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1. INTRODUCTION

Congestive heart failure is a progressive disease that is caused by left ventricular 

dysfunction and leads to impaired exercise tolerance, worsening of quality of life and 

shortened life expectancy. Despite substantial advances in pharmacological therapy, heart 

failure remains disabling disease with high morbidity and mortality rates. Ventricular 

dysfunction is often linked to ventricular dilatation, which in turn, may cause ventricular 

conduction delays and further worsening of the cardiac function. Recent decade has witnessed 

the advent of cardiac resynchronization therapy (CRT), a therapeutic modality based on the 

premise that preexcitation of late activating regions by cardiac pacing may restore impaired 

left ventricular synchrony. 

To this date, many studies have confirmed that implementation of CRT improves the 

symptoms, quality of life, exercise capacity, systolic function and also prognosis in patients 

with severe heart failure and conduction abnormalities. Despite these encouraging results, 

certain proportion of patients remains clinically unimproved and several issues regarding CRT 

remain the matter of debate, mainly the criteria for identification of responders, selection of 

stimulation modality (biventricular, single-site left ventricular and right ventricular bifocal 

pacing), optimal lead positioning and exact mechanisms responsible for hemodynamic 

improvement. 

Thus, the introduction of CRT has revived interest in complex conduction 

abnormalities that form the basis for dyssynchronious contraction. This dissertation consists 

of the set of publications that focus on electrical activation sequences in the failing heart. The 

goal of these studies was to identify individual characteristics that affect electrical activation 

and thus possibly determine the success of CRT.

Some of the publications were supported by the grant projects of Internal Grant 

Agency, Ministry of Heath, Czech Republic. 
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2. HISTORICAL OVERVIEW AND CURRENT PERSPECTIVES

Methods describing electrical activation patterns

Various methods have been designed to map ventricular activation. Despite being 

invented more than hundred years ago, the standard electrocardiography (ECG) still remains 

the cornerstone of these techniques. Based on its principles, other methods have been 

developed that use mathematic algorithms for reconstruction of electric impulse propagation: 

e.g. description of cardiac electric axis – vectorography1 or recording from the thorax as the 

body surface mapping2;3. In general, these non-invasive techniques are limited by their spatial 

and time resolution. Thus, the detail characterization of the activation sequence course in 

human was obtained by invasive techniques that allowed acquisition of electrical information 

directly from endocardium and/or epicardium.

The first “pioneering” work that described propagation of activation sequence 

invasively in human heart was performed in early seventies by Durrer et al.4, who studied 

perfused hearts in car accident victims. Additional data were brought by intraoperative 

mapping in 80s. During the cardiac surgery specially designed sock with build-in electrodes 

was pulled over the heart and used to describe of epicardial activation5-7. Development of 

catheter techniques allowed deeper insight into conduction abnormalities8-11 and modern 

catheter-based mapping systems enabled three-dimensional computer reconstruction of 

mapped cavities with superimposed activation sequence12;13.

Factors influencing conduction velocity in the ventricles

The complex three-dimensional muscular structure of cardiac wall is responsible for 

heterogeneous conduction properties in both epi- and endocardium as well as in different 

ventricular segments. Conduction within the heart is thus even under normal circumstances 

anisotropic and its velocity is determined by four main factors: 
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(1) Although the propagation in conduction system is fast (3-4m/s)14, the conduction 

within myocardial cells itself is relatively slow (0,3-1m/s)15. In case of Purkinje cells and/or 

conduction system damage, the electrical impulse is conducted by myocytes and thus, at least 

four times slower. 

(2) Distribution of conduction system in ventricles is heterogeneous, e.g. in left 

ventricular inferobasal segment is its density relatively lower and this can explain minor 

conduction abnormalities observed in patients after inferior myocardial infarction10.

(3) The velocity of conduction is almost two times faster in the direction along the 

myofibres than across15 and the architecture of myocardial fibres in heart is rather complex. 

Longitudinal fibres are distributed mainly subendocardially and subepicardially, circular 

fibres are located in the mid portion of myocardial wall, mostly in basal segments16. 

(4) Conduction in the endocardial layer is faster when compared with the rest of the 

myocardial wall, even if the myofibres are not a part of the specialized conduction system17. 

This may be illustrated by slower left ventricular activation during epicardial pacing when 

compared to pacing from the endocardium18.

Normal ventricular activation sequence and anatomy of conduction system

Normal ventricular activation sequence starts when the electric impulse travels from 

the atrioventricular (AV) node to the bundle of His. The bundle then divides into the right and 

left bundles of Tawara with subsequent branching into separated fascicles that finally 

terminate in the larger network of subendocardially positioned Purkinje cells. The impairment 

at any level of this system (AV node, His bundle, fascicles and distal network of Purkinje 

cells) leads to specific changes in the activation sequence and prolongs the duration of 

ventricular activation.

Traditionally, three main fascicles of the conduction system are described (i.e. right, 

left anterior and posterior). However, as the portion of the left fascicle may activate the 
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interventricular septum, some authors describe this extension as the fourth fascicle19. The 

right bundle is anatomically well-defined structure coursing from interventricular septum via 

muscular bundle “moderator band” toward the right ventricular anterior wall. The left bundle 

and particularly posterior fascicle form rather diffuse fan-like structure20;21.

Under normal circumstances, the activation of both ventricles is rapid and 

synchronous, with left ventricular activation slightly preceding activation of the right ventricle 

(about 10ms). The electrical impulse is conducted from endocardium to epicardium4. In the 

left ventricle, the activation starts from three separated sites that correspond to the 

terminations of the fascicles (the lower portion of septum, the midseptum and the anterior 

wall near the base of the papillary muscle). The activation then spreads radially so that the 

apex and the left ventricular lateral wall are activated within the terminal portion of the QRS 

complex8. In the right ventricle the activation spreads from interventricular septum and 

anterior wall (site of insertion of moderator band). Activation of the interventricular septum 

occurs mainly from the left bundle creating negative deflection of the initial portions of the 

QRS complex in the leads I and aVL (septal q). 

Intraventricular conduction disturbances

The widening of the QRS complex may arise from two main reasons. First, the 

damage of specialized subendocardial conduction system leads to slowing of conduction 

within the ventricle. Secondly, the impaired conduction in one of the main bundles (left or 

right) leads to distortion of interventricular synchronicity (i.e. activation of one ventricle is 

delayed as the electric impulse conducts through the interventricular septum)22. 

Conduction abnormalities result in typical patterns of the QRS complex on the 12-lead 

ECG that allowed definition of criteria for “blocks” in separated fascicles23. Despite the 

widespread use of the term “block”, the conduction within the damaged fascicle can be only 

slowed rather than completely discontinued. Especially in cases of complex conduction 
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disturbances the ventricular activation reflects combination of multiple conduction defects 

and may result in “bizarre” QRS complexes on the 12-lead ECG. 

Classification of conduction abnormalities

Conduction defects within the right fascicle – right bundle branch block (RBBB) can 

be classified according to the level of conduction block into three types: proximal, distal and 

terminal. The first type is the most common with conduction blocked at the level of the His 

bundle. In such case, both ventricles are activated from the left bundle only. In distal RBBB,

the early activation of the right site of the interventricular septum is preserved and the 

conduction is interrupted at the level of the “moderator band”. This type of conduction 

abnormality can be observed mainly after cardiac surgery, when the muscular cord is often 

damaged (e.g. surgical correction of the congenital heart disease). Terminal block is the 

second most frequent type of RBBB. Conduction through the right bundle is preserved, 

including early activation of the right ventricular anterior wall, and the site of block is located 

within the right ventricle. This type of block may occur in patients after correction of 

tetralogy of Fallot24 or in those with arrhythmogenic dysplasia of the right ventricle. 

Abnormalities within the left ventricular conduction system are much less defined and 

the term left bundle branch block (LBBB) describes a spectrum of disorders that share slowed 

conduction throughout the interventricular septum. In complete LBBB the interventricular 

septum is activated from the right ventricle. This results in absence of the septal q in the leads 

I and aVL on the standard ECG. In addition, activation of the left ventricle is delayed by 

52±17ms9. Both velocity and character of subsequent conduction then depend on the type of 

myocardial pathology. 

In clinical electrocardiology, LBBB is traditionally classified according to the mean 

electrical axis25. In uncomplicated LBBB the axis typically ranges between -30 and +105 

degrees. Left axis deviation reflects left ventricular dysfunction. LBBB with right axis 
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deviation occurs rarely and is usually intermittent in nature. It can be observed in patients 

with right ventricular volume overload26. However, detailed mapping studies found only weak 

correlation between the vector of electrical axis gained from 12-lead ECG and the activation 

sequence9. Similarly, no correlation was found between the vector of electrical axis in LBBB 

and left ventricular ejection fraction27.

The influence of underlying heart disease

While ventricular activation in patients with dilated cardiomyopathy (DCM) is 

considered to be homogeneous, post-infarction scars in patients with coronary heart disease 

(CAD) result in localized slowing of conduction. In this respect, Hatala et al.28 described three 

different activation patterns in CAD patients according to location of myocardial infarction. 

The so-called “radial activation pattern” was observed in patients with inferior scar. In this 

case propagation omitted the inferior wall. The “counterclock-wise activation pattern” was 

typical in patients with anterior myocardial infarction. Anterior scar in these patients created a 

line of block and the rest of the left ventricle was activated through the inferior wall. 

“Variable pattern” was described in patients with multiple scars. In these subjects the 

activation propagated variably with the lateral wall being most commonly the latest. 

Relationship between conduction disturbances and mechanical function

Conduction abnormalities were considered for a long time only an epiphenomenon of 

the dilatation of the heart. Nowadays, there is a mounting evidence that ventricular conduction 

delays have an important impact on systolic and diastolic ventricular function and thus may 

further contribute to progression of heart failure29. Indeed, conduction abnormalities and the 

QRS width represent a significant risk factor with adverse effect on mortality in patients with 

advanced heart failure30. 

Resulting dyscoordinated ventricular contraction leads to tilting of the left ventricle 

and increases regional myocardial wall stress. Contraction of early-activated segments is not 
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followed by a raise in intraventricular pressure since the other regions remain inactive. These 

lately activated segments are then exposed to passive distension and contract subsequently 

with a higher preload. In the late systolic phase, activation of these regions leads in turn to 

distension of the early-activated segments31. Such a late distension may lead to disruption of 

myocardial cross-bridges and thus, can result in further decrease in contractility. 

The loss of synchronicity has also adverse consequences for myocardial metabolism 

and energetic consumption. Although the early-activated segments have lower energetic 

consumption, the use of energy is ineffective since the contraction does not lead to the rise of 

intraventricular pressure. On the contrary, the late-activated segments contract with high 

energetic demand that results in compensatory asymmetric hypertrophy32. Alteration of the 

left ventricular geometry together with late activation of lateral papillary muscle then worsens 

mitral regurgitation. 

To summarize, dyssynchronious activation and contraction thus lead to a significant 

impairment of ejection fraction, rise of energetic consumption and worsening of mitral 

regurgitation33;34. 

Cardiac resynchronization therapy

Cardiac resynchronization therapy has evolved as a result of efforts to restore 

synchronicity of contraction in subjects with conduction abnormalities. The main principle of 

CRT is creation of “electrical bypass” by stimulation of the late activated segments (mostly in 

the region of left ventricular lateral free wall). The left ventricle is then activated via two 

separated wavefronts (one arising from the conduction system and the second from the tip of 

pacing lead) that fuse together. 

Although the first report assessing hemodynamic performance of left ventricular 

pacing can be traced back to 198335, it took nearly 13 years for the first systematic analysis to 

appear36. Since then, several hemodynamic studies have shown that CRT can markedly 
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improve cardiac output, increase systolic pressure, lower pulmonary wedge pressure37;38 and 

enhance left ventricular contractility as assessed by maximal rate of blood pressure rise 

(dP/dt)39;40. Importantly, CRT leads to the hemodynamic improvement with concomitant 

reduction of myocardial energy consumption41 and sympathetic activity42. 

Those acute hemodynamic studies were then followed by clinical trials evaluating 

multisite pacing as the treatment option for patients with advanced heart failure and 

conduction abnormalities. To date, several placebo controlled studies have been completed: 

PATH-CHF trial43, MUSTIC44, MIRACLE45 and COMPANION46. These studies confirmed 

sustained improvement in exercise tolerance, quality of life score and NYHA functional class. 

The last of these studies also reported reduced hospitalization47 and indicated that CRT, 

especially in conjunction with implantable cardioverter-defibrillator, may significantly reduce 

mortality in patients with failing heart. Only recently, the CARE-HF trial48 proved that even 

sole resynchronization may improve prognosis of heart failure patients. The study randomized 

813 patients to optimal pharmacological therapy or CRT and proved significant reduction of 

mortality in patients receiving CRT device. Importantly, all these benefits are in addition to 

those afforded by standard pharmacologic therapy.

Based on the above data, CRT has become the current standard in therapy of patients 

with heart failure and conduction disturbances. Nowadays, the resynchronization is achieved 

mostly by biventricular pacing (i.e. simultaneous stimulation by two endovasally implanted 

electrodes), when one lead is positioned in the right ventricle and the second is placed 

retrogradely via the coronary sinus on the left ventricular lateral wall. However, other pacing 

modalities such as right ventricular bifocal49 (i.e. placement of electrodes into the right 

ventricular apex and outflow tract) or single-site left ventricular pacing50 have been proposed 

as alternatives and their role within the framework of CRT or optimal pacing site has to be 

determined. 
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Similarly, a central issue for CRT remains the identification of the candidates most 

likely to benefit. Originally, the most frequently used indication criterion in clinical trials was 

the QRS width (i.e. QRS > 120 to 150ms)44-46. Although the baseline QRS width was 

documented to correlate with hemodynamic and clinical improvement after installment of 

CRT, several clinical trials showed that a substantial portion of patients selected solely by 

QRS width remains unimproved45. Thus, different techniques have been designed and 

evaluated to assess the ventricular dyssynchrony and to select the appropriate candidates. 

Direct analysis of mechanical dyssynchrony may be feasible by means of tissue Doppler 

strain analysis51;52, magnetic resonance imaging53 or Doppler echocardiographic indexes54;55.

3. PREVIEW OF THE INVESTIGATIONS

Since the 12-lead electrocardiogram (ECG) appears to be of limited value in 

description of complex intraventricular conduction disturbances, more elaborate mapping 

techniques have to be employed to provide further insight into activation patterns underlying 

the LBBB and other conduction disturbances in the failing heart. In this respect, the left 

ventricular activation was studied using the intraoperative epicardial28;56 or catheter-based 

endocardial mapping9;57. However, the variability of individual activation patterns and their 

importance for successful application of CRT are not yet fully understood. 

Secondly, several studies have evaluated hemodynamic performance of different 

pacing modalities both in human37 or in animal models58;59. Despite this, only limited 

information is available on changes in ventricular activation sequences caused by pacing from 

various sites.

4. THE AIMS OF THE STUDIES

The present thesis has following objectives:
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1. to analyze the ventricular activation patterns in patients eligible for CRT 

with respect to the underlying heart disease and/or QRS morphology on the 

surface ECG

2. to quantify changes in ventricular activation patterns during different pacing 

modes and identify factors that affect activation

3. to compare the hemodynamic performance during left ventricular single-site 

pacing and biventricular pacing and correlate the degree of electrical 

synchronicity (assessed by QRS width) with hemodynamic performance

5. METHODS

Concept of electroanatomical mapping

The first publication (Appendix 1.) provides the review on the principles, clinical 

utility and limitations of the electroanatomical mapping system (CARTO, Biosense Webster). 

This catheter-based endocardial mapping technique allows three-dimensional computer 

reconstruction of mapped cardiac chambers with superimposed activation sequence and 

distribution of local voltage. The principle of this electroanatomical mapping can be briefly 

summarized as follows. The mapped cavity is entered with a special mapping catheter 

(NAVISTAR) retrogradely via femoral artery (the left ventricle) or antegradely via femoral 

vein (the right ventricle). Exact position of the catheter inside the heart is calculated by 

measuring the intensity of the magnetic field emitted under the patient’s table. Location 

accuracy is established with accuracy  1mm relatively to reference sensor tapped to the 

patient’s chest. The combination of local electrogram recordings together with different 

catheter positions allows the construction of three-dimensional computer maps with color-

coded projection of electrical activation and/or voltage on the surface.
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6. RESULTS

Spectrum of conduction abnormalities in patients eligible for CRT

The first clinical study (Appendix 2.) describes endocardial activation patterns in 26 

patients with left ventricular conduction disturbances and QRS duration of more than 130ms. 

Its main contribution lies in characterization of variability of inter- and intraventricular delays 

underlying these conduction abnormalities. The QRS duration reflects a total time needed for 

complete ventricular activation and therefore, incorporates both interventricular (i.e. interval 

between onsets of activation between the right and left ventricle) or intraventricular 

(prolongation of activation within the ventricle) conduction delays. In this respect, different 

combinations of conduction disturbances may be encountered despite the same or similar 

QRS duration: from the case of true LBBB with long interventricular conduction delay and 

only minor left ventricular conduction problem to the case with severely damaged and dilated 

left ventricle, nearly normal conduction via the left fascicle and dominant intraventricular 

delay.

Detailed analysis of our data revealed considerable differences in individual delays that 

were not identifiable from the 12-lead ECG recording. Although there is not a difference in 

duration of transseptal duration in the LBBB with respect to the underlying disease9, in most 

of our patients the interventricular conduction delay did not reach the true complete LBBB. 

Importantly, the patients with CAD presented predominantly with only LBBB-like pattern, 

characterized with nearly normal transseptal conduction and major conduction delay localized 

within the left ventricle around the scar area. Similarly, total left ventricular activation time 

was significantly longer in these patients as compared with those with dilated cardiomyopathy 

(DCM). The latter group presented rather with homogeneous endocardial conduction with the 

latest activation region located on the lateral wall. The variability of activation patterns and 
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their significance for resynchronization therapy has been summarized in the letter to editor 

(Appendix 3).

So far, clinical implications that would reflect the above described variability of 

activation patterns with either dominant inter- or intraventricular conduction delays are not 

that obvious. Although we observed different nature of conduction abnormalities with respect 

to the underlying heart disease, there is not a difference in acute hemodynamic outcome of 

biventricular pacing between CAD and non-CAD patients60. This may reflect the fact that 

biventricular pacing corrects both inter- and intraventricular asynchrony. In this respect, 

Pěnička et al.55 recently used pulsed-wave tissue Doppler imaging for assessment of 

mechanical inter- and intraventricular delays in CRT candidates and found that the sum of 

both parameters was the best predictor of functional recovery after resynchronization. This 

combined parameter, in addition, correlated significantly with the improvement of left 

ventricular ejection fraction and end-diastolic volume. Although electrical and mechanical 

inter- and intraventricular delays do not directly equal, our work provides clue that these 

mechanical delays have very good electrical correlate. 

Activation pattern during different pacing modes

The second original publication (Appendix 4) provides description of characteristic 

left ventricular activation patterns in 20 patients assigned to biventricular, single-site left 

ventricular or right ventricular bifocal pacing. In each patient the endocardial mapping was 

performed in studied pacing mode and during baseline conduction abnormality. 

Study showed that only biventricular pacing produced the most substantial changes as 

documented by shortening of the left ventricular activation, minimization of the 

interventricular delay. Single-site left ventricular pacing was associated with similar 

characteristics provided by fusion of the pacing wavefront with spontaneous septal activation. 
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The right ventricular bifocal pacing resulted only in a mild shortening of left ventricular 

activation that was outweighed by an increase in the interventricular delay. Moreover, the 

activation pattern during bifocal pacing still resembled the LBBB. From this point of view 

this pacing modality cannot be considered as an equal alternative to biventricular pacing. 

Finally, the study demonstrated that the single-site right ventricular apical pacing caused 

apicobasal left ventricular activation and led to the highest degree of inter- and 

intraventricular asynchrony. 

One of the original observations of the study appears to be description of the role of 

fusion of spontaneous conduction and pacing on left ventricular activation patterns during 

different pacing modes. The presence of fusion seems to be crucial for potential clinical 

benefit of single-site left ventricular pacing, however, it may have practical implications even 

during biventricular pacing as it leads to variable septal activation patterns.

Hemodynamic performance of biventricular and left ventricular pacing

The last study (Appendix 5) compared hemodynamic performance of single-site left 

ventricular pacing and biventricular pacing as assessed by stress test echocardiography. The 

study included 26 patients with sinus rhythm that underwent exercise testing during randomly 

selected mode with cross-over the next day. The cardiac output was measured using Doppler 

echocardiography calculating the VTI (velocity time integral) formula in the left ventricular 

outflow tract. 

No significant differences were revealed between both groups either in heart rate or in 

blood pressure at rest and during any step of exercise. However, single-site left ventricular 

pacing was associated with higher cardiac output at rest and low-level exercise. This 

observation is in concordance with previous acute hemodynamic studies37;39. One possible 

explanation of this phenomenon may be that in presence of fusion with spontaneous 
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conduction the left ventricular activation patterns is similar during both modes, while the 

contraction of the right ventricle is not adversely affected by right ventricular pacing. 

Secondly, the single-site left ventricular pacing has been shown to remove the interventricular 

interaction61(the preexcited left ventricle starts to fill before the right ventricle, which in turn 

prolongs diastolic filling, reduces mitral regurgitation and increases cardiac output).

Interestingly, the superior hemodynamic effect of left ventricular pacing was in our 

study predominantly confined to patients with DCM. This may be, at least in part, explained 

by the different nature of conduction abnormalities in these patients. As described above, the 

DCM subjects often have predominant interventricular conduction delay, while the 

conduction within the left ventricle is rather preserved and homogeneous. In such patients, 

single-site left ventricular pacing removes the delay between both ventricles, while the left 

ventricle is activated relatively rapidly. On the other hand, CAD patients appear to have more 

expressed intraventricular delay that is caused by the presence post-infarction scars. In this 

situation, it may be more important to activate the left ventricle from more sites. 

Finally, no correlation was found in the study between QRS width (as a potential 

marker of electrical synchronicity) and the cardiac output. This highlights the complex 

relationship between electrical activation and mechanical function. Mechanical dyssynchrony 

and delayed segmental contraction may exist even in patients with narrow QRS complex62

and thus, independently from electrical activation. On the other hand, electrical 

resynchronization of nonviable and noncontracting region will not provide, despite QRS 

narrowing, any hemodynamic improve. For these reasons, the markers for selection of CRT 

candidates should be derived from methods that assess mechanical rather than electrical 

dyssynchrony51;52;54;55.

. 
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7. CONCLUSIONS 

The thesis consists of a set of publications that focused on ventricular activation 

patterns in the failing heart. Although the eletroanatomical mapping system cannot be used in 

clinical practice on a routine basis, it enabled detailed analysis of activation sequences far 

beyond the standard ECG.  It revealed wide spectrum of activation patterns in patients with 

conduction abnormalities that may consist of variable inter- and intraventricular conduction 

delays. Importantly, substantial differences were present with respect to the underlying heart 

disease. DCM patients presented rather with complete LBBB and homogeneous endocardial 

activation pattern with the latest activated region positioned laterally for LBBB. In contrast, 

patients with CAD displayed on the ECG predominantly a nonspecific conduction 

abnormality and had rather heterogeneous endocardial activation with individual location of 

the late activated region. This variability of activation patterns supports the concept of 

individually tailored CRT with the position of the pacing lead targeted to the region with the 

latest activation and highest dyssychrony. Secondly, as those differences are not identifieable 

from the standard ECG, this method and the QRS width should not be used as a solely 

parameter for selection of CRT candidates.

When comparing the activation patterns during different pacing modes, biventricular 

pacing produced the highest degree of electrical resynchronization. For a similar degree of 

resynchronization during single-site left ventricular pacing, the presence of fusion with 

spontaneous activation was required. In contrast, the potential resynchronization benefit 

gained by right ventricular bifocal pacing was outweighed by the creation of interventricular 

dyssynchrony and thus, this pacing mode cannot be considered as an equal alternative to the 

biventricular pacing. Finally, the right ventricular apical pacing led to the highest degree of 

inter- and intraventricular electrical asynchrony and should be avoided in the failing heart. 
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The clinical implications of these studies are somehow limited by the fact that the 

correlation of electrical synchronicity with hemodynamic performance is not direct. The 

potential benefit derived from CRT can be nowadays better predicted by methods that assess 

the degree of mechanical rather than electrical dyssynchrony. However, the quantification of 

electrical activation patterns forms the solid background for understanding the principles and 

mechanisms underlying the effect of CRT and for elucidation of the complex relationship 

between electrical and mechanical dyssynchrony.

In conclusion, characteristic ventricular activation patterns can be observed in 

patients with failing heart and conduction abnormalities both during spontaneous 

activation and different pacing modes. Multiple factors affect the resulting activation 

pattern and its hemodynamic impact and this underscores the complexity of left 

ventricular dyssynchrony and the array of variables that determine the success of 

cardiac resynchronization therapy. 



21

8. REFERENCES

1. Kors JA, van Herpen G, Willems JL et al. Improvement of automated 

electrocardiographic diagnosis by combination of computer interpretations of the 

electrocardiogram and vectorcardiogram. Am J Cardiol. 1992;70:96-99.

2. Huiskamp G, Van Oosterom A. The depolarization sequence of the human heart surface 

computed from measured body surface potentials. IEEE Transactions on Biomedical 

Engineering. 1988;35:1047-1058.

3. Mirvis DM. Body surface electrocardiographic mapping. Boston: Kluwer, 1988.

4. Durrer D, van Dam RT, Freud GE et al. Total excitation of the isolated human heart. 

Circulation. 1970;41:899-912.

5. Worley SJ, Ideker RE, Mastrototaro J et al. A new sock electrode for recording 

epicardial activation from the human heart: one size fits all. PACE. 1987;10:21-31.

6. Pieper CF, Pacifico A. Observations on the epicardial activation of the normal human 

heart. PACE. 1992;15:2295-2307.

7. Wyndham CR, Meeran MK, Smith T et al. Epicardial activation in human left anterior 

fascicular block. Am J Cardiol. 1979;44:638-644.

8. Cassidy DM, Vassallo JA, Marchlinski FE et al. Endocardial mapping in humans in 

sinus rhythm with normal left ventricles: activation patterns and characteristics of 

electrograms. Circulation. 1984;70:37-42.

9. Vassallo JA, Cassidy DM, Marchlinski FE et al. Endocardial activation of left bundle 

branch block. Circulation. 1984;69:914-923.

10. Vassallo JA, Cassidy DM, Miller JM et al. Left ventricular endocardial activation during 

right ventricular pacing: effect of underlying heart disease. J Am Coll Cardiol. 

1986;7:1228-1233.



22

11. Vassallo JA, Cassidy DM, Marchlinski FE et al. Abnormalities of endocardial activation 

pattern in patients with previous healed myocardial infarction and ventricular 

tachycardia. Am J Cardiol. 1986;58:479-484.

12. Peichl P, Kautzner J. Trojrozměrné elektroanatomické mapování srdce. Cor Vasa. 

2001;43:304-309.

13. Liu ZW, Jia P, Ershler PR et al. Noncontact endocardial mapping: reconstruction of 

electrograms and isochrones from intracavitary probe potentials. J Cardiovasc 

Electrophysiol. 1997;8:415-431.

14. Myerburg RJ, Nilsson K, Gelband H. Physiology of canine intraventricular conduction 

and endocardial excitation. Circulation Research. 1972;30:217-243.

15. Spach MS, Barr RC. Ventricular intramural and epicardial potential distributions during 

ventricular activation and repolarization in the intact dog. Circulation Research. 

1975;37:243-257.

16. Greenbaum RA, Ho SY, Gibson DG et al. Left ventricular fibre architecture in man. 

BrHeart J. 1981;45:248-263.

17. Myerburg RJ, Gelband H, Nilsson K et al. The role of canine superficial ventricular 

muscle fibers in endocardial impulse distribution. Circulation Research. 1978;42:27-35.

18. Garrigue S, Jais P, Espil G et al. Comparison of chronic biventricular pacing between 

epicardial and endocardial left ventricular stimulation using Doppler tissue imaging in 

patients with heart failure. Am J Cardiol. 2001;88:858-862.

19. Uhley HN. The fascicular blocks. Cardiovascular Clinics. 1973;5:87-97.

20. Tawara S. Das reizleitungssystem des saugetierherzens. Jena: Gustav Fischer, 1906.

21. Josephson ME. Intraventricular conduction disturbances. Clinical Cardiac 

Electrophysiology. Lea & Febiger, 1993: 117.



23

22. Mehdirad AA, Nelson SD, Love CJ et al. QRS duration widening: reduced 

synchronization of endocardial activation or transseptal conduction time? PACE. 

1998;21:1589-1594.

23. Willems JL, Robles de Medina EO, Bernard R et al. Criteria for intraventricular 

conduction disturbances and pre-excitation. World Health Organizational/International 

Society and Federation for Cardiology Task Force Ad Hoc. J Am Coll Cardiol. 

1985;5:1261-1275.

24. Gelband H, Waldo AL, Kaiser GA et al. Etiology of right bundle-branch block in 

patients undergoing total correction of tetralogy of Fallot. Circulation. 1971;44:1022-

1033.

25. Hurst JW. Ventricular Electrocardiography. Humana Press, 1998.

26. Childers R, Lupovich S, Sochanski M et al. Left bundle branch block and right axis 

deviation: a report of 36 cases.  J Electrocardiol. 2000;33:Suppl-102.

27. Das MK, Cheriparambil K, Bedi A et al. Prolonged QRS duration (QRS >/=170 ms) and 

left axis deviation in the presence of left bundle branch block: A marker of poor left 

ventricular systolic function? Am Heart J. 2001;142:756-759.

28. Hatala R, Savard P, Tremblay G et al. Three distinct patterns of ventricular activation in 

infarcted human hearts. An intraoperative cardiac mapping study during sinus rhythm. 

Circulation. 1995;91:1480-1494.

29. Littmann L, Symanski JD. Hemodynamic implications of left bundle branch block. J 

Electrocardiol. 2000;33:Suppl-21.

30. Aaronson KD, Schwartz JS, Chen TM et al. Development and prospective validation of 

a clinical index to predict survival in ambulatory patients referred for cardiac transplant 

evaluation.  Circulation. 1997;95:2660-2667.



24

31. Littmann L, Symanski JD. Hemodynamic implications of left bundle branch block. J 

Electrocardiol. 2000;33 Suppl:115-121.

32. Prinzen FW, Hunter WC, Wyman BT et al. Mapping of regional myocardial strain and 

work during ventricular pacing: experimental study using magnetic resonance imaging 

tagging. J Am Coll Cardiol. 1999;33:1735-1742.

33. Grines CL, Bashore TM, Boudoulas H et al. Functional abnormalities in isolated left 

bundle branch block. The effect of interventricular asynchrony. Circulation. 

1989;79:845-853.

34. Xiao HB, Brecker SJ, Gibson DG. Effects of abnormal activation on the time course of 

the left ventricular pressure pulse in dilated cardiomyopathy. Br Heart J. 1992;68:403-

407.

35. De Teresa P, Chamoro J. An even more physiological pacing: changing the sequence of 

ventricular activation. Proceedings, VIIth World Symposium of Cardiac Pacing. 

1983;Vienna, Austria:95-100.

36. Cazeau S, Ritter P, Lazarus A et al. Multisite pacing for end-stage heart failure: early 

experience. PACE. 1996;19:1748-57.

37. Blanc JJ, Etienne Y, Gilard M et al. Evaluation of different ventricular pacing sites in 

patients with severe heart failure: results of an acute hemodynamic study. Circulation. 

1997;96:3273-3277.

38. Leclercq C, Cazeau S, Le Breton H et al. Acute hemodynamic effects of biventricular 

DDD pacing in patients with end-stage heart failure. J Am Coll Cardiol. 1998;32:1825-

1831.

39. Auricchio A, Stellbrink C, Block M et al. Effect of Pacing Chamber and 

Atrioventricular Delay on Acute Systolic Function of Paced Patients With Congestive 

Heart Failure. Circulation. 1999;99:2993.



25

40. Kass DA, Chen CH, Curry C et al. Improved left ventricular mechanics from acute 

VDD pacing in patients with dilated cardiomyopathy and ventricular conduction delay. 

Circulation. 1999;99:1567-1573.

41. Nelson GS, Berger RD, Fetics BJ et al. Left ventricular or biventricular pacing improves 

cardiac function at diminished energy cost in patients with dilated cardiomyopathy and 

left bundle-branch block. Circulation. 2000;102:3053-3059.

42. Hamdan MH, Zagrodzky JD, Joglar JA et al. Biventricular pacing decreases sympathetic 

activity compared with right ventricular pacing in patients with depressed ejection 

fraction. Circulation. 2000;102:1027-1032.

43. Auricchio A, Stellbrink C, Sack S et al. The Pacing Therapies for Congestive Heart 

Failure (PATH-CHF) study: rationale, design, and endpoints of a prospective

randomized multicenter study. Am J Cardiol. 1999;83:130D-135D.

44. Cazeau S, Leclercq C, Lavergne T et al. Effects of multisite biventricular pacing in 

patients with heart failure and intraventricular conduction delay. N Engl J Med. 

2001;344:873-880.

45. Abraham WT, Fisher WG, Smith AL et al. Cardiac resynchronization in chronic heart 

failure. N Engl J Med. 2002;346(24):1845-53.

46. Bristow MR, Saxon LA, Boehmer J et al. Cardiac-resynchronization therapy with or 

without an implantable defibrillator in advanced chronic heart failure. N Engl J Med. 

2004;350(21):2140-50.

47. Braunschweig F, Linde C, Gadler F et al. Reduction of hospital days by biventricular 

pacing. Eur J Heart Fail. 2000;2:399-406.

48. Cleland JG, Daubert JC, Erdmann E et al. The CARE-HF study (CArdiac 

REsynchronisation in Heart Failure study): rationale, design and end-points. Eur J Heart 

Fail. 2001;3:481-489.



26

49. Pachon JC, Pachon EI, Albornoz RN et al. Ventricular endocardial right bifocal 

stimulation in the treatment of severe dilated cardiomyopathy heart failure with wide 

QRS. PACE. 2001;24:1369-76.

50. Auricchio A, Stellbrink C, Sack S et al. Long-term clinical effect of hemodynamically 

optimized cardiac resynchronization therapy in patients with heart failure and 

ventricular conduction delay. J Am Coll Cardiol. 2002;39:2026-2033.

51. Yu CM, Chau E, Sanderson JE et al. Tissue Doppler echocardiographic evidence of 

reverse remodeling and improved synchronicity by simultaneously delaying regional 

contraction after biventricular pacing therapy in heart failure. Circulation. 

2002;105:438-445.

52. Ansalone G, Giannantoni P, Ricci R et al. Doppler myocardial imaging in patients with 

heart failure receiving biventricular pacing treatment. Am Heart J. 2001;142:881-896.

53. Knollmann FD, Maurer J, Kucherer H et al. Cardiac activation mapping by MRI. 

Magma. 1996;4:19-25.

54. Oguz E, Dagdeviren B, Bilsel T et al. Echocardiographic prediction of long-term 

response to biventricular pacemaker in severe heart failure. Eur J Heart Fail. 2002;4:83-

90.

55. Penicka M, Bartunek J, De Bruyne B et al. Improvement of left ventricular function 

after cardiac resynchronization therapy is predicted by tissue Doppler imaging 

echocardiography. Circulation. 2004;109:978-983.

56. Wyndham CR, Smith T, Meeran MK et al. Epicardial activation in patients with left 

bundle branch block. Circulation. 1980;61:696-703.

57. Rodriguez L.M., Timmermans C., Nabar A. et al. Variable patterns of septal activation 

in patients with left bundle branch block and heart failure. J Cardiovasc Electrophysiol. 

2003;14:135-141.



27

58. Leclercq C, Faris O, Tunin R et al. Systolic improvement and mechanical 

resynchronization does not require electrical synchrony in the dilated failing heart with 

left bundle-branch block. Circulation. 2002;106:1760-1763.

59. Peschar M, de Swart H, Michels KJ et al. Left ventricular septal and apex pacing for 

optimal pump function in canine hearts. J Am Coll Cardiol. 2003;41:1218-1226.

60. Mansourati J, Etienne Y, Gilard M et al. Left ventricular-based pacing in patients with 

chronic heart failure: comparison of acute hemodynamic benefits according to 

underlying heart disease. Eur J Heart Fail. 2000;2:195-199.

61. Bleasdale RA, Turner MS, Mumford CE et al. Left ventricular pacing minimizes 

diastolic ventricular interaction, allowing improved preload-dependent systolic 

performance. Circulation. 2004;110:2395-2400.

62. Achilli A, Sassara M, Ficili S et al. Long-term effectiveness of cardiac 

resynchronization therapy in patients with refractory heart failure and "narrow" QRS. J 

Am Coll Cardiol 2003;42(12):2117-24.



28

9. LIST OF AUTHOR’S PUBLICATIONS

A. Publications relevant to the subject

1. Peichl P, Kautzner J: Trojrozměrné elektroanatomické mapování srdce. Cor Vasa 

2001;43(6):304-309.

2. Peichl P, Kautzner J. Variable patterns of septal activation in patients with left bundle 

branch block and heart failure. J Cardiovasc Electrophysiol 2003;14(8):900.

3. Peichl P, Kautzner J, Čihák R, Bytešník J. The spectrum of inter- and intraventricular 

conduction abnormalities in patients eligible for cardiac resynchronization therapy. 

PACE 2004;27(8):1105-1112.

4. Peichl P, Riedlbauchová L. Patofyziologie srdečního selhání a mechanismus srdeční 

resynchronizační terapie. Kardiologická revue 2004;0:7-11.

5. Riedlbauchová L, Frídl P, Kautzner J, Peichl P. Performance of left ventricular versus 

biventricular pacing in chronic heart failure assessed by stress echocardiography. 

PACE 2004;27(5):626-31.

6. Kautzner J, Peichl P, Riedlbauchová L. Cardiac resynchronization therapy: important 

practical issues (interactive CD ROM), REKESh Comp, Ostrava 2003.

7. Frídl P, Kautzner J, Peichl P, et al. Echokardiografické hodnocení změn AV zpoždění 

u nemocných s biventrikulární stimulací. Cor Vasa, 2002;44(10):411-413.

8. Peichl P, Kautzner J, Riedlbauchová L et al. Uncomplicated left bundle branch block 

is associated with higher long-term benefit of cardiac resynchronizatino therapy 

(abstract) Europace 2005;S1:110. 

B. Other publications

1. Peichl P, Kautzner J, Čihák R, et al. Clinical application of electroanatomical 

mapping in the characterization of „incisional“ atrial tachycardias. PACE

2003;26:420-5.



29

2. Kautzner J, Čihák R, Peichl P et al. Catheter ablation of ventricular tachycardia 

following myocardial infarction using three-dimensional electroanatomical mapping. 

PACE 2003;26:342-7.

3. Pirk J, Bytešník J, Kautzner J, Peichl P, et al. Surgical ablation of post-infarction 

ventricular tachycardia guided by mapping in sinus rhythm: long term results. Eur J 

Cardiothor Surg 2004;26(2):323-9.

4. Kautzner J, Čihák R, Peichl P. Double potentials as a criterion for cavotricuspid 

isthmus block? J Cardiovasc Electrophysiol 2004;15(5):617-8.

5. Mlčochová H, Tintera J, Porod V, Peichl P et al. Magnetic resonance angiography of 

pulmonary veins: implications for catheter ablation of atrial fibrillation. PACE. 

2005;28:1073-1080.

6. Peichl P, Kautzner J, Čihák R, Bytešník J. Typický a atypický flutter síní. Cor Vasa

2004;46(3):101.

7. Peichl P, Kautzner J. Arytmie po transplantaci srdce. Kardiologická revue 2005, 

v tisku. 

8. Peichl P, Kautzner J, Vojvodičová O, Mlčochová H. Katetrizační ablace 

arytmogenního substrátu u pacienta s aneurysmatem levé komory. Interv Akut Kardiol

2004;3:76.

9. Bulava A, Peichl P, Castro A, et al. Atrioventricular nodal reentrant tachycardia: 

anatomical and electrophysiological consideration. Ital Heart J 2003; 4 (3): 163-72.

10. Kautzner J, Peichl P, Mlčochová H, et al. Radiofrequency catheter ablation of a 

concealed accessory pathway after orthotopic heart transplant. Cor Vasa

2003:45(5):275-278.

11. Foldesi C., Pandozi C, Peichl P et al. Atrial flutter: arrhythmia circuit and basis for 

radiofrequency catheter ablation. Ital Heart J 2003;4(6):395-403. 



30

12. Calo L., Peichl P., Bulava A. Lamberti F et al. Risk stratification for arrhythmic 

events in patients with idiopathic dilated cardiomyopathy: a review of the literature 

and current perspectives. Ital Heart J 2003;4(9):580-8.

13. Pandozi C, Gentilucci G, Calo L, Castro A, Lamberti F, Loricchio ML, Santini L, 

Magris B, Bulava A, Peichl P, Santini M. Relations between monophasic action 

potential duration and refractoriness after cardioversion of persistent atrial fibrillation: 

results in wash-out and amiodarone-treated patients. Ital Heart J 2003;4(4):257-63.

14. Pandozi C., Scianaro MC., Magris B., Santini L., Castro A., Lamberti F., Calo L, 

Loricchio ML, Bulava A, Peichl P, Santini M. Transesophageal low-energy 

cardioversion of atrial fibrillation without fluoroscopy outside the electrophysiology 

laboratory. Ital Heart J 2003;4(5):335-40.

15. Peichl P, Kautzner J, Čihák R, Bytešník J. Long-term prognosis in patients following 

catheter ablation for bundle branch reentry ventricular tachycardia (abstract). 

Europace 2005;S1,2. 


	Tel:  + 2 6108 2353
	Czech Republic
	Acknowledgement
	Introduction 
	Historical overview and current perspectives
	Preview of the investigations
	The aims of the studies
	Methods
	Results
	Conclusion
	References
	List of author’s publications
	Appendixes
	1. INTRODUCTION
	2. HISTORICAL OVERVIEW AND CURRENT PERSPECTIVES
	Normal ventricular activation sequence and anatomy of conduction system
	Relationship between conduction disturbances and mechanical function
	4. THE AIMS OF THE STUDIES
	Study showed that only biventricular pacing produced the most substantial changes as documented by shortening of the left ventricular activation, minimization of the interventricular delay. Single-site left ventricular pacing was associated with similar characteristics provided by fusion of the pacing wavefront with spontaneous septal activation. The right ventricular bifocal pacing resulted only in a mild shortening of left ventricular activation that was outweighed by an increase in the interventricular delay. Moreover, the activation pattern during bifocal pacing still resembled the LBBB. From this point of view this pacing modality cannot be considered as an equal alternative to biventricular pacing. Finally, the study demonstrated that the single-site right ventricular apical pacing caused apicobasal left ventricular activation and led to the highest degree of inter- and intraventricular asynchrony.
	Peichl P, Kautzner J. Variable patterns of septal activation in patients with left bundle branch block and heart failure. J Cardiovasc Electrophysiol 2003;148:900.
	Peichl P, Kautzner J, Čihák R, Bytešník J. The spectrum of inter- and intraventricular conduction abnormalities in patients eligible for cardiac resynchronization therapy. PACE 2004;278:1105-1112.
	Peichl P, Riedlbauchová L. Patofyziologie srdečního selhání a mechanismus srdeční resynchronizační terapie. Kardiologická revue 2004;0:7-11.
	Riedlbauchová L, Frídl P, Kautzner J, Peichl P. Performance of left ventricular versus biventricular pacing in chronic heart failure assessed by stress echocardiography. PACE 2004;275:626-31.
	Kautzner J, Peichl P, Riedlbauchová L. Cardiac resynchronization therapy: important practical issues interactive CD ROM, REKESh Comp, Ostrava 2003.
	Peichl P, Kautzner J, Riedlbauchová L et al. Uncomplicated left bundle branch block is associated with higher long-term benefit of cardiac resynchronizatino therapy abstract Europace 2005;S1:110.
	Bulava A, Peichl P, Castro A, et al. Atrioventricular nodal reentrant tachycardia: anatomical and electrophysiological consideration. Ital Heart J 2003; 4 3: 163-72.

