electrical storm occurring in the terminal phase.
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Risk prediction by Cox regression, Fine&Gray models and risk scores 
Univariate Cox regression (see appendix tables) revealed age, LVEF, eGFR, NYHA class, history of 
AF, hs-CRP as predictors of mortality, SDNN, heart rate turbulence onset, heart rate turbulence 
slope and deceleration capacity (DC) from Holter, intrinsic QRS width and intrinsic QTc duration 
from 12-lead ECG as ECG predictors. Univariate predictors of appropriate shock were LVEF, eGFR, 
and secondary prophylactic indication. None of the ECG parameters were predictors of shock. 
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Figure 2: Cumulative event-probability curves for mortality (Panels A and C) and appropriate shock (Panel B 
and D) with the cohort divided into three risk groups (low, intermediate, high) defined by separate scores for the 
two risks. The dashed lines indicate the cumulative event-probabilities after bootstrap bias correction. 

Panel A: The calculated mortality risk score provides an excellent differentiation between low, intermediate, and 
high mortality risks (0% to ≈8% annual mortality risk). Note that the respective shock risk of the three groups 
varies between 2.5% and 8.2%, and can be further differentiated within the group (see Figure 3).   

Panel B: The calculated appropriate shock risk score provides good separation of high shock risk (highest tertile, 
annual shock risk of 9%.). Low and intermediate risks of shock (three quartiles) show small variation. 

Panel C: The mortality score for patients in sinus rhythm (n=507) provides similarly good differentiation in event 
rates as the score for all patients in Panel A, except for the difference between low and intermediate tertiles.

Panel D:  The appropriate shock score for patients in sinus rhythm (n=507) provides good differentiation in event 
rates for all tertiles.
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MTWA following A and B rules and EP inducibility were significant predictors for appropriate 
shock but not for mortality. EP inducibility predicted the competing risk of appropriate shock 
in similar fashion in patients with ischemic (HR 2.36, CI 1.21-4.57, p=0.011) or non-ischemic 
cardiomyopathies (HR 2.04, CI 1.01-4.01, p=0.046), primary (HR 2.41, CI 1.23-4.73, p=0.010), or 
secondary prophylactic indication (HR 2.07, CI 1.05-4.07, p=0.034).  
The final multivariate risk models for mortality (Cox regression) and appropriate shock (Fine-
Gray model) and their respective hazard ratios and p-values are shown in Table 2. Mortality 
predictors were age, LVEF, history of AF, and NT-pro-BNP for all patients (Figure 2A), and LVEF, 

history of AF, and deceleration capacity for patients in sinus rhythm (Figure 2C). Appropriate 
shock risk deviated from mortality risk (Table 3B), and could be predicted using LVEF, 
secondary prophylaxis, and EP inducibility for all patients (Figure 2B), and LVEF, secondary 
prophylaxis, EP inducibility, and MTWA result in patients with sinus rhythm, respectively (Figure 
2D). C-statistics from Cox regression were: c=0.745 for mortality (all), c=0.706 for mortality 
(sinus rhythm), no c-statistics can be calculated for a Fine-Gray model predicting appropriate 
shock, however for a comparative Cox regression we found c=0.681 for appropriate shock 
(all), and c=0.716 for appropriate shock (sinus rhythm), respectively.

Figure 3 shows cumulative event incidences for the three risk tertiles. As calculated scores 
were normally distributed (Appendix Table 3), the magnitudes of these risks could be further 
individualized. For instance, the tertile with low mortality risk featured annual mortalities 
<0.5%. Predicted intermediate annual mortality ranged between 2.4% and 4.2% for the 
described tertiles, annual risk for appropriate shock ranged between 3.2% and 13.3%, 
respectively. In Figure 3, highest ICD benefit can be assumed in the group with high shock 
risk and intermediate mortality (10% of patients). Lowest ICD benefit would occur in the low 
shock risk and low mortality group (21%). Intermediate ICD benefit can be assumed for all 
other groups. 

DISCUSSION 

Main findings 
This prospective study aimed for multivariate targeted risk stratification in a large ICD patient 
cohort with guideline-based indications for both primary and secondary prevention of 
sudden death. To our knowledge, this was the first head-to-head comparison of multiple risk 
stratifiers for ICD shock, it also is the first study to utilize a combination of a large selection of 
electrophysiologic diagnostic tests together with valuable baseline parameters. We identified 
several independent predictors of mortality as well as appropriate shocks. In particular, EP 
study was a good test for prediction of ICD shock across the studied population. We developed 
separate risk scores that could divide the cohort into groups at high, intermediate or low 
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risk of each endpoint. Higher mortality risk did not necessarily represent higher appropriate 
shock risk in a patient, and vice versa. These different combinations of mortality and shock 
risk suggested different ICD survival benefit. 
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Figure 3: Distribution of patients to possible 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 
possible categories. The blue and red bars denote the actual annualized shock and mortality risks in a category, 
respectively. 

Predictors of mortality in ICD patients
The only multivariate factor predicting both shock and mortality was LVEF, which corroborates 
its importance as a risk stratifier in ICD patients. Other factors adding to our final mortality model 
were age and history of AF. Risk factors for mortality in ICD patients have been described in very 
large registries20, 21, and were confirmed in this study despite an overall low annual mortality of 
only 3%. However, neither of the two mentioned papers as well as most others had reported 
shock risk, and our data demonstrates that risks of mortality and shock have to be considered 
separately in ICD recipients.  
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Predictive value of EP study and MTWA in ICD patients 
Few studies in the literature have reported predictors of ICD shock. Therefore, the independent 
predictive value of EP inducibility and MTWA testing for appropriate ICD shock in our study is of 
high interest. Using an abbreviated, validated protocol12 in our study, EP stimulation was the best 
diagnostic test for shock prediction and could also be performed in patients with AF. This is in 
line with its proven value in assessing risk of sudden death in patients after myocardial infarction 
and with ischemic cardiomyopathy22, 23 as well as other guideline indications. Interestingly, its 
value was similarly high in non-ischemic cardiomyopathy patients. It was closely followed by 
MTWA as the second multivariate EP predictor of ICD shock in our study.  These results are in 
concordance with the ABCD study7 that has reported EP testing and MTWA as predictors of events 
in ischemic ICD candidates, also with a study by Chow et al5 in which 50% of patients with ischemic 
cardiomyopathy received an ICD. In the light of other important MTWA studies6, 24 that have failed 
to demonstrate a predictive value, the number of indeterminate studies may have varied as well 
as the actual patient population.  

Predictors of appropriate shock in ICD patients 
Secondary prophylaxis was the third multivariate predictor of shocks we found, featuring 
some of the highest hazard ratios and underscoring the strong indication of ICD therapy in 
these patients. For good comparison with our study, Lee et al25 very recently reported shock 
and mortality predictors from baseline variables in the Ontario ICD study and identified 
younger age, male sex, non-sustained ventricular tachycardia, atrial fibrillation, serum 
creatinine, and QRS duration near 130 ms as independent baseline predictors of appropriate 
shock competing with death in primary prophylactic ICD patients. While the accuracy in their 
shock score built from 3445 patients was very high (the range between the highest and lowest 
decile for shocks was approximately 8-fold), this study did not feature diagnostic tests at 
baseline as we used them. In a lower number of patients (n=672) but with the addition of the 
best available diagnostic tests for the purpose, we found in our cohort that diagnostic tests 
such as EP stimulation and MTWA outweighed the above mentioned baseline parameters in 
predictive value. In addition to that, we found very similar hazard ratios for some of the above 
mentioned baseline parameters regarding prediction of appropriate shock, e.g. with eGFR 
being the best clinical baseline shock predictor in our study. 

Predictors only available in sinus rhythm
As the diagnostic risk stratifiers MTWA and heart rate turbulence cannot be assessed in AF, we 
derived additional models applicable only for patients in sinus rhythm. While history of AF 
was a multivariate risk factor itself for all-cause mortality, even in patients with sinus rhythm, 
both MTWA and deceleration capacity added to the sinus rhythm models for mortality and 
shock. Deceleration capacity from Holter ECG proved to be the only electrical predictor of 
mortality in our cohort. 
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Implications for individual ICD benefit
ICD benefit may be estimated by the relative magnitudes of sudden cardiac death (i.e. 
malignant arrhythmias) vs. overall mortality risk. This relationship has been demonstrated 
in subanalyses from the MADIT-II26 and SCD-HeFT27. Both reported that patients with high 
mortality may not derive ICD benefit because of higher proportions of non-sudden and 
non-cardiac deaths which is not in contradiction with long-term ICD benefit for the overall 
group28. These papers were hypothesis-generating for the current prospective study which 
then searched for the best combination of EP risk stratification tests and clinical parameters8, 

29-31. Using separated identification of expected mortality risk and appropriate shock one also 
estimates a different individual ICD benefits. In this sense, higher shock risk associated with 
lower mortality risk means higher clinical ICD benefit. For instance, the above mentioned 
study by Lee et al25 identified a group of 2.5% of their patients with very low expected ICD 
benefit as characterized by high mortality and low shock risk, as well as a group of 7.5% 
of their patients with low ICD benefit demonstrated by low shock risk and other than high 
mortality. It clearly is not feasible to conduct a randomized controlled study on the issue 
due to wide ethical concerns. For instance, we could discern a low annual appropriate shock 
of 1-2% in 21% of all patients, this may in some of these patients denote only a small risk 
of sudden cardiac death had the patient not been implanted an ICD. We identified another 
group of 10% of all patients who had a 13% annual shock rate associated with only 4% 
annual mortality, likely resulting in a very high ICD benefit. More than 50% of all patients 
showed intermediate combinations of the two risks calling for individualization in each given 
patient. We do not know, however, whether threshold score combinations exist below which 
not implanting an ICD guarantees the same survival as ICD implantation. Therefore, our 
study is hypothesis-generating and not definitive. 
   In summary, risk factors for death and appropriate shocks were not equal in patients 
receiving ICD therapy. We tested a large number of clinical predictors, EP parameters and risk 
stratification diagnostic tests with suggested use for the purpose. Thereby, we implemented 
an optimum of targeted testing, with EP study and MTWA emerging as the best predictors 
for appropriate ICD shock. Identification of distinct patients at high risk of death - who 
simultaneously feature a low risk of shocks - would be essential to further guide reasonable 
device therapy. Utilization of tests and scores used might help to specify an individuals’ 
benefit of ICD therapy and serve as guidance when making decisions for ICD therapy. The 
concept can be further advanced in larger patient numbers such as the prospective EU-CERT-
ICD study (NCT 02064192). 

LIMITATIONS  

First, we included patients with primary or secondary prophylactic indications and not 
necessarily undergoing de novo implantation, with the intent that the results apply to all ICD 
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patients. Inclusion of 672 patients in four centres was consecutive regarding screening from 
the outpatient clinics, a common reason not to participate was the planned EP stimulation 
with possible induction of arrhythmias. Second, it could be viewed as a limitation that 
EP stimulation was done via ICD and in an abbreviated protocol. However, the protocol 
is validated12, noninvasive EP study has been described in other studies32, and seems far 
superior for its practicality. Third, the prospectively defined second endpoint was appropriate 
ICD shock, it did not include antitachycardic pacing. It cannot be ruled out that some 
antitachycardic pacing episodes were clinically useful for the patient. However, the study 
group was convinced from the outset that antitachycardic pacing episodes would have highly 
overestimated the life-saving effect of the ICD33. Fourth, a recommended, not mandatory 
ICD programming was in place which might have biased the number of appropriate shocks. 
Fifth, with higher sample sizes and higher numbers of endpoints potentially more research 
questions could have been answered. However, we conceived this study as proof of principle 
for combining risk markers in ICD patients, not as a definitive study.

CONCLUSIONS

In this prospective, targeted risk stratification ICD cohort study, appropriate shock risk did 
not coincide with mortality risk. These risks could be described by a separate combination of 
predictors to which LVEF is common and involving electrophysiologic diagnostic tests, such 
as EP stimulation, MTWA testing, or deceleration capacity. Subgroups as large as 30% of all 
ICD patients feature higher shock risks suggesting higher ICD benefit, or combine very low 
shock and mortality risks suggesting a lower ICD benefit for their survival.
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Appendix Table 1: Univariate Cox regression for prediction of mortality (unadjusted)
Variable Patients p-value Hazard ratio Confidence intervals
Age (years) 632 <0.000001 1.0073 1.0425-1.1061
LVEF (%) 632 0.000002 0.9481 0.9264-0.9703
NYHA >2 632 0.00009 2.987 1.731-5.155
eGFR (ml/min) 620 0.00006 0.9761 0.9644-0.9880
Male gender 632 0.308 1.456 0.685-3.094
Secondary prevention 631 0.758 0.913 0.511-1.632
Ischemic vs. non-ischemic 630 0.052 1.730 0.999-2.999

History of AF 619 0.00011 2.988 1.693-5.273
COPD 632 0.0029 2.985 1.560-5.681
log NTproBNP/BNP (mg/dl) 580 0.000000073 1.728 1.410-2.118

hs-CRP (mg/dl) 476 0.0013 1.077 1.040-1.115
ICD chambers (1/2/3) 632 0.010 0.70; 2.03 0.34-1.44; 0.99-4.15
Intrinsic QRS (ms) 532 0.0005 1.0013 1.006-1.021
Intrinsic QT interval (ms) 532 0.141 1.0037 0.9989-1.0086
Intrinsic QTc interval (ms) 532 0.0021 1.0084 1.0032-1.1360
EP inducibility 613 0.233 1.491 0.789-2.816
TWA (A rules) 490 0.306 1.408 0.729-2.721
TWA (B rules) 490 0.230 1.493 0.776-2.873
Holter mean HR (bpm) 631 0.122 1.0225 0.9946-1.0512
Holter PVC/24h 629 0.272 1.000018 0.99999-1.00005
Holter nsVT/24h 629 0.590 0.9932 0.96324-1.02411
Holter SDNN (ms) 467 0.0453 0.99091 0.98173-1.00018

Holter RMSSD (ms) 470 0.686 1.00193 0.99337-1.01057

Holter DC (ms) 472 0.00233 0.9465 0.9191-0.9747
Holter HRT category (TO 
or TS abnormal, TO/TS 
abnormal)

431 0.00264 1.490; 4.443 0.540-4.109; 1.793-11.009

Holter HRT onset (%) 432 0.0253 1.186 1.034-1.360

Holter HRT slope (ms/RR-
interval)

432 0.0485 0.9130 0.8250-1.0105
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Appendix Table 2: Univariate Cox regression for prediction of appropriate shock (unadjusted)
Variable n p-value Hazard ratio Confidence intervals
Age (years) 632 0.098 1.0002 0.9824-1.0182
LVEF (%) 632 0.0003 0.968 0.951-0.986
NYHA >2 632 0.319 0.768 0.453-1.304
eGFR (ml/min) 620 0.007 0.986 0.976-0.996
Male gender 632 0.476 1.236 0.680-2.247
Secondary prevention 631 0.006 1.891 1.206-2.966

Ischemic vs. non-ischemic 630 0.082 1.499 0.952-2.358

History of AF 619 0.419 1.211 0.763-1.922
COPD 632 0.013 2.288 1.258-4.158
log NTproBNP/BNP (mg/dl) 580 0.0124 1.234 1.045-1.457
hs-CRP (mg/dl) 476 0.963 0.9986 0.9424-1.0583
ICD chambers (1/2/3) 632 0.775 1.08; 1.49 0.63-1.85; 0.79-2.81
Intrinsic QRS (ms) 532 0.096 1.005 0.999-1.011
Intrinsic QT (ms) 532 0.134 1.0031 0.9991-1.0073

Intrinsic QTc (ms) 532 0.294 1.0031 0.9993-1.0084
EP inducibility 613 0.0012 2.292 1.424-3.691
TWA (A rules) 490 0.00431 2.123 1.249-3.610
TWA (B rules) 490 0.0166 1.861 1.116-3.101
Holter mean HR (bpm) 631 0.190 0.9840 0.9603-1.0083
Holter PVCs/24h 629 0.191 1.0000178 0.9999941-1.0000416
Holter nsVT/24h 629 0.940 1.000512 0.987513-1.013683
Holter SDNN (ms) 467 0.643 1.00146 0.99536-1.00758
Holter RMSSD (ms) 470 0.867 1.000742 0.992385-1.009168
Holter DC (ms) 472 0.130 0.9746 0.9454-1.0046
Holter HRT category (TO 
or TS abnormal, TO/TS 
abnormal)

431 0.341 1.552; 1.423 0.840-2.868; 0.691-2.932

Holter HRT onset (%) 432 0.177 1.0848 0.9685-1.2150
Holter HRT slope (ms/RR-
interval)

432 0.388 0.9752 0.9193-1.0345
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Appendix Table 3:  Risk scores for both the risk of death and appropriate ICD therapy (Panel A), 
their threshold values and average annual group risks (Panel B) 
Panel A:
All patients, mortality score:

0.0538 x age -0.0424 x lvef + 0.792 x afib + 0.0000409 x ntprobnp

All patients, shock score:
-0.0323 x lvef -0.0113 x egfr + 0.737 x prevention + 0.659 x inducibility

Sinus rhythm patients, mortality score:
-0.0461 x lvef + 0.686 x afib -0.0555 x holter.dc

Sinus rhythm patients, shock score:
-0.0462 x lvef -0.00823 x egfr + 0.973 x prevention + 0.576 x

inducibility + 0.493 x twa(a)

Panel B: 
Low risk                                           
(mortality rate / shock    rate)

Intermediate risk                           
(mortality rate / shock rate)

High risk                            
(mortality rate / shock rate)

All patients
Shock < -2.03                                  1.1% 

death / 2.5% shock
-2.03 - (-1.46)                      
3.8% / 3.5%

>(-1.46)                         5.6% 
/ 11.1%

Mortality < 1.60                                   0.2% 
death / 2.9% shock

1.60 – 2.59                          
3.0% / 5.3%

>2.59                             7.9% 
/ 8.1%

Sinus rhythm (n=507)
Shock < -2.19                             1.7% 

death / 2.0% shock
-2.19 - (-1.34)                  3.5% 
/ 4.5%

>(-1.34)                         4.1% 
/ 10.1%

Mortality < -2.32                                 1.3% 
death / 3.5% shock

-2.32 - (-1.46)                    
1.4% / 3.5%

>(-1.46)                          5.5% 
/ 8.7%

A separate risk model was calculated for patients in stable sinus rhythm. The variables “secondary prophylaxis”, 
“inducibility” and “MTWA” are coded as binary indicator variables (i.e. secondary prophylaxis yes=”1”, no=”0”; 
EP inducibility yes=”1”, no=”0”; MTWA A-rules positive=”1”, non-negative=”0”). 
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ABSTRACT

Introduction: Accurate prediction of sudden cardiac death (SCD) in individuals is still 
challenging. Beat-to-beat variability of repolarization, quantified as short-term variability 
of the QT interval is a relatively new parameter that might be useful in the prediction of 
ventricular arrhythmias. In this study, we investigated the nature and the predictive value of 
STV-QT in the prospective EUTrigTreat clinical study.
Methods: 2-minute high resolution ECGs were recorded at inclusion and STV-QT was 
determined in 395 patients (sinus rhythm (SR): 323; cardiac resynchronization therapy (CRT): 
45; atrial fibrillation (AF): 27). In SR patients, univariate and multivariate Cox regression 
analysis was performed to determine the predictive value of a dichotomized STV-QT.
Results: STV-QT analysis revealed different distributions of STV-QT among groups. Median 
STV-QT was lowest in SR patients (0.94 (0.51-2.26)), slightly higher in CRT patients (1.06 (0.53-
3.18)) and severely increased in AF patients (5.09 (2.05-13.84)). During follow-up (2.4±1.2 
years), 33 SR patients received an appropriate ICD shock and 15 died. In multivariate Cox 
regression analysis, STV-QT demonstrated a strong tendency to be an independent predictor 
for shocks (p=0.0503), but not for mortality (p=0.15).
Conclusion: Beat-to-beat variability of repolarization quantified as STV-QT shows a patient 
group dependent distribution. In SR patients, STV-QT strongly tended to be associated with 
appropriate ICD shocks and not with all-cause mortality.
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INTRODUCTION

Sudden cardiac death (SCD) is a common cause of death and its incidence continues to rise. 
Implantable cardioverter-defibrillator (ICD) treatment is an effective way to prevent people 
to die from SCD1,2. However, according to the current guidelines, most of the people that 
die as a result of SCD are not eligible for ICD treatment3. On the other hand, the incidence 
of appropriate ICD shocks is low indicating that implantation of an ICD could be diverted in 
a large number of patients4,5. Several studies indicate that electrical parameters alone, or in 
combination can improve prediction of SCD6,7. 
The EUTrigTreat clinical study was a large European multi-center trial that aimed to risk 
stratify a cohort of ICD patients for appropriate ICD shock and mortality with clinical and 
electrical parameters8. Several independent predictors of mortality as well as shock were 
identified. Interestingly, no electrical parameters could predict mortality, while, in contrast, 
programmed electrical stimulation (PES) and microvolt T-wave alternans (MTWA) were able 
to predict appropriate ICD shock (chapter 9).These results indicate the potential of electrical 
parameters in risk prediction of ventricular arrhythmias.
Beat-to-beat variability of repolarization quantified as short-term variability (STV) is a 
relatively new electrophysiological risk parameter. This parameter has been described 
in a dog model with chronic complete AV-block in which STV was determined from the 
monophasic action potential. This parameter was able to separate animals with high and 
low risk for drug induced Torsade de Pointes arrhythmias9-12. Moreover, several small clinical 
trials have also shown that STV derived from the QT-interval (STV-QT) was highest in patients 
at risk for ventricular arrhythmias13-15. 
In this study, we investigated the nature of STV-QT and its predictive value for death and 
appropriate ICD shock in patients enrolled in the EUTrigTreat clinical study.

METHODS

Details of the EU-TrigTreat study have been described elsewhere (chapter 9). Briefly, 672 
ICD patients from four European centers with either primary or secondary prophylactic 
ICD indications were recruited from January 2010 through April 2014. At baseline, clinical 
characteristics were collected including cardiovascular history. A blood sample was taken 
to measure high-sensitivity C-reactive protein (hs-CRP), n-terminal-pro B-type-natriuretic 
protein (NT-proBNP) and serum creatinine. A standard 12-lead ECG, 24 hour Holter 
monitoring, left ventricular ejection fraction (LVEF) by echocardiography, PES, and MTWA 
(exercise or pacing test) were performed as well as a 2-minute high-resolution 12-lead ECG 
recording for analysis of STV-QT. 
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STV-QT
The QT-interval was measured using fiducial segment averaging16. Each QRS-complex was 
triggered at the R-peak. Next, each fiducial point (P-onset, QRS-onset, QRS-offset and end of 
T-wave) was aligned separately by cross correlating the individual complex to the average of 
the other complexes till maximal correlation was achieved. Subsequently, visual inspection 
was performed and complexes were adjusted manually if necessary. The QT-interval was 
calculated by adding the intervals of the trigger point to the QRS-onset and the T-wave, 
respectively. 

All	  pa&ents	  
(n=672)	  

Analysable	  
pa&ents	  
(n=632)	  

Study	  dropout	  
(n=40)	  

SR	  (n=323)	  

STV-‐QT	  not	  done	  
(n=140)	  

	  
-‐RV	  pacing	  >20%	  
-‐Atrial	  pacing	  
-‐No	  sinus	  rhythm	  
-‐Technical/logis&cal	  
reasons	  

	  

STV-‐QT	  not	  possible	  
(n=97)	  

	  
-‐recording	  too	  short	  
-‐noise	  
-‐Premature	  ventricular	  
contrac&ons	  
-‐Alignment	  unsuccessful	  
	  

CRT	  (n=45)	   AF	  (n=27)	  

Figure 1. Flowchart of patients considered for STV-QT analysis

Using Poincaré plots, each QT-interval was plotted against the former. The mean distance 
of the points perpendicular to the line of identity was defined as STV-QT (STV-QT = ∑|Dn+1−
Dn|/(n×√2), where D represents the QT interval and n is the number of beats, usually 30. 
Extrasystolic beats were detected and excluded from analysis together with the following 
post-extrasystolic beat. 
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Endpoints
All-cause mortality and the first appropriate ICD shock were defined as primary and 
secondary outcome, respectively. During follow up, clinical data and device interrogations 
were collected every 3 to 6 months. All events were reviewed by members of the endpoint 
committee of the EU-TrigTreat study. Cases of death and appropriate ICD shock were 
adjudicated using available written information and stored EGM data from the device.

Statistical analysis
Variables were analyzed by univariate Cox regression analysis. Subsequently, multivariate 
Cox regression models were established for prediction of both shocks and mortality using 
predefined risk factors (age, LVEF, New York Heart Association class (NYHA), estimated 
glomerular filtration rate (eGFR) and gender) as well as additional risk factors that were 
determined by forward selection (qualified by p<0.10). Kaplan-Meier curves were compared 
by log-rank test. P-values <0.05 were considered statistically significant.

RESULTS

Of 632 analyzable patients in the total cohort, 395 were included for STV-QT analysis (figure 
1). Underlying rhythm was sinus rhythm (SR) (n=323), biventricular pacing (n=45) or atrial 
fibrillation (n=27).  Baseline patient characteristics of SR patients with STV-QT versus other 
patients are shown in table 1. SR patients with STV-QT analysis were younger and had a 
higher ejection fraction (EF). 

Distribution of STV-QT
Analysis of STV-QT revealed different distributions of STV-QT among groups (figure 2). 
Median STV-QT was lowest in SR patients (0.94 (0.51-2.26)), slightly higher in patients with 
biventricular pacing (1.06 (0.53-3.18)) and severely increased in AF patients (5.09 (2.05-13.84)).

Occurrence of endpoints
Over a mean follow up of 2.4±1.2 years, 52 patients (8%, annualized rate 3.4%) died and 76 
patients (12%, annualized rate 5.4%) received a first appropriate shock in the total cohort. 
In the subgroup of SR patients with STV-QT, 35 (11.3%, annualized rate 4.8%) received a first 
appropriate ICD shock and 15 people died (4.6%, annualized rate 2.0%). The CRT and AF 
patients only experienced 3 and 3 first appropriate shocks and accounted for 5 and 3 deaths, 
respectively. 

Risk prediction by Cox regression and AUC
A detailed description of the univariate Cox regression and the establishment of the 
multivariate Cox models can be found in the TrigTreat main paper (chapter 9). The base 
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model for adjustment consisted of age, LVEF, NYHA, eGFR and gender for both prediction 
of shocks and mortality. Additionally secondary prevention was added to the shock model, 
while atrial fibrillation and QRS width were added to the model for mortality. 
STV-QT was dichotomized at the median and patient characteristics of both groups are 
shown in table 2. The unadjusted hazard ratio revealed a significant association between 
a higher STV-QT and the first appropriate shock (HR 2.34, CI 1.15-4.72, p=0.02). Utilization 
of the adjustment model decreased the hazard ratio, although a higher STV-QT still tended 
to be associated with the first appropriate shock (HR 2.18, CI 1.00-4.74, p=0.05). Prediction 
of all-cause mortality revealed that both with (HR 2.30, CI 0.73-7.2, p=0.15) and without 
adjustment (HR 2.09, CI 0.74-5.88, p=0.16) the association between STV-QT and mortality was 
not significant. Figure 3 shows Kaplan-Meier curves of low and high STV-QT for both shocks 
and mortality.
The integrated area under the curve (AUC) of the ROC-curve was calculated in order to 
determine the discriminatory power for STV-QT. The AUC for appropriate shocks and mortality 
was 0.556 and 0.567, respectively.

Mean (sd) or N (%) SR (N=323) other (N=309) p-value
Age 58.96 (12.39) 66.53 (11.50) <0.001
Gender 0.613
   Female 64 (20%) 56 (18%)
   Male 259 (80%) 253 (82%)
BMI 27.64 (4.67) 28.57 (5.84) 0.151
Leading cardiac disease <0.001
   DCM 81 (25%) 131 (43%)
   HCM 23 (7%) 15 (5%)
   ICM 133 (41%) 131 (43%)
   Other 85 (26%) 31 (10%)
Prevention <0.001
   Primary 183 (57%) 217 (70%)
   Secondary 139 (43%) 92 (30%)
LVEF 43.25 (13.86) 37.45 (12.66) <0.001
NYHA <0.001
   I 135 (42%) 52 (17%)
   I-II 41 (13%) 42 (14%)
   II 85 (26%) 96 (31%)
   II-III 32 (10%) 49 (16%)
   III 30 (9%) 70 (23%)
QRS 115.24 (26.98) 142.42 (36.09) <0.001
QTc 443.72 (36.70) 475.15 (51.44) <0.001

Table 1.  Baseline characteristics of SR patients versus other patients
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Figure 3. Kaplan-Meier curves for appropriate shock and mortality in high and low STV-QT groups High STV-QT 
values can predict appropriate shocks independently (right part – p=0.015) while all cause mortality (left part) is 
not different between low and high STV-QT groups (p=0.153).

Mean (sd) or N (%) low STV-QT (N=170) high STV-QT (N=153) p-value
Age 57.50 (12.10) 60.57 (12.55) 0.015
Gender 0.125
   Female 28 (16%) 36 (24%)
   Male 142 (84%) 117 (76%)
BMI 27.29 (4.96) 28.04 (4.30) 0.064
Leading cardiac disease 0.469
   DCM 37 (22%) 44 (29%)
   HCM 13 (8%) 10 (7%)
   ICM 70 (41%) 63 (41%)
   Other 49 (29%) 36 (24%)
Prevention 0.117
   Primary 89 (53%) 94 (61%)
   Secondary 80 (47%) 59 (39%)
LVEF 44.49 (14.18) 41.87 (13.41) 0.110
NYHA 0.010
   I 87 (51%) 48 (31%)
   I-II 18 (11%) 23 (15%)
   II 39 (23%) 46 (30%)
   II-III 13 (8%) 19 (12%)
   III 13 (8%) 17 (11%)
QRS 115.51 (26.94) 114.93 (27.12) 0.785
QTc 440.95 (36.50) 446.80 (36.79) 0.114

Table 2.  Baseline characteristics of low vs. high STV- QT patients dichotomized at the 
median of all STV- QT patients
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Figure 2. D Distribution of STV- QT in patients with sinus rhythm, cardiac resynchronization therapy and atrial
fibrillation A. Distribution of STV- QT in sinus rhythm (SR – blue bars) and cardiac reschynchronization therapy 
(CRT – red bars) patients. Vertical bars represent the STV- QT range for 0.1ms. Note the slight shift to the right of
STV- QT distribution in CRT patients. B. Distribution of STV- QT in SR, CRT and atrial fibrillation (AF – green bars) 
patients. Vertical bars represent the STV- QT range for 1.0ms.

DISCUSSION

For the first time, beat-to-beat variability of repolarization quantified as STV-QT has been 
analyzed in a large ICD patient cohort. We demonstrated different distributions of STV-QT in 
different patients groups. Despite the relative low event rate, STV-QT reveals a clear trend to 
be an independent predictor for appropriate ICD shocks in SR patients.

The rationale of beat-to-beat variability of repolarization
Identification of patients at increased risk for SCD is still a major challenge. Subtle changes 
in repolarization have been considered as indication for an increased risk of ventricular 
arrhythmias. STV-QT is one of the parameters that determine the instability of repolarization 
by measuring absolute beat-to-beat differences of the QT-interval. In the CAVB dog model, STV 
has been quantified from the MAP in which it was able to distinguish between remodeled and 
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unremodeled conditions. Moreover, dogs susceptible for TdP arrhythmias could be identified 
with a high sensitivity and specificity9. Different mechanisms may underlie the increased 
instability of repolarization. In ventricular cardiomyocytes, it has been shown that the degree 
of action potential duration prolongation is associated with an increase of beat-to-beat 
variability of repolarization17. Furthermore, calcium release from the sarcoplasmic reticulum 
near L-type calcium channels also promotes beat-to-beat variability of repolarization18. In 
vivo, beat-to-beat variability of repolarization is associated with alterations in preload and 
is only present in remodeled conditions (Oosterhof en Stams). These results indicate that 
variability of repolarization quantified as STV can reflect instability of the action potential 
and the increased risk for ventricular arrhythmias. However, MAP measurements are invasive 
and only reflect regional repolarization conditions of the heart. Therefore, analysis of the QT 
interval is more elegant since it reflects global repolarization and it can be derived from the 
surface ECG. 
Calculation of the QT-interval from the surface ECG is a delicate procedure as it is hard to 
define the end of the T-wave. In the present study, we used the method of fiducial segment 
averaging to prevent disagreement with respect to the end of the T-wave16. Different fiducial 
points (e.g. Q-onset and T-end) were semi-automatically aligned and visually inspected. After 
alignment, Q-onset and T-end were determined all at once, so we did not have to determine 
the end of T-wave for each complex separately. 
Several small studies have shown that STV-QT in well-described populations is associated 
with an increased risk for ventricular arrhythmias13-15,19. Furthermore, STV-QT is increased 
in conditions associated with an increased arrhythmic risk such as patients treated with 
antracyclin20, professional soccer players21, acromegaly patients22 and patients with left 
ventricular hypertrophy23. These results suggest that STV-QT can be increased in a wide 
variety of diseases that are all related to an increased risk of SCD. The strength of the 
EUTrigTreat clinical study was the broad scope by recruiting all kind of patients eligible for 
ICD therapy, regardless the underlying disease. Both, patients with primary and secondary 
prophylaxis were included as well as patients with low and high LVEF indicating that this 
cohort can be considered as the best possible representation of the general population. 
On the other hand, we have shown that the distribution of STV-QT differs between SR, CRT 
and AF patients, which is most probably related to the underlying rhythm or disease. The 
heart rhythm in patients with AF is irregular heart rhythm that may explain the increased QT-
interval variability. Therefore, our results indicate that different cut-off values have to be used 
in different patient categories. The number of events in the present study does not allow 
us to determine adequate cut-off values for STV-QT or to perform further sub-analyses with 
respect to etiology.   

Shocks versus mortality
Univariate analysis revealed that STV-QT was significantly associated with an increased risk 
for appropriate shocks but not for mortality. After adjustment for well-known risk factors, a 
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strong trend remained present, indicating a possible role for STV-QT in prediction of shocks. 
The low predictive value of STV-QT as demonstrate by the AUC is most probably related to 
the low event rate for both shocks and mortality. Therefore, at the moment our results have 
to be interpreted with a bit caution, but it is definitely worthwhile to further investigate the 
predictive value of STV-QT for ICD shocks and mortality. Moreover, when focusing on future 
perspectives of the different tests that have been used in the EUTrigTreat clinical study, it is 
obvious that the non-invasive nature of STV-QT is a big advantage compared to the invasive 
electrophysiological study and the exercise-dependent MTWA test. 
A long-term follow-up of the EUTrigTreat clinical study is planned and most probably these 
results will give further insight in the predictive value of STV-QT. Moreover, multiple regression 
analyses could be done in this long-term follow-up to determine the role of STV-QT in relation 
to the other electrophysiological parameters (e.g. inducibility upon programmed electrical 
stimulation, MTWA). Validation and further exploration of STV-QT should be done in trials 
with a large number of ICD recipients such as the ongoing, prospective EU-CERT-ICD study 
(NCT 02064192) 

LIMITATIONS 

STV-QT could not be determined in about one third of the patients. In most cases, technical 
and logistical failure (figure 1) was the basis for the unsuccessful recording. Moreover, different 
distributions of STV-QT were found in different patient groups what prompted us to exclude 
CRT and AF patients. These restrictions have lead to selection bias (table 1), however, the 
advantage is that our result are more applicable to the general population. The event rates in 
the present study were rather low and therefore the results should be interpreted with some 
caution. Definitely, a longer follow-up with higher event rates will give us further insight into 
the predictive value of STV-QT.

CONCLUSION

Beat-to-beat variability of repolarization quantified as STV-QT shows a patient group 
dependent distribution. In SR patients, STV-QT is associated with appropriate ICD shocks 
and not with all-cause mortality, suggesting its potential value  in the prediction of SCD. 
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GENERAL DISCUSSION

In the preclinical part of the thesis, we have shown that multiple factors may contribute 
to the increased risk for Torsade de Pointes (TdP) arrhythmias in dogs. These factors can 
diminish repolarization reserve independently, while a combination of factors may amplify 
the arrhythmic susceptibility. Eventually, the threshold will be exceeded and the heart has to 
allow TdP. From a mechanistic point of view, we have shown that intraventricular dispersion 
of repolarization has to reach a minimal gradient in order to initiate TdP. 
In the EU-TrigTreat clinical study, risk stratifiers have been tested prospectively demonstrating 
the opportunity to distinghuish between mortality and ICD-shocks. Short-term-variability 
(STV) of the QT-interval is a relatively new promising parameter that may play a role in 
prediction of patients at risk for shocks. 

Role of ventricular remodeling and anesthesia for induction of TdP
The electrical impulse that causes excitation of the heart originates from the atrially located 
sinus node and is propagated via the AV-node to the bundle of HIS and Purkinje fibers. 
Subsequently, cardiomyocytes depolarize which results in an increase of intracellular calcium. 
Calcium binds to the myofilaments that leads to cell shortening and contraction of the heart. 
Normally, this process of excitation is rapid and produces a synchronous contraction of the 
ventricles. Complete AV-block requires an alternative focus of the electrical impulse which 
intrinsic frequency is much slower than normal sinus rhythm: idioventricular rhythm (IVR) 1. 
The preferred sites of the IVR are either the right anterior paraseptal region, antero-apical left 
ventricle, or postero-apical left ventricle2. Next to bradycardia, the ventricular origin of IVR 
indicates also the presence of mechanical dyssynchrony. In the chronic, complete AV-block 
(CAVB) dog model, induction of AV-block causes numerous adaptations that eventually 
lead to a compensated state of ventricular remodeling. In Chapter 2, dogs were tested with 
dofetilide both in the presence and absence of ventricular remodeling. At unremodeled 
conditions, animals did not show any spontaneous induction of Torsade de Pointes (TdP) 
arrhythmias; while after remodeling 56% of the dogs were susceptible. These results indicate 
that ventricular remodeling is of extremely importance for the induction of TdP. 
Experiments in the CAVB dog model always have been performed under anesthetic 
conditions. In Chapter 3, we investigated the contribution of anesthesia for the induction 
of TdP. Interestingly, we found that in awake conditions animals were almost completely 
free from TdP. Both administration of premedication and anesthesia increased the 
repolarization duration, which was associated with the increased arrhythmogenic risk. In 
part 1 of this chapter, half of the dogs received thiopental + isoflurane while the other half 
received pentobarbital + halothane. All dogs with thiopental + isoflurane showed episodes 
of TdP, while only 2/5 dogs with pentobarbital + halothane anesthesia were TdP susceptible, 
indicating that the specific anesthetic regimen is also important for induction of TdP. Both, 
thiopental and pentobarbital block ion channels to a similar extent indicating that the 
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different arrhythmic potency is not directly related to ion channel blockade. Besides this 
blocking effect, thiopental is also associated with a greater reduction of the parasympathetic 
then sympathetic tone3, which is in accordance with the observed increase of heart rate after 
administration of thiopental anesthesia. It has been shown that left cardiac sympathetic 
denervation is usually accompanied with a markedly reduction of cardiac events in patients 
with long QT syndrome4. It could well be that thiopental relatively increases sympathetic 
activity in the CAVB dog by which the risk for TdP induction is also increased. 

Role of activation (changes) and bradycardia for ventricular remodeling
Patients with complete AV-block are frequently pacemaker dependent because of 
bradycardia related symptoms5. Application of right ventricular apex (RVA) pacing causes 
slowing of conduction velocity (widening of the QRS interval on the surface ECG) and 
dyssynchronous contraction of the LV, both in patients 6,7 and animals 8(chapter 4). Numerous 
adaptations occur due to these mechanical and electrical changes. Mycocardial blood flow, 
glucose uptake and oxygen consumption are regionally changed, while mechanical work is 
reduced in early-activated regions and increased in late-activated regions8-13. However, the 
susceptibility for TdP arrhythmias is not acutely increased after induction of AV-block in the 
CAVB dog model (chapters 2 and 4). We have demonstrated that the site of activation (IVR, 
high septum, left ventricular apex (LVA), RVA) does not influence the arrhythmic outcome in 
acute settings, as well as short-long-short pacing and timing of dofetilide administration. 
These results indicate that in unremodeled conditions the repolarization reserve can 
withstand challenges on repolarization. 
In the original CAVB dog model, the activation pattern of the IVR is not controlled after induction 
of AV-block, but most of the time IVR originates from the LV (chapter 5). Several studies that 
investigated the effects of chronic dyssynchronous ventricular activation have shown that 
later activated regions are more hypertrophied14-16. These results are in line with the more 
pronounced hypertrophic response of the later activated RV in the CAVB dog17. Electrical 
remodeling is also a heterogeneous process. In dogs with IVR, the increase of LVMAP is larger 
compared to RVMAP resulting in an increased interventricular dispersion of repolarization18. 
In dogs chronically paced from the RVA, interventricular dispersion of repolarization was 
slightly decreased (chapter 4). These results indicate that activation pattern determines the 
pattern of electrical remodeling in the ventricles. Moreover, we showed in chapter 4 that LV 
intraventricular electrical remodeling is also activation dependent resulting in an inverse 
relationship between activation and repolarization. These regional adaptations are likely 
triggered by regional strain via mechanoelectrical feedback19. Analysis of early and late-
activated regions have revealed that different ionic mechanism exist that underlie ventricular 
electrical remodeling20. Therefore, future cellular and molecular analyses in the CAVB dog 
should take these regional remodeling processes into account by comparing not only LV and 
RV but also early and late activated regions in the LV. 
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Table 1 provides an overview of electrophysiological parameters after remodeling at IVR (data 
from chapter 5), chronic high septal pacing21 and chronic pacing from the RVA (data from 
chapter 4). Furthermore, the effects of acute RVA pacing (data from chapter 5) and LVA pacing 
(Oosterhoff – thesis) at IVR remodeled conditions are summarized. Data from Winckels et al., 
and Oosterhof et al., have been reanalyzed with the same custom-written Matlab software 
(Mathworks, Natick, USA) as used in chapters 4 and 5. 
Interestingly, pacing from the RVA at 1000ms cycle length (CL) per se revealed similar 
(shorter) LVMAP durations and STV LV, both in RVA remodeled or IVR remodeled conditions 
(Table 1, columns 3 and 4 respectively). Moreover, remodeling at chronic RVA pacing did not 
increase LVMAP duration (chapter 4). Bases on these results, one may conclude that electrical 
remodeling is absent or only slightly present. However, the susceptibility for dofetilide-
induced TdP arrhythmias is severely increased after both conditions. 

IVR-IVR
(n=32)

HSP-HSP
(n=9)

RVA-RVA
(n=21)

IVR-RVA
(n=22)

IVR-LVA
(n=7)

RR 1283 ± 282
QRS 78 ± 11 116 ± 10 113 ± 10 116 ± 10 120 ± 9
QT 382 ± 58 381 ± 27 373 ± 29 399 ± 45 374 ± 35
JT 304 ± 62 265 ± 25 260 ± 24 283 ± 43 254 ± 31
LV-AT 15 ± 6 74 ± 9 62 ± 8 53 ± 9 11 ± 9
RV-AT 28 ± 11 48 ± 16 28 ± 11 26 ± 10 61 ± 13
ΔAT 13 ± 15 -27 ± 19 -34 ± 13 -28 ± 13 50 ± 16
LVMAP 303 ± 51 271 ± 13 253 ± 22 257 ± 29 272 ± 15
RVMAP 264 ± 38 238 ± 16 238 ± 31 236 ± 22 257 ± 21
ΔMAPD 40 ± 27 33 ± 23 15 ± 26 21 ± 23 15 ± 16
LV-RT 318 ± 50 345 ± 20 315 ± 24 310 ± 27 283 ± 12
RV-RT 292 ± 39 285 ± 23 266 ± 30 261 ± 18 318 ± 21
ΔRT 27 ± 28 60 ± 33 49 ± 26 49 ± 23 -35 ± 26
STV-LV 1.3 ± 0.6 1.5 ± 0.7 0.6 ± 0.3 0.9 ± 0.4 1.9 ± 2.0
STV-RV 1.2 ± 0.5 1.1 ± 0.3 1.1 ± 0.8 0.9 ± 0.4 0.9 ± 0.4
TDP 
INDUCIBILITY 59% - 19/32 44% - 4/9 52% - 11/21 64% - 14/22 58% - 4/7
IVR, idioventricular rhythm; HSP, high septal pacing; RVA, right ventricular apex; LVA, left ventricular apex; TdP, 
Torsade de Pointes; IVR-IVR, IVR during remodeling – IVR during experiment; HSP-HSP, HSP during remodeling – HSP 
during experiment; RVA-RVA, RVA during remodeling – RVA during experiment; IVR-RVA, IVR during remodeling – RVA 
during experiment; IVR-LVA, IVR during remodeling – LVA during experiment; LV-AT / RV-AT, left / right ventricular 
activation time; LVMAP / RVMAP, left / right ventricular monophasic action potential duration; LV-RT / RV-RT, left / right 
ventricular repolarization time; ΔAT / ΔMAPD / ΔRT, difference between LV-AT and RV-AT, LVMAP and RVMAP, LV-RT and 
RV-RT, respectively; STV-LV / STV-RV, short-term variability of the LVMAP / RVMAP

Table 1. Electrophysiological parameters after remodeling and the effect of acute and 
chronic pacing
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Figure 1 demonstrates the effect of heart rate on regional repolarization duration in the LV 
of RVA remodeled dogs, both at unremodeled (acute) and remodeled (chronic) conditions. 
Endocardial repolarization (n=6 animals) was simultaneously determined from 9 different 
regions with the duo-decapolar catheter at 1000ms CL, at the lowest captured rate (acute: 
1282±168 vs. chronic: 1344±135ms) and at IVR (acute: 1321±171 vs. chronic: 1426±212 ms). 
The results clearly demonstrate the presence of electrical remodeling by the further increase 
of the activation recovery interval (ARI) after remodeling (table 2). Moreover, heterogeneity 
of repolarization (ARI range) is also increased at slower heart rates (table2). These results 
indicate that pacing at 1000ms CL can mask electrical remodeling, while its presence is only 
manifested at slower heart rates. 

Before	  remodeling	  

200	  

250	  

300	  

350	  

400	  

VVI60	   VVI-‐low	   IVR	   VVI60	   VVI-‐low	   IVR	  

AR
I	  (
m
s)
	  

A3er	  remodeling	  

Figure 1. The effect of heart rate on regional repolarization duration in RVA remodeled and unremodeled conditions.
Endocardial activation recovery interval (ARI) from nine different left ventricular regions determined at 
unremodeled (left) and remodeled conditions (right) in dogs chronically paced from the right ventricular apex 
(RVA). Hearts were subsequently paced at 1000ms CL (VVI60), lowest captured rate (VVI-low) and without pacing 
at spontaneous idioventricular rhythm (IVR). Note the increase of ARI after remodeling with a further increase of 
heterogeneity of repolarization between regions. 
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Another interesting observation is that during acute LVA pacing the end of repolarization is 
later in RV then LV (negative ΔRT), which is not observed during other activation patterns. 
In chapter 8, we demonstrated that acute CRT pacing acutely disturbed the AT-ARI relation, 
indicating that initial local repolarization duration is maintained despite an acutely altered 
activation pattern. Thus, the end of repolarization is determined by the local activation 
time, which explains the negative ΔRT during acute LVA pacing. Several studies in literature 
have reported spontaneous TdP episodes acutely after onset of ventricular pacing, which 
might be explained by acutely altered repolarization pattern and increased heterogeneity of 
repolarization22,23. 
The TdP incidence after remodeling at IVR is between 75 and 80% 17 due to a combination of 
bradycardia and altered ventricular activation. Winckels et al have shown that chronic pacing 
from the high septum decreased the arrhythmic incidence to 44%21, while TdP incidence 
after chronic RVA pacing was 52% (chapter 4). These results indicate that remodeling at IVR 
conditions is most pro-arrhythmic. However, TdP incidence in chapter 5 (59%) where dogs 
also have remodeled at IVR was somewhat low. There are several reasons that may explain 
this difference. First of all, the study of Oros et al. included sometimes multiple experiments 
per dog, while in chapter 5 only the first experiment per animal was included. Inclusion of 
multiple experiments of especially inducible animals might overestimate the TdP incidence. 
Furthermore, in chapter 5, we only included dogs with a stable IVR during the first experiment. 
Analysis of a subgroup of dogs with an unstable IVR during the first experiment (n=15) 
revealed a TdP incidence of 80%. Thus it seems that an unstable IVR during remodeling also 
contributes to a higher arrhythmic risk.

The role of intraventricular dispersion of repolarization to start TdP
Several modulating factors have already been discussed in the former sections; however, the 
exact mechanism of the TdP is still under debate. Abnormal automaticity, triggered activity 
and reentry are mechanisms that underlie the different types of ventricular arrhythmias24. 
The latter two are linked to the mechanism of TdP. In the CAVB dog model, both early 
afterdepolarizations (EADs) and increased (interventricular) dispersion of repolarization 
have been reported. In cellular experiments, a strong association is shown between drugs 

Table 2. The effect of heart rate on regional repolarization duration in remodeled and unremodeled 

condition

Before remodeling After remodeling
CL ARI range CL ARI range

VVI-60 1000 258±16 -  266±11 1000 262±20 - 272±28
VVI-low 1282±168 280±22 - 290±23 1344±135 284±26 - 312±57
IVR 1321±171 271±45 - 290±51 1426±212 289±36 - 336±73

CL, cycle length; ARI, activation recovery interval; VVI60, pacing at 1000ms CL; VVI-low, pacing at lowest 
captured rate; IVR, idioventricular rhythm; data is presented in milliseconds ± standard deviation
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that have proarrhythmic properties and the occurrence of EADs25. However, in vivo it is 
more challenging to determine the role of an EAD for the induction of TdP and the exact 
mechanism is still under debate. Dispersion of repolarization can be assessed in various ways. 
Several studies have shown in wedge preparations that transmural26,27 and also transseptal 
dispersion of repolarization are increased28. Other ex-vivo experiments demonstrated that 
triggered activity arose from a region with large repolarization gradients29,30. In the CAVB 
dog model, dispersion of repolarization usually has been assessed as the interventricular 
difference between the LVMAP and RVMAP (ΔMAPD). Although ΔMAPD is clearly increased 
prior to the induction of TdP, it is not a really sensitive marker for prediction of TdP 
susceptibility as reflected by the low area under the receiver-operating characteristics plot18. 
Other studies that investigated transmural and/or transseptal dispersion of repolarization in 
vivo, have also shown that dispersion values were increased after drug administration31-33, 
suggesting a link between dispersion of repolarization and the occurrence of TdP. However, 
all these in vivo studies did not investigated the site of onset of the TdP in relation to the 
presence of local dispersion of repolarization. In chapter 6, we demonstrated that both single 
ectopic beats and the initiating beat of the TdP arose consistently at, or next to, the site of 
maximal dispersion of repolarization as determined from 4 in a square located plunge needle 
electrodes (inter-electrode distance: 1.0-1.5cm). Furthermore, in dogs not susceptible for 
TdP arrhythmias, intraventricular dispersion of repolarization was significantly lower. These 
results suggest that single ectopic beats and the first beat of the TdP only can manifest in the 
presence of a minimal local (intra)ventricular repolarization gradient. 

Duo-decapolar catheter and needle electrode recordings
In chapter 7, we demonstrated that electrograms measured with a duo-decapolar catheter 
offers a good representation of endocardial repolarization. In chapters 5 and 8, we showed 
that repolarization recorded with the duo-decapolar catheter is very suitable to determine 
the relation between AT and ARI and to evaluate regional electrical remodeling over time. 
However, the region with maximal dispersion of repolarization is rather small or located 
(more) intramurally, indicating that the catheter is not sensitive enough to consistently 
determine the maximal repolarization gradient and the origin of TdP. The site of onset always 
occurred at the (sub)endocardium of the LV, suggesting that repolarization gradients were 
highest at the endocardium. To further explore the role of local (intra)ventricular dispersion 
of repolarization for induction of TdP, it would be interesting to test a drug with QT-prolonging 
properties but without the strong association with TdP like moxifloxacin34.

Prevention of ventricular arrhythmias – effects of ventricular resynchronization
One of the strategies to prevent ventricular arrhythmias is to eliminate risk factors. We 
have shown in this thesis that dyssychronous ventricular activation is a contributor for 
TdP arrhythmias in the CAVB dog model. In patients, LBBB is also an independent risk 
factor for sudden cardiac death35. Nowadays, most patients with LBBB are treated with a 
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cardiac resynchronization therapy (CRT) pacemaker, not particularly to prevent ventricular 
arrhythmias but rather to improve pump function of the heart. However, several studies have 
shown that successful CRT treatment is also associated with less ventricular arrhythmias36,37, 
suggesting that mechanical resynchronization in combination with improved cardiac 
function has antiarrhythmic properties. Stams et al showed that CRT in dogs with isolated 
dyssycnchronous ventricular activation was able to reverse the arrhythmic potential in about 
half of the dogs (thesis Stams). In chapter 8, we performed similar experiments but now in 
presence of bradycardia to further explore the antiarrhythmic mechanism of CRT. Despite 
mechanical resynchronization as shown by ultrasound, we did not observe a reduction of 
TdP susceptibility both in acute and chronic CRT pacing conditions. Not surprisingly, acute 
CRT treatment did not affect the risk for ventricular arrhythmias, as local repolarization is 
not immediately adapted. However, after chronic CRT pacing also no evident antiarrhythmic 
effect was seen, indicating that CRT pacing in bradycardic remodeled conditions is not able to 
reverse TdP arrhythmias, although the absolute number of TdPs seems to be lower. However, 
when focusing on dogs that were not inducible for TdP, but showed single or multiple ectopic 
beats (n=8 dogs), a clear reduction was seen of the total number of both single (chronic RVA: 
n=519 vs. chronic CRT: n=3) and multiple ectopic beats (chronic RVA: n=5 vs. chronic CRT: 
n=0). These results suggest that CRT in presence of bradycardic remodeled conditions can 
reverse single and multiple ectopic beats, while the occurrence of TdP cannot be prevented. 

Risk stratifiers in the EU-TrigTreat clinical study: distinction between mortality 
and ICD shocks
Prevention of arrhythmias can also be achieved with more accurate risk stratification. 
However, current guidelines are mainly based on large clinical trials without further 
specification of the patient’s individual risk. Sticking to these guidelines has resulted in very 
low appropriate ICD shock rates38,39. On the other hand most patients that suffer from sudden 
cardiac death do not match with criteria for ICD implantation40. In Chapter 9, we investigated 
whether we could improve prediction of appropriate ICD shocks. Interestingly, we found that 
risk for mortality not coincides with risk for appropriate ICD shock. Electrical parameters 
as a positive programmed electrical stimulation test and the presence of microvolt T-wave 
alternans (MTWA) were significantly associated with an increased risk for appropriate shock 
risk and not with mortality risk. When combining both clinical and electrical parameters 
into a risk model, the scores could differentiate between mortality and shocks. Due to the 
relative low number of events, the results have to be considered with a bit caution. However, 
these results definitely indicate that accurately selected electrical parameters can improve 
selection of patients. MTWA (exercise) and programmed electrical stimulation (invasive) 
comprise a significant burden for patients and are therefore not optimal for a final risk score 
that could be incorporated in guidelines.
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The role of STV in prediction of ventricular arrhythmias
Another parameter that also has been measured in a subset of patients in the EUTrigTreat 
clinical study is beat-to-beat variability of repolarization duration, which was quantified as 
short-term variability of the QT-interval (STV-QT; Chapter 10). A big advantage of this parameter 
is its non-invasiveness. Moreover, it can be determined without noteworthy physical burden. 
Initially, STV was determined in the CAVB dog model from the manually measured LVMAP 
where it turned to be an accurate risk stratifier for TdP arrhythmias18,41. Moreover, STV from 
the MAP was also able to differentiate between susceptible and non-susceptible animals 
in baseline conditions. However, when comparing values from previous studies and values 
in this thesis it turned out that absolute STV values obtained in the past were consistently 
higher. One of the reasons for this difference could be that STV was measured manually, while 
we determined STV in a standardized way using custom written software created in Matlab 
(Mathworks, Natick, USA), except for chapter 3 where we used ECG-Auto (EMKA-technologies, 
Paris, France). Next to different methodologies (manual measurement vs. semi-automatic 
analysis), we determined STV at 80% repolarization instead of 100% in order to prevent the 
influence of noise that particularly appears at the end of repolarization when the signal 
becomes ‘slower’. 
Thomsen et al., already demonstrated that STV-LV can be increased in a physiological and 
a pathophysiological way18,41,42. Physiological differences in STV-LV are related to changes in 
heart rate (e.g. action potential duration), showing lowest values between 600 and 800ms 
cycle length (CL)41,42, while pathological increases of STV-LV are related to remodeling and/
or infusion of proarrhythmic drugs18. We demonstrated that STV-LV was lowest during SR 
(CL almost 600ms) and was slightly increased in unremodeled conditions when paced at 
1000ms CL (Chapter 4). STV-LV was increased when animals remodeled under IVR conditions 
(Chapters 1 and 5), while acute pacing during IVR remodeled conditions acutely decreased 
STV-LV (Chapter 5). Moreover, remodeling after chronic RVA pacing did not increase STV-LV 
(Chapters 4 and 8), while acute and chronic CRT pacing also did not influence STV-LV at baseline 
(Chapter 8). The increase of STV-LV after application of dofetilide was higher in remodeled 
conditions, while absolute values remained lower in paced conditions compared to IVR. Dogs 
chronically paced from the high septum or acutely from the LVA have higher baseline STV-LV 
values (table 1), but we don’t have STV recordings from unremodeled conditions in these 
dogs. From these observations, we can conclude that despite several baseline differences, 
there is an imminent risk to develop TdP on a short notice when STV-LV is above 2.0ms. In 
Chapter 6, we demonstrated large local repolarization duration differences, and as STV-LV is 
related to the action potential duration, the arrhythmic risk might be underestimated when 
the LVMAP is not recorded from the region with longest action potential durations. Therefore, 
STV analysis of the QT-interval would probably be more reliable since the terminal part of the 
T-wave reflects the areas with the longest action potential durations. 
In several small clinical trials with different patient populations, STV was determined from 
the QT interval. These studies demonstrated that STV-QT is associated with an increased risk 
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for ventricular arrhythmias43-46. The subgroup analysis that we performed in the EUTrigTreat 
clinical study (Chapter 10) was the first large patient cohort with analysis of STV-QT. The 
analysis revealed that despite the relatively low number of events, STV-QT strongly tended 
to be associated with an increased risk for ventricular arrhythmias but not for mortality. 
These observations need to be further advanced in a long-term follow up, but they definitely 
indicate a potential role for STV-QT in prediction of ventricular arrhythmias. 
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Every day, the heart beats 80.000 – 100.000 times on average to pump blood to the body. 
However, when the heart starts to beat off-key, like during a life threatening ventricular 
arrhythmia, the heart fails to pump blood to the body, which may lead to sudden cardiac death.

Every heartbeat results from an electrical impulse that occurs from the sinus node, which 
is located in the atria. As a result of the electrical activation, the atria starts to contract and 
blood is pumped into the ventricles. The electrical impulse propagates via the connection 
between the atria and ventricles (AV-node) resulting in electrical activation of the ventricles. 
Subsequently, the ventricles start to contract and blood is pumped to the lungs (right 
ventricle) and the aorta (left ventricle).
The electrical impulse can be recorded by means of an electrocardiogram (ECG, figure 
1). Electrical activation (depolarization) of the atria is shown as a p-wave, while electrical 
activation of the ventricles is represented as the QRS-complex. Recovery of activation 
(repolarization) of the atria is not visible as it is engulfed in the QRS-complex while 
repolarization of the ventricles is shown as the T-wave. The ECG can be used to get insight 
into the electrical condition of the heart.
Heart rhythm disorders can be subdivided in disorders of the atria and ventricles. Ventricular 
arrhythmias may lead to disorganized electrical activation, a condition in which the heart fails 
to pump blood to the body, ultimately leading to cardiac arrest. In these acute conditions, 
only cardiac massage and electrical defibrillation are capable of preventing death. Main 
causes of these potentially life threatening ventricular arrhythmias are acute ischemia during 
myocardial infarction, heart failure due to a reduced ejection fraction, presence of scar tissue 
or a genetic predisposition. 

One of the most intriguing ventricular 
arrhythmias is the Torsade de Pointes 
(TdP) arrhythmia. Since more than 50 
years research has been performed 
to unravel the underlying mechanism 
of this arrhythmia, however, the exact 
mechanism is still under debate. 
An important risk factor for the TdP 
arrhythmia is a delay in recovery of 
electrical activation of the ventricles. 
This can be seen as a prolongation of 
the time between the onset of the QRS 
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Figure 1. Normal ECG 
(From Varkevisser, 2014, Thesis: Is it safe? Adverse drug effects 
and cardiac arrhythmias, with permission)
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complex and the end of the T-wave, also known as the QT interval. The prolongation of the 
QT interval can be caused by congenital factors, but also caused by acquired factors like 
drugs. However, prolongation of the QT interval leads not automatically to the occurrence 
of TdP arrhythmias. Therefore, it is important to get insight in risk factors that might be 
important for the occurrence of TdP. Perhaps even more important is the unraveling of the 
underlying mechanism of TdP. With this knowledge diagnostic tests might be developed to 
trace patients that have an actual risk and to prevent them from sudden cardiac death.

Life-threatening ventricular arrhythmias, like TdP, are relatively uncommon and the time 
when the arrhythmia will emerge is unpredictable. Therefore, it is quite a challenge to conduct 
research in a systematic fashion.  The chronic AV-block dog model is typically characterized 
by its high susceptibility for TdP arrhythmias. In this model, an AV-block is induced by 
radiofrequency ablation of the AV-node by which the electrical connection between atria and 
ventricles is disrupted. Therefore, the ventricles have to be activated from a new electrical 
focus, which results in acute bradycardia and an altered ventricular activation pattern most 
frequently originating from the left ventricle (Chapter 5).  The electrical activation pattern can 
be controlled, for instance, by the use of a pacemaker to stimulate the left or right ventricle. 
Subsequently, the heart starts to adapt to its new condition. Administration of dofetilide, 
a drug that prolongs the QT interval, increases the susceptibility for TdP arrhythmias. In 
Chapter 2, we demonstrate the importance of ventricular remodeling for the induction of 
TdP. Dofetilide was not able to induce TdP acutely after creation of AV-block, while 3 weeks 
of remodeling increased the susceptibility for TdP dramatically to 60-80%. These results 
indicate that long-term adaptations due to bradycardia and an altered ventricular activation 
are crucial for induction of TdP. Another important factor that influences TdP susceptibility 
is anesthesia. In Chapter 3, we show that anesthesia increases TdP susceptibility. Moreover, 
type of anesthesia is also important for the induction of TdP, so we can conclude that there 
are safe and unsafe anesthetic regimens.
In Chapter 4, a pacemaker has been used to gain control of the electrical activation pattern. The 
pacemaker lead is positioned in the apex of the right ventricle resulting in a dyssynchronous 
electrical activation and contraction of the ventricles. We show that three weeks of 
bradycardic right ventricular apex pacing results in a strong increase for TdP susceptibility. 
Interestingly, adaptations in the ventricles are region dependent. Early activated regions, 
close to the pacing site, demonstrate more prolongation of repolarization compared to 
remote areas. In Chapter 5, we demonstrate that an acutely altered activation pattern, in 
presence of ventricular adaptations, does not change susceptibility for TdP arrhythmias. 
Thus, our results indicate that acutely altered activation, both in absence (Chapter 2) and 
presence (Chapter 5) of long-term adaptations due to AV-block, will not influence arrhythmic 
outcome. As described in Chapter 4, ventricular remodeling due to right ventricle apex pacing 
causes regional differences in repolarization duration. In Chapter 6, we further elaborate on 
these changes by inserting 64 needle electrodes in both the right en left ventricle to record 
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electrical activity simultaneously at multiple regions in the heart. Our results demonstrate 
that the origin of the TdP arrhythmia consistently arises from the region at or next to the site 
of maximal dispersion of repolarization. Moreover, we show that maximal local differences 
in repolarization duration are significantly lower in animals that were not susceptible for TdP 
arrhythmias when compared to susceptible animals. So, we have found a clear explanation 
why subjects develop TdP arrhythmias or why not. Further research should focus on the 
underlying mechanism of local heterogeneity of repolarization. In Chapter 7, two different 
methods to determine local repolarization duration are compared. Chapter 8 shows the effects 
of cardiac resynchronization therapy. A pacemaker lead is positioned in both the right- and 
left ventricle to synchronize electrical activation. We show that electrical resynchronization is 
accompanied with a reduction in the number and severity of TdP episodes. 
In Chapter 9 and 10, we focus on prediction of life threatening ventricular arrhythmias in 
patients. We show in a large European multicenter study (the EU-TrigTreat clinical study) 
that a combination of clinical parameters and several advanced ECG recordings is able 
to distinguish between an enhanced risk for life threatening arrhythmias and all cause 
mortality. In Chapter 10, we further elaborate on a relatively new ECG parameter that has 
been developed in the chronic AV-block dog model. In this method, the variability of the QT 
interval between consecutive beats is determined. In the dog model, it has been shown that 
an increased variability is associated with an increased risk for TdP arrhythmias. In Chapter 
10, we show similar results for patients: a higher variability is associated with an increased 
risk for life threatening ventricular arrhythmias. In future, this parameter might be useful to 
trace patients with increased risk for sudden cardiac death. 

CONCLUSION

Taking everything into consideration, we can conclude that several risk factors play a role 
in the occurrence of ventricular arrhythmias. One of the most important prerequisites is the 
occurrence of ventricular remodeling. In the dog model the induction of AV-block underlies 
ventricular adaptions, while in patients the underlying causes are frequently myocardial 
infarction or other heart diseases. It is important to realize that adaptations may differ per 
region, which is also the trigger for the increased risk of TdP arrhythmias. We have shown 
that advanced ECG recordings may play a role in the prediction of life threatening ventricular 
arrhythmias. Eventually, this may lead to a better estimation of the patients’ individual risk, 
which can lead to patient tailored treatment.
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Gemiddeld zo’n 80.000 – 100.000 keer per dag knijpt het hart samen om bloed rond te pompen 
door het lichaam. Zodra het hart niet langer meer effectief samenknijpt, zoals tijdens een 
levensbedreigende kamerritmestoornis, wordt er geen bloed meer rondgepompt en kan dat 
leiden tot plotse hartdood.

Elke hartslag wordt aangestuurd door een elektrisch signaal dat ontstaat in de zogeheten 
sinusknoop die gelokaliseerd is in de bovenste hartkamers (boezems). Als gevolg van deze 
elektrische activatie gaan de boezems samenknijpen en wordt bloed in de onderste hartkamers 
gepompt. Het elektrische signaal verloopt via de verbindingsroute tussen de boezems en de 
onderste hartkamers (de AV-knoop) en zorgt dan voor elektrische activatie van de onderste 
hartkamers. Daardoor gaan de onderste hartkamers samenknijpen en wordt het bloed zowel 
de longen (via de rechterkamer) en de grote lichaamsslagader (via de linkerkamer) ingepompt. 
Het elektrische signaal kan geregistreerd worden met een hartfilmpje (electrocardiogram = 
ECG, figuur 1). De elektrische activatie (depolarisatie) van de boezems wordt weergegeven 
als p-golf, terwijl de elektrische activatie van de kamers zichtbaar wordt als het QRS-complex. 
Herstel van elektrische activatie (repolarisatie) van de boezems is niet zichtbaar omdat dit 
wegvalt in het QRS-complex. De T-golf op het hartfilmpje geeft het herstel van elektrische 
activatie van de onderste hartkamers weer. Het hartfilmpje kan gebruikt worden om meer 
inzicht te krijgen in het elektrische functioneren van het hart.
Hartritmestoornissen kunnen grofweg opgedeeld worden in ritmestoornissen van de 
boezems of ritmestoornissen van de kamers. Ritmestoornissen van de kamers zorgen voor 
chaotische elektrische activiteit waardoor het bloed niet goed meer rondgepompt wordt en 
het hart uiteindelijk stopt met kloppen. In zo’n geval is hartmassage en defibrillatie de enige 

adequate behandeling om overlijden 
te voorkomen. De belangrijkste 
oorzaken van deze levensbedreigende 
kamerritmestoornissen zijn een acuut 
zuurstoftekort door een hartinfarct, 
hartfalen door een verminderde 
pompfunctie, de aanwezigheid van 
littekenweefsel of een genetische 
aandoening.

Eén van de meest intrigerende 
kamerritmestoornissen is de Torsade 
de Pointes (TdP) ritmestoornis. Er 
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Figure 1. Normaal ECG 
(Bron Varkevisser, 2014, Proefschrift: Is it safe? Adverse drug 
effects and cardiac arrhythmias, met toestemming)
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wordt al ongeveer 50 jaar onderzoek gedaan naar de precieze ontstaanswijze van deze vorm 
van kamerritmestoornis maar nog steeds is er discussie. Een belangrijke risicofactor voor 
de TdP ritmestoornis is het vertraagd herstel van de elektrische activatie van de kamers. 
Op het hartfilmpje wordt dit gezien als een verlenging van de tijd tussen het begin van het 
QRS complex en het einde van de T-golf: de QT-tijd. Een verlengde QT-tijd kan veroorzaakt 
worden door aangeboren genetische aandoeningen, maar ook medicijnen kunnen de QT-
tijd verlengen. Echter niet elke verlenging van de QT-tijd leidt automatisch tot het ontstaan 
van TdP ritmestoornissen. Het is daarom belangrijk om inzicht te krijgen in mogelijke 
risicofactoren die belangrijk zijn voor het ontstaan van TdP. Misschien nog wel belangrijker 
is het ontrafelen van het onderliggende mechanisme waarom TdP ontstaat. Met deze kennis 
zouden namelijk tests ontwikkelt kunnen worden om patiënten die daadwerkelijk een 
verhoogd risico hebben op te sporen en vroegtijdig te behandelen. 

Levensbedreigende kamerritmestoornis zoals TdP komen relatief zeldzaam voor en het 
precieze moment van ontstaan is onvoorspelbaar. Daarom is het moeilijk om op een 
systematische manier onderzoek te verrichten naar deze ritmestoornis. Het chronisch AV-
blok hondenmodel is een model dat heel gevoelig is voor deze vorm van ritmestoornis. 
Karakteristiek voor het model is het maken van een AV-blok waardoor de elektrisch 
verbinding tussen boezems en kamers (de AV-knoop) wordt verstoort. Door deze verstoring 
moeten de beide onderste hartkamers vanuit een nieuw focus geactiveerd worden. Hierdoor 
ontstaat er een trage hartslag met een veranderd elektrisch activatiepatroon wat meestal 
in de linker kamer ontstaat (hoofdstuk 5). Het is mogelijk dit elektrisch activatiepatroon te 
beïnvloeden/wijzigen door bijvoorbeeld een pacemaker te gebruiken die of in de rechter 
of in de linkerkamer ligt. Het hart gaat zich vervolgens aanpassen aan deze nieuwe situatie 
en na toediening van dofetilide, een medicijn dat het herstel van de elektrische activatie 
van de kamers vertraagd, is er een verhoogde gevoeligheid voor TdP ritmestoornissen. 
Hoofdstuk 2 laat zien dat acuut na het maken van AV-blok nagenoeg geen enkele hond 
gevoelig is voor TdP, terwijl 3 weken (chronisch AV-blok) later 60-80% van dezelfde honden 
TdP ritmestoornissen laat zien. Lange termijn aanpassingen die ontstaan door een trage 
hart slag en een veranderd elektrisch activatiepatroon zijn dus ontzettend belangrijk om 
TdP ritmestoornissen te laten ontstaan. Een andere belangrijke factor die invloed heeft op 
de gevoeligheid voor TdP ritmestoornissen is anesthesie (narcose). In Hoofdstuk 3 laten we 
zien dat de gevoeligheid voor TdP ritmestoornissen sterkt stijgt na anesthesie. Ook wordt 
duidelijk dat de verschillende soorten anesthesie een verschillende gevoeligheid voor TdP 
met zich meebrengen, dus er zijn veilige en minder veilige narcosemiddelen. 
In hoofdstuk 4 is er een pacemaker geplaatst om controle te krijgen over het elektrische 
activatiepatroon. De pacemakerdraad zit in de rechterkamer van het hart, dus de rechterkamer 
wordt voor de linkerkamer geactiveerd. Dit heeft tot gevolg dat ook het samenknijpen van 
het hart niet langer synchroon gebeurt. Minimaal 3 weken rechterkamer activatie zorgt 
ervoor dat de gevoeligheid voor TdP ritmestoornissen opnieuw sterk toeneemt. Interessant 
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genoeg zien we dat de aanpassingen die ontstaan in deze 3 weken niet overal in het hart 
op dezelfde manier plaatsvinden. Gebieden die vroeger geactiveerd worden, dus dicht bij 
de rechterkamer liggen, laten een sterkere verlenging zien van de lokale repolarizatieduur 
ten opzichte van gebieden die ver van de pacemakerdraad liggen. In hoofdstuk 5 laten we 
zien dat een acuut veranderd activatiepatroon, na lange termijn aanpassingen als gevolg van 
het AV-blok, geen invloed heeft op de gevoeligheid voor TdP. Dus zowel in aan- (hoofdstuk 
5) en afwezigheid (hoofdstuk 2) van lange termijn aanpassingen door het AV-blok lijkt een 
acuut veranderde elektrische activatiepatroon geen invloed te hebben op de gevoeligheid 
voor TdP ritmestoornissen. Zoals reeds beschreven in hoofdstuk 4 zijn er verschillen in lokale 
repolarizatieduur na chronisch AV-blok. In hoofdstuk 6 hebben we dit verder uitgewerkt door 
64 naalden in het hart te plaatsen en zo tegelijkertijd de elektrische activiteit te meten op heel 
veel verschillende locaties. De resultaten laten zien dat de TdP ritmestoornis telkens ontstaat 
vanuit het gebied met het grootste lokale repolarizatieduur verschil. Daarnaast laten we zien 
dat in honden die niet gevoelig zijn voor TdP ritmestoornissen het maximale verschil in lokale 
repolarizatieduur beduidend kleiner is. We hebben dus nu een verklaring voor het verschil 
in gevoeligheid voor TdP ritmestoornissen. Verder onderzoek moeten duidelijk maken wat 
hiervoor de redenen zijn. In hoofdstuk 7 worden 2 verschillende manieren om de lokale 
repolarizatieduur te meten met elkaar vergeleken. Hoofdstuk 8 beschrijft de effecten van het 
herstel van elektrische activatie. Er is een pacemakerdraad geplaatst in zowel de rechter- als 
wel de linkerkamer waardoor de elektrische activatie weer tegelijk plaatsvindt. We laten zien 
dat het herstel van elektrische activatie geassocieerd is met een afname van het aantal TdP 
ritmestoornissen. 
In de hoofdstukken 9 en 10 ligt de focus op het voorspellen van levensbedreigende 
kamerritmestoornissen in patiënten. In een grote Europese studie, de EU-TrigTreat studie, 
laten we zien dat we met behulp van specifieke hartfilmpjes onderscheid kunnen maken 
tussen het risico op overlijden en het risico op het krijgen van een levensbedreigende 
hartritmestoornis. In hoofdstuk 10 beschrijven we de rol van een relatief nieuwe meting 
die ontwikkelt is in het hondenmodel. Deze meting meet de variatie van QT-tijd tussen 
opeenvolgende hartslagen. In het hondenmodel hebben we in het verleden al laten zien 
dat een toegenomen variabiliteit van de QT-tijd is gerelateerd aan een hoger risico op TdP 
ritmestoornissen. Net als in de hondenexperimenten, laat hoofdstuk 10 laat zien dat een 
hoge variabiliteit in patiënten is geassocieerd met een hoger risico op levensbedreigende 
ritmestoornissen. Dus deze parameter zou in de toekomst misschien gebruikt kunnen worden 
om patiënten met een hoog risico  op levensbedreigende ritmestoornissen op te sporen.
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CONCLUSIE

Alles in ogenschouw nemend kunnen we concluderen dat er verschillende risicofactoren 
zijn op het krijgen van ritmestoornissen. Eén van de belangrijkste is wel dat er aanpassingen 
ontstaan in het hart. In het hondenmodel wordt dat uitgelokt door het verstoren van de 
elektrische geleiding, terwijl in patiënten dit vaak een hartinfarct of een andere hartziekte 
is. Het is belangrijk te realiseren dat de aanpassingen kunnen verschillen per regio wat 
ook de oorzaak blijkt te zijn voor het ontwikkelen van TdP ritmestoornissen. Specifieke 
hartfilmpjes lijken een rol te kunnen spelen in het voorspellen van levensbedreigende 
hartritmestoornissen. Wanneer het risico van de individuele patiënt beter voorspelt wordt, 
kan dat uiteindelijk ook kunnen lijden tot een betere patiënt-specifieke behandeling.
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Aan het eind gekomen van mijn promotietraject wat geleid heeft tot dit proefschrift rest mij 
nog om iedereen te bedanken die zijn steentje heeft bijgedragen, in welke mate dan ook.

Marc, het is ondertussen al weer 10 jaar geleden dat ik je voor het eerst tegenkwam als 
werkgroep begeleider tijdens het eerste jaar van de geneeskunde opleiding. Je enthousiasme 
leidde er toe dat ik terecht kwam op de Medische Fysiologie en daar uiteindelijk ben gebleven. 
De eerste jaren samen met Shahnam in het kader van het honoursprogramma, daarna in het 
5e jaar voor een verlengde wetenschappelijke stage van 8 maanden en vanaf januari 2013 als 
PhD student. Ik wil je bedanken voor het vertrouwen dat je mij hebt geschonken gedurende 
deze jaren en voor je uiteindelijke rol als promotor. Verder denk ik aan de verschillende 
reizen: hoewel onze interesses niet altijd op dezelfde lijn lagen was je aanwezigheid wel altijd 
garant voor leven in de brouwerij.
Vervolgens gaat mijn dank uit naar Matthias en Anton. Als copromotor hebben jullie beide een 
belangrijke rol gespeeld in het tot stand komen van dit proefschrift. Met name denk ik terug 
aan al die vroege maandagochtenden op de cathkamer. Zonder jullie aanwezigheid waren 
al die non-invasieve EFO’s niet gelukt. Matthias, je input als clinicus in de dierexperimentele 
studies is zeer gewaardeerd. Anton, ondanks talloze frustraties tijdens de METC aanvraag 
hebben we uiteindelijk groen licht gekregen. Ook zal ik je culinaire enthousiasme niet snel 
vergeten tijdens de verschillende reizen naar onze oosterburen.

Alle dierexperimenten zouden niet gelukt zijn zonder jouw expertise, Jet. Volgens mij heb ik je 
meerdere malen tot wanhoop gedreven als ik weer eens een extra pacings protocol wilde tijdens 
de experimenten, maar desondanks stond je er bijna altijd open voor. Ik heb altijd met plezier op 
de OK met je samengewerkt. Ook je hulp bij de analyses heb ik zeer gewaardeerd. Dank daarvoor!
Dan wil ik Jacques bedanken voor zijn hulp tijdens de mapping experimenten. Je was altijd bereid 
om mee te kijken naar weer een vreemd signaal en zonder jouw kennis van al die electrogrammen 
was het niet wat geworden. Marcel, hoewel je niet actief betrokken was als begeleider was je wel 
altijd bereid om mee te denken en advies te geven. Als ik nu ’s avonds eens naar de sterren kijk 
denk ik nog wel eens terug aan Milaan waar ik je fascinatie voor de ruimte ontdekte. Ook wil ik de 
andere (oud)-stafleden, Toon, Teun, Harold, Marti, Martin en Maria bedanken.
Veel experimenten die ik gedaan heb zijn een voorzetting geweest van het onderzoek wat jij 
al gedaan had Thom. Je immer kritische houding en je oog voor detail zorgden er voor dat 
ik elke keer weer uitgedaagd werd om scherp te blijven. Ook Sofieke wil ik bedanken voor de 
samenwerking. Je hebt me ingewijd in de TrigTreat studie, de wereld van STV-QT en vooral 
dat fantastische analyseprogramma. Ik denk met veel plezier terug aan onze discussies 
die uiteindelijk altijd weer leidden tot meer vragen. David ik wens je heel veel succes met 
de voortzetting van de Europese trials en ik ben erg benieuwd naar de resultaten. Alex, we 
had many great discussions about our experiments and how to interpret the results. I really 
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enjoyed working with you! Wouter, tientallen echo’s heb je gemaakt tijdens de experimenten. 
Ik weet zeker dat deze data ons helpt om remodelering beter te begrijpen. Iris, jij ging weer 
een stapje verder door te kijken naar geïsoleerde cellen. Ik hoop dat de techniek uiteindelijk 
mee zal werken en ben erg benieuwd naar de resultaten. Ook de andere (oud)-collega’s, 
Sanne, Magda, Rianne, Nele, Vincent, Peter, Roel, Elise, Helen, Hanneke, Yuan en Siddarth wil 
ik bedanken voor de samenwerking en gezelligheid. 
Tonny, jouw kamer was altijd een uitstekende plek om even koffie te drinken en bij te praten. 
Dank voor je belangstelling en je hulp voor van alles en nog wat! Ook Marien, Bart en Leonie 
van de ‘analistenkamer’ wil ik bedanken. Ongelofelijk Bart wat jij kunt met PowerPoint. 
I also would like to thank Markus for the pleasant cooperation in the EUTrigTreat clinical 
study and the EU-CERT-ICD study. Furthermore, I’d like to thank Leonard for his help and also 
for showing me around Gottingen. 

Dan kom ik toe aan de paranimfen, Bastiaan en Erik. Dank dat jullie allebei meteen bereid 
waren om deze taak te aanvaarden. Bastiaan, wij zijn drie jaar geleden bijna tegelijkertijd 
begonnen als AIO op de Medische Fysiologie. Tal van discussies hebben we gevoerd over 
de meest uiteenlopende onderwerpen, dat is wat mijns inziens een promotietraject extra 
waardevol maakt. Dank daarvoor! Erik, wij kennen elkaar ondertussen al zo’n tien jaar.  We 
hebben een fantastische tijd gehad in Maartensdijk en ondanks dat we elkaar nu niet zo vaak 
meer zien is het altijd weer als vanouds zodra we elkaar tegenkomen. Dank dat je ook als 
paranimf aanwezig wilt zijn bij de promotie.

Gewoontegetrouw wil ik ook mijn vriendengroep noemen in dit dankwoord. Bert, Dick, Herman, 
Evert en Klaas, ik wil jullie bedanken voor de gezelligheid die we al jaren met elkaar hebben. 

Beste (schoon)familie, ook jullie wil ik noemen in dit dankwoord en bedanken voor jullie 
betrokkenheid. Drie jaar lang werken aan verschillende onderzoeken was voor jullie soms 
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