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LIST OF ABREVIATIONS 

ACC American College of Cardiology 
ACS acute coronary syndrome 
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AP  action potential 
APA  action potential amplitude 
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IKs Slow component of delayed rectifier potassium current 
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LV left ventricle 
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MAPD90 duration of the monophasic action potential at 90% of its height 
MI  myocardial infarction 
MRI  magnetic resonance imaging 
MTWA microvolt T wave alternans 
NCX  Na+-Ca²+ exchanger 
NSVT non-sustained ventricular tachycardia 
NYHA New York Heart Association 
RA  right atrium 
RCT randomized controlled trials 
RR relative risk 
RV right ventricle 
SAECG signal-averaged ECG 
SCA sudden cardiac arrest 
SCD  sudden cardiac death 
SERCA  sarcoendoplasmatic reticulum Ca²+-ATPase2a 
STEMI ST-elevated myocardial infarct  
STV  short term variability 
TWA  T-wave alternans 
VA ventricular tachyarrhythmia 
Valt alternans magnitude 
VF  ventricular fibrillation 
VPB ventricular premature beat 
VT  ventricular tachycardia 
VTE Ventricular tachyarrhythmic event 
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ABSTRACT 

Sudden cardiac death (SCD) is an important cause of mortality. We review the definition, 
impact and underlying etiology of SCD. Ventricular tachyarrhythmia accounts for the 
majority of SCD events and can be caused by various underlying heart diseases, the most 
frequent being ischemic cardiomyopathy. The most effective ways to reduce SCD risk in 
ischemic cardiomyopathy is optimal prevention of recurrent coronary ischemia and the 
implantation of an implantable cardioverter-defibrillator (ICD) in high risk patients. We 
discuss current patient selection for ICD implantation and focus on the need and possibilities 
to improve SCD risk stratification. 
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INTRODUCTION 

Defining sudden cardiac death. 

Sudden cardiac arrest (SCA) can be defined as abrupt cessation of cardiac activity due to an 
underlying cardiac cause, occurring instantaneous in a previously stable patient and in 
absence of non-cardiovascular causes for the cardiac arrest (e.g. trauma, intoxication, 
drowning, electrocution) (1) (2). SCA will lead to loss of consciousness within the minute due 
to insufficient cerebral perfusion.  If no immediate action to restore circulation such as 
defibrillation is taken, SCA will lead invariably to sudden cardiac death (SCD). In this 
manuscript we will use SCD as the common term for both SCD and SCA. The mechanism 
underlying SCD is arrhythmic in the majority (80-90%) of the cases (3) and over 80% of the 
arrhythmic episodes are ventricular tachyarrhythmia (VA): ventricular tachycardia or 
fibrillation (4).  

SCD is a major cause of death with high impact on daily life. 

As in many cases the deadly event is not witnessed (e.g. during sleep) and out-of-hospital, no 
definition of SCD is 100% accurate (1). This makes that epidemiological data vary from 
report to report. However it is clear SCD that is a very frequent cause of mortality in the 
world. Incidence estimates from large population studies in the 1990’s were as high as 450000 
SCD cases per year in the USA (5), 400000 in Europe (6) and 3000000 worldwide (7). SCD 
accounts for over 50% of all cardiac related deaths in the US (8) (9) and it is the second 
leading cause of death after all cancers combined (10). Even though the last 20 years, the 
significant decrease in the incidence of cardiovascular mortality was also observed for SCD 
(11), SCD remains a very important health issue. Not only because the incidence remains 
high, but also because the abrupt and unforeseeable character of the condition leads to very 
low out-of-hospital survival rates (under 10%) (11) and a subsequent loss of lives in people 
that were often free of morbidity right before the event.  

A prism of possible underlying causes. 

The underlying conditions that form the substrate and trigger for the VA leading to SCD are 
very diverse.  In less than 10% of the patients experiencing SCD, no macroscopic structural 
heart disease is found (12). This subgroup consists of congenital electrophysiological 
anomalies, such as the congenital long- and short QT syndromes, the Brugada syndrome, 
catecholaminergic polymorphic ventricular tachycardia and idiopathic ventricular fibrillation. 
These conditions are a particularly important cause of death in young patients. The knowledge 
about origin, detection and treatment of these individual conditions is evolving continuously 
but beyond the scope of this review. The majority of all SCD cases are accompanied by 
structural cardiac abnormalities, of which SCD is often the first presentation. These 
abnormalities can be divided in coronary artery disease (myocardial ischemia and infarction), 
congestive heart failure, ventricular hypertrophy, arrhythmogenic ventricular cardiomyopathy 
or a combination of these. Up to 70% of all SCD are related to myocardial ischemia or 
subsequent infarction and heart failure. SCD in turn is the mortality cause in up to 50% of all 
deaths due to ischemic heart disease (13). In this review we will focus on prevention of SCD 
in ischemic cardiomyopathy. 

ARRHYTHMOGENIC MECHANISMS SPECIFIC FOR ISCHEMIC 
CARDIOMYOPATHY 
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SCD is caused in the majority of cases by ventricular arrhythmia (VA): ventricular fibrillation 
(VF), ventricular tachycardia (VT) or VT degenerating in VF. Arrhythmogenesis results from 
the interaction between a transient initiating event, a cardiac substrate and an arrhythmic 
mechanism (14).  In ischemic cardiomyopathy, two specific underlying pathophysiological 
mechanisms leading to VA predominate.  

First, acute myocardial ischemia due to insufficient coronary blood supply and post-ischemic 
reperfusion can induce VA through abnormal automaticity (14). This mechanism is 
responsible for the high incidence of VA during the first 48 hours after acute myocardial 
infarction. Strategies for rapid coronary reperfusion, continuous ECG monitoring on 
specialized coronary care units and early external defibrillation when needed have resulted in 
a drastic decrease in mortality in the acute phases of acute myocardial infarction since the 
1980’s (11). Improved protection against this arrhythmia mechanism is offered by eliminating 
behavioral cardiovascular risk factors e.g. smoking and obesity, optimal reperfusion therapy 
and the pharmacological prevention of recurrent coronary ischemia through e.g. statins, 
platelet aggregation inhibitors, beta-blockers and angiotensin converting enzyme (ACE) 
inhibitors (14). 

The other main arrhythmic mechanism in ischemic heart disease is reentry in myocardium 
scarred by infarction. It is believed that the conditions for reentry are established through 
disruption and reorganization of the intercellular gap junctions in the border zone of healing 
infarcts (15). In contrast to abnormal automaticity induced by acute ischemia, this substrate is 
not transient but permanent and it is responsible for the ‘late’ presentation of SCD in patients 
with previous myocardial infarction. The presence of this substrate for reentry will put the 
patients at permanent risk of developing life threatening arrhythmia, in spite of an optimal 
reduction in recurrent ischemia risk as discussed above. 

PREVENTION OF SCD IN ISCHEMIC CARDIOMYOPATHY 

In the last 20 years several options have been developed to prevent and treat VA leading to 
SCD. 

Pharmacological strategies to reduce SCD 

The prevention of recurrent ischemia to prevent SCD in ischemic cardiomyopathy has already 
been mentioned. Given that scar tissue is a chronic substrate of reentry VA, also 
pharmacological therapies limiting myocardial injury and adverse remodeling reduce SCD 
risk. This was repeatedly proven for ACE inhibitors, making them a post infarct treatment’s 
cornerstone (16). The last 20 years, there has been an extensive quest to find an anti-
arrhythmic agent that can reduce SCD risk once the arrhythmic substrate is present. Only 
beta-blockers have shown to reduce SCD in patient with previous MI (17). This is due to their 
protective effect against recurrent ischemia and alleviation of sympathetic tone, but probably 
also due to intrinsic electrophysiological effects (18). The results for other anti-arrhythmic 
agents have been disappointing. Class I (mexiletine, encainide, flecainide, moricizine), class 
III (sotalol, dofetilide) and class IV drugs (calcium antagonists) all failed to reduce or even 
increased the incidence of sudden cardiac death after MI (14). Finally even amiodarone, 
having the most potent antiarrhytmic effects with almost no proarrhythmic risk but frequent 
and important negative side-effects, failed to reduce mortality in several large randomized 
controlled trials (RCT) (19). 
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The implantable cardioverter-defibrillator (ICD) to prevent SCD. 

The implantable cardioverter-defibrillator (ICD), a subcutaneous implanted device that 
detects VA through a lead placed in the right ventricle (figure 1) and that automatically treats 
these arrhythmias by delivering anti-tachypacing or ultimately a high power DC shock, 
emerged in clinical practice in the early 1980’s. This therapy does not prevent VA, but it does 
prevent SCD following VAs. The benefit on mortality was convincingly shown in survivors 
of a previous sustained ventricular arrhythmia (20) (21) and has led to secondary prevention 
ICD implantation guidelines that are relatively straightforward and effective (table 1). The 
extremely high mortality of SCD at its very first presentation implied that ICD therapy should 
not be restricted to survivors of previous VA (11). The first and second Multicenter 
Automatic Defibrillator Implantation Trial (MADIT I & II), the Multicenter Unsustained 
Tachycardia Trial (MUSTT) and the Sudden Cardiac Death in Heart Failure Trial (SCD 
HeFT) were landmark RCT’s all showing significantly improved survival in patients that 
suffered a myocardial infarction and were considered to be at high risk for SCD based on a 
limited number of parameters of which depressed left ventricular ejection fraction (LVEF) 
was the most important (table 2) (19) (22) (23) (24). The forthcoming guidelines in primary 
prevention of SCD were somewhat more complex than these for secondary prevention ICD 
implantation (table 1) but still allowed implementation in daily clinical routine. 

 

 

 

Figure 1: Conventional x-ray of the chest of a patient with an implantable cardioverter-
defibrillator implanted subcutaneously in left pre pectoral position and one lead for shocking 
and pacing in the right ventricular apex. 

   



Introduction Part 1 14 
 

 

Secondary prevention: 

- survivors of VF or hemodynamically unstable sustained VT after exclusion of 
reversible causes. (IA) 

- patients with structural heart disease and spontaneous sustained VT, 
hemodynamically stable or unstable. (IB) 

- patients with syncope of undetermined origin with clinically relevant, 
hemodynamically significant VT or VF induced at EP study. (IB) 

Primary prevention: 

- patients with LVEF ≤ 35% due to prior MI (>40 days) in NYHA functional 
Class II or III. (IA)  

- patients with LVEF < 30% due to prior MI (> 40 days) and NYHA functional 
Class I. (IA) 

- patients with nsVT due to prior MI, LVEF <40%, and inducible VF/VT at EP 
study. (IB) 

 

Table 1: ICD implantations Guidelines applicable to ischemic cardiomyopathy patients as 
outlined by the ACC/AHA/HRS in 2008 (44). 

 

 

 

Trial acronym LVEF Other parameters 
MADIT I (22)  < 35% Documented NSVT, inducible VT persistent after drug trial. 
MUSTT (23) < 40% Documented NSVT, inducible VT. 
MADIT II (24) < 30%  
SCD-HeFT (19) < 35% NYHA Class II or III. 
 

Table 2: Patient population specific parameters in primary prevention ICD trials. 
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Radiofrequency ablation for SCD prevention. 

Radiofrequency ablation for VA is another recently studied approach. The rationale is 
straightforward: through the creation of lesions on critical points in the scar tissue, the circuit 
that allows reentry is interrupted and the risk for VA lowered. This technique has proven to 
significantly reduce the recurrence of VT in patients with previous myocardial infarction (25). 
Unfortunately, it has only proven effectiveness in the limited subset of patients with stable 
VT, its impact on reducing mortality of SCD or the possibility to avoid ICD implantation after 
ablation has currently not been investigated and ablation seems less likely to be beneficial in 
patients with the more complex arrhythmic substrates more prone to cause SCD. 

RISK STRATIFICATION FOR ICD IMPLANTATION IN PRIMARY PREVENTION OF 
SCD 

Does the current risk stratification for ICD implantation in primary prevention need to be 
improved? 

Although backed by scientifically sound evidence, the current identification of candidates for 
an ICD in primary prevention of SCD is far from optimal. A meta-analysis of the above 
mentioned large RCT showed that with the current risk stratification, only approximately 1 in 
4 patients (22.9%, range 17.8-31.4%) received appropriate possibly lifesaving interventions 
from their ICD (26). Combined with the important upfront financial cost of an ICD system, 
the need for frequent follow-up and the inevitable complications of a device with intracardiac 
leads, this makes cost-effectiveness of ICD therapy an polemical issue for today’s health 
economics. Estimations of the cost to gain one quality adjusted year of life range around € 
30,000 and have been repeatedly challenged, making decisions on reimbursement difficult in 
this era of economic uncertainty (27). Moreover, although the used risk stratification does 
identify a subpopulation in which the incidence of SCD is higher than in the general 
population, the absolute number is only a minority compared to the number of SCD cases in a 
broader population without depressed LVEF or even without ischemic cardiomyopathy (28).  

The quasi monopoly of reduced LVEF in the risk stratification for a primary prevention ICD 
implantation (cf. table 2) has the advantage of simplicity but also major drawbacks. The 
rationale behind its use as a predictor of SCD is that lower LVEF reflects advanced cardiac 
remodeling leading to an arrhythmic substrate. Nevertheless, LVEF has relatively low 
sensitivity and specificity for arrhythmia leading to SCD: the majority of SCD patients do not 
have low ejection fraction and the majority of patients with low LVEF will never experience 
SCD (29). Another important issue is the strong predictive value of low LVEF for total 
mortality, as such patients with low LVEF are also at high risk of non-sudden cardiac death. 
SCD and non-sudden death risk are to be seen as competing risks (30): a very high risk of 
dying from heart failure will prevent an ICD implantation from being useful (31) (32). Thus, 
very low LVEF might rather be a marker of particular ICD-resistant mortality.  

The quest for the telltale of specific arrhythmic risk 

ICD implantation efficacy can only be improved when it is easily possible to identify patients 
at high risk for arrhythmia but at low non-arrhythmic death risk. This ‘electrophysiologist’s 
holy grail’ has urged many to find new, preferentially non-invasive, approaches to detect 
factors that act as trigger or create a substrate for reentry leading to VA and SCD. The most 
import pathophysiological factors that have been identified are ventricular ectopy, myocardial 
scar, slowed ventricular conduction, imbalance in autonomic tone and heterogeneity in 
ventricular repolarization. We briefly present the rationale and – where already known - the 
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value of these techniques in a systematic structure presented by an AHA/ACC/HRS 
consensus document (33).  

1. Ventricular ectopy 

Ambulatory ECG (Holter) monitoring can easily detect ventricular premature beats (VPB) 
and nonsustained VT (NSVT). The presence of 10 VPBs or more per hour in post-MI patients 
correlated with higher total mortality: its negative predictive value was over 90% whereas its 
positive predictive value ranged from 5 to 15% (34). This predictive value became stronger 
when combined with a reduction of LVEF (33). Holter has proven to be clinically useful to 
guide therapy in ischemic cardiomyopathy is in the subgroup of patients with LVEF between 
35 and 40%: if NSVT is recorded, an electrophysiological study should be performed. If the 
latter is positive, ICD implantation has shown to improve survival (table 1). 

2. Extent of myocardial damage and scar formation 

More myocardial damage means higher change of developing a reentrant substrate. Lower 
LVEF is reflecting myocardial damage and its value has been discussed above. Magnetic 
resonance imaging (MRI) with delayed contrast enhancement (DE) is a more direct 
measurement of the extent of myocardial scar. A large observational study evaluating the 
correlation between outcome and MRI measured LVEF and scar size showed that even in 
patients with near-normal LVEF, significant damage identifies a cohort with a high risk for 
early mortality (35). The extent of scar on DE-MRI has been correlated with ICD 
interventions for VA in post MI patients (36). No data on MRI guided anti-arrhythmic therapy 
are available. 

3. Slowed ventricular conduction. 

QRS duration can be obtained easily from a standard electrogram. A broadened QRS complex 
is a marker of high total mortality in ischemic cardiomyopathy patients with depressed LVEF 
(37). A broad QRS reflects slow conduction, which has been suggested to be a direct cause of 
arrhythmogenic dispersion of ventricular recovery (38), but no data warrant the use of QRS 
duration as a specific marker for SCD.  Signal-averaged ECG (SAECG) is a technique that 
allows noise reduction and amplification of an ECG signal in order to detect late potentials 
(figure 2). These subtle signals at the end of the QRS indicate prolonged activation of small 
parts of the myocardium, typically in infarct regions, and were shown to correlate with reentry 
substrate by some. Abundant clinical data show that abnormal SAECG may identify MI 
patients at risk for SCD, but no proof for superiority of SAECG guided ICD therapy is 
available (33). Mechanical dispersion of contraction measured by echocardiographic strain 
imaging is a technique that was developed only recently. It has been shown to correlate with 
higher VA risk in post MI patients (39). 

  

 

 

 

Figure 2: Example of filtered high 
resolution signal averaged ECG with 
present late potentials at the end of the 
QRS complex. 
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4. Imbalance in autonomic tone 

Heart rate variability (HRV) is calculated with several different techniques on long-term 
ambulatory ECG (Holter) registrations and reflects the vagal and sympathetic influences on 
the heart. The theoretical link between abnormal heart rate variability, autonomic tone and 
arrhythmogenesis has not been observed in clinical cohorts. Nevertheless, depressed heart rate 
variability was clearly related to higher total mortality. Although a limited number of studies 
have been performed, the same assumptions can currently be made about heart rate turbulence 
(HRT). This elegant technique measures the slope of return to normal heart rate after the 
parasympathetic slowing of the heart in answer to a ventricular premature beat. A higher slope 
indicates more parasympathetic tone and is believed to correlate with better prognosis (33).  

5. Heterogeneity in ventricular repolarization 

The QT interval can easily be measured from the surface ECG. A prolonged QT interval 
correlated with increased total mortality in large populations. Benefit of QT interval length in 
specific SCD risk prediction has only been demonstrated in long QT syndrome patients (33). 
The same holds true for QT variability, a parameter defined as the slope of the QT/RR 
interval relationship. QT dispersion is defined as the maximal difference between QT 
intervals in the surface ECG. It is unclear whether this parameter represents a spatial 
heterogeneity in ventricular repolarization and studies investigating the relationship with 
outcome have been contradictory (33).  

T-wave alternans (TWA) is beat-to-beat alternating of the amplitude of T-wave, measurable 
on a microvolt level by spectral analysis techniques. A protocol of both a positive and a 
negative clinical TWA test are displayed in figure 3. The phenomenon has been related to 
increased clinical VA risk for the first time in 1994 (40). Since then, extensive clinical and 
experimental research has been conducted to understand this phenomenon. Experimental 
research has shown that repolarization alternans at cellular level can amplify electrical 
heterogeneities between cells that can directly cause arrhythmia (41). A meta-analysis of 19 
studies investigating the clinical value of TWA showed strong predictive value (RR 2.42, 
95% CI 1.3 to 4.5) for arrhythmic events in ischemic cardiomyopathy patients (42). 
Unfortunately, not all recent studies were equally positive (43) and no definitive proof that 
TWA is predicting benefit of ICD implantation is currently available. 

CONCLUSION 

Sudden cardiac death is an important cause of mortality because of its very high incidence and 
its unexpected way of taking lives with previously little morbidity. Ventricular 
tachyarrhythmia account for the majority of SCD events and can be caused by various heart 
diseases, the most frequent being ischemic cardiomyopathy. The most effective ways to 
reduce SCD risk in ischemic cardiomyopathy are optimal prevention of recurrent coronary 
ischemia and the implantation of an implantable cardioverter-defibrillator in high risk 
patients. The cost-effectiveness of this expensive therapy is relying primordially on the 
identification of patients at high risk of SCD and at low risk of non-arrhythmic mortality. The 
current risk stratification is mainly depending on depressed LVEF and needs to be improved. 
There has been an extensive quest for alternative risk stratifiers. Despite leading to new 
insights in the mechanisms leading to SCD, this quest failed to provide a clinically useful tool 
to identify non-invasively high- risk patients for SCD up to now. 
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Figure 3: Protocol of a (A.) positive and (B.) negative clinical T-wave alternans (TWA) test. 
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Figure 1. Macrovolt T-wave alternans. A series of ECGs recorded in a patient treated with a 
combination of sotalol, moxifloxacine and haloperidol and having a low serum Mg2+, K+ 
and ionized Ca2+; all known for prolonging the QT interval. 1A: There was an extreme 
lengthening of the QT interval (QTc 750 ms) and macrovolt T-wave alternans. 1B: Soon after 
polymorphic ventricular tachycardia occurred. 1C: After substituting Mg2+, K+ and Ca2+, 
T-wave alternans disappeared within the hour. 1D. Within 24 hours after withdrawal of the 
drugs, the QTc interval had already drastically shortened. 
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Introduction 

An increased temporal variability of cardiac repolarization has been related to a higher risk 
for arrhythmia in both experimental and clinical settings. We focus on two non-invasive 
clinical techniques quantifying repolarization variability: T-wave alternans (TWA) and beat-
to-beat variability of repolarization (BVR). We discuss their pathophysiological link with 
ventricular arrhythmia and the clinical value of these techniques for predicting ventricular 
arrhythmia in ischemic cardiomyopathy patients.  

 

T WAVE ALTERNANS 

TWA is a phenomenon in which the amplitude of the T-wave on a surface electrocardiogram 
(ECG) alters from beat to beat in a 2:1 a-b-a-b pattern. The ‘macrovolt’ manifestation of 
TWA is visible with the bare eye and has been described for the first time in 1908 (1). Since, 
it is known as the expression of life-threatening electrical instability of the heart (figure 1) (2). 
A few decades ago improvements in ECG signal recording and analysis allowed detection of 
T-wave alternans on a microvolt level. The basics of the spectral method to measure 
microvolt TWA (MTWA) are explained in figure 2. MTWA is a phenomenon arising in any 
healthy heart at high heart rates during exercise. MTWA appearing at heart rates lower than 
110 beats per minute was associated to a higher risk of ventricular arrhythmia in humans by 
Rosenbaum in 1994 (3). MTWA has been subject of extensive experimental and clinical 
research since then. 

Experimental research has focused on the etiology of repolarization alternans on cellular level 
and its role in inducing arrhythmia on tissue levels. Alternans of repolarization of the isolated 
myocardial cell has been explained mainly by two interesting paradigms: alternating cellular 
calcium transient and primary APD alternans.  

The main components of the intracellular Ca2+ handling that regulates cardiac myocyte 
contraction and relaxation are illustrated in figure 3. The intracellular Ca2+-transient is 
determined by calcium influx from outside the cell  through L-type Ca2+-channels and from 
the sarcoplasmic reticulum (SR) through the ryanodine receptor (RyR) versus calcium efflux 
through the Na+/Ca2+ exchanger (NCX) and Ca2+ reuptake to the SR via the SR Ca2+ pump 
(SERCA). The function of these proteins is closely connected with each other through 
multiple positive and negative feedback mechanisms (4). In isolated cells, Ca2+-transient 
alternans was shown to arise after administration of drugs, electrical stimuli or other 
conditions that interfere with one or more players in the Ca2+-handling (5) (6) (7). The 
steepness of the relationship between SR Ca²+ loading and release plays an important role (8). 
The higher susceptibility for alternans at high heart rates, acute ischemia or hypothermia can 
also in part be seen as the consequence of the destabilizing effect of these conditions on Ca2+ 
metabolism. 
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Figure 2. Spectral method to detect microvolt T-wave alternans. The amplitudes of 
corresponding points on the T-wave are measured for 128 consecutive beats (2A). The 
resulting time series (2B) is analyzed using a Fast Fourier Transform method to obtain the 
power spectrum of the fluctuations (2C). T-wave alternans is reflected in the peak at exactly 
0.5 cycles per beat or at exactly half the heart rate. Adapted from (34). 
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Figure 3. Simplified scheme of the main players in the intracellular Ca2+ handling. The 
Ca²+ transient is determined by calcium influx from outside the cell through L-type Ca2+-
channels and from the sarcoplasmic reticulum through the ryanodine receptor (RyR) versus 
calcium efflux through the Na+/Ca2+ exchanger (NCX) and Ca2+ reuptake to the SR via the 
SR Ca2+ pump (SERCA). 

Primary action potential duration (APD) alternans can be explained through the restitution 
relationship of action potential duration (APD) versus diastolic interval (DI). Restitution is the 
adaptive change of an APD in function of the length of the preceding DI. If the restitution 
relationship is steep, this means that the sudden shortening of a DI (e.g. by an ectopic beat) 
will provoke a drastic shortening of the next APD. Because the total cycle length of the next 
beat is constant, this will cause the next DI to be longer, in turn causing the APD after that to 
be longer again, thus starting a pattern of non-terminating APD alternans. This concept was 
first theoretically conceived by Nolasco et al (9). Experimental evidence was found in favor 
of but also against this concept as a primary cause of cellular alternans (10) (11) (12) (13). 
None of both concepts above can be regarded as the sole basis of cellular alternans. In reality 
there is a complex interaction caused by the tight coupling of Ca2+ transient, membrane 
voltage and cellular mechanics (14) (15). 

Consistent evidence for the link between repolarization alternans and arrhythmogenesis on 
tissue level is available. Cellular alternans present in a greater part of cardiac tissue can be 
concordant or discordant. In concordant alternans, all myocardium is alternating in the same 
phase (figure 4A) and this situation can be considered electrically stable because all tissue is 
refractory in the same phase (16). Through interregional heterogeneities in Ca2+ handling 
properties, APD restitution, conduction velocities or intercellular coupling, different areas can 
start alternating out-of-phase, i.e. discordantly (14). The presence of a structural obstacle (17) 
or the interaction between myocardial cell and fibroblasts (18) has been shown to promote 
discordant alternans in cardiac tissue. Modeling studies even suggested that structural 
heterogeneity alone could explain discordant alternans (19).  
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Figure 4. A model of arrhythmogenic cellular alternans in high rate paced ventricular tissue. 
Left panel shows simulated action potentials from sites a and b for spatially concordant and 
discordant APD alternans. Middle panel shows the spatial APD distribution on tissue level. 
In the discordant case there is a nodal line (white) without APD alternation separating the 
out-of phase a and b regions. Right panel shows the effect of a premature ectopic beat 
(asterisk). There is normal propagation during concordant alternans. During discordant 
alternans, a premature ectopic beat occurring in the region of short APD blocks (black dotted 
line) as it propagates across the nodal line. Meanwhile, the ectopic beat successfully 
propagates laterally, slowing for the long APD region to repolarize and later re-enters the 
now unblocked nodal region to initiate circular re-entry. Adapted from (16). 

 

Once discordant alternans is present, this creates dispersion of refractoriness, an unstable 
situation in which an ectopic beat can lead to reentry (figure 4B). These concepts were proven 
in several experiments (15) and form a solid background for the link between repolarization 
alternans and arrhythmia. If it is assumed that body-surface MTWA is perfectly correlated 
with cellular repolarization alternans, MTWA can not only be considered as the tell-tale but 
also as the direct mechanistic cause of arrhythmia. This background makes MTWA very 
interesting as a possible predictor of life-threatening arrhythmia. 

Since 1994, the value of MTWA for risk stratification in clinical settings has been 
investigated in several patient populations. A meta-analysis by Gehi et al. showed that a 
positive exercise based spectral TWA test predicted a four-fold risk of a ventricular 
arrhythmic event compared to a normal TWA test in the overall study population (20). The 
negative predictive value of the test was overall high (97.2%) and not significantly different 
for the different subgroups being ischemic congestive heart failure (CHF) (91.6%), non-
ischemic CHF (95.2) and overall post-myocardial infarction (MI) (99.4). On the other hand 
the positive predictive value was overall low (19.3) and varied significantly between the 
subgroups of CHF (ischemic 29.7% – non-ischemic 21.3%) and was particularly low in 
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patients post-MI (6.0%). In post-MI patients, several large studies even failed to show any 
predictive value for SCD and arrhythmia (21) (22) (23) (24). An important problem in TWA 
testing is the important share of indeterminate tests due to ventricular ectopy, noise or the 
inability to reach the required heart rate (110 beats per minute). Strategies to classify the 
indeterminate tests together with positive tests have made interpretation of the true value of 
positive TWA difficult (25). Despite the fact that TWA testing with the spectral method was 
approved by the US FDA for the non-invasive prediction of the risk for life-threatening 
ventricular arrhythmia, its variable predictive value has prevented it until now from being 
adopted as a routine tool to decide whether or not to implant an ICD.  

BEAT TO BEAT VARIABILITY OF REPOLARIZATION 

T-wave alternans is focusing on temporal repolarization heterogeneity that is organized in a 
2:1 pattern. There is an increasing amount of evidence supporting the idea that stochastic, 
non-2:1 repolarization variability might as well indicate arrhythmic risk (26). Experimental 
research into the pathophysiological basis of this phenomenon has suggested that stochastic 
behavior of the potassium currents (IK) are important contributors to temporal repolarization 
variability in isolated cells (27). In a physiological situation, the stochastic effects are 
dampened on tissue level due to electrotonic interactions. Pathological conditions resulting in 
reduced repolarization reserve such as IK block or intercellular uncoupling such as acidosis or 
ischemia can uncover the manifestation of stochastic IK properties resulting in enhanced 
variability of repolarization and arrhythmia (28) (29) . 

 

Figure 5: Example of 2 Poincaré plots. The above has a greater beat-to-beat variability in 
successive interval length, resulting in a wider surface of the plot and a higher STV. The plot 
below shows the opposite situation. 
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Recently a parameter was proposed to quantify stochastic temporal heterogeneity in 
ventricular repolarization: beat-to-beat variability (BVR) or short-term variability (STV) of 
repolarization. This parameter focuses on beat-to-beat changes of repolarization interval 
duration. By plotting the repolarization duration of each beat against the one of the preceding 
beat in a Poincaré plot, the extent of beat to beat variability can be visually appreciated (figure 
5). To quantify the phenomenon, the mean distance of the points to the line of identity is be 

calculated as STV D = � |𝐷𝐷𝑛𝑛−𝐷𝐷𝑛𝑛−1|
𝑥𝑥 .√2

𝑥𝑥

𝑛𝑛=1
  with Dn the concerned interval D of beat n and x the 

number of beats used.  

Originally BVR was conceived as a parameter determining the drug-induced propensity to 
torsades-de-pointes arrhythmia on intracardiac monophasic action potential (MAP) 
measurements in a dog model and its usefulness for this purpose has been repeatedly shown 
since then (26) (30). Although still limited in numbers, clinical studies have shown that BVR 
can also be calculated on surface ECG QT intervals and that it is related to higher 
arrhythmogenic potential. BVR measured on QT-intervals (STV QT) was shown to be present 
in congenital long QT-syndrome patients at high arrhythmic risk (31) and to reflect an 
increased susceptibility to sudden cardiac death in patients with non-ischemic CHF in the 
absence of prolonged QT interval (32). The ratio of STV QT over STV of RR intervals on 
intracardiac electrogram was predictive of SCD and fast ventricular arrhythmia in 
cardiomyopathy patients with an ICD (33).  
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RATIONALE AND AIMS OF THE THESIS  

 

We focus on ischemic cardiomyopathy because it remains the most common heart disorder 
underlying sudden cardiac death (SCD). Due to rapid coronary reperfusion, optimized 
pharmacological therapy and post-MI revalidation strategies, the contemporary post-MI 
patient has often well preserved myocardial function and functional status. This makes the 
impact of SCD even more dramatic, in view of the loss of high quality life years free of 
disease. However the increased risk of SCD in these patients is not covered by the current 
primary prevention risk stratification for ICD implantation, because this risk stratification is 
mainly based on the assessment of depressed ventricular function. Experimental evidence 
consistently links repolarization alternans to arrhythmogenesis.  

We planned to study two new risk stratifiers assessing heterogeneity in ventricular 
repolarization, microvolt T-wave alternans (MTWA) and beat-to-beat variability of 
repolarization (BVR), in an animal model of and patients with ischemic cardiomyopathy. 
Despite the sound basic experimental background the prognostic power of MTWA in the 
clinical setting is lower than expected in ischemic cardiomyopathy. This hypothesis however 
assumes that there is a good correlation between intracardiac repolarization alternans and 
MTWA as measured on the body surface. In fact this relationship has barely been 
investigated. Finally, BVR is a newer parameter focusing on repolarization variability not 
limited to 2:1 patterns and it is measured without the need for heart rate elevation and the 
subsequent possible interferences. Its relationship with MTWA and its use in post-MI patients 
has never been tested. 

In this project we therefore aimed: 

1. to study the prognostic value of traditional risk predictors in patients with ischemic 
cardiomyopathy having received an ICD (chapter 1); 

2. to investigate the relationship between the locoregional impact of a myocardial infarct and 
MTWA and BVR in both an experimental animal model and patients (chapters 2 and 3); 

3. to explore the correlation between locoregional cellular repolarization alternans and 
MTWA measured at the body surface in an in vivo whole animal model (chapter 4). 
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ABSTRACT 

Aims: In this study we propose new endpoints to assess the clinical usefulness or futility of an 
ICD implantation. We want to improve discrimination of patients with high risk of ICD-
responsive arrhythmia from patients with high likelihood of ICD-resistant mortality.  
Methods and results: We investigated which clinical parameters predicted useful or futile ICD 
implantations using cumulative incidence competing risk analysis in 302 ICD patients with 
ischemic cardiomyopathy, ICD implantation was considered to have been futile if the patient 
died within 30 days of the first shock, within 1 year of implantation or without previous 
appropriate ICD therapy. Implantation was deemed useful when the ICD provided appropriate 
therapy and the patient survived implantation by 1 year and the first shock by 30 days.  
After 5 years 23% of implantations were defined futile and 36% useful. At 10 years, up to 
80% of implantations could be categorized. After multivariable analysis, independent 
predictors of a futile ICD implantation were LVEF<35% (HR 2.63;p=0.005), maximally 
tolerated beta-blocker dose <50% (HR 2.0;p=0.01) and anterior or diffuse infarct location 
((HR 3.61;p=0.001 and HR 2.89;p=0.02). Useful ICD implantations were predicted by beta-
blocker dose < 50% (HR 1.64;p=0.02) and non-anterior infarct location (HR 3.22 vs. anterior 
and 1.59 vs. diffuse; combined p<0.001). 
Conclusion:  Although current ICD implantation guidelines are mainly based on LVEF, lower 
LVEF was related with significantly more futile implantations. Infarct location predicted both 
useful and futile implantations. Future risk stratification for ICD should focus more on the 
discrimination between arrhythmic and ICD therapy resistant mortality risk. 
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BACKGROUND 

The implantation of an implantable cardioverter-defibrillator (ICD) is associated with 
significant complications and financial costs (1). There is a growing problem of difficulties 
imposed by ICDs in end-of-life decisions (2).  The indications for the implantation of an ICD 
should identify the patients that will benefit most from this life saving therapy. Classic 
approaches to define the risk for SCD in observational studies have several drawbacks: an 
appropriate ICD intervention cannot be equalized to an arrhythmic death event, the primary 
arrhythmic or even cardiac nature of an out of hospital death is hard to prove and ICD 
interventions and mortality are mutually interacting competing risks (3). In order to overcome 
these limitations we propose new endpoints to analyse ICD interventions in combination with 
adequate statistical analysis techniques.  

We investigated time to ICD interventions and mortality and their relationship with several 
pre-implant parameters in a single centre cohort of ischemic cardiomyopathy patients using 
classical and new end-points using competing risk analysis. We hypothesized that since 
classical risk factors predict both SCD and total mortality, they may not be suitable to 
discriminate between clinically futile or useful ICD indications.  

METHODS 

Definitions 

We defined an ICD implant as ‘futile’ if the implanted patient died within 1 year of implant or 
within 30 days after the first shock (appropriate or inappropriate) or if he died without having 
received appropriate ICD intervention. Patients who had at least one appropriate ICD 
intervention and who were known to be alive for at least 1 year after ICD implantation and at 
least more than 30 days after the first shock were deemed to have had a clinically “useful” 
ICD implantation. The 30 day period was chosen after the example of the classical 30-day 
perioperative mortality, the one year period was chosen according to the current guidelines for 
ICD implantation demanding an expected life expectancy of  >1 year (4). 

Study population and design. 
This was a retrospective analysis of an ICD registry containing data of 302 patients with 
ischemic cardiomyopathy caused by a previous myocardial infarction who received an ICD 
implant between 2000 and 2009 at the University Hospitals Leuven, Belgium.  

Collected data. 
Following baseline characteristics were considered: gender, age, estimated glomerular 
filtration rate (eGFR), left ventricular ejection fraction (LVEF), body mass index (BMI), beta-
blocker maximally tolerated dose, myocardial infarct location, primary/secondary prevention, 
QRS duration, QTc interval duration, most invasive reperfusion therapy and cycle ergometer 
test maximal power. All parameters were measured as close as possible to and maximum 3 
months before the implantation date, except for the beta-blocker dose. The latter was recorded 
from the latest clinical routine check-up prior to the first appropriate ICD intervention or, if 
no interventions, prior to death or censoring. The beta-blocker dose was adapted to the 
individual patient at the treating clinician’s discretion and can be considered as the highest 
dose that was well-tolerated by the patient. It was expressed as a fraction of the target daily 
dose of the beta-blocker as defined by ESC guidelines (5). EGFR was calculated with the 
MDRD formula (6). LVEF was registered prospectively in the database on the day of 



Chapter 1  40 
 

implantation and calculated with transthoracic echography Simpson-mode and –if available– 
checked by radionuclide ventriculography. Myocardial infarct location was divided in three 
groups considering the location of principal akinesia on angiography and/or transthoracic 
echography: one for anterior, anteroseptal or septal (named anterior), one for inferior, lateral 
or posterior (named non-anterior) and a third group named ‘diffuse’ for patients with 
important akinesia in both regions. Systematic clinical follow-up provided the time point of 
death and/or first ICD intervention and the appropriate or inappropriate nature of this 
intervention as ascertained by the treating physician and was prospectively recorded in the 
registry. 

Statistical methodology. 
The risks of ICD intervention and death are to be interpreted as competing risks (3). Patients 
who died without a shock can no longer have an appropriate shock after death but in Kaplan 
Meier (KM) analysis these censored patients are still considered to have the same risk of 
getting an ICD intervention. This leads to wrong estimates of the event incidence rate (7). 
This problem is remedied by using cumulative incidence functions (CIF) that calculate the 
actual probability of appropriate ICD intervention at a given timepoint provided the patient 
hasn’t died by that time.  

The used endpoints necessitated censoring of patients not reaching one of both endpoints. The 
statistical methodologies involved Cox regression analysis, analysis of the CIFs and multiple 
imputations modelling to account for missing data. The definitions of a futile or useful ICD 
implant indicate censoring of the data: for patients who were still alive at their last follow-up 
visit and who had not received any shocks, it was not possible to assess whether they had a 
futile or useful ICD implant. Survival analysis methods are required whereby the date of 
implant was considered as day 0.  Useful and futile ICD outcomes were considered as 
competing risks: once one of the two has been achieved, the other is no longer possible as an 
outcome.  For patients with a futile ICD outcome, the end date is defined as their date of 
death. For patients with a useful ICD outcome, the end date was defined to be 30 days after 
their first shock or at 1 year if this was later, since this was the timepoint at which their ICD 
implant was considered to be useful.  The remaining patients were censored at their time of 
last contact. Follow up data gathering was closed on March, 1st 2011. 

For the outcomes of appropriate ICD intervention and total mortality a Cox regression 
analysis was performed that included the following variables: age, eGFR, infarct location, 
beta-blocker dose, primary intervention, QRS, QTc and therapy. For continuous variables, the 
linearity assumption was checked by fitting restricted cubic splines and by assessing the non-
linear terms by means of a Wald test. With the exception of beta-blocker use, the linearity 
assumption was deemed to be appropriate for all continuous variables. 

Statistical analysis of the cumulative incidence (CIF) functions was done by regression 
modelling of the pseudo values of the CIF as described by Klein and Andersen (8). 
Pseudovalues of the CIF were calculated at 8 equally spaced timepoints in the relevant event 
space and analysed by means of a generalized linear model using a complementary log-log 
link function.  Correlations between the 8 timepoints were accounted for by using the 
generalized estimating equation approach (GEE) of Zeeger and Liang (9) whereby an 
independent working covariance matrix was used to obtain sandwich estimators. In order to 
identify independent predictors for both futile and useful ICD outcome, all above baseline 
characteristics were considered with the exception of the ergometer results since these were 
missing for more than half of the patients.   
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In order to account for missing data of the other baseline characteristics, multiple imputation 
using 10 imputations was used.  All characteristics and outcome variables were 
simultaneously used in the imputations model.  The imputation was done in R version 2.12.0 
by the aregimpute function of the package Hmisc (Harrell 2009).  The regression models and 
multiple imputation analyses were performed using SAS software version 9.2. For each of the 
10 imputations, 500 bootstrap samples were created, thus in effect creating 5000 (500*10) 
different samples for analyses. Primarily, the linearity assumption of the continuous variables 
in the model was assessed by performing univariate analyses including restricted cubic splines 
for each of the 10 imputations.  Deviations from the linearity assumption were assessed by 
means of a Wald test for the two outcomes (futile and useful ICD outcome).  Variables for 
which the p-value was below 10% for either of the outcomes were deemed to be non-linear.  
Only EF was found to be non-linear and was included in all further analyses using restricted 
cubic splines. Due to convergence problems with the GEE models when the full model 
including all variables was fitted, univariate analyses were performed for each of the variables 
on all 5000 samples. Variables which were found to be statistically significant (p<0.05) in less 
than 10% of the samples were excluded from any further analyses.  Thus therapy and ICD 
type were excluded from all further analyses since they were found to be statistically 
significant in 5.4% and 6.14% of the samples respectively. 

Of the remaining characteristics, the independent predictors were identified by performing an 
automated backward selection strategy to all 500 bootstrap samples for each of the 10 
imputations.  Following Heymans et al. (10), several strategies were applied as a sensitivity 
analysis.  A p-value to stay of 0.05, 0.175 and 0.5 was used with a selection level in the 5000 
samples of 60%, 80% and 90% respectively.  For both futile and useful ICD outcome, 
variables that were selected in all these three analyses were deemed to be independent 
predictors.  The final model included all variables that were selected for either of the two 
outcomes and therefore included EF, infarct location and beta-blocker use. EF was fitted as a 
restricted cubic spline but a visual inspection of the results for EF indicates a steady rise/fall 
in the incidence of useful/futile ICD outcome, reaching a plateau around 35%. Thus, EF was 
dichotomised for reporting with a cut off at 35%.   

To assess the association between (in)appropriate shocks and mortality, Cox regression was 
employed including (in)appropriate shock as a time-varying covariate.  The Cox regression 
was further adjusted for age, eGFR, EF, infarct location, beta-blocker dose, primary 
intervention, QRS, QTc and reperfusion therapy. 

Finally, prevalence of endpoints and clinical characteristics were compared for anterior and 
diffuse versus non-anterior infarct location patients. P values for continuous parameters were 
calculated by two-sided t-test, for categorical parameters by Fisher’s exact testing. 

RESULTS 

Baseline characteristics 
A summary of the baseline characteristics can be found in Table 1. The patients in our 
population were dominantly male (90%) with a mostly moderately to seriously depressed 
LVEF (mean 35%). There was a 2:1 secondary versus primary prevention indication ratio. 
  



Chapter 1  42 
 

Parameter n Mean SD Median Q1 Q3 
Age at implantation (Y) 302 65.8 9.6 68 60 73 
eGFR (ml/min/1.73kg²) 299 58.9 19.8 59 46 71 

LVEF (%) 302 34.9 12.9 32 25 41 
BMI (kg/m²) 299 25.7 4.0 25 23 28 

Beta blocker dose (%) 302 48.7 32.4 50 25 50 
QRS (ms) 286* 125.3 31.6 120 102 144 
QTc (ms) 301 450.4 40.2 441 419 478 

Cycle test power (watt) 138 105.7 42.4 100 70 140 
              

Gender 302 Male:90% 
   Female:10% 

Indication 301 Primary prevention:34% 
   Secondary prevention:66% 

Infarct location 301 Anterior:48%,  
   Non-anterior:45%  
   Diffuse:7% 

Reperfusion therapy 302 PCI:35%,  
   CABG:43%,  
   No reperfusion therapy:22% 

Device type 302 VVI:56% 
   DDD:22% 
   CRT:22% 

Drug Therapy 302 Beta-blocker:90%,  
   ACEi or ARB:91%  
    Statin:90% 

Table 1. Summary of baseline statistics. n=number of results, SD=standard deviation, 
Q=quartile, PCI=percutaneous coronary intervention, CABG=coronary artery bypass graft, 
ACEI=angiotensin converting enzyme inhibitor, ARB=angiotensin 1 receptor blocker. 
*Missing QRS values were due to absence of intrinsic ventricular rhythm in case of 
permanent pacing. 
 
 

Classical endpoints 
A total of 302 patients were followed up for an average period of 38±22 months. 104 patients 
died, 141 had an ICD intervention, 118 had at least one appropriate ICD intervention (ATP + 
shocks) and 40 experienced at least one inappropriate shock (shocks only). 

At one year, overall mortality estimated by KM was 9.3% and the chance of an appropriate 
ICD intervention 15.9% (figure 1A-B). Table 2 contains the association between observed 
clinical parameters and appropriate shock or total mortality. Patients with non-anterior 
infarcts, lower beta-blocker dose and no previous reperfusion therapy had significantly more 
ICD interventions. When fitting the real curve (as restricted cubic spline), lower LVEF 
showed a clear graphic trend of higher chance of appropriate ICD intervention (figure 2), but 
after fitting as a linear variable, LVEF was non-significant. The effect of LVEF on ICD 
intervention risk is weak. In order not to further underestimate it, restricted cubic splines 
approach was applied for LVEF in further analysis. Because of non-linearity, the curve for 
beta-blocker dose did not allow to calculate a HR since it changes for every value of beta-
blocker dose. However, higher tolerated beta-blocker dose is strongly associated with less 
appropriate ICD therapy and lower overall mortality. Other parameters significantly 
associated with lower mortality were higher LVEF, non-anterior infarct location, primary 
prevention, and shorter QTc interval. 
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Figure 1: KM curves for the ‘classical endpoints’ of total mortality (A) and appropriate ICD 
interventions (B). CIF curves for useful and futile ICD outcomes (C). 
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APPROPRIATE ICD THERAPY OVERALL MORTALITY 

HR 95% confidence 
interval P combined 

P HR 95% confidence 
interval P combined 

P 

Age per year 0.988 (0.965;1.011) 0.31  1.001 (0.975;1.027) 0.95   
eGFR per ml/min/1.73m² 0.991 (0.980;1.003) 0.13  0.989 (0.977;1.001) 0.07   
LVEF per % 0.996 (0.979;1.014) 0.68  0.971 (0.950;0.992) 0.01   

Beta-blocker dose restricted cubic spline    <0.001     0.003   
QRS per ms 1.001 (0.992;1.009) 0.90  0.999 (0.991;1.008) 0.90   
QTc per ms 1.003 (0.997;1.009) 0.30  1.007 (1.001;1.013) 0.02   

Indication Prim. vs. Sec. prevention 0.822 (0.513;1.318) 0.42  0.581 (0.346;0.977) 0.04   
Infarct location Anterior (vs. Non-anterior) 0.324 (0.208;0.504) <0.01 

<0.01 
1.807 (1.138;2.869) 0,01 

0.044 
Diffuse (vs. Non-anterior) 0.607 (0.283;1.299) 0.20 1.563 (0.719;3.398) 0.26 

Reperfusion therapy PCI (vs. Conservative) 0.754 (0.474;1.201) 0.23 
0.04 

0.823 (0.491;1.379) 0.46 
0.54 

CABG (vs. Conservative) 0.544 (0.339;0.875) 0.01 0.751 (0.449;1.257) 0.28 

 
Table 2. Multivariable Cox regression analysis of appropriate ICD intervention and total 
mortality. HR=Hazard ratio; CI=confidence interval; rcs=restricted cubic spline. Because of 
non-linearity, the curve for beta-blocker dose did not allow to calculate HR. Lower maximal 
beta blocker tolerated dose is strongly associated with more appropriate therapy and higher 
overall mortality. 
 

Parameter 
Futile Useful 

RR P RR P 
Age <65  vs.>65 y 0.92 0.43 1.03 0.77 

eGFR <60  vs.>60 ml/kg/1.73m² 1.82 0.02 1.12 0.25 
LVEF <35 vs.>35% 4.26 <0.01 0.72 0.01 
BMI <25 vs.>25 kg/m² 1.56 <0.01 0.70 0.049 

Beta-blocker dose <50  vs.>=50%  1.71 0.01 1.42 <0.01 
QRS <120 vs.>120 ms 0.47 0.06 1.05 0.85 
QTc <420 vs.>420 ms 0.59 0.17 0.90 0.26 

Cycle test power <100  vs.>100 watt  6.37 <0.01 0.36 <0.01 
Gender Male  vs. Female 0.75 0.37 1.35 0.92 

Indication Primary vs. Secondary 1.19 0.18 0.66 0.01 
          
    % P % P 

Infarct Location Anterior 31 
<0.01 

21 
<0.01 Non anterior 10 53 

Diffuse 53 38 
          

Reperfusion 
Strategy 

PCI 21 
0.34 

35 
0.04 CABG 27 30 

No reperfusion therapy 19 49 
           

Device Type VVI 24 
0.81 

30 
0,01 DDD 26 18 

CRT 26 35 
 

Table 3: Futile and useful results by subgroup. If 2 categories are compared, relative 
risks(RR) of estimated cumulative incidence at five years are shown, if 3 categories the 
absolute risk(%).  

 
 



Chapter 1  45 
 

 
Figure 2: Estimated 5 year incidence of first appropriate ICD intervention in function of 
LVEF. The full line represents the incidence, the dotted thin line the linearized function. 
 
 
New endpoints: useful and futile ICD. 
ICD implantation was considered to have been futile in 74 patients and useful in 103 patients 
out of 302 patients. Cumulative incidence function (CIF) curves for useful and futile ICD 
outcome are presented in figure 1C. At 5 years estimated rates of futile or useful ICD 
implantations were respectively 23.0% and 36.3%. Of the 74 patients with futile implantation, 
9 (13%) died within 30 days of their first shock, 30 (40%) died within 1 year after 
implantation and 35 (47%) died without receiving any appropriate ICD intervention. 

Results by subgroup can be found in Table 3. In this univariate analysis patients with 
eGFR<60ml/kg/m², EF <35%, BMI<25, maximum tolerated beta-blocker dose<50%, anterior 
or diffuse infarct location and cycle ergometer test maximal power<100 Watt had a higher 
chance of receiving a futile ICD. 

ICD implantation in patients with EF>35%, BMI>25, maximum tolerated beta-blocker 
dose>50%, non-anterior infarct location, secondary prevention, no previous reperfusion 
therapy and higher maximal power during cycle ergometer testing had a higher chance of 
being categorized as useful. 

After multivariate analysis, lower EF, anterior or diffuse infarct location and maximum 
tolerated beta-blocker dose<50% were independently correlated with receiving a futile ICD. 
Non-anterior infarct location and maximum tolerated beta-blocker dose<50% correlated 
independently with useful ICDs. The CIF curves for futile and useful ICD result for LVEF, 
beta-blocker dose and infarct location are shown in figure 3. The resulting hazard ratios are 
presented in Table 4.  
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Figure 3: Cumulative incidence functions for futile (left) and useful (right) results by 
subgroup for LVEF (above), beta blocker dose (middle) and infarct location (below). 
 
 
 
 
 

  

Futile ICD Useful ICD 

HR 95% confidence 
interval p overall 

p HR 95% confidence 
interval p overall 

p 

EF >35% 0.38 (0.20;0.75) 0.005   1.24 (0.79;1.94) 0.356   

Beta-blocker dose >50% 0.50 (0.29;0.85) 0.010   0.61 (0.41;0.92) 0.018   
Infarct location Anterior vs. Non-anterior 3.61 (1.74;7.49) 0.001 

0.003 
0.31 (0.19;0.50) <0.001 

<0.001 
Diffuse vs. Non-anterior 2.89 (1.16;7.23) 0.023 0.63 (0.28;1.43) 0.270 

 

Table 4: Independent predictors of futile and useful ICD result. 
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Appropriate and inappropriate shock versus mortality. 
The association between inappropriate and appropriate therapy and death revealed that the 
occurrence of an appropriate therapy (ATP and DC shocks) is significantly associated with a 
higher risk of death (HR=2.343; p<0.001). Mortality was not increased in patients that 
experienced only inappropriate shocks (HR=1.163; p=0.656). When focusing on the 
inappropriate shocks (n=24), total mortality trended to be lower in patients with inappropriate 
shock due to technical reasons (T-wave oversensing or fracture potentials) (n=12; 
mortality=17%) than due to supraventricular arrhythmia (n=12; mortality=42%). This 
difference was not statistically significant due to small patient numbers. 

 

DISCUSSION 
We put forward the clinical usefulness or futility of ICD implantation as new endpoints to 
investigate ICD efficacy. An ICD was considered futile if a patient died within 30 days of any 
first shock, within 1 year of implant or without previous appropriate ICD therapy.  Useful 
implantation was defined as providing appropriate therapy in a patient surviving implantation 
by 1 year and any first shock by 30 days. After multivariable competing risk analysis, lower 
LVEF, lower tolerated beta-blocker dose and anterior or diffuse infarct location are 
independent predictors of a futile ICD implantation in a cohort of ischemic cardiomyopathy 
patients. Lower beta-blocker dose and non-anterior infarct location are predicting a useful 
ICD implantation. 

Classical endpoints 
In order to assess representativity of our population and validity of data registration, we first 
performed an analysis using classical endpoints. In our population of ischemic 
cardiomyopathy patients, at one year after ICD implantation the chance of dying of any cause 
despite ICD implantation was around 9%, which is in line with trials as SCDHeFT (7.2%) 
(11), MADIT2 (8.5%) (12) (both for ischemic cardiomyopathy in primary prevention) and 
AVID (13) (9% for both non-ischemic and ischemic cardiomyopathy in secondary 
prevention). The risk of appropriate ICD intervention is about 16% after the 1st year and the 
added risk will become drastically less important in subsequent years: the probability of 
getting a first appropriate intervention between the 5th and 6th year was only 1.2%. This 
phenomenon was also described by others (3) and might have interesting implications for 
device replacement in patients not having received therapy from their first ICD.  

In our population, higher mortality is seen in patients with a lower LVEF, a secondary 
prevention setting and longer QTc intervals. These results are in line with many other reports 
(3) (14) (15). When analyzing the parameters correlated with lower ICD intervention risk 
higher beta-blocker dose or reperfusion by CABG have been described before (16) (17). 
Lower LVEF has been reported as a predictor of appropriate ICD intervention in several early 
(3) (18) (19), but not all studies (20) (21). As shown in Figure 2, lower LVEF showed a 
graphic trend of higher chance of appropriate ICD intervention in our population, but not 
when interpreted as a linear function.  

New endpoints 
With the proposed new end-points we wanted to discriminate patients that are more 
arrhythmogenic and are likely to benefit from ICD implantation from the very ill patient that 
has a small chance to benefit from ICD implantation. When looking at the incidence of our 
new endpoints, at 5 years post implant, 60% of the ICD implantations could be categorized as 
either futile or useful. This could further increase to 80% at 10 years but this follow-up term 
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contains not enough patients to be reliable. However it shows the new categories can provide 
information for the majority of ICD implantations in our population. After imputation 
analysis 3 independent parameters were withheld: LVEF, infarct location and beta-blocker 
tolerance.   
 
LVEF 

A LVEF<35% indicated a significant higher risk of a futile ICD implantation. These patients 
had 2.6 times more chance of dying without ever needing an ICD intervention or within one 
year after implantation or within 30 days after any first shock. These data show low LVEF is 
a marker of ICD-resistant mortality and this has consequences for SCD risk stratification. 
Although ICD implantation in primary prevention has been shown to reduce mortality in low 
LVEF patients (11) (12) (22) (23), LVEF has too many limitations to maintain its monopoly 
in the current ICD implant guidelines (24). First, LVEF has shown low sensitivity and 
specificity for arrhythmia leading to SCD (25). Second, through recent analysis of more ‘real 
world’ populations (26) (27), the application of newer competing risk approaches (3) and the 
development of risk scores (28) (29) (30) it has also been shown that lower LVEF is a marker 
of particular ICD-resistant mortality. DINAMIT (31) and IRIS (32), two trials investigating 
ICD implantation early after myocardial infarction and risk stratification combining lower 
LVEF and non-invasive parameters believed to indicate higher arrhythmia risk showed no 
benefit of ICD implantation on mortality. This was due to a higher non-arrhythmic mortality 
in the ICD subgroup compared to the subgroup without ICD, meaning that ICD implantation 
leads to a conversion of arrhythmic death to non-arrhythmic death.  Low LVEF and early 
inclusion after myocardial infarct are both related to high non-arrhythmic mortality and may 
have obscured a possible benefit of arrhythmia prediction by the other non-invasive 
parameters such as impaired autonomic tone, high resting heart rate or nonsustained VT 
during Holter monitoring (33). These considerations suggest new SCD risk stratification 
should be tested in absence of depressed LVEF in order to prevent the competition of 
nonarrhythmic risk. 

Beta-blocker dose 

Lower beta-blocker tolerance is an independent indicator of both more useful and futile 
results. For an ICD implantation to be classified as futile or useful, the patient either needs to 
have received ICD intervention or to have died. Lower maximal beta-blocker dose is 
associated with both endpoints because of its ambivalent role: not tolerating beta-blockers is a 
bad prognostic sign indicating poor general health and beta-blockers are also an anti-
arrhythmic therapy which will make the patient taking lower doses more vulnerable to 
arrhythmia and ICD intervention (16) (34). This analysis does not show that low beta-blocker 
tolerance is a parameter indicating a possible benefit of ICD implantation, but it does support 
consistent aiming for the highest possible dose in the clinical management of each single 
patient. 

Infarct location 

Finally infarct location is the third independent parameter discriminating useful and futile 
ICD implantations. Anterior and diffuse infarct location have been shown to be correlated 
with higher total mortality (35). Others reported this was no independent effect and only due 
to bigger infarct size (36). We did not have data on infarct size but we can conclude the higher 
mortality in anterior and diffuse infarcts was independent from LVEF. Contrary to our 
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observations, a MADIT II post-hoc analysis by Gomez et al (37) showed that in ICD patients, 
inferior infarcts had a significantly higher mortality. This study however only involved 
primary prevention patients all with severely depressed LVEF, used other subgroups (inferior 
versus non-inferior) and used electrocardiographic parameters to determine the infarct 
location, thus dividing patients with bundle branch block in a separate subgroup.  
The effect of infarct location on the incidence of ICD interventions has barely been 
investigated. A study by Geltman observed significantly more PVC’s in small inferior than 
small anterior infarcts (35). Gomez et al reported a trend towards more ICD interventions in 
inferior compared to non-inferior (anterior and lateral) infarcts (37). Our data show that the 
higher incidence of appropriate ICD interventions in non-anterior infarcts was independent, 
especially from confounding variables such as LVEF, primary versus secondary prevention 
type and absence of reperfusion therapy. Possible explanation for the higher risk of 
arrhythmia in the non-anterior infarct group is the fact that these infarcts can reach a 
considerable infarct size and complexity (38) as an arrhythmogenic substrate without having 
serious impact on LVEF, thus avoiding the competing risk of the latter. 

Shocks as cause of mortality? 
Recent reports by Sweeney (39) and Larsen (40) showed ICD shocks were associated with 
increased mortality, even when adjusted for heart failure severity, and ATP interventions were 
not. These observations have led to an important debate on the possible detrimental impact of 
the shock itself on the prognosis of the patient. A causative effect of ICD shocks on the 
conversion of the mode of death from arrhythmic to nonarrhythmic would alter the 
interpretation of our endpoints and compromise the conclusions drawn from this analysis. 
Therefore we analysed the association between appropriate vs. inappropriate shocks in our 
registry. We found that appropriate ICD interventions (ATP and shocks together) were 
significantly associated with higher mortality, but that inappropriate shocks were not. When 
further analyzing the inappropriate shocks, we saw a trend - numbers were not sufficient for 
proper statistical analysis - towards a higher mortality in inappropriate shocks for 
supraventricular arrhythmia compared to shocks for technical failure (T-wave oversensing or 
fracture potentials). This study was not conceived to determine the effect of shocks on 
mortality but we believe these data support the thesis that the higher mortality is caused by 
progressive disease underlying the treated arrhythmia and not by the electrical treatment itself. 
Non-arrhythmic death mode seems only to be made possible by first overcoming the 
preceding arrhythmia rather than to be caused by the ICD intervention. 

Clinical implications. 
Current primary prevention ICD implantation guidelines are mainly based on depressed 
LVEF. Low LVEF has rather low sensitivity and specificity for life threatening arrhythmia 
and is strongly related to ICD resistant mortality risk. Future risk stratification for ICD 
implantation should focus more on parameters indicating arrhythmogenic risk in particular 
absence of therapy resistant mortality risk. Infarct location and other parameters indicating 
general health status should be incorporated in new risk stratification models. The new 
endpoints we proposed can be useful to validate these models in future analysis. 

Limitations 
This study has several limitations and should primarily be considered for its methodological 
approach and the results can only warrant further research.  The analysis was retrospective 
and a part of clinical data was retrospectively collected. All-cause mortality was used as an 
endpoint, not discriminating between cardiac and non-cardiac death. Most clinical parameters 
were measured before implantation and at one timepoint only, thus not allowing accounting 
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for time-dependent changing of these parameters. Pharmacological therapy and ICD 
programming were not formally standardized. The lack of a complete dataset for all patients 
required complex regression and imputation analysis and forced promising parameters (e.g. 
ergometer power) to be left out of the multivariable analyses. The patient population 
contained ICDs implanted for both primary and secondary prevention. The 2:1 majority of 
secondary prevention is due to the lack of reimbursement for primary prevention in MADIT II 
(23) and SCD-HFT (11) indications before 2007 and restricted reimbursement since in 
Belgium. As only ICD patients were studied, the results cannot necessarily be generalized to a 
population of patients without implant. 
 

CONCLUSION 

Although current ICD implantation guidelines are mainly based on LVEF, lower LVEF was 
related with significantly more futile implantations. Infarct location predicted both useful and 
futile implantations. Future risk stratification for ICD should focus more on the discrimination 
between arrhythmic and ICD therapy resistant mortality risk. 
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ABSTRACT 

Background: Repolarization variability is considered to predict sudden cardiac death (SCD). 
T-wave alternans (TWA) was subject of exhaustive research, whereas beat-to-beat variability 
of repolarization (BVR) is a new parameter possibly predicting proarrhythmia. How these 
parameters interact has not been tested.  

Objective: To compare TWA and BVR as predictors of pro-arrhythmic substrate early after 
myocardial infarction (MI). 

Methods: In nine pigs MI was induced by a 1-hour LAD occlusion. Cardiac magnetic 
resonance imaging (MRI) was performed at day 21. Six sham pigs served as control. Spectral 
TWA was tested during RA pacing before induction of MI and after 21 days. BVR was 
calculated from 60 consecutive QT intervals. 

Results: MRI showed transmural MI. TWA was negative in all pigs at clinical threshold rate 
and equally present in MI versus sham pigs at higher rates (at 170 bpm: 55 vs. 50% positive 
TWA). In MI pigs BVR of QT-intervals increased significantly during acute ischemia (2.44 ± 
0.43 vs. 3.55 ± 0.41 ms, p<0.01) and even more on day 21 (5.80 ± 1.12 ms), were it differed 
significantly from shams (2.14 ± 0.54 ms, p<0.01). A clinical VT induction protocol was 
positive in 2 of 8 MI pigs and in none of 6 shams. 

Conclusions: In early remodeling after myocardial infarction, BVR at intrinsic heart rate was 
a consistent phenomenon, whereas TWA during atrial pacing or baseline QT-interval changes 
were not. TWA and BVR could reflect different post-MI remodeling processes. BVR may be 
a new technique to predict a potentially pro-arrhythmic substrate in the early post infarct 
period. 
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INTRODUCTION 

Improvement of non-invasive risk stratification of sudden cardiac death (SCD) remains an 
important goal in today’s healthcare.  More efficient use of implantable cardioverter-
defibrillator (ICD) therapy will not only reduce possible complications but also increase its 
cost-effectiveness. The left ventricular ejection fraction (LVEF) is currently the main clinical 
determinant of a patient's eligibility for ICD therapy. On the other hand it does not allow to 
clearly distinguish patients who will die from arrhythmia from those who will die of heart 
failure (1).  

In recent years new markers were developed in order to complement or to replace LVEF as a 
risk stratifier for SCD in primary prevention. The rationale behind those markers focuses on 
the different pathophysiological processes linked to SCD such as slowed conduction, 
imbalance in autonomic tone, extent of myocardial damage, ventricular ectopy and 
heterogeneities in ventricular repolarization (2).   

To quantify heterogeneities in ventricular repolarization, microvolt T-wave alternans (TWA) 
is a technique that attracted a lot of interest. TWA refers to a beat-to-beat alternating variation 
in the amplitude or morphology of the T-wave.  Extensive experimental evidence shows that 
repolarization alternans at the cellular level is not only an indicator but also a direct trigger of 
electrical instability of the heart (3). For routine clinical application, a standardized spectral 
analysis was developed to detect microvolt TWA on an ECG-recording at stable heart rate 
elevation. Several population studies show a high (95-98%) negative predictive value of the 
test for SCD, but a varying positive predictive value (5-30%), preventing it so far from being 
adopted as a standard ICD eligibility test (4). 

Another parameter quantifying the temporal heterogeneity in ventricular repolarization is the 
beat-to-beat variability of repolarization (BVR). Originally BVR was conceived as a 
parameter determining the drug-induced propensity to torsades-de-pointes arrhythmia on 
monophasic action potential (MAP) measurement in a dog model and its usefulness for this 
purpose has been repeatedly shown since then (5). BVR measured on QT-intervals on high 
resolution ECG’s was shown to be present in congenital long QT-syndrome patients at high 
arrhythmic risk (6). Recently BVR was also shown to reflect a repolarization abnormality 
correlating to an increased susceptibility to sudden cardiac death in patients with nonischemic 
heart failure in the absence of prolonged QT interval (7). 

Both parameters reflect ventricular repolarization abnormalities and both show a rate 
dependency: TWA is predominantly appearing at higher rates, whereas BVR predominantly 
appears at slower rates (5) (8). There is uncertainty whether TWA and BVR might quantify 
the same arrhythmia predicting phenomenon, albeit at opposite sides of the heart rate 
spectrum. 

We evaluated the effect of early ventricular remodeling after an acute ischemic event on these 
different parameters of heterogeneity of ventricular repolarization. We created a single 
ischemic lesion in healthy pig myocardium and used LV infarct size on cardiac magnetic 
resonance imaging (MRI) as a quantifier for spatial loco-regional heterogeneities in the LV. 
Delayed enhancement with chelated Gadolinium on MRI has been proven to accurately 
reflect the extent of the infarct zone in ischemia-reperfusion models (9). The evaluation of the 
infarct size by MRI is believed to predict prognosis after acute myocardial infarction (10). In 
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this study we compared TWA and BVR in the setting of early remodeling after an acute 
ischemic event. 

METHODS 
 
Induction of myocardial infarction 
22 pigs (25.7 to 33.0 kg) were anesthetized with intramuscular telazol (Zoletil, 8 mg / kg) and 
xylazine (Vexylan, 2.5 mg / kg).  After intubation, anesthesia was maintained with propofol 
(Diprivan, 10 mg/kg/h) and remifentanyl (Ultiva, 0.3 µg/kg/hour). Ventilation was performed 
with a Dräger Julian ventilator (tidal volume 9 ml/kg, frequency 16/min, FiO2 50%). All 
protocols were evaluated and approved by the ethical board for animal research of the 
University of Leuven. 
Arterial access was achieved by denudation of the left carotid artery and introduction of an 8 
French sheath. Heparin (Leo, 10,000 IU) and acetyl salicylic acid (Aspegic, 500 mg) were 
administered intravenously. After coronarography (Figure 1A) a 2.5x30 mm angioplasty 
balloon was placed in the mid left coronary artery.  Inflation of the balloon (12 Bar) resulted 
in total occlusion of the vessel (Figure 1B). After 1 hour occlusion the balloon was deflated.  
Anesthesia was maintained for 1 more hour. An opioid (Temgesic, 0.3 mg) and enrofloxacine 
antibiotic (Baytril, 150 mg) were administered. In sham pigs, this protocol was the same 
except for the LAD occlusion. After 21 days coronarography was repeated (figure 1C, 
protocol outline). 
 
 
 

 
Figure 1. Graphical protocol outline and procedural images of A: Left coronary angiogram 
before balloon inflation. B: In same animal during balloon inflation, showing occlusion of 
distal LAD. C. Control left coronary angiogram before sacrifice on day 21, showing patent 
LAD and pacing catheter in right atrium. 
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Figure 2. A. Clinical protocol of TWA measurement in pig. ‘HR’ shows RA pacing rate, ‘% 
Bad’ the number of extrastimuli and ‘Noise’ the amplitude of noise. VM, X,Y and Z show the 
amplitude of  alternans for the respective axis of the orthogonal recording lead configuration. 
B. Number of positive TWA-tests in function of atrial pacing speed. (%, numbers above bars 
indicate absolute values). 
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High resolution ECG and T-wave alternans recording. 
High resolution (1000Hz) basal surface ECG recordings were performed with a 7-lead 
shielded XYZ-configured cable (SORIN – ELA Medical, Milan, Italy). Through the vena 
femoralis, a pacing catheter was placed in the right atrium (Figure 1C). Skin was prepared for 
application of the TWA electrodes (Cambridge Heart Skin Patches). After 2 minutes of TWA 
recording at intrinsic rhythm, atrial pacing was started. First step lasted 5 min at cycle length 
570 ms and gradually decreased - each step lasting approximately 3 minutes - until 300 ms or 
until Wenckebach block appeared. 

TWA analysis. 
TWA analysis was performed with the most commonly used and validated system for spectral 
analysis (HearTwave II, Cambridge Heart, Bedford, USA). Significant microvolt T-wave 
alternans was defined as Valt ≥1.9 μV with alternans ratio K ≥3 and lasting at least 1 minute 
(figure 2A) (11). 
 

BVR analysis. 
One of the 3 (X, Y or Z) channels was first screened for absence of extrasystoles and tell-tales 
of clear post-ischemic changes. On this isolated tracing, a single observer (VF) manually 
measured RR and QT intervals of 60 consecutive beats (figure 3). This was performed blinded 
for the grouping of the animals and for the timepoint of measurement. QT intervals were 
determined the onset of the QRS complex to the end of the T wave employing the method of 
Lepeschkin and Surawicz (12). Where required, QT intervals were corrected for heart rate 
(QTc interval) using Bazett’s formula. Short-term variability (STV) defined as the mean 
distance of the points to the line of identity, was calculated as: 
 

STV D = � |𝐷𝐷𝑛𝑛−𝐷𝐷𝑛𝑛−1|
60.√2

𝑥𝑥

𝑛𝑛=1
  

  
with Dn the concerned interval D of beat n. 
 
 
 
 

 
 
Figure 3. Example of ECG tracings with consecutive QT measurements. 
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ECG scar index. 
On 12-lead ECG’s recorded on day 21, the ECG scar index was calculated as previously 
described (13). 

Evaluation of MI and LV function  
After 21 days, a MRI study was performed under anaesthesia. All animals were scanned in a 
3.0 Tesla MRI scanner (Magnetom, Trio Tim, Siemens Medical Solutions, Erlangen, 
Germany) and 0.2 mmol/kg of chelated Gadolinium (Dotarem) was injected intravenously for 
late enhancement imaging, all as previously described (14). LVEF and infarct size were 
calculated after manual delineating of endocardium, epicardium and late enhanced regions 
(Cardioviewer, KU Leuven, Belgium).  

Invasive electrophysiological testing 
A standard ventricular stimulation protocol with up to 2 extrastimuli was performed first in 
the right ventricular apex, then in the outflow tract.  After a train of 8 beats (first 600, then 
400 ms interval) an extra-stimulus was introduced with a coupling interval that was 
progressively shortened from 300 till 180 ms or until refractoriness. Once the refractory 
period was reached for the first extrastimulus or the coupling interval was lower than 180, a 
second extrastimulus was introduced, following the same scheme. 

Western Blot analysis. 
After sacrifice, left ventricular tissue samples were taken for molecular biology, in sham pigs 
from the anterior wall, in MI pigs from the zone adjacent to the infarct zone (border zone) and 
from the posterior wall (remote zone). Samples were frozen in liquid nitrogen and stored at -
80 °C.  Tissue was homogenized for Western Blotting (WB) with mouse SERCA (1/15000, 
Affinity BioReagents, Golden, USA) and NCX (1/1000, Affinity BioReagents, Golden, USA) 
antibodies as previously described (15). Results were normalized to protein expression level 
of the control group.  

Statistics: 
Variables are reported as mean ± SD, respectively, as median and range as indicated. Non-
parametric Wilcoxon test was used for the comparison of matched pairs in one group before 
and after instrumentation. Differences between MI and SHAM groups were evaluated by non-
parametric Mann-Whitney test for independent samples and Fisher’s exact test for 
proportions. Bivariate correlations were determined by Spearman’s correlation coefficient 
with associated significance. All tests were two-sided. P-values lower than 0.05 were 
considered to be significant. 

 

RESULTS 

Study population 
Of the 22 pigs (weight on inclusion 29.9 ± 2.4 kg.) 7 died due to refractory ventricular 
fibrillation during acute ischemia (n = 4), air embolism in the coronary system (n = 1), failure 
to intubate (n = 1) or infectious rash (n=1) before final examination. Eventually 9 pigs were 
included in the myocardial infarction (MI) group and 6 pigs in the control (sham) population 
(weight on day 21: 47.6 ± 3.5 and 48.1 ± 1.3 kg).  
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Figure 4. MRI measured infarct size (%) vs. LVEF (%).  
 
 
Infarct size 
Our animal model showed the induction of a consistent anterior myocardial infarction. Infarct 
size in the MI group was 21.1 ± 4.4 % of left ventricular mass. This resulted in a clearly 
decreased LVEF (36.8 ± 7.8 % in MI vs. 57.3 ± 3.0 % in sham, p<0.01). There was 
significant inverse correlation between infarct size and LVEF (y=-1.60x+71; rs=-0.93; 
p<0.05) (Figure 4). The early ventricular remodeling resulted in a trend to increased end-
diastolic volume (126 ± 20.2 ml in MI versus 107 ± 7.4 ml in sham pigs, p = 0.10). 

ECG myocardial scar index 

The ECG scar index was clearly higher in MI vs. SHAM pigs (26.6 ± 5.5 vs. 4.2 ± 1.6; p < 
0.01) and significantly correlated to MRI measured infarct size (average ECG index 26.7 ± 
5.5% vs. 21.1 ± 4.4% / paired Spearman correlation rs = 0.70; p=0.02). 

Western Blot analysis 
To confirm the ongoing ventricular remodeling we monitored the changes in expression of 
calcium handling proteins by WB. There was a significant 17 ± 12% decrease in expression of 
SERCA in the border zone of the infarct (anterior wall of MI) compared to the healthy 
anterior wall of sham (p=0.03). Comparing border zone (anterior wall) and remote area 
(posterior wall) of the MI group a comparable 24 ± 9 % decrease was observed (p=0.02). The 
expression of NCX in the border zone of the infarct did not differ between MI and sham (p=1) 
(figure 5).  

TWA 
When pacing at the clinical threshold at which sustained TWA is regarded as pathologic 
(<110/min – cycle length 545 ms), in none of both groups TWA appeared. When pacing at 
higher rates, TWA was frequency dependent and comparable in both groups (Figure 2B). 

RR and QTc-interval. 
Intrinsic RR-intervals (Figure 6A) did not differ significantly between MI and sham at 
baseline, acute ischemia or 21 days. The QTc-intervals (Figure 6B) in MI pigs shortened 
significantly during acute ischemia (357 ± 47 vs. 439 ± 29 ms at baseline, p < 0.01). On day 
21 there was no difference in QTc-interval between MI and sham groups (400 ± 25 vs. 403 ± 
36 ms, p= 0.86).  
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Figure 5. Optical density of NCX and SERCA proteins from Western blots 3 weeks after MI. 
Each mean column represents the average (± SD) of the values of 5-6 pigs. Per pig 3 separate 
blots were run and the average was withheld. Per pair of bars, results were normalized to 
protein expression level of the control group (marked with □). A representat ive from Western 
blot membrane of each protein expression is shown underneath the respective bars. * shows 
significant differences p<0.05. 
 
 
 
 

 
 
 
Figure 6 A: Mean RR-intervals at intrinsic heart rate.  B: QTc-intervals at intrinsic heart 
rate.  C: STV QT and QTc at fixed paced heart rate 120/min.  D: STV of intrinsic RR-
intervals. * shows significant differences p<0.05. 
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Beat-to-beat variability of repolarization. 
In the MI group there was a significant increase in STV QT at intrinsic rhythm at the time of 
acute ischemia (measured 20 minutes after the onset of occlusion) compared to baseline 
(scatter diagram in figure 7A.) (mean 2.44 ± 0.43 vs. 3.55 ± 0.41 ms, p< 0.01). On day 21 
STV QT had increased even further (5.80 ± 1.2 ms). Compared to sham, at baseline there was 
no difference in STV QT (2.44 ± 0.43 vs. 2.42 ± 0.52 ms; p=0.95). On day 21, STV QT in the 
MI group was significantly higher compared to sham (5.80 ± 1.12 vs. 2.14 ± 0.54 ms; p < 
0.01). STV of QT at fixed atrial pacing rate (cycle length 500) on day 21 was significantly 
higher in MI than in sham (figure 6C), but smaller than at intrinsic rhythm. The STV of the 
RR’ intervals before, during and 21 days after reperfusion did not significantly differ in both 
MI and sham population (figure 6D). 
 
Inducibility by ventricular stimulation. 
In 2 of 8 MI pigs programmed ventricular stimulation (PVS) could induce ventricular 
tachycardia, which in both pigs rapidly degenerated into ventricular fibrillation. One other MI 
pig developed refractory VF during accidentally passing the aortic valve with a Judkins 
catheter for coronary angiography. None of the sham pigs were inducible. This trend to an 
increased inducibility did not reach statistical significance.  

Correlations between BVR, infarct size, LVEF and inducibility. 

When plotting the individual results for STV QT at intrinsic rhythm (Figure 7A), STV in MI 
pigs is clearly distinct from the sham pigs with almost no overlap. The results for STV in the 
3 pigs vulnerable for VT/VF were amongst the highest of the MI group. There was no 
significant correlation between BVR and infarct size, BVR and LVEF, infarct size and 
inducibility of LVEF and inducibility (all p>0.1). This is visualized in Figure 7B and 7C. The 
pig developing VF during coronarography did have the largest infarct, almost the highest 
BVR and the worst LVEF (Figure 7). 

 
DISCUSSION 

Our ischemia-reperfusion pig model shows the induction of a consistent infarct zone with a 
correlated impact on LVEF. At the molecular level, brief screening of Ca2+ handling proteins 
showed the focal decrease in SERCA2 expression in the infarct border zone, comparable to 
earlier data (16). In the MI pigs TWA measured during atrial pacing is not different from 
sham pigs, whereas BVR measured on consecutive QT interval at intrinsic heart rhythm is.  

Increased heterogeneity of repolarization without detectable TWA 

Experimental research on cellular and tissue level has clearly linked cellular action potential 
duration (APD) alternans with an increased risk of ventricular arrhythmia. APD alternans was 
shown to be driven by unstable dynamics of calcium cycling (17). Transmural differences in 
the expression of SR Ca2+ cycling proteins have been identified as the molecular correlates for 
regional differences in cellular alternans susceptibility. Wan et al showed a reduced 
endocardial expression of SERCA2 leading to an increased endocardial susceptibility to 
alternans (18). T-wave alternans is supposed to be the electrocardiographic manifestation of 
cellular action potential duration (APD) alternans. Since we demonstrate a clear change in  
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Figure 7. Scatter diagram showing A. STV QT,  B. Infarct sizes (%) and C. LVEF (%) of 
individual pigs.  * indicates the pigs (n=2) that had an inducible VT during EP study. □  
indicates the pig developing refractory VF right during coronary angiography. 
 

 

BVR in our model, we know that the changes in protein expression we detect can cause 
temporal heterogeneity in ventricular repolarization. TWA however does not seem to detect 
this. This can have several explanations.  

A first lies in the unclear interaction between APD alternans and electrocardiographic TWA. 
The former is recorded ex vivo on single cells or Langendorf perfused hearts by patch clamp 
or optical mapping, the latter on the skin of an entire living animal which introduces the 
interference of many confounding factors. One of the few experiments on the direct link 
between APD alternans and ECG TWA shows that the amplitude of APD alternans is many 
times larger than the amplitude of ECG TWA (19). It seems the extent of ventricular tissue 
expressing APD alternans has to be important enough to be picked up on the surface ECG. 
Although in our pigs we induced a rather large infarct zone, there were no clinical features of 
heart failure in the pigs and the end-diastolic volume had not yet increased. If APD alternans 
was present this was possibly attenuated by the non-alternating repolarization of cardiac tissue 
that did not remodel yet. The idea TWA is a phenomenon arising during later phases of 
remodeling can also be at the base of the results of the REFINE study, showing TWA in 
human patients is performing better when tested in a later phase (20). Finally it is important to 
notice we used an ischemia-reperfusion model, with intact coronary vasculature (figure 1) at 
the moment of TWA testing. This excludes the interference of acute ischemia, a universally 
known trigger for TWA (21).  

A second explanation is the possible attenuation of repolarization heterogeneity during atrial 
pacing. TWA is related to changes in autonomic tone (22) and steady pacing might hide the 
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effect of these changes.  In dog experiments, heart rate elevation by atrial pacing was shown 
not elicit TWA whereas the same heart rate elevation by inducing anger in the awaken dog 
did (21). Although atrial pacing for TWA testing in human patient is commonly used, the 
concordance between TWA during pacing and exercise has been matter of discussion. Recent 
reports report it to be rather low and the more physiological exercise-based approach has been 
shown to have a better prognostic yield (23) (24). Our data might imply BVR is a technique 
able to capture repolarization heterogeneity without the need for a stable heart rate elevation 
and the practical difficulties this entrails. 

Do BVR and TWA have totally different mechanistic backgrounds? 

If the described heterogeneity of repolarization does not follow an alternating pattern it will 
not be picked up by TWA. Whereas TWA is an organized a-b-a-b variation in the amplitude 
of the T-wave at higher heart rates, BVR reflects more chaotic fluctuations in consecutive 
QT-lengths at lower heart rates. Compared to TWA, the mechanisms underlying BVR are less 
well defined. Cellular BVR is likely to result from the stochastic behavior of multiple ion 
currents that influence the cellular repolarization. The plateau phase of the action potential 
(AP) is known to be very sensitive to small changes in ion fluxes, which can significantly 
affect membrane potential and thus repolarization duration. Compiling available data shows 
that an increase in net inward current (INa augmentation), or a decrease in net outward currents 
(Ikr, Iks inhibition) increases BVR (5). Interestingly, other data are showing that also an altered 
Ca2+ handling can alter BVR (25) (26). Thus BVR seems to originate from a spectrum of 
cellular abnormalities that is broader than for cellular alternans, which might explain our 
findings in early post-infarct hearts.  

BVR is considered as a marker of reduced repolarization reserve (5) (6). Interestingly, the 
increase in BVR in the MI pigs was not accompanied by a prolonged QT interval, a 
phenomenon reported by only a few other groups (26) (27). Further emphasizing its 
independent character, BVR in our model also appears to be independent of infarct size and 
LVEF, two other conventional risk factors for arrhythmia (Figure 7 A,B,C).  

Limitations. 

For logistic reasons it was not possible to perform longer follow-up. We used a protocol 
limited to 2 ventricular extrasystoles to test for the inducibility of ventricular arrhythmia. This 
decision was taken to preserve specificity of the test. This however could have led to a lower 
sensitivity of the test and could explain why we could not show a significantly higher 
arrhythmogenity in the MI group, whereas variants of this model were shown to be 
universally inducible with more aggressive inducibility protocols (28).  

At intrinsic heart rhythm, none of the pigs had a positive TWA. As TWA during exercise was 
not feasible only paced recordings were performed. 

BVR was calculated on manually measured QT and RR intervals. The small amplitude of 
BVR makes it sensitive to measurement errors introduced by noise, ventilation and errors 
associated with measurement. Repeated measurements on the same signal however showed a 
high repeatability. To obtain a reliable measurement we furthermore ventilated all pigs at the 
same respiratory rate (16/min) and used 60 consecutive beats for calculations, whereas only 
30 were proposed earlier (5). 

Clinical implications 
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In the early post-infarct period the risk of SCD is known to be high (29). However ICDs have 
never been shown to reduce mortality in this timeframe, because of the shift from sudden 
arrhythmic death to heart failure death provoked by the implementation of standard risk 
stratifiers such as LVEF and heart rate variability (30) (31). It is therefore of clinical 
importance to be able to identify patients early post infarct who are at high arrhythmic but low 
heart failure mortality risk. Our data suggest that BVR could be an interesting technique to 
quantify repolarization heterogeneity in the early post-infarct period because of its 
straightforward recording and its presence at intrinsic heart rhythm, thus not requiring 
exercise or pacing to raise heart rate. 

CONCLUSION 

In early remodeling after isolated acute myocardial infarction in a pig model, a rise in BVR 
measured on ECG-tracings at intrinsic heart rate was a consistent phenomenon, whereas TWA 
at paced heart rates were not. This discordance means BVR detects heterogeneities in 
ventricular repolarization that mechanistically differ from the ones detected by TWA or 
simply disappear during rapid pacing. The clinical prognostic significance of BVR needs to 
be tested in further studies. 

 

  



Chapter 4  68 

 

REFERENCES 
 

1. Every N, Hallstrom A, McDonald KM, Parsons L, Thom D, Weaver D, Hlatky MA. Risk 
of sudden versus nonsudden cardiac death in patients with coronary artery disease. Am Heart 
J 2002. 144: 390-396. 

2. Goldberger JJ, Cain ME, Hohnloser SH, Kadish AH, Knight BP, Lauer MS, Maron BJ, 
Page RL, Passman RS, Siscovick D, Stevenson WG, Zipes DP. American Heart 
Association/American College of Cardiology Foundation/Heart Rhythm Society Scientific 
Statement on Noninvasive Risk Stratification Techniques for Identifying Patients at Risk for 
Sudden Cardiac Death. J Am Coll Cardiol 2008. 52: 1179-1199. 

3. Weiss JN, Karma A, Shiferaw Y, Chen PS, Garfinkel A, Qu Z. From pulsus to pulseless: 
the saga of cardiac alternans. Circ Res 2006. 98: 1244-53. 

4. Gehi AK, Stein RH, Metz LD, Gomes JA. Microvolt T-wave alternans for the risk 
stratification of ventricular tachyarrhythmic events: a meta-analysis. J Am Coll Cardiol 2005. 
46: 75–82. 

5. Thomsen MB, Volders PG, Beekman JD, Matz J, Vos MA. Beat-to-beat variability of 
repolarization determines proarrhythmic outcome in dogs susceptible to drug-induced 
torsades de pointes. J Am Coll Cardiol 2006. 48: 1268-1276. 

6. Hinterseer M, Beckmann BM, Thomsen MB, Pfeufer A, Dalla Pozza R, Loeff M, Netz H, 
Steinbeck G, Vos MA, Kääb S. Relation of increased short-term variability of QT interval to 
congenital long-QT syndrome. Am J Cardiol 2009. 103: 1244-1248. 

7. Hinterseer M, Beckmann BM, Thomsen MB, Pfeufer A, Ulbrich M, Sinner MF, Perz S, 
Wichmann HE, Lengyel C, Schimpf R, Maier SK, Varró A, Vos MA, Steinbeck G, Kääb S. 
Usefulness of short-term variability of QT intervals as a predictor for electrical remodeling 
and proarrhythmia in patients with nonischemic heart failure. Am J Cardiol 2010. 106: 216-
220. 

8. Oosterhoff P, Thomsen MB, Maas JN, Atteveld NJ, Beekman JD, VAN Rijen HV, VAN 
DER Heyden MA, Vos MA. High-rate pacing reduces variability of repolarization and 
prevents repolarization-dependent arrhythmias in dogs with chronic AV block. J Cardiavasc 
Electrophysiol 2010. 21: 1384-1391. 

9. Pereira RS, Prato FS, Wisenberg G, Sykes J, Yvorchuk KJ. The use of Gd-DTPA as a 
marker of myocardial viability in reperfused myocardial infarction. Int J Cardiovasc Imaging 
2001. 17: 395-404. 

10. Rubenstein JC, Ortiz JT, Wu E, Kadish A, Passman R, Bonow RO, Goldberger JJ. The 
use of periinfarct contrast-enhanced cardiac resonance imaging for the prediction of late 
postmyocardial infarction ventricular dysfunction. Am Heart J 2008. 156: 498-505. 

11. Richter S, Duray G, Hohnloser SH. How to analyze T-wave alternans. Heart Rhythm 
2005. 2: 1268-1271. 



Chapter 4  69 

 

12. Lepeshkin E, Surawicz B. The Measurement of the Q-T Interval of the Electrocardiogram. 
Circulation 1952. 6: 378-388. 

13. Strauss DG, Poole JE, Wagner GS. An ECG index of myocardial scar enhances prediction 
of defibrillator shocks: An analysis of the Sudden Cardiac Death in Heart Failure Trial. Heart 
Rhythm 2011. 8: 38-45. 

14. Wu M, D'hooge J, Ganame J, Ferferieva V, Sipido KR, Maes F, Dymarkowski S, Bogaert 
J, Rademakers FE, Claus P. Non-invasive characterization of the area-at-risk using magnetic 
resonance imaging in chronic ischemia. Cardiovasc Res 2011. 89: 166-174. 

15. Lenaerts I, Bito V, Heinzel FR, Driesen RB, Holemans P, D'hooge J, Heidbüchel H, 
Sipido KR, Willems R. Ultrastructural and functional remodeling of the coupling between 
Ca2+ influx and sarcoplasmic reticulum Ca2+ release in right atrial myocytes from 
experimental persistent atrial fibrillation. Circ Res 2009. 105: 876-885. 

16. Sallinen P, Mänttäri S, Leskinen H, Ilves M, Ruskoaho H, Saarela S. Time course of 
changes in the expression of DHPR, RyR(2), and SERCA2 after myocardial infarction in the 
rat left ventricle. Mol Cell Biochem 2007. 303: 97-103. 

17. Diaz ME, O’Neill SC and Eisner DA. Sarcoplasmatic reticulum calcium content 
fluctuation is the key to cardiac alternans. Circ Res 2004. 94: 650-656. 

18. Wan X, Laurita KR, Pruvot EJ, Rosenbaum DS. Molecular correlates of repolarization 
alternans in cardiac myocytes. J Mol Cell Cardiol 2005. 39: 419-428. 

19. Pastore JM, Girouard SD, Laurita KR, Akar FG, Rosenbaum DS. Mechanism linking T-
wave alternans to the genesis of cardiac fibrillation. Circulation 1999. 99: 1385-1394. 

20. Exner DV, Kavanagh KM, Slawnych MP, Mitchell LB, Ramadan D, Aggarwal SG, 
Noullett C, Van Schaik A, Mitchell RT, Shibata MA, Gulamhussein S, McMeekin J, 
Tymchak W, Schnell G, Gillis AM, Sheldon RS, Fick GH, Duff HJ and Investigators., 
REFINE. Noninvasive risk assessment early after a myocardial infarction the REFINE study. 
J Am Coll Cardiol 2007. 50: 2275-2284. 

21. Kovach JA, Nearing BD, Verrier RL. Angerlike behavioral state potentiates myocardial 
ischemia-induced T-wave alternans in canines. J Am Coll Cardiol 2001. 37: 1719-1725. 

22. Rashba EJ, Cooklin M, MacMurdy K, Kavesh N, Kirk M, Sarang S, Peters RW, 
Shorofsky SR, Gold MR. Effects of selective autonomic blockade on T-wave alternans in 
humans. Circulation 2002. 105: 837-842. 

23. Kraaier K, Verhorst PM, van der Palen J, van Dessel PH, Wilde AA, Scholten MF. 
Microvolt T-wave alternans during exercise and pacing are not comparable. Europace 2009. 
11: 1375-1380. 

24. Rashba EJ, Osman AF, MacMurdy K, Kirk MM, Sarang S, Peters RW, Shorofsky SR, 
Gold MR. Exercise is superior for T-wave alternans measurement in subjects with chronic 
coronary artery disease and left ventricular dysfunction. J Cardiovasc Electrophysiol 2002. 
13: 845-850. 



Chapter 4  70 

 

25. Johnson DM, Heijman J, Pollard CE, Valentin JP, Crijns HJ, Abi-Gerges N, Volders PG. 
I(Ks) restricts excessive beat-to-beat variability of repolarization during beta-adrenergic 
receptor stimulation. J Mol Cell Cardiol 2010. 48: 122-130. 

26. Jacobson I, Carlsson L, Duker G. Beat-to-beat QT interval variability, but not QT 
prolongation per se, predicts drug-induced torsades de pointes in the anaesthetized 
methoxamine-sensitized rabbit. J Pharmacol Toxicol Methods 2011. 63: 40-46. 

27. Zaniboni M, Pollard AE, Yang L, Spitzer KW. Beat-to-beat repolarisation variability in 
ventricular myocytes and its suppression by electrical coupling. Am J Physiol Heart Circ 
Physiol. 2000. 278: 677-687. 

28. Sasano T, Kelemen K, Greener ID, Donahue JK. Ventricular tachycardia from the healed 
myocardial infarction scar: Validation of an animal model and utility of gene therapy. Heart 
Rhythm 2009. 6: S91–S97. 

29. Solomon SD, Zelenkofske S, McMurray JJ, Finn PV, Velazquez E, Ertl G, Harsanyi A, 
Rouleau JL, Maggioni A, Kober L, White H, Van de Werf F, Pieper K, Califf RM, Pfeffer 
MA and Investigators., Valsartan in Acute Myocardial Infarction Trial (VALIANT). Sudden 
death in patients with myocardial infarction and left ventricular dysfunction, heart failure, or 
both. N Engl J M 2005. 352: 2581-2588. 

30. Hohnloser SH, Kuck KH, Dorian P, Roberts RS, Hampton JR, Hatala R, Fain E, Gent M, 
Connolly SJ. Prophylactic use of an implantable cardioverter-defibrillator after acute 
myocardial infarction. N Engl J Med 2004. 351: 2481-2488. 

31. Steinbeck G, Andresen D, Seidl K, Brachmann J, Hoffmann E, Wojciechowski D, 
Kornacewicz-Jach Z, Sredniawa B, Lupkovics G, Hofgärtner F, Lubinski A, Rosenqvist M, 
Habets A, Wegscheider K, Senges J. Defibrillator implantation early after myocardial 
infarction. N Eng J Med 2009. 361: 1427-1436. 
 

 
 
 
 



Chapter 3 71 
 

  

 

 

 

 

 

 

 

 

 

CHAPTER 3 

 

The effect of infarct size and time after myocardial infarction on microvolt T-wave 
alternans and beat-to-beat variability of repolarization 

Floré V, Claus P, Vos M, Van Soest S, Sipido KR, Willems R. 

Manuscript in preparation for submission. 

 

  



Chapter 3 72 
 

ABSTRACT 

Aims: We investigated the relationship between T-wave alternans (TWA), beat-to-beat 
variability of repolarization (BVR), time after myocardial infarction (MI) and infarct size.  

Methods: 106 MI patients and 22 control patients underwent spectral TWA testing, recordings 
for BVR measurements and cardiac imaging with magnetic resonance (MRI).  43 patients 
were tested early (≤5 months) and 63 patients late after myocardial infarction. 

Results: There was no correlation between TWA and BVR (kappa -0.1). BVR was 
significantly higher in the grouped tested early after MI (5.4±2.0ms) than in controls 
(3.9±1.8ms, p=0.03) and the group tested late after MI (4.2±1.8ms, p<0.01). The proportion 
of positive TWA tests was equal in control (26%), early (24%) or late group (29%). Late after 
MI there was a significant relation between infarct size and TWA. There were more positive 
TWA tests in patients with a large MI (>10%) than in patients with a small MI (42% vs. 0%, 
p<0.01). When considering only the positive TWA, MI patients were more frequently taking 
betablockers and delivered lower maximal ergometer power than controls: betablocker intake 
was 100% after MI versus 0% in controls and maximal power during TWA testing was 93±17 
watt in MI versus 136±29 watt in controls.  

Conclusion: BVR and TWA are two distinct measures assessing repolarization abnormalities 
post MI. BVR is more pronounced early post MI remodeling whereas TWA was related to 
larger infarct size only when measured late after MI. Timing of testing, betablocker intake and 
exercise capacity are important factors in the interpretation of TWA and BVR. 
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Introduction 

Sudden cardiac death (SCD) remains an important cause of mortality in the later stages after 
myocardial infarction (MI) (1). Myocardial scarring is a risk factor for ventricular arrhythmias 
not countered by advanced revascularization methods or anti-arrhythmic drug therapy. 
Implantation of an implantable cardioverter-defibrillator is only cost-effective when 
implanted in patients at high risk for arrhythmia (2). Ventricular repolarization variability has 
been linked to arrhythmogenesis in experimental research on cellular and cardiac tissue level 
(3). Therefore, the search for better arrhythmia risk predictors focuses on techniques that 
measure repolarization variability on the surface electrocardiogram (ECG). In this manuscript 
we focus on two different measures of ventricular repolarization heterogeneity: T-wave 
alternans (TWA) and beat-to-beat variability of repolarization (BVR). 

TWA is a 2:1 beat-to-beat alternating variation in the amplitude or morphology of the T wave. 
Extensive experimental evidence shows that repolarization alternans at the cellular level not 
only is an indicator but also is a direct trigger of electrical cardiac instability (4). A 
standardized spectral analysis technique was developed to detect TWA on a surface ECG at a 
microvolt level, requiring stable heart rate elevation with exercise or atrial pacing. Several 
population studies have shown a high negative predictive value (95%–98%) but a varying 
positive predictive value (5%–30%) of the test for SCD (5).  

BVR is a more recently developed parameter quantifying stochastic or non-alternating beat-
to-beat differences in successive repolarization interval durations. It was originally conceived 
as a parameter determining the drug-induced propensity to torsades de pointes arrhythmia on 
monophasic action potential measurements in a dog model (6) (7). BVR measured on QT 
intervals on high-resolution ECGs was shown to correlate with high arrhythmic risk in both 
congenital long QT syndrome and non-ischemic cardiomyopathy patients (8) (9).  

This study aims to investigate BVR and TWA in a cohort of patients with a previous single 
ST-elevated myocardial infarct (STEMI) that were all treated with current guideline based 
early reperfusion strategy. We assessed the effect of MRI measured myocardial infarct size 
and time since infarct on BVR and TWA. 

 

Methods 

Study population 

All patients were recruited at the University Hospitals of Leuven, Belgium. Patients were 
enrolled between March 2010 and October 2011. Myocardial infarction (MI) patients were 
eligible if they suffered a previous STEMI due to an occlusion of a single coronary vessel in 
the timeframe between 30 days and 3 years before inclusion. The 30 day minimum was 
chosen according to the current guidelines for ICD implantation (10). Exclusion criteria were 
age over 75 years, previous cardiac surgery, chronic atrial fibrillation, amiodarone use, 
recurrent acute coronary syndrome (ACS) since the index STEMI and any non-cardiac 
condition that seriously restricted survival prognosis. Control patients were eligible if they 
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had no previous history of ACS and a negative diagnostic coronarography performed in the 
month before inclusion.  

The timing from testing after the MI was categorized as early after MI if performed within 1 
to 5 months after MI and late if performed later than 5 months after the MI. A preliminary 
follow-up status until February 1st, 2012 was obtained through routine clinical follow-up 
information and - if none available – through a telephone call. The study was conducted in 
accordance with the Declaration of Helsinki, the principles of the International Conference on 
Harmonization of Good Clinical Practice and with the approval of the local ethics committee. 

Spectral TWA and 24 hour Holter recording 

Spectral TWA (HearTwave II, Cambridge Heart, Bedford, USA) on a bicycle ergometer, 6 
minute high resolution (HR) (1000hz) resting ECG recording with XYZ-lead configuration 
and 24 hour Holter ECG recording (SORIN – ELA Medical, Milan, Italy) were performed 
during 1 visit. Spectral TWA testing was interpreted as described before (11) and immediately 
repeated when an indeterminate result was obtained. 24 hour Holter analysis was performed 
through commercially available software (SyneScope, SORIN – ELA Medical, Milan, Italy), 
including ventricular premature beats (VPB) count. Signal averaged ECG measurements for 
detecting late potentials was performed on the HR ECG’s (Norav, SORIN – ELA Medical, 
Milan, Italy) and considered positive when 2 or more out of 3 criteria were abnormal (filtered 
QRS duration > 114ms, root mean square voltage of terminal 40msec < 20µV, duration of late 
potentials with amplitude below 40 µV > 30 msec) (12). 

Beat-to-beat variability of repolarization 

For the QT measurements on HR ECG recordings, a custom made analysis module was built 
that recorded interval lengths and blinded observers from patient identification details. Each 
tracing was analyzed in two ways. For the manual analysis the observer had to provide the 
beginning of the Q-wave and end of T-wave manually. If a ventricular premature beat (VPB) 
occurred or signal noise was too high for appropriate measuring, the beat and the next beat 
were omitted from analysis. For the semi-automatic measurements, positions for Q and T 
were first determined by an open source ECG detection algorithm (13) and then evaluated 
beat per beat by the observer who could accept the automatic positions, adjust manually if 
needed or reject the entire beat in case of VPB or noise excess. STV of QT-interval was 
calculated as previously described (14). Per patient, 90 QT intervals were measured for each 
of the X, Y and Z leads available. Analysis of 1 ECG recording (i.e. for 90 beats in X, Y and 
Z leads) took approximately 20 minutes for the semi-automatic and 40 minutes for the manual 
method. To correct for important analysis errors, all STV values that were calculated on the 
basis of QT-intervals that were not in a 40 millisecond range (between the shortest and 
longest QT) were not taken into account. Finally, the STV for 60 consecutive QT intervals in 
the X, Y and Z-axis were averaged to obtain a general ‘XYZ’ STV QT. 

We evaluated inter- and intra-observer correlation for both the semi-automatic and manual 
measurements. Both intra-observer (between successive clusters of 30 beats) and inter-
observer correlation (between the same clusters of 60 beats) were good (R² 0.81 and 0.86  
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Figure 1A. Inter-observer variability for STV QT of beats 1-60 for the semi-automatic 
analysis method. 1B. Intra-observer variability between STV QT of beats 1-30 and beats 31-
60 for the semi-automatic analysis method. 1C and 1D. Intra-observer variability between 
semi-automatically and manually obtained STV QT 1-60 for 2 different respective observers. 

 

 

Figure 2. Correlation between contrast enhanced MRI measured LVEF and infarct size for 
both anterior (A) and non-anterior infarcts (B). 
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respectively; kappa 0.61 and 0.71 respectively) and are represented in figure 1A en 1B. Intra-
observer correlation between the manual and semi-automatic method showed that correlation 
was strongly variable depending to the observer concerned (figure 1 C and D) and that even 
with good correlation, STV were systematically 2 units higher in the manual measurements 
(figure 1C). As the semi-automatic measurement had lowest observer dependency and 
systematically lower STV, only these results were used for further analysis.  

Magnetic resonance imaging 

In the majority (68%) of the patients a magnetic resonance scan with gadolinium contrast 
enhancement was performed as previously described (15), providing data on left ventricular 
dimensions, ejection fraction (LVEF) and infarct size and location. Correlation between 
LVEF and infarct size for both anterior and non-anterior infarcts were plotted in figure 2. In 
the patients (32%) were no MRI was available a transthoracal echocardiogram was performed 
to obtain LVEF. To estimate an infarct size in the patients where no MRI data were available, 
we used a formula obtained by linear regression of the available MRI data. This was done for 
both the anterior (infarct size= -0.81 x LVEF + 56 / R²=0.83) and non-anterior infarcts (infarct 
size= -0.78 x LVEF + 53 / R²=0.76) to account for the differences in the relationship between 
infarct size and LVEF in both groups. In this manuscript, MRI measured data will be used if 
available and otherwise LVEF obtained by TTE and infarct size obtained by this 
extrapolation. Infarct sizes below 10.0% were categorized as small and above 10.0% as large. 
Our choice for the 10% limit of 10% was guided by Bello et al. who showed previously that 
no patients with infarct sizes lower than 10% had inducible VT or VF during programmed 
ventricular stimulation (16). 

Statistics 

For comparing continuous variables, 2-sided t test was used and for categorical variables chi 
squared test. P-values were considered statistically significant if smaller than 0.05. For 
investigating correlation between continuous variables, R² was calculated with Pearson 
correlation calculations. Wilcoxon’s signed-ranks test was used to investigate correlation 
between categorical and continuous variables. Kappa testing was performed according to 
Cohen. 

 

Results 

Patient characteristics 

In total 106 MI patients and 22 control patients were included. Important patient 
characteristics of the MI and control group are listed in table 1. MI patients were 
predominantly male (91%), virtually all received optimal pharmacological post MI treatment 
and were included in this study between 1 and 28 months after the index MI. Age, QRS and 
QTc duration, renal function, body mass index and global cardiovascular risk profile were not 
statistically different between MI and control patients. Pharmacological treatment did differ 
significantly between both groups. During preliminary follow-up (duration 8±4 months) 1 MI  
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    Infarct Control p 
N   106 22   
Gender  % male 91 86 NS 
Age at inclusion years 60±10 61±10 NS 

range 33-75 35-75   

QRS average (ms) 100±16 93±11 NS 
  range (ms) 75-151 64-108   
QTc average (ms) 414±19 410±18 NS 
  range (ms) 378-503 353-444   
Serum creatinine average (mg/dl) 1.05±0.34 0.94±0.13 NS 

range (mg/dl) 0.65-3.48 0.75-1.31   

BMI average (kg/m²) 28±4 27±4 NS 
  range (kg/m²) 18-38 19-41   
Pharmacological 
therapy Acetyl salicyc acid (%) 99 32 <0.01 

ACE/AT2 inhibitors (%) 95 18 <0.01 
Statins (%) 96 59 <0.01 
Betablokkers (%) 95 36 <0.01 

Cardiovascular 
risk profile 

Past or present smoking 
(%) 68 28 

NS 

Arterial hypertension (%) 50 50 

Hypercholesterolemia (%) 72 68 

Diabetes mellitus (%) 11 5 

Familial coronary disease 55 36 
Days between 
inclusion and 
infarct 

Average (days) 322±259    

Range (days) 30-851 

 

  

n < 150 days 43 

 
  

n > 150 days 63     

Follow-up 
duration 

Average (months) 9±4 6±4 NS 
Range (months) 3-16 3-12   

 

Table 1. Demographics compared between control and MI patients. BMI: body mass index, 
ACE: angiotensin converting enzyme, AT2: angiotensin 2. LVEF: left ventricular ejection 
fraction, NS: non-significant (p>0.10).  
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      Infarct Control p 
MRI and TTE End diastolic LV 

volume 
Average (ml) 186±42 156±32 0.04 

  Range (ml) 113-303 122-204   
  LV ejection fraction Average (%) 53±9 63±4 <0.01 
  Range (%) 30-69 55-70   
  Infarct size 

Average (%) 14±9 0 <0.01 
  

Range (%) 1-33 0   
  Extrapolated infarct 

size Average (%) 12±8 0 <0.01 
  

Range (%) 1-33 0   
  

          
24 hour holter ECG Max sinus rhythm rate Average (bpm) 105±16 120±11 <0.01 
  Range (bpm) 75-150 104-138   
  Number of VPB Average 225±388 378±853 NS 
  Range 0-4926 0-2908   
            
SAECG Late 
potentials   % positive tests 15 0 0.07 

      
 

  
Spectral TWA 
testing 

Test results 
Positive (%) 22/106 (21) 5/22 (23) NS 

  
Indeterminate (%) 2/106 (2) 3/22 (14) # 

  Maximum negative 
heart rate at TWA test Average (bpm) 107±7 107±10 NS 

  Range (bpm) 84-118 81-117   
  Maximum power at 

TWA test 
Average (watt) 121±33 114±28 NS 

  Range (watt) 60-250 60-180   
  Maximum power of 

positive TWA test 
Average (watt) 93±17 136±29 <0.01 

  Range (watt) 60-120 100-180   
  Maximum power of 

negative TWA test 
Average (watt) 129±32 111±32 <0.01 

  Range (watt) 65-250 75-140   
            
BVR STV QT XYZ Average (ms) 4.7±2.0 4.0±1.8 NS 
  

 
Range (ms) 1.2-9.3 2.1-7.3   

            

 

 

Table 2. Relevant results of non-invasive testing compared between control and MI patients. 
TTE: transthoracic echocardiogram, LV: left ventricular, SAECG: signal averaged 
electrocardiogram, BVR: beat-to-beat variability of repolarization, STV QT XYZ: short term 
variability of repolarization averaged for X,Y and Z leads, NS: non-significant (p>0.10). #: 
half (n=2) of indeterminate tests in the control group were due to technical failure so no 
comparison with the MI group can be made. 
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patient died (0.9% of MI population). Cause of death was recurring coronary ischemia with 
subsequent refractory pump failure.  Results of magnetic resonance imaging can be found in 
table 2. The MI patients had relatively small infarct sizes (average 14±9% of LV mass, 48% 
of the patients had an infarct size < 10%), also reflected in a well preserved LVEF (53±9%). 

Comparing non-invasive test results between MI and control patients 

A comparison between the MI and control population of the relevant non-invasive test results 
is displayed in table 2. Most MI patients had only a slightly depressed LVEF (53±9 vs. 63±4 
% in controls, p<0.01) and a limited dilatation of LV end diastolic volumes (186±42 vs. 
156±32 in controls, p=0.04). Infarct sizes range between 1 and 33% of LV mass with an 
average of 14±9%. 39% of all MI patients had an anterior wall infarct. 24h Holter monitoring 
showed a significantly lower maximal sinus rhythm rate in MI (105±16 bpm) vs. control 
patients (120±11 bpm, p<0.01) and no significant difference in the VPB count. SAECG late 
potentials were present in 15% of MI patients and in none of the controls, this difference was 
however non-significant (p=0.07). TWA test showed a very low amount of indeterminate test 
results (4 % for the entire population). In the control group 2 TWA tests were indeterminate 
due to technical failure of the TWA module. The proportion of positive TWA tests was not 
different in overall MI (21%) versus control (23%) population. Maximum heart rates without 
sustained alternans did not differ between MI (107±7) and control patients (107±10) but MI 
patients with a positive TWA test reached a significantly lower ergometer maximum power  
(93±17 watt) than control patients with a positive test (136±29; p<0.01). MI patients with a 
negative TWA test (129±32 watt) delivered a significantly higher power than control patients 
with negative TWA tests (111±32 watt, p<0.01). Finally STV of QT intervals did not differ 
significantly between MI (4.7±2.0 ms) and control patients (4.0±1.8 ms).  

TWA in the MI population 

We compared all relevant parameters between MI patients with positive and negative TWA 
test. The small proportion of patients with indeterminate results (n =5) was left out of this 
analysis. Positive TWA testing is significantly related to a higher number of VPB on 24h 
Holter monitoring (486±270 versus 122±39 VPB, p=0.025) (figure 3A), a larger infarct size 
(11±1 versus 15±2 %, p=0.026) (figure 3B and 4A) and a higher proportion of non-anterior 
infarcts (86% versus 54%, p<0.01) (fig 3C).  

If we considered infarct size (small versus large infarcts sizes with a cut-off 10% of 
ventricular mass), the number of positive TWA tests in patients who suffered a small MI 
(4/50 - 8%) was not statistically different than in controls (5/19 - 26%, p=0.10) but 
significantly lower than in patients with a large MI (18/54 - 33%, p<0.01) (figure 4A). If we 
additionally considered the timing after MI (early versus late MI, cut-off 150 days) a 
significant difference in TWA testing between large (14/19 - 42% positive TWA) and small 
infarcts (0/30 - 0% positive TWA, p<0.01) was present only late after MI (figure 4B). When 
tested early after MI, no significant difference between small (4/20 - 20% positive TWA) and 
large infarcts (4/21 - 19% positive TWA) was present (figure 4B). The proportion of patients 
with a positive TWA tests was significantly smaller in patients with a small MI (0/33 – 0%) 
than in control patients (5/19 – 26%, p<0.01). 
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Figure 3. Comparison between patients with positive versus negative TWA testing for A. 
number of ventricular premature beats on 24h holter monitoring (VPB / 24h). B. Infarct Size 
(%). C. Anterior versus non-anterior infarcts. * means values for groups pointed by arrows 
differ significantly (p<0.05).  

 

BVR in the MI population 

There was no correlation between STV QT and QT interval length (R² 0.04 – Pearson p=0.08) 
or between STV QT and result of TWA testing (p<0.01 - Wilcoxon’s signed-ranks test; 
Kappa -0.1). STV QT was 4.7±2.0 ms in patients with negative and 4.9±2.1 ms with positive 
TWA testing. There was a significantly higher STV QT in patients early after MI (5.4±2.0 
ms) versus patients late after MI (4.2±1.8 ms, p<0.01) and versus control patients (3.9±1.8 
ms, p=0.03) (figure 4C). There was no significant difference in STV QT between small and 
large infarcts in the overall MI population (4.4±2.0 and 5.0±2.0 ms respectively), early after 
MI (5.1±2.3 and 5.7±1.9 ms respectively) (figure 4D) or late after MI (3.8±1.5 and 4.5±2.0 
ms respectively) (figure 4D).  

TWA and BVR in patients with an indication for ICD implantation. 

When applying international guidelines, ICD implantation was theoretically indicated in 9 
patients: 7 for primary prevention (EF < 35% after remote MI) and 2 for secondary prevention 
(sustained ventricular tachycardia after remote MI). The mean STV in patients with an ICD 
indication was 6.4±1.7. This was significantly higher than STV in MI patients without ICD 
indication (4.6±1.9, p<0.01) or controls (3.9±1.8, p<0.01). TWA was positive in 33% of 
patients with ICD indication, this was not significantly different from the patients without 
(25%, p=0.4). An ICD was effectively implanted in only 3 out of 7 patients with a primary 
prevention indication and in both patients for secondary prevention. One patient did not 
receive an ICD because he died early after from recurrent ischemia and pump failure, the 
others were not considered for unknown reasons. The mean follow-up duration of ICD 
therapy was 218±40 days, during which none of the patients received an ICD intervention. 
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Figure 4. A. Proportion of positive TWA tests in controls versus MI categorized by small 
(<10%) or large (>10%) infarct size. B.  Proportion of positive TWA tests categorized by 
small (<10%) or large (>10%) infarct size and early (< 150 days) and late (> 150 days) 
testing after MI. C. Distribution of mean XTY STV values for controls versus MI groups 
categorized by early (< 150 days) and late (> 150 days) testing after MI. D. Distribution of 
mean XTY STV values categorized by small (<10%) or large (>10%) infarct size and early (< 
150 days) and late (> 150 days) testing after MI. * means values for groups pointed by 
arrows differ significantly (p<0.05).  

 

Discussion 

We evaluated TWA and BVR and the relationship with infarct size and timing after an MI 
caused by a single vessel occlusion in the current early reperfusion era. BVR and TWA did 
not differ between the control and the overall MI patient group. However, TWA was related 
to larger infarct size when tested late (> 5 months) after MI and to a higher amount of VPBs 
on 24h Holter registration. BVR was significantly higher early after MI and in patients in 
whom an ICD implantation was indicated by the conventional guidelines. There was no 
correlation between TWA and BVR. Patients with a positive TWA were more frequently 
taking beta-blockers and reached a lower maximal ergometer power after MI versus control. 

Current clinical MI care reduces infarcts size and preserves LVEF. 
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The MRI findings in our MI patients show that in the current era survivors of a STEMI have 
relatively small infarcts and a preserved LVEF. This is partly due to our selection of patients 
with a single coronary lesion but certainly also to the current optimized strategies of early 
reperfusion, post MI pharmacological treatment and functional rehabilitation. Our choice to 
include only patients with a single previous MI also explains the better correlation between 
infarct size and LVEF than others have reported before (16). This preservation of LVEF after 
MI also implies that the current guidelines for prophylactic ICD implantation might lose their 
relevance, as they mainly focus on patients with LVEF < 35% (10). This stresses the need for 
new SCD risk stratification tools in this changing population. 

TWA and BVR have different correlations with infarct size and timing post MI. 

The lack of correlation between both parameters means that patients with a substrate for TWA 
do not necessarily have a substrate for higher STV and vice versa. This is consistent with 
observations by our group early post MI in a pig model (14). As TWA and BVR are recorded 
on opposite ends of the heart rate spectrum, they cannot be compared directly, but our data 
suggest chaotic and alternating repolarization variability have different mechanistic 
backgrounds and this might be interesting for clinical practice: BVR and TWA are no 
redundant but complementary parameters indicating repolarization heterogeneity. 

BVR as a marker of early post infarct decrease in repolarization reserve. 

This study was not meant to report the predictive power of BVR but our results still have 
interesting implications. First, the significantly higher STV in patients who should receive an 
ICD according to the current guidelines is indirectly indicating STV is indeed related to 
higher risk for arrhythmia. Second, BVR was significantly higher if tested early after MI. 
During the early post MI period arrhythmia risk is particularly high but classic risk stratifiers 
such as LVEF, heart rate turbulence or TWA fail to predict SCD or ICD benefit (17) (18). Our 
data do not prove BVR is a better risk marker but show that chaotic repolarization 
heterogeneity is a typical phenomenon of the early ventricular adaptation after MI. This is 
also consistent with our findings in the pig MI model showing a higher STV in pigs 3 weeks 
after single vessel MI compared to sham (14). BVR is believed to be a marker of 
repolarization reserve (6). Repolarization reserve was the name given by Roden to the 
redundancy of protective repolarizing forces in healthy myocardium, mainly driven by the 
slow and rapid components of the delayed rectifier potassium current (IKs and IKr) (19). Jiang 
et al have shown a decreased function of IKs and IKr in infarct border zone and heterogeneous 
expression both throughout canine myocardium 5 days after permanent ligation of one 
coronary artery (20). In another study, increased expression of IKs protected against 
ventricular arrhythmia during post ischemic reperfusion in rabbits (21). Transient ischemia 
also has a prolonged effect on repolarization reserve in a canine model of long QT syndrome 
(22). Another important factor could be impaired function of intercellular coupling, such as 
connexins, after MI. The loss of intercellular coupling has been related to increased 
stochasticity of IK and to increased transmural dispersion of repolarization, both leading to 
arrhythmia and increased heterogeneity of repolarization (3) (23). Finally, cardiac fibrosis is 
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another typical phenomenon in post MI heart and the coupling of myocytes and fibroblast in 
rabbit led to arrhythmogenic changes of repolarization reserve (24). 

TWA as a marker of larger ventricular damage late after MI. 

The relationship between TWA, infarct size and timing post MI is different. Although the 
proportion of positive tests was equal early (<5 months) and late after MI, there was a 
convincing relation between infarct size and TWA late after MI. An effect of timing after MI 
on the predictive value of TWA testing has been described by others. Tapanainen et al 
showed that positive TWA testing within 8 days of MI was not related to increased mortality 
or SCD risk (25) and Exner et al showed that the predictive value of non-negative TWA 
testing for cardiac death and resuscitated arrest was only significant when measured beyond 2 
month after MI (17). Our data provide a possible explanation for these observations.  

Our data also suggest that once remodeling post-MI has reached an advanced stage of scar 
formation, the manifestation of TWA is related to the size of the infarct. This link between 
arrhythmogenic electrical alternans and structural changes - mainly fibrosis - in the diseased 
heart has been proposed in both clinical and basic research. Narayan et al. described a 
relationship between the results of clinical TWA testing and more pronounced cardiac 
hypertrophy and wall motion abnormalities in ischemic cardiomyopathy (26). Positive TWA 
testing was also related with a higher degree of histological myocardial fiber disarray in 
patients with hypertrophic cardiomyopathy (27). On experimental level, the creation of a 
lesion in rapidly paced Langendorff-perfused guinea pig heart tissue led to a reduction in the 
threshold heart rate at which discordant alternans appeared (28). Down to the multicellular 
level, Xie et al showed that the presence of coupling between fibroblasts and myocytes creates 
multiple possibilities for APD and Ca²+ alternans to arise (29). Together all these findings 
support the idea that TWA is the expression of dynamic dispersion of repolarization that is 
promoted by fixed structural barriers. Finally the higher amount of ventricular premature 
beats on 24h Holter in TWA positive patients is also of interest. It suggests that TWA, the 
extent of ventricular remodeling and the trigger of ectopic beats are all related: a larger MI 
leads to more pronounced compensation of the remaining myocytes and this is related to 
higher susceptibility for triggered activity or automaticity leading to VPBs. 

Comparing MI and control patients. 

We carefully selected a control group with a similar demographic profile except for the 
presence of a MI scar. However there was an important difference regarding the use of beta-
blockers in the MI patients versus the control group that might have influenced non-invasive 
testing. The great majority of the MI patients were on beta-blockers (95%). These were not 
interrupted for testing. This is reflected in a significantly higher maximum sinus rhythm rate 
on 24h ECG monitoring in the control group. Beta-blockers have been shown to reduce TWA 
magnitude (30), however TWA testing with continuation of beta-blockers is more predictive 
of SCD than with interruption of beta-blockers (31). This can in part explain the lack of 
difference in number of positive TWA tests between control and the overall MI patients and 
the significantly lower number of positive TWA tests in patients with a small infarct that were 
tested late after MI compared to the control group.  



Chapter 3 84 
 

Another difference between MI and control patients was the maximum power delivered 
during TWA testing. In the MI population, the TWA positive patients delivered less power 
than TWA negative patients and in the control group this relationship was exactly opposite. In 
MI patients, those reaching higher heart rates at lower ergometer resistance were more likely 
to express TWA. As lower exercise capacity and TWA are both known to be related with 
higher mortality, this observation seems plausible (32). The inverse relationship in control 
patients means that in these patients, positive testing was more predominant in patients that 
had high exercise capacity. In view of the physiological relation between heart rate, 
adrenergic tone and TWA these might have been false positives (33). Minkkinen et al have 
shown a higher risk for SCD when lower exercise capacity is seen together with – separately 
measured with the modified moving average method - positive TWA testing (34). Our data 
warrant consideration of the – easily obtainable - required ergometer power for TWA testing 
in further studies in an attempt to further differentiate TWA test results. 

Limitations of this study. 

This study was not designed to establish the predictive power of TWA and BVR for SCD. 
Follow-up duration was too short and only revealed 1 death due to recurrent ischemia and 
subsequent terminal pump failure. Even in case of longer follow-up, our population size might 
be insufficient seen the very low event rates that were recorded in the other few studies 
concerning TWA in post MI patients with relatively preserved LVEF (less than 1% SCD and 
less than 2% total cardiac mortality per year)  (35) (36). As we had MRI data available in only 
2/3 of all patients, we calculated part of the infarct sizes by extrapolating LVEF 
measurements. To correct for the differential relationship between infarct size and LVEF in 
anterior versus non-anterior infarcts, we used separate correction functions. Not all patients 
with an indication for ICD implantation received an ICD. This can have been influenced by 
Belgian reimbursement policies that restrict the allowed amount of primary prevention 
implantations. The difference in beta-blocker intake between control and MI patients was 
already addressed above and limited the conclusions from the comparison between both 
groups. Finally, the described effect of timing on TWA and BVR was not obtained from 
paired measurements in the same patients, allowing for other effects than time to interfere. 

Conclusion 

We tested TWA and BVR in patients with a previous single MI with relatively well preserved 
LVEF in the current early reperfusion era. There was no correlation between TWA and BVR. 
BVR was clearly higher when tested in the first five months after MI or in patients with a 
conventional indication for ICD implantation. TWA was equally positive in the early versus 
late group, but related to larger MRI measured infarct size late after MI and to a higher 
amount of VPB on 24h ECG registration. This possibly explains earlier observations on the 
better predictive power of TWA when tested later after MI. MI and control patients with 
positive TWA tests were significantly different regarding beta-blocker intake and maximal 
ergometer power during TWA testing. Beta-blocker intake, exercise capacity and timing of 
testing after MI are important parameters to control in future studies on TWA and BVR. 
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ABSTRACT 
Introduction: There is convincing experimental evidence that cellular action potential duration 
(APD) alternans is arrhythmogenic but its relationship with body surface microvolt T-wave 
alternans (MTWA) remains unclear. We propose a pacing paradigm to investigate the 
relationship between body surface MTWA and APD alternans. 
Methods: In 10 pigs, catheters in right atrium (RA), right (RV) and left ventricle (LV) allowed 
pacing and recording of monophasic action potentials (MAP). During RA pacing at stable 
500ms cycle length (CL), LV was paced at alternating CL (505 and 495ms). Changing the A-
LV pacing delay changes the size of the region with alternating ventricular activation. 
Spectral analysis of intracardiac MAP was correlated with clinical body surface MTWA. In a 
similar setup (during alternating pacing in RV and LV) we investigated concordant versus 
discordant APD alternans. 
Results: Prematurely activating the LV with subtle alternating cycle lengths at short A-LV 
delay leads to a broad QRS (97±10ms), body surface MTWA (mean Valt 4.2±1.8µV) and 
positive RR alternans. At a longer A-LV delay, not resulting in QRS widening (68±5ms), 
body surface RR alternans was absent but MTWA remained detectable and was even more 
pronounced (8.7±5.1µV, p<0.01). During both concordant and discordant pacing MTWA was 
present. The precordial leads were better for detecting discordant APD alternans (8.0±2.9µV 
and 12.8±4.52µV, p=0.02). 
Conclusion: Slightly alternating local ventricular activation leads to detectible body surface 
MTWA not accompanied by RR alternans. Discordant activation alternans can only be 
discriminated from concordant when using a quantifying approach of MTWA analysis. 
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INTRODUCTION 
Detecting patients with a high risk for sudden cardiac death (SCD) is important to increase the 
cost-efficiency of implantable cardioverter-defibrillator (ICD) therapy (1). Microvolt T-wave 
alternans (MTWA) was developed as a promising new predictor of arrhythmic risk (2).  The 
clinical value of MTWA has been investigated in several prospective studies with varying 
patient characteristics. A positive exercise based MTWA test (spectral method) predicted a 
four-fold risk of a ventricular arrhythmic event compared to a normal MTWA test in the 
overall study population of a large meta-analysis (3). The negative predictive value of the test 
was overall high (97.2%) and not significantly different for the different subgroups being 
ischemic congestive heart failure (CHF) (91.6%), non-ischemic CHF (95.2%) and overall post 
myocardial infarction (MI) (99.4%). On the other hand the positive predictive value was 
overall low (19.3%) and varied significantly between the subgroups of CHF (ischemic 29.7% 
– non-ischemic 21.3%) and post-MI patients (6.0%).  
Experimental research on MTWA has investigated the etiology of alternans on cellular and 
tissue levels. MTWA is often regarded as the body surface electrocardiographic (ECG) or ‘far 
field’ manifestation of action potential duration (APD) alternans due to primary cellular 
repolarization alternans. Cellular repolarization alternans can be explained by a number of 
intrinsic cellular mechanisms such as steep APD restitution slope or altered (and therefore 
alternating) intracellular calcium handling which can be precipitated by prolonged action 
potential duration, electrolyte disturbances or acute ischemia (4) (5) (6) (7). The APD in 
different areas of myocardium can alternate in the same phase – concordant – or in opposite 
phase – discordant. Discordant APD alternans was shown to increase the spatial dispersion of 
repolarization, leading to functional unidirectional conduction block, re-entry and eventually 
arrhythmia (4). These concepts were repeatedly proven and form a solid theoretical link 
between repolarization alternans and ventricular arrhythmia. Given these experimental data, 
one would expect the body surface MTWA test to have a better prognostic value. This 
consideration is only valid when it is assumed that there is a perfect correlation between local 
repolarization alternans and body surface MTWA. This relationship has not often been 
investigated due to the technical difficulties to combine high resolution mapping of 
myocardium in an in vivo whole body closed chest setting.  
Considering the physiological relationship between the APD and the length of the preceding 
diastolic interval (8), we induced APD alternans through alternating pacing. With this setup 
we investigated two hypotheses. The first hypothesis is that subtle alternating changes in 
activation time in healthy myocardium are a sufficient condition to create a zone of APD 
alternans manifesting as body surface MTWA. If this first hypothesis proves correct, our 
pacing setup allows to create 2 separate zones of APD alternans and to induce concordant or 
discordant alternans. Our second hypothesis is that, as discordant alternating pacing will 
create a larger spatial heterogeneity of APD alternans, it will result in higher body surface 
MTWA.  
 
METHODS 
Healthy pigs were anaesthetized and the electrode configuration for spectral MTWA-testing 
was fixed as previously described (9). Vascular access was obtained through transcutaneous 
punction of the arteria and vena femoralis. Under fluoroscopic guidance, a standard diagnostic 
pacing catheter (Cordis-Webster, Miami, FL, USA) was placed high in the right atrium (RA) 
and a monophasic action potential (MAP) catheter (MAPcath, Biotronik, Berlin, Germany) in 
both the right (RV) and the left ventricle (LV) apex. The MAP catheters allowed simultaneous 
pacing and recording of MAPs. Endocardial MAP (filtered at 0.01 Hz and sampled at 1 kHz) 
and body surface ECG tracings were recorded and stored on a digital acquisition system (Bard 
Electrophysiology, Billeria, MA, USA). Pacing was performed with a pulse generator (AD 
STG 4004, Multi Channel Systems, Reutlingen, Germany) allowing customized and  
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synchronized pacing through multiple channels. The MAP catheters were manipulated until a 
good stable MAP signal was obtained on both sites. 
For each hypothesis we conceived a separated pacing protocol during each of which we 
simultaneous recorded MTWA, ECG and MAPs. Body surface MTWA was measured with 
the clinically validated spectral method (HearTwave II, Cambridge Heart Inc, Bedford, MA, 
USA)(2). To allow for correct MTWA analysis, all pacing steps lasted 2.5 min. The entire set 
of pacing steps had to be performed without moving any of the catheters as this would alter 
the concerned intervals. 
The first protocol (see table 1) started with a control recording during RA pacing at stable 
cycle length (CL 500 ms) without RV or LV pacing (figure 1). MTWA, ECG and MAPs were 
recorded.  Immediate evaluation of MTWA and measurement of the interval between the 
atrial pacing spike and the onset of LV MAP (A-LV interval) were performed. After this a 
recording was started with stable RA pacing (CL 500ms) and LV pacing with alternating CL 
(495-505ms) synchronized after the RA pacing at standard A-LV delay. The shortest A-LV 
delay used was 55% of the measured intrinsic A-LV interval and this was lengthened in steps 
of 5%, each lasting 2.5 min. This allowed determination of a ‘short’ and ‘long’ A-LV delay 
used in further experiments.  Pacing with a short A-LV delay led to activation of most of the 
ventricular tissue by the LV pacing and thus resulted in broad paced QRS complexes. We 
used the ‘short’ A-LV delay that resulted in a QRS width of <110ms for further experiments 
(figure 2). With prolongation of the A-LV delay there is progressive activation of the ventricle 
by the intrinsic conduction system and loss of influence of alternating LV pacing until the 
entire LV depolarization was controlled by the steady atrial pacing. Therefore the ‘long’ A-
LV delay was defined as the longest possible delay leading to consistent alternating 
ventricular activation, as read from the MTWA analysis report (figure 3 and 4). 
After a pilot experiment to try out several alternating ranges  (from 2 till 30 ms around 500 
ms), we chose a 10 ms alternating range around a steady 500 ms CL (i.e. 495-505 ms) 
because it allowed best to define the optimal ‘short’ and ‘long’ AV delays.   
The second protocol (see table 1) started with a control RA CL 500ms pacing step. 
Afterwards both the LV and RV were paced with alternating CL (495-505ms, concordant) 
synchronized after the RA pacing at CL 500ms, with stepwise lengthening of the AV delay to 
determine the optimal ‘long’ AV delay as described above leading to detectable alternans 
without influencing the QRS. During the next step, with this optimized ‘long’ AV delay, RV 
and LV were paced alternating in the same phase (concordant alternans) and finally opposite 
phases (discordant alternans) (figure 4). 
We developed custom software to perform automated measurements and spectral analysis of 
duration and amplitude of MAP signals. After manual selection of a stretch of minimum 64 
MAPs non-interrupted by fusion or ventricular premature beats, the MAP onset was 
automatically defined at the point of steepest upstroke and MAP RR intervals were calculated. 
The domain in which baseline and MAP plateau were to be calculated were manually selected 
on 1 template after which amplitude (APA) and duration at 90% repolarization (MAPD90) 
were calculated automatically on every single MAP. On these measurements, spectral analysis 
was performed (2)(5). The spectral magnitude at a frequency of 0.5 cycles per beat represents 
P0.5. Pnoise was calculated as the average spectral magnitude detected on the band from 0.33 till 
0.49 cycles/beat, avoiding the respiratory peak and its harmonics. Alternans magnitude was 
calculated as 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  �(𝑃𝑃0.5 − 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ) and k-score as 𝑘𝑘 =

(𝑃𝑃0.5−𝑃𝑃𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛𝑛 )

𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
  with SDnoise being the 

standard deviation of the noise spectrum. The obtained k-score was considered significant for 
alternans if greater than 3 (2) (5).   
For the numerical interpretation of the spectral MTWA analysis, Cambridge Heart Inc. 
software was used to export the numerical values of alternans magnitude (Valt) per time frame 
(epoch) and per lead. For each lead the maximum Valt was withheld. 
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Protocol 1 RA pacing CL RA-LV pacing delay RV pacing CL LV pacing CL 

control 500 ms none none none 

          

  Measuring A-LV interval  

          

1 500 ms 55% of A-LV interval none 495-505 ms 

2 500 ms 60% of A-LV interval none 495-505 ms 

3 500 ms 65% of A-LV interval none 495-505 ms 

… … …   … 

9 500 ms 95% of A-LV interval none 495-505 ms 

10 500 ms 100% of A-LV interval none 495-505 ms 

          

  Determining Optimal 'short' and 'long' A-LV delay 

  
 

      

Short 500 ms Optimal 'Short' A-LVDelay none 495-505 ms 

Long 500 ms Optimal 'Long' A-LV Delay none 495-505 ms 

          

Protocol 2 RA pacing CL RA-V pacing delay RV pacing CL LV pacing CL 

control 500 ms none none none 

          

  Measuring A-LV and A-RV interval (A-V interval is mean of both) 

          

1 500 ms 55% of A-V interval 495-505 ms 495-505 ms 

2 500 ms 60% of A-V interval 495-505 ms 495-505 ms 

3 500 ms 65% of A-V interval 495-505 ms 495-505 ms 

… … … … … 

9 500 ms 95% of A-V interval 495-505 ms 495-505 ms 

10 500 ms 100% of A-V interval 495-505 ms 495-505 ms 

          

  Determining Optimal 'long' AV delay 

          

Concordant 500 ms Optimal 'long' AV delay 495-505 ms 495-505 ms 

Discordant 500 ms Optimal 'long' AV delay 505-495 ms 495-505 ms 

     

 
 
Table 1. Detailed protocols. Protocol 1: increasing AV delay pacing. The ‘short’ A-LV delay 
was defined as the shortest delay resulting in a QRS width of <110ms on the surface ECG. 
The ‘long’ A-LV delay was defined as the longest possible delay leading to consistent 
alternating ventricular activation, as read from the MTWA analysis report. Protocol 2: 
concordant versus discordant pacing. 
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Figure 1. Overview of catheter positions, MTWA read-out (HearTwave II, Cambridge Heart 
Inc) and automatic MAP measurements analysis (custom software) during control steady 
pacing in RA. 
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Figure 2. Overview of automatic MAP measurements analysis (custom software) during 
steady atrial pacing and synchronized alternating LV pacing at the short and long AV delay. 
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Figure 3. Example of MTWA read-out (HearTwave II, Cambridge Heart Inc) during stepwise 
lengthening of the A-LV delay (X-axis bottom). 
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Figure 4. Overview of automatic MAP measurements analysis (custom software) during 
steady atrial pacing and concordant versus discordant alternating pacing in RV and LV. 
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RESULTS 
 
Local alternating activation leads to APD alternans and positive body surface MTWA 
The first protocol was performed in 8 pigs. This protocol showed that induction of small 
alternating changes in activation time of the ventricle leads to APD alternans that is detected 
as body surface MTWA without detectable RR alternans. All numerical results are shown in 
table 2.  
During control RA pacing body surface MTWA analysis showed absence of MTWA and RR 
alternans in all cases (figure 1). Spectral analysis of MAP data showed no alternans (defined 
by a k-score smaller than 3) of MAP RR intervals, MAP action potential amplitudes (APA) or 
MAPD90 in both RV and LV. QRS, QT and A-LV intervals were measured as controls.  
During the pacing steps with progressive lengthening of the AV delay, the continuous body 
surface MTWA analysis (figure 3) showed an initial phase with positive MTWA and positive 
RR alternans. At a certain point however there is a drop in the RR alternans signal whereas 
the MTWA is still positive. The A-LV delay at this point we defined as the optimized ‘long’ 
A-LV delay. At very long AV delays both the RR alternans and MTWA disappear, suggesting 
loss of early alternating activation of the LV. The ‘short’ and ‘long’ AV delays were 
respectively 69 ± 6 % and 89 ± 3 % of the A-LV interval during RA pacing.  
During pacing with a ‘short’ AV delay there was a positive body surface MTWA signal in 
both orthogonal (XYZ) and precordial leads. There was however also a clearly positive RR 
alternans signal, indicating that the measured MTWA is due to the alternans of the RR 
interval and should not be interpreted clinically as true positive MTWA. Measurements of 
QRS and QT interval both showed a significant lengthening compared to control RA pacing. 
Spectral analysis of the MAP signals of the LV catheter shows significant (k > 3) alternans of 
RR intervals, MAPD90 and APA. The spectral analysis of RV MAP signals shows identical 
alternating behavior as the LV signal: RR alternans, MAPD90 alternans and APA alternans 
all with similar magnitudes as in the LV MAPs, proving that the RV is indeed activated by the 
LV pacing (figure 2). The approximate alternans fraction is the fraction of alternans 
magnitude over MAPD90 width or APA height. These results indicate that the generated 
MAPD90 or APA alternans is about 1% of the MAPD90 width and 0.5% of the APA height 
(mean of all calculated alternans fractions on leads: 1.1 ± 0.3 % for MAPD90 and 0.4 ± 0.3 % 
for APA).   
Body surface MTWA analysis during pacing with the optimized ‘long’ AV delay showed a 
positive MTWA signal. The mean magnitude of body surface MTWA was significantly larger 
compared to MTWA during pacing with the ‘short’ AV step both in the orthogonal and 
precordial leads. There was no RR alternans signal, indicating that measured body surface 
MTWA would be interpreted clinically as true positive MTWA. QRS and QTc intervals are 
equal to the ones measured during control pacing. The spectral analysis of MAP signals 
shows significant alternans of RR, MAPD90 and APA of the LV signal only and absence of 
alternans of RR, MAPD90 and APA of the RV signal proving that RV is activated by the 
normal conduction and not under the influence of the LV pacing (figure 2).   
 
MTWA does not discriminate between concordant or discordant alternating local activation 
In the second pacing protocol we studied if MTWA could discriminate between concordant or 
discordant alternating local activation of the RV and LV. We started by confirming that no 
MTWA was present during control RA pacing. All numerical values of the measurement are 
shown in table 3. Our custom made spectral analysis of MAP signals confirmed the 
occurrence of alternans of RR intervals, APA and MAPD90 recorded on the RV and LV 
pacing catheters and whether RV and LV where alternating concordantly or discordantly 
(figure 4). ECG measurements of QRS and QTc intervals showed no significant differences  
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Steady A pacing + alternating (magnitude 10ms) LV pacing  Atrial pacing AV sequencial pacing 

Increasing AV delay (n=8) 
A 500 

(control) Short AV Long AV 

Microvolt  All leads mean Valt (µV) 0 4.1 ± 1.8* 8.7 ± 5.1* 
 T-wave 

alternans    % RR alternans < 1 5.7 ± 0.5* < 1 

(HearTwave) X-Y-Z-Vm mean Valt (µV) 0 3.4 ± 1.4* 7.7 ± 4.8* 

  Precordial  mean Valt (µV) 0 4.6 ± 2.2* 9.3 ± 5.4* 

ECG  All leads QRS 64 ± 7 97 ± 10* 68 ± 5 

measurement   QT 345 ± 18 360 ± 29* 341 ± 23 
MAP 

registrations Intervals 
A pacing > LV MAP onset 

(ms) 197 ± 25 134 ± 24* 176 ± 26* 

    A pacing > RV MAP onset 208 ± 27 // // 

    LV pacing > RV MAP onset 44 ± 4 // // 

  LV Map RR alternans magnitude (ms) 0 10.1 ±  0.1* 10.0 ± 0.1* 

    k-score 0 
6728 ± 
6444* 

8413 ±  
8976* 

    width (ms) 500 500 500 

  
LV 

MAPD90 alternans magnitude (ms) 0 2.2 ±  1.1* 2.3 ±  0.9* 

    k-score 0 289 ±  280* 311 ±  241* 

    width (ms) 270 ±  34 250 ±  29 239 ±  19 

    approx alt fraction (%)   0.9 1.0 

  LV  APA alternans magnitude (mV) 0 0.1 ± 0.1* 0.1 ± 0.0* 

    k-score 0 79 ± 127* 148 ± 148* 

    height (mV) 30.9 ± 17.3 14.8 ±  7.6 12.2 ± 6.6 

    approx alt fraction (%)   0.8 0.8 

  RV Map RR alternans magnitude (ms) 0 10.6 ± 1.0* 0 

    k-score 0 
8653 ± 
6057* 0 

    width (ms) 500 500 500 

  
 RV 

MAPD90 alternans magnitude (ms) 0 2 ± 1.2* 0 

    k-score 0 216 ± 178* 0 

    width (ms) 273 ± 41 240 ± 43 270 ± 23 

    approx alt fraction (%)   0.8 0 

  RV APA alternans magnitude (mV) 0 0.1  ± 0.0* 0 

    k-score 0 25 0 

    height (mV) 7.7 ± 4.4 5.5 ± 2.1 7.2 ± 4.4 

    approx alt fraction (%)   0.4 0 

    
 

      

Table 2. Results of MTWA, ECG and MAP analysis during steady atrial pacing and 
synchronized alternating LV pacing at both the short and long AV delay. Values with 
significant difference (p<0.05) between short and long AV delay are printed in bold. Values 
significantly different (p<0.05) from control A500 pacing are marked with *. 
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Steady atrial pacing + alternating pacing (magnitude 10ms) Atrial pacing A + RV + LV pacing 

 in LV and RV at optimal 'long' AV delay (n=10) A 500 (control) Concordant Discordant 

Microvolt  All leads mean Valt (µV) 0 6.9 ± 2.1 9.1 ± 3.1 

 T-wave alternans   % Bad beats < 1 < 1 < 1 

(HearTwave)   % RR alternans < 1 < 1 < 1 

  X-Y-Z-Vm mean Valt (µV) 0 5.3 ± 1.8 3.5 ± 1.6 

  Precordial  mean Valt (µV) 0 8.0 ± 2.9 12.8 ± 4.5 

ECG  All leads QRS (ms) 62 ± 7 60 ± 13 61 ± 15 

measurement   QT (ms) 328 ± 21 325 ± 36 321 ± 34 

MAP registrations Intervals A pacing > LV MAP onset (ms) 183 ± 24 164 ± 26 

    (%) 100 89 ± 5 

    A pacing > RV MAP onset (ms) 191 ± 26 164 ± 26 

    (%) 100 85 ± 4 

    LV pacing > RV MAP onset (ms) 44 ± 4 // // 

  LV Map RR alternans magnitude (ms) 0 9.9 ± 0.2 9.9 ± 0.1 

    k-score 0 1518 ± 2269 5303 ± 6071 

    width (ms) 500 500 500 

  LV MAPD90 alternans magnitude (ms) 0 2.3 ± 1.9 3.4 ± 1.8 

    k-score 0 87 ± 87 143  ± 124 

    width (ms) 242 ± 31 247 ± 62 231 ± 31 

    approx alt fraction (%)   0.8 1.5 

  LV APA alternans magnitude (mV) 0 0.1 ± 0.1 0.1 ± 0.0 

    k-score 0 19 ± 24 71 ± 102 

    height (mV) 40 ± 21 15 ± 17 14 ± 13 

    approx alt fraction (%)   0.5 0.7 

  RV Map RR alternans magnitude (ms) 0 10.0 ± 0.1 9.9 ± 0.1 

    k-score 0 2303 ± 3710 4592 ± 5727 

    width (ms) 500 500 500 

   RV MAPD90 alternans magnitude (ms) 0 2.9 ± 2.0 2.8 ± 2.1 
    k-score 0 40 ± 55 78 ± 144 
    width (ms) 236 ± 24.1 190 ± 57 198 ± 62 

    approx alt fraction (%)   1.5 1.4 

  RV APA alternans magnitude (mV) 0 0.1 ± 0.0 0.1 ± 0.0 
    k-score 0 9± 9 35 ± 58 
    height (mV) 28 ± 68 6 ± 8 7 ± 8.6 

    approx alt fraction (%)   0.1 0.1 

  
 

        

Table 3. Results of MTWA, ECG and MAP analysis during steady atrial pacing and 
concordant versus discordant alternating pacing in RV and LV. Values with significant 
difference (p<0.05) between short and long AV delay are printed in bold. 
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between the control, concordant or discordant pacing steps. MTWA analysis shows that both 
in concordant and discordant pacing at our optimized ‘long’ AV delay, consistent MTWA 
was present without RR alternans. There was no significant difference in mean MTWA 
magnitude between concordant and discordant pacing. However when the results for 
orthogonal and precordial leads were considered separately the average MTWA magnitude 
was significantly lower during discordant pacing in the orthogonal leads, whereas in the 
precordial leads this sum was significantly higher than during concordant pacing (figure 5). 
 
 
 

 
 
 
Figure 5. Example of MTWA read-out (HearTwave II, Cambridge Heart Inc) during 
concordant versus discordant alternating pacing in RV and LV. 
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DISCUSSION 
 
We introduce a new pacing paradigm to investigate the relationship between APD alternans 
and body surface MTWA. In a first protocol we showed that inducing alternating early 
activation in a limited zone of ventricular myocardium is sufficient to elicit APD alternans 
and subsequent clinically positive MTWA without detectable RR alternans. In the second 
protocol we showed that when the APDs in two ventricular regions alternate concordantly or 
discordantly, both situations elicited a positive MTWA test without RR alternans. Only by 
quantifying MTWA analysis a difference between concordant and discordant alternans can be 
detected. The used pacing setup has its limitations but our findings have several interesting 
consequences for understanding the intracardiac phenomena underlying body surface MTWA 
recorded on the body surface electrocardiogram. 
 
Body surface MTWA does detect subtle and isolated APD alternans. 
Our findings show that, whatever is the underlying origin of the APD alternans, body surface 
MTWA is a potent technique to detect its intracardiac presence. The absence of APD 
alternans on the RV mapping site and the normal QRS width and morphology during LV 
pacing at the optimized long AV delay show that alternating paced pre-excitation and APD 
alternans is present in only a limited part of the myocardium. This restricted zone of alternans 
is enough to induce body surface MTWA. Similar observations have been made by 
comparing intrinsic alternans on unipolar electrograms and surface ECGs (10). It might 
explain why an intracardiac electrogram in a single site (e.g. the RV apex) does not always 
detect positive body surface alternans, an observation made by others (11). Moreover, it only 
takes subtle magnitudes of APD alternans to elicit body surface MTWA: respective MAPD90 
and APA alternans magnitude are approximately 1% and 0.5% of their absolute length or 
height. These results appear plausible since the alternating pacing is performed with only a 
2% alternans fraction (10 ms alternans on a cycle length of 500 ms). The absolute numbers for 
alternating LV pacing with the ‘long’ A-LV delay show that a MAPD90 alternans magnitude 
of 2.2 ms produced a mean maximum body surface MTWA of 8.7 µV, a quantitative 
relationship similar to a previously reported modeling study of simulated APD alternans (11). 
Our pacing protocol shows that when the zone of repolarization alternans becomes larger (i.e. 
at shorter A-LV delays, also reflected by broadening and alternating morphology of the QRS), 
measured body surface MTWA magnitudes become paradoxically smaller. This was also 
reported in the APD alternans modeling study: far field TWA magnitude was lower in global 
APD alternans than with only regional APD alternans (11).  
 
Precordial leads have the highest sensitivity for discordant repolarization alternans. 
Our second pacing protocol comparing concordant and discordant alternating pacing showed 
a clear difference in MTWA magnitude between the orthogonal leads (were discordant APD 
alternans leads to significantly smaller MTWA) and the precordial leads (significantly higher 
MTWA during discordant pacing). As the orthogonal leads pick up a T-wave vector 
projecting through the entire heart, the discordant alternans in opposite zones is projected and 
thus suppressed. Precordial leads are referenced to the central terminal of Wilson and thus 
only pick up the local heterogeneity of the T-wave vector, being more accentuated during 
discordant pacing. Selvaraj et al. also showed that simulated discordant AP alternans in 
spatially distinct regions produced larger TWA on the body surface (using unipolar or 
precordial leads) compared to simulated concordant AP alternans (12). Our findings confirm 
the need and offer possibilities for a quantitative approach to MTWA analysis interpretation 
(13). 
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Alternans of local activation is a sufficient mechanism for eliciting body surface MTWA. 
Our data give new insights in the possible mechanisms underlying MTWA. APD alternans in 
our experiments was elicited by alternans of local activation patterns and not through 
‘primary’ cellular repolarization alternans caused by impaired calcium handling, ischemia, 
hypothermia or high heart rates. As we mentioned above, primary cellular repolarization 
alternans is regarded as the main mechanism explaining the phenomenon of MTWA and its 
heterogeneous distribution a sufficient condition for arrhythmogenesis. The changes in 
repolarization in our model can be explained by the physiological adaptation to the heart rate 
without pathological contributing factors. 
 
Secondary alternans might not be pseudo-alternans. 
There are reasons to believe that alternans of local activation patterns leading to ‘secondary’ 
repolarization alternans does act as a tell-tale of cardiac arrhythmic disease. First, clinical 
cases reported alternating bundle branch block, QRS or cycle length, all indicating myocardial 
and arrhythmic disease (14) (15) (16) (17). The subtle alternans of activation that was induced 
in our experiment might be regarded as a microdomain and therefore microvolt variant of 
these phenomena. Another supportive clue is provided by Engelman et al (18). In a computer 
modeling study they show that tortuous conduction across a region of patchy fibrosis is 
sufficient to give rise to discordant APD alternans and eventually initiate reentry, without the 
presence of regional heterogeneity in cellular electric properties that cause ‘primary’ 
repolarization alternans. In addition, the causative relationship between alternating local 
conduction and APD alternans is likely to act in both ways. We have shown that alternating 
local activation results in alternans of both MAP duration and amplitude. Others have 
reported progressively increasing optical AP amplitude alternans followed by regional 2:1 
conduction block in rapidly paced rabbit myocardium (19). In latter experiment there is 
evidence that VF is immediately preceded by 2:1 conduction block rather than by discordant 
APD alternans.  
 
LIMITATIONS 
 
We used only 2 mapping sites for delineation of the zone wherein the APD was alternating. 
We believe however this is enough to conclude APD alternans is present in a smaller part of 
the myocardium during pacing at the optimized long AV delays than at the short AV delays. 
The narrow QRS width and morphology at the long AV delay LV pacing is comparable to the 
control pacing QRS and this confirms that the paced pre-excitated region is limited.  
We only used endocardial mapping sites, not allowing us to describe the transmural spatial 
gradients of repolarization known to be at the basis of T-wave morphology. 
APD alternans magnitude ranges (2-3ms) is close to the recordings’ resolution (1ms or 1 
kHz). This should entail caution to correlate these absolute APD magnitude ranges with the 
amplitudes of bodysurface MTWA. However this does not imply that the measurement of 2:1 
alternans per se is compromised. These measurements were fully automated and the presence 
or absence of alternans is indicated by the k-value determined by spectral analysis. As we 
used a broad noise band (0.33 till 0.49 cycles/beat) to calculate the k-value, this technique is 
very specific in detecting 2:1 alternans (20), provided that it reaches or trespasses the 1 ms 
level. It is to be noted that the clinically validated spectral method for MTWA also uses 1 kHz 
ECG recordings. Finally, the used pacing setup is artificial and limits direct clinical 
implementation of our data.  
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CONCLUSION 
Body surface MTWA is a potent technique to detect isolated zones of subtle APD alternans. 
Alternans of local activation is a sufficient condition to induce APD alternans explaining body 
surface MTWA. Discordant repolarization alternans results in lower body surface MTWA in 
the orthogonal ECG leads and higher body surface MTWA in the precordial ECG leads, 
suggesting a more quantitative approach to body surface MTWA analysis could be useful. 
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Introduction 

We investigated strategies to predict the risk of ventricular arrhythmia in ischemic 
cardiomyopathy after myocardial infarction (MI). We focused on the efficacy of current risk 
stratification in patients who received an implantable cardioverter-defibrillator (ICD) and on 
the interaction between T-wave alternans (TWA), beat-to-beat variability of repolarization 
(BVR) and ventricular remodeling post-MI. In chapter 1 we evaluated the value of classical 
risk factors to discriminate useful from futile ICD implantations in ischemic cardiomyopathy. 
Although low left ventricular ejection fraction (LVEF) is the key parameter for patient 
selection for prophylactic ICD implantation in the current guidelines, it is also related to a 
higher number of futile ICD implantations. This finding emphasizes the problematic link 
between low LVEF and ICD-resistant non-arrhythmic mortality and illustrates the need for 
evaluation of new risk predictors of SCD that specifically identify patients at risk arrhythmic 
death. In chapter 2 and 3 we investigated the relationship between TWA, BVR and infarct 
size as a quantifier of ventricular remodeling post MI in both a pig model and patients. We 
showed that TWA and BVR are not interrelated and occur at a different time after MI. BVR is 
elevated early post-MI and TWA is related to the magnitude of the myocardial scar late after 
MI. In chapter 4 we investigated the link between local intracardiac repolarization alternans 
and body surface TWA. Our pacing paradigm suggests that TWA is highly sensitive for 
picking up alternans from only partial zones of myocardium and allowed us to investigate the 
body surface TWA effects of concordant versus discordant repolarization alternans. 

New endpoints for studying ICD implantation efficacy 

In chapter 1 we evaluated the predictive value of a series of clinical parameters available in 
the ICD patient registry of the University Hospitals of Leuven. As ICD interventions are not a 
very good surrogate for SCD (1), this analysis is not suitable to compare the predictive value 
of these parameters for SCD and non-arrhythmic death. Therefore we conceived new 
clinically relevant endpoints: useful versus futile ICD implantation. An ICD implantation was 
considered to have been clinically futile if the patient died within 30 days of the first shock, 
within the first year of implantation or without previous appropriate ICD therapy. An 
implantation was defined as clinically useful if the ICD delivered appropriate therapy for 
ventricular tachycardia or fibrillation in patients surviving implantation by 1 year and their 
first shock by 30 days. This methodology has not been used before. Extrapolation of the 
incidence of the endpoints we defined learned that 80% of the ICD implantations could be 
categorized as either futile or useful after 10 years of follow-up. Both primary and secondary 
prevention patients were included to reach a larger number of patients, as such increasing the 
power of our analysis, and to broaden the range of LVEFs. After multivariable competing risk 
analysis (including primary versus secondary prevention indication), a lower LVEF was an 
independent predictor of a futile ICD implantation and did not predict a useful ICD 
implantation. 

Direct clinical applicability of our analysis is limited by following factors. First, the findings 
cannot directly be extrapolated to patients without an ICD. Second, our practical choice to 
divide continuous parameters such as age and LVEF into nominal categories can lead to 
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misinterpretation of reality: e.g. even though they belong in the same nominal category ‘age > 
65’, a 68 and an 88 year old patient cannot be compared. Future risk models should overcome 
this before they can be used in daily decision making. Third, our database contained not 
enough patients and events for proper validation of the statistical power and therefore needs 
confirmation in a larger population. This will also allow for calibration of cut-off points and 
time limits such as the 30 day and 1 year period that define the endpoints. 

Nevertheless, our findings do support the idea that LVEF is a predictor of ICD-resistant 
mortality and thus highlights the shortcomings of LVEF for SCD risk stratification. Others 
have shown that lower LVEF is related with both higher SCD and total mortality risk in 
patients without ICD and that patients with a low LVEF and a high risk of non-arrhythmic 
death may not significantly benefit from ICD therapy (2).  

Low LVEF and ICD-resistant mortality: how to untighten this problematic knot? 

The international guidelines for ICD therapy in primary prevention of SCD, published in 
2008, had already weakly incorporated the idea of excluding competing ICD-resistant 
mortality by stating that ICDs are not indicated in patients with New York Heart Association 
(NYHA) functional class IV or in patients who have an expected survival of less than a year 
(3). The latter criterion was the first step towards the idea that to reduce futile ICD 
implantations, also non-cardiac parameters should be considered such as malignancy, 
pulmonary and renal disease and even general frailty, dementia or quality of life. Since the 
2008 guidelines, a number of new strategies to identify patients with a low EF but also an 
elevated risk of non-arrhythmic death have been proposed. These consist mainly of risk scores 
combining both cardiac and non-cardiac comorbidities. The most thoroughly validated score 
is the Seattle Heart Failure Model (SHFM) (4). It was developed in the Prospective 
Randomized Amlodipine Survival Evaluation (PRAISE I) trial cohort and prospectively 
validated in 5 additional cohorts derived from both large clinical study populations (5). SHFM 
predicts both all-cause and cause-specific mortality in heart failure patients and is based on a 
wide range of parameters ranging from basic clinical, specific cardiac and biochemical 
parameters. SHFM has proven to discriminate subsets of heart failure patients in whom ICD 
therapy was of no benefit from other subsets in which benefit was substantial (6). In the 
future, the number of available parameters is likely to increase even more. Hereby we think of 
biological markers such as N-terminal brain natriuretic peptide (NT-proBNP) and high 
sensitive C-reactive protein (hs-CRP) but also of the many recently identified genes 
correlating with cardiac disease and outcome (7). 

Only focusing on patients with a low EF and a low total mortality risk will however not 
suffice to render prophylactic ICD implantation more efficient, since in absolute numbers this 
group only accounts for the minority of SCD victims (8). Moreover the number of patients 
with severely impaired LVEF after MI is dropping drastically due to optimization of peri- and 
post-MI therapy, as demonstrated by our patient population described in chapter 3. Therefore 
the need for risk stratifiers providing a better discrimination between SCD and non-
arrhythmic mortality independent of LVEF will become even more important in the future.  

 



General discussion.  110 
 

Repolarization variability: independent SCD risk marker or epiphenomenon? 

Repolarization variability is a phenomenon that has attracted major research attention in the 
last 20 years. As discussed in the introduction of this thesis, its experimental background is 
promising but clinical studies failed to deliver proof of its utility in guiding ICD therapy so 
far. This was especially true in patients post-MI. In this thesis we described how two 
quantifiers of repolarization variability, TWA and BVR, are influenced by timing of 
measurement after MI and the size of myocardial scar. The studies we performed were not 
conceived to correlate the risk stratifiers with outcome: follow-up duration was not long 
enough and the patient cohort was too small. The incidence of clinical endpoints was even 
lower than expected (1 non-arrhythmic cardiac death in 106 patients over a follow-up of 9±4 
months). Our results however provide clues to better understand the strengths and weaknesses 
of measuring repolarization variability in the search for an independent SCD risk marker in 
patients post-MI. As TWA and BVR did not interrelate in any of our observations, we will 
discuss them separately. 

Measuring BVR: a technical challenge 

The concept of BVR was developed only recently and its clinical predictive value has only 
been suggested in very limited populations (9) (10) (11). Even a standard technical procedure 
for noise suppression and the measurement of these small stochastic oscillations on the 
threshold of signal resolution has not yet been agreed upon nor validated. As the oscillations 
are stochastic, measurements can’t be subjected to robust and straightforward noise 
discrimination algorithms as frequency domain spectral analysis which is used in TWA.  Our 
semi-automatic algorithm for Q and T setpoint determination showed acceptable inter- and 
intra-observer variability. The fact that an automated approach systematically lead to lower 
STV values compared to a fully manual approach was previously reported on monophasic 
action potential (MAP) tracings by Oosterhoff et al (12). This supports the idea that an 
automated approach at least filters part of the influence of observer induced variability. The 
real contribution of ventricular repolarization variability is likely to be only a fraction of STV 
values we reported. Improved noise filtering through e.g. fiducial segment averaging will 
hopefully reduce STV to its essence and result in a parameter with less overlap between 
subgroups as we observed and others reported. Another important problem is the lead choice 
for STV measurement. If STV is measured only on 1 surface ECG lead as was reported before 
(10) it is conceivable in some patients STV can be underestimated. We tried to overcome this 
through averaging STV values from X, Y and Z axis in orthogonal leads configuration. This 
method also remains to be validated. Even if our measurements proved practically feasible, 
the need for manual correction in our semi-automatic method remained time consuming 
(approximately 15 minutes per patient), another problem that needs to be solved before any 
clinical application is possible. The EU TrigTreat study, a currently being performed 
prospective study on repolarization markers, genotype and outcome in ICD patients will 
provide valuable information on the practical feasibility of BVR measurements (7). 
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The relationship between BVR and the early post-MI period 

In both our pig MI model and our human study, BVR was highest in the early post-infarct 
period (3 weeks in pigs, 4 to 20 weeks in humans) and this seemed irrespective of the infarct 
size. The early post-MI phase is characterized by complex adaptive changes of which our 
knowledge is still constantly evolving (13) and during which the predictive value of many 
SCD predictors including LVEF has proven particularly low (14) (15) (16). As increased 
BVR is considered to be a marker reduced repolarization reserve (17), this raises an 
interesting suggestion: is repolarization reserve transiently reduced after MI and is BVR a 
sensitive marker able to pick this up, even in smaller infarcts? We discussed possible 
mechanisms that reduce repolarization reserve early post MI in Chapter 3. 

An important question remains: can BVR contribute to the prediction of ventricular 
arrhythmias in the earlier phase post-MI? We currently do not have answers to these 
questions. Considering the decreasing incidence of SCD in current MI patients, it will take a 
prospective study in a large number of patients post-MI to get more information. Once an 
automatic and validated measurement of BVR is available, this will be relatively easy, as the 
ECG recordings are straightforward without complex procedures.  

Early post MI tissue heterogeneity is not sufficient for TWA in a pig model 

In our pig model, we showed that TWA was not more frequent in pigs 21 days after MI versus 
healthy controls animals. These results were unexpected and effort was spent to check our 
infarct model through the MRI data, an electrocardiographic scar index and calcium handling 
protein expression through Western Blotting. This confirmed the presence of a reasonably 
large (21.1 ± 4.4 % of LV mass) infarct and a significantly reduced expression of the 
sarcoplasmic reticulum Ca2+-ATPase (SERCA) in the border zone of the infarct compared to 
the posterior wall of the infarct. Since tissue heterogeneity of SERCA has been correlated 
with increased susceptibility to repolarization alternans (18), the absence of TWA remained 
puzzling. Our explanatory hypotheses were (1) that the zone of repolarization alternans 
created by the described changes in the infarct border zone were too small and may have 
fallen below the sensitivity of the TWA test, (2) that post-MI remodeling was still in progress 
and too early to result in TWA, (3) that pacing for TWA underestimated the effects of 
autonomic tone, considered crucial for TWA. 

Pacing model for repolarization alternans 

The first possibility was evaluated in chapter 4. The relationship between intracardiac 
repolarization alternans and body surface MTWA has rarely been investigated and remains a 
gap in the current scientific knowledge. In pilot experiments, we tried to measure intracardiac 
MAP signals in our whole animal pig model of MI described in chapter 2. Intracardiac 
mapping of repolarization alternans in a closed chest animal model proved extremely difficult.  
Not only was body surface TWA uncommon at physiological heart rates in the pig model of 
early remodeling after MI (cf. chapter 2), it also tended to disappear after a MAP catheter was 
introduced (data not shown). We conceived a model in which repolarization alternans could 
be elicited in a controlled fashion. This was done by ventricular pacing with an alternating 



General discussion.  112 
 

cycle length in close synchrony with atrial pacing at a fixed pacing length. Our pacing 
paradigm suggests that TWA is highly sensitive for picking up subtle alternans from only 
partial zones of myocardium, thus discrediting the hypothesis that changes in infarct border 
zone could have been too small to be detected by TWA testing.  

Our setup also allowed to observe the effects of concordant and discordant alternating pacing 
on the body surface TWA. We showed a clear difference in MTWA magnitude between the 
orthogonal leads (were discordant APD alternans leads to significantly smaller MTWA) and 
the precordial leads (significantly higher MTWA during discordant pacing). We believe this 
confirms the need and offers possibilities for a quantitative approach to MTWA analysis 
interpretation. As a matter of fact, even if data from large patient cohorts are available, only 
very few studies went beyond presenting basic data such as negative and positive predictive 
value, multivariable adjusted hazard ratio or relative risk, to assess the discriminatory power 
of TWA-testing. An important reason for this is the calibration of spectral T-wave alternans 
testing: it was done in an arbitrary manner in the very early stages of the development of the 
test and has barely been challenged since (19). The use of only 1 cut off point between 
positive and negative testing in the majority of the studies prevented highly needed ROC-
analysis allowing to further improve the power of the test. Only 2 studies reported AUC or C-
statistics for TWA testing with the modified moving average method, where alternans is 
calculated as a continuous variable. REFINE (14) reported an AUC = 0.62 for cardiovascular 
death or resuscitated cardiac arrest and FINCAVAS (20) reported a C-statistic = 0.550–0.606 
for cardiovascular death. 

TWA in patients after MI 

Since logistical reasons prevented us from conducting long-term pig experiments, the 
possibility of a time dependent relationship with MI was investigated in a patient population. 
We studied patients with a well characterized single ST-elevated MI, good functional status 
and relatively well preserved LVEF. The results were described in chapter 3 and not only 
explained the gap between our hypothesis and observations in the pig model but also provided 
interesting clues on factors interfering with the results clinical studies on TWA. 

Both in our control group and overall MI group, TWA tests were positive in over 20%. 
Bearing in mind the known low mortality rates in both groups, this is a definite clue that the 
false positive test rate for SCD will be high. Since comparison of patients from both groups 
that tested positive showed that these patients differed in more than the presence of an MI, we 
do not think our data suggest that the presence of an MI has no influence on the results of 
TWA testing.  

Variables interfering with clinical TWA 

A first important issue was the difference in beta-blocker intake (95% in positive testing MI 
group versus 0% in controls). In view of the known suppressing effect of beta-blockers on 
TWA magnitude  this might imply that if all control patients had taken beta-blockers, the 
number of positive result in controls might have been lower (21) (22). We can only conclude 
beta-blocker use needs to be monitored in evaluating results of TWA tests. A second striking 
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difference was the lower maximal ergometer power in MI patients with a positive TWA test, 
versus controls with a positive test and MI patients with a negative test. This has never been 
reported and needs confirmation in larger populations but clearly adds relevance to the idea 
that the predictive value of ergometer testing might interfere with the predictive value of the 
mere presence of TWA on the surface ECG (23). This is particularly relevant for the dilemma 
how to interpret indeterminate TWA tests. An indeterminate TWA test in ischemic 
cardiomyopathy patients with depressed LV function was clearly related with higher SCD risk 
(24). Therefore many studies have classified indeterminate tests in the same group as positive 
tests and have reported prognostic values for this entire non-negative group. However, the key 
characteristics of patients with indeterminate (main feature inability for heart rate elevation or 
excessive VPB during exercise) and positive TWA (main feature sustained TWA during 
stable heart rate elevation) are very different. Classifying both in the same group not only 
prevents correct observation of the real implications of the presence of sustained alternans for 
SCD and mortality risk, a very recent study by Merchant et al. also showed it to be 
inappropriate in patients with better preserved LVEF (25) (cfr. infra). 

TWA is influenced by the timing after MI. 

We observed a clear relationship between positive TWA testing and infarct size only in the 
group of patients tested later than 5 months after MI. First, this is an appropriate answer to the 
questions raised by the findings in our pig model: it might take a longer period of remodeling 
post MI to express TWA related to this infarct. These findings are also interesting for TWA as 
a clinical SCD risk predictor post MI. A clear lack of predictive value of TWA testing early 
after MI has been reported (14). It was shown TWA testing should be performed at least 8 to 
12 weeks after MI (26). Our data do not prove that late testing will have a better predictive 
value, but confirm the changing manifestation of TWA in the course of post-MI remodeling 
and at least corroborate that the timing of testing after MI is an important parameter to 
consider in further evaluation of clinical TWA testing. 

TWA: no more than an epiphenomenon of larger ventricular damage? 

Our data suggest that once remodeling post-MI has reached a certain level of scar formation, 
the manifestation of TWA is related to the size of the infarct. Some findings from clinical and 
basic research linking arrhythmogenic electrical alternans and structural changes were 
discussed in chapter 3. It is important to mention that we cannot conclude from our data that 
TWA testing late after MI will have a greater value for guiding ICD implantation. In contrast, 
if TWA is no more than an epiphenomenon of important ventricular scarring, it might as well 
be a redundant parameter for risk prediction in these patients.  A recent pooled analysis by 
Merchant et al (25) of five large prospective studies correlated SCD and total mortality with 
TWA testing in 2883 patients with a large range of LVEF (average 44±16), predominantly 
(80%) ischemic cardiomyopathy and without an ICD. Besides the thoughtful selection of 
study population and endpoints, the merit of this meta-analysis consists in the decision to 
report positive, negative and indeterminate testing separately and to perform subgroup-
analyses for patients with LVEF below or above 35%. The authors report that in a subgroup 
with a low EF (EF≤35%) , both a positive and indeterminate result indicated an approximately 
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4-fold higher SCD risk (versus negative testing) and that a negative result is related to a very 
low (<1%) risk of SCD. They concluded that in case of a negative TWA tests implantation of 
an ICD might be safely withheld in these patients (table 1). In the group with a higher LVEF 
(>35%) however, positive testing predicted a SCD risk that was 10-fold higher than both 
negative and indeterminate testing, and the authors conclude that positive TWA testing might 
still be of particular use for SCD risk detection in this subgroup. We would interpret the 
results of this properly performed analysis differently. It is our view that this study most 
importantly illustrated 3 important points. 

 

1. It is essential to report positive, negative and indeterminate testing separately because 
chronotropic incompetence or excessive VPB during exercise is strongly predictive of 
SCD in impaired LVEF but not in preserved LVEF. This supports our suggestions 
discussed earlier. 
 

2. There is a correlation between TWA and lower LVEF: mean LVEF in positive tests was 
39±15% versus 48±15% (p<0.01) in negative tests.  Combined with our findings, it can be 
concluded sustained TWA is at least in part no more than an epiphenomenon of larger 
infarct size or impaired LVEF (which can be seen as a reasonable surrogate for infarct size, 
cfr. chapter 3). 
 

3. In patients with a LVEF > 35% a positive TWA-test is not only related to a 10-fold higher 
SCD risk but also to a strong 8-fold increase in risk in non-arrhythmic mortality Footnote 1

The combination of these findings seems to compromise TWA’s chances to effectively 
improve the current ICD implantation guidelines. The same conclusion was recently drawn by 
Gupta et al. In a meta-analysis of 20 large TWA studies, they focused on the impact of TWA 
testing on the difference between pre- and posttest probability for ventricular tachycardia 
events (VTE) and reported that despite a modest association with VTE, the results of TWA 
testing do not sufficiently modify risk assessment of VTE to change clinical decisions (27).  

 

(table 1). This means that especially in case of a higher LVEF, TWA is likely to suffer 
from the same imperfections for SCD risk stratification as LVEF: inability to separate high 
SCD risk from high ICD-resistant mortality risk. 

 

 

 

                                                           
1 The data on non-arrhythmic mortality were not shown by the original authors but calculated 
by us based on the difference between total mortality and SCD mortality. Because of the lack 
of the raw data to perform Kaplan Meier analysis, we have no exact p-value but the 
magnitude of the effects strongly suggests statistical significance similar to the SCD-endpoint. 
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  TWA test results % 

Reported 
SCD 

mortality RR 

Reported 
total 

mortality RR 

Derived non-
arrhythmic 
mortality # RR 

LVEF < 35% (n=1004)           
 

  
  negative 39 0.9   4.2   3.3   
  positive 40 4* 4.4 9.7* 2.3 5.7 1.7 
  indeterminate 21 4.6* 5.1 12.2* 2.9 7.6 2.3 
              

 
  

LVEF > 35% (n=1879)           
 

  
  negative  66 0.3   0.7   0.4   
  positive 24 3* 10.0 6.2* 8.9 3.2 8.0 
  indeterminate 10 0.3 1.0 1.1 1.6 0.8 2.0 

 

Table 1. Results from a pooled analysis of five large prospective TWA studies by Merchant et 
al (25). Reported SCD and total mortality shows incidences from Kaplan Meier analysis. 
LVEF: left ventricular ejection fraction, SCD: sudden cardiac death, RR: relative risk 
compared to negative testing. * indicates statistical significant difference from incidence in 
the negative testing group (p<0.05). #: non-arrhythmic mortality figures (italic) were derived 
by us by subtraction of SCD from total mortality. Therefore no p-values are available. 

 

Is there a future for TWA? 

TWA has attracted many in the search for to find a specific predictor of increased arrhythmic 
risk, one of cardiac electrophysiology’s Holy Grails. Studying the complex interactions of the 
many technical and pathophysiological aspects involved in the concept has been and will 
continue to be extremely valuable to improve our understanding of electrical heart disease. 
However, the applied clinical value of the test is at risk of becoming the victim of an 
interpretative discussion between believers and non-believers. This is mainly due to the 
complete lack of randomized controlled trials. Therefore it is with great interest we await the 
results of the REFINE-ICD trial. In this trial ICD therapy is randomly assigned to 1400 
patients with relatively well preserved LVEF (35-50%) and with abnormal heart rate 
turbulence (HRT) and TWA (measured on Holter registration) performed late (2 – 14 months) 
after MI. REFINE-ICD was launched by Exner et al. in 2011 (28). Results are expected in 
2018. 

Final conclusion 

Research targeting repolarization variability integrates a complex multitude of technical and 
pathophysiological concepts, leading to very interesting insights into cardiac 
electrophysiology. This complexity however is the major obstacle for the implementation of 
these techniques in routine clinical practice. Future research on risk predictors should focus 
on the discriminative power between SCD and non-arrhythmic mortality. BVR is a new risk 
predictor needing technical development and studies investigating its value in the early post-
MI period. Future clinical research on TWA should treat positive, negative and indeterminate 
testing as separate categories and closely monitor the effects of interfering variables as infarct 
size, LVEF, timing after MI, exercise capacity and beta-blocker intake. 
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Summary  

In this thesis we have explored strategies to predict the risk arrhythmic sudden cardiac death 
(SCD) in patients with ischemic cardiomyopathy after myocardial infarction (MI). We focus 
on the efficacy of current risk stratification in implantable cardioverter-defibrillator (ICD) 
patients and the interaction between T-wave alternans (TWA), beat-to-beat variability of 
repolarization (BVR) and post-MI ventricular remodeling. In chapter 1 we evaluated the value 
of classical risk factors to discriminate useful from useless ICD implantations in ischemic 
cardiomyopathy patients. Although low left ventricular ejection fraction (LVEF) is the key 
parameter to warrant prophylactic ICD implantation, it was also related to a higher number of 
futile ICD implantations. This finding emphasizes the problematic link between low LVEF 
and ICD-resistant mortality. There is a need for newer risk predictors of SCD that 
discriminate the arrhythmic death risk from the non-arrhythmic death risk. In chapter 2 and 3 
we investigated the relationship between TWA, BVR and infarct size as a quantifier of post 
MI ventricular remodeling in a pig model and in patients. TWA and BVR were not 
interrelated and occurred at a different time after MI. BVR was present during early post-MI 
ventricular remodeling and TWA was detectable in case of a larger myocardial scar late after 
MI. Infarct size, timing after MI, exercise capacity and beta-blocker intake are all interfering 
with the outcome of TWA testing and should strictly be controlled in future studies on the 
predictive value of TWA.  In chapter 4 we explored the link between local intracardiac 
repolarization alternans and body surface TWA through an innovative pacing paradigm.  
TWA was highly sensitive for picking up subtle repolarization alternans from limited zones of 
myocardium but did not discriminate between concordant versus discordant local ventricular 
alternans. 
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Samenvatting.  

Het hart is een spier die bloed pompt doorheen het lichaam en daarmee zorgt voor aan- en 
afvoer van levensbelangrijke moleculen naar alle cellen van dit lichaam. Bij het wegvallen 
van de pompwerking van het hart treedt binnen de 10 seconden bewustzijnsverlies op en 
binnen de 4 minuten onherstelbare schade aan de hersenen en andere vitale organen. Om een 
leven lang te blijven pompen heeft de hartspier zelf permanente bloedvoorziening nodig. 
Hiervoor is het hart voorzien van een systeem van kransslagaders. Indien door vaatziekte één 
van deze kransslagaders plots verstopt raakt spreekt men van een hartinfarct. Hierdoor komt 
een stuk van de hartspier zonder zuurstof te zitten waardoor er spiercellen afsterven. Deze 
cellen kunnen niet meer herstellen en worden vervangen door littekenweefsel. Indien er heel 
veel spiercellen verloren gaan krijgt het hart het moelijk om nog alle bloed rond te pompen. 
Deze toestand staat gekend als hartfalen. In de laatste 25 jaar werd enorme vooruitgang 
geboekt in het voorkomen van vaatziekte en in de snelle behandeling van afgesloten 
kransslagaders. Hierdoor kan het optreden van hartfalen na een hartinfarct steeds vaker 
worden vermeden. 

Om iedere seconde te blijven pompen heeft het hart niet alleen bloedvoorziening nodig maar 
ook een regelmatige elektrische impuls die de hartspiercellen gecontroleerd doet 
samentrekken. Hiervoor is het hart voorzien van een fijn netwerk van zenuwen die op 
automatische wijze voor een regelmatige en gecoördineerde impuls zorgen. Door 
littekenvorming na hartinfarct of bij andere hartziekten kan zich een kortsluiting in het 
elektrische netwerk voordoen waardoor het hart abrupt een zeer snel ritme ontwikkelt. Indien 
dit ritme te snel is, zal de hartspier geen tijd meer hebben om goed te pompen. Door het plotse 
verlies aan hartdebiet kan de patient het bewustzijn verliezen en indien niet onmiddellijk 
wordt ingegrepen kan deze situatie snel evolueren naar totale hartstilstand en overlijden. Door 
pers en publiek wordt voor deze aandoening vaak verkeerdelijk het begrip ‘hartaderbreuk’ 
gebruikt. De beschreven kortsluiting heeft als wetenschappelijke naam ‘ventrikeltachycardie’ 
of ‘ventrikelfibrillatie’ en het gevolg ervan wordt als ‘plotse cardiale dood’ (‘sudden cardiac 
death’) beschreven. 

De enige doeltreffende bescherming tegen plotse cardiale dood is een implanteerbare 
cardioverter-defibrillator of ICD. Dit is een klein toestel dat onder de huid thv van de 
borstspier wordt ingeplant en dat via een electrische kabel met het hart is verbonden. Dit 
toestel kan een snelle hartritmestoornis (fibrillatie) herkennen en zonodig onderbreken 
(cardioverteren) met een electrische shock (de-fibrillatie). Omdat implanteren van een ICD 
duur is en ook risico’s inhoudt, is het van belang enkel die patiënten te selecteren die een hoge 
kans hebben om levensbedreigende ritmestoornissen te ontwikkelen. In deze thesis 
onderzoeken we strategiën om het risico op plotse cardiale dood  in patiënten na een 
hartinfarct te bepalen. We focussen hierbij eerst op de momenteel gehanteerde 
patiëntenselectie voor implantatie van een ICD. Daarna bestuderen we nieuwe technieken die 
werden ontwikkeld om een verhoogd risico op ritmestoornissen vast te stellen. Het basisidee 
hierbij is het verband dat werd ontdekt tussen subtiele veranderingen in hartritme op een 
electrocardiogram en een verhoogde kans op hartritmestoornissen. Deze veranderingen 
kunnen worden gemeten met nieuwe testen zoals T-wave alternans (TWA) en beat-to-beat 
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variabiliteit van de repolarisatie (BVR). In deze thesis onderzoeken we de interactie tussen 
TWA, BVR en de veranderingen na hartinfarct.  

In hoofdstuk 1 evalueerden we het nut van bestaande ‘klassieke’ risicofactoren om het 
onderscheid te maken tussen nuttige en futiele ICD implantaties in patiënten na hartinfarct. 
Hoewel lage linkerventrikel ejectiefractie (LVEF) momenteel een sleutelrol speelt in de 
beslissing tot het implanteren van een ICD, bleken patienten met lage LVEF een significant 
hoger risico te hebben om geen nut te ondervinden van hun ICD.  Deze bevinding benadrukt 
de problematische link tussen lage LVEF en ICD-resistente mortaliteit en daarmee de 
noodzaak aan technieken zoals TWA en BVR die een hoger risico op plotse cardiale dood 
voorspellen in afwezigheid van een hoger risico op mortaliteit die niet te wijten is aan 
ritmestoornissen.  

In hoofdstuk 2 en 3 onderzochten we daarom de relatie tussen TWA, BVR en tenslotte 
infarctgrootte als maatstaf voor ventriculaire remodellering na infarct in zowel een 
varkensmodel als bij humane patiënten. TWA en BVR waren niet gerelateerd met elkaar en 
kwamen bij voorkeur tot uiting op een verschillend tijdstip na hartinfarct. BVR was meer 
uitgesproken gedurende de vroege fase van remodelering na hartinfarct en TWA was 
gerelateerd aan de aanwezigheid van een groot infarct in de latere fase na infarct. 
Infarctgrootte, tijdstip na infarct, inspanningscapaciteit en inname van beta-blokkers 
interfereren allen met de TWA test en dienen daarom strikt te worden gecontrolleerd in 
toekomstige studies naar voorspellende waarde van TWA.  

In hoofdstuk 4 onderzochten we het verband tussen alternans van lokale repolarisatie in het 
hart en TWA gemeten op het lichaamsoppervlak. Hiervoor ontwierpen we een innovatieve 
proefopstelling waarbij door gesynchroniseerd alternerend pacen goed controlleerbare 
repolarisatie alternans kon worden uitgelokt. We toonden aan dat TWA een gevoelige 
techniek is om subtiele repolarisatie alternans te detecteren in afgebakende zones myocard. 
Anderzijds bleek TWA niet in staat concordante van discordante repolarisatie alternans te 
onderscheiden. 
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