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Chapterr 7 

Whyy are patients in a moderate stage of heart failure more 
vulnerablee to reentrant arrhythmia than patients in the end-
stagee of heart failure? 



Introduction n 

Heartt failure is a dynamic process during which many parameters are subject to 
continuouss change, which might, in part, explain the observed differences in studies 
withh regard to heart failure (see chapter 2). Patients in moderate stages of heart 
failuree are more prone to arrhythmias than patients in the end-stage of heart failure. 
Inn this chapter we first provide a summary of the electrophysiological changes that 
occurr in moderate heart failure and the effect of increasing electrical coupling with 
rotigaptidee as described in chapters 3 through 6. Based on these observations and 
literaturee we propose a hypothesis (Figures 7.1 and 7.2) that provides a possible 
explanationn for the increased vulnerability for arrhythmias in patients in a moderate 
stagee compared to end-stage heart failure. 

S u m m a r yy of Resul ts 

ChapterChapter 3 - Larger cell size in rabbits with heart failure increases 
myocardialmyocardial conduction velocity and QRS duration 

Heartt weight is doubled and myocyte dimensions are increased in a moderate stage 
off heart failure in a rabbit model of heart failure caused by combined volume and 
pressuree overload. The amount of fibrosis in the left ventricle is unaltered and 
electricall remodeling of the sodium current is absent. The amount of the gap junction 
proteinn connexin43 in the left ventricle is not changed in the sub-epicardium and is 
decreasedd in the mid-myocardium. Myocyte size is increased, which has a positive 
effectt on conduction velocity. The combination of increase in cell dimensions and no 
changee of connexin43 expression in the sub-epicardial layer of the left ventricular 
walll cause an increase of longitudinal and transversal conduction velocity on the 
epicardium.. The increase in myocyte size compensates for the decrease in 
connexin433 expression in the midmyocardial layer of the heart and thus transmural 
conductionn velocity is not different between rabbits with and without heart failure. 
However,, the increase in epicardial conduction velocity and unaltered transmural 
conductionn velocity is not enough to compensate for the increase in size of the left 
ventriclee and as a result QRS duration is increased. 

ChapterChapter 4 - Prolonged QT interval and ventricular refractoriness in 
rabbitsrabbits with heart failure is due to decreased intercellular coupling 

Midmyocardiall refractory periods measured during a basic cycle length of 250 ms 
andd QT intervals measured from the ECG are increased in our rabbit model of heart 
failure.. Myocyte size is increased and connexin43 expression in the midmyocardial 
layerr of the left ventricle is decreased. Remodeling of ion channels is absent except 
forr a decrease in current density of ltoi. The kinetics of these ion channels are not 
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changed.. Reactivation of ltoi channels at a basic cycle length of 250 ms is incomplete 
andd therefore does not play a role in the prolongation of midmyocardial refractory 
periodss measured at a basic cycle length of 250 ms. This is corroborated by 
measurementss in isolated myocytes. The intrinsic action potential duration measured 
duringg a basic cycle length of 250 ms is not different between heart failure and 
healthyy subjects, whereas the intrinsic action potential duration is increased during a 
basicc cycle length of 1000 ms in heart failure compared to healthy subjects. When 
thee observed changes in myocyte size, current density of ltoi and connexin43 
expressionn are incorporated in computer simulations with linear strands of ventricular 
cells,, it becomes evident that the increase of refractory periods and QT interval at 
physiologicall frequencies is solely attributable to a reduction in connexin43 
expression. . 

ChapterChapter 5 - Heterogeneously reduced ventricular connexin43 is 
associatedassociated with transmural dispersion in conduction velocity and 
refractoryrefractory periods, and with increased arrhythmogenesis in a rabbit 
modelmodel of heart failure 

Thee dispersion of intrinsic action potential duration measured at a basic cycle length 
off 250 ms in isolated myocytes is not different between moderate heart failure and 
healthyy subjects. However, normally myocytes are electrically coupled through gap 
junctionss (connexin43) and this will modify the intrinsic action potential by electrotonic 
interactions.. In heart failure connexin43 is heterogeneously reduced in the 
midmyocardiall layer of the left ventricle, but remains the same in the sub-epicardial 
layerr of the left ventricle. Consequently, refractory periods measured in intact hearts 
aree shorter than the intrinsic action potential duration measured in isolated myocytes. 
Bothh sub-epicardial and midmyocardial refractory periods (measured at a basic cycle 
lengthh of 250 ms) are longer in rabbits with moderate heart failure compared to 
healthyy subjects. In this stage of heart failure the sub-epicardial refractory periods are 
longerr than the midmyocardial refractory periods, which might explain the 
electrographicc strain pattern (i.e. a negative instead of a positive T-wave in lead I of 
thee ECG). In addition, this difference in sub-epicardial and midmyocardial refractory 
periodss increases the transmural dispersion in refractory periods. However, 
dispersionn within either the sub-epicardial or midmyocardial layer is not changed. The 
changess in connexin43 expression also affect conduction velocity in the left ventricle. 
Sub-epicardiall conduction velocity remains homogeneous, whereas transmural 
conductionn velocity is heterogeneous in this stage of moderate heart failure. The 
alterationss in action potential duration and conduction velocity (caused by changes in 
connexin433 expression) underlie the increased inducibility of arrhythmias in moderate 
heartt failure, especially when stimulation is performed from a midmyocardial location. 

ChapterChapter 6 - The effect of enhanced gap junctional conductance on 
ventricularventricular refractoriness and conduction velocity in rabbits and humans 
withwith heart failure 

Rotigaptidee enhances gap junctional conductance and may potentially reverse the 
effectss of a reduced gap junctional content in the left ventricle. The amount of fibrosis 
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iss larger during end-stage heart failure compared to moderate heart failure. In a stage 
off moderate heart failure (our rabbit model of heart failure) rotigaptide does not affect 
(dispersionn of) refractory periods and transmural conduction velocity. 
Rotigaptidee decreases refractory periods without affecting dispersion in activation 
recoveryy intervals (a measure of action potential duration) in end-stage heart failure 
(explantedd human hearts). In the presence of rotigaptide conduction velocity parallel 
too the fiber direction increases and conduction velocity perpendicular to the fiber 
directionn decreases. After application of rotigaptide conduction curves normalize 
whenn propagation under the recording electrode is parallel to the fiber direction. 
Conductionn curves become more abnormal after application of rotigaptide when 
activationn under the recording electrode is perpendicular to the fiber orientation. This 
iss likely due to increased current to load-mismatch imposed by increased electrical 
couplingg in a highly heterogeneous substrate of increased interstitial fibrosis. In 
addition,, in the presence of rotigaptide the total number of premature ventricular 
contractionss is increased. This implies that rotigaptide potentially increases the 
vulnerabilityy for arrhythmias in patients at the end-stage of heart failure. 

Speculations s 

Inn Figures 7.1 and 7.2 we provide a graphic representation of our speculation based 
onn our data (chapter 3-6, summarized above) and literature how to explain the 
increasedd vulnerability for arrhythmias in patients in a moderate stage of heart failure 
(middlee part of the graphs) compared to healthy subjects (left side of the graphs) and 
patientss in the end-stage of heart failure (right side of the graphs). All parameters are 
normalizedd to the situation in healthy subjects and relative increase and/or decrease 
iss shown on the Y-axis. Figure 7.1 shows the average and Figure 7.2 shows the 
dispersion/heterogeneityy of relevant parameters. 

Figuree 7.1A shows the relative changes in hypertrophy/mass of the heart and amount 
off fibrosis. The increased working load imposed on the heart is at first compensated 
byy hypertrophy of myocytes. However, eventually this compensation mechanism is 
nott sufficient and the first effects of heart failure are noticeable during demanding 
physicall exercise. The myocyte size and consequently the mass of the heart 
continuee to increase up to a certain level during which the size of the myocytes 
cannott increase any further. From this stage on heart weight barely changes and the 
leftt ventricle becomes dilated. After the early/moderate stages of heart failure the 
amountt of interstitial fibrosis increases. 

Figuree 7.1B shows that the expression of connexin43 starts to decrease in an 
earlierr stage of heart failure in the midmyocardial layer of the left ventricle compared 
too the sub-epicardial layer, which later starts to decrease. 

Refractoryy periods in the epicardial and midmyocardial layer already increase 
duringg the early stages of heart failure and continue to increase during later stages of 
heartt failure, whereas electrical remodelling starts in later stages of heart failure 
(Figuree 7.1C). 
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FigureFigure 7.1. The changes in the averages of parameters relevant for arrhythmogenesis are indicated by 
++ or - symbols on the Y-axis. Alterations are shown for: A) myocyte size/heart mass (black), fibrosis 
(grey).(grey). B) expression of connexin43 in the sub-epimyocardium (Cx43 epi. black) and in the 
midmyocardiummidmyocardium (Cx43 mid. grey). C) refractory periods measured on the epicard (RP epi. black), and 
inin the midmyocard (RP mid. dark grey), electrical remodelling (light grey). D) epicardial (CV epi. black) 
andand transmural (CV trans, grey) conduction velocity. E) QRS duration (black) and the QT interval 
(grey). (grey). 
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FigureFigure 7.2. The changes in the dispersion/heterogeneity of parameters relevant for arrhythmogenesis 
areare indicated by + or - symbols on the Y-axis. Alterations are shown for: A) connexin43 expression 
measuredmeasured transmural (Cx43 trans, black), midmyocardium (Cx43 mid. dark grey) or in sub-
epimyocardiumepimyocardium (Cx43 epi. light grey). B) refractory periods measured transmural (RP trans, black), 
midmyocardiummidmyocardium (RP mid. dark grey), sub-epimyocardium (RP epi. light grey). C) transmural (CV epi. 
black)black) and epicardial (CV mid. grey) conduction velocity. D) The result of all changes in the 
parametersparameters described in Figure 7.1A-E and Figure 7.2A-C on vulnerability for a re-entrant arrhythmia. 
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Epicardiall conduction velocity increases during the transition from an early to 
moderatee stage of heart failure and then decreases eventually below baseline values 
att the end-stage of heart failure. Transmural conduction velocity also increases first, 
butt the decrease starts earlier. Therefore, transmural conduction velocity is not 
differentt compared to baseline at moderate stages of heart failure (Figure 7.1D). 

Figuree 7.1 E shows that both QRS duration and QT interval monotonically 
increasee with severity of heart failure. 

Midd myocardial and transmural expression of connexin43 become first more 
heterogeneouss with increased severity of heart failure, but the heterogeneity in 
expressionn is less at the end-stage of heart failure (Figure 7.2A). Heterogeneous 
sub-epicardiall connexin43 expression becomes only apparent after moderate stages 
off heart failure (Figure 7.2A). 
Thee dispersion in refractory periods measured in the epicardial and mid-myocardial 
layerr hardly change with increase in severity of heart failure (Figure 7.2B). 
Transmurall dispersion in refractory periods first increases (moderate stage of heart 
failure).. However, at the end-stage of heart failure the transmural dispersion is 
smallerr compared to moderate stages of heart failure (Figure 7.2B). 
Figuree 7.2C shows that transmural conduction velocity is most heterogeneous during 
moderatee stages of heart failure compared to early and end-stage heart failure. 
Epicardiall conduction velocity becomes more heterogeneous after moderate stages 
off heart failure (Figure 7.2C). 

Discussion n 

Thee vulnerability for arrhythmias is dependent on the product of the changes 
describedd in figures 7.1 and 7.2. Some parameters increase the likelihood of a 
reentrantt arrhythmia whereas others decrease it as described by Mines and Garrey 
(seee chapter 1). 

ConductionConduction velocity and QRS duration 

Conductionn velocity increases (anti-arrhythmogenic), at early stages of heart failure 
duee to the increase in myocyte size (chapter 3). During later stages of heart failure 
thee effect of increased myocyte size is overruled by a further reduction in gap 
junctionn proteins and an increase in the amount of fibrosis. Consequently, conduction 
velocityy becomes slower (arrhythmogenic) compared to normal and the early stages 
off heart failure. 

QRSS duration progressively increases during heart failure. At first, the QRS 
durationn prolongs since the increase in conduction velocity fails to fully compensate 
forr the increase in left ventricular dimensions. Later, the left ventricular size does not 
increasee further, but at that stage the total amount of connexin43 is further reduced 
andd the amount of fibrosis is increased. Both changes result in slower conduction, 
whichh causes a further prolongation of the QRS duration. The QRS duration 
prolongationn described here occurs independently of an occasional presence of 
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bundlee branch block. It is conceivable that sodium channel dysfunction contributes to 
conductionn slowing in the final stages of heart failure. 

RefractoryRefractory periods and QT interval 

Refractoryy periods and QT interval are increased (anti-arrhythmic) during heart 
failuree in sub-epicardium and midmyocardium. The increase in refractory period 
duringg early/moderate stages of heart failure is due to a reduction of Connexin43 in 
thee midmyocardium of the left ventricle (chapter 4). This leads to a decrease of 
midmyocardiall load on both sub-epicardial and midmyocardial myocytes and thus the 
actionn potential prolongs. At later stages other factors (i.e. decreased electrical load 
duee to increased fibrosis and electrical remodelling) also contribute to action potential 
prolongation. . 

Heterogeneity Heterogeneity 

Thee average increase in conduction velocity and refractory period at moderate 
stagess of heart failure are anti-arrhythmogenic. However, the heterogeneity in 
conductionn velocity and refractory periods and therefore the vulnerability for re-
entrantt arrhythmias is larger during moderate stages of heart failure compared to 
baselinee (chapter 5). In addition the increase in myocardial mass also favours re-
entry.. This coincides with the largest heterogeneity in connexin43 expression at 
thesee stages. Furthermore, already at moderate stages of heart failure the heart is 
hypertrophiedd and this increases the likelihood of a re-entrant arrhythmia. 
Connexin433 expression is first reduced in the midmyocardium (moderate stage of 
heartt failure) and is later followed by a reduction in sub-epicardial connexin43 
expressionn (end-stage of heart failure). This reduces the heterogeneity in connexin43 
(i.e.. connexin43 expression reduced in both sub-epicardium and midmyocardium) 
andd consequently reduces the dispersion in conduction velocity and refractory 
periods. . 

Thus,, electrophysiological heterogeneity is largest during mild heart failure. This sets 
thee stage for re-entrant arrhythmias. During progression of heart failure the 
continuingg increase of refractory period acts protective against re-entrant 
arrhythmias.. At this stage, pump failure is the predominant cause of death. 

Limitations s 

Thee hypothesis discussed above is mainly based on our rabbit model of moderate 
heartt failure induced and data from patients in the end-stage of heart failure. We 
cannott exclude that the proposed explanation for arrhythmogenesis is different for 
otherr models of heart failure (i.e. different cause, species or stage of heart failure, 
seee chapter 2). However, we believe that in general the processes that occur during 
heartt failure are similar as those described in the speculations section above. 
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Conclusion n 

Thee product of all electrophysiological changes described above lead to an increased 
vulnerabilityy for arrhythmias during moderate stages of heart failure compared to 
otherr stages of heart failure, because at that stage of heart failure the heterogeneity 
inn connexin43 expression and consequently the transmural dispersion in conduction 
velocityy and refractory periods is most pronounced in combination with an increase in 
myocardiall mass. Pharmacological treatment of one or more parameters may reduce 
thee likelihood of an arrhythmia, but it may also increase the vulnerability for a re-
entrantt arrhythmia (e.g. chapter 6). 
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