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Chapterr 1 

Arrhythmiaa and sudden death mechanisms in heart failure 
andd hypertrophy 



11 Definition 

Upp to date no general accepted definition of heart failure (HF) exists ( ). Heart failure 
iss difficult to define, since HF is a syndrome with a wide variability in underlying 
pathophysiologicall type and etiology. Heart failure is described in clinical, 
epidemiological,, pathophysiological, exercise-related criteria and from criteria derived 
fromm patient's response to therapy. We favor the definition by Braunwald (2) that 
statess that HF is: "A clinical syndrome caused by the inability of the heart to supply 
bloodd to the tissues to commensurate to the metabolic needs of that tissue." 

Inn the Framingham Heart Study (3) heart failure was diagnosed when 2 major 
orr 1 major and 2 minor symptoms were found. The minor symptoms were only 
acceptablee if those symptoms could not be attributed to another medical condition. 
Thee minor symptoms include bilateral leg edema, nocturnal cough, dyspnea on 
ordinaryy exertion, hepatomegaly, pleural effusion, tachycardia (i.e. a heart rate>120 
beats/min),, and weigh loss>4.5 kg in 5 days. The major symptoms include 
paroxysmall nocturnal dyspnea, orthopnea, elevated jugular venous pressure, 
pulmonaryy rales, third heart sound, cardiomegaly (visible on x-ray), pulmonary 
edemaa (visible on x-ray) and weight loss>4.5 kg in five days in response to treatment 
off presumed heart failure. 

1.11.1 Diastolic and systolic HF 

HFF can be divided in several categories. One way is to subdivide HF patients in 
systolicc heart failure (SHF) and diastolic heart failure (DHF). A case-control study 
fromm the Framing Heart Study indicated that patients with congestive HF are equally 
dividedd between DHF and SHF (4). 

Patientss with DHF have a normal LV systolic volume and prevailing 
abnormalitiess in LV diastolic volume such as slow and delayed active relaxation and 
increasedd passive stiffness (5"7). Patients with DHF have no changes in systolic 
performance,, function and contractility (i.e. a normal ejection fraction) (7). The 
pathophysiologicall changes in patients with DHF are dependent on abnormal 
diastolicc function. 

Diastolicc dysfunction is associated with the inability of the myofibrils to return 
fastt or completely to their resting length. As a result, the ventricle cannot accept 
bloodd at low pressure and ventricular filling is slow or incomplete unless atrial 
pressuree rises to compensate for the pressure overload due to aortic stenosis or 
hypertension.. At first the pressure overload is compensated by concentric 
hypertrophy.. Concentric hypertrophy is characterized by the parallel addition of 
sarcomeress in myocytes. This causes an increase in myocyte width, which in turn 
causess an increase in wall thickness (8). The chamber dimensions of the LV do not 
change.. Thus, the ratio of wall thickness/chamber dimensions is increased in 
responsee to a pressure overload. 

Patientss with SHF have predominant abnormalities in LV systolic properties. 
Thiss includes decreased systolic performance, function, and contractility (9"11). The 
LVV diastolic pressures are increased whereas the stiffness of the LV is decreased. 
Thee pathophysiological changes in patients with SHF are dependent on progressive 
LVV dilation and systolic dysfunction (12). 
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Systolicc dysfunction is associated with a defect in the ability of the myofibrils to 
shortenn against a volume overload due to for example aortic regurgitation. As a result 
thee ventricle is unable to sufficiently eject (i.e. lower ejection fraction) blood into the 
aorta.. However, before this stage is reached, the volume overload is compensated by 
eccentricc hypertrophy. In eccentric hypertrophy the myocytes are increased in length 
byy sarcomere replication in series and additionally ventricular volume is increased (8). 
Ass a result the ratio in wall thickness/chamber dimensions is decreased, which at first 
compensatess for the volume overload. 

1.21.2 Ischemic and non-ischemic HF 

Besidess the distinction between DHF and SHF, HF can be divided in HF with an 
ischemicc and a non-ischemic origin. Patients are classified as having HF with an 
ischemicc etiology based on a history of myocardial infarction (Ml) or objective 
evidencee of coronary artery disease (CAD) such as the presence of a stenosis over 
75%% in epicardial coronary vessels. Patients with HF that fail to meet these criteria 
aree considered to have a non-ischemic etiology of HF. 

22 Clinical Background 

2.11 Mortality, HF and arrhythmias 

HFF is a syndrome, which is characterized by a progressively deteriorating state of the 
patient.. To allow for comparison between studies patients with HF are usually 
categorizedd into four classes as developed by the New York Heart Association 
(NYHA).. However, this is a subjective approach (13). Therefore, a new classification 
systemm has been designed by the American College of Cardiology and the American 
Heartt Association (1415). In this new system HF patients are described in the 
followingg way: Stage A) Patients in this category are at high risk of developing HF, 
butt they do not yet show any apparent structural abnormality of the heart. Stage B) 
Patientss have structural abnormalities of the heart but do not exhibit HF symptoms. 
Stagee C) Patients have structural abnormalities of the heart and have current or 
previouss symptoms of HF. Stage D) Patients in this class have end-stage symptoms 
off HF and are refractory to standard treatment (15). 

Still,, in most literature on HF the patients are divided in classes according to 
thee NYHA. Patients in NYHA class I have fatigue or dyspnea only with strenuous 
activity.. Patients in NYHA class II have these symptoms during moderate activity. 
Classs III patients show these symptoms during daily living, while NYHA class III 
patientss are even symptomatic at rest (16). 
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2.1.12.1.1 Sudden cardiac death 

Onee of the major challenges with regard to HF is to reduce the occurrence of sudden 
cardiacc death (SCD). Sudden cardiac death may be caused by stroke, myocardial 
infarction,, pulmonary embolism, organ rupture (ventricle, aorta, valves) or 
arrhythmiass (1721). Often, the previously described events are accompanied by a 
secondaryy arrhythmia, which is not the cause of death. Furthermore. SCD often 
occurss out of hospital, but it is difficult to determine the exact cause. Therefore it is 
difficultt to precisely determine the proportion of HF patients that suffers SCD due to 
ann agonal arrhythmia. Clinical trials in HF patients with left ventricular dysfunction 
andd secondary to ischemic heart disease suggest that about half of SCD is 
attributablee to an arrhythmia (172223). 

2.1.22.1.2 Predictors of sudden cardiac death 

Severall factors are predictive for the occurrence of SCD in the setting of heart failure. 

Etiology y 

Inn general, patients with HF caused by ischemic heart disease are considered to be 
att high risk of SCD. In the MADIT II trial the all cause mortality was about 10% per 
yearr (22). In the EPHESUS study with patients with symptomatic HF and an 
LVEF<40%,, the mortality in the placebo group was around 14%, despite optimal 
medicall therapy (24). The SCD rate in 12 months was about 5% and increased to 
nearlyy 8% after 2 years (24). However recently in the SCD-HeFT trial, it was shown 
thatt the relative risk was more or less the same in ischemic (21%) and non-ischemic 
(27%)) patients despite the underlying etiology (25). 

Neww York Heart Association class 

Patientss in a higher class of the NYHA classification system have higher mortality 
rates.. However, the proportion of sudden cardiac death is higher in patients with less 
severee HF (i.e. NYHA class II and III) (142628) 

Syncope e 

Syncopee is an import risk factor for SCD regardless of the underlying etiology (29). 
Thirtyy percent of patients with DCM and with implanted cardioverter defibrillators 
(ICD)) received appropriate shocks (i.e. to end an agonal arrhythmia) within one year 
off implantation (30). Within 2 years after implantation the actuarial risk of appropriate 
shockss has increased to about 50% in these patients (3031). 
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Widee QRS complex 

Patientss with documented ventricular arrhythmias and moderately severe HF with a 
QRSS duration larger than 150 ms have a higher risk of cardiac mortality compared to 
thosee patients with a QRS duration less than 150 ms (32). QRS width has been used 
inn a non-invasive heart failure survival score that estimates the prognosis in patients 
withh severe HF (33). 

QTT dispersion 

Ann other ECG parameter used as a predictor for SCD and ventricular arrhythmias is 
thee dispersion measured in QT duration in the different ECG leads (3435), However, 
otherr studies have found that this finding is inconsistent (36 37). 

Non-sustainedd VT 

Thee occurrence of NSVT as a predictor for SCD is highly dependent on the clinical 
settingg (38). For instance in patients after an acute myocardial infarction and with 
NSVT,, the predictive value for arrhythmogenic events and thus SCD is low (39), 
whereass in patients with chronic HF and with NSVT were at high risk of SCD (40:41). 
Thee risk of major arrhythmic events during follow-up increased with increased 
numberr of beats during NSVT (4243). NSVT was predictive in patients with a non-
ischemicc cause of HF f 3 ) . Especially patients with runs of NSVT of 10 or more beats 
weree at high risk of major arrhythmic events (42). 

Latee potentials 

Latee potentials are microvolt electrical potentials that can be detected in the terminal 
QRSS complex by examining the signal averaged ECG (SAECG) (44). Late potentials 
originatedd from abnormal scarred myocardial tissue with regions of slow conductions. 
Patientss with late potentials after myocardial infarction (45) or coronary artery disease 
(46)) are at high risk for the occurrence of arrhythmias. However, SAECG did not 
identifyy patients that might benefit from an implantable defibrillator in the coronary 
arteryy bypass graft (CABG) Patch trial (47:48). Furthermore, SAECG appears to 
ineffectivee at predicting what patients with DCM are at risk for the occurrence of 
arrhythmiass (49 50). Late potentials from the anteroseptal walls may be masked by the 
mainn QRS since those areas are the earliest activated sites. Similarly, the occurrence 
off bundle branch block (BBB) widens the main QRS complex and thus late potentials 
mayy not outlast this abnormal wide QRS complex (50"52). Additionally, late potentials 
mayy even be not detectable in patients with inducible VT (53). 
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B-typee Natriuretic Peptide 

Thee B-type Natriuretic Peptide (BNP) is a neurohormone secreted from primarilary 
thee left ventricle in response to myocardial wall stretch (54). The plasma concentration 
off BNP distinguishes control from HF patients and increases with NYHA class (55). 
Additionally,, BNP levels alone (56) or in combination with QTC prolongation (5 ) 
predictss SCD in HF patients. 

2.22.2 Cause/risk factors for developing HF 

Onee of the difficulties to precisely define the entity of HF is that a multitude of risk 
factorss exists. Risk factors include male sex, less education, physical inactivity, 
cigarettee smoking, dyslipidemia, overweight, diabetes, hypertension, anemia, valvular 
heartt disease, angina, myocardial infarction and coronary heart disease (58~63). The 
causee of HF is the same for middle-aged and elderly patients. However, in elderly 
patientss the cause for HF is more often multifactorial (64). 

Hypertensionn and coronary disease are the most important risk factors for 
developingg HF (65:66). Both conditions often coexist. Some studies found that 
myocardiall infarction and CAD are the greatest risk factor (5867). in contrast, 
accordingg to the Framingham heart study hypertension is the more prevalent of these 
twoo risk factors. In this study 7% of the women and 19% of the men had isolated 
CAD,, whereas 40% of the women or men had isolated hypertension, and the 
combinationn of these two occurred in the remainder <64). Additionally, the life time risk 
forr developing HF in the Framingham heart study was largely attributable to 
hypertensionn and not to myocardial infarction (68). Differences might be explained by 
differencess in study populations, the definition used for hypertension, the outcome 
used,, or improved treatment of hypertension (69). 

2.32.3 Expected load on medical resources 

Thee cost of treatments increases with the severity of HF (70) (i.e. treatment of a 
patientt in NYHA class IV costs between 8 and 30 times more than patients in NYHA 
classs II). Although some effective therapies are cost-saving, this effect might be 
limitedd by the fact that patients will live longer (71). The major costs of health care on 
CHFF are due to hospitalization (72) and increases with the seventy of HF (73). In the 
Netherlands,, the number of hospitalizations for heart failure increased by 72% 
betweenn 1980 and 1999 <74). The number of new cases of CHF per annum is 
predictedd to rise by 70% in the Netherlands by the year 2010 (75). Several reasons 
contributee to this rise: 1) The rate of diagnosis is increased by clinicians due to 
heightenedd awareness of HF. 2) increase in survival after myocardial infarction due to 
improvedd therapy (7677). 3) Increase in age of the general population (i.e. incidence of 
HFF increases with age). Indeed, from 1980 to 1999 the mean age of patients with HF 
admittedd to hospital was increased (78). Thus, total health care costs for HF is likely to 
risee in the following decade. 
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33 Mechanisms of arrhythmias in HF 

Inn the heart several types of arrhythmia can occur in both atria and ventricles. In the 
followingg sections we will concentrate our attention on the mechanism of arrhythmias 
thatt could occur in the setting of HF. 

3.13.1 Triggered activity 

Inn the heart arrhythmias can be initiated by afterdepofarizations that follow a 
spontaneouss or driven action potential. These afterdepolarizations may become large 
enoughh to be propagated and may even reach the threshold for generating a new 
propagatingg action potential (79). Afterdepolarization can be separated into two types: 
earlyy afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). 

Ann EAD is an additional depolarization that occurs at the end of the normal 
actionn potential plateau right before the repolarization of the AP is finished (79). EADs 
aree more likely to occur if the APD is prolonged. During hypertrophy and HF the 
actionn potential is prolonged, especially at long cycle lengths (8082). indeed, EADs 
havee been observed in isolated myocytes from rabbits with LV hypertrophy (83) and in 
myocytess from dogs with rapid pacing induced HF (84:85), but only at unphysiological 
cyclee lengths when APDs are long. 

Duringg HF plasma catecholamines levels are increased (8687) and this could 
resultt in APD prolongation (88), though others found no difference in APD in this 
situationn (89). With (3-adrenergic stimulation EADs are inducible at faster cycle lengths 
inn isolated canine myocytes compared to baseline (90). This might be related to the 
Na/Caa exchanger (NCX). The action potential duration might prolong when the Na/Ca 
currentt is inward during the action potential plateau phase (9192) and this increases 
thee chance of inducing EADs. This is in agreement with a study in which APDs were 
prolongedd and EADs occurred in 50% of cells from patients with HF stimulated at 
1Hzz and in the presence of 1 umol noradrenaline (93), Both in rabbits with and without 
heartt failure EADs were found in about 30% of ventricular trabaculae preparations, in 
thee presence of noradrenaline and a low extracellular potassium concentration during 
slowingg pacing or after long pauses (94). Under the same conditions, but with human 
ventricularr trabeculae EADs were never found (94). 

AA DAD is a depolarization that occurs after the complete repolarization of the 
precedingg AP (79) and is associated with spontaneous calcium release from the 
sarcoplasmicc reticulum (SR) (9599). This spontaneous released calcium is removed 
fromm the cell by the NCX (9598100101) 0 r by a calcium-activated chloride current (101). 
Ass a result a transient inward current is generated that causes the DAD. Both in 
isolatedd myocytes from failing hearts and in failing myocardium DADs have been 
observedd (9 4 9-"1 0 2) though in some studies the presence of noradrenaline was 
requiredd to induce DADs ( ). 

Accordingg to Pogwizd et al. (") three factors enhance the inducibility of DADs: 
1)) increased levels of NCX, which provides more transient inward current during SR 
calciumm release. 2) Reduced levels of the inward rectifier current (Ui). which allows 
moree depolarization in response to a transient inward current. 3) Residual 
responsivenesss to P-adrenergic stimulation, which raises the low SR calcium content 
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too levels required for spontaneous calcium release. Therefore, spontaneous calcium 
releasee still occurs during HF despite the reduced SR calcium content (9597103;104). 
Additionally,, SR calcium release is increased due to the increased open probability of 
thee ryanodine receptor (9 7 1 0 5 1 0 6) . 

3.1.13.1.1 APD prolongation 

Actionn potential prolongation is a common alteration during HF even when the 
etiologyy is different. However, in most studies ventricular APs were recorded at 
unphysiologicall long cycle lengths (80"82107:108). Prolongation of APD was also 
observedd in a study in trabeculae of patients and rabbits with HF at long cycle 
lengths,, but at more physiological heart rates the difference in APD compared to 
controll became very small (94). This is supported by a study that measured the QT 
interval,, which is associated with APD, at baseline and during peak exercise. At rest, 
duringg low heart rates, the QT interval was significantly longer in the patients with HF 
comparedd to control. At peak exercise, the QT intervals no longer differed (109). 

Actionn potential prolongation is due to electrical remodeling. Depending on 
species,, etiology and the stage of hypertrophy/heart failure, one or more ionic 
currentss are altered such as the potassium currents, NCX current and the L-type 
calciumm current (reviewed in (110)). A reduction in the density of the transient outward 
currentt (lt0) is the most frequently observed change during HF (85;108:111"114). 

3.1.23.1.2 Electrical restitution 

Electricall restitution is the physiological process of APD shortening with decreasing 
cyclee length and thus with a decrease in diastolic interval (Dl) <115). This behavior is 
ann advantage in the normal heart since this process provides an increased time for 
excitation-contractionn coupling at long cycle lengths, while at short cycle lengths the 
diastolicc time for coronary perfusion and ventricular filling is preserved. On the other 
hand,, it has been shown that APD restitution curves with a slope>1 could result in 
initiationn of reentrant arrhythmias (116) by producing spatial and/or temporal APD 
alternans,, which in turn results in wave-break and unstable re-entry { ). 
However,, recently it was shown with a computer model study that wave-break and 
reentryy could be initiated even if restitution curves were flat (1ig). This study and other 
studiess are limited by the fact that restitution is described by a monotonie curve, while 
inn human hearts those curves are better described by a triphasic curve (120). The 
triphasicc curve might be explained as a result from differences in recovery from lNa, L-
typee Ca, lk and lKi currents (120). This also provides an explanation for the initiation of 
supernormall APDs at very short DIs (121). 
Wavebreakk and reentry might be initiated during a vulnerable window, which 
coincidess with the dispersion of refractoriness or phase 3 repolarization (i.e. the initial 
steepp portion of the restitution curve in humans or the period that tachyarrhythmias 
mightt be initiated or the period when the R on T phenomenon occurs). Some have 
suggestedd that flattening of the restitution curve below unity is potentially anti-
fibrillatoryy (122). Additionally, in diseased hearts the restitution curves might be altered 
suchh that the steep segment of the restitution curve occurs at longer DIs and that 
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APDD alternans occurs over a wider range of DIs (123). However, even in normal 
heartss restitution curves above unity are found, especially at very short DIs near the 
effectivee refractory period. A steep initial restitution curve might be a benefit since 
APDD shorting and a subsequent Dl interval lengthening are more rapid and thus 
movee APD restitution outside the vulnerable window for reentry initiation (120). 

3.1.33.1.3 QT correction 

Thee QT interval is associated with action potential duration. Bazett's correction for the 
QTT interval was introduced to compare between patients with different heart rates. 
Bazett'ss correction assumes that the restitution curve is given by a simple formula 
andd normalizes QT intervals to a cycle length of 1000 ms in man. However, the use 
off Bazett's correction is not always appropriate, since for instance heart failure can 
alterr the restitution curve (124). Use of the same correction in control and heart failure 
couldd possibly result in an underestimation of the QT interval in heart failure 
comparedd to control (125). 

3.23.2 Automaticity 

Inn contrast to EADs and DADs, abnormal automaticity (i.e. spontaneously 
dischargingg myocytes) develops de novo from a slowly decreasing membrane 
potentiall (i.e. the myocytes become partly depolarized), which eventually generates 
ann AP when the threshold has been reached (126). Abnormal automaticity has been 
observedd in resected preparations (102) and trabeculae (94) from patients with HF. 
Abnormall automaticity has also been observed in trabeculea from rabbits with HF (94) 
andd in isolated myocytes from dogs with HF (84). Blockade of the hyperpolarizing 
currentt If with cesium did not stop the abnormal automaticity (84). Alternatively, Iki 
mightt be reduced (8485111) which creates an instability of the membrane potential and 
enabless an as yet unidentified inward current to depolarize the membrane. The 
rhythmm of the spontaneous depolarizations was slow (84:94) and therefore it is doubtful 
thatt abnormal automaticity could play a role in the intact heart. 

3.33.3 Reentry 

Inn pathological settings, myocardial activation might become blocked in specific areas 
andd as a result the activation front travels around this area of conduction block to 
reenterr the site of original excitation over and over again as long as it never meets 
refractoryy tissue on its path. Reentry is the mechanism which maintains ventricular 
fibrillation.. Traditionally reentry has been divided into anatomical and functional 
reentry.. In anatomical reentry a clear relationship exists with tissue structure. This is 
absentt in functional reentry, which was demonstrated for the first time by Allessie er 
al.al. (127). It is generally accepted that fibrillation is initiated by a wavebreak, sometimes 
calledd a phase singularity. However, controversy exists whether subsequent 
wavebreakk are necessary for the continuation of fibrillation. According to the mother 
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rotorr hypothesis there is a stable, fast mother rotor and any subsequent wavebreak 
thatt occurs is a side effect caused by conduction block in outlying regions (128). 
Accordingg to the multiple wavelet hypothesis, fibrillation is maintained by continuous 
wavebreakss (129). Recently, it was found that both hypothesis can occur subsequently 
(130).. Immediately after the first initiation of fibrillation, fibrillation is maintained by 
multiplee wavebreaks. This is called "type I VF", which is associated with steep APD 
restitutionn but with flat CV restitution (i.e. normal excitability). "Type I VF" is later 
replacedd by "type II VF" when acute ischemia has reduced tissue excitability and has 
amplifiedd tissue heterogeneities (131). Type II VF is maintained by a mother rotor and 
iss associated with flat APD restitution and with broad CV restitution (i.e. low 
excitability). . 

3.3.13.3.1 Prerequisites for Reentry 

Miness described that the development of reentry is possible if an anatomical obstacle 
iss present (anatomical reentry), unidirectional block occurs, and that conduction 
velocityy is slow enough and the refractory periods short enough to allow the recovery 
off depolarized myocardium to become reexcited by a depolarizing wavefront (132133). 
Inn the same period Garrey (134) formulated the critical mass theory which he 
describedd as :"the ease with which the fibrillary process may be induced and with 
whichh spontaneous recovery from the fibrillary contractions takes place is inversely 
proportionall to the mass of fibrillating tissue." 
Ventricularr fibrillation is often the agonal arrhythmia leading to SCD in patients with 
HFF (17-22:23). The occurrence of VF is dependent on the presence of a substrate and a 
trigger.. If a trigger is present, but not the substrate, no VF will occur and vice versa. 

3.3.23.3.2 Short action potential duration 

Reentryy is easier inducible when the action potential duration is short. However, a 
prolongationn of action potential duration during heart failure is common (see 1.3.1.1), 
whichh is protective against reentry. Still, an increased pre-load would shorten action 
potentiall duration to an larger extent in heart failure compared control and thus favor 
reentryy (135). 

3.3.33.3.3 Unidirectional block 

Onee of the prerequisites for the initiation of fibrillation is unidirectional block. 
Unidirectionall block can occur if local myocardial excitation interacts with the 
repolarizationn phase of a previous excitation (136137), interaction is possible when a 
spontaneouss premature beat occurs, an external stimulus is applied or when multiple 
wavefrontss are present. Unidirectional block can only occur during a vulnerable 
windoww that is defined in time, space and voltage (136137). |f stimulation occurs 
outsidee this window then either bi-directional conduction or bi-directional conduction 
blockk occurs. 
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Inn normal tissue the vulnerable window for unidirectional block is small. For 
instancee the time window is less than 1 ms in normal tissue, and the inducibility of 
unidirectionall block and consequently reentry is negligible (136137). Under 
pathophysiologicall conductions the vulnerable window might increase. Acute 
ischemiaa increases the absolute and relative refractory period, which exceeds the 
previouss action potential and thus the vulnerable window is widened (138139). During 
hypertrophyy and heart failure the heterogeneity in repolarization is increased (111140), 
whichh also enhances the vulnerable window. 

Duringg heart failure the amount of fibrosis is increased which creates a 
substratee for discontinuous conduction and areas of load-mismatch due to sudden 
tissuee expansions. At those sites unidirectional block is dependent on the geometry 
(141143),, the cell-to-cell coupling (141 143) and the flow of lNa and lCa(u (143"145) at the site 
off tissue expansion. 

3.3.43.3.4 Slow conduction 

Sloww conduction and conduction failure can occur due to reduced membrane 
excitability,, reduced intercellular coupling, and tissue structure. 

Reducedd membrane excitability is dominated by a reduction of sodium channel 
availabilityy that for instance occurs during acute ischemia (146147) and treatment with 
classs I antiarrhythmic agents (148). 

Reducedd intercellular coupling is found during ischemia (149), ventricular 
hypertrophyy (150), heart failure (151152) and tissue surviving infarction ( ). Computer 
simulationss have demonstrated that conduction velocity decreases monotonically 
withh decreased intercellular coupling (154). 

AA tissue structure such as an infarct scar decreases conduction velocity 
/155:156\ \ 

3.3.53.3.5 Phase 2 reentry 

Measurementss in canine and in patients have suggested phase 2 reentry (157159) as a 
possiblee trigger for the initiation of ventricular extrasystoles that might result in 
Torsadee de Pointes (TdP). This process was named phase 2 reentry since phase 2 
(dome)) of an AP reenters to reexcite myocardium which lacks a long phase 2 (157), 
whichh might in turn eventually activate the site with the long AP dome creating a 
reentrantt pathway. The prerequisite for phase 2 reentry is critically dependent on the 
presencee of a prominent lt0 current, which might result in a loss of the dome when lt0 

overwhelmss the inward currents. It0 is more abundant in the sub-epicardial layer as 
comparedd to midmyocardial and sub-epicardial layers (85 m ) . Loss of the dome is 
seldomm homogeneous and this sets the stage for phase 2 reentry. 
Inn the setting of HF phase 2 reentry is not a likely candidate for the initiation of 
ventricularr arrhythmias, since one of the most common features of HF is a reduction 
off lt0 current (85108111-114) Furthermore, phase 2 reentry is theoretically not possible 
(160),, since myocytes are electrically coupled through gap junctions. As a 
consequencee longer APD are abbreviated and shorter APD are prolonged (161). Thus 
largee differences in action potential dome/duration are not possible as long as 

19 9 



couplingg remains normal. During electrical uncoupling large differences in action 
potentiall duration can occur, but conduction between uncoupled cells is no longer 
possible. . 

44 Cellular coupling 

4.14.1 Gap junctions (general) 

Proteinss called gap junctions facilitate cellular coupling between adjacent myocytes. 
Gapp junctional channels allow compounds up to a molecular mass of 1kDA such as 
metabolites,, ions, second messengers and water to be exchanged between cells (162~ 
164).. In addition, gap junctions facilitate the conduction of electrical impulses between 
neighboringg cells (163). 
Gapp junctions are built of proteins called connexins. Connexins are named by their 
putativee molecular mass (e.g. connexin43 (Cx43) weighs 43 kD). 
Connexinss are phosphoproteins. Phosphorylation of connexins plays a role in gap 
junctionn channel assembly, gap junctional conductance, gap junction internalization 
andd degradation (reviewed in (165"167)). 
Connexinss consist of 4 highly conserved segments of a-helices that span the 
membranee and are separated by 2 extracellular loops and 1 intracellular loop. The Inl-
andd C-terminal ends are located intracellular^ (168). A gap junction channel consists 
off two hemichannels called connexons. Each connexons is build of 6 hexagonal 
orientatedd connexins surrounding an aqueous pore. Gap junction channels are 
formedd by docking of two hemichannels provided by two neighboring cells. Docking is 
mediatedd by the highly conserved extracellular loops which are rich in cysteine 
residuess ( 170). During docking of the connexons disulfide bridges are formed that 
stabilizee the gap junction channel (163). 

4.24.2 Connexin43 expression in the heart 

Too date several different Cx proteins are found and described, but only 3 of them 
(Cx45,, Cx40 and Cx43) are found between cardiac myocytes (166). Connexin45 is 
restrictedd to nodal tissue and the conduction system (171,172). In most mammals Cx40 
iss expressed in atrial tissue and in the proximal conduction system (173:174). 
Connexin433 is located in ventricles and in the atria (173"175). 
Inn the ventricles Cx43 is responsible for intercellular coupling between myocytes (174). 
Inn adult ventricles Cx43 is mainly expressed in a specialized structure called the 
intercalatedd disk (ID). In ventricular sub-epicardium a single myocyte is connect to 
approximatelyy 10 other myocytes through intercalated disks and gap junctions 
(( 176). Myocytes are irregular shaped box-like structures, which have intercalated 
diskss on plicate and interplicate membrane surfaces. In the interplicate regions, gap 
junctionss can serve both longitudinal and transverse propagation of an activation 
front.. Interplicate regions of the ID (with large gap junctions plaques) run parallel 
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alongg the long axis of the myocyte, whereas plicate regions of the ID (with small gap 
junctionn plaques) run parallel with the short axis of the myocyte. About 80% of the 
totall gap junction area per myocyte is located on the interplicate regions (176). 

Inn almost all cardiac diseases associated with arrhythmias the Cx43 expression 
patternn is abnormal. During the acute or compensated hypertrophic response Cx43 
expressionn is initially increased (177) as suggested previously by in vivo experiments 
(178179).. In decompensated hypertrophy, HF and other cardiac diseases Cx43 
expressionn is decreased. Patients with decompensated aortic stenosis (1 ), dilated 
cardiomyopathyy (151180181)] ischemic cardiomyopathy (15CM52181) 0 r hypertrophic 
cardiomyopathyy (150) showed a reduction in Cx43 protein levels. Some studies 
reportedd that Cx43 was heterogeneously reduced <150-152177). A heterogeneous 
reductionn in Cx43 expression was also reported in animal models of HF (178182)_ 
Anotherr prominent feature is lateralization of connexin expression (i.e. a shift from 
polarr Cx43 expression to the lateral borders of the myocytes) which was first reported 
inn the border zone of surrounding scar tissue in the ventricles of patients with end-
stagee ischemic heart disease ( ). However, up to date it is not clear if lateralized 
Cx433 expression is functional and contributes to intercellular communication. Some 
studiess indicate that this is not the case, since many of the lateral gap junction 
plaquess are located in invaginations of the sarcolemma into the cell interior, where 
cell-to-celll communication is not possible (184,185). 

4.34.3 Coupling and propagation 

Membranee excitability, fibrosis and amount of intercellular coupling govern 
conductionn velocity. The intercellular conductance is calculated from the combined 
resistancee of the cytoplasm and the gap junctions. Under normal conditions the 
amountt of available gap junctions exceeds the number of gap junction channels 
neededd for save propagation (186). This so-called "safety factor" for save conduction 
wass also demonstrated with computer simulations (154187). The safety factor for 
excitabilityy is calculated as the ratio of the amount of charge produced by a given 
membranee area during activation and the amount of charge consumed during the 
activationn process. Thus, conduction fails, if the safety factor becomes smaller than 
1.. Conduction velocity can become much slower with gap junctional uncoupling as 
comparedd to a reduction in membrane excitability (154). 
AA reduction in intercellular coupling reduces conduction velocity. Upon administration 
off gap junctional uncouplers such as heptanol, palmitoleic acid or carbenoxolone, 
conductionn velocity is decreased (101:142188189). in Cx43+/" mice, a 50% reduction in 
Cx433 levels resulted in a decrease of CV of approximately 25% (190191). However, 
otherss have found that CV was hardly changed in heterozygous Cx43 knockout mice 
(192193).. Homozygous Cx43 knockout mice die at birth due to malformations of the 
outfloww tract ( ). Conditional Cx43 knock-out mice survive and in these mice a 90% 
reductionn of Cx43 expression was associated with a decrease in longitudinal and 
transversall CV of about 50% (195). The latter results are in tine with computer 
simulationn studies by Jongsma and Wilders (196). They showed that a 90% reduction 
inn intercellular coupling is required to reduce longitudinal conduction velocity to 
approximatelyy 50%. Longitudinal gap junctional resistivity falls below cytoplasmic 
resistivity,, whereas transversal gap junctional resistivity is much larger than 

21 1 



cytoplasmicc resistivity. Thus transversal conduction velocity is much more sensitive 
too cellular uncoupling compared to longitudinal conduction velocity (196). 

4.44.4 Coupling and APD 

Computerr simulations showed that the isolated ventricular myocyte is extremely 
sensitivee to even a very small electrical load which results in shortening of the action 
potentiall (197198). This explains the difference in APD between isolated myocytes and 
electricallyy coupled myocytes. A decrease in coupling then causes a shift towards the 
intrinsicc APD (197). As a result, isolated myocytes are more difficult to pace at a high 
frequencyy than coupled myocytes (199). Computer simulations showed that 
uncouplingg can unmask intrinsic heterogeneities (200). Electrophysiological study in 
combinationn with computer stimulations demonstrated that M-cell characteristics are 
nott visible in the intact heart due to electrotonic interaction between myocytes 
connectedd through gap junction channels (201). 

4.54.5 Conduction and Fibrosis 

Studiess with explanted hearts from patients with chronic infarctions, dilated 
cardiomyopathyy or hypertrophic cardiomyopathy demonstrated that the amount of 
fibrosiss is associated with slow conduction(1562 4). Patients with extensive fibrosis 
aree at risk for sudden death. These patients have fractionated electrograms, which is 
indicativee for slow conduction, especially during premature beats (205). 
Fibrosiss separates myocardial bundles and renders conduction more discontinuous. 
Interstitiall and replacement fibrosis is located parallel to the fiber direction. When 
enoughh fibrosis is present then a "zig-zag" course of activation appears to be slow, 
butt conduction parallel to the fibers is still fast, whereas at turning points it is reduced 
( , 5 6 > --
Saumarezz et al. proposed a pacing protocol capable of identifying patients with 
extensivee fibrosis at risk for ventricular tachyarrhythmias (206). In this pacing protocol 
prematuree stimulation is applied with increasingly shorter coupling intervals until the 
refractoryy period is reached. In healthy subjects activation delay remains constant 
andd only increases very close to the refractory period, whereas in patients who 
subsequentlyy develop ventricular fibrillation the activation delay already increases at 
longg coupling intervals. The increased activation delay is mainly found during 
perpendicularr activation propagation (207). 

55 Central hypothesis 

Cx433 is (heterogeneously) reduced in the setting of heart failure. This results in 1) a 
decreasee in conduction velocity, 2) an increase refractory period, 3) an increase in 
heterogeneityy of conduction velocity and refractory periods. The combination of these 
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effectss would result in an increased vulnerability for arrhythmias. Increasing the 
conductancee of Cx43 would reverse these effects. 
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